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EDITORIAL 

Scientists Respond to Tylenol Crisis 

Surely, all of the writers who prepare “year-end wrap-up 
articles,” in which they list and summarize the big news 
stories of 1982, will include the Tylenol incident and re- 
lated product tampering as one of the most notorious 
events of the year. 

The episode constituted a major “happening” just in 
itself. But beyond the effect it had on the victims and their 
families and friends, the tragic incident has had a profound 
impact that is far broader. For example, it is little exag- 
geration to say that (a )  it has affected human behavior for 
many, if not most, Americans; ( b )  it has shaken public 
confidence in the quality and reliability of many common 
products; and (c) it has revolutionized the packaging of 
consumer products and particularly nonprescription drug 
products. 

Consequently, considerable attention has been devoted 
to the reaction and performance of the health care pro- 
fessions in the days and weeks following the initial Tylenol 
news reports. 

Almost without exception, all those involved-from 
individual practitioners to the overall drug industry- 
behaved admirably. Virtually everyone kept “calm, cool, 
and collected,” as per the standard recommendation for 
dealing with emergencies. Suitable advice, in keeping with 
the degree of information available a t  the time, was gen- 
erally given by pharmacists and other practitioners. Panic 
was avoided despite the fertile conditions that pre- 
vailed. 

The American Pharmaceutical Association issued a 
statement entitled “The Tylenol Issue in Perspective,” and 
it seemed to go a long way toward helping to generate ra- 
tional thinking and sensible reaction. Many other orga- 
nizations undertook comparable or analogous efforts. 

But what about scientists? Where were they? What did 
they do? And how well did they perform? 

To date, we have not heard nor read of any effort to 
analyze or assess such performance by the scientists in- 
volved. Hence, it seems timely and appropriate to do so in 
this column. 

Initially, it  was medical scientists who made the diag- 
nosis and clinical laboratory scientists who confirmed cy- 
anide as the causative agent. Unquestionably, this prompt 
detective work was instrumental in holding down the 
number of deaths by enabling the authorities to issue 
bulletins and warnings expeditiously and for the press and 
broadcast media to communicate that alarming informa- 
tion so quickly on a nationwide basis. 

Secondly, scientists effectively participated in the 
testing and analytical phases of the massive screening and 
monitoring program to assess the extent of the tampering 
in terms of geography, product line, manufacturers in- 
volved, and so on. No drug, cosmetic, or packaged food 
distributor could feel secure in those early days of the 
tragedy, and the responsibility for decisions as to what 
testing was needed, as well as the burden of conducting the 
testing itself, fell squarely on scientists in industry. Simi- 
larly, comparable decisions and follow-up testing were 

expeditiously handled by regulatory scientists in govern- 
ment service. 

Thirdly, scientists quickly and correctly pointed out that 
any effort to make products “tamper-proof,” or to require 
such product packaging through legislation, was doomed 
to failure. They convincingly explained that it is impossible 
to achieve such a result in any way that approaches being 
pragmatic. 

Finally, scientists and engineers have quickly come up 
with workable designs and the necessary technology to 
implement them, whereby millions upon millions of indi- 
vidual packages can be made tamper-resistant-and at an 
extremely high level of reliability. 

Hence, scientists not only participated and responded 
in this time of crisis, but they have made critical contri- 
butions in minimizing the tragedy itself as well as in pro- 
ceeding toward workable, prompt, and effective solutions 
to avoid the possibility of any reoccurrences. 

Indeed, through it all, we are aware of only one disap- 
pointing action on the part of the scientific community. 

A prominent toxicologist sent off a letter calling “for 
legislation restricting and controlling the availability of 
potent poisons.” But since (a )  the letter was personally 
addressed to U.S. President Ronald Reagan, ( b )  it urged 
the President “to appoint a Presidential Task Force to 
study the situation and recommend appropriate restrictive 
legislation,” and (c )  it was publicly distributed with a news 
release to the press, we suspect that it was done more as a 
grandstand publicity play than as a serious recommen- 
dation. 

Cyanide salts alone are widely used in many industrial 
processes, as well as in medical, scientific, and manufac- 
turing laboratories. And beyond cyanide, there are nu- 
merous poisonous substances used to produce common, 
everyday, important products; in many instances, these 
poisonous substances may be an ingredient or even the sole 
ingredient of those products. Household cleaners-such 
as bleach, ammonia, and drain cleaners containing sodium 
hydroxide-are just a few examples. Garden products such 
as pesticides, herbicides, and fertilizers; and fuels such as 
gasoline, kerosene, and methyl alcohol are several 
others. 

Obviously, it is totally impractical to restrict and control 
all poisons. The approach being implemented by the Food 
and Drug Administration with regard to requiring tam- 
per-resistant packaging seems to be well conceived and 
carefully balanced. And again, it was scientists-this time 
government regulatory scientists-who assisted the legal 
people in drafting the proposed regulations. 

The bottom line is that all scientists can be proud of the 
contributions their scientific colleagues have made in re- 
solving one of the major crises of recent times. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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When metapyrilene was found to be an animal carcin- 
ogen a search was begun to obtain another drug for use in 
nonprescription sleeping aids (1). It appeared that a re- 
lated compound, pyrilamine, an antihistamine with sed- 
ative properties, could be used (2). This resulted in pyri- 
lamine, which is structurally related to methapyrilene, 
being nominated for a National Toxicology Program car- 
cinogenesis bioassay. As a result the chemistry, pharma- 
cology, metabolism, toxicology, mutagenicity, teratogen- 
icity, and carcinogenicity of pyrilamine was reviewed. 

CHEMISTRY 

Background-Production of antihistamines in the 
United States in 1976 was 217.2 X lo3 kg, but data on py- 
rilamine production is unknown (3). 

Pyrilamine has not been found in U.S. drinking water 
supplies (4), industrial effluents (51, or European water 
supplies (6). 

It has been used as an antihistamine in treatment of 
allergies (7). 

Synthesis-Table I (2, 8-10) gives the structure and 
physical and chemical properties of pyrilamine. This 
chemical is prepared by condensing 2-(N-p-methoxy- 
benzy1)aminopyridine with dimethylaminoethyl chloride 
or by condensing Nfl-dimethylaminoethyl-a-aminopy- 
ridine with p-methoxybenzyl chloride in the presence of 
sodamide or lithamide (11-14). 

Analysis-Pyrilamine was separated by TLC on silica 
gel G plates using benzene-dioxane-diethylamine-abso- 
lute ethanol (50 : 40 : 5 : 5) as a solvent system, and several 
identifying agents (15). It was determined using silica gel 
G plates, 18 different solvent systems, and 8 chromogenic 
reagents (5). Another technique used the following solvent 
systems containing 0.1 A4 NaBr: methanol-butanol 
(60: 40); chloroform-methanol (90: 10); and ethyl ace- 
tate-cyclohexane-methanol (70: 15: 5). The use of these 
ion-paired adsorption systems gave improved, more re- 
producible separations (16). Celite columns acidified with 
tosic acid, 0.1 or 1.0 M HC1,lO.O M H2S04, or 1.0 M H3P04 
were used in ion-pair extraction followed by partition 
chromatography to separate pyrilamine and codeine (17). 
Other inorganic ions such as C1-, Br-, I-, Nos-, C104-, 
SCN-, and Sod2- were also used (18). 

Chromatographic columns1 were used as anion and 
cation exchangers to separate pyrilamine from other 
amines (19). Thin-layer plates composed of silica 60F2542, 
silica 60F2~4~ sprayed with 0.1 N NaOH, silica (2-25, alu- 
mina2 F254E, and cellulose type F2 sprayed with 5% sodium 
dihydrogen citrate were used to separate pyrilamine from 
other amines and to determine recovery percentages (20). 
TLC was systematized by relating Rf values and solvent 
systems of five to seven test substances and coding the 
results into tables for rapid identification (21). This ap- 
proach was applied to 76 prescription drugs (22) and other 
therapeutically significant organic bases (23). 

TLC using plates3 and extraction with 1,2-dichloro- 
ethane was used to identify 32 basic poisons (24). Pyri- 
lamine was identified using nine color reagents (25), silica 
gel microfiber sheets4 and the following solvent systems: 

Sephadex SPC 25 or QAE 25. 
Merck. 

3 Keiselgel. 
4 ITLC type SA. 
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Table I-Structure and Physical and Chemical Properties of 
Pyrilamine 

N @ + H z y 4 3 m  
CH&H,N 

‘m, 
Physical State Oily liquid 
Boiling Point 201°(5 mm); 16b172°(0.06 mm) 
Solubiiity Soluble in acids 
Refractive Index ng 1.576G1.5765 
CAS Niimhm 91849 ~~.~~ - - -- - . --_I-- 

Molecular Weight 285.58 
Spectroscopic Data IR spectra 2940,2780,1590,1520,1490,1450, 

1350,1320, 1250 1180,1040,980,760,730; 
UV sDectra 310.247: DH 0.1 316.238 DH 1.0 
314,238; pH 4.1 308; 239; pH 5.7 306; 344 
nm. 

Volatility Slight1 volatile 
Stability 
Reactivity 
Synonyms N-[(4-methoxyphenyl)methyl]-N’,”-di- 

Turns grown on exposure to light 
Reacts with acids to form salts 

methyl-N-2-pyridinyl-1 ,Z-ethanediamine; 
2[(2-dimethylaminoethyl-p -methoxy- 
benzy1)amine) pyridine; N-p-methoxyben- 
zyl-N’,N’- dimethyl-N-a-pyridylethylene- 
diamine; Mepyramine; Pyranisamine; 
Neo- Antergan. 

0 References 2-5. 

ethyl acetate-cyclohexane-ammonia-methanol-water 
(70: 15 : 2: 7 : 0.5); ethyl acetate-cyclohexane-methanol- 
ammonia, (50: 40 : 0.7 : 0.4); ethyl acetate-cyclohexane- 
methanol-ammonia (70: 15: 10 : 5); ethyl acetate-cyclo- 
hexane-ammonia (50 : 40: 0.1). Correlations between Rf 
values from five systems and chemical groups indicated 
that steric hindrance around the group responsible for the 
bonding to silica in a particular system, compound basicity, 
and the presence or absence of a pyridyl group influenced 
the Rf values to the greatest extent (26). 

Carboxylmethylcellulose ion exchange paper (CM82) 
and the solvent system of water-acetone-formamide 
(10: 1 : 1) easily separated pyrilamine from other antihis- 
tamines (27). Thin-layer electrophoresis on silica gel G 
plates was used to separate 23 basic drugs (28). Using 
chromatographic sheets5 pyrilamine was separated with 
methanol and identified with Dragendorff’s reagent or 
0.3% aqueous sodium nitrate (29). Separation on silica gel 
60F254 plates was reported (30) using the following solvent 
systems: chloroform-methanol (9 : 1); methanol-concen- 
trated ammonium hydroxide (100 : 1.5); and chloroform- 
acetone (9:l); and identified under UV light (254 nm) 
followed by spraying with either iodine in methanol, 
modified Ludy-Tenger reagent, or iodine in methanol and 
copper chloride. Colorimetric determination of pyrilamine 
was performed using the pyrocatechol violet method (31). 
The drug was allowed to react with aniline and cyanogen 
bromide reagent and then was determined at 410 nm (32). 
Pyrilamine has been spectrophotometrically determined 
using the Api method at 236 nm with an accuracy of 100.2 
f0.8% (33). Various pharmaceutical preparations were 
analyzed by UV spectrophotometry to determine the py- 
rilamine content (34). After separation on a cation-ex- 
change resin, alginic acid, pyrilamine was determined by 
UV spectrometry‘with an accuracy of 98.97% (35). Dif- 
ference spectrophotometry at 320 nm (36) and by GC using 
a column6 with a flame ionization detector were used in 
another study (37). Pyrilamine was determined by GC 

5 Eastman 6061. 
15% Dexsil300 on Chromosorb W. 

using columns of 20% GESF-96 on 45-60 mesh Chromo- 
sorb P and 5% SE-30 on 80-100 mesh Chromosorb A with 
cyclohexanedimethanol succinate and a thermoconductive 
detector (38). 

A column of 1% cyclohexanedimethanol succinate on 
100-120 mesh silanized GC P and a flame ionization de- 
tector were also used to determine pyrilamine after ace- 
tone-ether extraction of blood (39). A column of 200 mg 
of cyclohexanedimethanol succinate and 2.0 g of methyl- 
phenyl silicone on 80-100 mesh diatomaceous earth was 
used (40) and columns of OV-1 and OV-17 were employed 
under isothermal conditions (41). Retention indexes for 
230 chemicals including pyrilamine were report,ed for 
analyses on SE-30,0V-l, and OV-17 columns under iso- 
thermal conditions at 180” (42). Discriminating power 
analysis for GC showed that columns of either SE-30 or 
OV- 17 possessed the highest discriminating powers for 
separation and determination of 62 basic drugs (43). GC 
analysis using a column of 3% OV-17 on high-performance 
Chromosorb W was used to separate pyrilamine from other 
street drugs (44). 

Columns of either 2.1 or 4.1 g of Dexsil300 on 18 g of 
80-100 mesh Chromosorb W (HP) with a flame ionization 
detector and an automatic sample injector were used to 
determine pyrilamine in pharmaceutical preparations (45). 
Detection in blood from cases of overdosage was possible 
using columns of 3% OV-17 on 100-200 mesh screens or 1% 
SP-1000 on 100-200 mesh screens7 using a nitrogen- 
phosphorus detector (46). 

GC analysis of stored blood samples indicated that the 
drug was stable for at least 7 months (47). Gas chroma- 
tography-mass spectrometry (GC-MS), was used to detect 
pyrilamine in blood plasma (48),’and it was found (49) for 
pyrilamine and its deuterated analogs that single-ion 
monitoring at  mlz 121 gave more precise ratios than 
multiple-ion monitoring at  mlz 121 and 124 (49). 

Direct thin-layer chromatography-mass spectrometry 
(TLC-MS) was applied to pyrilamine and 30 pg was de- 
tected (50). Isocratic multi-column HPLC with a variable 
wavelength UV detector was found useful to characterize 
pyrilamine eluted from columns of silica, silica treated with 
3-mercaptopropyltrimethoxysilane, or a strong aliphatic 
cation exchange (51). A phenyl column*, using a UV de- 
tector set a t  254 nm, could detect 18 ng of pyrilamine (52). 
Use of a column consisting of a monomolecular layer of 
octadecyltrichlorosilane permanently bonded to  Si-C, 
and a UV detector set a t  254 nm, enabled the HPLC sep- 
aration of pyrilamine from various other drugs (53). HPLC 
was used to separate pyrilamine from pentobarbital in 
polyethylene glycol- based suppositories (54). 

After testing 15 HPLC systems, i t  was found that the 
best separations were obtained with acetonitrile-water- 
propylamineg (90: 10: 0.01) and CN-10, heptane-meth- 
ylene chloride-acetonitrile-propylamine (50 : 50 : 25 : 0.1) 
using commercially available columns10 (55). 

METABOLISM AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 

Metabolism and Metabolic Products-One study 
suggested that pyrilamine can be N-demethylated but that 

SuDelcocort. 
PBondapak. 
Micropak CN-10. 
Micropak CN-10. 
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more information is needed on cellular distribution, me- 
tabolism, and excretion (56). Intravenous injection of py- 
rilamine in rabbits did not increase the urinary excretion 
of histamine but did significantly increase the excretion 
of histamine metabolites (57). Pyrilamine increased brain 
histamine by blockade of central histaminergic receptors 
and the inhibition of histamine-N-methyltransferase (58) 
but was ineffective in decreasing histamine uptake in the 
heart and stomach of rats (59). 

In rats, intraventricular injection of histamine affected 
dopamine metabolism by increasing the amount of 
homovanillic acid in the striatum. This effect was blocked 
by pyrilamine (60). Pyrilamine inhibited the activity of 
histamine-N-methyltransferase in the brain, ileum, atrium 
and stomach of the guinea pig in viuo and in uitro (61). 
Histamine-N-methyltransferase from pig atrium was in- 
hibited by pyrilamine when the substrate was histamine 
but not when the substrate was N’-methylhistamine (62). 
Purified guinea pig histamine-N-methyltransferase was 
inhibited by pyrilamine (63). It inhibited rat liver phos- 
phatidate phosphohydrolyase but had no effect on glycerol 
phosphate acyltransferase or diacylglycerol acyltransferase 
(64). 

In another study, pyrilamine inhibited rat liver phos- 
phatidate cytidylyltransferase, glycerol phosphate acyl- 
transferase, and phosphatidate phosphohydrolyase (65). 
This inhibition had a marked effect on lipid metabolism 
(66). Pyrilamine blocked guinea pig adenylcyclase activity 
induced by tolazoline and to a lesser extent that induced 
by histamine (67). 

Structure-Activity Relationships-Pyrilamine is a 
derivative of ethylenediamine and modifications in this 
moiety can cause extreme changes in antihistaminic po- 
tency. The terminal nitrogen atom must be tertiary; re- 
placement of the dimethyl group with a diethyl group de- 
creased potency as did quaternization; the chain between 
the nitrogen atoms must be two carbon atoms and it should 
not be branched; the replacement of the pyridyl group with 
pyrimidyl or halogenated phenyl groups did not affect 
potency, but substituting an additional pyridyl group for 
the benzyl group decreased potency, while substituting a 
para-methoxy group increased potency (68). 

Pharmacodynamics and Kinetics-Pyrilamine 
blocked the hypotensive action of both histamine and 5- 
hydroxytryptamine in the rat (69). It markedly potentiated 
the depressor response of isoproterenol in the dog, had no 
effect on the isolated rat seminal vesicle preparation but 
antagonized epinephrine and norepinephrine, reduced the 
inhibitory effects of these latter drugs on the guinea pig 
tracheal chain, and relaxed the isolated rabbit ileum. Py- 
rilamine had no effect on the hind limb preparation of the 
rat and potentiated the positive inotropic and chronotropic 
effects of isoproterenol on the rabbit heart in situ (70). 
Pyrilamine was shown to be a noncompetitive antagonist 
to epinephrine and norepinephrine when tested on the 
rabbit aortic strip, rat seminal vesicle, and dog blood 
pressure. It reduced the response of the dog retractor penis 
muscle and the rat fundal strip to catecholamines (71). 
When applied topically (72), pyrilamine was a potent 
constrictor of the mammalian capillary bed of the rat. 
Pyrilamine significantly attenuated the baroreceptor reflex 
vasoconstrictor and the vasoconstrictor effect of intra- 
arterial histamine, but had no effect on such responses 

induced by intra-arterial norepinephrine in the isolated, 
perfused gracilis muscle of the dog (73). 

Pyrilamine blocked the pressor response and potenti- 
ated the depressor response in rabbits given intravenous 
histamine (74). It also blocked the constrictor response of 
the isolated rabbit ear artery but had no effect on the 
perfused human temporal artery (75). Intra-arterial his- 
tamine caused a dose-dependent vasodilatation in the 
carotid vascular bed of the dog which was only partially 
blocked by pyrilamine (76, 77). In monkeys, pyrilamine 
only partially blocked the histamine response in the ex- 
ternal carotid circulation but had a greater effect on the 
internal carotid circulation (78). The histamine depressor 
response in the monkey was partially blocked (79). In- 
creases in blood flow in the left circumflex coronary artery 
of the dog induced by histamine infusion were only par- 
tially blocked by pyrilamine (80). Perfusion of pyrilamine 
from the lateral ventricle to the cisterna magna in dogs 
gave a hypertensive followed by a hypotensive response 
(81). Pyrilamine did not block the hypotension induced 
by venom from the green mamba (Dendroaspis angusti- 
ceps) in the cat, dog, rat, and guinea pig (82). Injection of 
histamine into the pulmonary artery circulation of the 
isolated perfused guinea pig lung caused increases in pul- 
monary perfusion pressure which were converted into 
decreases upon injection of pyrilamine (83,M). Pyrilamine 
added to the perfusion fluid used in isolated cat lung per- 
fusions prevented histamine and anoxia pressor responses 
but greatly increased the resistance of the lungs to air flow 
(85). Pyrilamine noncompetitively inhibited the positive 
ionotropic effect of histamine on the isolated guinea pig 
papillary muscle (86). Using the isolated spontaneously 
beating rabbit atria, pyrilamine was shown to have an- 
timuscarinic and antinicotinic effects and to have a co- 
caine-like effect unrelated to local anesthesia (87). Pyri- 
lamine blocked the typical cardiovascular responses, hy- 
perkalemia and hyperglycemia, induced by histamine 
(88). 

Pyrilamine reversed the airway constriction of the iso- 
lated guinea pig trachea and bronchus induced by hista- 
mine and honey bee venom (89), but relaxation of isolated 
cat tracheal rings caused by histamine was only partially 
inhibited (90). Pyrilamine prevented the bronchocon- 
strictor effect of histamine and increased bronchial mo- 
tility in the gallamine paralyzed unanesthetized rabbit 
(91). It had no effect on the preconvulsion time in guinea 
pigs exposed to aerosolized propranolol(92), but it elevated 
the total blood carbon dioxide and decreased the blood pH 
in dogs (93). Histamine-induced modifications of airway 
resistance, respiratory frequency, pulmonary blood vol- 
ume, alveolar tensio-active substances for pulmonary 
compliance, Pa02, PaC02, blood pressure, and pulmonary 
compliance for respiratory frequency in dogs and guinea 
pigs were all blocked by pyrilamine (94). In the isolated 
perfused guinea pig lung preparation, pyrilamine inhibited 
the pressor response to histamine but not that of prosta- 
glandin F2a, and it blocked the histamine induced con- 
traction of guinea pig pulmonary artery strips (95). Aero- 
solized pyrilamine attenuated the histamine induced nasal 
airway resistance in the dog (96), but aerosolized histamine 
or sulfur dioxide inhalation increased airway resistance in 
humans and only the former was blocked by pyrilamine 
(97). 
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Rhythmic contractions in the isolated vas deferans of 
the guinea pig and rat with or without intact intramural 
nerves (98) were induced by pyrilamine, and it blocked the 
responses of the neonatal rabbit ileum to histamine (99). 
The acetylcholine induced contraction of the isolated toad 
rectus abdominalis muscle was blocked by pyrilamine 
(100). While the drug had no effect on the synthesis of 
prostaglandin Ez from arachidonic acid by bull seminal 
vesicle homogenates (101), it blocked the peristaltic reflex 
induced by increasing the intraluminal pressure in the 
isolated frog stomach and guinea pig ileum (102). It did not 
antagonize the acid secretion induced by histamine in the 
isolated guinea pig gastric fundus (103), but it inhibited 
the responses in the fundus and antrum of isolated guinea 
pig stomach to histamine, cholecystokinin, and gastrin and 
partially inhibited the antral response to acetylcholine 
(104). 

Pyrilamine did not antagonize gastric acid secretion 
induced in rats and guinea pigs by gastrin, bethanechol, 
and histamine (105), failed to inhibit histamine stimula- 
tion, but did suppress aminopyrine accumulation in his- 
tamine stimulated isolated rabbit gastric glands (106). 
Pyrilamine counteracted the inhibitory effect of supra- 
maximal doses of histamine on gastric acid secretion in 
conscious gastric fistula cats (107), but failed to protect 
guinea pigs from histamine induced duodenal ulceration 
(108). In pylorus ligated rats, pyrilamine failed to prevent 
aspirin plus hydrochloric acid gastric ulcerations (109). It 
prevented the fall in diastolic blood pressure but did not 
prevent gastric secretion induced by histamine in dogs 
(110). 

Histamine stimulation of gastric acid secretion and 
mucosal blood flow in dogs was not prevented ( l l l ) ,  pro- 
duction of gastric lesions by stress in rats was inhibited 
(112), and gastric lesions produced by cold-restraint stress 
in rats were not antagonized by the drug (113). The acti- 
vation of adenylate cyclase in broken-cell preparations of 
guinea pig gastric mucosa by histamine, sodium fluoride, 
or 5-guanylylimidophosphate was inhibited by pyrilamine 
(114). It was shown that pyrilamine had no real effect in 
treating gastric hyperacidity and peptic ulcers in humans 
(115). 

Pyrilamine blocked the histamine mediated vascular 
exudation response to mild but not strong cold injury to 
rat skin (116). Intramuscular injection in sheep prevented 
the vascular permeability produced by intradermal in- 
jection of histamine, hyaluronidase, adenosine, guanosine, 
inosine, or xanthosine (117). It  was reported to release 
histamine and as a result increased the permeability of 
sheep skin (118). Compound 48/80 was used to deplete 
histamine stores in sheep but resulted in a biphasic re- 
sponse in which the first phase could be blocked by pyri- 
lamine (119). Pyrilamine blocked the vascular perme- 
ability evoked in sheep by histamine and 5-hydroxytryp- 
tamine but not that evoked by bradykinin (120). Pulmo- 
nary exudation and histamine release was induced in rats 
by intrapleural injection of turpentine, silver nitrate, or 
carrageen, and pyrilamine decreased both parameters for 
turpentine and silver nitrate but had an irregular effect on 
carrageen (121). Pyrilamine had no influence on rat mast 
cell histamine release mediated by cyclic adenosine 
phosphate or cyclic 5’-guanylic acid (122), however, it  re- 
leased 5-hydroxytryptamine from rat peritoneal mast cells 

(123) as well as from cow enterochromaffin granules in 
uitro (124). It caused a large release of histamine and 
stimulation of salivary secretion in the submaxillary gland 
of the dog (125). 

Pyrilamine was used to identify two histamine binding 
sites in the isolated guinea pig ileum (126), and was iden- 
tified as an HI-receptor antagonist through its histamine 
blocking effects on guinea pig atria and ileum in uitro and 
on rat stomach contractions in uiuo (127). It only partially 
antagonized the effects of histamine on the isolated cat 
tracheal rings and did not affect isolated sheep bronchial 
strips indicating very few H1-receptors in the former and 
none in the latter (128). It was used to identify the hista- 
mine HI-receptors in the cardiovascular system of the 
chicken (129). One study showed that pyrilamine had no 
effect on the microcirculation of the dog’s synovial mem- 
brane, which indicated a lack of histamine HI-receptors 
(130). 

Pyrilamine appears to have a pseudo-dualist effect on 
the histamine HI-receptors of the guinea pig ileum and 
trachea in uitro (131). [3H]Pyrilamine was shown to bind 
specifically to guinea ilial histamine HI-receptors in uitro 
(132). Brain membranes from rats, calves, and guinea pigs 
specifically bind [3H]pyrilamine in uitro indicating the 
presence of histamine HI-receptors (133), which has been 
confirmed in the guinea pig brain (134). 

Pyrilamine did not bind to y-aminobutyric acid recep- 
tors in the rat brain synaptosomal membrane (135), but 
it did bind to the histamine HI-receptors in cultured mouse 
neuroblastoma cells (136). Pyrilamine was used to block 
HI-receptors and had a slight immunosuppressive effect 
when combined with an Hz-receptor blocker in rat heart 
allografting (137). [3H]Pyrilamine binds with high affinity 
to brain membranes from humans, rats, guinea pigs, rab- 
bits, and mice indicating an association with HI-receptors 
(138). Differences in [3H]pyrilamine binding in guinea pig 
and rat brains has been attributed to  an actual difference 
between the HI-receptors or the presence of a relatively 
large number of secondary binding sites in the rat (139). 
Pyrilamine exhibited a noncompetitive binding to the 
histamine HI-receptors in the rabbit coronary artery (140) 
but was only weakly bound to the tricyclic antidepressant 
binding sites in the rat brain (141). The binding sites in the 
guinea pig brain have been localized by autoradiography 
(142). Specific and nonspecific binding of [3H]pyrilamine 
was studied in the brain, lung, adrenal, heart, aorta, and 
ileum of the guinea pig, rat, and rabbit and in the lung of 
the mouse and monkey. There were significant differences 
in the number of high affinity binding sites in the lung and 
adrenal gland depending upon species. 

In the bovine adrenal gland, it was shown that binding 
was more abundant and had a higher affinity in the me- 
dulla than in the cortex (143). The HI-receptor involved 
in hypotension is only partially attenuated by pyrilamine 
in the dog (144). [3H]Pyrilamine was used to label the 
HI-histamine receptors in the hypothalamus, midbrain, 
cortex, brain stem, cerebellum, striatum, and hippocampus 
of the mouse in uiuo (145). The potencies of HI-antihis- 
tamines in reducing [3H]pyrilamine binding in uiuo cor- 
responded with their pharmacological activities and their 
affinities for [3H]pyrilamine binding sites in isolated brain 
membranes (146). The positive inotropic effects of hista- 
mine in the dog were unmasked by injection of both HI- 
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and Hz-histamine receptor antagonists (147). 
Pyrilamine had an inhibitory effect on human platelet 

aggregation and adhesiveness in uitro (148), but had no 
effect on rubidium-86 uptake by erythrocytes (149). Py- 
rilamine caused red cell agglutination in uitro (150), but 
had no influence on digitalis toxicity in cats and guinea pigs 
(151). Histamine-induced sleepiness in chicks was coun- 
teracted by pyrilamine (152), and it inhibited development 
of physical dependence but not tolerance to morphine, in 
mice (153). Histamine potentiates the sedative action of 
chloral hydrate in mice and pyrilamine counteracted this 
effect (154). Pyrilamine had no effect on the in uitro hy- 
droxylation of protocollagen by protocollagen proline 
hydroxylase (155) but antagonized the release of Ca2+ from 
skeletal muscle induced by scorpion venom (156). When 
administered alone the drug had no effect on the lipolysis 
of rat adipose tissue in uitro, but in the presence of epi- 
nephrine, it stimulated or inhibited lipolysis depending 
upon dose (157). Whereas pyrilamine suppressed tur- 
pentine induced pleural exudate in adult rats, it had little 
effect in 7-day-old rats (158). 

Pyrilamine blocked the decrease in patency in the eu- 
stachian tube of the dog caused by topical or intra-arterial 
histamine (159), accelerated wound healing in the rat when 
given in conjunction with a histamine liberator, 48/80 
(160), but did not antagonize reserpine induced hypo- 
thermia in mice (161). It antagonized the hypothermia 
produced in mice by oxotremorine, but when administered 
in a high dose also produced hypothermia (162). Pyri- 
lamine antagonized posthistamine catalepsy in rats (163). 
Pyrilamine reduced the mortality from tourniquet shock 
in rats from 75 to 35% (164), but only partially reduced the 
edema and vascular permeability changes produced by 
prostaglandin E, in the rat paw (165). The binding of 
spleen cells1’ to beadsl2 was inhibited in uitro (166). It did 
not modify the pituitary production of prolactin in patients 
with Parkinson’s disease (167), but did reduce the tremor 
(168). 

No information is available on the pharmacokinetics of 
pyrilamine (169). 

TOXICOLOGY 

Acute Toxicity in Animals-The acute LD50 in the 
mouse is 30 mg/kg iv; 102 f 11 mg/kg ip (68); 150 mg/kg 
sc (170); 36 mg/kg orally in the rat. Symptoms of acute 
toxicity include generalized tremor, increased activity, 
incoordination of movement, Straub tail phenomenon, 
squeaking, restlessness, chronic convulsions, and death by 
asphyxia (68). Pyrilamine did not counteract lantana 
poisoning in buffalo calves (171). Pyrilamine and anti- 
schistosomal agents released histamine from the rat’s 
mesentary (172). It only partially counteracted the hypo- 
tension produced by quinuronium in sheep (173), did not 
prevent brain edema in rats induced by intra-arterial in- 
jection of 85S-microspheres (174), and not only did not 
protect against paracetamol-induced hepatic necrosis in 
rats but actually increased mortality (175). 

Chronic Toxicity in  Animals-Subcutaneous injec- 
tion of 35 mg/kg of pyrilamine twice daily in rats arrested 
growth by the 7th day and normal growth ensued when the 

BALBlc. 
‘2HRS. 

drug was discontinued. Daily subcutaneous injections of 
20 mg/kg had no effect on weight gain in weanling mice. 
Rats receiving 10 mg/kg daily for 6 months or 200 mg/kg 
daily for 32 days showed no signs of chronic toxicity nor 
was there any evidence of gross or histological abnor- 
malities due to the drug. Similar results were obtained in 
dogs receiving 20 mg/kg five times weekly for 6 months, 
and in monkeys receiving 50 mg/kg daily for 35 days (68). 
Pyrilamine, 50 mgrlkg sc daily, caused leukocytosis after 
14-23 days, and rupture and enlargement of the gall 
bladder and common duct in guinea pigs (176). 

Acute Toxicity in Humans-Subcutaneous injections 
of pyrilamine in humans produced a 6-12-fold increase in 
blood histamine levels for 24 hr. Symptoms of acute tox- 
icity included dizziness, jitteriness, somnolence, dry nose, 
nausea, weakness, palpitation, insomnia, abdominal 
cramping, numbness, cold extremities, fatigue, tendency 
to hemorrhage, chloroform taste, faintness, acute hyster- 
ical reaction, mydriasis, narcolepsy, sore tongue, hot 
flushes, early menses, and dermatitis medicamentosa 
(68). 

Immunotoxicology-Pyrilamine completely blocked 
the acute inflammatory response induced in the rat skin 
by histamine but only partially blocked that induced by 
bradykinin, 5-hydroxytryptamine, and prostaglandin El 
(177). The acute pinnal inflammation induced in mice by 
intravenous dextran was blocked (178). It did not inhibit 
the inflammatory response in hairless mice induced by 
photosensitization (179). The passive cutaneous anaphy- 
lactic reaction evoked in mice and rats by injection of im- 
munoglobulin antibody was only partially blocked (180). 
The estradiol induced edematous response in the imma- 
ture rat uterus was not inhibited (181) but pressure in- 
duced edema in the rat foot was reduced by 13% (182). It 
inhibited the paw edema elicited in rats and guinea pigs 
by local injection of histamine (183), and blocked the 4-hr 
passive cutaneous anaphylactic reaction in rats injected 
with rabbit antirat mast cell antiserum (184). 

The drug inhibited the active bronchial anaphylactic 
response in the rat elicited by reagin-type antibodies (185), 
and completely antagonized the histamine released when 
carrageenin was injected into the rat’s paw and prevented 
the inflammatory response (186). It reduced the volume 
of the rat’s paw induced by injection of Freund’s complete 
adjuvant only between days 1 and 4 (187). Pyrilamine 
protected rats against anaphylactic shock evoked by sen- 
sitization to egg albumin (1881, but had no effect on the 
direct Arthus reaction elicited in the hind paw of the rat 
(189). Rats were not protected from horse serum induced 
anaphylactic shock at  10 days and only protected 20% at  
20 days (190). Pyrilamine blockade of histamine’s effect 
on the guinea pig tracheobronchial muscle and ileum in 
vitro was abolished by slow reacting substance of ana- 
phylaxis (191). I t  protected against the liberation of his- 
tamine in uivo and in uitro by chloroplatinate (192), but 
did not inhibit the response to ovalbumin in tracheal strips 
from sensitized guinea pigs (193). Histamine, inhibited by 
pyrilamine, evoked contractions of ovalbumin sensitized 
guinea pig lung parenchymal strips, but was only weakly 
active against ovalbumin (194). The antigen-antibody 
reaction of the isolated guinea pig ileum was not inhibited 
by pyrilamine (1951, and there was no effect on the rise of 
cyclic adenosine phosphate and 5’-guanylic acid in the 

Journal of Pharmaceutical Sciences 1 7 
Vol. 72. No. 1. January 1983 



sensitized guinea pig lung stimulated with antigen (196). 
Cyclic adenosine phosphate release was suppressed in 
normal and sensitized guinea pig lung slices when stimu- 
lated by either histamine or antigen (197). These results 
have been confirmed (198). 

Anaphylactic response in sensitized guinea pigs is not 
modified by the drug (199). Pretreatment of guinea pigs 
with pyrilamine and papaverine to prevent death from 
anaphylactic shock showed that the histaminolytic activity 
of the liver and plasma increased under such conditions 
(200). Pretreatment with pyrilamine prevented anaphy- 
lactic death in guinea pigs and increased the time before 
the appearance of dyspnea and cough (201). Pyrilamine 
suppressed the histamine-induced bronchoconstrictor 
component of the anaphylactic response in sensitized 
guinea pigs (202), but had no effect on slow-reacting sub- 
stance of anaphylaxis induced bronchoconstriction in the 
sensitized guinea pig (203). It inhibited the increase in 
potassium in the blood of guinea pigs in histamine shock 
and anaphylaxis but not in Forssman shock (204). It  pre- 
vented death in guinea pigs from anaphylatoxin and his- 
tamine and at high doses from anaphylactic shock, and also 
inhibited bronchoconstriction and emphysema formation 
from antigen (206-207). 

In isolated perfused hearts of sensitized guinea pigs, 
pyrilamine did not affect the coronary dilating, heart 
stimulating, and antianaphylactic effects of released his- 
tamine or prevent anaphylaxis (208). It reduced cardiac 
output in the heart-lung preparation of guinea pigs and 
histamine, injected or antigen released, counteracts this 
effect (209). Pyrilamine had little effect on anaphylactic 
bronchospasm in the guinea pig heart-lung preparation 
or on the increased pulmonary vascular resistance. How- 
ever, when histamine caused the above effects, pyrilamine 
completely counteracted them (210). In the isolated per- 
fused sensitized guinea pig lung, pyrilamine was effective 
in counteracting the bronchospastic effect of antigen 
(211). 

Pyrilamine prevented early shock death in acute ana- 
phylaxis in guinea pigs and this effect. could be abolished 
by propranolol (212). It significantly reduced the lipid- 
mobilization and hyperlipoproteinemia induced in rabbits 
by endotoxin (213). In horse serum sensitized rabbits, it 
antagonized the vasoconstrictor action of histamine on the 
pulmonary vessels and the right ventricular vasocon- 
striction caused by the administration of antigen (214). It 
counteracted the increased vascular permeability pro- 
duced by histamine in the monkey but had no effect 
against prostaglandin E vascular effects (215). 

Pyrilamine inhibited the skin reaction to histamine in 
the monkey but had no effect on the Ascaris antigen re- 
action (216). It had only a small effect against the capillary 
damaging effects of passive cutaneous anaphylaxis in sheep 
(217) and did not prevent the changes in the lymph nodes, 
spleen, and intestinal lymphoid tissues of sensitized sheep 
injected with antigen (218). Pyrilamine selectively inhib- 
ited responses to histamine and raised the threshold 
antibody required to elicit a passive cutaneous anaphy- 
lactic response in calves (219). It incompletely blocked 
depressor changes in carotid blood pressure elicited in 
calves by histamine and anaphylaxis (220). Pyrilamine had 
no effect in blocking the photobiologic increase in blood 
content of the pig skin sensitized to  anthracene and long- 

wave UV radiation but inhibited the increased vascular 
permeability to [1251]albumin (221). 

Pyrilamine had little effect in causing histamine release 
from human leukocytes in uitro and little activity against 
antigen induced histamine release (222). It relaxed human 
bronchial muscle contracted by histamine or antigen in 
vitro (223). Histamine release induced by antigen in sen- 
sitized human lung mince in vitro was inhibited by pyri- 
lamine (224). Intradermal injection inhibited the hista- 
mine evoked wheal and flare reaction in human skin (225). 
The drug had no protective effect in fog provocation of 
bronchoconstriction in bronchitis patients but had some 
protective effect against inhaled allergen in asthmatics 
(226). 

Chloroplatinate exposure gives rise to pruritis, erythe- 
ma, urticaria, eczema, mild lymphocytosis, cough, dyspnea, 
conjunctival vasodilatation, and asthma. All of these 
symptoms were successfully treated with pyrilamine, 
aminophylline, and corticoid therapy (227). The wheal and 
flare reaction induced by histamine and kallikrein were 
reduced (228). Pyrilamine inhibited the histamine skin 
reaction induced by pollen in skin testing for allergies 
(229). 

Neurotoxicology-Injection of histamine into the 
endonerium of the rat sciatic nerve resulted in a markedly 
increased permeability of the endoneural blood vessels. 
This effect was blocked by pretreatment with pyrilamine. 
The permeability changes caused by compound 48/80, a 
histamine liberator, could be only partially inhibited by 
pyrilamine (230). Histamine caused both stimulation and 
inhibition of the spontaneous electrical activity of neurons 
in the isolated brain of the snail (Helix asperse) and both 
actions were blocked by the drug (231). Pyrilamine 
blockade of the motor action of histamine on the guinea 
pig plexus containing longitudinal muscle preparations 
from the ileum could still be electrically stimulated into 
tetanic spasms which were inhibited by histamine (232). 
Pyrilamine reduced potassium ion permeability in the 
sartorius muscle of Rana pipiens in a chlorine ion-free 
medium and increased the electrical potential change 
(233). 

The drug did not abolish neuromuscular transmission 
or decrease the lingui-mandibular reflex in dogs treated 
with cannabis resin, tetrahydrocannabinol, or parahexyl 
(234). When injected into the preopticlanterior hypotha- 
lamic nuclei, the lateral ventricle, or the third ventricle it 
did not block the hypothermic response elicited by sys- 
temic injection of histamine in rats (235). It reduced the 
contractions of the stomach of Rana temporaria induced 
by vagal stimulation (236) and the uptake of [JHH]y-ami- 
no-n-butyric acid by the rat cerebral cortex in vitro (237). 
The postganglionic action potential of the isolated rabbit 
superior cervical ganglion in vitro was depressed in the 
presence of histamine and further depressed by the addi- 
tion of pyrilamine (238). Pyrilamine blocked the calcium 
ion-related hyperpolarization of Amphiuma erythrocyte 
membrane (239). 

Pyrilamine blocked the atropine-resistant responses 
elicited by electrical stimulation of an area located ven- 
trally in the anterior hypothalamus and rising dorsally 
toward the optic tegmentum (240). Intraventrical injection 
of pyrilamine in cats blocked the pressor response induced 
by intraventricular histamine. Pyrilamine alone produced 
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a depressor response and blocked both reflex as well as 
direct excitability of the medullary vasomotor center (241), 
but had no effect on toothpulp nociceptive thresholds in 
conscious dogs (242). Pyrilamine had no effect on the bi- 
phasic response evoked by transmural stimulation of the 
guinea pig distal colon in uitro (243). 

CARCINOGENICITY 

Animal Carcinogenicity-No information is available 
on short term tests on the carcinogenicity of pyrilamine 
(169), but it is scheduled for a National Toxicology Pro- 
gram carcinogenesis bioassay (244). 

Human Carcinogenicity-No epidemiological studies 
or case reports relating pyrilamine to human neoplasia 
were found in the literature (169). 

MUTAGENICITY 

Pyrilamine caused unscheduled DNA synthesis in pri- 
mary adult rat hepatocytes in culture (245). Mitosis was 
inhibited 68% by histamine in human keratinocytes in 
culture, pyrilamine blocked this effect (246). No infor- 
mation is available on in uiuo mutagenesis (247). 

TERATOGENICITY 

Pregnant mice given pyrilamine in their drinking water 
produced resorptions, abortions, premature parturitions, 
decreased weight of the neonates, decrease in survival rate 
at 44 days, alterations in skin and fur, delayed eye opening, 
pneumoperitoneum, and delayed opening of the external 
auditory meatus and vagina (248). Pyrilamine was not 
teratogenic in the rat (249). It  caused stromal edema to be 
inhibited but increased the number of blastocytes recov- 
ered from the uterus of the pregnant rat on day 5 (250). 
Injection of histamine into the right ventricle of the rat 
brain produced hypokinesis and catalepsy, and pyrilamine 
reduced these effects (251). Pyrilamine significantly de- 
creases motor activity in mice (252). No information is 
available concerning pyrilamine with the production of 
human malformations (253). 

CONCLUSIONS 

The chemistry, metabolism, structure-activity rela- 
tionships, pharmacology, toxicology, mutagenicity, tera- 
togenicity, and carcinogenicity of pyrilamine have been 
reviewed. More mutagenic studies using cells in culture are 
required to establish the drug’s mutagenicity potential. 
Teratogenic and three generation studies employing both 
mice and rats are necessary to understand pyrilamine’s 
effects on the reproductive process. A chronic toxicology 
study is necessary to determine the long-term effects of 
pyrilamine. A pharmacokinetic study coupled with in uitro 
metabolism would assist in showing the exact metabolic 
pathways used in biotransformation of pyrilamine. 
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Abstract  0 The effect of a complexing agent, tetrahydrofuran, on the 
diffusion of phenol across a stagnant fluid layer has been studied. At a 
given activity of free phenol, the steady-state flux nf phenol appearing 
in an acceptor phase was greatly enhanced. However, as the fraction of 
phenol associated with the complexing agent increased, the flux of phenol 
decreased, since the transport was then controlled by the diffusion of the 
complex, a larger structure. A mathematical model of simultaneous as- 
sociation and diffusion was derived to determine whether the diffusional 
behavior of two associating species could be accounted for in terms of the 
association equilibrium constant and Fick's second law. Experimental 
results supported the model. It was concluded that the presence of a 
complexing agent tends to reduce the rate of diffusion, the effect being 
more pronounced at  high concentrations of complexing agent. 

Keyphrases Phenol-diffusion in a complexing agent, tetrahydro- 
furan 0 Diffusion-phenol in a complexing agent, tetrahydrofuran 

The purpose of this study was to investigate the influ- 
ence of complexing agents on the diffusional behavior of 
drugs. The ability of most drugs to undergo association 
interactions is intrinsically related to their activity, since 
most drugs exert their action by complexing to a receptor 

site. Some dosage forms are designed to take advantage of 
this associative tendency by using a complexing agent to 
increase the solubility of the drug in the formulation (1,2). 
In other cases, complexing agents are used to modify the 
dissolution rate of a drug at  the site of administration (3, 
4), as it is known that the dissolution rate can be greatly 
affected by association in the diffusion layer (5). 

In a previous study (6), the importance of associative 
interaction on mass transport of drugs was exemplified by 
the case of simultaneous self-association and diffusion of 
phenol through an immobilized layer of isooctane. The 
results of this analysis showed that the self-association of 
phenol can significantly alter the rate of transport of 
phenol. The case of simultaneous complexation and dif- 
fusion has also been investigated (7). However, those re- 
sults relied on accurate determination of the forward and 
reverse rate constants for the associative interaction, pa- 
rameters which may prove difficult to obtain. I t  was also 
assumed that for association equilibrium to be attained 
within the diffusion layer, i t  was necessary for the con- 
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Abstract  0 The effect of a complexing agent, tetrahydrofuran, on the 
diffusion of phenol across a stagnant fluid layer has been studied. At a 
given activity of free phenol, the steady-state flux nf phenol appearing 
in an acceptor phase was greatly enhanced. However, as the fraction of 
phenol associated with the complexing agent increased, the flux of phenol 
decreased, since the transport was then controlled by the diffusion of the 
complex, a larger structure. A mathematical model of simultaneous as- 
sociation and diffusion was derived to determine whether the diffusional 
behavior of two associating species could be accounted for in terms of the 
association equilibrium constant and Fick's second law. Experimental 
results supported the model. It was concluded that the presence of a 
complexing agent tends to reduce the rate of diffusion, the effect being 
more pronounced at  high concentrations of complexing agent. 

Keyphrases Phenol-diffusion in a complexing agent, tetrahydro- 
furan 0 Diffusion-phenol in a complexing agent, tetrahydrofuran 

The purpose of this study was to investigate the influ- 
ence of complexing agents on the diffusional behavior of 
drugs. The ability of most drugs to undergo association 
interactions is intrinsically related to their activity, since 
most drugs exert their action by complexing to a receptor 

site. Some dosage forms are designed to take advantage of 
this associative tendency by using a complexing agent to 
increase the solubility of the drug in the formulation (1,2). 
In other cases, complexing agents are used to modify the 
dissolution rate of a drug at  the site of administration (3, 
4), as it is known that the dissolution rate can be greatly 
affected by association in the diffusion layer (5). 

In a previous study (6), the importance of associative 
interaction on mass transport of drugs was exemplified by 
the case of simultaneous self-association and diffusion of 
phenol through an immobilized layer of isooctane. The 
results of this analysis showed that the self-association of 
phenol can significantly alter the rate of transport of 
phenol. The case of simultaneous complexation and dif- 
fusion has also been investigated (7). However, those re- 
sults relied on accurate determination of the forward and 
reverse rate constants for the associative interaction, pa- 
rameters which may prove difficult to obtain. I t  was also 
assumed that for association equilibrium to be attained 
within the diffusion layer, i t  was necessary for the con- 
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Figure 1-The influence of tetrahydrofuran on the diffusion of phenol through a n  unstirred layer of isooctane. 

centration of the complexing agent to be the same at all 
points in the system. 

In the present study, the model system used was the 
diffusion of phenol from a donor phase solution in isooc- 
tane, through a diffusion layer consisting of immobilized 
isooctane, into an aqueous receptor phase (Fig. 1). The 
complexing agent used was tetrahydrofuran which, as a 
cyclic ether, was capable of associating strongly with 
phenol via hydrogen bond formation. A mathematical 
model of this system was derived to determine whether the 
experimental diffusional behavior of the two associating 
species could be accounted for in terms of their association 
equilibrium constant and Fick's second law. The derivation 
was based on the following assumptions: ( a )  coupling of 
the fluxes of free phenol, free tetrahydrofuran, and the 
complex occurs; ( b )  equilibrium is rapidly attained com- 
pared with the rate of diffusion; and (c) diffusion of each 
kind of species is governed by Fick's laws. 

THEORETICAL 

A silanized sintered glass filter was used in the experimental portion 
of the present investigation to create an immobilized layer of isooctane 
between the donor isooctane phase and the receptor aqueous phase, a 
procedure described previously (6). The immobilized isooctane layer thus 
formed a stagnant diffusion layer. This arrangement allowed both the 
phenol and the tetrahydrofuran in the donor isooctane phase to diffuse 
across the diffusion layer. The association equilibria which occur in the 
donor phase and the diffusion layer are shown in Fig. 1. 

The self-association of phenol in isooctane can be described by the 
equilibrium (8):  

(Eq. 1) 

where P, is the concentration of free (monomer) phenol, P5 is the con- 
centration of self-associated (pentamer) phenol, and K1-5 is the equi- 
librium constant for self-association. The equilibrium governing the 
association between phenol and tetrahydrofuran is given by: 

P ,  + T * [P - T ]  with K,,,, = 32 M-l a t  25" (Eq. 2) 

where [P - 7'1 is the concentration of associated phenol-tetrahydrofuran 
species and K,,,, is the equilibrium constant for association of phenol 
and tetrahydrofuran in isooctane. The total concentration of phenol in 
the presence of tetrahydrofuran is represented by: 

5P, Pg with K1-g = 6,300 M-4 a t  25' 

PT = p m  + [P - T ]  + 5P5 (Eq. 3)  

The total concentration of tetrahydrofuran is given by: 

T T = T + [ P - T ]  (Eq. 4) 

where TT is the total concentration of tetrahydrofuran, similarly ex- 
pressed. Association in the aqueous phase is assumed to be negligible, 
since the concentrations of both phenol and tetrahydrofuran in the 
aqueous phase remained low over the duration of the experiment. Under 
these conditions, self-association also appears to be negligible'. Applying 
Fick's second law: 

- =  ac a2c 

at D~ 
to each species of phenol present, one obtains: 

where D is diffusivity, t is time, C is the concentration of a given species, 
x is equal to distance, D, is the diffusivity of free phenol, D5 is the dif- 
fusivity of pentamer phenol, and PT is expressed as molarity of mono- 
meric phenol. 

Assuming that the association equilibria are established quickly 
compared with the rate of diffusion, P5 and [P - TI can be substituted 
in Eq. 3 by the equilibrium expressions: 

[P - TI = K,,,TP, 
resulting in: 

(Eq. 7) 

The second term in Eq. 8 can be reexpressed as: 

The third term in Eq. 8 can be reexpressed as: 

Also, by substituting Eqs. 6 and 7 into Eq. 3 

Taking the derivative of both sides with respect to time one obtains the 
expression: 

~ 

Personal communication, M. Tobin. 
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Figure 2-Normalized steady-state concentration profiles in the  dif-  
fusion layer, at total phenol concentration of 0.1403 M and total tet- 
rahydrofuran concentration of 4.76% (u/u) in the  donor phase. Key: 
(-)free tetrahydrofuran concentration scaled u p  by a factor of 2.194; 
(- - - - - - j  associated phenol concentration scaled u p  by a factor of 7.616; 
(. . . . . .) concentration of free phenol scaled u p  by a factor of  111.11. 

This expression can be rearranged to give: 
aT 

(1 + 25K1_5Pm4 + K-T) + K,,,P, at (Eq. 12) aPT - aPm 
at at 

By substituting Eqs. 9,10, and 12 into Eq. 8 the following is derived: 

- [ 1 +  2 5 K 1 - 8 , ~  + K,,T] ap, 
at 

Equation 13 can be rearranged to produce the following in terms of 
monomer phenol only: 

ap, - 
at 

[ l  + 25Kl-sPm4 + Ka,T] 
(Eq. 14) 

An expression for diffusion of tetrahydrofuran can be derived in a 
similar manner. The conc&ration of tetrahydrofuran in associated form 
can be calculated using Eq. 15: 

[P - TI = K,,TP, (Eq. 15) 

By applying Fick's second law to the species of tetrahydrofuran present, 
an expression for flux of tetrahydrofuran across a small distance within 
the diffusion layer can be obtained: 

(Eq. 16) 

By appropriate substitution and rearrangement, the following expression 
is derived: 

ax ax at 
[I  + KaasocPml 

In view of the great excess of tetrahydrofuran present in all experiments 

5 4 0 1  I. 1 
X I  I I / 

ACTIVITY OF PHENOL IN DONOR PHASE,M 

Figure 3-Steady-state flux versus activity of phenol (free concen- 
tration) in the donor phase. Solid lines represent computer-generated 
results. Key: (Aj data from experiments i n  which 4.76% ( o h )  tetra- 
hydrofuran was used; (.) data from experiments in which a n  ap- 
proximately 2:1 ratio of tetrahydrofuran to phenol was used; (W control 
experiments i n  which no tetrahydrofuran was used. 

in which this complexing agent was used and also the magnitude of the 
association constant between phenol and tetrahydrofuran, it is reasonable 
to assume that the self-association of phenol was negligible in these ex- 
periments. For example, a t  TT = 0.5872 M and PT = 0.1403 M ,  [&] = 

Neglecting the contribution of the pentamer allowed the terms for 
diffusion of the self-associated species to be omitted. Eq. 13 is then 
simplified to give the following expression: 

3.7 x 10-7 M .  

a p  aT 
ax ax 

+ 2 m  - - KasswP - at 
(Eq. 18) 

11 + KassmTl 
Since Eq. 18 is in the same form as Eq. 17, these two interdependent 

equations can then be solved simultaneously to determine the concen- 
tration profiles of phenol and tetrahydrofuran in the diffusion layer at 
a given time. Owing to the complexity of the equations involved, it was 
convenient to use numerical methods to obtain the required solutions. 
The computer program, based on the approaches described previously 
(9), used an implicit method of solution of differential equations of similar 
form. Approximate algebraic expressions, written on the (n  + 1) time 
step, were found by applying the central difference approximation to the 
derivative term which were thus converted to finite difference expres- 
sions. Equations 17 and 18 are nonlinear and coupled equations. To li- 
nearize and effectively decouple the equations, the following approxi- 
mations were used for Eq. 17: 

Analogous approximations were made for the equivalent expressions 
in the equation governing phenol transport (Eq. 18). Since the tetrahy- 
drofuran concentration profile was solved first for a given time step, the 
current values of Tn,i were retained rather than substituting those from 
the previous time step: 

From these expressions, i t  can be seen that the dependent variable on 
which the equation was written, e.g., T in Eq. 17, was always taken to be 
the variable on which the terms were written implicitly. This effectively 
decoupled Eqs. 17 and 18, allowing them to he solved separately as sets 
of linear algebraic expressions to give the concentration profiles for phenol 
and tetrahydrofuran in the diffusion layer a t  a given time. 
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Figure 4-Steady-state flux versus concentration of associated phenol 
in the donor phase for experiments in which 4.76% (v/v) tetrahydro- 
furan was used. Key: (B) the experimental data and (-) the com- 
puter-generated results. For experiments in which an approximate 2:1 
ratio of tetrahydrofuran to phenol was used; (0) the experimental data 
and (- - -) joins computer-generated data points. Standard deviations 
for experimental data are incorporated into the size of the symbol. 

It should be noted that the sets of linearized decoupled equations for 
Eqs. 17 and 18 can be solved iteratively for 7'$+'1 and Pi:', such that the 
j t h  solution of the two sets of equations allows for the more accurate 
approximations of the nonlinear portions of the expressions. However, 
by choosing sufficiently small values of t ,  the assumed and calculated 
values of the derivatives differed only by a tolerably small amount' after 
the first iteration, and therefore, iterative solutions were not required. 

The coefficients of the set of linear equations for tetrahydrofuran were 
arranged in a matrix and solved by a method equivalent to Gaussian 
elimination using the subroutine TRIDAG (9) to give the current diffu- 
sion layer concentration profile of tetrahydrofuran. The same method 
was then applied to determine current concentrations of phenol in the 
diffusion layer. 

From the gradients of phenol and tetrahydrofuran concentrations at 
the interface between the immobilized isooctane layer and the aqueous 
phase, the flux into the aqueous phase and subsequently the cumulative 
concentration in the aqueous phase was determined for each species at 
successive times. Since the concentrations in the aqueous phase remained 
consistently low, sink conditions were applied a t  the isooctane-aqueous 
phase interface for the purpose of calculating flux into the aqueous phase. 
This assumption may have introduced some error into the calculated 
steady-state flux predictions, especially a t  the higher donor phase con- 
centration of phenol, and into the burst time calculations. 

Typical computer-generated concentration profiles within the mem- 
brane a t  steady state are shown in Fig. 2 for donor phase concentrations 
of 0.1043 M phenol and 0.5872 M tetrahydrofuran. The gradient of the 
free tetrahydrofuran is linear due to the large excess of tetrahydrofuran 
present, but the profiles of both the associated and free phenol are non- 
linear owing to the association equilibrium with tetrahydrofuran. 

EXPERIMENTAL 

Materials-Commercially obtained analytical reagent grade phenol2 
was fractionally distilled under vacuum to remove the preservative and 
other contaminants and then stored under nitrogen in a desiccator. 

Tetrahydr~furan~,  containing 0.025% butylated hydroxytoluene as a 
preservative, was distilled from benzophenone and sodium under ni- 
trogen, and then collected over activated 4-A molecular sieves4. Batches 
were discarded 4 days after distillation. 

Certified ACS isooctane (2,2,4-trimeth~lpentane)~ was used without 
further purification. 

Diffusion Apparatus and Study-The diffusion apparatus and the 
analytical procedure for phenol were described in a previous paper (6). , 
The cutoff point for tetrahydrofuran in the UV region was 220 nm. It did 

2 Mallinckrodt. 
3 Fisher Scientific Co. 

Linde. 

k 0.2 
0.1 

MOLARITY OF PHENOL IN DONOR PHASE 

Figure 5-Burst time versus concentration of phenol in the donor 
phase, for experiments in which 4.76% (vlv) tetrahydrofuran was used. 
Key: (---) computer-generated results; (B) average values observed; 
(5) ranges observed. 

not interfere with the assay of samples for phenol. Three different solu- 
tion compositions were used a t  each concentration of phenol studied: 

1. Fifty milliliters of the phenol in isooctane solution plus 2.5 ml of 
isooctane were used. Experiments in which solutions of this composition 
were used provided control data for comparison with diffusion data from 
experiments in which tetrahydrofuran was used. 

2. Fifty milliliters of the phenol in isooctane solution, sufficient tet- 
rahydrofuran to provide a ratio of - 2:l tetrahydrofuran to phenol, and 
2.5 ml (less the volume of tetrahydrofuran used) of isooctane were 
used. 

3. Fifty milliliters of the phenol in isooctane solution plus 2.5 ml of 
tetrahydrofuran were used. The concentration of tetrahydrofuran present 
in these solutions was 0.5872 M (4.76% v/v). 

The solutions required were prepared and added immediately to the 
tube containing the silanized sintered glass filter. Each solution was al- 
lowed to equilibrate with the filter for 3 min, enabling an immobilized 
layer of solution to be established within the filter. At the end of 3 min, 
the lower face of the filter was carefully wiped dry and the tube lowered 
into the jacketed beaker containing the aqueous phase, the temperature 
of which was maintained at 25'. When overhead and aqueous phase 
stirrers were turned on, the study was begun. Samples were taken from 
the aqueous phase at convenient times, replacing the volume removed 
with distilled, deoxygenated water. At the conclusion of the experiment 
the samples were analyzed for phenol. Further experimental details were 
presented in a previous study (6). 

RESULTS AND DISCUSSION 

Diffusion of phenol from the donor isooctane phase, through an im- 
mobilized layer of isooctane within the silanized sintered glass filter, into 
an  aqueous receptor phase was followed by determination of the cumu- 
lative concentration of phenol in the aqueous phase a t  times 5300 min. 
When tetrahydrofuran was used, it was present initially in both the donor 
phase solution and the diffusion layer. It was assumed that the association 
equilibrium between phenol and tetrahydrofuran was established in both 
the diffusion layer and the donor phase and that all species were capable 
of diffusing through the immobilized isooctane layer into the aqueous 
phase. For each type of experiment, four runs were made a t  each of the 
five phenol concentrations studied. Steady-state flux was calculated from 
the slope of the concentration uersus time plot using vaues obtained at 
times of 100 min or longer. Runs were rejected if the linear regression 
correlation coefficient for the data used to calculate the slope fell below 
0.999, to minimize variation in the steady-state flux and burst time 
values. 

Steady-State Flux-When simultaneous association and diffusion 
occur, the rate of diffusion may increase, decrease, or remain the same. 
The change in the diffusion rate depends on the size of the associated 
species formed, its ability to penetrate or partition into the diffusion layer, 
and the extent to which complexation occurs. 

Figure 3 shows a plot of steady-state flux versus concentration of free 
phenol (defined as activity) present in the donor phase. In the control 
experiments, there was a positive deviation from linearity at  high phenol 
activities. This was accounted for by the contribution of the diffusion of 
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Table I-Concentrations of Various Species in  Solution at Given Total  Concentrations of Phenol and Tetrahydrofuran (Molar) 

P 5 p5 

0.5872 0.0233 0.0012 8.5 X lo-” 

0.5872 0.1403 0.0090 1.9 x 10-6 

0.0534 0.0233 0.0102 3.5 x 10-6 

0.5872 0.0461 0.0025 3.0 x 10-9 
0.5872 0.1034 0.0062 2.9 x 10-7 

0.5872 0.2130 0.0158 3.3 x 10-5 

0.1100 0.0461 0.0133 1.3 x 10-5 
0.2460 0.1034 0.0170 4.5 x 10-5 

0.4834 0.2130 0.0207 1.2 x 10-4 
0.3160 0.1403 0.0193 8.4 X 

0.0220 
0.0436 
0.0972 
0.1313 
0.1988 
0.0131 
0.0328 
0.0867 
0.1206 
0.1926 

0.5651 
0.5435 
0.4900 
0.4559 
0.3900 
0.04026 
0.0772 
0.1493 
0.1954 
0.2908 

2.29 
2.39 
2.39 
2.25 
2.27 

the self-associated pentameric phenol to the overall rate of flux. In the 
presence of tetrahydrofuran, the steady-state flux a t  a given activity of 
phenol was greatly enhanced. The effect was more pronounced when 
4.76% (v/v) tetrahydrofuran was present than when a 2:l ratio of tetra- 
hydrofuran to  phenol was added. In both cases the increase in steady- 
state flux could be attributed to diffusion of the phenol-tetrahydrofu- 
ran-associated species. When 4.76% (v/v) tetrahydrofuran was used, the 
extent of association was greater owing to the larger excess of complexing 
agent present. This led to a greater enhancement of the steady-state flux 
values than observed for the 2 1  excess experiments, in which a significant 
proportion of phenol present remained unassociated. 

In the 4.76% (v/v) tetrahydrofuran experiments, almost all of the 
phenol was expected to be associated with tetrahydrofuran (Table I). 
Therefore, the steady-state flux was expected to have an approximately 
linear relationship to the concentration of associated species present as 
shown in Fig. 4. Except at the highest concentration of phenol, the 4.76% 
(v/v) tetrahydrofuran data fall along a straight line within experimental 
error. This deviation a t  the higher donor phase phenol concentrations 
may arise from changes in the composition of the neighborhood of mol- 
ecules surrounding each molecule. Since the theoretical development does 
not account for changes in the activity coefficient of the free phenol, a 
deviation of this nature is not surprising. 

For a given concentration of associated phenol, a higher steady-state 
flux was predicted and observed when a 2:l ratio of tetrahydrofuran to 
phenol was used than when 4.76% (v/v) tetrahydrofuran was present. This 
result was accounted for by the following model. In the 4.76% ( v h )  tet- 
rahydrofuran experiments virtually all flux was due to diffusion of the 
associated species. However, in the 21 ratio experiments, a significant 
proportion of phenol was present as free phenol. Since free phenol was 
able to diffuse across the immobilized isooctane layer a t  a faster rate than 
that of the larger associated species, it was able to contribute significantly 
to the overall flux into the aqueous phase. This resulted in a larger 
steady-state flux than would be predicted by considering only the con- 
tribution of the associated phenol. The differences in the steady-state 
flux data were most pronounced at low total concentrations of phenol. 
A t  those concentrations, the disparity in percentage of phenol present 
in unassociated form was also greatest (Table I), supporting the argu- 
ments derived from the model. 

Overall, the steady-state flux results showed that for a system in which 
the associated species can penetrate the diffusion layer, the flux for a 
given total concentration of drug decreases as the concentration of 

m l  
r 

0:  1 0.2 
MOLARITY OF PHENOL IN DONOR PHASE 

Figure 6-Burst time versus concentration of phenol in the donor phase 
for experiments in which an approximate 2:l ratio of tetrahydrofuran 
of phenol was used. Key: (--) computer-generated results; (@) ex- 
perimentally observed results; (1) ranges. 

complexing agent present increases. This is accounted for by the lower 
diffusivity of the larger associated species. 

Transient  Behavior (Burst  Time)-As for the more commonly re- 
ported time lag, the burst time is inversely proportional to the diffusivity 
of  the diffusing species. When diffusion of one species accounts for the 
entire flux observed, the burst time is related to the diffusivity of that  
species. In such cases, the burst time is independent of the donor phase 
concentration of the diffusing species. 

Figure 5 shows the plot of burst time versus concentration of phenol 
in the donor phase in the presence of 4.76% (v/v) tetrahydrofuran. Burst 
time was calculated by extrapolating the steady-state portion of the 
concentration versus time plot back to zero Concentration. Although there 
is considerable scatter in the results, the burst time was essentially in- 
dependent of concentration, indicating that one species accounted for 
most of the mass transport observed. The excess of tetrahydrofuran was 
large enough in these experiments to ensure that virtually all phenol 
(93-98%) present was associated with tetrahydrofuran. It was proposed, 
therefore, that  the diffusion of the associated species accounted for the 
greater fraction of the flux. The large value for the burst time observed 
in the 4.76% tetrahydrofuran experiments supported this proposal. Since 
large molecules have lower diffusivities, burst time tends to increase with 
molecular size. The average burst time observed in these experiments 
was 4 min. This time was much greater than the burst time of -35 min 
which was calculated for a diffusion system in which only monomer 
phenol was present (6). 

Figure 6 depicts the burst time versus the donor phase concentration 
data for experiments in which a 2:l ratio of tetrahydrofuran to phenol 
was used. The theory predicted that the burst time would be shorter a t  
low donor phase phenol concentrations, since in those cases the per- 
centage of phenol in the associated form was considerably lower than a t  
high phenol concentrations (Table I). The smaller free phenol molecules 
were able to diffuse faster than the associated species so that when free 
phenol was present in significant quantities, the system came to steady 
state more rapidly and exhibited a shorter burst time. The observed burst 
times were similar to the predicted relationship. However, the effects were 
magnified somewhat. 

The failure of the numerical solution of the derived equations to predict 
exactly the overall burst time was probably due partly to the boundary 
condition used for the aqueous phase-diffusion layer interface in the 
computer program ( i . e . ,  sink conditions) and partly to an artifact of the 
experimental method. As in the phenol experiments described previously 
(7), small amounts of phenol on the lower face of the sintered glass filter 
may have been released immediately upon contact with the aqueous 
phase. This would result in high values for cumulative concentration in 
the aqueous phase and higher burst times than predicted. Build-up of 
tetrahydrofuran in the aqueous phase may also have affected partitioning 
of phenol between the diffusion layer and the aqueous phase, which would 
again alter the concentration of phenol attained in the aqueous phase. 

Despite the great reduction in activity of phenol caused by the addition 
of a complexing agent, the overall transport rate of phenol for a given total 
concentration of phenol was almost as fast as in a complexing agent-free 
system. This consistency in transport rates was attributed to the ability 
of the associated tetrahydrofuran-phenol complex to form in and diffuse 
through the diffusion layer. A set of equations derived in terms of readily 
obtainable parameters were found to adequately account for all the data 
except that obtained a t  high concentration of phenol. Thus, i t  was pos- 
sible to explain the seemingly complicated relationship between 
steady-state flux diffusional behavior and donor-phase concentration 
of phenol in the presence of a codiffusing species using the familiar con- 
cept of associative interactions. 

In the system studied, all species formed were capable of penetrating 
the diffusion layer. Comparing the results of the 4.76% (v/v) tetrahy- 
drofuran and the twofold excess tetrahydrofuran experiments, it appears 
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that the excessive use of an excipient capable of complexing with a drug 
could result in a markedly reduced rate of delivery of that  drug by si- 
multaneously lowering the drug's activity and apparent diffusivity. Al- 
though such an effect is undesirable in most circumstances, it may be 
possible to use this effect to advantage in the design of slow-release 
preparations. 
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Abstract 0 Theoretical and experimental analyses demonstrate that  
a hemispheric polymer-drug matrix laminated with an impermeable 
coating, except for an exposed cavity in the center face, can be used to 
achieve zero-order release kinetics. Hemispheric systems for low mo- 
lecular weight drugs were prepared by heating and compressing poly- 
ethylene and drug (sodium salicylate) in a brass mold. Hemispheric 
systems for high molecular weight drugs were prepared by casting eth- 
ylene-vinyl acetate copolymer and protein in a hemispheric mold at  -80°, 
followed by a two-step drying procedure (-20 and 20"). In both systems, 
cavities were made in the center face of the hemispheres and the re- 
mainder of the matrices coated with an impermeable material. Zero-order 
release for 60 days a t  a rate of 0.5 mg/day was achieved from polymer 
matrices containing bovine serum albumin (mol. wt. 68,000). 
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Diffusion-controlled matrix devices have been among 
the most widely used drug delivery systems, but a disad- 
vantage frequently cited is their inability to achieve zero- 
order release kinetics (1-3). Most matrix devices have been 
designed in the form of a rectangular slab, and it has been 
observed that the cumulative release of drug is inversely 
proportional to the square root of time (4-8). 

One possible means of altering release kinetics from 
matrix systems is to vary the matrix geometry. The influ- 
ence of shape on kinetics of drug release from matrix tab- 
lets in spherical, cylindrical, and biconvex shapes has been 
evaluated (9,lO). It was predicted (11) that a matrix in the 
shape of a sector of a right circular cylinder would release 
drug at  a zero-order rate. This analysis was more critically 
evaluated, and it was found that true zero-order kinetics 
were not achieved in practical cases but that this shape 

resulted in release rates that were initially high and then 
began to approach, but not achieve, linearity (12). A lim- 
itation cited in both studies was the need for effective 
procedures to fabricate these delivery systems and the 
requirement for further experimental testing. 

In a previous study, a theoretical analysis suggested that 
a hemisphere with all portions laminated with an imper- 
meable coating, except for a small cavity cut into the center 
of the flat surface, could achieve zero-order release kinetics 
(13). 

In the present study, experimental results have been 
obtained that provide support for the theoretical analysis. 
Two types of fabrication procedures are presented here to 
demonstrate that the hemisphere design is universally 
suitable for either low or high molecular weight drugs. 

THEORETICAL 

Assuming that the drug is released from a solid matrix device by dif- 
fusion, a steady-state condition exists, and the area for mass transport, 
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Top View Cross Section Cross Section at 
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a0 
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Figure 1-Diagram of an inwardly-releasing hemisphere; ai is the inner 
radius, a, is the outer radius, and R is the distance to the interface be- 
tween the dissolved region (white area) and the dispersed tone (diagonal 
lines). Alack represents laminated regions through which release cannot 
occur. 
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that the excessive use of an excipient capable of complexing with a drug 
could result in a markedly reduced rate of delivery of that  drug by si- 
multaneously lowering the drug's activity and apparent diffusivity. Al- 
though such an effect is undesirable in most circumstances, it may be 
possible to use this effect to advantage in the design of slow-release 
preparations. 
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lecular weight drugs were prepared by heating and compressing poly- 
ethylene and drug (sodium salicylate) in a brass mold. Hemispheric 
systems for high molecular weight drugs were prepared by casting eth- 
ylene-vinyl acetate copolymer and protein in a hemispheric mold at  -80°, 
followed by a two-step drying procedure (-20 and 20"). In both systems, 
cavities were made in the center face of the hemispheres and the re- 
mainder of the matrices coated with an impermeable material. Zero-order 
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Diffusion-controlled matrix devices have been among 
the most widely used drug delivery systems, but a disad- 
vantage frequently cited is their inability to achieve zero- 
order release kinetics (1-3). Most matrix devices have been 
designed in the form of a rectangular slab, and it has been 
observed that the cumulative release of drug is inversely 
proportional to the square root of time (4-8). 

One possible means of altering release kinetics from 
matrix systems is to vary the matrix geometry. The influ- 
ence of shape on kinetics of drug release from matrix tab- 
lets in spherical, cylindrical, and biconvex shapes has been 
evaluated (9,lO). It was predicted (11) that a matrix in the 
shape of a sector of a right circular cylinder would release 
drug at  a zero-order rate. This analysis was more critically 
evaluated, and it was found that true zero-order kinetics 
were not achieved in practical cases but that this shape 

resulted in release rates that were initially high and then 
began to approach, but not achieve, linearity (12). A lim- 
itation cited in both studies was the need for effective 
procedures to fabricate these delivery systems and the 
requirement for further experimental testing. 

In a previous study, a theoretical analysis suggested that 
a hemisphere with all portions laminated with an imper- 
meable coating, except for a small cavity cut into the center 
of the flat surface, could achieve zero-order release kinetics 
(13). 

In the present study, experimental results have been 
obtained that provide support for the theoretical analysis. 
Two types of fabrication procedures are presented here to 
demonstrate that the hemisphere design is universally 
suitable for either low or high molecular weight drugs. 

THEORETICAL 

Assuming that the drug is released from a solid matrix device by dif- 
fusion, a steady-state condition exists, and the area for mass transport, 
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Figure 1-Diagram of an inwardly-releasing hemisphere; ai is the inner 
radius, a, is the outer radius, and R is the distance to the interface be- 
tween the dissolved region (white area) and the dispersed tone (diagonal 
lines). Alack represents laminated regions through which release cannot 
occur. 
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Figure 2-Diagram of brass molds and plungers for making hemispheres and slabs containing low molecular weight drugs. (a) The  brass mold 
(12.6 X 3.2 X 2 cm) had two halves (components A and E )  fastened together with wing nuts (assembly). The  mold had six hollowed cylinders (I-cm 
diameter and 11.4-cm length) with hemispheric bottoms (1-cm diameter). T h e  brass plunger (I-cm diameter X 14.9-cm length) had two ends: one 
end was flat and the other end was press-fitted with a 2-mm (diameter) steel bead in the center in such a way that one-half of the bead was exposed 
and the other half was buried within the plunger. T h e  plunger end containing the  bead was used for making hemispheres. (b) The  brass mold, 
with the same dimensions as those shoun in  Fig. 2a, had six hollowed cylinders with f lat  bottoms. T h e  same plunger in Fig. 2a was used; howeuer, 
this time the flat end was used for slabs. 

A, and drug diffusion coefficient, D ,  remain constant, then Fick’s law of 
diffusion can be applied and is represented by: 

(Eq. 1) 

where Q is the mass of drug being transferred, t is the time, c is the drug 
concentration, and r is the distance from the diffusion source to the re- 
lease surface. From Eq. 1 it can be seen that the release rate decreases 
as the distance r increases; that  is, the release rate is inversely propor- 
tional to the distance which the drug must travel from within the matrix 
to the matrix surface. The purpose of altering matrix geometry is to in- 
crease the available area of drug so as to compensate for the increase in 
diffusion distance of drug transport. 

In a previous study (13), a theoretical analysis was conducted to derive 
release equations for a hemispheric device in which release only occurs 
through a cavity in the flat surface; all other surfaces would be laminated 
with an impermeable coating (Fig. 1). In the theoretical analysis (13), it 
was assumed as in a previous study (4) that the amount of drug present 

per unit volume, Co, is substantially greater than the solubility of drug 
per unit volume of the vehicle, C,. I t  was further assumed, as previously 
(4), that the solid drug dissolves from the surface layer of the device first; 
when this layer is depleted of drug, the next layer begins to be depleted. 
The interface between the region containing dissolved drug and dispersed 
drug moves into the interior as a front. Infinite sink conditions, no 
boundary layer effects, as well as other assumptions originally made (4) 
were considered applicable. The following notation is used: 

a; = inner radius or radius of the cavity 
a,  = outer radius of device 
R = radial distance to interface between dissolved and dispersed drug 

within the matrix (Fig. 1) 
C, = drug solubility in the release media [this also equals the con- 

centration of drug a t  the interface between dissolved and dis- 
persed drug (4)] 

Q ( t  ) = drug released ( w t )  from the pellet at time t 
D = diffusion coefficient of drug in matrix 
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Figure 3-Flow chart for preparing hemisphere-shaped devices for the release of small molecules. (Detailed procedures mere recorded in the 
text.) 

Then, the release rate for the hemisphere can be derived as described 
previously (13) resulting in: 

- _  dQ - 21C,Dai (L) 
dt R -ai 

(Eq. 2) 

The approach to zero-order kinetics can be observed by examination 
of Eq. 2. In this equation, when R >> a;, R - ai becomes equal to R 
and: 

- _  dQ - ZfiDC, ai 
dt (Eq. 3) 

Each of the terms in Eq. 3 is a constant. Thus, for a hemispheric device 
with small a,, release rates will be essentially constant. It can be calculated 
that for hemispheric devices designed so that the outer radius (a,) is at 
least three times greater than the inner radius (a;) zero-order kinetics 
will be achieved after a short burst and maintained for the duration of 
release (13). 

Release rate expressions have been derived for several different shaped 
devices (13). In comparing such devices, the following statement provides 
a useful guideline: The hemisphere will more closely approximate zero- 
order release than other shapes (e.g., a cylinder sector), if the inner radii 
(a i )  of both shapes are similar; if, however, the inner radius of the other 
device is much smaller than that of the hemisphere, the second device 
will more closely approximate zero-order release. 

EXPERIMENTAL 

To experimentally test the zero-order release concept for hemispheres, 
a polyethylene-sodium salicylate matrix was used. This matrix has been 
shown to follow the Higuchi model (6). For reference, release kinetics from 
a slab (in the present report any shape that has cross sections which were 
identical throughout the matrix was considered a slab) were also studied. 
In these studies a drug-polymer blend was molded into the different 
shapes; however, both the hemisphere and the slab were designed with 
dimensions such that similar apparatuses could be used and so that each 
would release approximately the same quantity of drug after the same 
time period. 

Materials Used for  Matrices Containing Low Molecular Weight 

Compounds-Sodium salicylatel and polyethylene2 were passed through 
a 60-mesh screen3 separately. These ingredients (30% sodium salicylate 
and 70% polyethylene) were then mixed together in a cube blender4 for 
5 min. The brass5 molds (Fig. 2) had two halves fastened together with 
wing nuts. The molds had six hollow cylinders (1-cm diameter, 11.4-cm 
long) that were either round-bottomed (with a 0.5-cm radius) for making 
hemispheres (Fig. 2a) or flat-bottomed for making slabs (Fig. 2b). 

Hemisphere-Shaped Systems for  Low Molecular Weight Com- 
pounds-A summary of the steps involved in the fabrication procedure 
for making hemispheres is shown in Fig. 3 and described in detail as fol- 
lows. In the first step, each hollow cylinder mold (Fig. 2a) was loaded with 
220 mg of a sodium salicylate-polyethylene blend and placed into a 
preheated oven7 a t  150" for 30 min. After heating, a brass plunger6 (1-cm 
diameter) was forcefully inserted into each cylinder. Compression was 
complete within 30 sec. This plunger was flat-bottomed except for a 
central depression into which a 2-mm (diameter) steel beads was press- 
fitted (press-fitting involves molding one metal object to another so that 
they are permanently attached) in such a way that half of the bead was 
exposed and the other half was buried within the plunger (Fig. 2a). By 
using this type of plunger to compress the polymer-drug matrix, a small 
cavity in the face of the hemisphere was formed. After compression the 
plunger was immediately removed. The mold containing hemispheric 
pellets was cooled at room temperature for 20 min. Then, the mold was 
disassembled. The hemispheric polymer4rug pellets were removed from 
the mold and trimmed with a scalpelg containing a surgical bladelo to 
eliminate any irregular edges. The average weight of the hemisphere after 
trimming was 208 f 3 mg. 

1 Fisher Scientific Co., Fair Lawn, N.J. 
2 PEP-315, Union Carbide Co., New York, N.Y. 
3 Dual Mf Co Chicago, Ill. 
4 Type U E  NO: 16643, Erweka-G.M.B.H., Frankfurt am Main, West Ger- 

many. 

Food Science, M.I.T., Cambridge, Mass. 

6 Admiral Metals Servicenter Co., Inc., Woburn, Mass. 
6 Mold and plunger made in machine shop of the Department of Nutrition and 

7 Model 10, Precision Scientific Co., Bedford, Mass. 
8 Type 44W, Ultraspherics Co., Inc., Ann Arbor, Mich. 
9 Healthco, Inc., Medical Supply Division, Boston, Mass. 

10 No. 10 blade, Bard-Parker, Rutherford, N.J. 
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Figure I-Flow sheet for preparing hemisphere-shaped devices for  the release of macromolecules. (Detailed procedures were recorded in the 
text.) In the last two blocks of the flow sheet, both the top view and a cross-sectional vieul of the same hemisphere device are shown. 

T o  protect the cavity within the hemisphere pellet during coating, a 
steel beads, 2 mm in diameter, was inserted (Fig. 3) into it with forceps11. 
The flat face of the hemisphere pellet containing the steel head was then 
placed face down against a lid of a petri dishI2. A total of nine pellets was 
placed in each dish. T o  coat the matrix, paraffinI3 was first melted in a 
glass beaker on a hot plate14 until the temperature15 of the paraffin was 
50 f 2O. Approximately 15 ml of melted paraffin was pipeted16 onto the 
petri dish surrounding the pellets. This resulted in a block of paraffinI3 
containing nine pellets. This block was removed with a laboratory spat- 
ula" and cut into nine pieces with a scalpel blade; each piece thus con- 
tained one hemisphere pellet. A drop of the melted paraffin was then 
layered over the flat surface of each of the hemisphere pellets, causing 
the pellets to be completely coated. 

The final step in achieving the hemispheric design (Fig. 1) was to ex- 
pose the cavity, yet leave the remainder of the pellet coated. This was 
accomplished by gently scraping off the paraffin covering the steel bead 
and removing the bead with a pair of forceps". 

l1 Forceps and spatula were purchased from Healthco Inc., Medical Supply Di- 

12 Falcon 3003, Div. Becton, Dickinson and Co., Ornard, Calif. 
I3 Paraplast tissue embedding medium, Lancer Co., St. Louis, Mo. 

PC-351, set at LO position, Corning Glass Works, Corning, N.Y. 
l5 The thermometer was purchased from Fisher Scientific Co., Fair Lawn, 

Pasteur capillary pipetsAisposable, Cat. No. 3575, Rochester Sciwtific Co., 

vision, Boston, Mass. 

N.J. 

Rochester. N.Y. 

Slab  Systems for  Low Molecular Weight Compounds-The pro- 
cedures to fabricate slabs followed methods similar to those described 
above. A sodium salicylate-polyethylene blend (800 mg) was loaded in 
the flat-bottomed brass mold6, followed by heating in the oven and 
compressing with the flattened part of the plunger6 (Fig. 2b). After 
compression, the resultant cylinder was cut lengthwise into two halves 
and trimmed to lengths of 7.4 f 0.2 mm. The average weight was 210 f 
5 mg. The resultant pellet was placed with one of its flat faces down on 
the surface of a petri dishL2 and coated with melted paraffin. About 15 
ml of the melted paraffin was poured over 10 pellets. The resultant slabs 
thus were coated on all sides except the flat faces. Each face had an ex- 
posed area of -56 mm2. 

Hemisphere-Shaped Systems for  Macromolecules-The molds 
used for fabricating hemisphere-shaped systems for macromolecules were 
composed of glass and had hemispheric bottoms17 (13-mm diameter X 
11-mm height). T o  prevent these molds from falling over, an embedding 
platform was made. This platform was constructed by pouring 15 ml of 
molten paraffinI3 into a bacterial petri dishI2, and then placing empty 
glass moldsI7 into the paraffin so that they touched the bottom. After 
allowing the paraffin to harden, the molds were removed and the in- 
dentations left behind in the paraffin could be used to subsequently 
support the molds. 

l7 Glass molds were made using the bottoms of test tubes. These were cut in the 
Glass Shop, Surgical Research, Children's Hospital Medical Center, Boston, 
Mass. 
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Figure 6-Cumulative release of bovine serum albumin versus time. 
The matrix uias made of ethylene-vinyl acetate copolymer and bovine 
serum albumin. Standard error of the mean of the cumulative release 
at  each time point was within 12%. 

tained using vigorous stirring.) At each time point, the matrices were 
transferred using a pair of forceps into 10-ml fresh saline-containing vials. 
During these transfers, excess solution on the matrix surface was removed 
by gentle blotting on a tissue. The released sodium salicylate concen- 
tration was determined spectrophotometricallyqo by measuring ab- 
sorbance at  294 nm. 
As controls, hemispheres of pure polyethylene were prepared uncoated 

and completely coated (including the cavity). Similarly, unccated and 
completely coated hemispheres with the 30% salicylate-polyethylene 
blend were prepared. Identical controls were conducted for the ethyl- 
ene-vinyl acetate copolymer system. All of these controls were tested for 
release kinetics. 

The kinetics of albumin release from the hemisphere-shaped systems 
were followed by methods described previously (8). Albumin concen- 
trations were measured spectrophotometrically.10 by determining ab- 
sorbance a t  280 or 220 nm (8). 

Figure 5-Cumulative release of sodium salicylate versus time for the 
geometric shapes made as described in the text. Key: (a) hemisphere, 
(A) slabs. Each point represents the mean of losamples for slabs and 
nine samples for hemispheres. SEM was 2% for slabs and 4% for 
hemispheres. 

To make the hemisphere polymer systems, earlier methods of pre- 
paring polymer-macromolecule slabs (8) were adapted. The procedure 
is illustrated in Fig. 4 and described in detail as follows. First, empty glass 
molds were positioned in the indentations in the paraffin-embedding 
platform. Then, 6 ml of 20% ethylene-vinyl acetate copolymer'8 solution 
in methylene chloridelg and 514 mg of bovine serum albuminzn powder 
[particle size range (8) from 150 to 180 pm] were mixed in a glass vial at 
room temperature and vortexed2] for 1 min to yield a uniform suspension. 
Into each hemispheric glass mold17, 0.8 ml of the protein-polymer dis- 
persion was pipetedz2. The petri dish containing these samples was then 
transferred onto a block of dry ice for 10 min. The samples gelled within 
1 min. The petri dish containing the samples was then dried first a t  -2OO 
for 2 days and then a t  20" for another 2 days as reported previously 
(8). 

The hemisphere pellets were coated twice with 20% ethylene-vinyl 
acetate copolymer solution (containing no macromolecules) to form an 
impermeable barrier. The coating procedure is described as follows: ( a )  
The tip of a cylindrical metal stick23 (1.8-mm diameter X 30-mm length) 
was inserted into the center of the flat surface of each hemisphere pellet 
to a depth of -3 mm. ( b )  Using the uninserted portion of the stick as a 
handle, the hemisphere pellets were placed directly on the surface of a 
block of dry ice for 10 min. (The round bottoms of the pellets were 
touching the dry ice.) (c) Again using the metal stick as a handle, the 
cooled hemisphere then was immersed into 20% ethylene-vinyl acetate 
copolymer solution a t  20° for 10 sec, removed, and then placed immedi- 
ately on the same dry ice for 10 min. ( d )  A second layer of coating was 
done in the same manner as described above. (e) The hemispheres were 
then put in the freezerz4 (-20°) for 2 days followed by further drying at 
20° for 2 days in a desiccator25 under a houseline vacuum (600 mtorr) to 
remove residual solvent (8). ( f )  Finally, to create the exposed cavity in 
the face of the hemisphere pellet, the metal stickz3 was removed by gently 
encircling the polymer surface immediately surrounding the stick with 
a scalpel blade. 

Kinetic Studies-Studies were conducted to measure the release of 
salicylate into saline from polymer matrices. For these studies, each 
matrix was immersed in a scintillation containing 10 ml of saline 
solution (0.154 M NaClz7). Each matrix was weighted down with five 
9-mm stainless steel standard wound clipsB stuck onto the wax coating. 
Any bubbles present on the uncoated, releasing surface were removed 
by aspiration with a pasteur pipet. The vials were placed on a shaker29 
a t  20". (Preliminary experiments have shown no significant difference 
between the release rates obtained with this mild shaking and those ob- 

Ethylene-vinyl acetate copolymer beads (Elvax 40,404b vinyl acetate content 
w/w) manufactured by DuPont Chemical Co., Wilmington, Del., and extracted with 
hot water if the heads were clay coated. 

l9 HPLC grade, Fisher Scientific Co., Fair Lawn, N.J. 
20 Sigma Chemical Co., St. Louis, Mo. 

Vortex-Genie, Fisher Scientific Co., Fair Lawn, N.J. 
22 Pipetman, Gilson Co., France. 
23 Becton, Dickinson and Co., Ornard, Calif. 
24 SciChem. Co.. Howe & French Division. Boston. Mass. 
25 Bel-Art Co., Peguannock, N.J. 
26 No. 986548, Wheaton Scientific Co., Millville, N.J. 
27 USP erade. Mallinckrcdt. St. Louis. Mo. 
28 No. 7532, Clay Adams. Paisippang, N.J. 
29 Clinical Rotating Apparatus, set at speed 4, Arthur H. 

delphia, Pa. 
Thomas CO., Phila- 

RESULTS 

The cumulative percentage release of sodium salicylate versus time 
from polyethylene matrices of these hemispheres and slabs is compared 
in Fig. 5. The hemisphere-shaped device closely approximates zero-order 
release. Standard error of the mean of cumulative release a t  each time 
point was within 2% for slabs and 4% for hemispheric devices. 

Control matrices of coated and uncoated pure polyethylene hemi- 
spheres, as well as the completely coated sodium salicylate-polyethylene 
hemispheres, showed no material exhibiting spectrophotometric ab- 
sorbance in the saline solution. The uncoated hemisphere-shaped device 
containing sodium salicylate prepared in the same manner as those used 
in the above study showed a rapid, nonlinear release and was nearly ex- 
hausted of its drug within 3 days. 

T o  determine if the hemispheric design was applicable to macromol- 
ecules such as proteins as well as low molecular weight drugs, ethylene- 
vinyl acetate copolymer matrices containing bovine serum albumin were 
tested. Figure 6 shows the release kinetics of albumin from the hemi- 
sphere-shaped systems. Each point represented eight samples. A linear 
relationship between cumulative percentage release and the time of re- 
lease was observed for 60 days. The release rate was 4 . 5  mg of albu- 
midday. Standard error of the mean of cumulative release a t  each time 
point was within 12%. Control hemisphere-shaped devices completely 
coated twice with 20% ethylene-vinyl acetate copolymer solution did not 
release any protein. The media collected in the release experiments of 
the control hemisphere-shaped devices prepared from pure ethylene- 
vinyl acetate copolymer solution (without albumin) showed no spectro- 
photometric absorbance. 

DISCUSSION 

These studies demonstrate that hemispheric matrices can act as con- 
stant release systems for both low molecular weight drugs (Fig. 5) and 
high molecular weight compounds (Fig. 6). The fabrication procedures 
for these systems are relatively simple and can be performed without 
expensive apparatus. To fabricate the hemisphere-shaped devices, two 
different methods were employed: the fusion of polyethylene and drug 

30 Model 2400-S, Gilford Instrument Laboratories, Oberlin, Ohio. 

Journal of Pharmaceutical Sciences I 21 
Vol. 72, No. 1, January 1983 



by heating (14), and the gelation of ethylene-vinyl acetate copolymer by 
freezing at  -80° (8). The selection of the fabrication procedure depended 
on the nature of the drugs. For example, the gelation of polymer a t  low 
temperature is more suitable for proteins or peptides because they may 
be denatured a t  high temperature. 

It should be noted that reservoir systems, in which a core of drug is 
surrounded by a membrane, can also be used as a zero-order release 
system. In these systems, if the drug is loaded above its solubility, the drug 
concentration a t  the inside of the membrane wall will be a constant ( i .e . ,  
the drug solubility); furthermore, the drug will always traverse the same 
diffusion distance (i.e.,  the membrane thickness). Thus, the release rate 
will be constant. However, such systems have disadvantages such as ex- 
pense, undesirable release properties for large molecular weight drugs, 
and danger in the case of leaks (1-3). The reservoir system principle also 
was applied to polymer matrices (15), where the rectangular matrices 
of polymer-drug were coated with pure polymer. Under appropriate 
conditions, the rate-limiting step for release was diffusion through the 
pure polymer coating rather than through the polymer-drug matrix, and 
constant release was observed. To ensure that the constant release rates 
observed for the experimental devices in this report were not due to a 
similar effect (caused perhaps by drug sedimentation towards the center 
of the matrix during fabrication leaving a film of pure polymer at the 
surface), a microscopic examination of the drug-polyethylene hemisphere 
was conducted. In this case, a colored compound, bromcresol green’, was 
incorporated into the matrix, due to its ease of optical examination under 
a light microscope. The matrix was sectioned using a scalpel blade. The 
examination of the sections confirmed the assumption that the drug 
particles were evenly distributed in the polyethylene matrix. A similar 
microscopic examination was conducted for the ethylene-vinyl acetate 
copolymer-protein system using previously described methods (16). 
These matrices also showed a uniform drug distribution. Both tests ruled 
out the possibility that these matrices could act in any way as a reservoir 
type device. 

In Theoretical, it was assumed that no boundary layer effects were 
present and that infinite sink conditions prevailed. In practice there may 
be significant drug concentration gradients between the matrix release 
surface and the surrounding media. However, the resultant bulk flow has 
been shown to bring the release kinetics even closer to zero order (12). 

In matrix systems, the factors controlling release rates can be classified 
into two groups: the matrix parameters such as porosity and tortuosity 
and the properties of drugs such as solubility and diffusion coefficient. 
The former are closely related to the loadings and drug particle sizes; the 
latter are the inherent properties of the incorporated drugs and polymers. 
Higuchi (4,5) was the first to design a mathematical model to predict the 
release kinetics for low molecular weight drugs from a matrix system; the 
theoretical predictions were proven (6) by measuring the porosity and 
tortuosity of the matrix from a model system consisting of polyethylene 
and sodium salicylate. I t  was also found that the porosity and tortuosity 
of the matrix were affected by the loading and particle size of the incor- 
porated drugs (6). In  a hemisphere-shaped matrix system, it is conceiv- 
able that release rates can be varied by a similar manipulation of these 
fabrication parameters. Additionally, the size of the opening is another 
governing factor. In situations where Q. 3 applies, it can be seen that the 
release rate is directly proportional to the radius of the cavity, a,. 

The release rate of macromolecules or proteins, such as bovine serum 
albumin, from ethylene-vinyl acetate copolymer matrix slabs can be 
varied by as much as 2000-fold by manipulating three fabrication pa- 
rameters, k e . ,  drug loadings, aggregate sizes, and matrix coating) (8). 
The release rate of macromolecules from a hemisphere-shaped device 
conceivably can be changed by manipulating the same fabrication pa- 
rameters and the size of the opening. Although the hemisphere design 
resulted in zero-order release kinetics for macromolecules such as albu- 
min, the release mechanism for these systems has not yet been fully es- 
tablished. However, evidence continues to indicate that the release of 
macromolecules from polymeric matrices occurs uia diffusion through 
interconnecting pores (16). The present study is consistent with such a 
mechanism. However, a mathematical model that can be used to predict 
release kinetics from macromolecular release systems has not yet been 
developed. 

Although only bovine serum albumin was used as a model macromol- 
ecule in the present study, initial results have also indicated that zero- 
order release rates were obtained for over 1 month for lysozyme and 
8-lactoglobulin when they were incorporated into hemispheric matrices. 
The hemisphere systems have not yet been tested in oiuo. However, initial 

studies have demonstrated good correlation between in oioo and in uitro 
release rates of macromolecules from ethylene-vinyl acetate copolymer 
slabs (17). 

The major problems encountered in the fabrication procedures in the 
present study are the techniques of both coating the matrix and opening 
the cavity uniformly. Paraffin was used to coat the hemispheres for small 
molecules; however, it may not be suitable as a coating material for an 
in uioo implant because of its brittleness and incompatibility with the 
tissue. A search is being conducted to find an appropriate coating material 
to replace paraffin. On the other hand, the ethylene-vinyl acetate co- 
polymer system used for macromolecules has been shown to  be highly 
biocompatible (18). The development of a technique for opening the hole 
on the flat face of the hemisphere is very critical to achieve reproduc- 
ibility. Besides the methods practiced in these studies, improved tech- 
niques to create holes on the flat face of the hemisphere-shaped device 
should be explored. Techniques such as computer-aided drilling may 
prove useful in future studies. 

In summary, both theoretical and experimental analyses have dem- 
onstrated that a hemisphere can act as a zero-order release system for 
both micro- and macromolecules. The achievement of constant release 
rates for macromolecules is particularly significant, since other ap- 
proaches ( e g ,  reservoir systems) have not yet been able to release mac- 
romolecules in a controlled fashion. This study appears to be the first 
demonstration that macromolecules can be released a t  a zero-order rate 
for long time periods from controlled-release polymer systems. 
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Abstract 0 The effects of the use of 6oCo-irradiation to sterilize anti- 
biotics were evaluated. The antibiotic powders were only occasionally 
contaminated with microorganisms. The D-values of the products and 
environmental isolates were 0.028, 0.027, 0.015, 0.046, 0.15,0.018, and 
0.19 Mrads for Aspergillus species (UC 7297,7298), A. fumigatus (UC 
7299), Rhodotorula species (UC 73001, Penicillium oxalicum (UC 7269), 
Pseudomonas maltophilia (UC 6855), and a biological indicator micro- 
organism, Bacillus pumilus spores (ATCC 27142). An irradiation dose 
of 1.14 Mrads, therefore, was sufficient to achieve a six-log cycle de- 
struction of B. pumilus spores. Based on the bioburden data, a minimum 
irradiation dose of 1.05 Mrads was calculated to be sufficient to obtain 
a probability of sterilizing the most radioresistant isolate, Pen. ox- 
alicum. To determine the radiolytic degradation scheme and the stability 
of the antibiotics following irradiation, high-performance liquid chro- 
matographic (HPLC) methods were developed. The resulting rates of 
degradation for the antibiotics were 0.6, 1.2, 2.3, and 0.95%/Mrad for 
penicillin G, neomycin, novobiocin, and dihydrostreptomycin, respec- 
tively. Furthermore, radiolytic degradation pathways for the antibiotics 
were identified and found to be similar to those commonly encountered 
when antibiotics are subjected to acidic, basic, hydrolytic, or oxidative 
treatments. No radiolytic compounds unique to 6oCo-irradiation were 
found. 

Keyphrases Irradiation-cobalt-60, alternate method for antibiotic 
sterilization Antibiotics-Wo-irradiation as an alternate method for 
sterilization Sterilization-use of 6oCo-irradiation as an alternate 
method High-performance liquid chromatography-determination 
of radiolytic degradation scheme and stability of antibiotics following 
irradiation 

The majority of pharmaceutical compounds are ther- 
molabile. Sterilization of these compounds, therefore, is 
performed with the use of an ethylene oxide treatment. 
However, such a process has a low sterility assurance (1) 
and is quite costly. Moreover, the efficiency and safety of 
ethylene oxide as a sterilization agent are being questioned 
by both the Food and Drug Administration (FDA) (2) and 
the Environmental Protection Agency (3). @Co-Irradiation 

Novobiocic acid 

Novenamine 

RZ Rs -~ R* - 
Novobiocin O H  OCONH, CH, 
Isonovobiocin OCONHZ O H  CH, 
Descarbamylnovo biocin O H  OH CH, 
Desmethyldescarbamylnovobiocin O H  O H  H 
Dihydronovobiocin (reduction of isopent-2-enyl side chain to 

isopentyl)  

has been recognized as the preferred method for steril- 
ization of medical devices and has been accepted for ter- 
minal sterilization of ophthalmic ointment (4). In many 
countries, products irradiated at 2.5 Mrads can be released 
for marketing as sterile without final sterility testing. 

Recently the FDA proposed a guideline to regulate the 
irradiation of foods for human consumption (5). This 
proposal is based on a quantitative estimate of the pro- 
jected daily human consumption of unique radiolytic 
compounds in irradiated foods (6). The daily dose of 
pharmaceutical products is substantially less than the 
amount of food intake. Thus, the feasibility of GOCo- 
irradiation for the sterilization of antibiotics has been 
examined by assessing the resistance of product and en- 
vironmental isolates to 6oCo-irradiation, determining 
stability, and identifying radiolytic compounds of 6oCo- 
treated antibiotics. 

EXPERIMENTAL 

6oCo-Irradiation-A11 irradiations were carried out', by raising the 
irradiation source, consisting of several rods containing 6oCo-pellets 
mounted on a plaque, from a pool of water into a stationary position for 
irradiation. Samples were placed in totes on two tiers surrounding the 
cobalt-60 source. A shuffle-dwell system averaged the radiation gradient 
around the source by periodically shifting the tote horizontally and 
vertically. Other samples were stationed a t  calihrated points where the 
radiation intensity was more precisely known. 

Absorbed irradiation doses were measured potentiometrically using 
a ceric-cerous dosimeter2 (7,8) and spectrophotometrically using a red 
perspex dosimeter?. 

High-Performance Liquid Chromatography-The modular liquid 
chromatographic system consisted of a variable wavelength UV monitor4 
or a fixed wavelength UV monitor5, a high pressure pump6, a 20-pl 
fixed-loop injector7, or a sample processor8. 

Chromatographic Conditions-Penicillin G-The chromatographic 
conditions were as described previously (9) using a reversed-phase col- 
umng with a mobile phase of acetonitrile, water, and 0.2 M ammonium 
acetate (5040:lO) a t  pH 4.0. The column effluent was monitored at 254 
nm. 

Neomycin-The chromatographic conditions were as described pre- 
viously (lo), which consisted of a precolumn derivatization of neomycin 
with l-fluoro-2,4-dinitrobenzene a t  100" for 40 min, followed by chro- 
matography using a silica columnlo with a mobile phase of chloroform, 
tetrahydrofuran, methanol, and acetic acid (598:392:8:2). The column 
effluent was monitored a t  254 nm. 

Conducted at a facility of Isomedix Inc., Morton Grove, 111. 
Atomic Energy of Canada Limited, Ottawa, Canada. 
United Kingdom Atomic Energy Authority, Harwell, Oxon, U.K. 
Model 1201, Spectra Monitor I, Laboratory Data Control, Riviera Beach, 

Fla. 
254 nm, model 1203, UV I11 Monitor, LDC. 
Milton Roy Mini Pump, LDC. 
Model 7010, Rheodyne, Berkeley, Calif. 
Intelligent Sample Processor (WISP), model 710R, Waters Associates, Milford, 

9Partisil PXS 10/25 ODS, 10-pm partirle size, or Partisil-10 ODS-3, 250 X 

lo SI-BA, Lichrosorb SI-100,5-pm particle size, 250 X 4.6-mm i.d., Rrownlee Labs, 

Mass. 

2.1-mm i.d., Whatman Inc., Clifton, N.J. 

Santa Clara, Calif. 

0022-3549/83/ 0 100-0023$0 1.00/0 
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Table I-Destruction of Microorganisms by 6oCo-Irradiation 

Microorganism D-Value, Mrads 

Aspergillus species 
UC 7297 
UC 7298 

A. fumigatus (UC 7299) 
Rhodotorula species (UC 7300) 
Pen. oralicum (UC 7269) 
Pseud. rnaltophilia (UC 1885) 
R. mrnilus spore (ATCC 27142) 

0.028 
0.027 
0.015 
0.046 
0.15 
0.018 
0.19 

~~ 

Nooobiocin-The HPLC methods were as described previously (11). 
The normal-phase chromatography employed a silica column'0 with a 
mobile phase of 50% water-saturated butyl chloride, tetrahydrofuran, 
methanol, and acetic acid (88:5:4:3). A C18 column" was used for re- 
versed-phase chromatography with 0.005 M 1-heptanesulfonate in 
methanol-water (8020). The column effluent was monitored at  254 and 
340 nm. 

Dihydrostreptomycin-A reversed-phase RP-8 column'* was main- 
tained a t  30'. A linear gradient elution program changed from mobile 
phase A to B in 30 min. Mobile phase A was 6%t methanol; mobile phase 
B was 20% methanol, both contained hexanesulfonic acid, sodium sulfate, 
and acetic acid. The postcolumn oxidation and derivatization with hy- 
pochlorite and orthophthaldehyde (12) was applied for fluorometric 
detection of dihydrostreptomycin. A fluorometerI3 was used to monitor 
the column effluent. 

Microbial Resistance to 6oCo-Irradiation-The resistance of 
microorganisms, isolated from the products and environment, to @To- 
irradiation was investigated. The microorganisms examined were: As- 
pergillus species (UC 7297,7298), A. fumigatus (UC 7299), Rhodotorula 
species (UC 7300), Penicillium oxalicum (UC 7269). and Pseudomonas 
maltophilia (UC 6888). Spores of Bacillus pumilus (ATCC 27142) were 
also used as biological indicator microorganisms. 

I I 

0.05 0.10 
IRRADIATION DOSE,  Mrads 

Figure 1-Suruiual curue of Aspergillus species ( I JC  7298) when irra- 
diated by cobalt-60 (D = 0.027). 

'1 Microparticulate Zorbax ODS, 250 X 4.6-mm i d . ,  DuPont Instrument, Wil- 

RP-5A, 5-pm particle size, 250 X 4.6-rnm i.d., Rrownlee Labs, Santa Clara, 

l3 Excitation at 360 nm. emission at 440 nm, Fluorichrom Varian, Palo Altn, 

mington, Del. 

Calif. 

Calif. 

Table 11-Stability of Neomycin Sulfate Powder to 6oCo- 
Irradiation 

Irradiation Dose, Neomycin B, Neomycin C, 
Mrads d m g  d m g  

0 
0.9 
2.3 
3.2 

682.2 
675.1 
661.0 
654.9 

88.6 
81.7 
81.7 
82.7 

4.1 649.0 82.7 
4.5 643.7 81.2 

Table  111-Stability of Penicillin G Procaine to 6oCo-Irradiation 

lrradiation Dose, 
Mrads Potency, Units 

0 110.800 
1.5 108.800 
2.5 107.000 
4.0 108.600 

B. pumilus received doses of 0.0, 0.15, 0.3, 0.5, 0.7, and 0.93 Mrads, 
while all other microorganisms received 0,0.02,0.04,0.06, and 0.08 Mrads 
of irradiation. 

D-Value Determination-Microbial resistance to 6oCo-irradiation 
was determined by the D-value, the irradiation dose in megarads required 
to achieve 90% reduction in the microbial population. The D-value was 
calculated using: 

I J  
log a - log b D =  (Eq. 1) 

where Li is the radiation in megarads, a is the initial microbial population 
prior to radiation treatment, and b is the microbial population surviving 
after treatment with U amount of radiation. 

T o  determine the number of microorganisms surviving after receiving 
U amount of radiation, the samples were serially diluted, and 1.0 ml of 
the appropriate dilutions were plated in duplicate in trypticase soy 
agarI4. 

RESULTS AND DISCUSSION 

Microbial Resistance to 6oCo-Irradiation-Environmental and 
occasional microbial contaminants were isolated and used to examine 
resistance to 6oCo-irradiation. The survival curves of microorganisms 
irradiated followed first-order kinetics: when the log of survivors are 
plotted against the absorbed dose, a straight line is obtained. A typical 

Neamine  present in 
0.00 Mrads Sample  

Neamine  present in 
4.94 Mrads Sample  

I 

Figure 2-HPLC indicating the increase in nearnine when neomycin 
was irradiated by cobalt-60. 

l4 BBL. Division of Becton, Dickinson and Co., Cockeyesville, Md. 
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Table IV-Effect of 6oCo-Irradiation on Stability of Sodium 
Novobiocin and Dihydrostreptomycin Sulfate Powder 

Irradiation Dose, Novobiocin, Dihydrostreptomycin, 
Mrads % %l 

0 
0.6 .. 

1.8 
2.9 
3.5 

100 
96.2 
93.0 
91.5 
90.3 

100 
98.2 
97.6 
95.0 
95.6 

4.8 88.3 96.0 
5.9 88.8 93.4 

survival curve of an isolate, Aspergillus species (UC 7298), is shown in 
Fig. 1. Table I summarizes the D-values for Aspergillus species (UC 7297, 
7298), A. fumigatus (UC 7299). Rhodotorula species (UC 7300), Pen. 
oxalicum (UC 7269), Pseud. maltophilia (UC 6888), and a biological 
indicator, R. pumilus (ATCC 27142) spores. The D-values of these 
microorganisms do not differ significantly from those values appearing 
in the literature (13-15). 

Minimum Irradiation Dose (MID)-The highest D-value obtained 
in this study was 0.19 Mrads for the biological indicator microorganism, 
B. pumilus. Thus, 1.14 Mrads is sufficient to achieve a six-log cycle de- 
struction of R. pumilus spores (0.19 X 6). 

Bioburden data accumulated for 2 years indicated that <%TO of a 
product contained > 10 microorganisms/g of powder. The detection limit 
of the test is -10' cells/g of sample. The MID required to  achieve a 
probability of sterility assurance was calculated by: 

MID = D X (6+1) (Eq. 2) 

The most resistant isolate was Pen. oxalicum with a D-value of 0.15 
Mrads (Table I). The MID for the product thus was calculated to be 1.05 
Mrads. The 2.5-Mrads irradiation dose preferred by many countries for 
sterilization would result in an -17-log cycle destruction of the most 
resistant isolate. 

Stability of Antibiotics to  Wo-Irradiation-To determine the 
feasibility of WCo-irradiation for the sterilization of antibiotics, stability 
to WCo-irradiation must be demonstrated and any unique radiolytic 
compounds identified. 

The stability of neomycin sulfate, penicillin G procaine, sodium 
novobiocin, and dihydrostreptomycin following irradiation with cobalt 
60 was examined by HPLC (Tables 11-IV). The correlation between the 
HPLC and microbiological assay data was well established (9-11). The 
rates of degradation of penicillin G, neomycin, novobiocin, and dihy- 
drostreptomycin by cobalt-60 were 0.6, 1.2, 2.3, and 0.95%/Mrad, re- 
spectively. If the ratio of maximum to minimum irradiation dose levels 
of a product is 1.3 (14), then the maximum irradiation dose that a product 
receives would be 1.37 Mrads (1.05 X 1.31, since the MID is 1.05. At  1.37 
Mrads of irradiation, the expected percentages of degradation for peni- 
cillin G, neomycin, novobiocin, and dihydrostreptomycin are 0.8,1.6,3.2, 

no 

I A. 

+ 9 no on 

F W h l d  

Scheme I-Radiolytic degradation scheme for neomycin. 

0mlylp.nlllo.ldahvdo 

Scheme II-Radiolytic degradation scheme for penicillin G. 

and 1.3%, respectively. The rates of degradation for neomycins Band C 
were not statistically different (Table 11). 

Identification of Radiolytic Degradation Compounds-Irradiated 
antibiotic powders were analyzed by stability-indicating HPLC to isolate, 
identify, and quantify radiolytic degradation compounds. 

For positive identification, samples containing radiolytic compounds 
were extracted with solvents to enrich the compounds. Compounds were 
then purified using semipreparative scale HPLCs. The column effluents 
corresponding to the radiolytic compounds were collected and freeze 
dried. The identification of the radiolytic compounds was confirmed by 
a comparison of their mass spectra with those of authentic samples. 

Neomycin-A nonirradiated sample and one irradiated at 5.0 Mrads 
were analyzed by HPLC. The nonirradiated sample contained 39.3 mg 
of total neomycin (neomycins B and C)/g of a product, while the 5.0- 
Mrads irradiated sample contained 34.8 mg/g: a decrease of 4.5 mg of 
neomycidg. An inspection of HPLC chromatograms indicated an in- 
crease in the neamine peak (Fig. 2). The nonirradiated sample contained 
0.8 mg of neamine/g of the product, while the irradiated sample contained 
3.3 mg/g: a difference of 2.5 mg of neamine/g. A degradation of 4.5 mg of 

5 

Irradiated 
(5.9 Mrads) 

. .  
I I 1 I I I 

0 4 8 12 16 20 
MINUTES 

Figure 3-Normal phase HPLC of nouobiocin. Key: ( I )  injection; (2) 
radiolytic compound; (3) descarbamyl nouobiocin; (4) isonouobiocin; 
(5) nouobiocin. 
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Synthetic mixture I 
3 4 

that one peak, which was originally present in the bulk powder, increased 
upon irradiation. This degradation compound can easily form upon dry 
heat treatment of novobiocin powder (Fig. 3). No new peak unique to 
W2o-irradiation was detected. Relative chromatographic retention of 
this peak (0.50) is close to but not identical to that of novobiocic acid 
(0.44); moreover this peak lacks absorptivity at  340 nm. Novobiocic acid 
strongly ahsorbs a t  340 nm. The column fraction corresponding to this 
unknown peak was collected and analyzed by mass spectrometry. The 
mass spectrometric data clearly identified the unknown compound as 
the ring A amide (11). The site of the radiolytic cleavage of the novobiocin 
molecule is shown in the structure of novobiocin. 

Dihydrostreptornycin-Identification of degradation compounds and 
the radiolytic pathway for dihydrostreptomycin are in progress. However, 
as shown in Fig. 4, the compounds that increase by irradiation were either 
inherently present in commercially available, nonirradiated lots or can 
easily be formed by acidic or basic treatment. No new compounds peculiar 
to irradiation were found. 

To-Irradiation has been shown to be an effective means of sterilizing 
antibiotics. The minimum irradiation dose required to achieve 
probability of sterilizing the most resistant isolate, Pen. onalicum, is 1.05 
Mrads, degradation of antibiotics from @To-irradiation is minimal, and 
the radiolytic degradation schemes are similar to those commonly en- 
countered when antibiotics are subjected to acidic, basic, hydrolytic, or 
oxidative treatment. No radiolytic compounds unique to irradiation have 
been found. 

Acid treated 

~ 

0 4 8 12 16 20 24 

Figure 4-HPLC of dihydrostreptomycin treated with irradiation, base, 
and acid. Peak identification: (I) injection; (2) streptamine; (3) D- 
glucosamine; (4) streptomycin; (5) dideguanyldihydrostreptomycin; 
(6) dihydrostreptomycin; (7) 6-methyldihydrostreptobiosaminide. 

neomycin theoretically yields 2.4 mg of neamine. This calculated quantity 
of neamine is not statistically different from the observed value of 2.5 mg. 
Furthermore, a peak corresponding to neosamine increased, but no sig- 
nificant increase of the neobiosamine peak was observed. Thus, it may 
he concluded that neomycin, upon irradiation, undergoes hydrolytic 
cleavage at  a glycosidic bond to form neamine and neobiosamine. Neo- 
biosamine further degrades to neosamine and ribose; the latter likely 
yields furfural. A postulated radiolytic degradation scheme is shown in 
Scheme I. This is the common, hydrolytic degradation pathway for ne- 
omycin (16). 

Penicillin G-The radiolytic degradation scheme for penicillin G was 
similarly identified and is shown in Scheme I1 (9). Penicillin G underwent 
hydrolytic cleavage to form benzylpenillic acid and benzylpenicilal- 
dehyde. These degradation compounds may also be formed through al- 
kaline treatment (17). Benzylpenicilloic acid, benzylpenilloic acid, and 
hydroxybenzylpenicillin, reported to form when penicillin G is irradiated 
in an aqueous solution (18). were not detected. 

Nouobiocin-Upon examination of the HPLC chromatogram of irra- 
diated and nonirradiated novobiocin powder (Fig. 3). it became evident 

MINUTES 
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Abstract Currently available morphine radioimmunoassays, using 
antiserum to 3-O-carboxymethylmorphine, lack sufficient specificity for 
clinical pharmacokinetic studies following repeated oral doses due to the 
relatively high plasma concentrations of cross-reacting metabolites. A 
procedure is described for the recovery of the drug and removal of its 
polar metabolites. The single-step solvent extraction recovered 97% (CV 
6.9%) morphine and none of the major inactive metabolite, morphine- 
3-glucuronide. Extracted and nonextracted morphine radioimmunoassay 
standard curves had comparable slopes, precision, and 150 values. Cross 
reactivity between morphine-3-glucuronide and the antiserum was 
eliminated when the radioimmunoassay was preceded by extraction. 
Without prior extraction, the apparent plasma morphine concentration 
following repeated oral doses was dilution dependent. In contrast, con- 
centration was dilution independent when the radioimmunoassay was 
preceded by extraction. The plasma morphine concentration in 23 cancer 
patients a t  4 hr following their previous d m  (calculated to 10 mg of base) 
was 26 ng/ml(95% confidence interval (CI), 20-33 ng/ml) with prior ex- 
traction, as compared with the apparent concentration of 80 ng/ml(95% 
CI, 64-96 ng/ml) without extraction. These data indicate that by com- 
bining prior extraction with radioimmunoassay, specific, steady-state 
plasma morphine levels can be obtained following repeated oral doses. 
However, no significant differences were observed between extracted and 
nonextracted morphine concentrations in ventricular cerebrospinal fluid 
from four patients who had received a single intravenous dose. The ex- 
traction procedure, prior to radioimmunoassay, provides the specificity 
required for the measurement of morphine in biofluids that contain 
relatively high concentrations of cross-reacting metabolites. 

Keyphrases Morphine-radioimmunoassay specificity before and 
after extraction of plasma and cerebrospinal fluid Radioimmunoas- 
say-morphine, specificity before and after extraction of plasma and 
cerebrospinal fluid 

While the development of a sensitive morphine radio- 
immunoassay (1) has allowed measurement of clinical 
pharmacokinetic parameters following single parenteral 
morphine dosing (2-9), there is limited pharmacokinetic 
information available following repeated and oral dosing 
(10). Morphine-3-glucuronide, the major biotransforma- 
tion product, cross reacts with morphine antisera (1, 
11-13). Cross reactivity does not appear to be a significant 
factor following single parented dosing due to the limited 
amount of metabolite present in plasma and to its rela- 
tively low affinity for morphine antisera (3). However, with 
repeated and oral dosing, the ratio of plasma morphine- 
3-glucuronide to morphine is likely to be much higher due 
to the first-pass effect (14) and consequent accumulation 
of the inactive metabolite. Under these circumstances, 
most currently available morphine radioimmunoassays are 
lacking in specificity. While there are other methods 
available for the measurement of morphine, such as those 
employing derivatization followed by GLC (15, 16) and 
that employing extraction followed by scintillation 
counting of radiolabeled drug (14), an appropriately spe- 
cific radioimmunoassay would be desirable to many in- 
vestigators for further studies of the clinical pharmaco- 
kinetics of morphine. 

The objective of the studies reported here was to dem- 
onstrate that an extraction procedure, preceding an oth- 
erwise nonspecific radioimmunoassay, provides the 
specificity required for the measurement of unconjugated 
morphine in plasma following repeated oral dosing. The 
utility of the method is demonstrated by the measurement 
of extracted and nonextracted steady-state plasma mor- 
phine concentrations in hospice patients who had been 
receiving oral morphine doses for the relief of pain due to 
advanced cancer. These results are contrasted with those 
obtained by the morphine radioimmunoassay of extracted 
and nonextracted serial samples of cerebrospinal fluid 
from cancer patients with chronic pain who had received 
single intravenous injections of morphine. 

EXPERIMENTAL 

The extraction procedure is a modification of the first step in a previ- 
ously reported multistep procedure (17). 

Solutions-Glassware for morphine extraction and for storage of 
morphine standard solutions was siliconizedl. Morphine standardsZ were 
added to control plasma in concentrations of 0.31,0.62,1.2,2.5, 5.0,10, 
and 20 ng of free base/ml. The extraction buffer, pH 8.6-8.7, contained 
40% (w/v) KzHP04 and was sodium chloridesaturated. The extraction 
organic solvent was chloroform-2-propanol (3:l). The extract was re- 
constituted with 0.1% (w/v) gelatin3 in 0.01 M phosphate-buffered saline, 
pH 7.3 (assay buffer). 

Procedure-An aliquot (0.5 ml) of each plasma standard and of the 
patient's plasma (up to 0.5 ml) was added to distilled water (1.0 ml) and 
extraction buffer (1.0 ml) in 15-ml screw-top centrifuge tubes. The varied 
volumes of the patients' plasma were adjusted to a common volume (0.5 
ml) by the addition of control plasma. Each tube was vortexed. The or- 
ganic solvent (6 ml) was added, and the tubes were capped and shaken 
for 10 min. The tubes were then centrifuged for 5 min at  300Xg. The 
upper aqueous phase and the lipid interphase were aspirated off, and an 
aliquot (3.0 ml) of the lower organic phase was transferred to a 12-ml 
conical centrifuge tube. The organic phase was evaporated to dryness in 
a water bath at 83'. The dry extract was reconstituted with assay buffer 
(0.5 ml). The tubes were vortexed, and the reconstituted extract was 
frozen until radioimmunoassay. 

Morphine and Morphine-3-glucuronide Recovery Studies--[6- 
3H]morphine4 (1.0, 2.0, 4.0, 5.0, 8.0, and 25 ng) was added to control 
plasma and extracted. Results from scintillation5 counting of these 
samples at full tritium window were compared with those of identical 
amounts of tritiated morphine which had been added directly to the or- 
ganic phase (3 ml, which had been previously shaken with buffered 
control plasma and water), evaporated to dryness, and reconstituted. 
Extracted and nonextracted [14C]morphine-3-glucuronide6 (40 wg) was 
also treated as described above. 

The radioimmunoassay is a modification of a previously reported 
procedure (1,3). 

Solutions-A suspension of 0.1% (w/v) dextran7 and 1.0% (w/v) 
~ 

1 Prosil-'28, PCR Research Chemicals, Inc., Gainsville, Fla. 

4 NET-445, New England kuclear Corp., Boston, Mass. 
6 Riaflour, New England Nuclear Corp., Boston, Mass.; model 

Supplied by Dr. Amand Misra, Narcotic and Drugs Research, Inc 

Dextran T70, Pharmacia Chemicals, Uppsala, Sweden. 

Applied Science Labs, Inc., State College, Pa. 
J. T. Baker Chemical Co. Phillipsbur ,, N.J. 

Beckman Instruments, Fullerton, Calif. 

N.Y. 

LS-3133P, 

.,Brooklyn, 

0022-35491 831 0 100-0027$0 1.001 0 
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Table I-Influence of Morphine-3-glucuronide Cross Reactivity 
on the Measurement of Unconjugated Morphine 

Table 11-Morphine Equivalents Determined by 
Radioimmunoassay in Varied Dilutions of Patients’ Plasma 
Before and Following Extraction 

Parts Mor~hine-3- 
glucuronide: 

Morphine Added to Ratio of Morphine Equivalents Measured 
Extracted Plasma Nonextracted Plasma 

Morphine, Morphine, 
Control Plasma by Radioimmunossay to Morphine Added Patient Dilution ng/ml Dilution ng/ml 

1 None 19.0 1 : l O  65 Parts N Extracted Nonextracted 

0: 1 9 1.00 f 0.03 1.01 f 0.05 1:5 17.8 1:50 122 
101  9 1.08 f 0.07 1.79 f 0.11 1:25 17.4 1:250 226 
401 9 1.02 f 0.06 2.51 f 0.21 2 None 17.0 1 : l O  74 

1:5 19.6 1:50 130 
charcoals in assay buffer was used for the adsorption of unbound mor- 
phine. The radioligand, [7,8-3H]dihydromorphineg with a specific activity 
of 49 Ci/mmole at a concentration of 1.0 mCi/ml of ethanol, was diluted 
(1:2000) in ethanol to obtain -20,000 cpm/50 pl. Morphine antiserumlo 
was prepared from the blood of New Zealand white rabbits immunized 
by the administration of 3-carboxymethyl-morphine-bovine serum al- 
bumin every 2-3 months for l year (18). Antibody dilution studies re- 
sulted in 50% binding of the radioligand at an antibody dilution of 1:6ooo 
in 0.01 M phosphate-buffered saline (pH 7.3) when 100 pl of diluted 
antibody was incubated in a final assay volume of 450 pl. 

Procedure-Diluted antiserum (100 pl )  was added to assay tubes (10 
X 75-mm disposable culture tubes) containing the reconstituted plasma 
extract (200 p1 of the original 0.50 ml for standards and 50-200 pl of the 
original 0.50 ml for patients’ samples), radioligand (50 pl), and control 
plasma (100 pl) to yield a final volume of 450 pl. If necessary for patients’ 
samples, assay buffer was added to yield the 45O-pl final volume. Two 
sets of duplicate background tubes containing no antibody or unlabeled 
morphine and two sets of triplicate maximum- binding tubes containing 
no unlabeled morphine were included. Standards and unknowns were 
assayed in duplicate. The tubes were incubated at room temperature for 
1 hr. After incubation, the dextran-charcoal suspension (0.50 ml), which 
was kept stirring in an ice bath, was added to each tube. The tubes were 
vortexed and placed in an ice bath for 10 min. The tubes were then cen- 
trifuged at  4’ and 1500Xg for 15 min. An aliquot (0.50 ml) of the super- 
natant was removed from each tube for scintillation counting. A logit-log 
transformation” was used for the linearization of the standard curve and 
the calculation of the amount of morphine in patients’ samples. 

Nonextracted radioimmunoassay conditions were identical to those 
described above for the extracted radioimmunoassay except that 100-pl 
aliquots of the plasma morphine standards were added to the assay buffer 
(200 pl )  along with the usual amounts of radioligand and antibody solu- 
tions. Patients’ plasma samples were added in 10-100-pl volumes with 
any volume differences adjusted by the addition of control plasma to yield 
a final plasma volume of 100 pl and a final incubation volume of 450 pl 
as in the extracted radioimmunoassay. Morphine concentrations in ce- 
rebrospinal fluid were determined by radioimmunoassays before and 
following extraction as described for plasma. 

Specificity Studies-Morphine-3-glucuronide Affinity Study-A 
morphine-3-glu~uronide~~ standard curve was generated by the substi- 
tution of the metabolite for morphine in plasma standards which were 
prepared in 10 times the concentrations (weight basis) as the morphine 
plasma standards. Conditions of the radioimmunoassay were identical 
to those described above for the nonextracted morphine standard 
curve. 

Morphine-3-glucuronide Cross Reactiuity Study-Three different 
sets of standards in control plasma were prepared as follows: set I, mor- 
phine standards in concentrations of 0.62,5, and 20 ng/ml; set 11, mor- 
phine standards as in set I with 10-fold amounts of morphine-3-glucu- 
ronide added; set 111, morphine standards as in set I with 40-fold amounts 
of morphine-3-glucuronide added. Triplicates of each standard were 
assayed before and after extraction as described above for patients’ 
plasma. 

Variable Dilutions Study-Plasma samples from two hospice patients 
(described in the following section) were assayed prior to extraction in 
graded dilutions of l:lO, 1 9 ,  and 1:250 and following extraction in graded 
dilutions of none, 1:5, and 1:25. 

8 Norit-A Decolarizing Carbon, Fisher Scientific Co., Fair Lawn, N.J. 
9 New Eneland Nuclear Corm. Boston. Mass. 

10 Suppliei by DK. S. Spec& and B. Berkowitz, Roche Institute of Molecular 
Biology, Nutley, N.J. 

HP-97 calculator. Hewlett-Packard Co.. Cuoertino. Calif. 
11 Qdioimmunoassay Program of Clinical Lab and Nuclear Medicine Pac for 

... . .- ~ ~ 

12 Supplied by ‘Dr. R. Willette, National’Institute on Drug Abuse, Rockville, 
Md. 

1:25 18.6 1:250 226 

Applications-Extracted and nonextracted radioimmunoassay 
procedures were applied to the measurement of morphine equivalents 
in two sets of biofluids: a set of plasma samples in which the ratio of 
morphine-3-glucuronide to morphine might be expected to be relatively 
high and a set of cerebrospinal fluid samples in which the ratio would be 
expected to be considerably lower. 

Plasma Morphine after Repeated Oral Dosing-The patients13 
(Group I) were being treated with morphine for relief of pain due to ad- 
vanced cancer. There were 23 patients (10 men and 13 women) ranging 
in age from 42 to 84 years. They had been receiving oral doses of either 
5,10,20,30,45, or 60 mg of morphine sulfate every 4 hr for a t  least 48 hr 
and had been receiving oral morphine for at least 1 week before being 
stabilized at their given doses. Blood samples were obtained at 4 hr fol- 
lowing their previous medication. The plasma was recovered and assayed 
for morphine equivalents prior to and following extraction. 

Cerebrospinal Morphine after a Single Intrauenous Dose-The pa- 
t i e n t ~ ’ ~  (Group 11) were being treated for the relief of chronic pain. There 
were four men (34, 45, 56, and 67 years old) who had received a single 
intravenous injection of 10 mg of morphine sulfate. An indwelling in- 
traventricular catheter and Ommaya reservoir had been implanted in 
these patients for the introduction of chemotherapeutic agents as part 
of their treatment for cancer. This allowed the collection of ventricular 
cerebrospinal fluid samples (5,10,15, and 30 min and 1,2,4,8, and 24 
hr postdrug). Samples were assayed for morphine prior to and following 
extraction. The results of an initial nonextracted assay of these samples 
were previously reported (19). 

RESULTS AND DISCUSSION 

The extraction of added radiolabeled morphine (1.0-25 ng) to plasma 
resulted in a mean recovery Of 97% (range, 88-104%; CV, 6.9%), with no 
indication of any trend between the amount of morphine added to plasma 
and the amount recovered. The extraction of 40 pg of radiolabeled mor- 
phine-3-glucuronide from plasma resulted in a consistent recovery of 0%. 
These data indicate that the extraction procedure effectively eliminates 
the metabolite while recovering the parent drug with acceptable loss and 
variation. The consistency of morphine recovery is more important than 
the absolute percentage recovery, since the assay is designed to treat the 
standards and unknowns in the same manner. Any losses of morphine 
in the extraction procedure would be reflected in the standards and un- 
knowns to the same extent. High and consistent recovery is achieved, 
however, with thorough siliconization of the extraction tubes. 

Assuming 100% recovery of extracted morphine and taking aliquot 
losses into consideration, the assays had been designed to yield the same 
amounts of morphine in each of the standard curves (0.031,0.062,0.12, 
0.25,0.50,1.0, and 2.0 ng). Extracted and nonextracted standard curves 
were comparable with respective mean slopes of 2.4 f 3.3% (CV from day 
to day) and 2.6 f 6.7%, regression correlation coefficients of 0.996 f 0.3% 
and 0.997 f 0.1%, and amounts of morphine which inhibit 50% of ra- 
dioligand binding equivalent to 0.16 ng f 3.0% and 0.18 ng f 14%. The 
intra-assay variation (CV)  for duplicate standards was 4.5 and 2.8% for 
extracted and nonextracted assays, respectively. These data demonstrate 
that the assays are quite reproducible with acceptable variations in the 
various parameters for both standard curves. In addition, the data for 
extracted assays support the consistency of extraction recovery results 
obtained with radiolabeled morphine standards. 

When morphine-3-glucuronide was substituted for morphine in the 
nonextracted standard curve, a slope of 1.2 was obtained as compared 
with the slope of 2.6 for morphine. At 25,50, and 75% displacement of 

l3 Inpatients at St. Christopher’s Hospice in Sydenham, England. 
l4 Inpatients at Memorial Sloan-Kettering Cancer Center, New York, N.Y. 
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Table 111-Morphine Equivalents in Plasma after Repeated Oral  
Dosing (Group I) and in Cerebrospinal Fluid a f t e r  a Single 
Intravenous Dose (Group 11) Before and  Following Extraction 

Extracted Samples Nonextracted Samples 
Patient Morphine, Morphine, 
Group N n g h l  ng/ml 

Group 1 
Group I1 

5 min 
10 min 
15 min 
30 min 

1 hr 
2 hr 
4 hr 
8 h r  

24 hr 

23 26 f 3.2 80 f 7.6 
4 
3 3.2 f 1.4 3.3 f 2.1 
4 3.9 f 1.0 3.8 f 1.5 
3 5.9 f 1.6 7.0 f 2.3 
4 7.1 f 0.8 7.4 f 2.0 
4 7.8 f 0.8 7.6 f 1.8 
4 5.1 f 1.1 5.2 f 1.1 
4 4.8 f 0.9 5.2 f 1.4 
4 3.6 f 1.2 4.1 f 1.2 
2 0.4 f 0.3 1.1 f 0.4 

radioligand binding, 9.4,28, and 84 times as much glucuronide as mor- 
phine (weight basis) was required. Thus, the ratio of metabolite to parent 
drug which displaces equivalent amounts of radioligand from the anti- 
body is dependent on the total extent of radioligand displacement. It has 
previously been reported that standard curves for morphine and its major 
metabolite (when substituted for morphine in a morphine radioimmu- 
noassay) are not parallel (13), and that the commonly used index of cross 
reactivity, the ratio of the amounts of two compounds at 150, can be 
misleading (13). 

A more direct approach to examining the cross reactivity of two com- 
pounds is to assay varying combinations of them. When morphine-3- 
glucuronide was added to selected plasma morphine standards in 10- and 
40-fold amounts, significantly higher morphine equivalents were obtained 
as compared with when no metabolite was added in the assays not pre- 
ceded by extraction (Table I). Ten- and 40-fold amounts of the metabolite 
resulted in overestimates of 1.8 and 2.5 times as much morphine, re- 
spectively. The degrees of overestimation of morphine, when graded 
amounts of metabolite are added and assayed without prior extraction, 
are reasonably consistent with what would be predicted on the basis of 
the ratio of amounts of compounds at  Is0 derived from separate standard 
curves. However, when the assay was preceded by extraction of duplicate 
samples of the above, no significant differences were observed among 
morphine equivalents. These data indicate that the extraction effectively 
removes morphine-3-glucuronide and are consistent with the results of 
the recovery study. 

One of the methods employed for the validation of the specificity of 
a radioimmunoassay is the demonstration that the final concentration 
of the component being measured in a particular sample is independent 
of the dilution at which it is assayed (20). Table I1 illustrates that  this 
criterion is fulfilled when the assay is preceded by extraction, but that  
this is not the case when the assay is performed without prior extraction. 
These data indicate that the extraction removes morphine metabolites 
from plasma which cross react with the morphine antibody. The higher 
dilutions resulted in higher morphine equivalents in the nonextracted 
assay. This is consistent with the greater degree of cross reactivity be- 
tween morphine and i ts  metabolite a t  lower degrees of label displacement 
observed in the comparison of their standard curves. 

The mean morphine concentration (calculated as a common dose of 
10 mg of base) in the 23 hospice patients’ plasma was 26 ng/ml (95% 
confidence internal (CI), 20-33 ng/ml) when assayed following extraction 
as compared to 80 ng/ml (95% CI, 64-96 ng/ml) when assayed without 
extraction (Table 111). Nonextracted morphine equivalents ranged from 
-1 to 10 times the extracted levels, but since these ratios are highly de- 
pendent upon the dilution of nonextracted plasma, which varied, they 
cannot be taken as an estimation of the actual ratios of metaholite to 
parent drug. Nevertheless, the average threefold difference (p < 0.001) 
indicates considerable cross-reacting metabolite($ in plasma as compared 
with unconjugated morphine. These data are consistent with the signif- 
icant first-pass effect for oral morphine, which results in 20-33% bio- 
availability (14). A molar ratio of glucuronide to unconjugated morphine 
of 1.8 has been reported a t  4 hr following a single intravenous dose of 
morphine (3). 

Steady-state 4-hr trough plasma levels of morphine in a comparable 
patient group receiving morphine according to a comparable dosing 
regimen have been reported to be 34 ng/ml(95% CI, 21-48 ng/ml) when 
adjusted to a common dose of 10 mg of morphine base (10). A nonex- 
tracted radioimmunoassay was employed in these latter studies. The 
mean morphine concentration was significantly ( p  < 0.05) higher (31%) 

than the concentration reported here. The earlier report used morphine 
antiserum which had been raised against 6-succinyl morphine-bovine 
serum albumin, rather than against a 3-position antigen. Thus, the an- 
tiserum would have a lower affinity for morphine-3-glucuronide as 
compared with the antiserum used in this study. While they reported a 
cross-reactivity of <lo% in their radioimmunoassay, even this degree of 
specificity would not be acceptable for situations in which there is a high 
ratio of glucuronide to free morphine. 

Table I11 details the results of the radioimmunoassay of extracted and 
nonextracted cerebrospinal fluid samples which had been obtained from 
four cancer patients with chronic pain following the intravenous injection 
of 10 mg of morphine sulfate. In contrast to the extracted and nonex- 
tracted plasma levels of patients receiving repeated oral morphine doses, 
there is no significant ( p  > 0.3; n, 32; paired t test) difference (5 .95)  be- 
tween extracted and nonextracted morphine equivalents in the cere- 
brospinal fluid following a single intravenous dose. These data are con- 
sistent with reports of the limited access of morphine metabolites to the 
cerebrospinal fluid (21). 

A most specific morphine antiserum, raised against N-carboxy- 
methylmorphine, has a morphine-3-glucuronide-morphine ratio of 
-350-150 (22). This antiserum, however, is not readily available. But even 
the same antigen in the same individual animal can result in batches of 
morphine antisera of widely differing specificity (13). Thus, short of the 
generation of a readily available monoclonal antibody specific for mor- 
phine, it is not likely that the numerous investigators of the clinical 
pharmacokinetics of morphine will be able to employ a common antise- 
rum. While radioimmunoassays may be sufficient for accurate determi- 
nation of plasma morphine following single parenteral doses, studies of 
the clinical pharmacokinetics of morphine following repeated and/or oral 
dosing should incorporate more specific methodology. Because the sen- 
sitivity and relative ease of carrying out the radioimmunoassay has made 
this method more acceptable to  many investigators than the use of other 
methods, the single-step extraction procedure, prior to radioimmuno- 
assay, provides an alternative to the adaptation of other methods for 
morphine measurement in human biofluids. 
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Abstract The cobalt 60 radiolytic degradation products have been 
identified in the following corticosteroids: cortisone, cortisone acetate, 
hydrocortisone, hydrocortisone acetate, hydrocortisone sodium succinate, 
isoflupredone acetate, methylprednisolone, methylprednisolone acetate, 
prednisolone, prednisolone acetate, and prednisone. Two major types 
of degradation processes have been identified loss of the corticoid side 
chain on the D-ring to produce the C-17 ketone and conversion of the 
C-11 alcohol, if present, to the C-11 ketone. Minor degradation products 
derived from other changes affecting the side chain are also identified 
in several corticosteroids. These compounds are frequently associated 
in corticosteroids as process impurities or degradation compounds. No 
new radiolytic compounds unique to @Co-irradiation have been found. 
The majority of corticosteroids have been shown to be stable to 6oCo- 
irradiation. The rates of radiolytic degradation ranged from 0.2 to 
1.4%/Mrad. 

Keyphrases Corticosteroids-Wo-irradiated, radiolytic degradation 
scheme Degradation-scheme for Wo-irradiated cortico- 
steroids Irradiation-radiolytic degradation of corticosteroids 

The U.S. Food and Drug Administration (FDA) has 
proposed strict limits on allowable residual quantities of 
ethylene oxide and its major reaction products in drugs 
because of possible mutagenic and carcinogenic properties 
of ethylene oxide (1). Faced with the possibility of in- 
creased regulatory pressure, the replacement of ethylene 
oxide with steam or "Co-irradiation is a major goal of a 
sterilization alternative program. One phase of this pro- 
gram is to conduct the experimental work required to 
demonstrate the feasibility of sterilizing bulk drugs and 
formulated products with 6oCo-irradiation. 

Recently, the FDA published a proposal regulating ir- 
radiated foods for human consumption (2). The proposal 
permits irradiation of any food at a dose not >lo0 Krads 
without the additional safety data. The proposal also 
permits irradiation of foods a t  a dose of 1 5  Mrads if the 
foods comprise only a minor portion (NMT 0.01%) of the 
daily diet. The proposal includes guidelines for toxico- 
logical testing of other foods irradiated a t  a dose >lo0 
Krads. The proposal is based on projected daily human 
consumption of radiolytic degradation compounds (3). 

The daily dose of pharmaceutical products is substan- 
tially less than the amount of foods consumed. Information 
determining the rate of degradation and identifying deg- 

radation compounds unique to irradiation, therefore, 
should be sufficient to examine the feasibility of 6oCo- 
irradiation as an alternate method for sterilizing phar- 
maceutical materials and products. The present report 
provides such information for corticosteroids. 

EXPERIMENTAL 

Wo-Irradiation-The irradiation source', consisting of several rods 
containing @'Co-pellets mounted on a plaque, was raised from a pool of 
water into a stationary position for irradiation. Samples were placed in 
totes on two tiers surrounding the cobalt 60 source. A shuffle-dwell sys- 
tem averaged the radiation gradient around the source by periodically 
shifting the tote horizontally and vertically. Other samples were stationed 
at  calibrated points where the radiation intensity was more precisely 
known. 

Absorbed irradiation doses were measured potentiometrically using 
a ceric-cerous dosimeter2 (4,5) and spectrophotometrically using a red 
perspex dosimeter3. 

High-Performance Liquid Chromatography (HPLC) Appara- 
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MINUTES 
Figure 1-HPLC chromatograms of nonirradiated and irradiated (6 
Mrads) cortisone. Mobile phase: hutyl chloride (50% water saturated)- 
tetrahydrofuran-methanol-glacial acetic acid (950:70:35:30). Column: 
Brouinlee SI-100. Peak identification: (A) cortisone acetate; (B) hy- 
drocortisone acetate; (C) cortisone; (D)  hydrocortisone; (E) 4-andros- 
tene-3,11,17-trione. 

~ ~ ~ ~ ~ 

1 All irradiations were conducted at a facility of Isomedix Inc., Morton Grove, 

2 Atomic Energy of Canada Limited, Ottawa, Canada. 
3 United Kingdom Atomic Energy Authority, Harwell, Oxon, U.K. 
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water into a stationary position for irradiation. Samples were placed in 
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perspex dosimeter3. 

High-Performance Liquid Chromatography (HPLC) Appara- 
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Figure 1-HPLC chromatograms of nonirradiated and irradiated (6 
Mrads) cortisone. Mobile phase: hutyl chloride (50% water saturated)- 
tetrahydrofuran-methanol-glacial acetic acid (950:70:35:30). Column: 
Brouinlee SI-100. Peak identification: (A) cortisone acetate; (B) hy- 
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~ ~ ~ ~ ~ 
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2 Atomic Energy of Canada Limited, Ottawa, Canada. 
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Table I-Conditions for Isolation of Cobalt 60 Radiolytic Degradation Products 

Corticosteroid Enrichment Solvent Column" Mobile Phase 

Cortisone 
Cortisone acetate 
Hydrocortisone 
Hydrocortisone acetate 
Hydrocortisone sodium succinate 
Isoflupredone acetate 
Methylprednisolone 
Methylprednisolone acetate * 
Prednisolone 
Prednisolone acetate 
Prednisone 
17n-Hydroxyprogesterone 

Butyl chloride 
Butyl chloride 
Methyl chloride 
Methyl chloride 
Methyl chloride 
Methyl chloride 
Methyl chloride 
Methyl chloride 
Methyl chloride 
Methyl chloride 
Butyl chloride 
Butyl chloride 

1 
1 
I 
2 
2 
2 
1 
1 
2 
1 
2 
2 

~~~ 

Butyl chloride-tetrahydrofuran-methanol-acetic acid (95070:3530) 
Butyl chloride-tetrahydrofuran-methanol-acetic acid (880:25:25:25) 
Butyl chloride-tetrahydrofuran-methanol-acetic acid (95070:35:30) 
Acetonitrile water (35:65) 
Methanol-water (55:45) 
Acetonitrile-water (4060) 
Butyl chloride-tetrahydrofuran-methanol-acetic acid (950:70:35:30) 
Butyl chloride-tetrahydrofuran-methanol-acetic acid (88025:25:25) 
Methanol-water (55:45) 
Butyl chloride-tetrahydrofuran-methanol-acetic acid (880:25:25:25) 
Acetonitrile-water (4060) 
Methanol-acetonitrile-water (303040) 

0 Column: ( I )  Brownlee SI-100 (4.6 X 250 mm) silica gel (2) Brownlee RP-18 (4.6 X 250 mm) CIS bonded phase. A minor degradation product was isolated by chroma- 
tography on an RP-18 column using a methanol-water (5545) mobile phase. 

Table 11-Mass Balance for Methylprednisolone Peak Response 

Irradiation Sample Methyl- Methyl- Ga-Methyl-ll@-hydroxy-1,4- Il@,l7a-Dihydroxy-6a-methyl 
Dose, Mrads No. prednisolone prednisone androstadiene-3J7-dione 1,4-androstadiene-3-one 

2.5 

Difference 

Relative Molar Absorptivity 

Corrective for 
Relative Molar 
Absorptivity * 
Relative Change. % 

320,060 
322,815 
323,134 
322,003 
31 1,492 
322,993 
316,754 
3 17,080 

-4923 

1.00 

-4923 

-1.5 

261 
760 
252 
424 

1657 
1747 
1629 
1681 

+ 1257 

- 

- 

0.88 

+I428 

t0.4 

986 
1128 

1011 
3658 
3724 
3932 
3771 

t2760 

1.06 

t 2604 

+0.8 

112 
214 

292 
805 
889 

1017 
904 

+662 

401 

1 .oo 

f662 

+0.1 

a Methylprednisolone is USP micronized, and peak response is in area per milligram. An equimolar response was assumed for 11~,17o-dihydroxy-6n-methyl-1,4- 
androstadiene-3-one due to lack of an authentic sample. 

tus-The modular liquid chromatographic system consisted of a fixed 
wavelength UV monitor4, a high pressure pump5, and a 20-pl fixed-loop 
injector6 or a sample processor7. 

Chromatographic Conditions-The normal-phase chromatographic 
conditions used for the HPLC analysis of corticosteroids were similar to 
those described in another report (6). The mobile phase consisted of butyl 
chloride (50% water saturated)-tetrahydrofuran-methanol-glacial acetic 
acid (9707035:30) for the C-21 alcohols and 88025:25:25 for the C-21 
acetates of corticosteroids. A silica columna was used to chromatograph 
corticosteroids. 

0 4 8 12  1 6  2 0  2 4  0 4 8 12  16 2 0  24  
Nonirradiated Irradiated 

MINUTES 
Figure 2-HPLC chromatograms of nonirradiated and irradiated (2.5 
Mrads) hydrocortisone. Mobile phase: butyl chloride (50% water sat- 
urated)-tetrahydrofuran-methanol-glacial acetic ucid (950:70:35:30). 
Column: Brownlee SI-100. Peak identification: (A) ll@-hydroxy-4- 
androstene-3,17-dione; (R)  cortisone; fC) hydrocortisone. 

~ 

4 2.54 nm, model 1203, UV 111 Monitor, Laboratory Data Control, Riviera Beach, 
Fla. 

Milton Roy Mini Pump, LDC. 
6 Model 7010, Rheodyne, Berkeley, Calif. 
7 Intelligent Samde Processor (WISP) model 710B, Waters Associates, Milford, 

Mass. 

Calif. 
8 SI-SA, 5-pm particle size, 250 X 4.6-mm i.d., Brownlee Labs., Santa Clara, 

To ensure that all major degradation products were separated, the 
samples were also analyzed by reversed-phase HPLC using various 
mixtures of acetonitrile or methanol with water on an octadecylsilane 
columns. Reversed-phase chromatographic methods for analysis of ste- 
roids have been reported (7,8). Normal-phase conditions proved inad- 
equate in only two cases. In hydrocortisone acetate, two degradation 
compounds eluted at the same retention time, but they were easily sep- 
arated by reversed-phase chromatography using methanol and water 
(55:45) as the mobile phase. No degradation product could be eluted by 
normal phase HPLC for prednisone, but it was detected by reversed- 

Q 4 8 1 2  1 4  16 2 0  0 4 8 12  1 6  2 0  24 
Nonirradiated Irradiated 

MINUTES 

Figure 3-HPLC chromatograms of nonirradiated and irradiated (6 
Mrads) isoflupredone acetate (USP micronized). Mobile phase: butyl 
chloride (50% water saturated)-tetrahydrofuran-methanol-glacial 
acetic acid (880:25:25:25). Column: Brownlee SI-100. Peak identificatiox 
(A) 9 f l , l l~ -epoxy - l7a ,21  -dihydroxy- 1,4-pregnadiene-3,20-dione 21 - 
acetate U-6833; (B) 9a-bromoprednisolone acetate U-6429; (C) isof- 
lupredone acetate; (0) isoflupredone; (E) prednisolone; (F)  ga-flu- 
oro-1 1/3-hydroxy-l,4-androstadiene-3,17-dione; (G) Sn-fluoropredni- 
sone acetate. 

9 RP-18, 5-pm particle size, 250 X 4.6-mm i.d., Brownlee Labs, Santa Clara, 
Calif. 
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phase chromatography using acetonitrile-water (40:60) as the mobile 
phase. 

The semipreparative scale HPLC methods used to purify the radiolytic 
degradation compounds for identification are listed in Table I. 

Corticosteroids-The following corticosteroids were examined: 
cortisone, cortisone acetate, hydrocortisone, hydrocortisone acetate, 
hydrocortisone sodium succinate, isoflupredone acetate, methylpred- 
nisolone, methylprednisolone acetate, prednisolone, prednisolone acetate, 
and prednisone. I7a-Hydroxyprogesterone was also examined. 

RESULTS AND DISCUSSION 

Identification of Radiolytic Degrad-.tion Compounds-The 
identities of the radiolytic degradation products are based in part on the 
comparison of the HPLC retention times by both normal- and re- 
versed-phase HPLC of the degradation products with the retention times 
of the reference standards or authentic samples. 

The identities of the degradation products were confirmed by com- 
parison of the mass spectra (electron impact at 250°) of samples of the 
degradation products obtained by preparative HPLC with the mass 
spectra of the reference standards or authentic samples. The degradation 
products were isolated by preparative HPLC from enriched samples. In 
most cases samples could be enriched by refluxing in butyl chloride or 
methylene chloride. This process is, in principle, the same as recrystal- 
lization, where the mother liquor hopefully contains the impurities. For 
example, the degradation products of prednisolone were enriched by 
refluxing 2.5 g of irradiated corticosteroid in 10 ml of methylene chloride 
for 30 min. The methylene chloride was collected by filtration and eva- 
ported to dryness. In the case of hydrocortisone sodium succinate, the 
sample was first hydrolyzed by treating a solution of 5 g in 10 ml of water 
with one drop of 4Wo NaOH. The hydrolysis products, which precipitated 
within minutes as the reaction proceeded, were collected by filtration and 
air dried prior to enrichment by refluxing in methylene chloride. The 

CH2OH 
I c=o 

0- 4-Adr-3.11. 17.nian 

Scheme I-Cobalt 60 radiolytic degradation pathway of cortisone. 

residues obtained after evaporation were then dissolved in -20 ml of the 
appropriate mobile phase and chromatographed either by a normal-7 or 
reversed-phase column*. Between 10 and 20 100-pl injections normally 
were made. The mobile phase was removed from the collected fractions 
by freeze drying. 

Although this process was successful in enriching the C-11 and C-17 
ketone degradation products in methylprednisolone acetate, the process 
failed to enrich the third minor product. An enriched sample containing 
this component was obtained from a normal-phase chromatographic 
columnlo using butyl chloride (50% water saturated)-tetrahydrofuran- 
methanol-glacial acetic acid (950:70:35:30). A 2-g solution of the irradi- 
ated corticosteroid was dissolved in 10 ml of acetonitrile; twelve 28O-pl 
injections were made. Fractions containing the third component of in- 
terest were combined and freeze dried. The freeze-dried material was 
dissolved in 2 ml of mobile phase and rechromatographed. 

The choice of whether to use a normal- or reversed-phase for prepar- 
ative chromatography was made on the basis of which system provided 
the best separation from existing process impurities. The chromato- 
graphic conditions used in the isolation of the degradation products of 
each corticosteroid are listed in Table I. 

Authentic samples were available for HPLC and mass spectra com- 
parison with all degradation products isolated except the C-17 ketone 
derived from isoflupredone acetate and the C-17a alcohol derived from 
methylprednisolone. In the former case, the mass spectrum shows the 
expected molecular parent inn and is sufficiently similar to related 
compounds to establish the identification. In the latter case, the C-17P 
epimer was available for comparison purposes. Although the HPLC re- 
tention times of the two epimers were clearly distinctive, the mass spectra 

R 
CH20CCH, 
I 

C w t i m  4ntafa 

OM 4-Androstara3. 11. 17-nime 

Scheme II-Cobalt 60 radiolytic degradation pathway of cortisone ac- 
etate. 

10 Porasil A 37-75 pm. 7.8 rnm X 122 cm, Waters Associates, Milford, Mass. 
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Scheme Ill-Cobalt 60 radiolytic degradation pathway of hydrocorti- 
sone. 
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Scheme IV-Cobalt 60 radiolytic degradation pathway of hydrocorti- 
sone acetate. 
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Scheme V-Cobalt 60 radiolytic degradation pathway of hydrocortisone 
sodium succinate. 

were nearly identical. It is not unusual for stereoisomers, especially ep- 
imers, to have indistinguishable mass spectra. 

As examples, HPLC chromatograms of irradiated and nonirradiated 
cortisone, hydrocortisone, and isoflupredone acetate are shown in Figs. 
1-3. The mass spectrum of a radiolytic compound in cortisone used to 
positively identify it as 4-androstene-3,11,17-trione is shown in Fig. 4. 

&I:-- l l lOH 

&b @ 

0 '  

%,JCH, \ 
0 '  0 '  

O o - F l W I ~ n h d W  b - F ~ l l l ~ x y l .  k - a r + t a d i m - 3 . 1 7 d i m  

Scheme VI-Cobalt 60 radiolytic degradation pathway of isoflupredone 
acetate. 

&:H o& oe 
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En3 in3  EH, 

Mnh"lpnmi h.Mnhyl.118hydmq. 118.17a-Oihydmxy- 
l.+ndmodimb3, 17. b.Mmh"l.1.C 
d- .dnmNl i i3 .a*  

Scheme Vll-Cobalt 60 radiolytic degradation pathway of methylpred- 
nisolone. 

ii 
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0 

Ci, C i  CH3 

1 10.17a.O)lhydmi*. M o t h y l p m d n i ~  A a t m  brMmhyl~llb-hydmxy 
l ,+ndrdi**.3.  17- 5.mnhyl.l. I-p-mm. 
diona 3 , Z O d l M n  

Scheme Vlll-Cobalt 60 radiolytic degradation pathway of methyl- 
prednisolone acetate. 

Mass B a l a n c e g T h e  mass balances were determined for the majority 
of the corticosteroids investigated to ascertain how much of the total 
degradation could be accounted for by the observed degradation process. 
The mass balances were obtained by comparing samples irradiated a t  
high dose (2.5 or 6 Mrads) with nonirradiated or low dose (0.5 Mrads) 
samples. Using carefully dried and accurately weighed samples, the dif- 
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Scheme IX-Cobalt 60 radiolytic degradation pathway of prednisolone 
acetate. 
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Scheme X-Cobalt 60 radiolytic degradation pathway of predniso- 

ferences in peak response (are per weight ratio) were determined for the 
corticosteroid and each degradation product. The differences in peak 
response for the degradation products were then corrected for differences 
in relative molar absorptivity and are reported on a percentage basis 
relative to the response of the corticosteroid in the nonirradiated or 
low-dose sample. An equimolar response was assumed when an authentic 
sample was not available for determination of relative molar absorptivity. 
As an example, the mass balance data for methylprednisolone is shown 
in Table 11. The data support the conclusion that all of the degradation 
by MCo-irradiation has been accounted for. 

Major Cobalt 60 Radiolytic Degradation Products-The major 
cobalt 60 radiolytic degradation products were identified in the following 
corticosteroids: cortisone, cortisone acetate, hydrocortisone, hydrocor- 
tisone acetate, hydrocortisone sodium succinate, isoflupredone acetate, 
methylprednisolone, methylprednisolone acetate, prednisolone, pred- 
nisolone acetate, and prednisone. Radiolytic degradation of corticoste- 
roids are shown in Schemes I-XI. A structurally related steroid, 17a- 
hydroxyprogesterone, was also examined (Scheme XII). 

Two major types of degradation processes were found to occur by 
MCo-irradiation: loss of the (2-17 side chain to produce the C-17 ketone 
and oxidation of the C-11 alcohol, if present, to the C-11 ketone. Several 

Table 111-Rate of Radiolytic Degradation for Corticosteroids 

lone. 

Radiolytic Degradation, 
Corticosteroids %/Mrad 

Cortisone acetate 
Hydrocortisone 
Hydrocortisone acetate 
Hydrocortisone sodium 

succinate 
Isoflupredone acetate 
Methylprednisolone 
Methylprednisolone acetate 
Prednisolone 
Prednisolone acetate 
Prednisone 

0.6 
1.0 
0.3 
1.4 

0.4 
0.7 
0.6 
0.7 
0.4 
0.2 

$- a 
o w  1 . 4 . A n d r a u l i 3 .  11.17. tnm 

Scheme XI-Cobalt 60 radiolytic degradation pathway of predni- 
sone. 
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Scheme XII-Cobalt 60 radiolytic degradation pathway of 17a-Hy- 

degradation processes have been reported to occur in corticosteroids 
without irradiation: they include air oxidation of the C-11 alcohol to the 
C-11 ketone (9, 101, stepwise air oxidation of the D-ring corticoid side 
chain to the C-17 ketone, hydrolysis of C-21 esters, acyl migration of C-21 
hemisuccinate to C-17 hemisuccinate, and loss of the corticoid side chain 
to produce the C-17 ketone by thermal treatment (11). Thus, the radio- 
lytic degradation products were found to be identical to existing process 
impurities or known degradation products. A similar loss of the C-17 acyl 
side chain in 17a-hydroxyprogesterone to produce the C-17 ketone was 
also found to occur. 

Minor Cobalt 60 Radiolytic Degradation Products-Additional 
minor degradation products derived from processes affecting the C-17 
side chain were identified in methylprednisolone and methylprednisolone 
acetate (Schemes VII, VIII). Loss of the (2-17 side chain in methylpred- 
nisolone was also found to result in formation of the C-17a alcohol 
(11~,17a-dihydroxy-6a-methy1-1,4-androstadiene-3-one) in addition 
to the C- 17 ketone. The C-21 desoxy derivative (llfl,l7a-dihydroxy- 
6a-methyl-l,4-pregnadiene-3,20-dione) was produced in methylpred- 
nisolone acetate. Hydrocortisone was identified as an additional degra- 
dation product of hydrocortisone sodium succinate (Scheme V). Suffi- 
cient water is present in the formulation to allow some hydrolysis to occur 
during irradiation. 

Although similar minor degradation products derived from the C-17 
side chain were not observed in the other corticosteroids investigated, 
the possibility of their formation below the detection limit of HPLC 
methods cannot be ruled out. The minor degradation products detected 
in methylprednisolone acetate and methylprednisolone were only present 
at 0.1 and 0.2%. respectively, at 6 Mrads. 

Mechanism of Degradation-Two major types of radiolytic degra- 
dation processes for corticosteroids have been identified to occur: loss 
of the C-17 side chain to form the C-17 ketone and oxidation of the C-11 
alcohol to form the C-11 ketone. When considering a mechanism to ex- 
plain these degradation processes, the fact that the reactions involved 
occur in the solid state must he considered. Molecular packing within the 
crystal lattice and the amount of surface area could have an influence on 
degradation. One possible mechanism that accounts for the formation 
of C-17 ketones as well as the minor products derived from changes in 

droxyprogesterone. 
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Scheme 13-Postulated mechanism for cobalt 60 radiolytic degradation 
of C-17 side chain of corticosteroids (example: methyl- 
prednisolone and methylprednisolone acetate). 

the C-17 side chain of methylprednisolone and methylprednisolone ac- 
etate is shown in Scheme XIII. By this mechanism, reaction is initiated 
by homolytic cleavage between C-17 and C-20. Subsequent loss of a 
proton from the steroidal fragment would lead to the C-17 ketone. Re- 
combination of the initially formed radicals could also occur. Alterna- 
tively, further disintegration of the side chain radical could lead to other 
radicals. Recombination with any of these radicals could also occur. For 
example, the C-21 acetate substituted side chain in methylprednisolone 

acetate could produce carbon monoxide, formaldehyde, and an acetyl 
radical. Recombination would generate the C-21 desoxy derivative. By 
a similar process, the side chain in methylprednisolone would produce 
a radical. Recombination in that case would form the C-2la alcohol. 
Preservation of the original stereochemistry a t  C-21 in these degradation 
products is attributed to the crystal lattice structure which would trap 
the radical intermediates in close proximity. In addition to formation of 
carbon monoxide and formaldehyde, other possible products derived 
from the C-17 side chain include methanol, methyl acetate, acetaldehyde, 
methane, and hydrogen. Formation of C-11 ketones could proceed by a 
similar mechanism initiated by loss of the C-11 proton with hydrogen 
produced as the other product. 

Rate  of Degradation-The rates of radiolytic degradation for corti- 
costeroids were determined by analyzing irradiated and nonirradiated 
steroid powders using HPLC methods. The rates of degradation, ex- 
pressed as percentage per megrad, are shown in Table 111. The rates of 
degradation ranged from 0.2 to 1.4%/Mrad, thus, the majority of corti- 
costeroids are stable to  mCo-irradiation. 
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into independent classes according to their affinities. From 
estimations of the free and bound fractions of the ligand, 
it is in principle possible to determine the number of 
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Scheme 13-Postulated mechanism for cobalt 60 radiolytic degradation 
of C-17 side chain of corticosteroids (example: methyl- 
prednisolone and methylprednisolone acetate). 

the C-17 side chain of methylprednisolone and methylprednisolone ac- 
etate is shown in Scheme XIII. By this mechanism, reaction is initiated 
by homolytic cleavage between C-17 and C-20. Subsequent loss of a 
proton from the steroidal fragment would lead to the C-17 ketone. Re- 
combination of the initially formed radicals could also occur. Alterna- 
tively, further disintegration of the side chain radical could lead to other 
radicals. Recombination with any of these radicals could also occur. For 
example, the C-21 acetate substituted side chain in methylprednisolone 

acetate could produce carbon monoxide, formaldehyde, and an acetyl 
radical. Recombination would generate the C-21 desoxy derivative. By 
a similar process, the side chain in methylprednisolone would produce 
a radical. Recombination in that case would form the C-2la alcohol. 
Preservation of the original stereochemistry a t  C-21 in these degradation 
products is attributed to the crystal lattice structure which would trap 
the radical intermediates in close proximity. In addition to formation of 
carbon monoxide and formaldehyde, other possible products derived 
from the C-17 side chain include methanol, methyl acetate, acetaldehyde, 
methane, and hydrogen. Formation of C-11 ketones could proceed by a 
similar mechanism initiated by loss of the C-11 proton with hydrogen 
produced as the other product. 

Rate  of Degradation-The rates of radiolytic degradation for corti- 
costeroids were determined by analyzing irradiated and nonirradiated 
steroid powders using HPLC methods. The rates of degradation, ex- 
pressed as percentage per megrad, are shown in Table 111. The rates of 
degradation ranged from 0.2 to 1.4%/Mrad, thus, the majority of corti- 
costeroids are stable to  mCo-irradiation. 
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Table 1 4 i m u l a t i o n s  of the Equilibrium Bound Concentration 
Using the Scatchard Model with Two or  Three Classes of Sites 

3500 1 

Number of Classes 
Binding (1) (2) (3) 

Parameters m = 2  m = 3  m = 3  

Ki  0.0284 0.03954 0.04527 
0.0021 0.00482 0.00959 
- 0.00153 0.00181 

KZ 
nl 1.46 1.00 0.76 
K3 

n2 4.10 2.00 1.30 
n3 - 2.56 3.50 
Total Drug Bound Drug Bound Drug Bound Drug 

ualml umolesfliter umolesfliter umoleshiter fimoleslliter 

50 362 
100 725 
200 1449 
300 2174 
400 2898 
500 3623 
600 4348 
800 5797 

1000 7246 
2000 14,493 
3000 21,739 
4000 28.985 
5000 36;232 
8000 57,971 

10,000 72,464 

346 
680 

1290 
1807 
2211 
2494 
2679 
2881 
2979 
3126 
3164 
3180 
3190 
3204 
3208 

346 346 
679 679 

1291 1292 
1811 1809 ~~~~ 

2211 2210 
2490 2489 
2672 2672 
2872 2873 
2971 2973 
3122 3123 
3161 3162 
3178 3179 
3188 3189 
3203 3203 
3207 3207 

classes, the number of sites in each class, and the affinity 
constant of each class. Before computers became available, 
graphical methods of solving the nonlinear equations in- 
troduced by this problem were proposed (2-4). Dis- 
crepancies in the results could be attributed to the im- 
precisions of graphical methods, and the emergence of 
computers should then have caused the results to become 
more consistent. The results of various graphical methods 
were compared (4) with the results obtained by computer 
methods, while taking care not to adopt the algorithm of 
these graphical methods for the computer. Despite the 
extremely powerful methods available in large computing 
centers (5-11) difficulties remained. It was shown (8) that 
the results for binding of dicumarol to albumin were 
doubtful when errors became as large as 2%, even when 
based on 50 experimental measurements, and that the 
results obtained from 200 experimental measurements 
with a precision of 5% had no significance. In addition, 50 
publications were reviewed (12) that contained various 
errors of graphical construction. However, many authors 
continue to use this model and to calculate the classical 
parameters (universally called ni, Ki, and m). 

This model is habitually used since most scientists ac- 
cept it as a good representation of the real phenomenon. 
A study of the discussions of the independence and the 
initial existence of all the sites (the basic hypothesis of 
Scatchard), and the introduction of an interaction between 
sites (13-20) may provide an understanding of how effi- 
ciently this model represents reality. 

Problems are encountered in the study of this model. If 
available experimental data do not allow determination 
of all parameters of the model, it becomes simply a math- 
ematical tool whose parameters have no significance. If the 
experimental data do not allow an accurate determination 
of the parameters, then a question arises as to whether the 
use of other mathematical functions would provide better 
results. 

An attempt was made in this study to solve these prob- 

U QF 
0 1000 2000 300040005000 6000 70008000900010000 

Figure 1-Scatchard model with two classes of sites: curve of ligand 
binding to each class and to both classes taken as a whole, with two 
different combinations of parameters. Key: (-) K1 = 0.00210 
pmolelliter, KZ = 0.02840 prnoleslliter, nl = 4.10, n2 = 1.46; (- - - -) K1 
= 0.00109 pmoleslliter, KZ = 0.01103 prnoleslliter, nl = 2.68, nz = 
3.00. 

lems using the binding of salicylate to albumin. Other 
models are proposed using simulated and real data. 

TOTAL DRUG, urnoleslliter 

EXPERIMENTAL 

To analyze and test different models, simulated and real data are used. 
Simulated data are the values of a published example on the binding of 
salicylate to albumin (21,22). Real data are obtained in uitro by equi- 
librium dialysis on an apparatus', equipped with membranes2 (with a 
molecular weight cutoff of 14,000), separating two 1.0-ml cells. The di- 
alysis cells were placed in a water bath thermostated a t  37O. Salicylate 
was estimated by spectrofluorimetry (excitation a t  300 nm, emission at  
410 nm). 

Classical Scatchard Model-This model is deduced from the law 
of mass action and from the probability of binding to a carrier protein 
(I). It is based on a classification of independent sites of binding to the 
protein: 

B m niK;F - =  x- 
P i = ~  1 + K,F (Es. 1) 

where B is the concentration of the bound substance, F is the concen- 
tration of the unbound substance, P is the concentration of the protein, 
m is the number of classes of sites, and Ki and ni are, respectively, the 
affinity constant and the number of sites of the ith class of sites. 

Proposed Models-These are mathematical functions that must have 
the same shape as the amount of ligand bound at equilibrium expressed 
as a function of the total ligand concentration present. These functions 
have only two parameters: 

trigonometric model B = alarctan(a2T) (Eq. 2) 

exponential model: B = b l [ l  - exp(-bzT)] (Eq. 3) 

where T is the total concentration of the ligand present, B is the con- 
centration of the bound fraction at equilibrium, and a1 and a2, bl  and bz 
are the two parameters of the models that are determined from the ex- 
perimental data. These parameters are not totally meaningless, since in 
each case a 1 and b l  are directly related to the saturating values B, of the 
quantity of ligand bound.to the protein: 

7r B , = a l -  
2 

B, = bl  (Eq. 5) 

The two models proposed make it possible to study the equilibrium 
binding of the ligand either to binding proteins, where the protein con- 
centration must be specified, or per unit concentration of binding pro- 
tein: 

--- - alarctan(azT) 
P P  

1 Dianorm. * Spectrapor 2. 
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Table 11-Comparison of the Results of Simulations Using the Scatchard Model with Two Classes of Sites and Various Combinations 
of Parameters 

(1) (2) (3) (4) (5) (6) (7) 
K i  0.00210 0.002 10 0.00267 0.00170 0.00109 0.00055 0.00007 
nl  4.10000 4.10080 4.46524 3.60528 2.68335 1.79370 1.36566 

Binding K2 0.02840 0.02843 0.04407 0.01863 0.00740 0.00494 0.01103 
Parameters n2 1.46000 1.45899 1.00000 2.00000 3.00000 4.00000 5.00000 

Total Drug Bound Drug Bound Drug Bound Drug Bound Drug Bound Drug Bound Drug Bound Drug 
udml  umoles/liter umoleslliter umoleslliter umoleslliter urnolesfliter umoleslliter umoleslliter umoleslliter 

50 362 
100 125 
200 1449 
300 2174 
400 2898 
500 3623 
600 4348 
800 5797 

1000 7246 
1250 9060 

W 
Max. limit of bound drug 
Class 1 + Class 2 
Class 1 
Class 2 

346 346 
680 680 

1290 1290 
1807 307 
2211 2211 
2494 2494 
2679 2679 
2881 2881 
2979 2979 
3045 3045 

- 0.109 

3225 
2379 
846 

346 
680 

1288 
1814 
2226 
2508 
2686 
2872 
2959 
3017 

1788 

3170 
2590 
580 

345 
679 

1295 
1810 
2207 
2486 
2672 
2879 
2983 
3054 

266 

3251 
2091 
1160 

343 340 336 
677 673 665 

1300 1299 1289 

2873 2862 2856 
2985 2980 2962 
3064 3068 3051 

1337 2615 3845 

3296 3360 3692 
1556 1040 792 
1740 2320 290 

In this case the parameters a 1 and bl are divided by the protein concen- 
tration P,  whereas other parameters, a2 and bz, are independent of the 
protein concentration. 

The Scatchard model, when limited to a single class of sites, can be used 
in certain cases and more precisely when the zone being studied is more 
limited (in the case of therapeutic or toxic doses of salicylates, up to or 
exceeding 400 pg/ml.) 

The model (Eq. 1) is then written: 
nPKF nPK(T - F) 
1 + K F  1 t K ( T - F )  B = -  or B = (Eq. 8) 

This model has only two parameters and occasionally gives good results, 
but it is disadvantageous because it is also a mere mathematical tool re- 
quiring solution of a nonlinear equation. 

RESULTS AND DISCUSSION 

General Applications of the Model-The usual procedure is to use 
a computer (or graph paper) to determine the parameters ni, K i ,  and 
sometimes m starting from the experimental data that has been ob- 
tained. 

There are, however, problems encountered with this procedure. The 

Table 111-Simulations Using the Two Proposed Models over the 
Concentration Range 0 to  1250 gg/ml(O to  9060 pmole/liter ") 

Scatchard Trigonometric Exponential 
Model- Model Model 

Two Classes a1 = 2370.00 bl = 3210.57 
Reference a2 = 0.000449 b:! = 0.000386 

Total Drug Bound Drug Bound Drug Bound Drug 
pg/ml pmoles/liter prmles/liter pmoles/liter Kmoleslliter 

50 362 346 382 
100 724 680 746 
200 1449 1290 1369 

419 
783 

1375 
300 2174 1807 1835 1823 
4no 2898 221 1 2172 21 62 - .~ 

i00 3623 2494 2418 2418 
600 4348 2679 2602 2611 
700 5072 2800 2744 2757 
800 5797 288 1 2855 2868 
900 6522 2938 2944 2951 

1000 7246 2979 3017 3015 
I250 9060 3045 3152 3113 

W - 42743 44562 

0 Comparison with the reference values derived from the Scatchard model with 
two classes of sites. W Represents the residual sum of squares. 

study of the binding phenomenon itself, while assuming that the model 
is a true reflection of reality, is one problem. I t  must be possible to de- 
termine the parameters m, ni, and Ki, and each must have a unique value. 
Other problems encountered are the study of the influence of a patho- 
logical condition on the quantity of ligand bound (which leads to a 
comparison of groups) and the study of a particular region of the curve 
of binding to a protein, such as therapeutic or toxic doses, or the satura- 
tion value of binding. 

Difficulties Encountered-Difficulties are not related to the theo- 
retical model itself but are related to the number of unknown parameters 
whose estimation is often incompatible with the quantity and quality of 
the experimental data (8). The determination of these parameters is 
considered from simulated data, thus eliminating experimental errors, 
taking as an example published data on the binding of salicylate 
(I4C-labeled COOH-salicylic acid) to albumin (21,22). 

I t  is essential to know the number ( m )  of classes of sites if one wishes 
the model to reflect the real phenomenon. The number m, determined 
only from estimations of the concentrations a t  equilihrium of free and 
bound ligand as a function of the total ligand concentration, is in reality 
only the minimum possible number of classes compatible with the ex- 
perimental data. 

As an example, Table I represents the concentrations of salicylate 
bound a t  equilibrium throughout the whole concentration range (0-10 
mg/ml). The results were obtained by simulation for three cases. The first 
case (Table I, column 1) assumed two classes of sites (m  = 2); using the 
values of the parameters for the binding of salicylate generally accepted 
in published sources. The second and third cases assumed three classes 

al 35001 

0 1000 200030004000 5000 600070008000900010000 

YCITAL DRUG, pmoles/liter 

Figure 2-Comparison between the curues simulated with the Scat- 
chard model and with the two proposed models: equilibrium cunccv- 
tration <1250 pg/ml (9060 pmoles/liter). K e y .  (-) trigonometric. model; 
(- - - -) exponentinl model; (+) Scatchard modd with tu-o c1assc.s of 
sites. 
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Table IV-Therapeutic Concentrations a 

3500 

3000 

2500. 

2000. 

1500, 

1000- 

500 

0 

Scatchard 

Model Model Model One Class 
Two Classes a1 = 2783.6 bl = 3858.4 K = 0.006972 

Reference a2 = 0.000347 b:! = 0.000285 n = 4.3964 

Total Drug Bound Drug Bound Drug Bound Drug Bound Drug 
Pcglml pmoleslliter pmoleslliter pmoleslliter pmolesfliter pmolesiliter 

25 181 174 175 194 171 
50 362 346 348 379 340 
75 543 514 519 554 508 

Scatchard Trigonometric Exponential Model 

_ _ - _ -  *--T-r*--=--z-Y--- 
/A<5->- 

t 
: 

; 
L 

.; 

100 
125 
150 
175 
200 
225 
250 
215 
300 
325 
350 

c ki 2500. .- - . 
B 2000. 

I j  

n 

' 1500. 

3 a 1000. 

n 
3 
0 
Q1 

500 

724 
906 

1087 
1268 
1449 
1630 
181 1 
1993 
2174 
2355 
2536 

-A 

,# 
$/ 

,/ 
o f  

679 
840 
995 

1145 
1290 
1429 
1561 
1688 
1807 
1919 
2024 

686 
848 

1005 
1155 
1298 
1435 
1563 
1686 
1801 
1909 
2011 

~~~ 

721 
879 

1029 
1172 
1307 
1436 
1558 
1674 
1784 
1888 
1988 

_._ 

673 
836 
995 

1150 
1300 ~. . . 

1443 
1579 
1704 
1818 
1918 
2007 

W - 806 11,544 1445 
~ 

",Simulations using the trigonometric model, the exponential model. and the Scatchard model with one class of binding sites. Comparison with the reference values 
derived from the Scatchard model with two classes of sites. W represents the residual sum of squares. 

of sites ( m  = 3) (Table I, columns 2 and 3), with two combinations of the 
six parameters n; and K,. However, in practice there is an infinite number 
of these combinations, since they were obtained by simple identification 
of the parameters K,. The values of n, were chosen arbitrarily as: 

( n l +  n2 + n&=s = ( n ~  + n2)m=2 (Eq. 9) 

so that  the bound fractions reached the same limit at  saturation (Eq. 
1). 

The exact number of classes of sites may be confused with the mini- 
mum number compatible with the available experimental results. This 
does not matter if the model is used simply as a mathematical tool (for 
example for smoothing), but i t  becomes a problem if the phenomenon 
itself is to be used and a real significance is to be given to the parame- 
ters. 

Suppose that the number of classes of sites is known (or is accepted 
to be equal to the minimum numher defined above). Difficulties have 
already been reported with the determination of other parameters such 
as n, and K ,  from the results of equilibrium estimations (4) as shown in 
Table 11. Again the data used are the 12 values of the bound fraction 
simulated from published parameters (21,22) for the binding of salicylate 
to albumin (Table 11, column 1). The parameters (n ,  and K ,  are calculated 
in several cases: For the four parameters, nl, n2, K1, and K z ,  even starting 
the iterations from remote initial values, the results are not much dif- 
ferent from the correct values (Table 11, column 2); for the three pa- 
rameters, n], K1, and K2, to the fourth parameter (n2) we attribute the 
values 1,2,3,4,  and 5, successively (Table 11, columns 3-7). The results 
yield combinations for the values of the parameters that are naturally 
very different; the quantity of ligand bound, however, remains similar 
from one of these groups of values to  another. Figure 1 represents this 

TOTAL DRUG, prnoles/l i ier 
Figure 4-Comparison of the models over the therapeutic range of 
concentration 1<350 pglliter, or 2536 prnoleslliter). Key: (-) trigonu- 
metric model; (- - - -) exponential model; I -  - - - -) Scatchard model 
with one c(as.s of sites; (+) Scatchard model with two classes of sites. 

phenomenon. The curves represented correspond to the two combina- 
tions: 

K1 = 0.00109 K2 = 0.01103 nl = 2.6833 n2 = 3.0000 
and K1 = 0.0021 Kz  = 0.0284 nl = 4.1000 n2 = 1.4600 (Eq. 10) 

where K1 and K2 are given in micromoles per liter. 
In both cases the curves drawn represent the quantity bound to each 

site and the overall quantity for the whole of the two sites, respectively. 
These two curves, representing the total quantity bound to albumin, are 
practically identical (Fig. I), which shows that i t  cannot be determined 
how much ligand is bound to each site; that  is, the four parameters nl, 
n2. K1, and K2 cannot be determined. 

Conclusions About Cur ren t  Application of the Scatchard 
Model-The difficulties encountered a t  the various stages of the appli- 
cation of the model to simulated cases have been shown, in the total ab- 
sence of experimental errors, for the determination of the various pa- 
rameters of hinding to proteins. The problem of the number of classes 
of sites alone destroys any significance of the parameters. 

Therefore, this model should not a t  present be used except as a 
mathematical tool. It requires that a nonlinear equation be solved at  each 
point; this drawback, which was the reason for the various graphical 
methods, makes it difficult to use. The large number of these parameters 
that cause this practical indetermination that has been reviewed previ- 
ously prohibits any direct interpretation of the results (such as compar- 
ison of the parameters from two groups of patients). One solution is to 
arbitrarily fix the values of certain parameters (for example nl and nz), 
as suggested previously (8). Other mathematical models are proposed 
here as mathematical tools but they are easier to manipulate, and have 

Figure 4-Comparison of models over the high range of concentrations 
(>-lo0 pglml, or 2900 pmoleslliter). Key: (-) trigonometric model; 
(- - -) exponential model; (- - - - -) Scatchard model with one class of 
.sites; (+) Scntchard model with two classes of sites. 
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Table V-Toxic and High Concentrations a 

Scatchard 
Scatchard Model Exponential Trigonometric 

Model One Class Model Model 
Two Classes K = 0.003104 bl  = 3161 = 2125 
Reference n = 5.536 bz = 0.000421 a2 = 0.000682 

Total Drug Bound Drug Bound Drug Bound Drug Bound Drug 
pdml pmoleslliter pmoleshiter pmoleslliter pmoles /liter pmoleslli ter 

400 
500 
600 
700 
800 
900 

1000 
2000 
3000 
4000 
5000 

W 

~ 

2899 
3623 
4348 
5072 
5797 
6522 
7246 

14493 
21739 
28985 
36232 

2210 
2494 
2679 
2800 
2881 
2938 
2979 
3126 
3164 
3180 
3190 

- 

2190 
2497 
2689 
2811 
2891 
2946 
2985 
3122 
3156 
3171 
3180 

1091 

2229 
2474 
2655 
2788 
2886 
2959 
3012 
3154 
3161 
3161 
3161 

4974 

2343 
2521 
2647 
2740 
2811 
2868 
2914 
3124 
3195 
3230 
3251 

44.053 

a Simulation using the trigonometric model, the exponential model, and the Scatchard model with one class of sites; comparison with the reference values of the Scatchard 
model with two classes of sites. W represents the residual sum of squares. 

been used during a study of the variation of the binding of salicylate in 
rheumatoid arthritis. 

Application of the Proposed Models-In the current state of in- 
terpretation, no physiological significance should be sought in the cal- 
culated parameters. The models proposed are merely mathematical tools. 
They are the trigonometric model in Eq. 2 and the exponential model in 
Eq. 3. These equations make it possible to represent the variation in the 
quantity of ligand bound at  equilibrium as a function of a total quantity 
present, while using the minimum number of parameters. The choice is 
not exhaustive, but the models have been tested in various circumstances: 
a broad-range study of the phenomenon, a detailed study of therapeutic 
doses over a narrowed region of study, and a study of high doses with an 
attempt to determine the saturating value of the quantity of ligand 
bound. These models can also be used to compare groups of patients. 

Checking Models with Simulated Data-Simulated input data 
values of the equilibrium fraction of salicylate bound to albumin (Table 
III), derived from the Scatchard model (Eq. 1) were used for two classes 
of sites whose parameters have the published values (21,22): 

m = 2 nl = 1.46 K 1 =  0.0284 pmoles/liter 
n2 = 4.10 K2 = 0.0021 pmoleslliter (Eq. 11) 

These data were approached as closely as possible by adjusting the 
parameters a l ,  a2, bl, b2, and perhaps n and K of the various models 
proposed (Eqs. 2,3, and 8). 

The proposed models were tested at equilibrium in three zones of total 

Table VI-Application of the Models to Real Data at 
Equilibrium a 

Trigonometric Exponential 
Model Model 

a1 = 2865.7 b l =  3909.8 
Experimental Data = 0.00284 bz = 0.0002397 

Total Drug Bound Drug Bound Drug Bound Drug 
pg/ml pmoleshiter pmoleslliter pmoleslliter pmoleshiter 

~~ ~~~~ 

46.68 291.7 271 237 264 
91.60 572.5 520 462 50 1 

176.20 1101.2 952 869 907 
380.08 2375.5 1626 1701 1697 
518.01 3237.5 2100 2131 2110 
650.94 4068.4 2511 2458 2435 
718.99 4493.6 2737 2598 2578 
938.08 5863.0 2632 2952 2951 

1160.92 7255.7 3261 3206 3223 
1273.95 7962.2 3424 3309 3330 

W 158,000 150,000 

a Total concentrations 4 2 5 0  p /ml (8OOO pmoleshiter). Comparison of the 
trigonometric and exponential rnolels with the reference Scatchard model with 
two classes of sites. 

concentration of ligand; <1250 pg/ml(9060 pmoleslliter); <350 pg/ml 
(therapeutic doses); and >400 pglml (high concentrations). 

Doses <1250 Ccglml (i.e., %k% pmoles/liter)-This is the concentration 
generally studied because it covers therapeutic doses, and also approaches 
the limit of saturation of binding. It is more difficult to approximate a 
function while minimizing the number of parameters to be adjusted over 
a wide range of a variable (C1250 pg/ml) than over a narrow range. 
However, the differences between the theoretical curve (4-Parameter 
Scatchard model) and the curves from the proposed models (with two 
parameters) remain small and less than the experimental errors en- 
countered (Fig. 2, and Table III). The values obtained for the parameters 
of the two models were: 

trigonometric model (Eq. 2): a1 = 2370.00 pmolesfliter 
and a2 = 0.00044979 liter/pmoles 

exponential model (Eq. 3): bl = 3210.57 pmoleslliter 
and b2 = 0.00038606 liter/pmoles (Eq. 12) 

The last line of Table 111 represents the sum of squares of the differences 
between the results from the Scatchard model and from the proposed 
models: 

W = 5 (Bli - B2i)2 
i= l  

(Eq. 13) 

where Bli and B2i are the fractions of ligand bound at  point i at equi- 
librium from, respectively, the Scatchard model with two classes of sites 
(Eqs. 1 and 11, the input data) and one of the proposed models, p is the 
number of data points. 

Comparison of the values obtained for W with each of the two proposed 
models shows that the trigonometric model gives the better results. The 
exponential model is a poor fit a t  low salicylate concentrations (of the 
order of 50-100 pg/ml)-at the first two points i t  gives an unacceptable 

a o-. 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 

Figure &Application of the proposed models to real data (equilibrium 
concentration <1250 pg/ml, or 8000 pmoles/liter). Key: (-) trigono- 
metric model; (- - -) exponential model; (+) experimental values. 

TOTAL DRUG, gmoles/liter 
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Table VII-Application of the Models to Real Data a t  Therapeutic Concentrations 

Trigonometric Exponential Scatchard Model 
Model Model One Class 

a 1 = 1720.68 bl = 3142.97 K = 0.009100 
Experimental Data 02  = 0.000565 bz = 0.000317 n = 3.4784 

Total Drug Bound Drug 
pmoleshiter pmoleshiter 

47.18 
65.74 
91.02 

135.74 
178.39 
219.01 
253.33 
282.59 
307.41 
380.37 

294.9 
410.9 
568.9 
848.4 

1114.9 
1368.8 
1583.3 
1766.2 
1921.3 
2377.3 

271.2 
384.2 
512.7 
759.2 
979.9 

1175.1 
1291.6 
1344.9 
1342.6 
1629.6 

Bound Drug 
pmoleshiter 

284 
393 
535 
769 
968 

1133 
1256 
1350 
1422 
1602 

Bound Drug 
fimolesfliter 

280 
384 
518 
741 
936 

1106 
1246 
1347 
1433 
1664 

Bound Drug 
pmoleshiter 

274 
380 
522 
763 
976 

ii54 
1281 
1428 
1543 
1563 

W 11.050 19,121 52,200 
~ ~~ ~ ~~ ~ ~~ 

0 Comparison of the trigonometric model. the exponential model. the Scatchard model with one class of sites. and the reference Scatchard model with two classes of 
sites. 

value for the bound fraction, greater than the total concentration. The 
Scatchard model with a single class of sites is inapplicable over this wide 
range of variation of total salicylate concentration. 

Therapeutic Zone of Concentrations <350 pg/ml (2500 pmolesllit- 
er)-Over this limited zone the approximation is easier. Table IV and 
the curves in Fig. 3 represent the results obtained from the 14 data points 
from the first two columns of the table. The values of the parameters 
obtained with the two proposed models are: 

trigonometric model (Q. 2): 
a1 = 2783.6 pmolesfliter a2 = 0.000347 liter/pmole 

exponential model (Eq. 3): 
bl = 3858.4 pmoleshiter bz = 0.000285 liter/pmole (Eq. 14) 

Here again the trigonometric model gives better results than does the 
exponential model, which has three unacceptable points where more than 
the total salicylate concentration is bound. A weighting of the fmt points 
in the computation remedied this disadvantage, but the differences then 
became greater a t  the points for higher concentrations. 

The Scatchard model with one class of sites (Eq. 8) is applicable over 
this region (Fig. 3 and Table IV) and gave good results with the values 
K = 0.006972 pmoleshiter and n = 4.3964. 

High Concentrations >400 pg/ml, 2900 pmoleslliter-The 11 points 
lying between 400 and 5ooo pg/ml in Table V were used. The exponential 
model gave better results than the trigonometric model (Table V and Fig. 
4): 

trigonometric model (Eq. 2): 
a1 = 2124.92 pmoleshiter a2 = 0.000682 liter/pmole 

exponential model (Eq. 3): 
b ,  = 3161.30 pmolesfliter bp = 0.000421 liter/pmole (Eq. 15) 

However, for high concentrations the best results were obtained with 

TOTAL DRUG, pmoles/liter 
Figure 6-Application of the proposed models a t  real therapeutic 
concentrations (<400 Fg/ml, or 2500 pmoles/liter). Key: (-) trigono- 
metric model; (- - - -) exponential model; (- - - - -) Scatchard model 
with one class of sites; (+) experimental ualues. 

the Scatchard model limited to a single class of sites (Eq. 8). The corre- 
sponding curve was then similar to the curve from the model with two 
classes of sites used as data (Fig. 4 and Table V). The parameters obtained 
had the values n = 5.536 and K = 0.003104 pmolefliter. 

Application of the Proposed Models to Real Data-The models 
were applied to experimental results on the binding of sodium salicylate 
to albumin and studied over the various zones mentioned. 

Total Salicylate Concentration Lying Between 0 and 1200 
pglml-Table VI and Fig. 5 show the bound fraction at  equilibrium ob- 
tained with the trigonometric model having parameters a1 (2865 pmo- 
leshiter) and a2 (0.000284 liter/pmole) and with the exponential model 
having parameter bl  (3910 pmoleshiter) and bz (0.000240 liter/ 
pmole). 

This first zone is too broad for application of the Scatchard model 
limited to a single class of sites (Eq. 8). 

Note that the two curves are almost identical (Fig. 5). This figure shows 
also that the saturation limit was still not reached and any extrapolation 
to estimate the value of this limit would be dangerous, whatever model 
is used. 

Therapeutic Concentrations <350 pg/ml-Table VII and Fig. 6 show 
the results obtained with the trigonometric model with a1 (1720.68 
pmolesfliter) and a2 (0.0005654 liter/pmole), and with the exponential 
model with bl (3142.97 pmolesfliter) and bz (0.000317 liter/pmole). Over 
this relatively narrow zone the single-class Scatchard model (Eq. 8) can 
be applied with n equal to 3.4784 and K equal to 0.00910 pmolefliter. Of 
the three models, the trigonometric model gave the best results (Table 
VII). 

High Concentrations (from 400-500 pg/ml)-This zone can be of in- 
terest for example in studies of toxic doses or to estimate the saturation 
limit of bound fraction of substance (the plateau of the curve). The 
coefficients, a1 and bl ,  here have an important role since they are directly 
related to the value of this limit (Eqs. 4 and 5). But the experimental 

8000 ‘ 

7000’ 

6000. 

5000. 

+ 

l o o 0 L 7  0 . . , 1 

0 5000 10000 15000 20000 25000 30000 35000 40000 
TOTAL DRUG, pmoles/liter 

Figure 7-Application of the proposed models a t  high concentrations. 
Key: (-) trigonometric model; (- - - -) exponential model; (- - - - -) 
Scatchard model with one class of sites; (+) experimental values. 
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Table VIII-Application of the Models t o  Real Data at High Concentrations; Comparison of the Two Models 

Experimental Data 

Trigonometric Exponential Scatchard Model 
Model Model One Model 

a1 = 2466.2 b l  = 3618.2 K = 0.00171 
a2 = 0.000377 bz  = 0.000279 n = 6.00 

Total Drug Bound Drug Bound Drug Bound Drug Bound Drug 
Ccg/ml pmoleshiter pmoleshiter pmolesfliter pmoleshiter pmoleshiter 

93.98 
216.67 
396.30 
537.04 
703.70 

2305.83 
3286.90 
4214.90 
5619.05 

587 
1354 
2477 
3356 
4398 

14,411 
20,543 
26,343 
35,119 

549 
1146 
1829 
2338 
2546 
3823 
3586 
2687 
7744 

537 
1163 
1851 
2223 
2534 
3425 
3557 
3626 
3688 

547 
1138 
1805 
2199 
2557 
3553 
3606 
3615 
3618 

498 
1111 
1892 
2373 
2780 
3591 
3658 
3689 
3715 

W 17.106 18.106 17.106 

difficulties are greater at  high concentrations; there are problems of 
dilution and precision of the measurements. The curves in Fig. 7 represent 
our first results in this zone (Table VIII). They were obtained with the 
following parameter values: 

trigonometric model: 
a1 = 2466.2 pmoleshiter a2 = 0.000377 liter/pmole 

exponential model: 
bl = 3618.2 pmoleshiter bz = 0.000279 liter/pmole 

single-class Scatchard model: K = 0.00171 pmoleshiter n = 6.0 
(Eq. 16) 

The basis of the Scatchard model is not questioned, but rather its 
quasi-automatic application in studies of the binding of a substrate to 
a protein. Even if this model is an accurate reflection of a real biochemical 
phenomenon, there may be insufficient experimental data to determine 
the values of the parameters unambiguously. The indistinguishability 
of the true number of binding classes and the minimum number of classes 
compatible with experimental data is sufficient to show that this model 
can be used only as a mathematical tool, for example, to interpolate data, 
or to calculate derivatives of curves or areas under them. This tool is 
difficult to manipulate, since it requires that a nonlinear equation be 
solved a t  each point. In addition, the practical indeterminacy of these 
parameters prevents them from being used separately as elements of 
reference for comparing groups of patients. Therefore, other models with 
only two parameters that have been used to study the influence of a 
pathological condition on the binding of a substance to a protein have 
been proposed. 
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Abstract  0 Dissolution studies using both basket and paddle methods 
were carried out to evaluate two prednisone standards. Results of the 
experiments showed that the USP prednisone calibrator is sensitive to 
perturbations by the basket method but not to perturbations by the 
paddle method. However, the National Center for Drug Analysis (NCDA) 
prednisbne performance standard is sensitive to perturbations by the 
paddle method but not to perturbations by the basket method. These 
results suggest that  no single standard can predict the suitability of the 
dissolution equipment by the basket and paddle methods. 

Keyphrases 0 Dissolution-evaluation of basket and paddle methods 
using different performance standards, prednisone 0 Prednisone- 
evaluation of basket and paddle dissolution methods using different 
performance standards 0 Basket dissolution method-prednisone, 
evaluation using different performance standards Paddle dissolution 
method-prednisone evaluation using different performance stan- 
dards 

Dissolution analysis of pharmaceutical solid dosage 
forms has emerged as the single most important test that 
will ensure the quality of the product when carried out 
appropriately. In several instances, the dissolution results 
have been correlated with the bioavailability of the prod- 
uct, in which case the dissolution test can also ensure the 
bioavailability of the product between batches that meet 
the dissolution criteria. The dissolution test is generally 
carried out by either the basket or paddle method, both of 
which are official in USP XX, and are referred to as USP 
methods I and I1 (1). Important variables that play a major 
role in the dissolution methodology include dissolution 
medium and intensity of agitation. In addition, before the 
methodology can be used, it is imperative that the in- 
strument be properly aligned and tuned to achieve re- 
producible and reliable dissolution results. A system 
suitability test is carried out using USP prednisone and 
salicylic acid calibrators to check alignment and fine tuning 
of the dissolution unit. Deficiencies in the equipment, such 
as the looseness of the chain, tilt of the stirring motor (tilt), 
misalignment of the flasks with respect to the stirring rod 
(off-centering), etc . ,  have been shown (2) to be easily de- 
tectable from the dissolution results of the basket method 
using the USP prednisone calibrator. The results obtained 
using the paddle method under the same conditions did 
not show significant differences in the dissolution results, 
although the equipment was judged as being not in good 
operating condition. These observations led to the con- 
clusion that the basket method was superior to the paddle 
method. These are worthy conclusions, yet they do not lend 
support to the superiority of the basket method because 
of the lack of reproducibility (3,4) and problems identified 
with mixing (5-8). 

The National Center for Drug Analysis' (NCDA) has 

National Center for Drug Analysis, Food and Drug Administration. Market 
Street, St. Louis, MO F3101. 

identified a prednisone tablet (NCDA prednisone per- 
formance standard 11) that is highly sensitive to the ab- 
errations of the equipment when the dissolution studies 
are carried out by the paddle method (9). However, no 
systematic study has been carried out to evaluate these two 
standards (USP prednisone calibrator and NCDA pred- 
nisone performance standard 11) using the basket as well 
as paddle methods. 

The purpose of this report is to evaluate the basket and 
paddle methods using both the USP calibrator and NCDA 
performance standard 11, and to study the influence of 
various perturbations of the apparatus on the results. 

EXPERIMENTAL 

Method-The studies were carried out using commercially available 
dissolution equipment2 and employing the basket method a t  100 rpm 
and the paddle method at 50 rpm as previously described (1). The ex- 
perimental directions provided with the official calibrator were followed 
in performing the study. 

Instrument Operating Conditions-Normal-The instrument was 
aligned properly, finely tuned, and standardized according to a previous 
procedure (10). 

Perturbed-The following perturbations were made to the dissolution 
apparatus, and the dissolution test was carried out under these condi- 
tions: 

1. Tilt: The dissolution head (stirring motor) was tilted by raising the 
back rest of the unit. This produced deviations in shaft perpendicularity. 
The tilt produced was accurately measured by a universal protractor3 
a t  1.5'. 

2. Off-center: The dissolution head was moved to one side to displace 
the paddle or the basket from the exact center in the vessel by 3 mm. 

3. Tilt with off-centering: A 1.5O tilt was produced with 3 mm off- 
centering. 

Standards-Two prednisone standards, USP4 50-mg prednisone 
calibrator and NCDA 10-mg prednisone performance standard 11, were 
used in this study. 

Dissolution tests were carried out in deaerated water. Six tablets were 
used for each dissolution run. For the USP prednisone calibrator, 900 
ml of the dissolution medium was used, and for the NCDA performance 
standard, 500 ml of the dissolution medium was used. The amount of the 
drug dissolved in 30 min was determined by comparing the absorbance 
of the sample with the USP prednisone reference standard a t  242 nm in 
a ~pectrophotometer~. 

RESULTS AND DISCUSSION 

The dissolution study results obtained by the basket and paddle 
methods, using a USP prednisone calibrator and an NCDA prednisone 
performance standard under normal standardized conditions and dif- 
ferent perturbations, are summarized in Tables I-IV. 

In the dissolution studies using the basket method, an agitation of 100 
rpm was used. This agitation speed was used previously in different 
collaborative studies (4,11). It was also used in a study where the influ- 
ence of different perturbations on the dissolution characteristics of the 

Easilift Dissolution Test Station Model 63-73.1-100, Hanson Research Corp., 

Sears Roebuck & Co.. Chicago, Ill. 

Beckman Model 25/7 spectrophotometer, Beckman Instruments, Fullerton, 

Northridge, Calif. 

.I Batch F. 

Calif., or Variscan spectrophotometer, Varian Associates, Palo Alto. Calif. 
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Table I-USP Prednisone Calibrator (Basket Method) 
Dissolution in 900 ml of Water at 100 rpm 

Unit 
Operating Mean 
Condition" ( N  = 6) i S D  Range 

Table 111-NCDA Prednisone Performance Standard (Paddle 
Method) Dissolution in  500 ml of Water at 50 rpm 

Unit 
Operating Mean 

Condition ( N  = 6) f S D  Range 

Normal 68.3 0.9 67.2-69.3 
68.5 7.6 57.1-76.4 
68.9 3.2 63.2-73.7 

Tilt 39.9 
40.6 

Off-center 46.1 

3.3 34.6-44.6 
0.6 39.541.2 
5.9 41.2-57.8 

48.9 1.0 47.7-49.9 
Tilt with 36.3 1.1 34.2-37.1 

Off-center 37.8 1.6 36.0-40.2 

0 ANOVA for conditions: p = 0.0034. Duncan's multiple range test (a = 0.05): 
N 0 T TIO. 

USP prednisone calibrator were examined (2). For normal conditions, 
the instrument was aligned, and all precautions were taken as described 
previously (10). 

The basket method using the USP prednisone calibrator under normal 
conditions gave mean dissolution results of 68% (Table I). It is important 
to note that this value is very nearly identical to the normal mean value 
for the USP prednisone calibrator using the paddle method (4). However, 
when the equipment is perturbed, such as tilting the gear plate by 1.5', 
the results are decreased to 40%. This is a substantial decrease. The off- 
centering of the basket (i.e., from the center of the dissolution vessel) also 
produced a reduction in the mean dissolution value to 47%, which was 
similar to tilting. Both tilt and off-centering decreased the dissolution 
to -37%, which although lower, did not suggest that these effects were 
additive. 

This dramatic influence (i.e., drop in the dissolution value, from 68 
to 37% between normal and perturbed conditions) on the results of the 
basket method substantiates the fiidings reported earlier (2). The reason 
for the substantial decrease may partly be attributed to the decrease in 
the effective stirring of the dissolution medium under these perturbed 
conditions. The particles of the disintegrated tablet (USP prednisone 
calibrator) were observed to drop and collect at the center of the flask. 
Under tilt and off-center conditions, the particles are not sufficiently 
agitated because the rotating basket is not directly above the particles. 
These perturbed conditions, therefore, effectively lower the intensity of 
agitation resulting in lower dissolution value. 

The intensity of agitation should not be confused with mixing, i.e., 
uniform mixing. It was clearly established (12) that the basket method 
produces uniform mixing of the dissolution medium. This conclusion was 
based on the observation that samples drawn from different positions 
in the flask gave very similar results. In the cement investigation under 
tilt condition, the basket is positioned such that one side of the basket 
is close to the wall of the dissolution flask, whereas the other side is a t  the 
most distant position. Dissolution samples drawn from either side of the 
basket, at the same time using two probes, resulted in identical dissolution 
values, further indicating that there is no problem with mixing in the 
basket method. 

The dissolution results using the USP prednisone calibrator and paddle 
method under normal and perturbed conditions are nearly the same 
(-70%, Table 11). These results indicate that the paddle method cannot 
differentiate between the normal and perturbed conditions when the USP 
prednisone calibrator is used. A plausible explanation for the insensitivity 
of the USP prednisone calibrator to the perturbations in the paddle 
method is that the intensity of agitation (effective stirring) is adequate 
to disperse the tablet fragments throughout the medium under normal, 
Table 11-USP Prednisone Calibrator (Paddle Method) 
Dissolution in 900 ml of Water a t  50 rpm 

Unit 
Operating Mean 
Conditiona ( N  = 6) k S D  Ranee 

Normal 
Tilt 

68.6 
71.7 
71.6 

4.3 62.0-73.1 
0.8 70.7-72.8 
1.6 68.7-73.1 

Off-center 64.1 2.7 60.1-67.7 
69.4 2.6 67.2-74.3 

ANOVA for conditions: p = 0.72. Duncan's multiple range test (01 = 0.05): 
T N 0. 

Normal 41.0 2.5 36.2-43.2 
40.5 3.1 38.1-45.0 
39.2 3.8 35.4-44.5 

Tilt 50.9 3.0 45.4-54.3 
53.8 4.4 49.0-59.5 

Off-center 49.4 4.4 44.4-55.3 
48.9 6.0 39.6-56.8 

0 ANOVA for conditions: p = O.ooOo5. Duncan's multiple range test ((1 = 0.05): 
T 0 N. 

tilt, and off-center conditions, thus overcoming the inadequacies noticed 
in the basket method. 

The results from several collaborative studies (3,4,11) indicate that 
the basket method always results in a wide range of dissolution values, 
where the paddle method has a narrow range of dissolution values. To 
establish the ruggedness and sensitivity of the paddle method, NCDA 
has identified a prednisone product (NCDA prednisone performance 
standard 11) that can detect perturbations in the paddle method and that 
can be used for system suitability tests (9). 

The dissolution results using the NCDA performance standard by the 
paddle method under normal and perturbed conditions are summarized 
in Table 111. Under normal conditions, the dissolution results are -40%, 
whereas under perturbed conditions they are - 50%. These values are 
significantly different when compared to normal conditions. The results 
thus indicate that the paddle method is sensitive to minor perturbations 
in the system and can differentiate between equipment that has been 
properly set up (normal) as opposed to a system that is improperly 
aligned, tilted, etc. ,  (perturbed) when NCDA performance standard I1 
is used. The results of the NCDA performance standard using the paddle 
method were influenced by perturbations, and the reason might have 
been that after rapid disintegration, the particles are not very well dis- 
persed, but form a mount (or cone) in the bottom of the flask. Because 
the particles are dense and settle down, the drug diffuses from the mound 
and not by dispersion throughout the medium. 

NCDA prednisone performance standard I1 using the basket method 
resulted in a mean dissolution of 74% under normal conditions (Table 
IV). The dissolution results under perturbed conditions are also shown 
in Table N. Different perturbations do not influence the results of NCDA 
performance standard I1 when the basket method is used. The tablet 
components of this standard, after disintegration, remained inside the 
basket longer, whereas the USP prednisone calibrator rapidly disinte- 
grated and settled to the bottom of the flask. These observations partly 
explain the anomaly observed in the results of these two prednisone 
tablets when tested by the basket method. If one notices the USP cali- 
brator results by the basket procedure, the differences between the 
normal and perturbed conditions are dramatic. Thus, one can reasonably 
conclude that the USP prednisone calibrator is sensitive to perturbations 
in the basket procedure, whereas the NCDA prednisone performance 
standard I1 is insensitive to any unanticipated aberrations in the 
equipment. The differences in the physical state of the deaggregated 
tablet matrix as well as the differences in the density of the particles (as 
observed in the flask) can, at the present time, explain these differencks 
in the results. 

The dissolution data on both standards using both methods are sum- 
marized in Fig. 1. It is interesting to note that identical perturbations 

Table IV-NCDA Prednisone Performance Standard (Basket 
Method) Dissolution in 500 ml of Water at 100 rpm 

Unit 
0 per at i n g 
Condition" ( N  = 6) fSD Range 

Mean 

Normal 

Tilt 

77.4 
72.1 
81.5 
80.3 

Off-center 77.9 
81.9 

2.6 74.7-80.5 
6.1 65.4-78.2 
3.1 77.6-85.9 
2.6 77.0-84.7 
2.1 77.0-80.6 
1.4 80.0-83.5 

0 ANOVA for conditions: p = 0.20. Duncan's multiple range test ( n  = 0.05). 
T 0 N .  
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‘ 0  
USP PRED- USP PRED NCDA PRED- C D A  PRED- 

NISONE NISONE NISONE NISONE 
BASKET PADDLE PADDLE BASKET 

Figure 1-Evaluation of the basket and paddle method using the USP 
prednisone calibrator and the NCDA prednisone performance standard. 
Key = ( 0 )  Normal; ( 0 )  Tilt; (m) Off-center. 

result in increased dissolution of the NCDA performance standard by 
the paddle method but decreased dissolution of USP prednisone cali- 
brator by the basket method. The conclusion that one method (basket 
or paddle) is better than the other is, therefore, largely dependent on the 
standard product used in the system suitability test. At the present time 
neither the USP prednisone calibrator nor NCDA prednisone perfor- 
mance standard 11 alone can predict the suitability of a dissolution system 
when both the basket and paddle methods as described in the USP, are 
to be used. 

All the dissolution results were statistically analyzed using ANOVA 
and Duncan’s Multiple Range Test. The statistical results indicate that 
the dissolution results of the basket method using the USP prednisone 
calibrator and the dissolution results by paddle method using NCDA 
performance standard I1 under normal conditions were significantly 
different from the results obtained under perturbed conditions. It is 
therefore concluded that the USP prednisone calibrator is sensitive to 
perturbations by the basket method, and can be used as a calibrator in 
the system suitability test by the basket method only. Similarly, NCDA 
prednisone performance standard I1 is sensitive to perturbations by the 
paddle method and can be used as a calibrator for the system suitability 
test of the paddle method only. From the ANOVA it is also concluded 
that the USP prednisone calibrator is insensitive to perturbations by the 

Table V S t a t i s t i c a l  Analysis of Dissolution Data between 
Methods, Conditions, and Calibrators 

Method Calibrator ANOVA” 

Kt %%,cant 
Basket USP Prednisone 

Paddle USP Prednisone Not Significant 
NCDA Prednisone 

NCDA Prednisone p = o.oO01 

Comparison of the dissolution data between the normal and perturbed (tilt, 
off-center, and tilt with off-center) conditions. 

paddle method, and NCDA performance standard I1 is insensitive to 
perturbations by the basket method. These results are summrized in 
Table V and indicate the necessity of an official calibrator similar to 
NCDA prednisone performance standard I1 to perform the system 
suitability test when the paddle method is used. 
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Abstract A series of 3,6-disubstituted-(7H)-s-triazolo[3,4-b] [l,3,4] - 
thiadiazine derivatives were prepared. The compounds were designed 
to obtain structural similarities and/or bear isosteric relation with certain 
fused systems encountered in some well-known antiparasitic drugs. The 
substituents in all products were selected according to the Topliss scheme. 
Preliminary screening for antiparasitic activity, using Ascaris uitulorum, 
showed that the 6-substituted derivatives were generally more active than 
the 3-substituted ones and that the ?r effect is more pronounced than the 
(T effect. 

Keyphrases Anthelmintics-potential broad spectrum, design, 
synthesis, antiparasitic screening of certain 3,6-disubstituted-(7H)-s- 
triazo10[3,4-b][1,3,4]thiadiazine derivatives 0 Antiparasitic screen- 
ing-potential broad spectrum anthelmintics, design, synthesis of certain 
3,6-disubstituted-(7H)-s -triazolo[3,4-b] [1,3,4]thiadiazine derivatives 

Thiadiazine, derivatives-potential broad spedrum, design, synthesis, 
antiparasitic screening of certain 3,6-disubstituted-(7H)-s- 
triazolo[3,4-b] [ 1,341 thiadiazine derivatives 

In the past few years, studies have been concerned with 
the design, synthesis, and screening for anthelmintic ac- 
tivity of several fused systems bearing structural and iso- 
steric relationships with (&) 6-phenyl-2,3,5,6-tetrahy- 
droimidazo[2,1-b]thiazone (tetramisole) (l), the well- 
known broad spectrum anthelmintic. As a result, a variety 
of compounds derived from imidazo[l,2-b]thiazole (2,3), 
imidazo[l,2-b] [ 1,3,4]thiadiazole, thiazolo[2,3-b]thiadiazole 
(4), thiazolo[2,3-c]tetrazole (5) as well as their open-ring 
counterparts were developed. 

In view of the recently reported antiparasitic activity of 
some derivatives of triazole (6,7), a novel series of potential 
anthelmintics were prepared in which the triazole is a part 
of the fused heterocyclic system. The compounds of in- 
terest, namely 3,6-disubstituted-(7H)-s-triazolo[3,4-b]- 
[1,3,4] thiadiazines (111-XLIV), Scheme I, were designed 
to contain various substituents selected according to the 
Topliss scheme (8). The purpose was to study the effect of 
the different possible variations of 7r and u on the biological 
activity of the parent compound. 

RESULTS AND DISCUSSION 

Chemistry-Compounds 111-XLIV were prepared in accordance with 
the sequence of reactions presented in Scheme I. The potassium salts of 
N1-acyl-N2-dithiocarbazates (I), synthesized from the reaction of the 
corresponding acylhydrazines (9-13) with carbon disulfide and potassium 
hydroxide, were treated with hydrazine hydrate in refluxing ethanol to 
give the 3-substituted-4-amino-s-triazolo-5-thiones (11) (14). The IR 
spectra of these triazoles indicated their existence in thione form A rather 
than in thiol form R .  Condensation of the triazoles (11) with the appro- 
priately substituted phenacylbromides (15,16) in refluxing ethanol gave 
the required 3,6-disubstituted-(7H)-s-triazolo[3,4-b][1,3,4]thiadiazines 
(111-XLIV). The yields and physical constants of the products are re- 
corded in Table I. 

Unlike earlier claims (18, 19), the trials to synthesize the noncyclic 
analogs of compounds 111-XLIV, namely the 3-(4-substituted aryl)-4- 
amino -5- [S-(4-substituted-phenacyl)mercapto]-(4H)-l,3,4-triazoles 
(XLV), which bear the same spatial arrangement as the triazolothiadi- 
azines (111-XLIV), were fruitless. The reactions, even under the mildest 
conditions, always yielded the cyclized products. 

The IR spectra of the products (111-XLIV) were compatible with the 
structures assigned. In particular, the thioureido (I, 11,111. and IV) bands 
located for the C S  and -NH mixed vibrational coupling in the triazole 
(11) were greatly affected. The bands contributing to the -NH moiety 
of the -CSNH function at 1515 and 1090 cm-l completely disappeared 
while those at 1315 and 950 cm-l, characteristic for the C=S function 
(20), became weaker in intensity. The absence of the carbonyl absorbance 
at  1660-1630 cm-I has also confirmed the cyclic structures. The PMR 
spectra showed the signals at the expected chemical shifts. The com- 
pounds containing the methyl groups in the aryl substituents showed a 
singlet in the region of 2.37-2.50 ppm, while those containing the methoxy 
functions showed the singlet at 3.73-3.87 ppm. The C7-methylinic protons 
appeared as a singlet in the region of 4.424.43 ppm. The chemical shifts 
of the aromatic protons of the 3- and 6-aryl functions were dependent 
on the nature of the p-substituents in these groups. 

For more concerted evidence, the mass spectra of compounds XXVII 
and XXX, as representative examples, were run, and the structure of the 
ions formed, under electron impact, was assigned. The spectrum of 3- 
p-methoxyphenyl- 6-p-hmophenyl-(7FZ) -s- triazdo[3,4 - 6][1,3,4]thiadiazine 
(XXX) showed the molecular ion peak at  m/z 400 (402 for M+2). Its 

A I1 €3 

Q 
kl 

111-XLIV XLV 
Scheme I 
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Table I-Yields, Physical Constants, Microanalytical Data, and Antiparasitic Activity of the Synthesized 
3,6-Disubstitut&-(7IZ)-s-triazolo[3,4-b][ 1,3,4]thiadiazine Derivatives. R' 

Compound 
No. R 

Antiparasitic 
lr U Activity 

Melting Yield, Molecular Analysis, % or or Observed 
R' Point 9% Formula Calc. Found Zx Za Time" Effect 

113-114 * 
305 

239-240 

244-245 

192-194 

216-217 

260-261 

246-247 

276-278 

275-276 

253-254 

235-236 

258-259 

247-249 

271-273 

266-267 

70 
72 

92 

94 

78 

50 

94 

63 

56 

79 

71 

62 

90 

73 

83 

94 

C 56.97 
H 3.26 
N 20.77 s 9.49 
C 58.89 
H 3.37 
C1 10.73 
S 9.81 
C 51.75 
H 2.96 
Br 21.56 
N 15.09 
S 8.62 
C 66.67 
H 4.57 
N 18.30 
S 10.45 
C 63.35 
H 4.34 
N 17.39 
C 58.89 
H 3.37 
C1 10.73 
N 17.17 
S 9.81 
C 51.75 
H 2.69 
c1 9.43 
S 8.60 
c 53.33 
H 2.77 
C1 19.44 
N 15.55 
S 8.88 
C 47.40 
H 2.46 
Br 19.75 
N 13.82 s 7.90 
c 60.00 
H 3.82 
C1 10.29 
C 57.30 
H 3.65 
C1 9.80 
N 15.73 
S 8.98 
C 51.75 
H 2.96 
Br 21.56 
N 15.09 
S 8.62 
C 46.15 
H 2.40 
Br 19.23 
N 16.82 
S 7.69 
C 47.40 
H 2.46 
Br 19.75 
CI 8.64 
N 13.82 
C 42.66 
H 2.22 
Br 35.55 

56.50 
3.50 
21.00 
9.30 
59.00 
3.50 
10.80 
9.50 
51.70 
3.20 
21.30 
14.70 
8.30 
66.60 
4.10 
18.60 
10.80 
62.90 
4.49 
17.50 
58.80 
3.40 
11.10 
17.50 
9.60 
51.50 
3.10 
9.10 
8.20 
53.00 
3.10 
18.90 
15.90 
9.20 
47.70 
2.40 
19.40 
14.00 
7.70 
59.90 
3.80 
10.40 
57.60 
3.80 
10.10 
15.30 
9.40 
51.60 
2.95 
22.00 
15.50 
8.80 
46.10 
2.50 
19.00 
17.20 
7.30 
47.30 
2.80 
19.00 
8.40 
14.00 
42.30 
2.30 
35.10 

0.00 
0.24 

0.70 

1.19 

0.60 

-0.04 

0.70 

0.94 

1.40 

1.89 

1.30 

0.66 

1.19 

1.43 

1.89 

2.38 

0.00 
0.78 

0.23 

0.23 

-0.17 

-0.27 

0.23 

1.01 

0.46 

0.46 

0.06 

-0.04 

0.23 

1.01 

0.46 

0.46 

15-25 
30-35 

7-12 

7-10 

20-30 

20-30 

20 

35 

7 

7-10 

35 

30 

10 

50 

12-15 

5-10 

D C  

R d  

D 

D 

R 

R 

D 

R 

D 

D 

D 

D 

D 

R 

D 

D 

N 7.11 7.30 
r Continued 

40 I Journal of pharmaceutical Sciences 
Vol. 72, No. 1, Janqary 1983 



Table I-Continued k t  R' 

Antiparasitic 

Compound 
No. R 

A Activizerved 
Melting Yield, Molecular Analysis, % or 

R' Point % Formula Calc. Found Zu Za Time" Effect 

262-263 

258-260 

200-201 

300 

210-212 

185-187 

170-172 

181-183 

200-203 

251-253 

211-213 

217-218 

164-166 

172-173 

244-245 

251-253 

239-241 

237-238 

70 

82 

81 

62 

76 

86 

76 

80 

81 

39 

59 

80 

51 

72 

59 

43 

44 

64 

C 52.98 
H 3.37 
Br 20.77 
N 14.54 
S 8.31 
C 50.87 
H 3.27 
Br 19.95 
s 7.96 
C 66.67 
H 4.57 
N 18.30 
C 58.11 
H 3.70 
N 19.94 s 9.11 c 60.00 
H 3.82 
C1 10.29 
S 9.41 
C 52.98 
H 3.37 
Br 20.77 
N 14.54 
S 8.31 
C 67.50 
H 5.00 
N 17.50 s 10.00 
C 64.82 
H 4.76 
S 9.52 
C 63.35 
H 4.34 
N 17.39 
C 55.58 
H 3.54 
N 19.07 
S 8.71 
C 57.30 
H 3.65 
c1 9.83 
N 15.73 
Br 19.95 
N 13.96 
S 7.98 
C 64.28 
H 4.76 
N 16.66 
S 9.52 
C 61.36 
H 4.54 
N 15.90 s 9.09 
C 62.54 
H 4.23 
S 10.42 
N 23.86 s 9.09 
c 56.22 
H 3.51 
C1 10.39 
N 20.49 s 9.37 
c 49.74 
H Xio 
Br 20.72 

53.10 
3.70 
20.50 
14.25 
8.00 
50.40 
3.25 
19.60 
8.30 
66.70 
4.80 
18.00 
58.40 
3.80 
19.70 
9.40 
59.90 
3.80 
10.70 
9.50 
53.30 
3.70 
20.50 
14.25 
8.00 
67.20 
4.70 
17.10 
10.40 
63.93 
4.90 
9.40 
63.60 
4.50 
17.00 
55.60 
3.90 
19.40 
8.30 
57.50 
3.70 
9.80 
15.80 
19.60 
14.30 
8.30 
64.40 
4.90 
17.00 
9.10 
61.00 
4.70 
16.20 
9.20 
62.10 
4.30 
10.00 
23.50 
9.50 
56.20 
3.60 
10.40 
20.60 
8.90 
49.70 
3.m 

1.79 0.06 25 

1.15 -0.04 25 

0.60 -0.71 25-35 

0.84 0.61 85 

.1.30 0.06 20 

1.79 0.06 25 

1.20 -0.34 70 

0.56 -0.44 40-50 

-0.04 -0.27 30-35 

0.20 -0.51 90 

0.66 -0.04 20-25 

1.15 -0.44 15-25 

0.56 -0.44 45 

-0.08 -0.54 60-65 

-1.23 -0.66 30 

-0.99 0.12 5 M O  

-0.53 -0.43 15-20 

-0.04 -0.43 15-20 

D 

D 

R 

R 

D 

D 

R 

R 

D 

R 

R 

D 

R 

R 

R 

R 

R 

R 

21.00 
S 8.29 8.50 

Continued on next page 
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Table I-Continued 
0 R' 

Antiparasitic 
7r U Activity 

Observed Compound Melting Yield, Molecular Analysis, % or or 
No. R R' Point % Formula Calc. Found Zr Z u  Time" Effect 

XXXVII C&NHz(p) CH3 254-255 59 C I ~ H I ~ N ~ S  C 63.50 63.80 -0.63 -0.83 25-35 R 
H 4.30 4.80 
S 9.69 9.70 

H 4.45 4.90 
N 20.77 20.90 

XXXVIII C6H4NHz(p) OCH3 182-184 50 C17H15N50S C 60.51 60.32 -1.27 -0.93 25-30 R 

XXXIX 4-pyridyl H 230-231e 81 20-25 R 

XXXX 4-pyridyl NO2 250-252 59 C I ~ H I ~ N ~ O Z S  C 53.25 52.98 30 R 

XLI 4-pyridyl c1 254-255 75 ClsHloClN5S C 55.04 54.90 7-10 D 

XLII 4-pyridyl Br 262-264 79 C15H1firN~S C 48.38 48.20 7-10 D 

XLIII 4-pyridyl CH3 237-239 78 C16H13N5S C 62.54 62.60 25 R 

H 2.95 2.60 
S 9.46 9.80 

H 3.05 3.30 
S 9.78 9.40 

H 2.68 3.10 
Br 21.50 21.20 
S 8.60 8.30 

H 4.23 4.10 
S 10.42 10.30 

H 4.16 4.60 
N 21.53 21.20 
S 9.84 10.00 

XLIV 4-pyridyl OCH3 230-231 62 C16H1&,0S C 59.07 59.30 25-30 R 

0 Time in minutes for loo40 deaths or relaxation. * The compound is reported in Ref. 18. D = Death. R = Relaxation. Reference 17. 

fragmentation as shown in Scheme I1 followed four different pathways. 
In accordance with pathway 1. the molecule eliminated sulfur giving ion 
A at  mlz 368 (370). In pathway 2, ap-bromophenyl ion was removed from 
compound XXX giving ion B, mlz 245, which on elimination of a nitrogen 
molecule and a cyanide group yielded ion C at m/z 191. This ion in turn 
eliminated cyanide and methylene fragments to give the phenoxyethyl- 
eneaulfide ion D a t  rn lz  151, or underwent successive cleavage of carbon 
monosulfide, methylene, cyanide, methyl, carbon monoxide moieties, 
and hydrogen producing ions E and F at m/z 133 and 63, respectively. 
The p-methoxyphenylcyanide ion E was shown as the base peak. In al- 
ternative fragmentation pathway 3, the product cleaved ion E and ni- 
trogen to produce p-bromophenylthiazole ion G at  m/z 241 (243). This 
on further elimination of carbon monosulfide, methylene, and cyanide 
fragments gave p-bromophenylcyanide ion H at  rn/z 181 (183) and 
p-bromophenyl ion I at  mlz 155 (157). In pathway 4, however, the mol- 
ecule eliminated ions H and E leading to ion J at  rn/z 219 and ion N at  
rnlz 90. Ion J either eliminated a hydrogen sulfide and a methyl group 
giving ion M at rnlz 158 or cleaved a methylene and acce$@d two hy- 
drogens to produce ion K at  mlz 207. Further cleavage of a p-methoxy- 
phenyl ion or ion E from ion K gave ion L at m/z 102 and the pseudo- 
thiourea ion at  mlz 75. The mass spectrum of compound XXVII showed 
the molecular ion peak at mlz 322 and the ion a t  133, corresponding to 
p-methoxyphenylcyanide, as the base peak. The additional ions shown 
were indicative that the fragmentation of the compound followed the 
fragmentation pattern proposed for compound XXX. 

Antiparasitic Screening-The effect of the synthesized compounds 
III-XLIV on Ascaris vitulorum worms was evaluated in accordance with 
a method developed previously (21). As shown in Table I, the products 
containing substituted phenyl groups in the 3 position were generally less 
active than those having the same type of substituents a t  the 6 position. 
In addition, due to increased i~ effect, the biological activity was higher 
for compounds containing 4-chloro and 4-bromophenyl substituents 
relative to the nonsubstituted ones. 

The tolyl derivatives were found to be less potent compared with the 
phenyl derivatives. This finding, as well as the fact that compounds 
containing the nitro group (u = 0.78) or the methoxyl group (u = 0.27) 
were less active than the substituted derivatives, led to the assumption 
that the u effect is more predominating in this series of compounds. 
Moreover, the equipotent activity of the products containing 4-pyridyl 

and phenyl functions has been attributed to the isostericity of both 
functional groups. 

EXPERIMENTAL' 

Potassium Salts of 3-Aroyl Dithiocarbazates (1)-Compound I was 
prepared, as reported (14), starting from the corresponding acid hydra- 
zides. They were obtained in nearly quantitative yield and employed in 
the following reactions without further purification. 
3-Substituted-4-amino-5-mercapto-(4H)-l,2,4-triazoles (11)- 

Compound I1 was prepared by reaction of potassium salts of 3-aroyl di- 
thiocarbazates with 98% hydrazine hydrate according to the reported 
method (14). 

3,6-Disubstituted - (7H)-s-triazolo[3,4 - b][ 1,3,4]thiadiazines 
(111-XLIV)-Equimolar amounts of the triazoles (11) and the appro- 
priate phenacyl bromide derivative in anhydrous ethanol were heated 
under reflux for 2 hr. After cooling, the mixtures were neutralized with 
ammonium hydroxide to separate the free base. Filtration, washing with 
water, and crystallization from boiling ethanol separated the products 
as white or pale yellow crystals. The physical constants of the products 
are recorded in Table I. Mass spectra for compound XXVII, m/z (relative 
abundance percent): M! at  322 (97), 293 (3), 290 (4), 288 (2), 245 (2), 219 
(8), 191 (4), 177 (4), 161 (40), 158 (8), 151 (7), 145 (16), 133 (97), 132 (26), 
130 (7), 118 (lo), 117 (161,103 (loo), 90 (29), 77 (48), 63 (13),58 (36), 51 
(2); and for compound X X X  402 (M+2) and 400 (M!) (63), 370 (13), 368 
(13), 245 (31,241 (5), 239 (3,219 (lo), 207 (101,197 (8), 195 (61,191 (4), 
183 (31), 181 (36). 161 (39), 158 (8). 157 (8), 155 (8), 151 (5), 145 (13), 133 
(loo), 118 (81,116 (8), 103 (26), 102 (49),90 (27), 76 (3), 75 (21), 63 (13), 
58 (36), 51 (17), 50 (17). 
3-Substituted-4-amino-5-[S-(substituted phenacyl)mercapto]- 

(4H)-1,2,4-triazole (XLV) (Attempted Preparation)-A solution of 
3- (4-methoxyphenyl) -4-amino-5-mercapto-s-triazole (0.1 mole) in 1 N 
methanolic potassium hydroxide (20 ml) was stirred while cooling in an 

1 All melting points were uncorrected. IR spectra were measured for Nujol Mulls 
on a Beckmann 4210 IR Spectrophotometer. PMR spectra were measured for di- 
methyl sulfoxide-& solutions on a high resolution T-60A Varian NMR Spec- 
trometer. The maw spectra were taken t o  70 eV on an AEIMS 902 Mass Spec- 
trometer attached to an AEIDS 30 data system. 
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ice bath until a precipitate developed. This was dissolved by addition of 
methanol and the solution was treated by a dropwise addition of a solu- 
tion of 4-chlorophenacyl bromide (0.2 mole) in methanol (20 ml) while 
maintaining the pH at 7-7.5 by 1 N methanolic potassium hydroxide. 
The final mixture was stirred for 1 hr while cooling in ice and for an ad- 
ditional hour a t  room temperature. Dilution with cold water (60 ml) 
caused complete separation of the product, which was found to be the 
cyclized product (XXIX) as evidenced by mixed melting point deter- 
mination and superimposability of IR. Repeating the reaction for a 
shorter period of time (15 min) in aqueous methanol again gave the cy- 
clized product (XXIX). 
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Abstract 0 The UV decay spectra of the radical cations of several phe- 
nothiazine derivatives in different environments was studied. The in- 
fluence of the substituents on the reference spectrum could be seen, as 
well as a relationship between the stability of such radicals and the acidity 
of the environment. There is also an influence of the substituents on the 
stability of the radicals in the different environments studied. The in- 
stability of the radicals in solution has been studied to relate to the 
pharmacological activity of neuroleptics. 

Keyphrases Phenothiazine-derivatives, influence of environment 
and substituents on the stability of the radical cation Neuroleptics- 
phenothiazine derivatives, influence of environment and substituents 
on the stability of the radical cations 0 Radical cations-influence of 
environment and substituents on stability, phenothiazine derivatives 

The physicochemical study of phenothiazines has in- 
creased in recent years. One of the most common proper- 
ties of phenothiazine and its derivatives is that they are 
oxidized easily (1-3). The fact that various oxidized com- 
pounds were found (4) among metabolic degradation 
products suggested that the phenothiazines could act in 
humans in their oxidized form or produce a redox reaction. 
Based on this, it was proposed (5) that certain products 
could act in humans by means of an energy or electron 
transfer. The phenothiazines, then, can act as electron 
donors if there are adequate acceptors. Evidence has been 
presented that the drugs interact with dopamine receptors, 
and a good correlation has been found between drug po- 
tency and the strength of this interaction (6, 7). Several 
investigators have proposed that the cation radical formed 

by the oxidation of a phenothiazine derivative (8) such as 
chlorpromazine, could be an intermediate of the metabo- 
lism of the drug and may be the active pharmacological 
entity (8,9). 

In the present report a study of the kinetics of decay of 
the first oxidation product of several phenothiazine de- 
rivatives in different environments is described, and their 
instability is related to the substituents and their phar- 
macological activity. 

BACKGROUND 

The  influence of the R:! substituents and the structure of the Rlo side 
chain on the antipsychotic activity of phenothiazines has been studied 
(10). However, information about substituent effects on the radical cation 
behavior is less prevalent due to the difficulty in studying the reactive 
cation radicals; therefore, it is useful to investigate the behavior of the 
radicals as a function of structure, given the possible involvement of the 
radicals in the metabolism of the drugs and in their activity. 

The cation radicals of phenothiazine were first obtained in 1913 (11). 
I t  was stated that the phenothiazine oxidation proceeds by two steps 
(12): 

H A 
R S+ 

Scheme I 

k 
T+ 
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tency and the strength of this interaction (6, 7). Several 
investigators have proposed that the cation radical formed 

by the oxidation of a phenothiazine derivative (8) such as 
chlorpromazine, could be an intermediate of the metabo- 
lism of the drug and may be the active pharmacological 
entity (8,9). 

In the present report a study of the kinetics of decay of 
the first oxidation product of several phenothiazine de- 
rivatives in different environments is described, and their 
instability is related to the substituents and their phar- 
macological activity. 

BACKGROUND 

The  influence of the R:! substituents and the structure of the Rlo side 
chain on the antipsychotic activity of phenothiazines has been studied 
(10). However, information about substituent effects on the radical cation 
behavior is less prevalent due to the difficulty in studying the reactive 
cation radicals; therefore, it is useful to investigate the behavior of the 
radicals as a function of structure, given the possible involvement of the 
radicals in the metabolism of the drugs and in their activity. 

The cation radicals of phenothiazine were first obtained in 1913 (11). 
I t  was stated that the phenothiazine oxidation proceeds by two steps 
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where R produces an uncolored solution, S+ produces a colored solution, 
and T+ an intense red solution. 

The radical in solution is stable only in a concentrated acid environ- 
ment, otherwise disproportionation occurs in three steps: 

0 
II 

I 
2. + H20 + WNm + 2H' 

H 
I 

H 

0 
II 

I H I H 
Scheme I1 

The first and second steps can be eliminated by acidifying the envi- 
ronment. The third step does not occur in the case of substituted Rlo 
derivatives. Therefore, the reaction ends at  step 2 and it can be expressed 
(13): 

0 

I 

RIO 

R so 
Scheme 111 

While the S+ produces a colored solution, the R and sulfoxide solution 
are decolorized. 

EXPERIMENTAL 

Materials-Phenothiazine derivatives with Rz and Rlo substituents 
were used (Table I). The products were pharmacologically pure and were 
used without further purification. Perchloric acid (70%) was the oxidizing 
agent. 

The solvents were bidistilled water, sulfuric acid (9 N and 2 N), and 
solutions with different pH values (pH 1,2.2, and 3.5). UV and visible 
spectrophotometers were used to obtain the spectra to which the kinetic 
decay of the radicals in solution adjust. 

Method-A method reported previously was used to obtain the cation 
radicals in the solid state (14). Analysis for phenothiazine derivative 
radical perchlorates were calculated. 

I 

. . . .  
250 260 270 290 

Figure 1-Decay of the trifluoperazine radical cation in the following 
solutions (350-200 nm versus absorption) (a) water; (b) sulfuric acid 
p H  3.5; (c) sulfuric acid, pH 2.2; (d) sulfuric acid, pH 1; (e) 2 N sulfuric 
acid. 

Perazine-Anal.-Calc.: C, 43.80; H, 4.96; S, 5.84; N, 7.66; C1,12.93. 
Found: C, 43.14; H, 4.91; S, 5.92; N, 7.66; C1, 12.91. 

Trifluoperazine-Anal.-Calc.: C, 40.88; H, 4.25; N, 6.81; S, 5.20; C1, 
11.50; F, 9.24. Found C, 40.28; H, 4.21; N, 7.05; S, 5.29; C1, 11.6; F, 
9.38. 

Prochlorperazine-Anal.-Calc.: C, 41.21; H, 4.49; N, 7.20; S, 5.50; 
C1,18.25. Found: C, 41.21; H, 4.43; N, 7.35; S, 5.18; CA17.84. 

Thiethylperazine-Anal.-Calc.: C, 43.42; H, 5.05; N, 6.90; S, 10.53; 
C1,11.65. Found: C, 43.7; H, 5.20; N, 7.01; S, 11.0; CL10.92. 

Prornazine-Anal.-Calc.: C, 41.38; H, 4.49; S, 6.49; N, 5.67; C1,14.37. 
Found C, 41.15; H, 4.35; S, 6.53; N, 5.61; C1,14.52. 

These values agreed with the proposed formula given in an earlier re- 
port for chlorpromazine perchlorate (14): (phenothiazine derivative) t 
C104-.ClO&$HzO. The melting points of these compounds ranged from 
170 to  224O. 

RESULTS AND DISCUSSION 

The radicals dissolved in all solvents used. An intense coloration ap- 
peared which corresponded to the oxidized form. The radicals remained 
indefinitely stable only in 9 N sulfuric acid solution because of its high 
acidity. Disproportionation of the cation radicals occurred in all other 
solvents employed, with the characteristic coloration of the cation radical 
disappearing. 

To study the kinetics of these compounds, the cation radical perchlo- 
rates were used as the oxidized form in the solid state. For each radical 
a control in 9 N sulfuric acid solution, the acid-stabilized solution, was 
used as a comparison standard of fixed concentration. 

To determine the concentration of the radical, electron-spin resonance 
(ESR) spectroscopy was employed. As a reference, a benzene solution 
of l,l-diphenyl-2-picrylhydrazyl. as free radical standard was used. An 
acid-stabilized control sample of each compound with concentrations 
of 10-2-10-3 M served as the reference. 

The characteristic superfine structure of the molecular structure of 
phenothiazine was suppressed; consequently, the ESR spectra of the 
radical cations consisted of a single line. The proportion of the ESR signal 
height with respect to the radical concentration gave a concentration 
measurement accurate to 3%. The comparison with the free radical 
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Table I-UV Spectra Data for the Radical Cations of the Phenothiazine Derivatives in 9 NSulfur ic  Acid 

Compoundsa R2 Concentration Amax, nm (log d L a x ,  nm (log c) L a x ,  nm (log 4 
I Perazineb -H 4 x 10-4 molehiter 

I1 Promazinec -H 4 x 10-4 molehiter 
111 ThiethvlDerazined -SC?Hs 6 X molehiter 

271(3.50) 265(3.48) 212(3.25) 
271(3.51) 265(3.48) 212(3.25) 
296(3.29) 267(3.12) 245-236(2.98) 205(2.95) 

IV Prochl&perazinee -c1- - 5.14 X molehiter 275(3.39) 268(3.37) 216(3.20) 
- 213(3.24) V Trifluoperazinef -CF3 4 x 10-~ molehiter 271(3.60) 

For I, 111-V Rlo = - C H ~ C H F C H ~ N ~ N - C H ~ ;  for I1 Rlo = -CH~-CH+~H~-N-(CH&X * Rhodia. Promonta. Upjohn. Sandoz. f Squibb. 

standard showed that, within the accuracy of the method, the acid-sta- 
bilized control was entirely in the free radical cation form. 

The promazine and perazine cation radicals decayed slowly enough 
so that successive passes through the UV region (350-200 nm) could be 
made, and it was possible to study the entire spectrum with respect to 
time. For the other products, only the A,,, which refers to the oxidized 
form, were taken, and the time dependence of the absorbance was re- 
corded. 

Influence of the Sukt i tuenta  of the Radical Cations in 9 NSul-  
furic Acid Solution-Table I presents the transitions corresponding 
to the cation radicals in 9 N sulfuric acid solution (15). The reference used 
to study the substituent effects was perazine. 

Perazine (I) and promazine (11) generate no change from the reference 
spectrum with Rz = H and different substituents a t  Rlo. 

The radical cations with different substituents a t  R2 and the same at  
Rlo give different changes. Thus, the -C1 and -SCH2CH3 substituents 
show a resonance effect upon the K structure of the nucleus of the phe- 
nothiazine derivative which manifests itself in bathochromic shifts of 
the peaks (16). However, R2= -CF3, with a strong electron-withdrawing 
effect, seems not to affect the transitions corresponding to the radical 
cation. 

In the perazine spectrum, it can be seen that the -C1 substituent shows 
a bathochromic shift in all bands. 

The -SCHzCH3 caused an intense bathochromic shift in the first 

band, the second remained at  265 nm, and a transition peak appeared 
a t  245-228 nm, which represents a vibratory structure. This transition 
peak could be caused by the sulfur atom in the & substituent [the same 
transitions also appeared at the same wavelength in the spectra of an 
identical neutral compound (17)]. 

The -CF3 derivative produces no shift in the bands; however, the 
second maximum at  265 nm disappeared. 

Through log c, a relationship can also be established between the in- 
tensity of the bands of each radical cation and the substituents. Thus, 
the Rlo substituent does not exert any influence on the intensity of the 
bands; with perazine, however, derivatives with R2 substituents such as 
-C1 or -SC2H5 seem to exert a negative influence on such bands 
showing a hypochromic effect. On the contrary, the -CF3 substituent 
affects the T electronic structure of the tricyclic nucleus producing hy- 
perchromic shifts on its maxima (16). 

Decay of the Radicals-Figures 1 and 2 show the final spectra of the 
decay of the radical cation in the different solutions used. The corre- 
sponding A,, and log t values are given in Table 11. The values of X for 
the sulfoxide are on the right side of the table and the values for X cor- 
responding to neutral phenothiazine derivatives are on the left. The 
neutral form and sulfoxide of each radical cation were identified from 
earlier reports ( lb20) .  

From these spectra the following can be seen. (a) The radical cations 
stay stable only in 9 N sulfuric acid; ( b )  The radicals are not stable in 2 

Table 11-UV Spectra of the Phenothiazine Derivatives in Sulfuric Acid Solutions of Different Acidity 

Product Neutral form Sulfoxide 
(concentration) Solvent Amax (log 6 )  Xmax (log 4 

Promazine 
(4 x 10-4 molehiter) 

Perazine 
(4 x lo-' molehiter) 

Thiethy$erazinea 
(6 X 10- molehiter) 

Trifluoperazine 
(4 x molehiter) 

Prochlorperazine 
(5.35 x 10-4 molehiter) 

2 N 

H2SO4 pH 3.5 

distilled 
water 

2 N H2SO4 

PH = 1 

H2S04 pH = 3.5 

distilled 
water 

distilled 
water 

2 N 

2 N HzS04 

H2SO4 pH 1 

H2SO4 pH 2.2 

HzSO4 pH 3.5 

distilled 
water 

distilled 
water 

2 N 

250 (3.21) 
298s (2.72) 

251 (3.32) 
298s (2.79) 

250.5 (3.21) 
298s (2.71) 

250.5 (3.18) 
298s (2.54) 

251s (3.04) 
2959 ii.48j 
251s (3.09) 
297s (2.62) 

251 (3.06) 
297 (2.48) 
251 (3.12) 
297 (2.52) 
267 (3.25) 

267 (3.25) 

251.5 (3.16) 
300s (2.54) 
252.5 (3.22) 
301s (2.68) 
251.5 (3.22) 
301s (2.65) 
251.5 (3.21) 
300 (2.62) 
254 (3.36) 
302s (2.54) 
250 (3.17) 
300 (2.53) 
250 (3.15) 
300s (2.54) 

270 (2.91) 
235s (3.14) 
222s (3.09) 
270.5s (2.88) 
238 (3.24) 
224 (3.18) 
271 (2.78) 
236 (3.14) 
225 (3.10) 
270 (2.48) 
235 (3.06) 
224 (3.03) 
270 (2.95) 
234 (3.15) 
271s (2.92) 
234 (3.16) 
243 (3.13) 
271 (2.88) 

235 (3.03) 
260 (3.25) 

222-225s (3.07) 
260 (3.23) 

221-225 (3.06) 
271s (2.70) 
234.5 (3.15) 
2709 (2.76) 
234 (3.21) 
2709 (2.72) 
235 (3.21) 
271s (2.72) 
235.5 (3.17) 
235s (3.10) 

275s (2.60) 

240 (3.05) 
240s a(3.13) 

0 There is an intense overlap of the bands corresponding to the sulfoxide and to the neutral derivative 
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Figure 2-Final decay spectra of prochlorperazine and thiethylpera- 
zine radical cations in the following solutions: 35&200 nm versus ab- 
sorption) thiethylperazine in (a) 2 N sulfuric acid; (b) water; (c) sulfuric 
acid, pH 1. Prochlorperazine in (d) 2 N sulfuric acid; (e) pH 1 sulfuric 
acid; ( f )  water. 

N sulfuric acid, decoloration occurs, and new bands appear, which are 
different from those of the radical cation. The sulfoxide coexists with the 
neutral form, with the sulfoxide being more important. ( c )  In solutions 
of pH 1 and 3.5 decoloration goes fast, and it can be seen that the band 
corresponding to the neutral phenothiazine derivative is of a stronger 
intensity than the one corresponding to the sulfoxide. ( d )  In solutions 
in distilled water, the decay is almost simultaneous and decoloration is 
practically immediate. There is a strong prevalence of the band corre- 
sponding to the neutral phenothiazine derivative over the one corre- 
sponding to the sulfoxide. However, upon observing the spectra, an 
overlapping of some bands can be noticed (Fig. 2). Nevertheless, the decay 
of the radical cations depends upon the acidity concentration of the en- 
vironment and substituents Rz and Rlo 

There is a correlation between the bands characteristic of each com- 
pound with the environment. Thus, in solutions with higher acidity, the 
sulfoxide dominates; in solutions with lower acidity, the neutral derivative 
dominates; and in solutions at  pH 2.2 and 3.5, the proportion between 
these two forms is similar. 

Kinetics-The decay velocity of the radicals in each solution studied 
was obtained from spectral data on the assumption that the absorbance 
was linearly related to the free radical concentration, representing l/A 
uersus time. In this way the initial absorbance was computed from the 
intercept of zero time with 1/A. The velocity constant was obtained 
from: 

K = (l/t) (1/A - 1/Ao) (Eq. 1) 

where A0 is the initial, extrapolated absorbance, A is the absorbance at  
time t , and t is time in minutes. 

In al l  cases the data produced a straight line (Figs. 3 and 4) indicating 
a second-order decay of the semiquinone or oxidated form S+, which 
agrees with 2 S+ - - - - R + SO, as proposed in other reports (13,21). 

Since the oxidized form is unstable in insufficiently acidic solutions, 
the initial concentration is no longer 10096 but is lower from the beginning. 
This makes it necessary to extrapolate a t  time 0 to calculate Ao, which 
can be compared with the absorbance of the coresponding radical in 9 

2 4 6 8 1 0 1 2  
MINUTES 

Figure 3-1/A versus time (minutes) for promazine acid; in (a) 2 N 
sulfuric acid; (b) pH 1 sulfuric acid; (c) pH 3.5 sulfuric acid; (d) 
water. 

N sulfuric acid, taken as the reference, in which the concentration is I W O ,  
because the radical stays stable indefinitely. Thus, in 2 N sulfuric acid 
the calculated initial concentration of the radicals studied are between 
85 and 10090 of the same compound in 9 N sulfuric acid. 

In the less acidic solutions, the measurements are even less accurate 
because of the speed of the radical decay, and at  lower pHs, the extrap- 
olated initial concentrations were still lower than for 2 N sulfuric acid. 
However, it can be considered sufficient for obtaining relative reaction 
rates on the disproportionation of the radicals. 

Effect of the Environment pH on K Decay-Least-square fits were 
made to obtain constants for K, experimental errors, e, coefficients of 
regression, R2, and 1/Ao data for every compound in the different media 
employed (Table 111). 

In Fig. 3 it can be seen that, as for any of the compounds studied, K 
increases as the acidity of the solvent decreases. 

Compounds I and II with Rz = Hand a Side Chain at Rlo-Com- 
pounds I and I1 differ by their Rlo substituents and from the values ob- 
tained it could be pointed out that the chain of I, which is longer than that 
of 11, is capable of producing a more stable radical. 

It can be seen from Table 111 that for compound I the K decay values 
are very similar, in spite of the different solutions employed. This appears 
to indicate that acidity has little influence on the stability of this radical 
in solution. 

However, for 11, K-values depend more on the solutions used, and the 
relation of the K decay of these two compounds in water is double for I1 
than for I, that is, I1 decays two times faster than I in water. 

Effects of Rz Substituents-A clear influence of Rz on K is observed; 
thus, it  can be seen that the K-values for the same solution, 2 N sulfuric 
acid, (Fig. 4) or distilled water, follow the sequence: -H < -SCH&H3 
< -C1< -CF3. Similar to the first case with Rz = H, the K-values in- 
crease as the acidity of the solution decreases; however, this K increase 
is stronger for compounds with Rz # H. 

The strongest increase of the decay constant of the radicals can be seen 
in the product with the electron-withdrawing substituent, R2 = 
-CFs. 
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Table 111--K( 10-3) a of the Cation Radicals in Sulfuric Acid 

Products 
Parameters I I1 111 IV v 

1IAo 
. K  
3 N  -.. 

c 
RZ 
1IAo 
K 

PH 1 

f22 
1/Ao 
K 

pH 2.2 

1IAo 
K 

PH 3.5 
c 
R2 
11Ao 
K 

0.82 
7.12 

f0.046 
0.9997 
0.89 
7.88 

f0.060 
0.998 
- 

- 
0.93 
8.58 

f0.02 
0.9998 
0.938 
8.97 

0.884 1.072 0.958 0.798 
11.82 30.01 37.03 46.72 

f0.446 
0.991 
0.989 

13.85 

f0.33 
0.998 
- 

- 
1.227 

14.36 

f0.44 
0.980 
1.34 

18.6 

f1.65 
0.993 
1.04 

32.45 

f1.79 
0.987 
- 
- 

1.21 
49.29 

f0.60 
0.998 
1.216 

36.55 

f0.86 
0.997 
- 
- 

1.426 
56.66 

f0.22 

50.55 

10.71 

55.86 

f0.24 

0.9997 
1.464 

0.9990 
1.500 

0.99992 
0.909 

56.73 

f0.51 

60.04 

0.909 
1.003 

Water 

E lIz, mV 

f0.65 f0.91 f1.51 f0.70 f0.72 
0.979 0.992 0.994 0.9997 0.9995 
503' 525 540b 570b 680 

f 2 2  

In molesAiter minute. Reference 19. Reference 20. 

The introduction of an R2 substituent, activated or deactivated, is 
capable of increasing considerably the decay of the radicals. It could have 
been expected that the electron-donating substituents, such as 
SCHzCHs,  would tend to stabilize the cation radicals in solution (22); 
however, in this case this was not so. 

The constant decay can be related also to the Elfi  (23,24). The RZ and 

Rlo substituents affect the halfwave potentials as given in Table 111. I t  
is observed that a higher Eli2 corresponds to a higher constant decay of 
the compound or a t  higher halfwave potential, less stability of the rad- 
ical. 

Relative Stability and Pharmacological Activity of the Radi- 
cals-It has been suggested that the phenothiazine derivative radical 
cation may be of some importance in the biological activity of pheno- 
thiazine (251, and in some casea it has been related to the stability of these 
radicals. 

Since the pharmacological activity of the compounds studied, such as 
neuroleptics, depends on the RZ substituents as: -CF3 > -C1 > 
-SCHzCH3 > -H, and as it  has been determined that the stability of 
their radicals varies inversely with the activity as neuroleptics, then the 
activity of these compounds cannot be related to the stability of the 
corresponding radical. However, the activity of these compounds could 
be related to the ability to form (CTC) charge transfer complexes 
whenever there are adequate receptors, with the cation radical as an in- 
termediate in the biological action as has been suggested (26). 

CONCLUSIONS 

It can be concluded that the RIO substituents seem not to affect the 
transitions corresponding to the radical cation, but the Rz substituents 
considerably affect such transitions in two ways: first, on the X charac- 
teristics of the reference spectrum by bathochromic shifts (-Cl, and 
S C H & H 3 )  and second, increasing (the 4 F 3 )  or decreasing ( 4 1  and 
-SCHzCHa) the intensity of the corresponding bands. 

From the final decay spectra of the radicals it can be seen that there 
exists a correlation between the band characteristics of the sulfoxide and 
the neutral form of each radical cation with the milieu, depending on the 
prevalence of one of the forms on the acidity of the solution employed. 
Thus, the neutral derivative dominates over the sulfoxide in water; 
however, this last compound seems to dominate the former in acidic so- 
lutions. 

From the K-values obtained, it can be concluded that for each com- 
pound studied the radicals are only stable in high acidic solutions, and 
their stability decreases aa the acidity of the environment decreases. Here 
i t  can be seen that the R2 and Rlo substituents' effect on the stability of 
radicals with longer chains are capable of producing a more stable radical. 
On the contrary, none of the Rz substituents studied different than Rz 
# H are capable of generating a more stable radical. All substituents 
affect considerably the stability of the corresponding radicals. The more 
unstable the product with a strong electron-withdrawing effect (-CF3), 
the more the other compounds (-Cl and SCHzCH3) will also decrease 
the stability of their radicals but less than -CF3. 
This seems to indicate that the stability of the radicals can not be re- 

lated to the activity of these compounds as neuroleptics, for the more 

s c 

3 4 8 12 16 20 24 28 32 

MINUTES 
Figure 4-1IA versua time for fa) perazine; (b) promuzine; (c) thieth- 
ylperazine; fd) prochlorperuzine; (e) trifluoperazine, in 2 N sulfuric 
acid. 
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active (trifluoperazine) seems to be the less stable, and as soon as the 
radical is free and independent in solution, it suffers disproportionation 
and disappears as that radical. 
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Abstract A method for the quantitative determination of phenyl- 
ephrine hydrochloride, phenylpropanolamine hydrochloride, and guai- 
fenesin in commercial formulations was developed. A reversed-phase 
paired-ion high-performance liquid chromatographic technique resolves 
the active from degradation products, colorings, and flavor and was found 
applicable to seven commercial dosage forms. 
Keyphrases Phenylephrine hydrochloride-simultaneous determi- 
nation with phenylpropanolamine hydrochloride and guaifenesin, re- 
versed-phase paired-ion high-performance liquid chromatography 0 
Phenylpropanolamiie hydrochloride-simultaneous determination with 
phenylephriie hydrochloride and guaifenesin, reversed-phase paired-ion 
high-performance liquid chromatography 0 Guaifenesin-simultaneous 
determination with phenylephrine hydrochloride and phenylpropanol- 
amine hydrochloride, reversed-phase paired-ion high-performance liquid 
chromatography High-performance liquid chromatography-re- 
versed-phase paired-ion, simultaneous determination of phenylephrine 
hydrochloride, phenylpropanolamine hydrochloride, and guaifenesin 

The simultaneous determination of the active compo- 
nents in a specific dosage form offers advantages to sepa- 
rate analyses. Simultaneous GLC determinations are 
typically successful in assaying for phenylpropanolamine 
hydrochloride and other amines (1-8). At least one GLC 
assay for guaifenesin (glyceryl guaiacolate) is available in 
which guaifenesin is extracted and derivatized (9). Simple 
and reliable procedures for the simultaneous GLC deter- 

mination of the underivatized phenylephrine hydrochlo- 
ride and other amines are absent from the chemical liter- 
ature. Studies are available in which 71 drugs were deter- 
mined using nitrogen-selective and flame-ionization (FID) 
detectors (2); 50 amines of pharmaceutical interest (5 )  and 
23 physiologically active amines (8) were determined. None 
of these methods were responsive to phenylephrine hy- 
drochloride. 

To overcome problems arising from the presence of 
phenylephrine hydrochloride in pharmaceutical formu- 
lations, high-performance liquid chromatographic (HPLC) 
procedures have been developed for simultaneous assay. 
The desired chromatographic separation involves phen- 
ylephrine hydrochloride (I), phenylpropanolamine hy- 
drochloride (II), and guaifenesin (111). The only HPLC 
method reported in the literature separating I, 11, and I11 
with high resolution used a bonded phase cation exchange 
column (10). A reversed-phase HPLC method employing 
ion-pairing was preferred, since bonded-phase ion-ex- 
change columns tend to  have short lifetimes and poor re- 
producibility from column to column (11). 

Numerous reversed-phase ion-pairing methods have 
been reported for various combinations of I, 11, and I11 and 
other drugs. A previous report (12) used a nitrile column 
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The simultaneous determination of the active compo- 
nents in a specific dosage form offers advantages to sepa- 
rate analyses. Simultaneous GLC determinations are 
typically successful in assaying for phenylpropanolamine 
hydrochloride and other amines (1-8). At least one GLC 
assay for guaifenesin (glyceryl guaiacolate) is available in 
which guaifenesin is extracted and derivatized (9). Simple 
and reliable procedures for the simultaneous GLC deter- 

mination of the underivatized phenylephrine hydrochlo- 
ride and other amines are absent from the chemical liter- 
ature. Studies are available in which 71 drugs were deter- 
mined using nitrogen-selective and flame-ionization (FID) 
detectors (2); 50 amines of pharmaceutical interest (5 )  and 
23 physiologically active amines (8) were determined. None 
of these methods were responsive to phenylephrine hy- 
drochloride. 

To overcome problems arising from the presence of 
phenylephrine hydrochloride in pharmaceutical formu- 
lations, high-performance liquid chromatographic (HPLC) 
procedures have been developed for simultaneous assay. 
The desired chromatographic separation involves phen- 
ylephrine hydrochloride (I), phenylpropanolamine hy- 
drochloride (II), and guaifenesin (111). The only HPLC 
method reported in the literature separating I, 11, and I11 
with high resolution used a bonded phase cation exchange 
column (10). A reversed-phase HPLC method employing 
ion-pairing was preferred, since bonded-phase ion-ex- 
change columns tend to  have short lifetimes and poor re- 
producibility from column to column (11). 

Numerous reversed-phase ion-pairing methods have 
been reported for various combinations of I, 11, and I11 and 
other drugs. A previous report (12) used a nitrile column 
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Figure 1-Chromatogram of 0.8 pg of phenylephrine hydrochloride (I),  
8 pg of phenylpropanolamine hydrochloride (II), and 36 pg of guai- 
fenesin (III) with a CIS column packed in the lab. See text for chroma- 
tographic conditions. 

and an aqueous acetonitrile, acetic acid, heptanesulfonic 
acid salt ion-pair eluent to barely resolve I and 11. Although 
the hydrophobic (&-bonded phase has not been exten- 
sively used for this separation, the more polar phenyl 
bonded phase has been employed with a methanol, water, 
acetic acid, heptanesulfonic acid salt ion pair to yield a 
separation of I, 11, and I11 with k' values of 1.2,1.9, and 1.4, 
respectively (13); and to separate 11 and I11 at retention 
times of 15-18 min (14). 

Another report (15) separated phenylephrine hydro- 
chloride from other active compounds using a cl8 column 
and an aqueous methanol and acetic acid eluent containing 
heptanesulfonic acid. Determinations involving guaifen- 
esin on CIS columns have been characterized by the ab- 
sence of an ion-pairing agent (16,17). Phenylephrine hy- 
drochloride and phenylpropanolamine hydrochloride were 
assayed (18) using a silica gel column with a methylene 
chloride, methanol, and aqueous ammonia eluent. The 
purpose of the present work was to improve the separation 

Table I-Linearity Area Ratios 

Phenyl- 
ephrine Phenylpropanol- 
hydro- amine Guaifene- 

Parameter chloride hvdrochloride sin 

Correlation coefficient 0.9993 0.99987 0.99988 
Standard error of the o.Ooo9 0.001 0.018 

estimate (Sl.,w) 
Intercepto, "/,""' -0.5 -0.7 -1.1 
Variationb, % 1.6 0.7 0.7 

4 interceptfi) X 100, where 4 is the average y (22). (SY,.fi) X 100. 

of I, 11, and I11 with a reversed-phase column and ion 
pairing to yield a method with simplified sample handling 
(leaching followed by direct injection) and sufficient 
specificity for stability-indicating analysis. 

The specificity requirement dictates knowledge of the 
known and expected degradation products of I, 11, and 111. 
However, I1 and I11 have been reported to be stable in 
dosage form (15, 19) and require extreme conditions for 
degradation: I11 can be hydrolyzed to guaiacol with hot 
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Figure 2-Chromatogram of 0.8 pg of phenylephrine hydrochloride (I), 
8 pg of phenylpropanolamine hydrochloride (II), and 36 pg of guai- 
fenesin (III). and 2,5-dihydroxybenzoic acid internal standard (IS) with 
a CS column. See text for chromatographic conditions. 
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Table 11-Assay of Thermally Degraded Capsule Samples 

Phenylephrine hydrochloride Phenylpropanolamine hydrochloride Guaifenesin 
Sample mg/g Labela, % Initial, % mg/g Labelo, % Initial, % mg/g Label", % Initial, % 

Oven at 95O, 9 days 9.42 99.9 97.0 81.5 96.0 97.9 377 100.0 100.5 

0.5 M NaOH 90°, 3 days 0 0 0 49.3 58.1 59.2 357 94.6 94.8 

(I Label is 9.43 mg/g for phenylephrine hydrochloride, 84.9 mg/g for phenylpropanolamine hydrochloride, and 377 mg/g for guaifenesin. Q From Table 111. 

0.5 M HCl RT, 9 days 9.85 104.4 101.4 81.3 95.8 97.6 373 98.8 99.3 
0.5 M NaOH RT, 9 days 9.31 98.7 95.8 82.5 97.1 99.0 373 98.8 99.3 

Initialb 9.72 103.0 83.3 98.1 376 99.5 

Table 111-HPLC Assay of Capsule Sampleo 

Sample Weight, 
mg 

0.6014 
0.601 1 
0.6021 
0.8009 
0.8018 
0.8007 
0.9990 
1.0004 
1.0002 ~ ~~ 

1.2503 
1.2498 
1.2503 

Mean 
RSD (la) 
Spectrophotometric 

control assays 
(averaee of two) 

Phenyl- Phenylpropa- 
ephrine nolamine 

hydrochloride hydrochloride Guaifenesin 

9.81 
9.58 
9.62 

83.8 375 
83.4 376 
83.3 375 

9.74 83.3 373 
9.46 86.8 372 
9.54 

10.01 
9.59 

_. . ~ .~ 

82.0 370 
82.2 372 
82.9 376 

9.69 82.6 379 
10.00 
9.71 
9.86 
W2 mg/g 
1.8% 
9.67 mg/g 

82.3 
84.4 
84.3 
833 mg/g 

84.1 mg/g 
1.3% 

379 
379 
380 
376 mglg 
0.9% 
382 mg/g 

a Label is 9.43 mg/g for phen lephrine hydrochloride, 84.9 mg/g for phenylpro- 
panolamine hydrochloride, an(r377 mg/g for guaifenesin. 

concentrated hydrochloric acid (16) and I1 can be oxidized 
to benzaldehyde with periodate (20). Analyte I, however, 
has been reported to readily undergo decomposition in 
aqueous buffer solutions at  85" to 1,2,3,4-tetrahydro-4,6 
(and 4,8)-dihydroxy-2-methylisoquinoline and other minor 
products with m-hydroxybenzaldehyde as an intermediate 
(21). 

EXPERIMENTAL 

Reagents and Chemicals-All reagents and chemicals were ACS, 
USP, or NF quality and were used without further purification. Phen- 
ylephrine hydrochloride, phenylpropanolamine hydrochloride, and 
guaifenesin were used as received'. 

Apparatus-A high-performance liquid chromatograph2 equipped 
with a reciprocating pump3, an absorbance detector at 254 nm4 (analytical 
wavelength), and an injectos with a 2 0 4  loop was used. The detector 
was monitored with a strip-chart recorder and integratofi. A variable- 
wavelength detector7 set at 270 nm and a fixed-wavelength detectol.4 a t  
280 nm were used for absorbance ratio studies. 

Columns-The octadecylsilane columns used were packed8 in the lab 
(25 cm X 4-mm i.d.) and commercially packed8 (30 cm X 4-mm i.d.1. The 
more polar octyl columns examined were a commercially packed columng 
(25 cm X 4.6-mm id.) and two columns packed in the lab (25 cm X 
4.6-mm i.d. and 30 cm X 4.0-mm i.d.) of the same materialg. Particle size 
was 10 pm in all cases. 

Chromatographic Conditions-For the C8 columns, the mobile 
phase consisted of 300 ml of methanol, 675 ml of water, and 25 ml of 
pentanesulfonic acid sodium salt in glacial acetic acid10 to yield an eluent 
that was  5 mM in ion-pairing salt and 1.7% in acetic acid. For the Cl8 

1 Norwich-Eaton Pharmaceuticals, Norwich, N.Y. 
2 Waters ALC 204, Waters Associates, Milford, Mass. 
3 Waters model 6000A. 
4 Waters model 440. 
5 Rheodyne model 725, Berkele Calif. 
6 Hewlett-Packard model 3352€t Avondale, Pa. 
7 Laboratory Data Control model 111, Riviera Beach, Fla. 
8 Waters p-Bondapak CIS. 
9 Whatman Partisl-10 CS. 

10 Waters PIC B-5. 

columns, the basic mobile phase was 350 ml of methanol, 625 ml of water, 
and 25 ml of pentanesulfonic acid sodium salt in glacial acetic acid"? The 
methanol concentration had to be adjusted to between 25 and 40% for 
the different CIS columns. Readjusting the eluent for different CS columns 
was not necesary. The flow rate was 2.0 ml/min in all cases. 

Standard Solution Preparation-The final method (C8 column) 
used a standard solution containing 0.04 mg/ml of I, 0.4 mg/ml of 11,I.B 
mg/ml of 111, and 0.4 mg/ml of 2,5-dihydroxybenzoic acid internal stan- 
dard with water as solvent. 

Sample Preparation-For the capsule and tablet samples, 1 g of the 
ground sample was leached with -250 ml of water containing a controlled 
amount of 2,5-dihydroxybenzoic acid internal standard ( 4 . 4  rng/rnl). 
The sample was injected directly after a 10-min sonication and 5-min 
centrifugation at 2500 rpm. For the liquid samples, 4.0-25.0 ml (de- 
pending on label claim) was diluted to -250 ml with water containing the 
internal standard. The sample was then injected directly. 

Thermally Degraded Samples-One-gram samples of a well-mixed 
capsule material containing I, 11, and I11 as active ingredients were 
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Figure 3-Chromatogram of phenylephrine hydrochloride (I), phe- 
nylpropanolamine hydrochloride (II), and guaifenesin (HI), and 2,5- 
dihydroxybenzoic acid internal standard (IS), and possible degradation 
products: phenylephrine forced degraded decomposition products (A); 
m-hydroxybenzaldehyde (B); guaiacol (C); benzaldehyde (0). 
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Table IV-HPLC Assay of Various Commercial Dosage Forms 

P henylpropanolamine 
Dosage Phenylephrine hydrochloride hydrochloride Guaifenesin 

Label, % Form SamDle mdml Label, % mdml Label, % mdml - .  Y - 
- - 12.3 98.8 99.9 99.9 

- 8.3 92.2 31.6 105.2 
- 8.7 96.6 97.9 97.9 
- 12.5 100.2 95.6 95.6 

1 
2 
3 

- Syrup 
Syrup 
Syrup 
Syrup 4 
Eye Drop 5 2.53 101.1 
Capsule 6a 9.72 103.0 83.3 98.1 376 99.7 

- 
- 

- - - - 

Tahlet 7 - - 96.0 97.0 518 98.1 

0 From Table 111. 

weighed into several 500-ml Erlenmeyer flasks. One flask was placed in 
the oven at  95O for 9 days. Twenty milliliters of 0.5 M HCI and 20 ml of 
0.5 M NaOH were added to two other separate flasks, and both were 
stored at  room temperature for 9 days. In addition, one container was 
stored in direct sunlight for 13 days, and one container containiig sample 
and 20 ml of 0.5 M NaOH was stored at 90° for 3 days. A t  the end of the 
required time period, the acidic and basic solutions were neutralized, 
internal standard added, and all the samples assayed. The analyte and 
internal standard peaks were also examined for homogeneity by ab- 
sorbance ratios a t  254 and 270 nm, except for the sample stored in 0.5 M 
NaOH at  90°, which was examined at 254 and 280 nm. Analyte I was 
degraded by the literature method (21) by dissolving 100 mg of standard 
I in 50 ml of a pH 6.8,0.04 M ammonium acetate buffer and storing the 
solution in a 95' oven for 13 days. 

Calculations-Results for I, 11, and 111, were calculated from their 
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Figure 4-Chromatogram of forced degraded (0.5 M NaOH at 90') 
capsule sample: phenylpropanolamine hydrochloride (II);  guaifenesin 
(III); 2,5-dihydroxybenzoic acid internal standard (IS): phenylephrine 
hydrochloride degradants (A);guniacol (B); benzaldehyde (C). The peak 
forphenylephrine hydrochloride (I ) ,  which is totaly degraded, is drawn 
above the chromatogram. 

integrated peak areas and the peak area of the internal standard using 
the appropriate dilution factors. 

RESULTS AND DISCUSSION 

Initial attempts to develop a reversed-phase simultaneous determi- 
nation employed a CIS column with a methanol, water, and pentanesul- 
fonic acid eluent yielded an assay that resolved I, 11, and 111 from each 
other (Fig. 1). The chromatographic system lacked the retention and 
efficiency to meet the specificity requirement for guaiacol to be resolved 
from 111. Additionally, relative retention appeared to change from column 
to column, often with packing from the same manufacturer. For example, 
I1 eluted after 111 with column packed in the lab and before 111 with a 
commercially packed column. 

Exploratory experiments with a more polar octyl column were initiated 
and good results were obtained. The three analytes were well separated 
with k' values of 0.9, 2.4, and 3.7 for I, 11, and 111, respectively (Fig. 2). 
Identical chromatograms were obtained for a commercially packed col- 
umn and several columns packed in the lab. 

The linearity data for I, 11, and 111, determined by plotting peak area 
ratios uersus standard weight ratios, are presented in Table I. Linearity 
was observed over the range studied: 0.5-1.5 pg for I; 4.8-14.4 pg for 11; 
and 21-64 pg for 111. 

Assays of 11 synthetic capsule samples made by spiking placebo with 
solutions containing known amounts of standard I, 11, and I11 at  levels 
of -125% of theoretical yielded average recoveries and relative standard 
deviations of 100.9 f 2.1%, 100.3 i 1.3%, and 100.7 f 0.8%, respec- 
tively. 

A chromatogram of a solution containing 2.0 ml of the degraded 
standard solution of I (after 13 days a t  95"), 20 mg of 2,5-dihydroxy- 
benzoic acid, 2 mg of I, 20 mg of II,89 mg of 111, <5 mg of guaiacol (not 
completely soluble in water), 0.2 mg of m-hydroxybenzaldehyde, and <2 
mg of benzaldehyde (not completely soluble in water) in 50 ml of water 
is shown in Fig. 3. All of the actual and postulated degradants were re- 
solved. When the degraded standard solution of I was examined after only 
one day in the oven, a peak with the same retention time as m-hydroxy- 
benzaldehyde was observed. This compound was postulated as an in- 
termediate in a previous report (211, but was not observed. 

Assay values for the thermally degraded capsule samples are listed in 
Table 11. Except for the sample stored in 0.5 M NaOH at  90°, no extra 
peaks were noted and no significant degradation was observed. Exami- 
nation of absorbance ratios indicated homogeneous peaks within ex- 
perimental error. 

A chromatogram (Fig. 4) of the sample solution stored in sodium hy- 
droxide a t  90' yielded several additional peaks and low assay values for 
I, 11, and 111, as shown in Table 11. The difference in retention observed 
between Figs. 3 and 4 is caused by use of extensively used and freshly 
packed columns, respectively. Absorbance ratios (254/280 nm) and re- 
tention times of pure standards indicated peaks C and I), Fig. 4 were 
guaiacol and benzaldehyde, respectively. The internal standard and 111 
peaks were also indicated to be homogeneous (I1 yielded no signal a t  280 
nm). 

a-Aminopropiophenone, a precursor and possible trace impurity in 
I1 (23,241, was found to elute immediately following the I1 peak. Although 
not quite baseline resolved, it could be detected down to at  least 0.1% of 
the 11 concentration. It was not observed in any of the samples. 

The assay results for several commercial dosage forms representing 
liquid, tablet, and capsule preparations are presented in Tables 111 and 
IV. None of the excipients in the formulations coeluted with the active 
ingredients or the internal standard. 

The actives I, 11, and 111 in the capsule sample were also determined 
spectrophotometrically. Analyte I was assayed colorimetrically by the 
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characteristic reaction of phenols with 4-aminoantipyrine described 
previously (25). The order of addition of reagents was altered to achieve 
acceptable precision. With these samples, it was necessary to add the 
bicarbonate buffer first. Analyte I1 in an aqueous solution of the sample 
was quantitatively oxidized to benzaldehyde with alkaline periodate by 
the procedure described previously (20). The benzaldehyde was then 
extracted from the solution with chloroform and determined spectro- 
photometrically. Guaifenesin was extracted from the samples with 
chloroform and determined by its UV absorbance. As the data in Table 
111 indicate, the spectrophotometric assays are in good agreement with 
the HPLC assay presented here. 
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Abstract The degradation kinetics and mechanism of a potent new 
cephalosporin, cefotaxime sodium, in aqueous solution were investigated 
at pH 0-10 at  25’ and an ionic strength of 0.5. The degradation rates were 
determined by high-pressure liquid chromatography and were observed 
to follow pseudo first-order kinetics with respect to cefotaxime sodium 
concentration. The data suggested that the rate of degradation was in- 
fluenced significantly by solvolytic, hydrogen ion, and hydroxide ion 
catalysis. No primary salt effects were observed in the acid or neutral 
regions; however, a positive salt effect was observed at  pH 8.94. Buffer 
catalysis due to the buffer species employed was not seen during the ki- 
netic studies. The pH-rate profile a t  25’ indicated that the maximum 
stability of cefotaxime sodium occurred in the pH 4.5-6.5 region. In 
aqueous solution, cefotaxime was shown to degrade by two parallel re-. 
actions: de-esterification at the C-3 position and &lactam cleavage. Good 
agreement between the theoretical pH-rate profile and the experimental 
data support the proposed degradation process. 

Keyphrases 0 Kinetics-mechanism of degradation of cefotaxime so- 
dium in aqueous solution Degradation-kinetics and mechanism, ce- 
fotaxirne sodium in aqueous solution Cefotaxime sodium-kinetics 
and mechanism of degradation in aqueous solution 0 Cephalospor- 
ins-cefotaxime sodium, kinetics and mechanism of degradation in 
aqueous solution 

Cefotaxime sodium (I) is a potent new third generation 
cephalosporin possessing a broad spectrum of activity. 
Chemically, it is characterized by a 2-amino-4-thiazolyl 
ring which, in comparison to other cephalosporins, in- 
creases antibacterial activity against Gram-negative 
strains, and by an a-methoximino group which enhances 

I 
stability to P-lactamases (14). Compound I is active 
against Gram-positive and Gram-negative organisms, 
especially multiresistant strains, including many amino- 
glycoside-resistant strains. In uitro, its activity against 
Gram-negative organisms has been shown to be 10-200 
times greater than that of the recently developed second 
generation cephalosporins (5). 

The present report describes the stability kinetics of I 
in aqueous solution. The investigation was initiated to 
elucidate the mechanism by which I decomposes and to 
determine those kinetic parameters that will be of value 
in predicting the stability of the reconstituted antibiotic 
under a wide range of conditions. 

EXPERIMENTAL 
Materials-Cefotaxime sodium (1)’ and desacetylcefotaxime (II)2 

were used without further purification. Desacetylcefotaxime lactone (111) 
was prepared using a modification of the method for cephalothin de- 

Claforan, Hoechst-Roussel Pharmaceuticals Inc., Somerville, N.J. 
2 Hoechst AG, Frankfurt, West Germany. 
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characteristic reaction of phenols with 4-aminoantipyrine described 
previously (25). The order of addition of reagents was altered to achieve 
acceptable precision. With these samples, it was necessary to add the 
bicarbonate buffer first. Analyte I1 in an aqueous solution of the sample 
was quantitatively oxidized to benzaldehyde with alkaline periodate by 
the procedure described previously (20). The benzaldehyde was then 
extracted from the solution with chloroform and determined spectro- 
photometrically. Guaifenesin was extracted from the samples with 
chloroform and determined by its UV absorbance. As the data in Table 
111 indicate, the spectrophotometric assays are in good agreement with 
the HPLC assay presented here. 
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ins-cefotaxime sodium, kinetics and mechanism of degradation in 
aqueous solution 

Cefotaxime sodium (I) is a potent new third generation 
cephalosporin possessing a broad spectrum of activity. 
Chemically, it is characterized by a 2-amino-4-thiazolyl 
ring which, in comparison to other cephalosporins, in- 
creases antibacterial activity against Gram-negative 
strains, and by an a-methoximino group which enhances 

I 
stability to P-lactamases (14). Compound I is active 
against Gram-positive and Gram-negative organisms, 
especially multiresistant strains, including many amino- 
glycoside-resistant strains. In uitro, its activity against 
Gram-negative organisms has been shown to be 10-200 
times greater than that of the recently developed second 
generation cephalosporins (5). 

The present report describes the stability kinetics of I 
in aqueous solution. The investigation was initiated to 
elucidate the mechanism by which I decomposes and to 
determine those kinetic parameters that will be of value 
in predicting the stability of the reconstituted antibiotic 
under a wide range of conditions. 

EXPERIMENTAL 
Materials-Cefotaxime sodium (1)’ and desacetylcefotaxime (II)2 

were used without further purification. Desacetylcefotaxime lactone (111) 
was prepared using a modification of the method for cephalothin de- 

Claforan, Hoechst-Roussel Pharmaceuticals Inc., Somerville, N.J. 
2 Hoechst AG, Frankfurt, West Germany. 
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Scheme I-Reaction pathways for the degradation of I in aqueous 

solution. 
scribed previously (6). Buffers and all other chemicals were reagent 
grade. 

Buffers-The buffers used in the kinetic studies were hydrochloric 
acid-potassium chloride (pH -0.10,0.48,1.15, and 2.23), citrate buffer 
(pH 2.83), acetate buffer (pH 3.93,4.58,5.07, and 5.521, phosphate buffer 
(pH 5.85,6.51,6.90,7.57, and 7.931, borate buffer (pH 8.41,8.93, and 9.061, 
and carbonate buffer (pH 9.89). The buffers were 0.1 M with respect to 
hydrochloric acid, citrate, acetate, phosphate, borate, and carbonate ions 
(except when a buffer effect was investigated), and they were adjusted 
to an ionic strength of 0.5 with potassium chloride, except when primary 
salt effects were studied. They were prepared by dissolving specific molar 
ratios of the buffer pair together with potassium chloride in water or by 
dissolving the acidic member of the buffer pair together with potassium 
chloride and adjusting the pH with 1.0 N NaOH. The pH of each solution 
was measured using a pH mete9 equipped with a combination elec- 
trode3. 

Kinetic Procedure-Approximately 100 mg of I was accurately 
weighed and dissolved in 100 ml of the appropriate buffer to produce a 
solution having a concentration of 2.09 X M. All buffers were pre- 
heated to the temperature of the study. The flasks were maintained at  
a constant temperature (~k0.2~)  in a thermostatically controlled water 
bath. Aliquots were withdrawn at  desired time intervals, diluted, and 
immediately analyzed. 

Analytical Procedure-Residual I was determined using a high- 
pressure liquid chromatographic (HPLC) method. The liquid chroma- 
tograph" was equipped with a variable wavelength UV detect& set a t  
235 nm; the separation was carried out using a 300 X 3.9-mm octade- 
cylsilane column6 with a methanol-phosphate buffer (pH 7.5) (12%) 

Corning Glass Works. 

Perkin-Elmer LC-75. 
~r Bondapak CIS, Waters Associates, Milford, Mass. 

4 Waters Associates, Milford, Mass. 

Table I-Buffer Systems, Observed Rate Constants, and tmg for 
the Degradation of I at 25" 

kotm 
DH Buffer System hr-l X lo3 t m ,  hr 

-0.10 
0.48 
1.15 

HCl 
HCl 
HCl-KCI -~~~ ~~~ 

2.23 HCl-KCl 
2.83 Citrate 
3.93 Acetate 
4.58 Acetate 
5.07 
5.52 
5.85 
6.51 
6.90 
7.57 
7.93 
8.41 
8.94 
9.06 
9.89 

Acetate 
Acetate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Borate 
Borate 
Borate 
Carbonate 

488.2 0.2 
140.0 0.8 
35.5 3.0 
7.82 13.4 
4.96 21.2 
3.67 28.6 
2.72 38.6 
2.85 
3.24 
3.08 
3.23 
3.44 
4.23 
5.73 
8.27 

25.5 
27.0 

177.0 

36.9 
32.4 
34.2 
32.5 
30.5 
24.8 
18.3 
12.7 
4.1 
3.9 
0.6 

mobile phase. The column pressure was 1700-1800 psi at a flow rate of 
1.2-1.3 ml/min. Peak areas, which were calculated by a programmable 
integrator7, were used to quantitate the amount of I remaining. Standard 
curve8 of the peak area of I versus concentration exhibited linear response 
in the working concentration range of 10-100 pglml. The sample peak 
areas were converted to concentrations by comparison with a standard 
curve which was obtained daily. 

RESULTS AND DISCUSSION 

Degradation Reactions, Reaction Order, and Observed Rate 
Constants-Compound I. a 3-acetoxymethylcephalosporin, has three 
possible sites a t  which degradation can occur: the amide side chain, the 
O-lactam ring, and the acetoxy ester group. Under conditions of phar- 
maceutical interest, the fl-lactam ring opening and acetoxy hydrolysis 
predominate. The degradation reactions for I have been proposed and 
are shown in Scheme I. Such a scheme has been shown to be valid for 
other 3-acetoxymethylcephalosporins 6-10) and is supported by the 
experimental results observed in this study. Compound I undergoes two 
parallel reactions simultaneously: j3-lactam ring opening (kl) and de- 
esterification at  the C-3 position (k2). At pH values <4, I1 can undergo 
an internal ring closure ( k 4 )  to form 111. Both I1 and 111 are susceptible 
to j3-lactam hydrolysis (k3,ks). Figure 1 shows typical chromatograms 

I I  

I 
I 1  
I 

U 
PH a,% 

U n 
0 4  812 20 28 36 0 4 8 16 0 4 8 16 

16 24 32 12 12 
RETENTION TIME, min 

Figure 1-High-pressure liquid chromatographs of 40-70% degraded 
I at 2 5 O ,  p = 0.5, and several pH values. Key: (I) cefotaxime; (II) desa- 
cetylcefotaxime; (III)  desacetylcefotaxime lactone; (U) unknown 
peak. 

7 Hewlett-Packard HP 3388. 
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Figure 2-Time courses for Z (0) and II (0) during the degradation 
of Z at pH 5.52,25', and p = 0.5. 

of acidic (pH 2.23), neutral (pH 5.52), and basic (pH 8.94) reaction mix- 
tures of I, which illustrate the formation of the degradation products 
described in Scheme I. The de-esterification reaction (k2) occurs more 
rapidly, being -1.8 times faster than the &lactam ring opening (kl) a t  
pH 5.52. Figure 2 illustrates the kinetics of the disappearance of I and 
the formation of I1 at  pH 5.52. The observed rate constants, koh, deter- 
mined in this study are actually the sum of kl and k2. 

The degradation of I followed pseudo first-order kinetics a t  constant 
pH, temperature, and ionic strength over the pH range studied. This 
first-order dependence on the concentration of I is illustrated in Fig. 3, 
which shows that at pH 5.52, the log concentration versus time plots are 

I 4 -  

2- 

40 

20 
* z 
s z- 1 0 

0 8  
!- a 
a 6  

X 

!- z 
W 
0 4 -  
2 
0 
0 

1 1 
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HOURS 

Figure 3-Plots illustrating first-order dependence on the concentra- 
tion of Z at pH 5.52,25', and p = 0.5. Key: (0) 2.0 mglml; (0) 1.0 mglml; 
(A) 0.5 mglml; ( 0 )  0.1 mglml. 

I I 
0 25 50 75 100 125 150 175 200 

HOURS 
Figure 4-Observed pseudo first-order plots for the degradation of I 
at  various pH values, 25', and p = 0.5. Key: (0) pH 5.52; (0) pH 3.93; 
(A) pH 7.93; ( 0 )  pH 2.23; (B) pH 8.94; (0) pH 0.48; (A) pH 9.89. 

linear and parallel over a 20-fold concentration range (2.09 X 4.19 
X 10-3 M). Similar results were observed at pH 2.23 and 8.94. Further 
evidence of fmt-order kinetics is that semilogarithmic plots of the percent 
residual I uersus time are linear over the pH range studied as shown in 
Fig. 4. The observed rate constants and the buffer systems employed are 
listed in Table I. 

Catalytic Effect of Buffer Systems-The catalytic effect of the 
buffer systems used in the kinetic studies was determined at constant 
pH, temperature, ionic strength (p  = 0.5), and drug concentration, with 
only the buffer concentration varying (0.05-0.2 M). This experiment was 
done at  several pH values within the effective range for each buffer em- 
ployed. No appreciable effect on the degradation of I was observed for 
any of the buffer species used in the study. 

Primary Salt Effect-The primary salt effect on the hydrolysis of 

/- pH 8.94 

A A 
I 

pH 2.23 

n n I " 
pH 5.52 

I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

J Z O R  J a l  +J;I 
Figure 5-Plots of log kobs versus fi (0, A,  and 0)  or &/(I + 6) 
(0) for the degradation of I at several pH values and 25'. 
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Table 11-Effect of Ionic Strength on Pseudo First-Order Rate 
Constants for the Degradation of I at pH 2.23,5.52, and 8.94 

0.400 

0.200 

- 
1 

i 0.100- 
I-- 0.080 

f 0.060- 

g 0.040- 

g 0.010- 

00 r 0.020- a 
U 

a 0.008- 
W g 0.006- 

O 0.004- 

0.002 

Ionic hob,  hr-l X 103 
Strength pH 2.23 pH 5.52 pH 8.94 

- 

- 

- 

- 

0.2 7.99 
0.4 
0.5 
0.7 

7.82 
7.82 
8.07 

0.9 7.79 3.17 28.3 

I was studied at constant pH, temperature, and drug concentration, but 
the ionic strength was varied by potassium chloride addition. Studies were 
conducted at pH 2.23,5.52, and 8.94 for ionic strength values ranging from 
0.2 to 0.9. The data at these pH values and differing ionic strengths are 
given in Table 11. 

Within limits of the Debye-Huckel expressions, plots of kob versus 
6 or fi/(l+ &) should yield slopes theoretically equal to 2AZ,&, 
where A is a constant for the solvent a t  a given temperature (A = 0.509 
a t  25', water) and ZA and ZB are the char es on reaction species A and 
B,  respectively (11). Plots ofk,b versus &/(I + J) are perhaps pre- 
ferred in that it has been pointed out that the use of &/(I + 6) instead 
of fi at higher ionic strengths more frequently produces values of 
~AZAZB that are in agreement with the predicted values (12). 

Figure 5 is a plot of the log kob versus & and &/(l+ &) from the 
data in Table 11. No kinetic salt effects were observed at pH 2.23 or 5.52, 
indicating that a t  least one of the reactin molecules is uncharged, while 
at pH 8.94 plots of 6 and &/(l + & give positive slopes of +0.19 
and +0.52, respectively. This result can be used as evidence that two 
negatively charged ions are reacting. 

pH-Rate ProTie-The pH dependence of the overall first-order rate 
constant for the degradation of I a t  25' and an ionic strength of 0.5 is 
shown in Fig. 6. The pH-rate profile exhibits a U-shape which is typical 
of cephalosporins without an a-amino group in the C-7 side chain (7-9). 
This type of curve is characteristic of reactions that are susceptible to 
specific acid-base catalysis and that obey the general rate law: 

koh = kHaH+ + k, + ko~[OH-l (Eq. 1) 

where k~ and k o ~  are the second-order rate constants for the hydrogen 
ion-catalyzed degradation and hydroxide ion-catalyzed degradation, 
respectively; k, is the first-order rate constant of spontaneous or water 
catalyzed degradation; aHt is the activity of hydrogen ion as measured 
by the glass electrode; and [OH-) is the hydroxide ion concentration. 

0 1 2  3 4 5 6 7 8 9 10 
PH 

Figure 6-Log k&,-pHprofile for the degradation of I in aqueous so- 
lution at 25' and p = 0.5. The points are experimental values, and the 
solid line i s  the theoretical curve calculated from Eq. 1.  

Table 111-Effect of Temperature on the Degradation of I in 
Buffer Solutions at = 0.5 

k25'3 
k o b s  &, hr-l X 103 k250, 

Temper- hr-l X kcal/ log A ,  (theoreti- hr-l X lo3 
pH ature lo3 mole hr-1 cal) (observed) 

2.23 35 
45 
55 

5.52 35 
45 
55 

8.94 35 
45 
55 

24.0 21.1 13.4 7.46 7.82 
71.2 

196.7 
13.2 24.7 15.6 3.30 3.24 
44.7 

154.2 
87.2 9.4O 15.2 24.50 25.50 

279.8 
851.4 

a The calculated energy of activation E,,, was 22.9 kcal/mole, but this value in- 
cludes the heat of ionization of water, which at  25O equals 13.5 kcal/moIe (13). 

Estimates of kH, k,, and k o ~  were obtained from a simultaneous solution 
of k o b  (Eq. 1) at pH 0.48,5.85, and 9.89. The hydroxide ion concentration 
was calculated according to: 

[OH-] = Kw(exp)/aH+yf (Eq. 2) 

where Kw(exp) = 1.008 X and y & is the mean ionic activity coeffi- 
cient product of water which is equal to 0.73, bothat 25' and p = 0.5 (13). 
The resulting rate constants were kH = 0.4137 A4-l hr-1, k, = 3.064 X 

hr-I and &OH = 1616.5 M-l hr-'. The theoretical profile generated 
using these constants adequately describes the behavior of I and can be 
interpreted kinetically as follows: 

Acid catalysis is important <pH 4 and base catalysis occurs >pH 8. 
The linear portions of the curve >pH 1.2 and 8.9 have slopes of -0.92 and 
+0.92, respectively, indicating that specific acid and specific base catalysis 
is occurring in these pH regions. The horizontal portion between pH 4 
and 7 is pH independent, suggesting that the predominating reaction is 
the attack of water on the ionized species of I. The positive deviation in 
the pH 2-4 range can be postulated as being due to an intramolecular 
general acid catalysis of the carboxyl group on the deacetylation reaction. 
Such an explanation is logical in view of the facts that the pKa of I at  25' 
is 3.4s and that the drug concentration is significant in relation to the 

I \  
1 .oo I . \  

Lu 
I- < 0.10 
U 

W > 0.06- 
U 
w 

- 

0 0.08- 

2 0.04 - 
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Figure 7-Arrhenius plots for the degradation of I at several pH values 
and p = 0.5. Key: (A) pH 2.23; (0) pH 5.52; (0) pH 8.94. 

8 Personal communication. 
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hydrogen ion concentration in this pH region. Ionic strength effects 
support this interpretation. 

The theoretical pH minimum for the degradation of I obtained by 
taking the derivative of Eq. 1 and equating it to zero was pH 5.13. 

Temperature Dependency-The dependence of degradation of I on 
temperature was determined by measuring the rate of decomposition a t  
35,45, and 55’ at pH 2.23,5.52, and 8.94 and ionic strength is 0.5. The 
values of k,h, E., and log A are given in Table 111, and the corresponding 
Arrhenius plots are shown in Fig. 7. The theoretical kwa calculated using 
the energy of E., activation was in good agreement with the experimen- 
tally determined k25- at each of the three pH values, indicating that the 
data can be used to predict the stability of I over a wide range of pH and 
temperature conditions. 
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Abstract 0 An amino analogue of N-benzoyl-phenylalanyl-glycyl- 
proline, a tripeptide inhibitor of angiotensin-converting enzyme, was 
synthesized. The analogue (111) has the phenylalanyl-glycine amide 
linkage of N-benzoyl-phenylalanyl-glycyl-proline reduced to a methylene 
amine. Compound 111 was tested as an inhibitor of porcine plasma an- 
giotensin-converting enzyme and has an 150 of 620 p M  compared with 
an 150 of 9.6 pM for its parent tripeptide. These results are explained in 
terms of a proposed model of the converting-enzyme active site. 

Keyphrases Angiotensin-converting enzyme-synthesis and bio- 
logical activity of an amino analogue of N-benzoyl-phenylalanyl-gly- 
cyl-proline, a tripeptide inhibitor 0 N-Benzoyl-phenylalanyl-glycyl- 
proline-tripeptide inhibitor of angiotensin-converting enzyme, synthesis 
and biological activity of an amino analogue 

In a previous paper (1) work on a ketomethylene ana- 
logue I of the tripeptide inhibitor Bz-Phe-Gly-Pro (11) of 
angiotensin-converting enzyme was described: 

I: A =  CO,B= CH, 
11: A = CO, B = NH 

111: A = CH, , B = NH 

The replacement of the peptide amide linkage in I1 with 
a ketomethylene group was designed to stabilize this 
portion of the peptide molecule to peptidase cleavage. This 
substitution yielded a peptide analogue (I) with >lo0 
times the inhibition activity against angiotensin-con- 
verting enzyme of the parent peptide. 

A second approach to stabilizing this same peptide 
amide linkage in I1 to peptidase cleavage would be to re- 
duce it to the corresponding methyleneamino compound 
(111). This compound has been synthesized and its inhi- 
bition activity against angiotensin-converting enzyme will 
be discussed. 

BACKGROUND 

A method for the synthesis of I11 was desired which would maintain 
the same stereochemistry around the optical centers as that found in the 
tripeptide (11). Initially, numerous attempts were made to selectively 
reduce the amide, but not the ester, group of N-benzyloxycarbonyl- 
phenylalanyl-glycine ethyl ester with borane, as reported previously (21, 
with N-benzyloxycarbonyl-glycyl-leucine methyl ester as the starting 
material. In contrast to those results the ester group of N-benzyloxy- 
carbonyl-phenylalanyl-glycine ethyl ester was reduced more rapidly than 
the amide group by borane. 

Because selective reduction of the desired amide functionality did not 
seem possible in this case, the dipeptide acid N-benzyloxycarbonyl- 
phenylalanyl-glycine (IV) was used as a starting material for the synthesis 
of 111 (Scheme I). The 9-fluorenyl-methoxycarbonyl amino blocking 
group (3) was used because of its stability to acidic conditions such as the 
Jones oxidation (4). 

The low yield obtained for the transformation of VI to VIII was 
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hydrogen ion concentration in this pH region. Ionic strength effects 
support this interpretation. 

The theoretical pH minimum for the degradation of I obtained by 
taking the derivative of Eq. 1 and equating it to zero was pH 5.13. 

Temperature Dependency-The dependence of degradation of I on 
temperature was determined by measuring the rate of decomposition a t  
35,45, and 55’ at pH 2.23,5.52, and 8.94 and ionic strength is 0.5. The 
values of k,h, E., and log A are given in Table 111, and the corresponding 
Arrhenius plots are shown in Fig. 7. The theoretical kwa calculated using 
the energy of E., activation was in good agreement with the experimen- 
tally determined k25- at each of the three pH values, indicating that the 
data can be used to predict the stability of I over a wide range of pH and 
temperature conditions. 
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reduce the amide, but not the ester, group of N-benzyloxycarbonyl- 
phenylalanyl-glycine ethyl ester with borane, as reported previously (21, 
with N-benzyloxycarbonyl-glycyl-leucine methyl ester as the starting 
material. In contrast to those results the ester group of N-benzyloxy- 
carbonyl-phenylalanyl-glycine ethyl ester was reduced more rapidly than 
the amide group by borane. 

Because selective reduction of the desired amide functionality did not 
seem possible in this case, the dipeptide acid N-benzyloxycarbonyl- 
phenylalanyl-glycine (IV) was used as a starting material for the synthesis 
of 111 (Scheme I). The 9-fluorenyl-methoxycarbonyl amino blocking 
group (3) was used because of its stability to acidic conditions such as the 
Jones oxidation (4). 

The low yield obtained for the transformation of VI to VIII was 
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Table I-Inhibition of Porcine Plasma Angiotensin-Converting 
Enzyme 

Captopril 
I 

0.30 
0.07 
9.40 

620.00 
2500.00 

0 Concentration required for 50% enzyme inhibition. All values are the average 
of results obtained in two or more experiments. 

probably due to partial removal of the 9-fluorenylmethoxycarbonyl group 
during the hydrogenolysis step (5). 

RESULTS AND DISCUSSION 

The results of testing some of the compounds for inhibition of angio- 
tensin-converting enzyme are shown in Table I. The amino analog (111) 
has 1/66th the inhibition activity of its parent tripeptide (11) but is about 
four times more active than the N-acetyl derivative (XII). Kinetic studies 
on 111 (Figs. 1 and 2) show it to be a competitive inhibitor of converting 
enzyme with either hippuryl-histidyl-leucine or angiotensin I as sub- 
strates. 

The low activity of 111 is interesting in light of its structural similarities 
to the potent inhibitors (Table 11) reported previously (6). Table II shows 
structure-activity data for some of these compounds that exhibit inhi- 
bition of the angiotensin-converting enzyme. One noteworthy conclusion 
from this table is that a phenethyl group in the R1 position (i.e., com- 
pound XV) yielded a more potent inhibitor than that obtained with other 
alkyl R1 substituents. In previous studies on peptides (7) and tripeptide 
inhibitors (l), optimum activity was also obtained when the inhibitor 
contained an aromatic group (i.e., compound 11) that was the same dis- 
tance from the carboxylic acid group of proline as was the phenyl group 
in XV. It was also found that an aromatic acyl group at  the amino ter- 
minus yielded a more active inhibitor than tripeptides with either a 
nonaromatic or no acyl group in this position (1). Therefore, there appear 
to be binding points within the converting enzyme active site for groups 
located at the amino terminal portion of 111. 

Examination of the hypothetical active site of the angiotensin-con- 
verting enzyme (Fig. 3) proposed previously (8) might explain the low 
activity of 111. One important binding functionality that all the known 
potent inhibitors and substrates of the angiotensin-converting enzyme 
have in common is a functionality that is positioned properly to interact 
with the enzyme-bound zinc ion. Such functionalities vary from a car- 
bony1 (as in 11) or a carboxylic acid (as in XIII-XV) to a thiol (as in cap- 
topril). The amino group in I11 must not be positioned properly to fulfill 
the role of a zinc-binding functionality. The low enzyme-inhibition ac- 
tivity of 111 exemplifies the major importance of the zinc interaction for 
good enzyme inhibition. 

EXPERIMENTAL' 

N-(2S-2-Benzyloxycarbonylamino-3-phenylpropyl)aminoet~- 
no1 (V)-To an ice-cold solution of N-benzyloxycarbonyl-L-phenyla- 
lanyl-glycine (5) (IV, 700 mg, 1.96 mmoles) in 8 ml of dry (lithium alu- 
minum hydride-distilled) tetrahydrofuran was added 8.50 ml (8.50 
mmoles) of 1 M borane under a nitrogen atmosphere. The solution was 
refluxed for 1 hr, then cooled in ice and treated dropwise with 0.5 N 
ethanolic HCl to pH 4. The mixture was stirred at  room temperature for 
2 hr, then cooled in ice, and filtered to give 408 mg (56% yield) of the 
hydrochloride as a white solid, mp 183-184'. 

Melting points were determined on a Thomas-Hoover h i -me l t  and are un- 
corrected. Optical rotations were measured using a Perkin-Elmer 141 automatic 
polarimeter. Mass spectra were taken on an LKB 9OOO GC-MS spectrometer. The 
1H-NMR spectra were taken on a Varian EM390 spectrometer. TLC was carried 
out on Uniplates from Analtech coated with 250 pm of silica gel GF. Evaporations 
were performed at 40' under house vacuum on a Buck Rotavapor unless otherwise 
stated. Elemental analyses were conducted by MI. Eric Meier, Stanford Universit 
Stanford, California. Pre arative high-pressure liquid chromato aphy (HPL& 
was performed using the #aten Prep LC/System 500 and silica gegartridges. The 
existence of solvents of crystallization was confirmed by 'H-NMR whenever pos- 
sible. Many of the compounds in this series had a strong tendency to trap solvents 
within their solid structure. Heating these compounds at 6&100° under 0.1-mm 
Hg vacuum for 24 hr would not completely remove the last traces of solvent. Con- 
tinued heating under vacuum beyond this point began to decom me the com- 
pounds. All of these compounds were homogeneous by TLC and hatspectra (mass 
spectra and/or IH-NMR) characteristics of the desired compounds. Elemental 
analyses have, therefore, been reported with solvents of crystallization. 

0 1 2 3 4 5 6 
i i s x  I O - ~  

Figure 1-Double-reciprocal plots of the effect of compound III as an 
inhibitor of porcine plasma angiotensin-conuertiq emzyme with hip- 
puryl-histidyl-leucine as substrate. Key: (.) no inhibitor; (0) with 
compound III at a concentration of 0.33 mM. Lines were drawn by the 
method of least squares. 

The hydrochloride was mixed with water (20 ml) and chloroform (20 
ml). The aqueous layer was adjusted to pH 11 with 1 N NaOH while 
stirring vigorously. The chloroform layer was separated and the aqueous 
phase was extracted twice with chloroform (2 X 20 ml). The combined 
chloroform extracts were dried with calcium sulfate and evaporated to 
dryness to give 298 mg (46%) of the free base as a white solid, mp 93-95O; 
IR (mineral oil): 3300 and 3250 (amide NH), 1695 (CO), 1550 (amide 
CNH). 

Anal.-Calc. for ClgH24N203: C, 69.49; H, 7.37; N, 8.53. Found: C, 
69.16; H, 7.26; N, 8.70. 
N42S - 2-Benzyloxycarbonylamino-3-phenylpropyl) - N - (9- 

fluorenylmethyloxy-carbony1)aminoethanol (V1)-To an ice-cold 
solution of V (1.68 g, 5.12 mmoles) in 49 ml of 4A sieve-dried acetone was 
added sodium bicarbonate (2.24 g, 26.7 mmoles) followed dropwise by 
a solution of 9-fluorenylmethyl chloroformate (1.98 g, 7.63 mmoles) in 
5 ml of dry acetone. The mixture was stirred at 0' for 5 hr, then at room 
temperature for 1.5 hr, and finally stored at 4 O  for 64 hr. 

The solid was removed by filtration. The filtrate was treated with 
methanol (20 ml) and evaporated to dryness. The residue was redissolved 
in methanol (20 ml) and again evaporated to dryness. This oil was dis- 
solved in 20 ml of 50% ether in chloroform and added dropwise with rapid 
stirring to 400 ml of petroleum ether (bp 30-60'). The mixture was cooled 
a t  4' for 20 hr. The solvent was decanted and the residual oil was dis- 
solved in chloroform (50 ml), washed twice with water (2 X 50 ml), dried 
with calcium sulfate, and evaporated to dryness to give 2.54 g of a foam. 
This was chromatographed on silica gel preparative plates with 2% 
methanol in chloroform. The UV absorbing band at  Rf 0.40 was extracted 
with 20% methanol in chloroform to give 2.07 g (73% yield) of VI as a foam; 
'H-NMR (CDC13): 6 4.90 (2 H, s, benzyloxy CH2), 7.13 (18 H, m, aro- 
matic). 

Anal.-Calc. for C34H34N205-0.40 CHC13: C, 69.05; H, 5.79; N, 4.68. 
Found C, 69.13; H, 6.04; N, 4.41. Subsequent larger runs were purified 
by HPLC with 20% ethyl acetate in chloroform. 
N-(2S-2-Benzamido-3-phenylpropyl)-N-(9-fluorenylmethyloxy- 

carbony1)aminoethanol (VII1)-A solution of VI (3.09 g, 5.62 mmoles) 
in 300 ml of glacial acetic acid was hydrogenated at  atmospheric pressure 
with 2.90 g of 10% palladium-on-carbon for 2 hr. The mixture was filtered 
through diatomaceous earth. The filtrate was evaporated to dryness to 
give the crude amine (VII) as an oil (2.65 9). 

Sodium bicarbonate (1.13 g, 13.5 mmoles) was added to an ice-cold 
solution of the amine in 360 ml of 4A sieve-dried dichloromethane fol- 
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Figure 2-Double-reciprocal plots of the effect of I I I  as an inhibitor 
of porcine plasma angiotensin-converting enzyme with angiotensin I 
as substrate. Key: (0) no inhibitor; (0) with compound I I I  a t  a con- 
centration of 0.66 mM. Lines were drawn by the method of least 
squares. 

lowed dropwise by benzoyl chloride (0.785 ml, 6.74 mmoles). The mixture 
was stirred at room temperature for 18 hr. Another 0.523 ml of benzoyl 
chloride was added and stirring was continued for an additional 3 hr. 

The solid was removed by filtration. The filtrate was treated with 
methanol (50 ml) and evaporated to dryness. The residue was redissolved 
in methanol (50 ml) and again evaporated to dryness. This oil was dis- 
solved in 10 ml of chloroform and added dropwise with rapid stirring to 
500 ml of petroleum ether (bp 30-60'). The mixture was cooled at  4' for 
64 hr. The solvent was decanted and the residual oil was dissolved in 
chloroform (50 ml), washed with 0.2 N HCl(2 X 50 ml), saturated sodium 
bicarbonate solution (50 ml), and water (50 ml). The chloroform extract 
was dried with calcium sulfate and evaporated to dryness to give 2.06 g 
of a foam. This was purified by preparative HPLC using 1:l chloro- 
form-ethyl acetate, which afforded 1.05 g of VIII (36% yield from VI) as 
a white solid foam; R/ 0.5 (1:l chloroform+thyl acetate): mass spectrum 
593 (M+ + trimethylsilyl + H). 

Anal.-Calc. for C33H32N204-0.10 CHC13: C, 74.65; H, 6.08; N, 5.26. 
Found C, 74.50; H, 6.44; N, 5.16. 

N-(2S-2-Benzamido-3-phenylpropyl)-N-(9-fluoreny~ethylo~y- 
carbony1)aminoacetic Acid (=)-To an ice-cold solution of compound 
VIII (1.01 g, 1.94 mmoles) in 38 ml of acetone was added dropwise a so- 
lution of chromium trioxide (457 mg, 4.57 mmoles) in 9.7 ml of 35% 
H2S04. The reaction was stirred at room temperature for 1 hr and then 
added to 200 ml of water and extracted with chloroform (3 X 100 ml). The 
chloroform extracts were washed with water (100 ml), dried with sodium 
sulfate, and evaporated to dryness to give compound IX as a foam (1.07 
g), which was used directly in the next step. 

An analytical sample was obtained in an earlier, small-scale run by 
crystallization from chloroform-ether following chromatography on a 
preparative silica gel plate with 10% methanol in chloroform. The tan 
solid softened at 139-142' and melted at  167-171'; Rf 0.4 (10% methanol 
chloroform): mass spectrum 606 (M+ + trimethylsilyl). 

Anal.-Calc. for C33H30N20&25 CHC13: C, 70.22; H, 5.40; N, 4.96. 
Found C, 70.W, H, 5.37; N, 4.98. 
N-[ N-(2S-2-Benzamido-3-phenylpropyl)-N-(9-fluorenylmethyl- 

oxycarbonyl)aminoacetyl]- proli line Benzyl Ehter (X)-To a stirred 
ice-cold solution of compound IX (1.07 g, 2.01 mmoles), L-proline 
benzyl ester hydrochloride (0.485 g, 2.01 mmoles), 1-hydroxybenzotriazole 
(0.300 g, 2.01 mmoles), and triethylamine (0.280 ml, 2.01 mmoles, distilled 
from phthalic anhydride) in 34 ml of 4A sieve-dried dichloromethane was 
added a solution of dicyclohexylcarbodiimide (0.415 g, 2.01 mmoles) in 

Table 11-Inhibition of Porcine Plasma Angiotensin Converting 
Enzyme 

Ri Compound 150 (PW' 
H XI11 2.4 (36) 

Conrentration required for 50% enzyme inhibition (1,6). The numhers in pa- 
rent heses are relat ivc to a captopril lm of 0.40 pM as reported in Tahle l .  

10 ml of dry dichloromethane. The mixture was stirred at 5' for 0.5 hr, 
then at  room temperature for 45 hr. 

The reaction mixture was cooled and filtered. The filtrate was washed 
with ice-cold 2 N HCI (25 ml), 0.3 N NaOH (25 ml), and water (25 ml), 
then dried with calcium sulfate and evaporated to dryness. The light 
yellow solid foam was purified by preparative HPLC with chloroform as 
solvent. The yield of white solid foam X was 1.06 g (73%); 'H-NMR 
(CDCln): 7.00-7.85 (2.1 H,  m, aromatic), 1.85 (4 H, m, proline CHz, s); R/ 
0.30 (chloroform). 

Anal.-Calc. for C4hH43N30~0.20 CHCls: C, 72.48; H, 5.84; N, 5.63. 
Found: C ,  72.81; H, 5.82; N, 5.60. 
N-[ N-(2S-2-Benzamido-3-phenylpropyl)-N-(9-fluorenylmeth- 

yloxycarbonyl)aminoacetyl]-L-proline (XI)-A solution of X (1.01 
g, 1.40 mmoles) in 100 ml of glacial acetic acid was hydrogenated at  at- 
mospheric pressure with 1 g of 10% palladium on carbon for 2 hr. The 
reaction was filtered through diatomaceous earth and evaporated to 
dryness to give 0.900 g of crude compound XI as a gum. A white solid (mp 
151-152") analytical sample of compound XI was obtained by chroma- 
tography on a silica gel preparative plate with 7% methanol in chloroform 
followed by crystallization from chloroform-ether; 'H-NMR (CDCIS): 
7.00-7.85 (18 H, m, aromatic), 1.95 (4 H, m, proline CH2,s); R/ 0.2 (7% 
methanol in chloroform). 

Anal.-Calc. for C~H~7N~Os.0 .60  CHC13: C, 65.92; H, 5.39; N, 5.97. 
Found: C, 65.52; H, 5.41; N, 5.90. 
N-[ N-(2S-2-Benzamido-3-phenylpropyl)aminoacetyl]-~-proline 

(111)-Crude compound XI (836 mg, 1.32 mmoles) was stirred in 40 ml 
of liquid ammonia under nitrogen atmosphere for 3 hr. The ammonia was 
evaporated and the residue was stirred vigorously for 10 min in a mixture 
of 20 ml of water and 20 ml of ethyl acetate. The water layer was separated 
and evaporated to dryness to give a white solid. This was triturated with 
methanol (10 ml) to give 280 mg (52% yield) of 111, mp 200-201'; mass 
spectrum 553 (M+ + 2 trimethylsilyl); [a]# -92.4' (c = 0.953, 1 N 
NH40H). 

Anal.-Calc. for C23H27N304-0.25 CH30H: C, 66.82; H, 6.76; N, 10.06. 
Found: C, 66.94; H, 6.64; N, 10.00. 
N-[ N- Acetyl-N- (2s -2-benzamido-3-pheny1propyl)aminoace- 

tyl]-L-proline (XU)-The amino acid (111) (100 mg, 0.244 mmoles) was 
stirred in 10 ml of water and 10 ml of acetic anhydride for 2J/3 hr at room 
temperature. The reaction was evaporated to dryness a t  35'. Another 
10 ml of water was added to the residue and the mixture was again 
evaporated to dryness. The residue was dissolved in chloroform (20 ml) 
and washed with cold 2 N HCI (20 ml) and water (20 ml), dried with 
calcium sulfate, and evaporated to dryness. The gummy residue was 
crystallized from chloroform+ther to give 58 mg (53% yield) of compound 
XI1 as a white solid, mp 156-158'; 'H-NMR (CDCl3-methanol-dd 2:lj: 
b 2.01 (3 H, d, acetamide CH3); mass spectrum 523 (M+ + trimeth- 
ylsilyl). 

Anal.-Calc. for C?~,H29N305-0.25 H20: C, 65.85; H, 6.52; N, 9.21. 
Found: C, 65.88; H, 6.39; N, 9.20. 

Fluorometric Assay of Angiotensin-Converting Enzyme-Ma- 
terials used were porcine plasma-converting enzyme*, hippuryl-histi- 
dyl-leucine3, histidyl-leucine3, o-phthaldehyde3, and angiotensin 14. All 
chemicals used were reagent grade. 

The enzyme assay (9) activity was conducted with fluorometric de- 
termination of histidyl-leucine, a product of the enzyme reaction. The 
substrate used was hippuryl-histidyl-leucine or angiotensin I. The con- 
centration ranges were 2.6 X 10-4-2.04 X M and 1.1 X 10-4-1.4 X 

M for hippuryl-histidyl-leucine and angiotensin I, respectively. The 

2 Miles Laboratories. 
Sigma Chemical Co,, St. L.UIIIS,  Mo.  
Rarhem Fine Chemicals, Marina Del Rev. Calif. 
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Figure 3-Schematic representation of the binding of inhibitors and 
substrates a t  the hypothetical active site of angiotensin-converting 
enzyme 0 s  proposed previously (8). 

assay was carried out by mixing 10 pl of phosphate buffer (0.1 M, pH 7.6, 
containing 0.3 M NaCl) containing the testing inhibitor with substrate 
dissolved in 10 pl of phosphate buffer. Then 1 mg of porcine plasma- 
converting enzyme in 50 J of buffer was added. The mixture was incu- 
bated at  37' for 90 min with constant shaking, and the reaction was 
stopped by adding 50 pl of 10% trichloroacetic acid. The samples were 
then diluted with 0.7 ml of water followed by 0.4 ml of 2 N NaOH. To the 
alkalized mixture, 0.1 ml of 1% (w/v) o-phthaldehyde in methanol was 
added. After exactly 4 min, 0.2 ml of 6 N HCI was added. The contents 
of all tubes were thoroughly mixed after each addition. The samples were 
then centrifuged at  10,OOOXg for 10 min, and the fluorescence of the su- 
pernatant was measured5 with excitation at  365 nm and emission at  495 
nm. The fluorescent product of histidyl-leucine with o-phthaldehyde is 
not stable in alkaline solution, but is stabilized upon acidification. The 
fluorescence of the acidified solution is stable up to 1 hr, so all readings 
should be made within that period (10). 

A standard curve of histidyl-leucine was prepared for each assay by 
mixing various amounts of histidyl-leucine with 1 mg of enzyme in 70 pl 
of phosphate buffer. The tubes containing the standards were treated 

Aminco Bowman fluorometer. 

identically to those containing the samples. A reagent blank containing 
all reagents but no substrate was also run for each assay. 

Test for the Effect of Inhibitors-For testing the effect of inhibitors 
on angiotensin-converting enzyme, two assays were run in parallel. One 
contained the substrate (2 mM), enzyme (1 mg), and various concen- 
trations (1 nM to 10 mM) of an inhibitor; the other contained only the 
substrate and enzyme. The assay conditions were the same as described 
above. The product formed with an inhibitor relative to that without an 
inhibitor was calculated to give the percent of inhibition. By plotting the 
percent inhibition uersus various concentrations of an inhibitor, the 150 
was obtained. 

For determination of the kinetics and theKj of an inhibitor, the enzyme 
assay was carried out as described above using various concentrations 
of substrate with and without inhibitor. When hippuryl-histidyl-leucine 
was used as substrate, the concentrations were 2 X 10-4-3 X 10-3 M. 
When angiotensin I was used as substrate, the concentrations were 1.1 
X 10-4-1.3 X M. By using the Michaelis-Menten equation (11) and 
double-reciprocal plot (121, the K ,  and Kj can be calculated. 
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Abstract p-Aminobenzoic acid, the acid hydrazides of benzoic acid, 
salicylic acid and isonicotinic acid, and 4,4’-diaminodiphenyl sulfone were 
condensed with p-aminobenzenesulfonyl chloride to give the corre- 
sponding N1-substituted sulfanilamides. These molecules were then 
treated with 1,4-naphthoquinone to yield 2-substituted-1,4-naphtho- 
quinones. The partition coefficient for the substituted quinones showed, 
in some cases, high diffusion rates to the organic phase, benzene, from 
physiological Tyrode’s solution. These compounds are effective in low 
concentration in dioxane against the human sensitive strain of Myco- 
bacterium tuberculosis H37 Rv. Sulfanilamides obtained from p-ami- 
nosalicylic acid and thiosemicarbazide failed to react with 1,rl-naph- 
thoquinone. These sulfanilamides also showed high activity against the 
same Mycobacterium. 

Keyphrases 0 Antituberculous agents-potential, synthesis of sul- 
fanilamido-naphthcquinones 0 Sulfanilamides-synthesis of sulfa- 
nilamido-naphthcquinones as potential antituberculous agents 

It has been postulated that the penetration through the 
Tubercle bacilli cell wall is a limiting factor in the effec- 
tiveness of the tuberculostatic agents. Consequently, trials 
were made to improve the cell penetration of these drugs. 
Surface active agents (1, 2), used to promote cell pene- 
tration, were found to be effective through modification 
of the surface lipids of the bacilli (3,4). 

The isolation of phthiocol (2-hydroxy-3-methyl-l,4- 
naphthoquinone) from the human bacilli (5,6),  indicated 
that the compound could be a natural metabolite of the 
organism; thus showing the tolerance of the latter to the p -  
quinonoid structure. Earlier reports have also indicated 
the use of p-quinonoid moieties as carriers for certain tu- 
berculostatic agents (7, 8). These facts, beside the high 
lipid solubility of naphthoquinone suggested using 1,4- 
naphthoquinone as a carrier of certain sulfonamides, with 
the objective that the p-quinonoid moiety will facilitate 
the diffusion of the compounds through the cell wall giving 
them a better opportunity to exert their effects on the or- 
ganism. The present work is concerned with the synthesis 
of 2-(substituted sulfanilamido)-1,4-naphthoquinones: 

0 

The routes by which these compounds were synthesized 
are shown in Scheme I. 

RESULTS AND DISCUSSION 

Chemistry-The key intermediates, sulfanilamide compounds, were 
prepared by adding p-acetamidobenzenesulfonyl chloride to p-amino- 
benzoic acid, p-aminosalicylic acid, isonicotinic acid hydrazide, benzoic 
acid hydrazide, salicylic acid hydrazide, and 4,4’-diaminodiphenyl sulfone 

Table I-Partition Coefficient (A) between Benzene 
and Tyrode’s Solution * 

A2 

A1 - A2 
Compound AI A2 

IX 0.085 0.050 1.43 
X 0.050 n.oin 0.25 ._ 

XI 
XI1 

..._. 

0.390 0.345 
0.650 0.640 

7.67 
64.00 

XI11 0.055 0.030 1.20 
XIV 0.620 0.600 30.00 xv n.mn n x o  n 
XVI 

XVII 

_.___ 

0.065 0.055 
0.030 0.010 

5.50 
0.50 

Absorbance measured at wavelength 450 nm. 

Table I I S e n s i t i v i t y  Pat tern of Mycobacterium tuberculosis 
€I37 Rv Against Tested Compounds 

Concentrations in pg/ml in Dioxane 
Compound I I1 111 

I1 1.0 Re 
VII 1.0 S b  
IX 0.5 S 
X 0.06 R 

XI 0.06 R 
XI1 0.03 S 

XI11 1.0 R 
XIV 1.0 R xv 1.0 R 
XVI 1.0 R 

XVII 1.0 R 

1.5 S 
1.5 S 
1.0 s 
0.12 s 
0.12 s 
0.06 S 
1.5 S 
1.5 R 
1.5 S 
1.5 R 
1.5 R 

2.0 s 
2.0 s 
2.0 s 
0.24 S 
0.24 S 
0.12 s 
2.0 s 
2.0 s 
2.0 s 
2.0 s 
2.0 s 

Resistant. * Sensitive. 

according to a previously used technique (9). The products were then 
deacetylated. The sulfanilamide compounds obtained were allowed to 
react with 1,4-naphthcquinone. The 2-substituted-1,4-naphthoquinones 
were obtained, where the sequence of the reaction could follow the same 
route pro@ for the reaction of the arylamine and 1,4-naphthoquinone 
(10, 11). The sulfanilamides obtained from p-amin‘osalicylic acid and 
thiosemicarbazide (11, VII) did not react with the quinone, while (VI) the 
ethyl ester of (11) underwent the reaction successfully. The sulfanilamide 
obtained from p-aminobenzoic acid was esterified after combining it with 
the l,4-naphthoquinone (XVI, XVII). The unsubstituted 4,4’-diami- 
nodiphenyl sulfone reacted with one molecule of 1,4-naphthoquinone 
(XV) and the same compound, condensed as sulfanilamide derivative, 
reacted with two molecules of the quinone (XIV). 

The p d t y  and the identity of the compounds were determined by TLC 
on silica gel using different solvent systems, melting points (uncorrected), 
IR spectra using a spectrophotometer’ as nujol mull on sodium chloride 
plates and elemental microanalysis. 

A number of the compounds prepared (IX-XVII) showed high diffu- 
sion rates to the organic solvent, benzene, from physiological Tyrode’s 
solution. The values of the partition coefficient between the solvents were 
calculated using the ratio AdA1- A2, where A1 and A2 are the absorb- 
ances in benzene before and after extraction with the Tyrode’s solution 
a t  wavelength 450 nm (Table I). 

Biology-Most of the prepared compounds proved to be effective in 
low concentrations against the human strain of Mycobacterium tuber- 
culosis Ha7 Rv2. 

A concentration of 0.1 pg/ml wet weight of 3-week-old cultures of the 
Mycobacterium was found suitable. Lowenstein-Jensen medium without 

1 Unic(un 2000. 
Received from National Collection of Type Cultures, UK. 
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PH 

0 

Scheme I 

potato was used. No growth or growth of <20 colonies indicated that the 
strain was sensitive to the compounds in the given concentrations, pro- 
vided that the compound-free control yielded > 100 colonies. 
AH compounds tested were found effective against the human sensitive 

strain of the Mycobacterium in concentrations of 1-2 pg/ml. However, 
compounds IX-XI1 gave the same effect in lesser concentrations (Table 
11). 

On comparing data from Tables I and 11, structural VI riations of the 
compounds appear to show uncorrelated effects on the activities and the 
rates of diffusion of the compounds into the organic phase. Some of the 
highly active compounds were also highly diffusible, e.g., compounds XI 
and XII. Such a relationship does not hold with the other compounds. 
A detailed comparative study of the effect of the structural variations 
involving quinonoid and unquinonoid compounds on both activities and 
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Table 111-The p-Aminobenzenesulfonamide Derivatives H8*94NHR 

Yield, Molecular Analysis 
Compound R mPo % Formula Calc. Found 

I 

I1 

I11 

IV 

V 

VII 

VIII 

p-Carboxyphenyl 

p -Carboxy -rn -h ydroxyphenyl 

Benzamido 

o -Hydroxybenzamido 

p -Pyridoylamino 

Thiouriedo 

[p(p-Aminobenzene) sulfonyl]phenyl 

C: 53.42 53.09 
H 4.14 4.05 
N: 9.58 9.36 
S: 10.97 11.08 
C: 50.64 50.40 
H: 3.89 3.97 
N 9.09 9.01 
S 10.38 10.73 
C: 53.60 53.23 
H 4.50 4.63 
N: 14.43 14.24 
S 11.01 10.68 
C: 50.81 50.80 
H 4.26 4.34 
N 13.67 13.62 
S 10.43 10.52 
C 49.31 49.39 
H. 4.14 4.30 
N: 19.17 19.08 
S: 10.97 10.83 
C: 34.14 34.14 
H: 4.06 4.14 
N 22.76 22.81 
S 26.01 26.03 

53.08 C: 53.58 
H: 4.25 4.17 
N 10.42 10.53 
S: 15.86 15.45 

Table IV-The Sulfanilamido- 1,4-naphthoquinone Derivatives 

Yield, Molecular 
Compound R mPo % Formula 

IX 

X 

XI 

XI1 

XI11 

XIV 

p-Carboxyphenyl 

Benzamido 

o -Hydroxybenzamido 

p-Pyridolyamino 

p-Carboethoxy-rn -hydroxyphenyl 

N: 6.25 
S: 7.41 

258-259 38 C23Hi7N305S C: 61.75 
H 3.80 
N 8.39 
S 7.15 

263-264 50 C ~ ~ H I ~ N ~ O ~ S  C: 59.61 
H: 3.67 
N 9.09 
S 6.91 

24a249 40 C&l6N405S C 58.93 
H: 3.56 

N 5.69 
S 6.50 

(p-(p-[2-(1,4-naphthoquinonyl)]aminobenzene~su~fonyl)phenyl 310-311 92 C ~ S H ~ ~ N ~ O S S ~  C: 63.98 
H: 3.49 
N 5.87 
S: 8.25 

rates of diffusion and their relationship to each other is presently being 
conducted. 

EXPERIMENTAL 
All compounds mentioned in Tables 111 and IV were prepared by the 

following general procedures. All the figures of analysis and the IR spectra 
of the compounds were in agreement with the structures. 

p-Acetamido benzenesulfanilamido Derivatives-p -Ace tamido- 
benzenesulfonyl chloride (10 mmoles) was added gradually to a solution 
of the appropriate derivative (20 mmoles) in 2 N NaOH solution (30 ml) 
with constant stirring. The stirring continued for 10-15 min. The alkaline 
solution was extracted with ether, then acidified with hydrochloric acid, 
when the p-acetamidobenzenesulfonamido compound separated. The 
compound was then filtered and crystalized from 95% ethyl alcohol. The 
IR spectra of the pure compounds showed absorption bands at 1740 cm-' 

62.03 
3.70 
6.06 
6.98 
62.10 
3.71 
7.97 
7.26 
60.03 
3.89 
8.86 
6.76 
58.59 
3.81 
12.08 
6.74 
60.27 
3.98 
5.66 
6.86 
64.25 
3.92 
6.03 
7.84 - _ ~ .  

( C 4  in COCHz), 1600-1590 cm-l (C=C aromatic), 1680 cm-I, 1570 
cm-' ( C O N  amides I & II), 1370-1335 cm-l, 1180 cm-' (SOzNH) beside 
others for different compounds. 

Benzenesulfanilamido DerivativegThe hydrolysis (deacetylatlon) 
of the p-acetamidobenzene derivatives was carried out either by heating 
with alkali on a steam bath or by gently refluxing for 30 min with twice 
its weight of diluted hydrochloric acid. The IR spectra of the hydrolyzed 
compounds showed the disappearance of the C=O band of the COCH3 
group at  1740 cm-l and the appearance of a typical primary N-H pair 
of bands a t  3300 and 3130 cm.-l (Table 111). 
N1-(p-Carboethoxy-m-hydroxyphenyl) Sulfanilamide (V1)-A 

solution of II (10 mmoles) was esterified by warming with excess 95% ethyl 
alcohol in the presence of concentrated sulfuric acid. The ethyl ester, mp 
230-231O was obtained in a 60% yield. The IR spectrum marked the 
disappearance of the bands at 1690 cm-l (C=O in COOH) and 3000 cm-' 
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(OH carboxylic) and the appearance of the band at  1665 cm-l (C=O in 

Anal.-Calc. for C15H1&O&. C, 53.56; H, 4.79; N, 8.33; S, 9.53. 
Found: C, 53.06; H, 4.71; N, 8.30; S, 9.66. 
Sulfanilamido-l,4-naphthoquinone Derivatives-A solution of 

1,4-naphthoquinone (20 mmoles in 40 ml of 95% ethyl alcohol) was 
gradually added over a period of 30 min to a solution of the appropriate 
sulfanilamido derivative (10 mmoles in 10-30 ml of glacial acetic acid). 
Sodium acetate (20 mg) was added with constant stirring at 60’. Stirring 
was continued for 30 min, then refluxed for 1 hr, and left overnight at 
room temperature. A black precipitate was separated and filtered. Water 
was added to the fitrate when a brownish material separatd. It was then 
filtered, washed with hot water, dried at  B O O ,  and crystallized from 95% 
ethyl alcohol as light crystals. The IR spectra of the compounds showed 
the appearance of two bands at  1650 and 1630 cm-l for the C = O  of the 
naphthoquinone. The pair of bands of the primary NH2 at 3300 and 3130 
cm-l disappeared, while the N-H stretching absorption was shown at 
3245 cm-l (Table IV). 

4-Amino-4’-[2-( 1,4-naphthoquinonyl)]aminodiphenylsulfone 
(XV)-This was obtained by the same procedure for the preparation of 
the sulfanilamido-l,4-naphthoquinone derivatives, from 1.4-naphtho- 
quinone (20 mmoles in 40 ml of 95% ethyl alcohol) and 4,4’-diaminodi- 
phenyl sulfone (10 mmoles in 35 ml of glacial acetic acid). The product 
was crystallized from 95% ethyl alcohol. Yield 911, mp 306-307O. 

Anal.-Calc. for C ~ Z H I ~ N Z ~ ~ S  C, 65.34; H, 3.96; N, 6.93; S, 7.92. 
Found C, 65.25; H, 4.14; N, 6.72; S, 7.71. 

24N4-[ w-( p-Carbomethoxy)phenyl~~~do)-1,4-~ph~o- 
quinone (XVI)-A solution of M (10 mmoles) was estedied by warming 
with excess methyl alcohol in the presence of concentrated sulfuric acid. 
The methyl ester recrystallized from glacial acetic acid was obtained in 
37% yield, mp 253O. In the IR spectrum the bands at  1700 cm-’ (C=O 
in COOH) and 3245 cm-l (OH carboxyl) disappeared and 
a band at 1750 cm-l (C=O in COOCH3) appeared. 

COOCzH5). 
Anal.-Calc. for CZ~HI&O& C, 62.34; H, 3.89; N, 6.06; S, 6.90. 

Found C, 61.93; H, 3.67; N, 5.64, S, 6.68. 
2-(N4-[ N1-(p-Carboethoxy)phenyl]sulfanilamido)-l,4-naphtho- 

quinone (MI)-Obtained as XVI from IX by esterification with 95% 
ethyl alcohol. Yield 3546, mp 261-262O. In the IR spectrum the bands 
at  1700 cm-1 ( C 4  in the carboxyl group) and 3245 cm-l (OH carboxyl) 
disappeared, and a band at  1665 cm-l (C=O in COOC2H5) appeared. 
appeared. 

Found C, 62.68; H, 3.90; N, 5.48; S, 6.82. 
Atd.-cdc. for C25H&zO& C, 63.02; H, 4.20; N, 5.88; S, 6.72. 

REFERENCES 

(1) H. J. Copper and M. L. Cohn, Am. Reu. Tuber., 63,108 (1951). 
(2) J. W. Cornforth, P. DA. Hart, R. J. W. Rees, and J. A. Stock, 

(3) G. B. Mackaness, Am. Reu. Tuber., 69,690 (1954). 
(4) J. E. Lovelock and R. J. W. Rees, Nature (London), 175, 161 

(5) E. R. Long and F. B. Seibert, Am. Reu. Tuber., 13,393 (1926); 

(6) R. J. Anderson and M. S. Newman, J.  Biol. Chem., 103, 197 

(7) A. D. Marco, B. Zachi, and V. Zavaglis, Sperimentales, 102,218 

(8) F. G. Valdecases, Med. CZin. (Barcelona), 4,275 (1952); through 

(9) R. C. Denney, “Named Organic Reactions,” Butterworth, London, 

(10) L. F. Fieser and M. Fieser, “Advanced Organic Chemistry,” 

(11) J. H. Wilfred, “Reaction of Organic Compounds,” 3rd ed. Long- 

Nature (London), 168,150 (1951). 

(1955). 

through Chem. Abstract, 20,2535 (1926). 

(1933); through Chem. Abstracts, 28,194 (1934). 

(1952); through Chem. Abstracts, 46,10435 h (1952). 

Chem. Abstracts, 47,13084 d (1953). 

1969, p. 86. 

Rienhold, New York, N.Y., 1961, p. 853. 

mans, London, 1957, p. 284. 

High-Performance Liquid Chromatographic Determination of 
Alizapride, a New Antiemetic Compound, and Its 
Application to a Dose-Dependent Pharmacokinetic Study 

G. HOUIN *, F. BREE *, N. LERUMEUR f, and 
J. P. TILLEMENT*X 
Received November 20,1980, from the *Department of Pharmacology, Faculty of Medicine of Paris X I I ,  8 Rue du Ge‘ne‘ral Sarrail-94000 
Creteil, and the !Department of Medical Statistics, Hopital du Bocage-21000 Dijon, France. Accepted for publication March 4,1982. 

~~ ~~ ~~ 

Abstract An assay was developed to measure alizapride (a new anti- 
emetic compound) in biological specimens. The method involved re- 
versed-phase high-performance liquid chromatography and fluorescence 
detection. The detection limit was 5 ng/ml in plasma or urine samples. 
The value of the assay was demonstrated with a dose-dependent phar- 
macokinetic study. It showed a two-phase decrease in plasma concen- 
trations, after intravenous injection, with half-lives of 7.5-min and 2.5-hr, 
respectively. From plasma and urine results, pharmacokinetic parameters 
remained constant in the dose range of 50-200 mg. 

Keyphrases High-performance liquid chromatography-determi- 
nation and dose-dependent pharmacokinetic application of alizapride, 
new antiemetic compound Alizapride-new antiemetic compound, 
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dependent pharmacokinetic application 0 Antiemetic compound- 
high-performance liquid chromatographic determination and dose- 
dependent pharmacokinetic application of alizapride Pharmacokinetic 
application-dose-dependent, alizapride, new antiemetic compound, 
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Alizapridel, N-[ (l-allyl-2-pyrrolidinyl)methyl]-6- 
methoxy-1H-benzotriazole-5-carboxamide (I), is a new 
compound with antiemetic properties (1, 2). For bio- 

availability studies a sensitive and specific assay for plasma 
and urine concentrations was needed. According to the 
physicochemical properties of the compound, a high- 
performance liquid chromatographic (HPLC) assay with 
a fluorescence detector was selected. This study describes 
the procedure used for the analysis of biological samples 
and the preliminary results on pharmacokinetic parame- 
ters calculated in a dose-dependency study. 

EXPERIMENTAL 

Materials-Alizapride was obtained from commercial suppliers and 
showed no impurities in two different TLC systems. Methanol, chloro- 
form, and tris(hydroxymethy1)aminomethane buffer (pH 8.1) were 
commercially available analytical grades and used without further pu- 
rification. 

Y Y  
N-NH 

I 
CHZ-CH=CH, 

HCI 
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(OH carboxylic) and the appearance of the band at  1665 cm-l (C=O in 

Anal.-Calc. for C15H1&O&. C, 53.56; H, 4.79; N, 8.33; S, 9.53. 
Found: C, 53.06; H, 4.71; N, 8.30; S, 9.66. 
Sulfanilamido-l,4-naphthoquinone Derivatives-A solution of 

1,4-naphthoquinone (20 mmoles in 40 ml of 95% ethyl alcohol) was 
gradually added over a period of 30 min to a solution of the appropriate 
sulfanilamido derivative (10 mmoles in 10-30 ml of glacial acetic acid). 
Sodium acetate (20 mg) was added with constant stirring at 60’. Stirring 
was continued for 30 min, then refluxed for 1 hr, and left overnight at 
room temperature. A black precipitate was separated and filtered. Water 
was added to the fitrate when a brownish material separatd. It was then 
filtered, washed with hot water, dried at  B O O ,  and crystallized from 95% 
ethyl alcohol as light crystals. The IR spectra of the compounds showed 
the appearance of two bands at  1650 and 1630 cm-l for the C = O  of the 
naphthoquinone. The pair of bands of the primary NH2 at 3300 and 3130 
cm-l disappeared, while the N-H stretching absorption was shown at 
3245 cm-l (Table IV). 

4-Amino-4’-[2-( 1,4-naphthoquinonyl)]aminodiphenylsulfone 
(XV)-This was obtained by the same procedure for the preparation of 
the sulfanilamido-l,4-naphthoquinone derivatives, from 1.4-naphtho- 
quinone (20 mmoles in 40 ml of 95% ethyl alcohol) and 4,4’-diaminodi- 
phenyl sulfone (10 mmoles in 35 ml of glacial acetic acid). The product 
was crystallized from 95% ethyl alcohol. Yield 911, mp 306-307O. 

Anal.-Calc. for C ~ Z H I ~ N Z ~ ~ S  C, 65.34; H, 3.96; N, 6.93; S, 7.92. 
Found C, 65.25; H, 4.14; N, 6.72; S, 7.71. 

24N4-[ w-( p-Carbomethoxy)phenyl~~~do)-1,4-~ph~o- 
quinone (XVI)-A solution of M (10 mmoles) was estedied by warming 
with excess methyl alcohol in the presence of concentrated sulfuric acid. 
The methyl ester recrystallized from glacial acetic acid was obtained in 
37% yield, mp 253O. In the IR spectrum the bands at  1700 cm-’ (C=O 
in COOH) and 3245 cm-l (OH carboxyl) disappeared and 
a band at 1750 cm-l (C=O in COOCH3) appeared. 

COOCzH5). 
Anal.-Calc. for CZ~HI&O& C, 62.34; H, 3.89; N, 6.06; S, 6.90. 

Found C, 61.93; H, 3.67; N, 5.64, S, 6.68. 
2-(N4-[ N1-(p-Carboethoxy)phenyl]sulfanilamido)-l,4-naphtho- 

quinone (MI)-Obtained as XVI from IX by esterification with 95% 
ethyl alcohol. Yield 3546, mp 261-262O. In the IR spectrum the bands 
at  1700 cm-1 ( C 4  in the carboxyl group) and 3245 cm-l (OH carboxyl) 
disappeared, and a band at  1665 cm-l (C=O in COOC2H5) appeared. 
appeared. 

Found C, 62.68; H, 3.90; N, 5.48; S, 6.82. 
Atd.-cdc. for C25H&zO& C, 63.02; H, 4.20; N, 5.88; S, 6.72. 
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Abstract An assay was developed to measure alizapride (a new anti- 
emetic compound) in biological specimens. The method involved re- 
versed-phase high-performance liquid chromatography and fluorescence 
detection. The detection limit was 5 ng/ml in plasma or urine samples. 
The value of the assay was demonstrated with a dose-dependent phar- 
macokinetic study. It showed a two-phase decrease in plasma concen- 
trations, after intravenous injection, with half-lives of 7.5-min and 2.5-hr, 
respectively. From plasma and urine results, pharmacokinetic parameters 
remained constant in the dose range of 50-200 mg. 

Keyphrases High-performance liquid chromatography-determi- 
nation and dose-dependent pharmacokinetic application of alizapride, 
new antiemetic compound Alizapride-new antiemetic compound, 
high-performance liquid chromatographic determination and dose- 
dependent pharmacokinetic application 0 Antiemetic compound- 
high-performance liquid chromatographic determination and dose- 
dependent pharmacokinetic application of alizapride Pharmacokinetic 
application-dose-dependent, alizapride, new antiemetic compound, 
high-performance liquid chromatographic determination 

Alizapridel, N-[ (l-allyl-2-pyrrolidinyl)methyl]-6- 
methoxy-1H-benzotriazole-5-carboxamide (I), is a new 
compound with antiemetic properties (1, 2). For bio- 

availability studies a sensitive and specific assay for plasma 
and urine concentrations was needed. According to the 
physicochemical properties of the compound, a high- 
performance liquid chromatographic (HPLC) assay with 
a fluorescence detector was selected. This study describes 
the procedure used for the analysis of biological samples 
and the preliminary results on pharmacokinetic parame- 
ters calculated in a dose-dependency study. 

EXPERIMENTAL 

Materials-Alizapride was obtained from commercial suppliers and 
showed no impurities in two different TLC systems. Methanol, chloro- 
form, and tris(hydroxymethy1)aminomethane buffer (pH 8.1) were 
commercially available analytical grades and used without further pu- 
rification. 
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Table I-Alizapride Recovery from Spiked Plasma Samples a 

--- - 
0 2 4 6  0 2 4 6 0 2 4 6  0 2 4 8  

A B C D 

MINUTES 

Fmre 1-High-performance liquid chromatograms of alizapride. 
Graph A corresponds to p l a s m  free of alizapride, graphs B and C to 
plasma spiked with 50 and 250 ng of alizapride respectively, and graph 
D to plasma samples obtained during phurmacokinetic study. 

Apparatus-A liquid chromatograph2 equipped with a fluorescence 
detectors and a continuous flow cell of 8 - 4  capacity was used. According 
to the fluorescence spectrum of alizapride, excitation and emission 
wavelengths were 323 and 380 nm, respectively. A 250-mm steel column 
was used, packed with a monomolecular layer of octadecyltrichlorosilane 
chemically bonded to Porasil beads with an average particle size of 10 
~ m ~ .  The chromatographic solvent, methanol-pH 8.1 buffer (80:20, v/v), 
was delivered at  a 2-ml/min flow rate. 

\ 

10' I I 1 

2 4 6 8 1 0 1 2  
HOURS 

Figure 2-Mean alizapride plasma concentration curves obtained in 
three subjects for each injected dose. Key: (0) 50 mg; (a) 100 mg; (0) 
150 mg; (m) 200 mg. 

2 Waters Associates, Paris, France. 
3 JY3, Jobin et Yvon, Paris, France. 
4 Bondapak C-18, Waters Associates, Paris, France. 

Added, ng 
Recovered,ng 25 50 100 250 500 1000 2000 

25.5 49.5 99.8 248.6 501.2 1001.3 2003.0 rn 
SD 1.6 3.0 6.2 7.0 8.5 14.7 64.0 
CV% 6.1 6.0 6.2 2.8 1.7 1.5 3.2 

- 

Total of five assays. 

Sample Preparation Procedure-For statistical analysis, human 
plasma was spiked with known amounts of alizapride to reach 5-2000 
ng/ml and equilibrated by shaking for 30 min. In human experiments, 
blood samples were immediately centrifuged, and the plasma was stored 
at -20' until analysis. 

Extraction Procedure-To a 1-ml plasma sample, 1 ml of pH 8.1 
buffer and 5 ml of chloroform were added. The mixture was shaken at 
room temperature for 1 min on a vortex-type mixer and centrifuged at 
3000 rpm for 10 min. A 4.8-ml volume of the organic phase was evaporated 
to dryness under a smooth nitrogen stream. The residue was reconstituted 
with 35 pl of the chromatographic solvent; 25 pl of the mixture was in- 
jected onto the HPLC column. 

Quantitation-Calibration curves were calculated using peak height 
and amounts of drug added to plasma, using the least-squares 
method. 

Human Experiments-Six subjects gave informed consent to par- 
ticipate in the study. They were free from cardiac, renal, hepatic, and 
respiratory diseases and allergies according to clinical and biological 
examinations. None of the subjects received any drugs for at least 15 days 
prior to the study. Each subject received four doses (50,100,150, and 200 
mg) a t  one-week intervals, three of them intravenously and the others 
orally, in tablet form. 

A 7-ml heparinized blood sample was withdrawn at 0,3,6,10,15,20, 
30,45,60,90, and 120 min and 3,4,6,8,10,12, and 24 hr after adminis- 
tration. Urine samples were collected every 2 hr during the first 12 hr, 
once during the next 12 hr, and every 24 hr during the next 4 days. 

Calculation-Statistical and pharmacokinetic calculations were 
performed with a table microcomputer5 using programs developed pre- 
viously (3). 

1 
1000 Fk 

i o J  I I I 1 

2 4 6 8 10 12 
HOURS 

Figure 3-Mean alizapride plasma concentration curves obtained in 
three subjects for each orally administered dose. Key: (a) 50 mg; (0) 
100 mg; (a) 150 mg; (0) 200 mg. 

Model 4051, Tektronix. Paris, France. 
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Table 11-Mean Pharmacokinetic Parameters Obtained After Intravenous Administration of Alizapride 

Dose, mg 
Pnmmetm 50 100 150 200 

0.135 f 0.065 0.149 f 0.109 0.092 f 0.029 0.111 f 0.055 
Tl~z,. hr 2.046 f 0.698 1.810 f 0.056 2.497 f 0.081 3.453 f 2.919 

2.275 f 2.458 
Ti/zC hr 
K1-3, hr-' 0.915 f 0.449 0.843 f 0.375 1.177 f 0.087 
K1-2, hr-l 3.291 f 1.299 3.037 f 4.526 4.544 f 1.669 2.047 f 1.071 
Kz+ hr-l 0.978 f 0.842 1.362 f 1.396 2.606 f 0.929 1.382 f 0.428 

29.760 f 7.757 27.895 f 0.177 27.486 f 21.059 V1, liter 36.473 f 8.745 
V2, liter 73.073 f 39.400 50.023 f 11.548 48.540 f 0.877 58.270 f 10.784 
AUC, mg hrAiter 1.977 f 0.729 3.533 f 0.899 4.660 f 0.198 7.587 f 2.693 

495.2 f 141.03 537.0 f 22.2 472.6 f 141.1 C1, ml/min 457.5 f 148.3 
Urn, mg 36.8 f 5.77 61.2 f 8.6 117.7 f 4.95 157.6 f 7.2 
U,, % 73.6 f 11.5 61.2 f 8.6 78.5 f 3.3 78.8 f 3.3 
TIIZ~I, hr 1.98 f 0.58 .3.20 f 0.45 2.51 f 0.36 2.52 f 0.14 

RESULTS AND DISCUSSIONS 

Figure 1 shows examples of chromatographic tracings. No peak cor- 
responding to endogenous compounds interferes with the drug. A stan- 
dard curve obtained with eight points had a mean slope of 0.0528 (1.12% 
SD), a mean correlation coefficient of 0.9998, and a mean y-intercept of 
0.0146 (0.1% SD). These data indicate that the peak height at the origin 
is not significantly different from zero, which correlates with the absence 
of endogenous interfering peaks, and a linearity between 5 and 2000 ng 
of alizapride/ml of plasma. 

Recovery of the drug from spiked plasma samples (n = 5) was deter- 
mined (Table I) at several concentrations. Mean results appear to be very 
close to the theoretical concentrations, which show reasonable recovery 
and accuracy. The standard deviation decreased to a minimum of 1.5% 
obtained when the analyzed concentration was -1 pg/ml. Under these 
conditions, assay sensitivity of alizapride in plasma was 5 ng/ml. 

Blood Sample Analysis-Intravenous Administration-Mean ali- 
zapride concentrations obtained from the three subjects receiving in- 
travenous doses are shown in Fig. 2. Individual concentrations have been 
systematically interpreted according to three different pharmacokinetic 
models, i.e., one-, two-, or three-compartment open models. At each step, 
a statistical Fischer test using the least-squares criterion was performed 
to evaluate the benefit of increasing the number of compartments. After 
intravenous administration a two-compartment open model was chosen. 
Mean pharmacokinetic parameters are presented in Table 11. It shows 
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iJ I I 1 

2 4 6 8 10 12 
HOURS 

Figure 4-Sigma-minus plot of the urinary excretion of unchanged 
alizapride observed after intravenous administration. Each curve is the 
mean of three subjects (0) 50 mg; (0) 100 mg; (0) 150 mg; (m) 200 
mg. 

a very rapid distribution phase corresponding to a 0.125 f 0.07-hr half-life 
(range: 0.057-0.210 hr) and an elimination phase with a 2.51 f 1.49-hr 
mean half-life (range: 1.25-6.79 hr). Volumes of distribution are large: 
3.9-44.5 liters (mean: 30.4 f 4.2 liters) for the central compartment and 
37.0-115.1 liters (mean: 57.5 f 11.2 liters) for the peripheral compart- 
ment. 

Oral Administration-Mean alizapride concentrations obtained from 
the three subjects receiving oral doses are shown in Fig. 3. With this route 
of administration, the better fit was obtained with the one-compartment 
open model with first-order absorption. However, the two curves observed 
after the 200-mg administration in two subjects were better described 
with a two-compartment'open model with first-order absorption. Results 
are presented in Table 111, and it can be seen that the apparent elimi- 
nation half-life is in the same range as that obtained after intravenous 
administration. The area under the plasma concentration curves are 
lower, with the systemic availability calculated in this preliminary study 
being 72.5%. 

Urine Sample Analysis-Intravenous Administration-Sigma- 
minus plots of the urinary excretion of unchanged alizapride is shown 
in Fig. 4. Corresponding pharmacokinetic parameters are presented in 
Table 11, and it can be seen that they are remarkably constant. Two pa- 
rameters are of particular interest. The first is the urinary elimination 
half-life of alizapride (2.60 f 0.57 hr) compared with the terminal half-life 
of plasma concentration decay tll2 = 2.51 f 1.49 hr. The paired t test 
failed to show differences in these values. The overall urinary elimination 
of unchanged drug, 73.0 f 9.9% of the administered dose, shows that 
urinary excretion is the mean phenomenon responsible for plasma ali- 
zapride decay. About 30% of the administered dose was not recovered 
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Figure 5-Sigma-minus plot of the urinary excretion of unchanged 
alizapride observed after oral administration. Each curve is the mean 
of three subjects, Key: (0) 50 mg; (0) 100 mg: (0) 150 mg; (m) 200 
mg. 
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Table 111-Mean Pharmacokinetic Parameters Obtained After Oral Administration of Alizapride 

20 - 

; 1 5 -  

Dose, mg 
Parameter 50 100 150 200 

0.245 f 0.021 
3.765 f 1.859 
0.210 f 0.099 

1.707 f 0.962 
0.522 f 0.326 

- 

- 
- 

92.0 f 56.1 

1.706 f 1.757 
1099 f 1006 
33.5 f 47 
67.0 f 94 
2.17 f 0.52 

- 

0.285 f 0.205 
6.495 f 3.387 
0.125 f 0.064 

2.750 f 0.151 
0.982 f 1.279 

- 

- 
- 

217.3 f 49.2 

3.760 f 3.166 
895 f 242 
80.3 f 7.8 
80.3 f 78 
3.14 f 1.56 

- 

0.160 f 0.169 
3.865 f 2.567 
0.230 f 0.155 

2.110 f 0.532 
0.436 i 0.091 

- 

- 
- 

123.8 f 21.4 

3.170 f 0.276 
785 f 107 
98.5 f 16.5 
65.7 f 110 
2.26 f 0.80 

- 

0.513 f 0.690 
6.060 f 4.803 
1.133 f 1.824 
2.240 f 0.297 
2.817 f 0.756 
0.303 f 0.026 

0.239 f 0.061 
101.2 f 15.6 
1.33 f 0.55 

6.573 f 0.464 
472 42 

144.9 f 29.5 
72.5 f 14.8 
3.22 f 1.25 

0.003 f 1.10-5 

during this study. Since urine was collected for 5 days and the elimination 
half-life is -2.5 hr, a good approximation of the amount excreted in the 
urine at  infinity exists. So the difference must be accounted for in the 
metabolism. The metabolic pathway of alizapride is unknown in humans. 
No extra peaks appeared on the chromatographic plots of the urine 
fractions collected. Furthermore, an attempt was made to see if one or 
more of the metabolites was eluted from the column simultaneously with 
the parent drug. For this reason, urine extracts have been chromato- 
graphed using different solvent systems, i.e., methanol-pH 8.1 buffer 
from 2080 (v/v) to 8020 (v/v). No extra peak separated from the main 
peak. Either the metabolites are not extracted in chloroform or the sol- 
vent is unable to elute them from the HPLC column. 

Oral Administration-Sigma-minus plots of the urinary excretion of 
unchanged alizapride are shown in Fig. 5, and corresponding phar- 
macokinetic parameters are presented in Table 111. The urinary elimi- 
nation half-life was 2.45 f 1.38 hr, which is comparable to that observed 
after intravenous administration. 

The unchanged urinary alizapride recovery amounted to 65.5 f 22.7% 
of the administered dose. Compared with intravenous administration, 
a greater individual variation is observed after oral administration. This 
leads to a mean apparent systemic availability of 89.7%. This value is 
higher than the value found with corresponding AUC. However, the two 
values are not statistically different. This is probably due to the small 
number of subjects studied and the variations observed in urinary ex- 
cretion after oral administration. 

Dose-Dependency Analysis-From plasma results, dose-dependency 
has been checked by three methods. An example of the sumposition 
method is shown in Fig. 6. Plasma concentrations divided by the ad- 

25 1 

Figure 6-Superposition of the plasma concentration curve divided 
by the injected dose in function of time, in subject C. 

ministered dose as a function of time show reasonable superposition for 
the four doses tested. According to Dost’s law (41, if pharmacokinetic 
parameters are independent of the dose, the area under the plasma 
concentration curve must be linearly related to the injected dose. The 
mean correlation coefficient was 0.9999, 0.9997, and 0.9928 for each 
subject. Despite the good correlation observed, there is little confidence 
in the results of this analysis because of the small amount of data used 
for the least-squares regression analysis. Accordingly, an ANOVA (5) was 
carried out for AUC, normalized to a 100-mg dose with the total amount 
of data available, obtained after either intravenous or oral administration. 
It failed to show a significant difference among the subjects ($ F = 2.54) 
and between administered doses (&B F = 0.74), but, a significant dif- 
ference at  the 0.01 level was found between intravenous and oral ad- 
ministration. This must be related to the absolute availability of the oral 
form, which was calculated to be 72.5%. 

Similarly, the same ANOVA analysis failed to show any difference 
between administered doses (Be F = 0.61) when considering urinary un- 
changed alizapride percentages. Nevertheless, it showed significant 
differences among individuals ( p  < 0.05) and between intravenous and 
oral administrations (p < 0.01). 

From these three methods, it can be concluded that, in the range of 
administered doses, pharmacokinetic parameters of alizapride are not 
sensitive to dose variations. 

Accordingly, variance analysis of the values of unchanged eliminated 
drug found for the different doses is unable to show any difference in drug 
elimination. The relationship between drug elimination and administered 
dose shows highly significant mean correlation coefficients in each 
subject. 

The fluorescent HPLC method for biological sample analysis of ali- 
zapride has been shown to be sensitive enough to allow human phar- 
macokinetic studies of the drug. Preliminary results show a very rapid 
distribution phase with a mean half-life of 7.5 min followed by an elimi- 
nation phase with a mean half-life of 2.5 hr. Urinary excretion represents 
the major phenomenon responsible for this elimination. In the range of 
tested doses, pharmacokinetic parameters of alizapride are linear. 
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Abstract Organic acids such as citric acid enhance the vaginal ab- 
sorption of luteinizing hormone-releasing hormone, the potent analogue 
(leuprolide), and insulin. The mechanism of this absorption enhancement 
was investigated with leuprolide and hydrophilic markers such as phenol 
red and Evan’s blue. The absorption of the analogue was increased by 
lowering the pH of the solution and increased more by adding citric, 
succinic, tartaric, and malonic acids. The absolute bioavailability 
after vaginal administration of the 5% citric acid solution was 16.7% at  
pH 3.5 and 38.4% at pH 1.8. The enhancing potency of the absorption 
correlated well with the chelating ability of the organic acids. The vaginal 
absorption of phenol red was also enhanced with citric acid and edetic 
acid, but the enhancing effect of edetic acid was eliminated by adding 
equimolar calcium ion. These results suggest that the acidifying and 
chelating abilities of the acids may result in a potent enhancement of the 
vaginal absorption of leuprolide. A leakage experiment using Evan’s blue 
on the vaginal membrane indicated that the blood-vaginal epithelium 
ba1;ier was loosened with the administration of citric acid; this change 
was overcome rapidly. 

Keyphrases Leuprolide-vaginal absorption, potent luteinizing 
hormone-releasing hormone analogue in rats, mechanism of absorption 
enhancement with organic acids 0 Absorption, vaginal-potent lutein- 
izing hormone-releasing hormone analogue in rats, mechanism of ab- 
sorption enhancement with organic acids Hormones-potent lutein- 
izing hormone-releasing hormone analogue (leuprolide) in rats, vaginal 
absorption, enhancement with organic acids 

In a previous study (l), an investigation on the admin- 
istration routes of leuprolide (I), a potent luteinizing 
hormone-releasing hormone (11) analogue, was carried out 
in rats to establish a self-administration method for anti- 
tumor therapy in humans: 

(Pyro)Glu-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NH-CH2CH~ 
I 

(Pyro)Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 
I1 

Good absorption of the analogue was observed with vaginal 
suppositories containing organic acids such as citric acid 
and succinic acid, and the vaginal application was proposed 
as a rational dosage method of the analogue for long-term 
therapy. 

A series of investigations on the vaginal absorption of 
alcohols and alkanoic acids have been reported ( 2 4 ,  but 
a few studies on the hydrophilic compounds and their 
absorption enhancement have been reported (7). 

Most of the organic acids, which enhanced the vaginal 
absorption in the previous study, have a chelating ability. 
On the other hand, compounds possessing strong chelating 
ability, such as edetic acid (8-10) and tetracyclines (ll), 
have been known to enhance the intestinal absorption of 
hydrophilic compounds, and the enhancement was sup- 
posedly due to the direct interaction with calcium or 
magnesium ions in the intestinal membrane. 

In the present study, the mechanism of the vaginal ab- 
sorption enhancement by the organic acids was investi- 
gated with leuprolide and hydrophilic marker compounds 
(phenol red and Evan’s blue). The vaginal absorption- 
enhancing effect of citric acid was also confirmed on other 
hydrophilic, high-molecular compounds, I1 and insulin. 

EXPERIMENTAL 

Animals and Materials-Sexually mature female Sprague-Dawley 
rats’ aged 120-150 days and weighing 250-330 g were used. Animals ex- 
hibiting two or more consecutive 4-day estrous cycles on daily morning 
examination of vaginal smears were used at  diestrus. 

Leuprolide 2and 112 were used after dehydration (1). Chemicals of re- 
agent quality were used without further purification. 

Vaginal Absorption of Leuprolide-The vaginal absorption of 
leuprolide was evaluated by determining the ovulation-inducing activity 
(1). The analogue was dissolved in 0.1 M glycine buffer (pH 2.02 and 3.47), 
0.2 M phthalate buffer (pH 4.76), 0.2 M phosphate buffer (pH 6.70), 0.01 
N HCI (pH 2.08), and 0.9% NaCl solution (pH 5.13) and administered 
vaginally with cotton balls a t  doses of 0.2-2 jtg/kg/0.2 ml. Tonicity of the 
solution was measured by an osmomete9 and adjusted to be isotonic with 
sodium chloride. Bovine serum albumin4 and aprotinid were added to 
each solui 
(1). After 
with a SUI 

1.6 
m 
Y 
m . a 
2 2 1.0 
I- 

3 > 

0 
t 

4 

0.6 

0 
0 

1 of leuprolide to prevent the loss by adsorption or proteolysis 
lministration of the solution, the vaginal orifice was closed 
cal adhesive. 

I 

4- 
2 3.6 5 7 

PH 
Figure 1-Ovulation-inducing activity of leuprolide after vaginal ad- 
ministration in various pH solutions to diestrous rats. Each solution 
was adjusted to be isotonic with sodium chloride. Bars represent the 
95% fiducial limits. Key: (0) 0.9% NaCl; (0) 0.012 N HCl; (0) 0.1 M 
glycine buffer (pH 2.02); (A) 0.1 Mglycine buffer (pH 3.47); (A) 0.2 M 
phthalate buffer (pH 4.76); (m) 0.2 M phosphate buffer (pH 6.70). 

Clea Japan, Inc., Tokyo, Japan. * These peptides were synthesized in Central Research Division of Takeda 
Chemical Ind.. Ltd.. Osaka. Jaoan. 

3 Fiske Osmometer, Model 6-66, Fiske Associates, Inc., Uxbridge, Mass. 
4 Wako Pure Chemical, Ind., Ltd., Osaka, Japan. 
5 Trasylol, Bayer A. G., Leverkusen-Bayerwerk, West Germany. 
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0.8 Table I-Ovulation-Inducing Activity of Leuprolide after 
Vaginal Administration in Aqueous Solution Containing Organic 
Acids to Diestrous Rats 

m $ 0.6 
a 
i 
2 5 0.4 

3 > 
0 
L 
0 0.2 

0 

%OF CITRIC ACID 

Figure 2-Ovulation-inducing activity of leuprolide after vaginal ad- 
ministration in the aqueous solutions containing different concentra- 
tions of citric acid to diestrous rats. Each solution was adjusted to p H  
3.5 with 10 N NaOH or 2 N HCI and to be isotonic with sodium chloride. 
Bars represent the 95% fiducial limits. 

Citric, succinic, tartaric, malonic, malic, acetic, lactic, and ascorbic acids 
were used at a concentration of 0.238 M to enhance the vaginal absorption 
of the analogue. The analogue dose was 400 ng/kg/0.2 ml. Each solution 
was adjusted to pH 3.5 with 10 N NaOH or 2 N HCl to be isotonic with 
sodium chloride. 

The concentration effect of citric acid on the absorption enhancement 
was determined at  1,2,5 (0.238 M), 7, and 10% of the acid at  pH 3.5. The 
enhancing effect of 5% dipotassium edetate solution (pH 3.5) and 5% citric 
acid solution (pH 1.8) were also examined. 

Vaginal Absorption of Phenol Red-Phenol red was administered 
vaginally at a dose of 2 mg/kg/0.2 ml in the buffer (pH 2.0,3.5,5.0, and 
6.7), 5 andlo% citric acid (pH 3.5), 5% citric acid (pH 6.6), 0.12 M edetic 
acid (pH 6.7), and 0.12 M edetic acid and calcium chloride (pH 6.7) so- 
lutions under pentobarbital (50 mg/kg) and phenobarbital (100 mg/kg) 
anesthesia. Urine was collected at  3-hr intervals by a polyethylene tube6 
cannula and the collection was completed by washing the bladder with 
1 ml of 0.9% NaCl solution through the catheter. Phenol red in the urine 
was determined by a modified method (12). Statistical evaluation of the 
data was performed using Student t test. 

Effect of Citric Acid on the Leakage of Evan’s Blue-To examine 
the time-course of the local reaction with citric acid, leakage of Evan’s 
blue from the blood capillary on the vaginal membrane was evaluated. 
Evan’s blue (10 mg/kg/ml) was intravenously injected immediately, or 
0.5, 1.5, and 3.5 hr after vaginal administration of 5 or 10% citric acid 
solution, and the rats were sacrificed by decapitation 30 min later to ex- 
amine the vaginal membrane. For the recovery examination, the vaginal, 
membrane was treated with 10% citric acid solution for 1 hr, then washed 
with 10 ml of 0.9% NaCl solution. Evan’s blue was injected immediately, 
0.5, and 1.5 hr after washing. 

Vaginal Absorption of I1 and Insulin-The ovulation-inducing 
activity of I1 after vaginal administration of a suppository consisting of 
an oleaginous base7 with or without 10% citric acid was estimated in rats 
as described previously (1). 

For evaluation of vaginal absorption of insulin, plasma glucose levels 
were determined using o-toluidine-boric acid (13). Insulin at doses of 
0.5-20 U/kg iv was administered in 0.9% NaCl solution and vaginally by 
means of a cotton ball (-12 mg) soaked with 0.05 M KCl-HCI buffer 
solution (pH 1.70) or 10% citric acid solution (pH 1.72) to rats under 
anesthesia. Blood was taken from the tail vein 0.5,1,2,3,4, and 6 hr after 
the administration. The decrease of plasma glucose level (percent X hour) 
was expressed by integrating the decrease to the initial level from 0 to 
6 hr. 

Organic Acid Ovulationa Chelating Abilityb 

None Oh0 - 
Citric 9/10 1.21 
Succinic 10/10 0.80 
Tartaric 2/10 0.37 
Malonic 7/10 0.25 

0.13 Malic 3/10 
Acetic 5/10 
Lactic 1/10 0.06 
Ascorbic 0110 - 

- 

0 Number of rats induced ovulation per number of rats examined. Each solution 
containing 0.238 M of the organic acid was adjusted to pH 3.5 with 10 N NaOH or 
2 N HCI to be isotonic with sodium chloride. LeupmEde was administered at a dose 
of 400 ng/kg/0.2 ml. * Gram ions of calcium ion sequestered by 1 M of organic acids 
at pH 10 and 30” (Ref. 7). The value of edetic acid was 1.75. 

The activity of the analogue after vaginal administra tion in a pH 3.5 
aqueous solution containing 0.238 M organic acids is shown in Table I. 
Polybasic carboxylic acids such as citric, succinic, malic, and malonic acids 
markedly enhanced the absorption. The enhancing effect was also rec- 
ognized with acetic acid but not with lactic and ascorbic acids. 

The concentration effect of citric acid on the ovulation-inducing ac- 
tivity of the analogue is shown in Fig. 2. The activity was potentiated with 
increasing Concentration and approached a maximum level a t  >7% of the 
acid. 

In addition, marked enhancing effects were obtained with 5% citric acid 
solution (pH 3.5 and 1.8) or 5% dipotassium edetate solution (pH 3.5) 
(Table 11). Acidification of the solution from pH 3.5 to 2.0 doubled the 
activity of the analogue, and a further addition of 5% citric acid increased 
the activity by 3 times at  both pH 3.5 and 1.8. Edetic acid showed a 
slightly stronger enhancing effect. 

Vaginal Absorption of Phenol Red-Vaginal absorption of phenol 
red was evaluated by the urinary excretion (Fig. 3). After intramuscular 
injection, phenol red was rapidly excreted into the urine at 90.1 f 3.0% 
(mean fSE) of dose in 3 hr, and 96.3 f 3.2% in 6 hr. After vaginal ad- 
ministration, excretion was sustained during 6 hr. Urinary excretion after 
vaginal administration in pH 2.0-6.7 buffer solutions was 28.9-38.4% of 
the dose in 6 hr and tended to decrease slightly with reduced pH. 

Vaginal absorption of phenol red was also increased by the addition 
of 5 or 10% citric acid in pH 3.5 solution but was not affected by the ad- 
dition of 5% citric acid in pH 6.6 solution. Although edetic acid signifi- 
cantly enhanced the absorption (p < 0.01), further addition of equimolar 
calcium chloride cancelled the enhancement effect. 

Effect of Citric Acid on the Leakage of Evan’s Blue-The time- 
course of the local reaction of citric acid on the vaginal membrane and 
its recovery from the reaction were evaluated by a leakage experiment 
of Evan’s blue. Five percent citric acid solution induced faint staining 
after only 30 min, whereas 10% citric acid solution induced deep staining 
after 30 min and 1 hr, which gradually faded 2 and 4 hr after adminis- 
tration. Change of the vaginal membrane induced by 1-hr treatment with 
10% citric acid solution was rapidly recovered by washing the lumen with 
0.9% NaCl solution; there was a faint staining at 1 hr but none 2 hr after 
washing. 

Vaginal Absorption of I1 and Insulin-Ten percent citric acid en- 
hanced the ovulation-inducing activity of I1 by 30 times after the vaginal 
administration (Table 111). 

The decreased plasma levels of glucose (percent X hour) after intra- 
venous and vaginal administration of insulin are shown in Fig. 4. A 1.1- 
U/kg intravenous dose of insulin caused a 125% X hr plasma glucose level 
decrease in 6 hr. The comparably effective doses for the vaginal admin- 
istration were 30.0 U/kg in the buffer solution (pH 1.70) and 6.0 U/kg in 
10% citric acid solution (pH 1.72). Absolute bioavailability, estimated 
by the effective doses of the latter, was 18%. 

DISCUSSION 
RESULTS 

Vaginal Absorption of Leuprolide-The ovulation-inducing activity 
of leuprolide after vaginal administration in the various pH solutions is 
shown in Fig. 1. The activity was increased by acidification to a level -4 
times greater a t  pH 2.02 than at pH 6.70. 

6 PE-50, Clay Adam Co..  Parsippany, N.J. 
7 WITEPSOL S55, Dynamit Nobel Aktiengesellshaft. West Germany. 

Our previous study (1) revealed that good absorption of leuprolide 
occurred after vaginal administration, and this absorption was enhanced 
by the addition of some mboxylic acids. In the present study, to establish 
the mechanism of absorption enhancement, the effects of pH and organic 
acids on the vaginal absorption of the analogue as well as a few hydro- 
philic compounds were determined. 

The vaginal absorption of leuprolide was enhanced by a pH reduction 
in the solution, whereas that of phenol red tended to decrease with 
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Figure 3-Effects of pH, citric acid, and edetic acid on vaginal absorption of phenol red in diestrous rats. Each solution was adjusted to be isotonic 
with sodium chloride. Bars represent the mean *SE of five rats. Significant in comparison with the same pH buffer solution: (1) p < 0.05; (2) p 
< 0.01. Key: ( ~ 1 )  0-3 hr; (0) 3-6 hr. 

acidification. Leakage of Evan's blue on the vaginal epithelium was not 
induced by a moderate pH change, but it was slightly induced by a strong 
acid or alkali solution*. It can be assumed that the effect of pH on the 
vaginal absorption of leuprolide is due mainly to structural changes of 
the epithelial membrane but is also due to the self-association and con- 
formational change of the peptide or to the change of electric charge on 
the epithelial surface. It is known that the pH of the vaginal tract of 
normal women is 3.5-3.9 (14) and that of the vaginal fluid is 4.0-4.7 (15). 
Therefore, an acid preparation of pH 3-4 should not disturb the normal 
condition of the vaginal tract. Surface of the vaginal membrane of rats 
exhibited a pH close to that of the applied bulk solutions [this is also true 
in rabbits (511. 

The polybasic carboxylic acids enhanced the vaginal absorption of 
leuprolide from aqueous solution (adjusted to pH 3.5) as well as from an 
oleaginous suppository, whereas lactic and ascorbic acids did not elicit 
the effect. The enhancing effect with 5% citric acid solution was of the 
same degree at  both pH 1.8 and 3.5 (Table 11). Bioavailability of the an- 
alogue after vaginal administration of the 5% citric acid solution (pH 1.8) 
was 38.5 and 58.8% of that after intravenous and subcutaneous injection, 
respectively. 

The chelating ability of the organic acids given by gram ions of calcium 
ion sequestered is summarized in Table I (16). Edetic acid with the 
strongest ability (1.75) is followed successively by citric, succinic, tartaric, 
malonic, and malic acids. Lactic acid has the weakest ability. It is likely 
that the enhancing effect of the carboxylic acids on vaginal absorption 
of leuprolide, which has a good correlation with the chelating ability of 
the acids, is due to chelating ability as well as to the acidification of the 
solution. Acetic acid, which has negligible chelating ability, also enhanced 
vaginal absorption. This may be due to the fact that acetic acid is known 

* Unpuhlished results. 

to corrode mucous membranes and to have a strong interaction with 
peptides. The 0.12 M edetic acid solution enhanced the absorption of 
phenol red by 2 times (p < 0.01); the enhancement was cancelled by the 
addition of equimolar calcium ion. This result also supports the as- 
sumption that the chelating ability of carboxylic acids causes the en- 
hancement of vaginal absorption. The vaginal absorption of phenol red 

300 

200 ' 

0.1 1 10 

DOSE OF INSULIN, U/kg 

Figure 4-Decreased plasma levels of glucose after subcutaneous and 
vaginal administration of insulin to diestrous rats. The decreased 
plasma level of glucose (percent per hour) W M  ezhibited by integrating 
the decreased percent against the initial level for 6 hr. Each point 
represents the mean f S E  of five rats. Key: (m) subcutaneous; (0) 
vaginal in 10% citric acid (pH 1.72); (0) vaginal in 0.05 M KCI-hy- 
drochloric acid buffer (pH 1.70). 
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Table 11-Ovulation-Inducing Activity of Leuprolide af ter  Vaginal Administration in Buffered Solutions Containing Citric Acid or 
Edetic Acid to  Diestrous Rats 

Dose of Leuprolide, ng/kg 
Buffered Solution 60 80 100 200 300 400 500 600 800 lo00 ED~o,ng/kg 

0.1 M Glycine buffer (pH 3.47) 0/10 2/10 3/13 8/10 5/5 669 (59&785)b 
5% Citric acid (pH 3.5) l/lOu 4/10 6/10 9/10 227 (161-305) 
5% Dipotassium edetate (pH 3.5) 1/10 6/10 9/10 176 (128-229) 
0.1 M Glycine buffer (pH 2.02) 2/10 5/10 6/10 7/10 10/10 320 (232-395) 
5% Citric acid (PH 1.8) 1/10 0/10 7/10 10/10 99 ( 85-132) 

Number of rats induced ovulation per number of rats examined. 95% fiducial limits. 

Table 111-Ovulation-Inducing Activity of Luteinizing 
Hormone-Releasing Hormone (11) after Vaginal Administration 
to  Diestrous Rats 

Dose of 11, 
Additives d r a t  Ovulationu EDSO, d r a t  

None 

10 1/10 
20 2/10 
40 10/10 24.4 (17.3-32.1)* 
60 9/10 
80 10/10 

0.4 1/10 
0.6 1/10 

Citric acid (10%) 0.8 4/10 0.82 (0.68-1.14) 
1.0 8/10 
10.0 414 

Number of rats induced ovulation per number of rats examined. 95% fiducial 
limits. 

was also enhanced with citric acid at  pH 3.5 but only slightly 5nhanced 
at pH 6.6, This was also observed with leuprolide (1). 

The vaginal absorption of leuprolide was enhanced by an increase in 
citric acid concentration but reached a maximum level at >7% of the acid. 
The vaginal absorption of phenol red was also enhanced with 5% citric 
acid but increased less with 10% citric acid. The hypertonic solution with 
sodium chloride showed a tendency to decrease the absorptions. The 
leakage of Evan’s blue on the vaginal epithelium was obviously enhanced 
by an increase in acid concentration. These results indicate that the en- 
hancement of permeability of the membrane for the hydrophilic com- 
pounds is caused by an increase in the acid concentration, but the ap- 
parent absorption most likely is suppressed by exudation of body fluid 
from the vaginal membrane due to hypertonicity of the acid solutions. 

A time-course study on the change of vaginal epithelial membrane with 
citric acid revealed that faint staining by Evan’s blue injected intrave- 
nously was observed in the early stage after treatment with 5% citric acid 
solution and deep staining 30 min and 1 hr after treatment with 10% citric 
acid solution; even in the latter, the stain gradually faded. The change 
in vaginal membrane treated with 10% citric acid solution recovered 
rapidly following washing with physiological saline solution, and the stain 
was barely visible 1 hr later. It is suggested that the 5% acid concentration 
in aqueous solution or jelly, sufficient to exert an enhancement on vaginal 
absorption of the analogue, will produce only a slight change and, hence, 
a rapid recovery of the vaginal epithelium. 

The vaginal absorption of I1 and insulin, which are hydrophilic and 

high molecular compounds, was also enhanced markedly by adding citric 
acid. 

It appears that the acidification and chelating abilities of organic acids 
result in their potent absorption-enhancing activity on the vagina1 ab- 
sorption of leuprolide. Changes in the vaginal epithelial membrane in- 
duced with citric acid are slight and recovery of the epithelium is rela- 
tively rapid. 
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Abstract 0 The effect of protracted aqueous contact of rat skin on its 
permeability to methanol, n-butanol, and n-hexanol was investigated. 
With the aid of small diffusion cells, sets of intermittent permeation 
experiments, each -7 hr in duration, were performed on excised rat skin 
sections over periods lasting several days, and permeability coefficients 
were calculated as a function of the duration of the hydration. The per- 
meability coefficient of methanol increased gradually to an asymptote 
2.5 times higher than the initial value over the first 80 hr of immersion 
and then remained essentially invariant through an additional 70 hr. In 
contrast, the butanol permeabilit) coefficient increased by only a small 
fraction (-25%) through the first 5 hr of hydration, and it remained at 
the higher value through to the end of the experiment at 80 hr. For more 
hydrophobic hexanol, the permeability coefficient increased by -40% 
over the first 10 hr and then declined, returning to near the initial value 
by the second day. It was relatively constant past this point-up to 150 
hr. When these data were compared with similarly obtained data from 
earlier studies involving two strains of mice, the Swiss mouse and a 
hairless mouse mutant, parallelism was noted in the behavior of the rat 
and Swiss mouse skins, which set them both apart from the behavior of 
the skin of the hairless mouse. The comparison suggests that, irrespective 
of animal species, the development of a thick coat of hair occurs with 
commensurate functional changes in the chemical barrier properties of 
the epidermis. 

Keyphrases Permeability-hydration and percutaneous absorption, 
influence on n-alkanol through rat skin, Swiss and hairless mice com- 
parison Hydration-percutaneous absorption, influence on n-alkanol 
permeation through rat skin, Swiss and hairless mice comparison 0 
Absorption-hydration, influence on n-alkanol through rat skin, Swiss 
and hairless mice comparison 

The relative influences of moisture absorption and re- 
tention on different animal skins serves as one point of 
comparison of the skins and, therefore, is a factor to be 
considered when animals are to be used instead of human 
subjects in percutaneous absorption research. In recent 
studies the permeabilities of the skins of two strains of 
laboratory mice affected by protracted immersion in an 
isotonic saline medium were explored (1-3). Permeability, 
and its alteration by these extreme hydrating conditions, 
was shown to be dependent on the strain of mouse chosen 
and, within a strain, on the chemical structure of the per- 
meant. This had mechanistic implications with regard to  
the functioning of the Swiss mouse and the hairless mouse 
(SKh-hr-l) skins as chemical barriers. The strikingly 
different behaviors noted between these two strains were 
presumed primarily to be related to the disparity in 
abundance and prominance of hair and, possibly, to a 
change in the relative importance of the transepidermal 
and transfollicullar routes. It could be assumed further 
that the absorption behaviors of animal skins may be re- 
lated more to the similarity of their coats than to the 
species involved, but this has yet to be proven. 

Therefore, the present study was undertaken to assess 
the effect of hydration on the permeability of rat skin using 

several of the same reference permeants and under iden- 
tical conditions as in the mouse experiments. The dif- 
fusional behaviors of the hairy skins of the Swiss mouse 
and Sprague-Dawley rat proved to be somewhat similar 
and set apart from that of the hairless mouse. This has 
implications for the choice of animals used for certain 
dermatological research. 

EXPERIMENTAL 

Chemi~als-[~H]methanol~, ["C]butano12, and [14C]hexano12 were 
used as received. The radiochemicals were diluted with 0.9% sodium 
chloride irrigation medium3 (saline) for the permeation experiments. The 
final chemical concentrations in the diffusional medium were _(lo-' 
M. 

Animals-Sprague-Dawley adult male rats (-300 g) were used. They 
had free access to food and water. All skins used in the permeation ex- 
periments were denuded of hair by the nondestructive and nonirritating 
procedure of close cropping with a pair of surgical scissors (2). Rats have 
a relatively large skin area, considering that the opening between diffusion 
cell compartments is on the order of 0.6 cm2. Therefore, it was possible 
to take nine or more separate sections of skin from the dorsal surface of 
the animal, as indicated in the sketch in Table I. Differences in skin site 
were minimized by this technique, and only a few rats were needed to 
complete the study. 

Permeation Procedure-Two-compartment glass diffusion cells (1) 
were employed to determine skin permeability. Ten skin sections were 
excised from the dorsal surface of one rat, sacrificed by administering 
sodium pentobarbital. The external medium of the diffusion cell was 
saline. The half-cell contents were stirred a t  150 rpm. All experiments 
were carried out a t  37'. Permeation was followed by monitoring the re- 
ceiver chamber concentration for -2 hr. The half-cell facing the stratum 
corneum was always the donor compartment, and the half-cell facing the 
dermis was always the receiver compartment. Therefore, net diffusion 
occurred from the stratum corneum to the dermis side. Complete hy- 
dration profiles were obtained on each piece of skin by running eight 
sequential experiments covering up to 150 hr of conditioning, with 
thorough rinsing done between the runs (1). 

Radioisotopic Assay-The concentration of the radiolabeled per- 
meant was determined by placing discrete samples in a scintillation so- 
lution' and assaying on a liquid scintillation countel5. Using the technique 
of dual labels, methanol-butanol and methanol-hexanol were paired. 
Methanol thus served as a common solute in both sets of the experiments 
providing a means of assuring membrane integrity. 
Data Analysis-The data were plotted as receiver chamber concen- 

tration (in terms of counts per minute) as a function of time. The per- 
meability coefficient was calculated from (3): 

p = - -  V (dcldt) 
A AC (Eq. 1) 

where P is the permeability coefficient in centimeters per hour, A is the 
diffusional area (4.6 cm2), AC is the concentration difference across 

~ 

New England Nuclear Corp., Boston, Mass. 

Aquasol, New En land Nuclear Corp., Boston, Mass. 

2 International Chemical and Nuclear Corp., Irvine, Calif. 
3 Abbott Laboratories, North Chicago, Ill. 

5 Beckman Li uid &intillation Counter, Model LS 9o00, Beckman Instruments, 
Inc., Fullerton, 8alif. 
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Figure I-Series of receiver compartment concentration (cpm) versus time profiles for a set of eight sequential runs on a single skin. This is 
one set of data from the methnol-hexanol series (see text). The initial time of hydration ( ta)  for each run is indicated in the lower left-hand 
corner of each plot. Key: (0) methanol; (A) hexanol. 

the membrane, which was taken to be equal to the donor concentration 
(cpm), V is the half-cell volume (1.4 ml), and dcldt is the quasi steady- 
state slope (cpm/cm3/hr). 

RESULTS 

Figure 1 contains a representative set of eight subplots obtained in 
sequential permeation experiments carried out on one piece of skin over 
150 hr of hydration using [3H]methanol and [l*C]hexanol as dual per- 
meants. A linear relationship between the receiver concentration uersus 
time is indicative of good approximation of steady-state transport con- 
ditions. Also, the lag times do not seem to change with hydration time. 
This is consistent with the permeation behavior reported for hairless (1, 
3) and Swim (2) mice. Slopes of these linear plots were used to compute 
permeability coefficients. 

Table I contains the individual and average permeability coefficients 
of methanol as a function of hydration time. Both set of methanol data, 
one run with butanol as the copermeant and the second run with hexanol 
as the copermeant, are presented. Tables I1 and 111 contain similar data 
for butanol and hexanol, respectively. 

From data reported in Tables I-IU, the percent change in permeability 
a t  any time relative to the permeability a t  time zero was computed (2). 
(The fmt diffusional run began immediately after placing a skin section 
in the diffusion cell.) These changes are reported in Figs. 2-4 for each of 
the permeants in terms of the percent change as a function of hours of 
hydration. 

DISCUSSION 

Effect of Hydration on Alkanol Permeation-The permeability 
coefficient of methanol through rat skin approaches an asymptote 2.5 
times the initial value (150% hydration influence) as a function of time, 
with the limiting value essentially obtained a t  the 80-hr point (Fig. 2). 
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Figure 2-Plot of percent hydration effects versus hydration time for 
methanol. 
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Table I-Hydration Effect Data for Methanol 

Hydration P x lo3. c m h  
time, Skin Section No.' 

hr 1 2 3 4 5 AveragefSD 

Set 1 (butanol cormmeant) 

4 2.7 2.3 1.6 4.2 2.2 2.6 f l . O  
5 2.5 2.4 2.2 4.5 1.9 2.7 f1.0 

i n  3.0 3.1 2.1 5.3 2.0 3.1 11.3 _ _  -~ .~ 

20 3.3 3.2 2.4 5.5 2.3 3.3 f1.3 
34 3.4 3.2 2.6 7.1 3.0 3.9 f1.8 
50 5.6 3.7 2.7 11.0 3.6 5.3 h3.3 
78 9.5 4.7 2.5 13.5 5.4 7.1 f4.4 

Set 2 (hexanol copermeant) 

6 7 8 9 

4 1.6 1.6 3.8 2.1 
5 1.6 1.7 5.1 2.4 ~~ 

10 2.0 2.0 6.2 2.8 
20 2.1 2.2 7.0 2.9 
34 2.5 2.5 7.6 4.8 
50 - - 7.4 3.0 
78 3.3 3.6 7.2 - 

150 5.8 4.7 - - 

2.1 f0.8 
2.7 f1.6 
3.3 f2.0 
3.6 f2.3 
4.4 f2.4 
5.2 63.1 
4.7 f2.2 
5.3 f0.8 

a /W\ 
6 5 4 Dorsal surface of the rat. 

With hairless mouse skin, the methanol permeability coefficient was 
unaffected by such conditioning (1). The behavior of rat skin to methanol, 
however, is qualitatively similar to that previously seen for the Swiss 
mouse (2). In the latter strain of mouse, the methanol permeability 
coefficient was increased by 80% (1.8 times) by hydration, with the effect 
leveling out by -20 hr. 

In the rat, the butanol permeability coefficient appeared to be in- 
creased marginally by hydration (2625%) with the effect noted as early 
as 5 hr (Fig. 3). The permeability coefficient then appeared invariant up 
to 78 hr. This contrasts with the hairless mouse where a doubling of the 
parameter took place over the first 10 hr of experimentation (1) and with 
the Swiss mouse where a slightly greater than twofold increase was noted 
by 15 hr (2). In the Swiss mouse skin, the permeability coefficient appears 
to gradually and linearly decrease past 15 hr, so that the increase at  the 
end of the second full day measured only 85%. 

In the rat, hexanol permeation appears to have a unique hydration 
dependency (Fig. 4). Over the first 10 hr of saline immersion, the per- 
meability coefficient appears to increase. There is, on the average, a 44% 
enlargement a t  the 10-hr point. The trend then reverses, with a systematic 
return to the initial, baseline value by 78 hr. In the h a i r l e ~ ~  m o w  hexanol 
behaves as butanol; there is a twofold increment which is largely complete 
by 10 hr. No data were obtained for hexanol passing through Swiss mouse 
skin. 

The up and down type of pattern, apparent for butanol in the Swiss 
mouse and for hexanol in the rat, surfaces in the hairless mouse skin at 
an alkanol alkyl chain length of 8 (n-octanol). The absolute values of the 
alkanol permeability coefficients through rat skin increase from methanol 
to hexanol. Taking the permeability coefficients after 10 hr of condi- 
tioning as representative, the average values are 3.2 X c m b  for 
methanol, 6.4 X c m h r  for butanol, and 13.5 X c m h r  for hex- 
anol. The ratio of the hexanol and methanol values of -4 indicates a 
marginal dependency of permeation on hydrophobicity through the se- 
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Figure 3-Plot of percent hydration effects versus hydration time for 
butanol. 
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Table 11-Hydration Effect Data for Butanol 

Hydration P x 103, cmhr  
time, Skin Section No." 

hr 1 2 3 4 5 Average f S D  

4 4.2 5.0 3.7 7.1 4.0 4.8 f1.4 
5 4.8 5.9 4.9 8.6 4.2 5.7 f1.7 
0 7.3 7.1 6.6 7.3 3.6 6.4 f1.6 

20 5.9 6.1 7.7 6.2 3.8 5.9 f1.4 
34 4.7 6.6 6.8 8.5 5.0 6.3 f1.5 
50 4.9 5.8 5.9 5.9 3.7 5.2 f l . O  
78 5.0 8.7 5.5 4.8 6.1 6.0 f1.6 

See Table I. 

Table 111-Hydration Effect Data for Hexanol 

Hydration P x 103, cmhr  
time, Skin Section No." 

hr 6 7 8 9 AveragefSD 

4 9.0 8.3 10.5 9.8 9.4 f l . O  
5 8.8 11.2 15.0 13.0 12.0f2.6 

10 11.2 11.9 18.4 12.6 13.5 f3.3 
20 9.4 10.8 14.6 13.1 12.0 f2.3 
34 8.3 10.5 14.0 11.0 11.0 f2.3 
50 7.8 8.8 12.0 7.8 9.1 f2.0 
78 6.3 9.6 10.1 10.6 9.6 4 1.9 

150 10.0 10.3 - - 10.2 40.2 

See Table I. 

ries. By way of comparison, the factor at 10 hr of hydration in the hairless 
mouse is >20, pointing to a more acute lipid-water partitioning reliance 
of the permeation process in this tissue (1). 

Significance of the Findings-It is difficult to interpret these col- 
lective observations, but the following factors affect the permeation 
process. The development of a coat of hair generally is accompanied by 
thickening of the skin, especially its dermal elements in which the follicles 
are anchored. This magnifies the diffusional importance of the living and 
functionally aqueous strata beneath the stratum corneum when these 
are a part of the membrane mounted in the diffusion cell. Thus, it is to 
be expected that the thicker skins of the furry animals will have earlier 
onset of rate control by the viable epidermal and the dermal strata with 
increasing hydrophobicity (as the alkyl chain is extended) and that the 
limiting rate of diffusion as aqueous tissue control is approached will also 
be lower; each appears to be the case. 

This in part explains the more compressed range of permeability 
coefficient values for the alkanols in the full thickness Swiss mouse and 
rat skins. This influence of the thickened subcorneal elements creates 
a false impression of permeability of the skin in that in the living animal 
the peripheral blood flow collects permeant at the immediate under- 
surface of the epidermis, eliminating much of the diffusional resistance 
experienced in the nonblood perfused skins of in uitro measurement. 

Strata thickness variations cannot explain the different hydration 
sensitivities of methanol permeation through the skin of the hairless 
mouse and the furry integuments as the permeability coefficients are 
small, signifying rate control by strata elsewhere in the skins. For the 
hairless mouse, stripping (4) and other experiments (5-7) establish the 
stratum corneum as the principal source of diffusional resistance for 
methanol. Also, both the alkanol alkyl chain length profile and the hy- 
dration effect data for the hairless mouse tissue indicate that this solute 
finds some pathway through the skin which is around rather than through 
the lipid domains of the horny layer. Thus, it is possible to conclude that 
the hairy epidermises function differently as barriers to methanol. The 
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Figure 4-plot of percent hdyration effects versus hydration time for 
hexanol. 
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difference centers around the increased prominence and number of hair 
follicles. Probably diffusion across the transfollicular shunt is greatly 
enhanced, to the point where it becomes the principal pathway. The 
horny layer of the epidermis is also affected by the formation of a thick 
coat of hair. Since the hairy mat restricts insensible perspiration, the 
stratum corneum associated with furry skin need not be as impermeable 
to water, and it is typically thinner and less well formed than when the 
surface is hairless. Thus, structural and compositional changes in the 
horny layer also provide a basis for explaining the differing hydration 
sensitivities. It is likely that both factors are important. 

This study provides further evidence of intra- and interspecies com- 
plexities of animal skins as mass transport regulators. To a degree it 
demonstrates that skins covered with thick coats of hair do not behave 
diffusionally as hairless skins, whether of mouse or humans. Previous 
work (1-8) indicates a high degree of parallelism in the chemical barrier 
properties of hairless mouse and human skins. This study adds support 
for the use of hairless animals for research on percutaneous absorption, 
primary irritancy, topical drug delivery, etc., when it is not possible or 
practicable to use human subjects. 
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Abstract In oitro experiments were performed to determine the extent 
and duration of adsorption and desorption of phenobarbital onto and 
from activated charcoal in solutions of various pHs. The results of studies 
supported the evidence of the effectiveness of charcoal as an adsorbent. 
Adsorption was dependent upon the quantity of charcoal used. With 
amounts of charcoal 20.5 g, adsorption was complete within 60 min. 
Desorption was rapid, quantity dependent, and pH independent. The 
results of adsorption isotherms indicated no change in binding capacity 
of the drug from solutions of different pH. 

Keyphrases Phenobarbital-in oitro adsorption onto activated 
charcoal, desorption, binding Adsorption, in uitro-phenobarbital onto 
activated charcoal, desorption, binding 

The importance of activated charcoal cannot be over- 
emphasized as an emergency treatment in drug poisoning. 
Activated charcoal given orally as a slurry can effectively 
adsorb and hold many drugs such as alkaloids, glycosides, 
and barbiturates (1). Acute barbiturate poisoning is 
common and it accounts for -1500 deaths annually in the 
United States (2). Barbiturates are the second most fre- 
quent cause of poisoning in children (3). 

Phenobarbital is one of the major barbiturates used in 
many products as a sedative-hypnotic and antiepileptic 
agent. I t  has a therapeutic range of 0.03-0.6 g daily in di- 

vided doses, and its potential for poisoning is great, having 
a fatal range of 1-10 g (4). Data collected on the use of 
phenobarbital in adsorption studies with activated char- 
coal can be useful. 

A slurry of activated charcoal given 30 min after hyp- 
notic doses of phenobarbital or glutethimide resulted in a 
plasma drug concentration at  least 50% lower in treated 
than in untreated dogs, even when charcoal was allowed 
to pass through the entire GI tract (5). Adsorbed material 
is retained tenaciously throughout passage in the gut. 
There is a concern that part of the poison in the intestine 
may later be released because of less favorable pH condi- 
tions. It was found that the reduction in the amount of 
available poison is markedly high as compared to insig- 
nificant elution of the poison in the intestine (6). Admin- 
istration of large amounts of activated charcoal is consid- 
ered to be a routinely useful procedure. In view of the de- 
layed emetic action of ipecac syrup, there is an increasing 
speculation that activated charcoal may be of more im- 
portance as an emergency treatment for accidental poi- 
soning. Recent studies (7-9) have shown the importance 
of adsorption of different drugs onto activated charcoal. 

The purpose of this study was to investigate and un- 
derstand the extent of adsorption of phenobarbital sodium 
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difference centers around the increased prominence and number of hair 
follicles. Probably diffusion across the transfollicular shunt is greatly 
enhanced, to the point where it becomes the principal pathway. The 
horny layer of the epidermis is also affected by the formation of a thick 
coat of hair. Since the hairy mat restricts insensible perspiration, the 
stratum corneum associated with furry skin need not be as impermeable 
to water, and it is typically thinner and less well formed than when the 
surface is hairless. Thus, structural and compositional changes in the 
horny layer also provide a basis for explaining the differing hydration 
sensitivities. It is likely that both factors are important. 

This study provides further evidence of intra- and interspecies com- 
plexities of animal skins as mass transport regulators. To a degree it 
demonstrates that skins covered with thick coats of hair do not behave 
diffusionally as hairless skins, whether of mouse or humans. Previous 
work (1-8) indicates a high degree of parallelism in the chemical barrier 
properties of hairless mouse and human skins. This study adds support 
for the use of hairless animals for research on percutaneous absorption, 
primary irritancy, topical drug delivery, etc., when it is not possible or 
practicable to use human subjects. 
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Abstract In oitro experiments were performed to determine the extent 
and duration of adsorption and desorption of phenobarbital onto and 
from activated charcoal in solutions of various pHs. The results of studies 
supported the evidence of the effectiveness of charcoal as an adsorbent. 
Adsorption was dependent upon the quantity of charcoal used. With 
amounts of charcoal 20.5 g, adsorption was complete within 60 min. 
Desorption was rapid, quantity dependent, and pH independent. The 
results of adsorption isotherms indicated no change in binding capacity 
of the drug from solutions of different pH. 

Keyphrases Phenobarbital-in oitro adsorption onto activated 
charcoal, desorption, binding Adsorption, in uitro-phenobarbital onto 
activated charcoal, desorption, binding 

The importance of activated charcoal cannot be over- 
emphasized as an emergency treatment in drug poisoning. 
Activated charcoal given orally as a slurry can effectively 
adsorb and hold many drugs such as alkaloids, glycosides, 
and barbiturates (1). Acute barbiturate poisoning is 
common and it accounts for -1500 deaths annually in the 
United States (2). Barbiturates are the second most fre- 
quent cause of poisoning in children (3). 

Phenobarbital is one of the major barbiturates used in 
many products as a sedative-hypnotic and antiepileptic 
agent. I t  has a therapeutic range of 0.03-0.6 g daily in di- 

vided doses, and its potential for poisoning is great, having 
a fatal range of 1-10 g (4). Data collected on the use of 
phenobarbital in adsorption studies with activated char- 
coal can be useful. 

A slurry of activated charcoal given 30 min after hyp- 
notic doses of phenobarbital or glutethimide resulted in a 
plasma drug concentration at  least 50% lower in treated 
than in untreated dogs, even when charcoal was allowed 
to pass through the entire GI tract (5). Adsorbed material 
is retained tenaciously throughout passage in the gut. 
There is a concern that part of the poison in the intestine 
may later be released because of less favorable pH condi- 
tions. It was found that the reduction in the amount of 
available poison is markedly high as compared to insig- 
nificant elution of the poison in the intestine (6). Admin- 
istration of large amounts of activated charcoal is consid- 
ered to be a routinely useful procedure. In view of the de- 
layed emetic action of ipecac syrup, there is an increasing 
speculation that activated charcoal may be of more im- 
portance as an emergency treatment for accidental poi- 
soning. Recent studies (7-9) have shown the importance 
of adsorption of different drugs onto activated charcoal. 

The purpose of this study was to investigate and un- 
derstand the extent of adsorption of phenobarbital sodium 
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Table I-Percent of Phenobarbital Desorbed at the End of 2 h r  
from Various Concentrations of Activated Charcoal a by 
Solutions of Various DH 
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Charcoal Concentration, g 
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1.2 54.0 
4.0 52.3 
8.0 51.5 

4.61 
4.55 
3.87 

0.88 0.59 
1.64 1.69 
1.82 0.91 

a For rior adsorption, different charcoal amounts were equilibrated for 2 hr with 
standarasolution of phenobarbital sodium at pH 1.2. 

onto activated charcoal as related to the effect of time, 
duration of equilibrium, extent of desorption, and the pH 
of the medium. 

EXPERIMENTAL 

Materials-Phenobarbital sodium BPI solutions,, 1 mg/ml, were 
prepared with the following vehicles: simulated gastric fluid, USP, 
without pepsin, pH 1.2; McIlvaine's citrate-phosphate buffer, pH 4.0; 
phosphate buffer USP, pH 6.0; alkaline borate buffer USP, pH 8.0 and 
9.6. 

Analysis-Concentrations of phenobarbital calculated as phenobar- 
bital sodium were determined by diluting the samples with alkaline bo- 
rate buffer pH 9.6 and reading them on a spectrophotometer2 at  240 
nm. 

Adsorption-Various amounts of activated charcoals (0.1-1.0 g) were 
shaken for different time intervals, each with 50 ml of the standard 
phenobarbital sodium solution with pH values of 1.2,4.0,6.0, and 8.0. The 
suspensions were shaken at 44 rpm in a water bath at 37.5'. Samples were 
periodically removed, filtered through a double filter, and assayed. For 
adsorption isotherms, suspensions of 50 mg of charcoal were shaken with - 
4 

0 30 60 90 120 
MINUTES 

Figure 1-Percent of phenobarbital adsorbed by various concentrations 
of activated charcoal from a solution of pH 1.2. Key: (o), 0.1 g; (0)  0.3 
g; (A) 0.5g; (a) 0.7g; (X) 0.9g; (0) 1.og. 

Koch-Light Laboratories Ltd., Colnbrook Bucks, En land. * Spectrophotometer UV, Model 150-02. Shimadzu Jeisakusho Ltd., Kyoto, 

gBDH Chemicals Ltd., Poole, England. 
Ja an. 

Table 11-Value of Constants of Langmuir Adsorption Isotherms 
at 37.5" in Solutions of Various pH 

Adsorption Correlation 
Slope Intercept Coefficient 

PH ( b )  ( r )  

1.2 3.42 292 0.62 1.00 
4.0 3.76 265 0.65 1.00 
6.0 3.86 259 0.86 1 .00 
8.0 3.83 261 1.17 1.00 

50 ml of 0.02,0.03,0.05,0.075,0.09, and 0.1% solutions of the drug for 24 
hr. Suspensions were filtered and the filtrate assayed. 

Desorption-Various amounts of charcoal powder were equilibrated 
for 2 hr with the standard solution of phenobarbital sodium at pH 1.2. 
Two hours was selected for equilibrium during adsorption studies. This 
time period was found to be sufficient for adsorption to be complete. The 
samples were centrifuged a t  2500 rpm; supernatants were aspirated and 
assayed. Fifty milliliters of fresh buffers without phenobarbital sodium 
at  pH 1.2,4.0, and 8.0 was added as an eluting medium to transfer the 
sediments to the flasks. The suspensions were shaken for 15,30,60, and 
120 min. The samples were periodically removed, filtered, and as- 
sayed. 

Particle Size-Average particle diameter for the activated charcoal 
powder used was 5.1 pm. It was determined by an air permeability de- 
vice4. 

RESULTS AND DISCUSSION 

Activated charcoal is a potent adsorbent that rapidly inactivates many 
poisons if administered before much absorption of poison has taken place. 
The rapid and marked effectiveness of activated charcoal in vivo em- 
phasizes the potential usefulness of this antidote in the management of 
acute poisoning due to a rapidly absorbed chemical agent. Adsorption 
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Figure 2-Percent of phenobarbital adsorbed by various concentrations 
of activated charcoal from a solution of pH 4.0. Key: (0) 0.1 g; (0) 0.3 
g; (A) 0.5g; (0) 0.7g; (x) 0.9g; (0) 1.og. 
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* Fisher-Sub-sieve Sizer, Model 95, Fisher Scientific Co., Pithburg, Pa. 
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Figure 3-Percent of phenobarbital adsorbed by various concentrations 
of activated charcoal from a solution of pH 6.0. Key: (0) Q.1 g ;  (0) 0.3 
g; (A) 0.5g; (0) 0.7g; (X) 0.9g; (0)  1.Og. 
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experiments were performed to see the amounts of phenobarbital ad- 
sorbed onto activated charcoal as a function of time and hydrogen ion 
concentration. 

Figures 1-3 show that an increase in the amount of activated charcoal 
resulted in higher amounts of phenobarbital adsorbed from solutions of 
pH 1.2,4.0, and 6.0. A sudden rise was noted when the amount of charcoal 
was increased from 0.1 to 0.3 g. In solutions of pH 1.2,4.0, and 6.0,0.5 g 
of charcoal resulted in a moderate increase in the amount of drug ad- 
sorbed. As seen in Figs. 1-3, the amount of drug adsorbed by 0.5-1.0 g 
of charcoal is approximately the same. 
As observed from Fig. 4, the amount of phenobarbital adsorbed by 0.1 

g of charcoal from a solution of pH 8.0 is significantly lower than from 
solutions of pH 1.2,4.0, and 6.0. Even though 0.3 g of charcaal recorded 
a significantly higher increase in the amount of drug adsorbed from a 
solution of pH 8.0, the increase was not as high as from solutions of pH 
1.2,4.0, and 6.0. For other amounts of charcoal as 0.5,0.7,0.9, and 1.0 g 
in solutions of pH 8.0, the increase was gradual and about equally dis- 
tributed as far as the increment in the amount of charcoal is concerned. 
At pH 8.0, most of the drug exists as ionized molecules. Since adsorption 
onto charcoal is greater for nonionized compounds, low adsorption values 
obtained from a solution of pH 8.0 may be due to this reason. 

It is evident that most of the phenobarbital was adsorbed onto charcoal 
within 60 min and adsorption was practically complete with all amounts 
of charcoal (except 0.1 and 0.3 g) over the pH range tested. Hpwever, the 
percent of phenobarbital adsorbed was dependent upon the quantity of 
charcoal used. The adsorption by 0.1 and 0.3 g of charcoal was not com- 
plete even at the end of 120 min, but at the 0.5-g level the adsorption was 
almost complete at the end of 60 min. Further increments of 0.2 g above 
0.5 g did not appreciably increase the extent of adsorption ill adsorbing 
the phenobarbital from 50 ml of standard phenobarbital sodium solu- 
tion. 

Desorption studies were performed in solutions of various pHs con- 
taining different amounts of charcoal to determine how much of the 
phenobarbital once adsorbed would be desorbed as a result of a change 
in the pH of the eluting medium. Table I illustrates the effect of variation 
of the eluting media pH on the extent of desorption at  the end of 2 hr from 
various concentrations of charcoal. It is evident that 0.1 g of charcoal was 
not sufficient to hold all of the drug, and -50% of the drug was eluted. 
But with 0.5 g and higher amounts of charcoal, the extent of desorption 
was <5%. These findings substantiate previous results (10, 11) which 
suggested that the charcoal-poison complex remains stable throughout 
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Figure 4-Percent of phenobarbital adsorbed by various concentrations 
of activated charcoal from a solution of pH 8.0. Key: (0) 0.1 g; (n) 0.3 
g; (A) 0.5g; f@) 0.7g; (X) 0.9g; (0) 1.Og. 

the GI tract. In general, desorption from lower amounts of charcoal was 
essentially complete within 15 min, decreased with increasing amounts 
of charcoal, and was independent of pH. Therefore, it can be summarized 
that 0.5-0.7 g of charcoal seems to be the optimum quantity a t  which 
minimum desorption takes place. Further increments in the amount of 
charcoal did not significantly contribute to holding the drug particles. 

Langmuir adsorption isotherms for the adsorption of phenobarbital 
calculated as phenobarbital sodium onto charcoal were determined from 
solutions of various pH. The Langmuir isotherm may simply he defined 
as: 

c l (x lm)  = nc + b (Eq. 1) 

where c is the concentration of phenobarbital sodium in milligrams per 
milliliter at equilibrium, x is the amount of drug adsorbed in milligrams 
per m milligrams of charcoal. The isotherm constants n and b were de- 
termined by linear regression analysis a t  each pH value. Parameters 
presented in Table I1 substantiate the theory that no change in binding 
is indicated at  different pH levels (with the numbers under the adsorption 
capacity column being practically the same), and that these results can 
possibly be construed to indicate the stability of the charcoal-drug 
complex throughout the physiological pH range. 
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Abstract 0 An analytical method for determining ciramadol concen- 
trations in plasma was developed and evaluated for its specificity, pre- 
cision, linearity, and sensitivity. GLC-electron capture detection of a 
dipentafluorobenzoyl derivative of the drug was used for quantitation. 
An isomer of the drug served as an internal standard. Resulting mean 
ratios of the peak height of derivatized drug to that of derivatized internal 
standard varied with a coefficient of variation that ranged from 3.8 to 
11.1%. The mean ratio was linearly related to ciramadol content (8.75-175 
ng) with a correlation coefficient >0.999. The minimum quantifiable 
concentration was 4 ng/ml with a 2-ml specimen. An application of this 
method is presented. 

Keyphrases 0 Ciramadol-analgesics, GLC determination in plasma 
0 GLC-determination of ciramadol in plasma, analgesics 0 Analge- 
sics-GLC determination of ciramadol in plasma 

Ciramadol [(-)cis-2-(a-dimethyl (I) amino-m-hy- 
droxybenzy1)cyclohexanol hydrochloride] is a potent an- 
algesic when administered to animals, and indications of 
its effectiveness in relieving mild to moderate pain in 
malignant disease and moderate to severe postoperative 
pain in humans have been reported (1-3). During previous 
metabolic disposition studies (4), it was recognized that 
a very sensitive assay for the drug in biological fluids would 
be required during preclinical studies and especially when 
clinical bioavailability studies were performed. Maximum 
concentrations in the plasma of rats given single 1-mg/kg 
intragastric doses of the drug were highest (105 ng/ml) a t  
the earliest sampling time (15 min), and when studies were 
conducted in rhesus monkeys, maximum concentrations 
in plasma never exceeded 4 ng/ml after a similar dose. In 
the current report, an assay for ciramadol, which meets the 
desired requirements, is presented. It is based on the 
electron-capturing capability of a dipentafluorobenzoy- 
lated derivative following a GLC separation. 

EXPERIMENTAL 

Standards and Reagents-Ciramadol (I) and the internal standard 
(trans-2-(c~-dimethylamino-p-hydroxybenzyl)cyclohexanol hydro- 
chloride hemiethanolate, 111 were synthesized in these laboratories'. 
Deionized water was prepared by passing distilled water through an 
ion-exchange system2. Pentafluorobenzoyl chloride and all other reagents 
and solvents were purchased from commercial sources. 

~~ 

1 Dr. J. P. Yardley, Medicine Chemistry Section 11, Wyeth Labs., Inc., Radnor, 

2 Bion Exchanger System, Pierce Chemical Co., Rockford, Ill. 
Pa. 

Pentafluorobenzoyl chloride was purified by distillation prior to use. 
The fraction boiling at 158-159O was collected and stored in a sealed 
container at 5'. 

Calibration standards were prepared from a stock solution containing 
1 mg of drug/ml of deionized water. Subsequently, solutions containing 
0.01,0.02,0.05,0.1, and 0.2 pg of drug/100 pl, or, respectively, 8.75,17.5, 
43.75,87.5, and 175 ng of free base/100 ~1 were prepared. All concentra- 
tions of ciramadol in biological fluids are expressed as free base. 

The concentration of the internal standard solution prepared in water 
was 100 ng/100 pl. 

Preparation of Pentafluorobenzoyl Derivatives-One gram of 
ciramadol (as free base) was dissolved in 80 ml of benzene and 30 ml of 
pyridine. To the solution, 2.5 g of pentafluorobenzoyl chloride was added 
dropwise with stirring at 25O for 2 hr. The reaction mixture was washed 
with 100 ml each of water, 10% NazC03, water, 0.5 N HSOd, 10% NaZC03, 
and water. The organic layer was separated, dried over anhydrous sodium 
sulfate, treated with 2 g of charcoal3, filtered, and evaporated. A pale 
yellow syrup was obtained. After treating again with charcoal the syrup 
was analyzed. 

Anal.-Calc. for CmH21N0810: C, 54.64; H, 3.32; N, 2.20. Found C, 
54.64; H, 3.44; N, 2.27. 

Compound II (200 mg) was dissolved in 16 ml of benzene and 6 ml of 
pyridine. To the solution, 0.5 g of pentafluorobenzoyl chloride was added 
dropwise with stirring at  25' for 2 hr. The reaction mixture then was 
washed sequentially (20-ml portions) and treated with charcoal as de- 
scribed above. After the solvent was removed under reduced pressure, 
a syrup was obtained. A pale yellow crystalline product precipitated after 
the syrup was dissolved in warm ethanol and cooled at 4O. The precipitate 
was collected, recrystallized from ethanol, and dried in air. Yield 75 
mg. 

Anal.-Calc. for CmHzlN0816: C, 54.64; H, 3.32; N, 2.20. Found C, 
54.43; H, 3.49; N, 2.65. 

Mass Spectrometry-Mass spectrometric analysis of the two deriv- 
atives was performed on a mass spectrometefl (electron beam, 70 eV; 
source temperature, 200O) equipped with a data system5. Samples were 
examined by direct introduction in the electron-impact mode. 

Analysis of Ciramadol in  Plasma-Extraction and Deriuatiza- 
tion4tandards (0.01,0.02,0.05,0.1, and 0.2 pg of ciramadol) were added 
to a seriea of 16 X 125-mm culture tubes (polytef lined6 screw cap) con- 
taining 1 ml of control (drug free) dog plasma. To each sample was added 

3 Norit, Fisher Scientific Co., Fair Lawn, N J  07416. 
4 AEI-MS 902, Associated Electronic Ind., Ltd., U.K. 
6 Nova 3 Computer system anth DS-50S software, Data General Carp., Southboro, 

6 Teflon, DuPont Co., Wilmington, Del. 
Mass. 
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Abstract 0 An analytical method for determining ciramadol concen- 
trations in plasma was developed and evaluated for its specificity, pre- 
cision, linearity, and sensitivity. GLC-electron capture detection of a 
dipentafluorobenzoyl derivative of the drug was used for quantitation. 
An isomer of the drug served as an internal standard. Resulting mean 
ratios of the peak height of derivatized drug to that of derivatized internal 
standard varied with a coefficient of variation that ranged from 3.8 to 
11.1%. The mean ratio was linearly related to ciramadol content (8.75-175 
ng) with a correlation coefficient >0.999. The minimum quantifiable 
concentration was 4 ng/ml with a 2-ml specimen. An application of this 
method is presented. 
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0 GLC-determination of ciramadol in plasma, analgesics 0 Analge- 
sics-GLC determination of ciramadol in plasma 

Ciramadol [(-)cis-2-(a-dimethyl (I) amino-m-hy- 
droxybenzy1)cyclohexanol hydrochloride] is a potent an- 
algesic when administered to animals, and indications of 
its effectiveness in relieving mild to moderate pain in 
malignant disease and moderate to severe postoperative 
pain in humans have been reported (1-3). During previous 
metabolic disposition studies (4), it was recognized that 
a very sensitive assay for the drug in biological fluids would 
be required during preclinical studies and especially when 
clinical bioavailability studies were performed. Maximum 
concentrations in the plasma of rats given single 1-mg/kg 
intragastric doses of the drug were highest (105 ng/ml) a t  
the earliest sampling time (15 min), and when studies were 
conducted in rhesus monkeys, maximum concentrations 
in plasma never exceeded 4 ng/ml after a similar dose. In 
the current report, an assay for ciramadol, which meets the 
desired requirements, is presented. It is based on the 
electron-capturing capability of a dipentafluorobenzoy- 
lated derivative following a GLC separation. 

EXPERIMENTAL 

Standards and Reagents-Ciramadol (I) and the internal standard 
(trans-2-(c~-dimethylamino-p-hydroxybenzyl)cyclohexanol hydro- 
chloride hemiethanolate, 111 were synthesized in these laboratories'. 
Deionized water was prepared by passing distilled water through an 
ion-exchange system2. Pentafluorobenzoyl chloride and all other reagents 
and solvents were purchased from commercial sources. 

~~ 

1 Dr. J. P. Yardley, Medicine Chemistry Section 11, Wyeth Labs., Inc., Radnor, 

2 Bion Exchanger System, Pierce Chemical Co., Rockford, Ill. 
Pa. 

Pentafluorobenzoyl chloride was purified by distillation prior to use. 
The fraction boiling at 158-159O was collected and stored in a sealed 
container at 5'. 

Calibration standards were prepared from a stock solution containing 
1 mg of drug/ml of deionized water. Subsequently, solutions containing 
0.01,0.02,0.05,0.1, and 0.2 pg of drug/100 pl, or, respectively, 8.75,17.5, 
43.75,87.5, and 175 ng of free base/100 ~1 were prepared. All concentra- 
tions of ciramadol in biological fluids are expressed as free base. 

The concentration of the internal standard solution prepared in water 
was 100 ng/100 pl. 

Preparation of Pentafluorobenzoyl Derivatives-One gram of 
ciramadol (as free base) was dissolved in 80 ml of benzene and 30 ml of 
pyridine. To the solution, 2.5 g of pentafluorobenzoyl chloride was added 
dropwise with stirring at 25O for 2 hr. The reaction mixture was washed 
with 100 ml each of water, 10% NazC03, water, 0.5 N HSOd, 10% NaZC03, 
and water. The organic layer was separated, dried over anhydrous sodium 
sulfate, treated with 2 g of charcoal3, filtered, and evaporated. A pale 
yellow syrup was obtained. After treating again with charcoal the syrup 
was analyzed. 

Anal.-Calc. for CmH21N0810: C, 54.64; H, 3.32; N, 2.20. Found C, 
54.64; H, 3.44; N, 2.27. 

Compound II (200 mg) was dissolved in 16 ml of benzene and 6 ml of 
pyridine. To the solution, 0.5 g of pentafluorobenzoyl chloride was added 
dropwise with stirring at  25' for 2 hr. The reaction mixture then was 
washed sequentially (20-ml portions) and treated with charcoal as de- 
scribed above. After the solvent was removed under reduced pressure, 
a syrup was obtained. A pale yellow crystalline product precipitated after 
the syrup was dissolved in warm ethanol and cooled at 4O. The precipitate 
was collected, recrystallized from ethanol, and dried in air. Yield 75 
mg. 

Anal.-Calc. for CmHzlN0816: C, 54.64; H, 3.32; N, 2.20. Found C, 
54.43; H, 3.49; N, 2.65. 

Mass Spectrometry-Mass spectrometric analysis of the two deriv- 
atives was performed on a mass spectrometefl (electron beam, 70 eV; 
source temperature, 200O) equipped with a data system5. Samples were 
examined by direct introduction in the electron-impact mode. 

Analysis of Ciramadol in  Plasma-Extraction and Deriuatiza- 
tion4tandards (0.01,0.02,0.05,0.1, and 0.2 pg of ciramadol) were added 
to a seriea of 16 X 125-mm culture tubes (polytef lined6 screw cap) con- 
taining 1 ml of control (drug free) dog plasma. To each sample was added 

3 Norit, Fisher Scientific Co., Fair Lawn, N J  07416. 
4 AEI-MS 902, Associated Electronic Ind., Ltd., U.K. 
6 Nova 3 Computer system anth DS-50S software, Data General Carp., Southboro, 

6 Teflon, DuPont Co., Wilmington, Del. 
Mass. 
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Table I-Precision of the Ciramadol Assay 

Concentrationa, 
Ciramadol ng/ml Intra-assay Replications of Standards 

Hydrochloride Mean Ratio f SD Correlation 
Salt Free Base N ID1 cv, 70 Slopeb Coefficient 

Experiment A 
10 
20 
50 

100 
200 

Experiment B 
10 
20 
50 

100 
200 

Experiment C 
10 
20 
50 -. 

100 
200 

8.75 5 
17.5 5 
43.75 5 
87.5 5 

175 5 

8.75 5 
17.5 4 
43.75 5 
87.5 5 

175 5 

8.75 5 
17.5 5 
43.75 5 
87.5 5 

175 5 

0.160 f 0.006 
0.307 f 0.025 
0.805 f 0.051 
1.544 f 0.144 
3.273 f 0.215 

0.126 f 0.014 
0.232 f 0.021 
0.610 f 0.037 
1.151 f 0.096 
2.433 f 0.179 

0.153 f 0.015 
0.294 f 0.022 
0.757 f 0.067 
1.522 i 0.109 
2.988 f 0.180 

3.8 
8.1 
6.3 
9.3 
6.6 

11.1 
9.1 
6.1 
8.3 
7.4 

9.8 
7.5 
8.9 
7.2 
6.0 

0.0187 

0.0138 

0.9996 

0.9995 

0.0172 1.0000 

0 Internal standard (100 ng) was added to a 1-ml sample of control dog plasma. b Values were obtained by linear regression analysis of known concentrations of ciramadol 
(as free base) uersus mean ratios of peak heights. 
100 ng of the internal standard in 0.10 ml of water, 1 ml of 5 N NHIOH, 
and 5 ml of ether. Each sample was mixed thoroughly and centrifuged, 
and 4 ml of the ether extract was transferred to another tube. The 
aqueous phase was extracted once more with 5 ml of ether, and the ether 
phase was combined with the original extract. One ml of 5 N acetic acid 
was added to the combined ether extracts, and the contents were mixed 
thoroughly and centrifuged. The ether phase was aspirated, and the 
aqueous extract was washed with 5 ml of ethyl acetate. After aspirating 
the ethyl acetate wash, any remaining ethyl acetate was removed by 
heating the aqueous extract in a water bath at 60° for 5 min under flowing 
nitrogen. Sodium chloride (800 mg), 1 ml of 5 N NHaOH, and 1 ml of 
toluene were added to each sample. The contents were mixed and cen- 
trifuged, and then 0.7 ml of the toluene extract was transferred to a 12 
X 75-mm test tube and reacted with 0.10 ml of pyridine and 0.05 ml of 
pentatluorobenzoyl chloride at  25' for 30 min with shaking after 15 min. 
The reaction tube containing the mixture was washed with 1 ml of 1Wo 
Na2C03,l ml of 0.2 N H2SO4,l ml of 10% Na2C03, and 1 ml of water, 
successively, and refrigerated until analysis by GLC. 

CLC Conditions-GLC analyses were performed with a gasliquid 
chromatograph' equipped with a 1.8 m X 2-mm glass column containing 

-l B C 
Derivatized 1 C iramadol 

- 
2 4 6 8  

MINUTES 

- 
Derivatized 
Internal 
Standard 

- 
2 4 6 8  

Figure 1-Representative chromatograms of (A) 1 ml of control (drug 
free) plnsma; (B) p h m a  sample (1 ml) from a dog given ciramadol; (C) 
100 ng of ciramadol and 100 ng of internal standard added to 1 ml of 
control dog plasma. 

7 Varian 3700, Varian Instrument Group, Palo Alto, Calif. 

2% OV-101 Chromosorb W-HP (80/lOO mesh)s. The column was main- 
tained at 230°, the injection port at 260', and the electron detector (nickel 
63) at 340'. The carrier gas was ultra-high pure nitrogen. The column 
was pretreated by injecting 4 p1 of a toluene-lecithin solution (1 mg/ 
ml). 

Calculations-The ratio of the peak heights for derivatized ciramadol 
to derivatized internal standard at each concentration of the drug in 
plasma was determined. The line of best fit relating the ratio of peak 
heights to ciramadol concentration was calculated by a linear regression 
analysis. 

RESULTS 

Mass Spectrometry-A mass ion at  m/z 637 in the mass spectrum 
of derivatized ciramadol demonstrated that a dipentafluorobenzoyl de- 
rivative, which is consistent with the elemental analysis, occurred. The 
most predominant fragment was observed at m/z 344 and represented 

DAY 1 3 DAY 28 3 "  

Figure %-Mean concentrations of ciramadol in plasma of dogs on day 
1 and day 28 following the administration of daily 2- (O) ,  12- (O), and 
72-rnglkg (X) oral doses of ciramadol. 

8 Supelco, Inc., Bellefonte, Pa. 
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the facile cleavage of the derivative to the fragment (CH&=CH- 
CsH4-OCOCsFs. A fragment observed at m/z 195 indicated the loss of 
a pentafluorobenzoyl moiety. The mass spectrum of the derivatized in- 
ternal standard was similar. 

GLC-The retention time of the derivatized drug and internal stan- 
dard was 5.8 and 7.6 min, respectively. A representative chromatogram 
is shown in Fig. 1. No interfering peaks were observed in control (drug 
free) plasma. 

The mean ratio of the peak height for derivatized ciramadol to deriv- 
atized internal standard and its coefficient of variation at  each concen- 
tration of drug added to control plasma (three experiments) is shown in 
Table I. The coefficient of variation for each mean ratio ranged from 3.8 
to 11.1%. Standard curves relating ciramadol concentration to peak height 
ratio were linear with correlation coefficients ranging from 0.9995 to 
1.0000. With a 2-ml plasma sample, the minimum quantifiable concen- 
tration was 4 ng/ml (as free base). 

DISCUSSION 

The results of the present study demonstrate that the specificity, lin- 
earity, precision, and sensitivity of the GLC assay for ciramadol is sat- 
isfactory for measuring the drug in plasma in concentrations >4 ng/ml. 
This method has been applied to samples obtained in studies on cira- 
madol disposition in rhesus monkeys, dogs, and humans. Urine specimens 
have also been analyzed by this procedure. An example of the application 

of the assay, which demonstrates its utility in a multiple dose study in 
dogs, is presented in Fig. 2. The assay permitted the observation that 
multiple dosing did not affect the metabolic disposition of ciramadol in 
dogs. No peaks interfered with the detection of drug or internal standard 
in samples obtained from other investigated species. 

Other methods of analysis have been attempted but were not pursued 
for various reasons. These included GLC and HPLC analysis of underi- 
vatized ciramadol as well as other nonfluorinated derivatives of cira- 
madol. None proved to be as sensitive as the described procedure. 
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Abstract A GLC-mass fragmentographic method was developed for 
the simultaneous determination of mannitol and sorbitol as their n- 
butyldiboronate derivatives in plasma. The plasma sample was depro- 
teinized, and the subsequent supernatant was concentrated to dryness; 
the resulting residue was then dissolved in pyridine containing n- 
butylboronic acid to allow derivation. An aliquot of this solution was 
injected into the gas chromatograph-mass spectrometer and analyzed 
by a selected-ion monitoring method using galactitol as the internal 
standard. Detection was limited to 20 ngj0.l ml of plasma for both 
mannitol and sorbitol. A rapid, precise, and sensitive assay for the de- 
termination of mannitol and sorbitol in plasma was established. 

Keyphrases Mannitol-GLC-mass fragmentographic analysis in 
plasma 0 Sorbitol-GLC-mass fragmentographic analysis in plasma 0 
GLC-mass fragmentography-analysis, mannitol and sorbitol in plasma 

Hexiol-mannitol and sorbitol in plasma, GLC-mass fragmento- 
graphic analysis 

Mannitol and sorbitol (glucitol) have been used as ar- 
tificial sweeteners in pharmaceutical preparations. 

Many methods employing GLC with a flame ionization 
detector have been reported for the determination of 
common hexitols. Authentic samples of mannitol and sor- 
bib1 have been analyzed by this GLC method in studying 
the acetyl(l-7), trifluoroacetyl(8,9), trimethylsilyl (lo), 
phenyldiboronate (ll), and n-butyldiboronate derivatives 
(12). However, the mannitol and sorbitol contents were 
determined (13) in pharmaceuticals as their n-butyldi- 
boronate derivatives. Mannitol, sorbitol, and other polyols 
were assayed (14) in human plasma or cerebrospinal fluid 

as their acetyl derivatives. Furthermore, mannitol was 
measured (15) in body fluids as an n-butyldiboronate de- 
rivative. 

However, these GLC methods indicate several problems 
in determining mannitol and sorbitol in plasma samples, 
such as poor sensitivity or the influence of glucose pooled 
in plasma. Thus, a GLC-mass fragmentographic deter- 
mination of mannitol and sorbitol in plasma was examined, 
and a rapid, precise, and sensitive analytical method for 
their assay was established. The present method was also 
found applicable to other human biological fluids. 

EXPERIMENTAL 

Materials-Mannitol', sorbitoll, galactitol' (dulcitol), zinc sulfate', 
barium hydroxide', and other chemicals used were obtained commer- 
cially. n -Butylboronic acid2 and pyridine3 were derivating agents for 
n -butyldiboronate formation. 

GLC-Mass Fragmentographic Conditions-A mass spectrometer" 
with an electron-impact ion source connected to a gas chromatograph5 
was used. 

The coiled glass column (1 m X 2-mm i.d.) of the gas chromatograph 
was packed with 3% OV-17 on Chromosorb W-AW, 80-100 mesh6 and 
conditioned at 280' for 24 hr. The temperatures of the injector, column, 

1 Wako Pure Chemical Co., Osaka, Japan. 
2 Aldrich Chemical Co., Milwaukee, Wis. 
3 Pierce Chemical Co., Rockford, Ill. 
4 Model JMS-D 300, JEOL, Tokyo, Japan. 
6 Model JGC-POkP, JEOL, Tokyo, Japan. 
6 Gaschro Kogyo Co., Tokyo, Japan. 
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the facile cleavage of the derivative to the fragment (CH&=CH- 
CsH4-OCOCsFs. A fragment observed at m/z 195 indicated the loss of 
a pentafluorobenzoyl moiety. The mass spectrum of the derivatized in- 
ternal standard was similar. 

GLC-The retention time of the derivatized drug and internal stan- 
dard was 5.8 and 7.6 min, respectively. A representative chromatogram 
is shown in Fig. 1. No interfering peaks were observed in control (drug 
free) plasma. 

The mean ratio of the peak height for derivatized ciramadol to deriv- 
atized internal standard and its coefficient of variation at  each concen- 
tration of drug added to control plasma (three experiments) is shown in 
Table I. The coefficient of variation for each mean ratio ranged from 3.8 
to 11.1%. Standard curves relating ciramadol concentration to peak height 
ratio were linear with correlation coefficients ranging from 0.9995 to 
1.0000. With a 2-ml plasma sample, the minimum quantifiable concen- 
tration was 4 ng/ml (as free base). 

DISCUSSION 

The results of the present study demonstrate that the specificity, lin- 
earity, precision, and sensitivity of the GLC assay for ciramadol is sat- 
isfactory for measuring the drug in plasma in concentrations >4 ng/ml. 
This method has been applied to samples obtained in studies on cira- 
madol disposition in rhesus monkeys, dogs, and humans. Urine specimens 
have also been analyzed by this procedure. An example of the application 

of the assay, which demonstrates its utility in a multiple dose study in 
dogs, is presented in Fig. 2. The assay permitted the observation that 
multiple dosing did not affect the metabolic disposition of ciramadol in 
dogs. No peaks interfered with the detection of drug or internal standard 
in samples obtained from other investigated species. 

Other methods of analysis have been attempted but were not pursued 
for various reasons. These included GLC and HPLC analysis of underi- 
vatized ciramadol as well as other nonfluorinated derivatives of cira- 
madol. None proved to be as sensitive as the described procedure. 
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Abstract A GLC-mass fragmentographic method was developed for 
the simultaneous determination of mannitol and sorbitol as their n- 
butyldiboronate derivatives in plasma. The plasma sample was depro- 
teinized, and the subsequent supernatant was concentrated to dryness; 
the resulting residue was then dissolved in pyridine containing n- 
butylboronic acid to allow derivation. An aliquot of this solution was 
injected into the gas chromatograph-mass spectrometer and analyzed 
by a selected-ion monitoring method using galactitol as the internal 
standard. Detection was limited to 20 ngj0.l ml of plasma for both 
mannitol and sorbitol. A rapid, precise, and sensitive assay for the de- 
termination of mannitol and sorbitol in plasma was established. 
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Mannitol and sorbitol (glucitol) have been used as ar- 
tificial sweeteners in pharmaceutical preparations. 

Many methods employing GLC with a flame ionization 
detector have been reported for the determination of 
common hexitols. Authentic samples of mannitol and sor- 
bib1 have been analyzed by this GLC method in studying 
the acetyl(l-7), trifluoroacetyl(8,9), trimethylsilyl (lo), 
phenyldiboronate (ll), and n-butyldiboronate derivatives 
(12). However, the mannitol and sorbitol contents were 
determined (13) in pharmaceuticals as their n-butyldi- 
boronate derivatives. Mannitol, sorbitol, and other polyols 
were assayed (14) in human plasma or cerebrospinal fluid 

as their acetyl derivatives. Furthermore, mannitol was 
measured (15) in body fluids as an n-butyldiboronate de- 
rivative. 

However, these GLC methods indicate several problems 
in determining mannitol and sorbitol in plasma samples, 
such as poor sensitivity or the influence of glucose pooled 
in plasma. Thus, a GLC-mass fragmentographic deter- 
mination of mannitol and sorbitol in plasma was examined, 
and a rapid, precise, and sensitive analytical method for 
their assay was established. The present method was also 
found applicable to other human biological fluids. 

EXPERIMENTAL 

Materials-Mannitol', sorbitoll, galactitol' (dulcitol), zinc sulfate', 
barium hydroxide', and other chemicals used were obtained commer- 
cially. n -Butylboronic acid2 and pyridine3 were derivating agents for 
n -butyldiboronate formation. 

GLC-Mass Fragmentographic Conditions-A mass spectrometer" 
with an electron-impact ion source connected to a gas chromatograph5 
was used. 

The coiled glass column (1 m X 2-mm i.d.) of the gas chromatograph 
was packed with 3% OV-17 on Chromosorb W-AW, 80-100 mesh6 and 
conditioned at 280' for 24 hr. The temperatures of the injector, column, 

1 Wako Pure Chemical Co., Osaka, Japan. 
2 Aldrich Chemical Co., Milwaukee, Wis. 
3 Pierce Chemical Co., Rockford, Ill. 
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I l l I l l l  1 1 1 1 1 1 1  
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MINUTES 
Figure I-GLC-mass fragmentograms of human control plasm (A) and human plasma prepared following addition of authentic samples at 
500 ng1O.l ml for each compound (B). Results are for the n-butyldiboronate derivatives and are recorded under two different attenuators. Key: 
(a) mannitol; (b) sorbitol; and (c) galactitol (internal standard). 

and ion source were 280,270, and 250'. respectively. Helium was used 
as the carrier gas a t  a flow rate of 30 ml/min. 

For mass fragmentography the mass spectrometer was set at the fol- 
lowing conditions: ionization energy, 70 eV; ionization current, 300 pA; 
accelerating voltage, 3.0 kV; and ion multiplier voltage, 1.2-1.4 kV. The 
peak of mlz 253 for each n-butyldiboronate derivative of mannitol, sor- 
bitol, and the internal standard galactitol was selected for mass frag- 
mentographic analysis. The chromatograms were recorded under four 
different attenuators (1,2,5, and 10 X lo2). 

The mass spectra of the n-butyldiboronate derivatives of mannitol, 
sorbitol, and galactitol were measured under the same GLC-MS condi- 
tions. 

Analytical Procedure-Blood samples were collected in heparinized 
containers and centrifuged to separate the plasma. The plasma then was 
frozen until analysis. 

The plasma (0.1 ml) was diluted with 1.0 ml of 0.13 M ZnSO, and 0.1 
ml of aqueous solution containing 100 ng of galactitol (internal standard) 
and mixed well. To this suspension 1.0 ml of 0.125 M Ba(OH)* was then 
added, mixed again, and centrifuged at  2000Xg for 15 min to remove the 
precipitates. The Supernatant was concentrated to dryness under nitrogen 
gas a t  50' or in a freezing desiccator. The residue was dried thoroughly 
over phosphorus pentoxide under reduced pressure and subjected to 
n-butyldiboronate derivation at room temperature for a few minutes by 
the addition of -10-15 mg of n-butylboronic acid and 100 pl of pyridine. 
Analyses by GLC-mass fragmentography were carried out on 1-3-pl 
samples of the resultant solution. 

Calibration Curves-Calibration curves were prepared by adding 
known amounts of mannitol and sorbitol to plasma and then assaying 
the mixture by the same extraction procedure. 

The calibration curves for the determination of mannitol and sorbitol 
by GLC-mass fragmentography were obtained by plotting the ratio of 
the peak heights of the respective n-butyldiboronate derivatives to that 
of the n-butyldiboronate derivatives of the internal standard, galactitol, 
against the concentration of each compound. These calibration curves 
were linear. 

Table I-Recoveries of Mannitol and Sorbitol from Human 
Plasma 

RESULTS AND DISCUSSION 
To obtain suitable derivatives of mannitol and sorbitol for GLC sep- 

aration with a flame ionization detector, various derivation procedures 
were examined on the basis of previous reports (1-15). The silylation 
procedure enabled rapid progress, but this method did not provide a good 
chromatographic separation. Although the acetylation procedures gave 
a suitable chromatographic separation, it was somewhat time consuming. 
The n-butyldiboronate derivation procedure, however, was completed 
almost immediately, gave excellent chromatographic separation, and was 
capable of providing quantitative results as reported previously (12,13, 
15). Consequently, the derivation procedure of n-butyldiboronate was 
used in the present experiments. 

Since the n-butyldiboronate derivatives of mannitol and sorbitol are 
poorly separated from those of glucose and fructose on a gas-liquid 
chromatograph, two methods for removing glucose and fructose from 
plasma were examined (12, 15). One method involved a complicated 
procedure by transforming the glucose and fructose to their phosphate 
derivatives (14); however, the excess phosphoric acid hindered the for- 
mation of the n-butyldiboronate derivative of mannitol and sorbitol. 
Another method using hydrogenation of glucose and fructose with sodium 
borohydride (15) or sodium amalgam converted glucose to sorbitol, while 
fructose produced equal amounts of mannitol and sorbitol. As these 
methods were not suitable to remove the glucose and fructose, these two 
sugars were not removed from the plasma samples. 

Plasma samples containing glucose and fructose were deproteinized 
with zinc sulfate followed by the addition of barium hydroxide to remove 
the surplus zinc sulfate. The supernatant obtained by centrifugation 
without removing glucose and fructose was dried and subjected to the 
n-butyldiboronate derivation with n-butylboronic acid and pyridine. An 
aliquot of the resultant solution was then injected into the gas chroma- 
tograph-mass spectrometer. 

Galactitol, a hexitol, was chosen as the internal standard for the si- 
multaneous determination of mannitol and sorbitol by a selected-ion 
detection technique. This internal standard can also form an n-butyl- 
Table 11-Changes in the Concentrations of the n- 
Butyldiboronate Derivatives of Mannitol and Sorbitol Prepared 
from Plasma at Various Conditions 

Drug 
AddA, 

ng/O.1 ml 
Recovery from Plasma', I 

Mannitol Sorbitol 

50,000 
10,000 
5,000 
1,000 

500 
100 
50 

Mean f SD 

93.4 
92.8 
93.4 
92.7 
93.4 
93.5 
92.9 

93.1 f 0.3 

93.0 
93.1 
92.9 
93.4 
93.2 
93.1 
92.9 

93.1 f 0.2 

Each value is the mean of three determinations. 

Concentration Changed', pglml 
Conditions Mannitol Sorbitol 

Control 
Room temperature, 12 hr 
Room temperature, 24 hr 
Room temperature, 3 days 
Room temperature, 7 days 
5', 12 hr 
5", 24 hr 
5'. 3 day 
5', 7 day 

~~ 

5.031 5.101 
5.032 5.098 
5.001 5.073 
4.980 '5.050 
4.955 5.025 
5.033 5.110 
5.005 5.095 
5.000 5.060 
4.998 5.056 

' Average of three determinations. 
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Table 111-Mannitol and Sorbitol Pooled in the Plasma of 
Healthy Males 

Concentration in Plasma 
Mannitol, Sorbitol, 

d m l  CLg/ml 
Subject (nmole/ml) (nmole/ml) 

A 
B 
C 
D 
E 
F 
G 

1.385 (7.60) 
1.096 (6.02j 
0.741 (4.07) 
0.872 (4.79) 
0.793 (4.35) 
0.720 (3.95) 
1.055 (5.79) 

1.231 (6.76) 
1.030 (5.65) 
0.814 (4.47) 
0.902 (4.95) 
0.961 (5.27) 
0.788 (4.33) 
1.019 (5.59) 

H 1.098 (6.02j 1.159 (6.36) 
I 0.546 (3.00) 0.729 (4.00) 
J 0.614 (3.37) 0.596 (3.27) 

Mean f SD 0.892 f 0.248 0.923 f 0.186 
(4.90 * 1.61) (5.06 f 1.01) 

diboronate derivative in the same way as mannitol and sorbitol(12), and 
the mass spectrum of this derivative is similar to that of the mannitol or 
sorbitol derivative. The mass fragment ion detected for GLC-mass 
fragmentography was the m/z 253 ion [C~H~O~BZ(C~H&]+,  since no 
influence of glucose, fructose, or other plasma constituents could be ob- 
served. This m/z 253 ion is a characteristic fragment ion formed from the 
molecular ion, m/z 380 [C6Hs0&(C4H&li, of each compound by loss 
of C ~ H ~ O ~ B C ~ H S  and is not observed in the mass spectra of glucose and 
fructose. The GLC-mass fragmentography monitoring molecular ions 
or base peaks, m/z 127 [ C ~ H ~ O ~ B C ~ H S ] + ,  showed poor sensitivity and 
'was mainly affected by glucose in certain samples. 

To overcome the difficulties in the determination of samples containing 
high concentrations of mannitol and sorbitol, the ion multiplier voltage 
of the mass spectrometer was run at  ranges from 1.2 to 1.4 kV, or the re- 
active solution was diluted. On the other hand, the method of simulta- 
neous detection by a combination of GLC-mass fragmentography and 
GLC-mass spectrometry for total ion monitoring could not be adopted, 
since the latter method provided poor sensitivity, as was also the case for 
the GLC method with a flame ionization detector. 

Known amounts of mannitol and sorbitol were added to human plasma, 
and the samples were analyzed. The chromatogram by GLC-mass frag- 
mentography of the n-butyldiboronate derivatives of mannitol, sorbitol, 
and the internal standard, galactitol, prepared from human plasma fol- 
lowing addition of authentic samples at 500 ng/O.l ml for each compound 
and the chromatogram of the extract of human plasma control are shown 
in Fig. 1. The retention times of mannitol, sorbitol, and galactitol as their 
n-butyldiboronate derivatives were 3.0,3.3, and 4.0 min, respectively, 
and the time required for the assay was -5.0 min. As summarized in Table 
I, the recoveries from plasma were 93.1 f 1.3% for mannitol and 93.2 f 
1.4% for sorbitol. 

The detection limit for both mannitol and sorbitol using this GLC- 
mass fragmentographic method was 20 ng/O.l ml for plasma. The re- 
producibility of this method was f1.7-2.3%. 

In addition, the following experiment was conducted. The n-butyldi- 
boronate derivatives of mannitol, sorbitol, and galactitol prepared from 
human plasma were examined at room temperature and 5O under ni- 

trogen gas for stability. As shown in Table 11, it was found that no sig- 
nificant difference between the concentrations of the hexitol derivatives 
in the control and test samples could be observed over a period of several 
days. 

The present method was also applied to other human biological fluids 
(e.g., urine, cerebrospinal fluid, ascites fluid, bile, or lymph). The results 
obtained for the GLC-mass fragmentographic separations, recoveries, 
and sensitivities were in good agreement with those obtained with plasma. 
This method may also find application in the biological fluids of ani- 
mals. 

Table I11 shows the results obtained by the present GLC-mass frag- 
mentography for the concentrations of mannitol and sorbitol present in 
the plasma of 10 healthy males. The quantitative results are the scope 
of this study. 

The present method utilizing GLC-mass fragmentography for the si- 
multaneous determination of mannitol and sorbitol in plasma is rapid 
and precise and has higher sensitivity than the GLC method with a flame 
ionization detector (1-15). Furthermore, small amounts of samples (0.1 
ml) can be assayed. 

Thus, this method should be useful or helpful for clinical profiling of 
various patients (e.g., uremic, diabetic, or neurological) and for clinico- 
pharmacological studies on therapy with mannitol, sorbitol, or mannitol 
plus fructose, which is an osmotherapeutic agent for treating increased 
intracranial pressure (16,171 and urinary disorders (18). 
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Abstract A radiometric method for screening acetylcholinesterase 
inhibitors has been described. The method is based on the production 
of ['4C]carbon dioxide from the hydrolysis of acetylcholine. The inhibi- 
tory concentration at 50% (ICx) values for several known acetylcholi- 
nesterase inhibitors were in agreement with literature values. The new 
radiometric method is simple, inexpensive, and has the potential for 
automation. 

Keyphrases 0 Acetylcholinesterase inhibitors-a simple radiometric 
in uitro assay Radiometric method-in uitro assay for acetylcholi- 
nesterase inhibitors 

Acetylcholinesterase activity and the effect of its in- 
hibitors is measured by the rate of hydrolysis of acetyl- 
choline, its natural substrate (1). The rate of acetylcholine 
hydrolysis can be measured in a variety of ways; the sep- 
aration and quantitation of [14C]acetic acid from [14C]- 
acetylcholine is currently the most commonly used method 
(2-5). However, this method although sensitive and spe- 
cific, requires some manual manipulation (e.g., extraction 
of [ 14C]acetic acid) in measuring acetylcholinesterase ac- 
tivity or in screening compounds exhibiting an inhibitory 
effect. 

In the present report, an alternative radiometric method 
that is simple, fast, and has the potential for automation 
is presented. 

EXPERIMENTAL 

Materials and Methods-Electric eel (1200 U/ml solid) acetylchol- 
inesterasel (acetylcholine acetylhydrolase, EC 3.1.1.7). acetylcholine 
chloride, neostigmine bromide, physostigmine bromide, and decame- 
thonium bromide were obtained from a commercial source2. Phenyltri- 
methylammonium iodide was synthesized by methylation of N,N-di- 
methylaniline with iodomethane and characterized by melting point, el- 
emental analysis, and IR and PMR spectroscopy. d -Tubocurarine 
chloride3 and edrophonium chloride4 were obtained from commercial 
pharmaceutical sources. [WjSodium bicarbonate5 with a specific activity 
of 56 mCi/mmole was diluted with deionized water to a specific concen- 
tration of 1 pCilO.1 ml. All other reagents were of reagent chemical grade 
and commercially available. Twenty-milliliter assay vials6, aluminum 
seals7, and rubber liners8 were obtained from commercial sources. The 
electric eel acetylcholinesterase was diluted in 5 mM NaHC03 buffer (pH 
8.4) to yield a 0.1 Ulpl concentration. This enzyme preparation was 
stable for several days if stored at  -20'. Acetylcholine chloride and the 
various inhibitors were diluted with 5 mM bicarbonate buffer (pH 8.4) 
prior to assay. 

Effect of Acetylcholine Concentration on Acetylcholinesterase 
Activity-The effect of acetylcholine on acetylcholinesterase activity 
was studied by varying the acetylcholine concentration, as all other 
variables were fixed. Acetylcholine standard solutions (4 and 15 mM) 

1 Acetycholinesterase type V-S. Sigma Chemical Co.. St. Louis, Mo. 
2 Sigma Chemical Co., St. Louis, Mo. 
3 Squibb, Princeton, N.J. 
4 Roche, Belvidere, N.J. 
5 Amersham/Searle. Arlington Helghts, Ill. 
6 Arthur H. Thomas, Philadelphia, Pa. 
7 Wheaton, Millville, N.J. 
8 Johnston Laboratories, Cockeysville, Md. 

were made with 5 mM sodium bicarbonate buffer (pH 8.4). To 20-ml w y  
vials, 0.25,0.5, 1,0,2.0, and 3.0 ml of the 4 mM acetylcholine standard 
solution and 1.0, 2.0, 3.0, 4.0, and 5.0 ml of the 15 mM acetylcholine 
standard solution were added. The volume was brought to 5 ml with 5 
mM sodium bicarbonate (pH 8.4). The final pH of vial contents was 8.0. 
This gave a 1-75 pmole of acetylcholine/vial range. All vials were capped 
with aluminum seals, which were fitted with rubber liners, and chilled 
in ice after which 1 pCi (0.1 ml) of [14C]sodium bicarbonate and 10 pliters 
of acetylcholinesterase (1 U) were injeqted. Incubation was carried out 
a t  37O for 30 min. After incubation vials were chilled in ice water prior 
to measuring [14C]carbon dioxide production. Figure 1 represents the 
effect of increasing concentration of acetylcholine on acetylcholinesterase 
activity. 

An acetylcholinesterase activity uersus time curve was obtained to 
check for linearity. To four 20-ml assay vials, 2 ml of a 30 mM acetyl- 
choline solution was added and volume made up to 5 ml withd mM so- 
dium bicarbonate buffer (pH 8.4). One unit of actylcholinesterase and 
1 pCi of [14C]sodium bicarbonate were used. Test vials were incubated 
a t  37O for 15-min intervals after which they were chilled in ice and the 
[ 14C]carbon dioxide was pleasured (Fig. 2). 
In Vitro Inhibition of Acetylcholinesterase-To screen each of the 

known acetylcholinesterase inhibitors, the following experiment was 
performed. 

Control Vials-To 2 ml of a 30 mM acetylcholine chloride solution, 
3 ml of a 5 mM bicarbonate buffer (pH 8.4) waS added to make a volume 
of 5 ml. 

Test Vials-To test for the inhibitory effect of the various compounds, 
a series of vials containing the same amount of acetylcholine as the con- 
trols with varying concentrations of inhibitor were prepared and the 
volume made up to 5 ml with 5 mM bicarbonate buffer (pH 8.4). All vials 
- 160y .. 

-j 140 

L 1 1 

10 20 30 40 50 60 70 
prnole ACETY LCHOLl NE CHLOR ID E N  IAL 

Figure 1-Representatiue graph of the relationship between acetyl-  
cholikesterase actioity ([14C]carbon dioxide production) and uarying 
concentrations of acetylcholine. One microcurie of [14C]sodium bi- 
carbongte and I U of electric eel acetylcholinesterase were used. Incu- 
bation was done at  37' for 30 min. 
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Table I-Inhibitory Potency of Known Acetylcholinesterase 
Inhibitors as Ranked by the Radiometric Method 

IC50 Value 
Compound Radiometric, M Literature, M 

Phenyltrimethylammonium 2.7 X lo-“ 4.4 x 10-4 (9) 

d-Tubocurarine Chloride 1.1 x 10-4 9.0 x 10-4 (10) 
Decamethonium Bromide 3.6 X 2.5 x 10-5 (11) 

Edrophonium Chloride 1.9 x 10-6 1.3 x 10-5 (13) 
Physostigmine Chloride 2.5 x 10-6-10-8 (9) 

Iodide 

Neostigmine Bromide 6.6 X 3.0 X (12) 

3 - 
0 -  
?: 
Y 

L L  

were capped with aluminum seals, which were fitted with rubber liners, 
and chilled in ice. One microcurie of I4C-labeled sodium bicarbonate 
followed by 1 U (10 pl) of electric eel acetylcholinesterase were in- 
jected into each vial. Appropriate blanks (i.e., background) to account 
for nonenzymatic hydrolysis of acetylcholine were prepared. The back- 
ground vials contained all ingredients as test and control vials with the 
exception that no enzyme was added, thus, measuring nonenzymatically 
hydrolyzed acetylcholine. All vials were incubated at 37O for 30 min. The 
concentration of inhibitor which reduced the control value by 50% was 
defined as inhibitory concentration 50% (ICsoJ. This value was deter- 
mined from the net [14C]carbon dioxide production versus inhibitor 
concentration curve (Fig. 3). 

Measurement of [ 14C]Carbon Dioxide Produced-The amount 
of [14C]carbon dioxide generated was quantified using a bacteriological 
detection systems which contained an ionization chamber. [14C]Carbon 
dioxide activity was expressed as metabolic index units (miu.), where 100 
miu. equals 0.031 pCi of [14C]carbon dioxide. This instrument is widely 
used in clinical laboratories as well as in industry. Technical details have 
been described elsewhere (6,7). 

2.5 X 10-6M 
I 

1 1 1 I I L 
, ; A f  , 

RESULTS AND DISCUSSION 

A new and simple radiometric method was developed to screen po- 
tential acetylcholinesterase inhibitors. This technique is based on the 
hydrolysis of acetylcholine by acetylcholinesterase to acetic acid and 
choline. The acetic acid formed from the enzymatic hydrolysis of acet- 
ylcholine reacts with [14C]sodium bicarbonate to generate [‘4C]carbon 
dioxide, which is measured using the ionization chamber system. The 

r 

240 
i 
0 
D !j 200t f 
0 
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Figure %-Representative graph of electric eel acetylcholinesterase 
activity (1 U) versus time. One microcurie of [14C]sodium bicarbonate 
and a 30 mM acetylcholine solution was used as substrate. Test vials 
were incubated for 15-min intervals a t  3 7 O  after which [14C]carbon 
dioxide production was quantified. 

Bactec R301, Johnston Laboratories, Cockeysville, Md. 
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Abstract 0 The microbial metabolism of 8-(3-carboxy-l-methylpro- 
pylamino)-6-methoxyquinoline (II), a known microbial and mammalian 
metabolite of the antimalarial drug primaquine (I), was investigated using 
selected organisms. Streptomyces rimosus produced a single metabolite 
that was identified as an amide derivative of I1 (V) by spectroscopic 
methods. The amide (V) was synthesized by ammonia treatment of the 
methyl ester (IV). The lactam derivative (VI) was also prepared by 
treatment of I1 with N-ethoxycarbonyl-2-ethoxy-l,3-dihydroquino- 
line. 

Keyphrases 0 Primaquine-microbial studies on the major microbial 
and mammalian metabolite, high-performance liquid chromatography 
0 High-performance liquid chromatography-microbial metabolism 
studies on the major microbial and mammalian metabolite of prima- 
quine 

The utilization of microorganisms as models for studying 
mammalian metabolism is a concept that has been advo- 
cated as an aid for future metabolic studies (1). Recent 
studies with phencyclidine (2) and imipramine (3) have 
shown that microorganisms do produce the same metab- 
olites as mammalian systems. Primaquine (I), an anti- 
malarial drug, has also been subjected to a microbial 
metabolic study since little or no information has been 
reported regarding its mammalian metabolism (4). The 
two major microbial metabolites identified were the car- 
boxylic acid derivative (11) and the N-acetyl derivative of 
the primary amine (111). In parallel studies, the mamma- 
lian metabolism of I using rats has been studied, and I1 has 
been identified as the major mammalian metabolite as well 

k , R  
5' 2' 

I: R = -CHzNHa 
11: R = -CGH 

111: R = 4HnNHCOCHa 
IV: R -COaCHs 
V: R =-CONHI 

(5). The tissue distribution of I has been studied, and even 
though substantial evidence indicated that I was rapidly 
metabolized by the rat, no mammalian metabolites were 
identified (6). Having microbial metabolites as reference 
standards for conducting mammalian metabolic studies 
can be useful. The purpose of this investigation was to 
study further the biotransformations of the major mam- 
malian metabolite (11) of primaquine using microbial 
systems. 

RESULTS AND DISCUSSION 
A total of 60 microorganisms typical of those used previously (3,7) were 

used in the screening of 8-(3-carboxy-l-methylpropylamino)-6-meth- 
oxyquinoline (11) for microbial metabolites. Of these, Streptomyces ri- 
mosusl was chosen for preparative scale fermentations, since TLC in- 
dicated complete conversion in 3 days to one major metabolite. Other 
microorganisms showing this same metabolite as determined by TLC 
were Streptomyces flocculus2, Polyporus sanguineus3, and Fusarium 
oxysporum f. sp. cepae4 although large amounts of 11 were also present 
even after 7-10 days. 

Incubation of 300 mg of I1 with submerged cultures of S. rimosus for 
4 days and extraction of the entire culture with ethyl acetate resulted in 
700 mg of ethyl acetate solubles. Chromatography of a 400-mg sample 
of this residue using preparative layer silica gel and alumina plates re- 
sulted in the isolation of 18 mg of the pure metabolite by TLC and HPLC 
(overall yield, 12%). 

The 'H-NMR spectrum of the metabolite showed the aromatic protons 
to have nearly the Same b positions and J values as reported for I1 (4). The 
spectrum also confirmed that the methoxyl group and the secondary 
methyl were present. This suggested that the biotransformation had 
occurred in the side chain. The mass spectrum was consistent for 
C15H1902N3 (M+ 273,1070) and showed significant fragments at mlz 215 
(51%) and 201 (loo%), further confirming that the aromatic nucleus had 
not been transformed (4). The IR spectrum indicated absorption at  3400, 
3510, and 1760 cm-l. The 13C-NMR spectral data (Table I) was nearly 
identical to that of the methyl ester of 11 (IV). The collective spectroscopic 
data suggested the microbial metabolite was an amide derivative repre- 
sented by V. This was confirmed by treating IV with methanol saturated 
with ammonia in a sealed tube at  140'. The product of this reaction was 
identical in all respects to the metabolite (V). No evidence of the lactam 
derivative (VI) was noted in this reaction, although VI was noted as a 
product of heating IV in the gas chromatograph (5). Attempts to prepare 

1 American Type Culture Collection (ATCC), 23955, Rockville, Md. 
2 ATCC 25453. 
3 ATCC 14622. 
4 ATCC 11711. 
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pylamino)-6-methoxyquinoline (II), a known microbial and mammalian 
metabolite of the antimalarial drug primaquine (I), was investigated using 
selected organisms. Streptomyces rimosus produced a single metabolite 
that was identified as an amide derivative of I1 (V) by spectroscopic 
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The utilization of microorganisms as models for studying 
mammalian metabolism is a concept that has been advo- 
cated as an aid for future metabolic studies (1). Recent 
studies with phencyclidine (2) and imipramine (3) have 
shown that microorganisms do produce the same metab- 
olites as mammalian systems. Primaquine (I), an anti- 
malarial drug, has also been subjected to a microbial 
metabolic study since little or no information has been 
reported regarding its mammalian metabolism (4). The 
two major microbial metabolites identified were the car- 
boxylic acid derivative (11) and the N-acetyl derivative of 
the primary amine (111). In parallel studies, the mamma- 
lian metabolism of I using rats has been studied, and I1 has 
been identified as the major mammalian metabolite as well 

k , R  
5' 2' 

I: R = -CHzNHa 
11: R = -CGH 

111: R = 4HnNHCOCHa 
IV: R -COaCHs 
V: R =-CONHI 

(5). The tissue distribution of I has been studied, and even 
though substantial evidence indicated that I was rapidly 
metabolized by the rat, no mammalian metabolites were 
identified (6). Having microbial metabolites as reference 
standards for conducting mammalian metabolic studies 
can be useful. The purpose of this investigation was to 
study further the biotransformations of the major mam- 
malian metabolite (11) of primaquine using microbial 
systems. 

RESULTS AND DISCUSSION 
A total of 60 microorganisms typical of those used previously (3,7) were 

used in the screening of 8-(3-carboxy-l-methylpropylamino)-6-meth- 
oxyquinoline (11) for microbial metabolites. Of these, Streptomyces ri- 
mosusl was chosen for preparative scale fermentations, since TLC in- 
dicated complete conversion in 3 days to one major metabolite. Other 
microorganisms showing this same metabolite as determined by TLC 
were Streptomyces flocculus2, Polyporus sanguineus3, and Fusarium 
oxysporum f. sp. cepae4 although large amounts of 11 were also present 
even after 7-10 days. 

Incubation of 300 mg of I1 with submerged cultures of S. rimosus for 
4 days and extraction of the entire culture with ethyl acetate resulted in 
700 mg of ethyl acetate solubles. Chromatography of a 400-mg sample 
of this residue using preparative layer silica gel and alumina plates re- 
sulted in the isolation of 18 mg of the pure metabolite by TLC and HPLC 
(overall yield, 12%). 

The 'H-NMR spectrum of the metabolite showed the aromatic protons 
to have nearly the Same b positions and J values as reported for I1 (4). The 
spectrum also confirmed that the methoxyl group and the secondary 
methyl were present. This suggested that the biotransformation had 
occurred in the side chain. The mass spectrum was consistent for 
C15H1902N3 (M+ 273,1070) and showed significant fragments at mlz 215 
(51%) and 201 (loo%), further confirming that the aromatic nucleus had 
not been transformed (4). The IR spectrum indicated absorption at  3400, 
3510, and 1760 cm-l. The 13C-NMR spectral data (Table I) was nearly 
identical to that of the methyl ester of 11 (IV). The collective spectroscopic 
data suggested the microbial metabolite was an amide derivative repre- 
sented by V. This was confirmed by treating IV with methanol saturated 
with ammonia in a sealed tube at  140'. The product of this reaction was 
identical in all respects to the metabolite (V). No evidence of the lactam 
derivative (VI) was noted in this reaction, although VI was noted as a 
product of heating IV in the gas chromatograph (5). Attempts to prepare 

1 American Type Culture Collection (ATCC), 23955, Rockville, Md. 
2 ATCC 25453. 
3 ATCC 14622. 
4 ATCC 11711. 
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Table I-13C-NMR Data for  IV, V ,  and VI * 
Carbon No. IV V VIb 

2 
3 
4 
4a 
5 
6 
7 
8 
i a  
1' 
2' 
3' 
4' 
5' 
OCH3 
COzCHn 

144.4d 
121.9d 
134.8d 
130.1s 
92.3d 

159.7s 
97.ld 

145.2s 
135.6s 
47.7d 
31.0t' 
32.0t1 

174.0s 
20.6q 

51.50 
55.3q 

144.4d 
121.9d 
134.9d 
130.0s 
92.3d 

159.6s 
97.2d 

145.2s 
135.5s 
47.7d 
32.4t 
32.4t 

175.3s 
20.7q 
55.2q 
- 

147.7d 
121.8d 
134.0d 
130.3s 
105.6d 
157.4s 
123.0d 
140.8s' 
136.4s' 
57.ld 
31.3t2 
28.0t2 

175.8s 
20.6q 
55.7q 
- 

Data were obtained in deuterochloroform. The data and assignments for IV 
have been reported (4) and are listed here for comparison with V and VI. Si als 
bear i i  the same numerical superscript may be reversed. * The assignments &id 
for VI are based on comparison with IV and V and SFORD. 

V from I1 by using such reagents as thionyl chloride and ethyl chloro- 
formate followed by ammonia treatment were unsuccessful. The major 
product appeared to be VI (TLC). The lactam (VI) could be efficiently 
prepared by treatment of I1 with N-ethoxycarbonyl-2-ethoxy-1,3-dihy- 
droquinoline (VII). 

Similar biotransformations of carboxylic acids to primary amides have 
been reported for biotin and desthiobiotin (8,9), but they do not appear 
to be common microbial reactions. The conversion of mycophenolic acid 
to amide derivatives of glycine and alanine have also been reported (10). 
Whether these biotransformations play a role in the mammalian me- 
tabolism of I1 remains to be established, but conjugation of glycine with 
similar compounds is common (11). 

EXPERIMENTAL6 

Fermentation Procedures-Initial screening studies to identify 
microorganisms capable of metabolizing 8-(3-carboxy-l-methylpropyl- 
amino)-6-methoxyquinoline (11) were accomplished using the usual 
two-stage fermentation procedure ( 2 4 7 ) .  Cultures were grown in 25 ml 
of dextroseyeast extra6peptone medium (4) held in 125-ml Erlenmeyer 
flasks equipped with stainless steel tops. The substrate (11) was added 
to 24-hr-old second-stage cultures (0.2 mg of substrate/milliliter of culture 
medium) as a 5% solution in dimethylformamide. Cultures were incu- 
bated on a rotary shake+ at 250 rpm and room temperature. 

Culture controls consisted of fermentation blanks, in which organisms 
were grown under identical conditions but without the substrate. Sub- 
strate controls consisted of sterilized 24-hr-old second-stage cultures 
containing the substrate and incubated a t  250 rpm and room tempera- 
ture. 

The cultures were sampled at periodic intervals by homogenizing 5 ml 
of the culture, adjusting to pH 7-8, and extracting with 5 ml of ethyl ac- 
etate. The ethyl acetate layer was evaporated to dryness, the residue 
redissolved in 100 pl of ethyl acetate, and 20 pl of the solution was spotted 
on silica gel G TLC plates. The plates were developed in either acetone 
(solvent A), ether-acetone (l:l, solvent B), or 10% methanol in chloroform 
(solvent C). In solvent A the Rf values were 0.6 (II) and 0.56 (V); in solvent 
B, Rf  = 0.58 (II), and 0.49 (V); and in solvent C, Rf = 0.45 (11) and 0.39 
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diazotized p-nitroaniline followed by spraying with concentrated hy- 
drochloric acid. All spots were dull yellow after spraying. HPLC analyses 
were carried out using a CIS-reversed-phase column' and a mobile phase 
consisting of 6.6 g of K2HPO4,8.4 g or KH2P04,4.0 g of NJV-dimethyl- 
n-octylamine, 2.4 liters of water, and 1.6 liters of methanol at a flow rate 
of 1.0 ml/min. An HPLC pumfl and a micrmyringe-loaded loop injectofl 
were used with a dual wavelength UV detector10 (254 and 280 nm). Ex- 

5 IR spectra were run in chloroform using a Perkin-Elmer 281b spectrohoto- 
meter. The 'H-NMR spectra (90 MHz) were recorded in deuterochloroform on a 
Varian EM 390 spectrometer using tetrameth lsilane as an internal standard. The 
W-NMR spectra (15.03 MHz) were recordeion a JEOL-FX6O FT spectrometer 
using tetramethylsilane as internal standard. 

6 New Brunswick Model G10-21. 
7 pBondapak Waters Associates, Milford, Mass. 
8 Model M-sdoo, Waters Associates, Milford, Mass. 
9 Model U6-K, Waters Asspciates, Milford, Mass. 

10 Model 440, Waters Associates, Milford, Mass. 

C H 3 e  

VI 
tracts were dissolved in 1.0 ml of methanol and 40 pl was injected for 
analysis. In this system, the metabolite (V) has a relative retention time 
(relative to 11) of 0.73 and an A z x / A 2 ~  value equal to 4.73. 

Microbiological Preparation of 8-(3-Carboxamido-l-methyl- 
propylamino)-6-methoxyquinoline (V)-Streptomyces rimosus was 
grown in 1.5 liters of medium held in fifteen 500-ml Erlenmeyer flasks. 
A total of 300 mg of I1 was distributed evenly among the cultures. The 
cultures were incubated at room temperature and 250 rpm for 4 days after 
substrate addition. The cultures were pooled and extracted with ethyl 
acetate (2 x 700 ml, 1 X lo00 ml). The combined ethyl acetate layers were 
dried (sodium sulfate) and evaporated in uacuo to leave an oily residue 
(702 mg). Preparative layer chromatography of 400 mg of the residue was 
carried out using precoated silica gel G platesll (2.0 mm thick, 20 X 20 
cm) developed in ether-acetone (1:l). The major band, corresponding 
to metabolite V, was located by UV light, scraped off, and the silica gel 
was extracted with ethyl acetate. Evaporation of the solvent afforded 66 
mg of a crystalline residue. Crystallization from ether yielded a crystalline 
material, which was shown by 'H-NMR to be unrelated to the primaquine 
nucleus. It appeared to be a simple organic constituent that was not 
further characterized. This substance could be separated from the rne- 
tabolite on TLC alumina plates" using benzene-ethyl acetate-ammo- 
nium hydroxide (50:455). It could be visualized under UV light but it did 
not react with the spray reagent. 

The mother liquor residue was subjected to another preparative layer 
chromatography over alumina plates (1.0 mm thick, 20 X 20 cm) using 
benzene-ethyl acetate-ammonium hydroxide (50455). The metabolite 
band was extracted with ethyl acetate and after evaporation yielded 18 
mg of the metabolite V pure by TLC and HPLC as an oily residue; IR 
(CHC13) v- 3510,3490,3400,1670,1612,1595,1575, and 1520 cm-l, 
'H-NMR (CDC13) 6 8.53 (lH, dd, J = 1.5,4.5 Hz, C-2 H), 7.93 (lH, dd, 
J = 1.5,g.O Hz, C-4 H), 7.30 (lH, dd, J = 4.5,g.O Hz, C-3 H), 6.34 (2H, 
s, C-5 H, and H-71, 6.0 (lH, br, NH), 5.6 (2H, br, NHz), 3.87 (3H, s, 
OCH3), 3.7 (lH, m, H-I'),2.4 (2H, m,H-3'), 2.1 (2H, m, H-2'), and 1.30 
(3H, d, J = 6.0 Hz, CH3); CD (0.005% methanol) [t9]3~210 = 0; mass 
spectrum: M+ at  m/z 273 (lo%), 257 (l%), 215 (51%). and 201 (100%). The 
metabolite sample was identical to that prepared from IV (TLC, co- 
balt-TLC. HPLC. IR. 'H- and 13C-NMR). 

Synthesis of '8-(3-Carboxamido-l-methylpropyiamino)-6-me- 
thoxyquinoline ( V )  from IV-8-(3-Carbomethoxy-l-methylpropyl- 
amino)-6-methoxyquinoliie (IV, 80 mg) (4) was dissolved in a few drops 
of methanol and placed in a glass tube (2-mm thick, 3-mm i.d. X 30 cm) 
and treated with 0.5 ml of methanol saturated with anhydrous ammonia 
gas. Additional ammonia was bubbled into the tube while cooling in an 
ice bath. The tube was then sealed and heated in an oven at 140' for 4 
days. The reaction mixture was evaporated in UQCUO to leave a brown oily 
residue (98 mg). TLC analysis of the mixture showed the presence of two 
major components corresponding to starting material (IV) and the amide 
product (V). There was no evidence (TLC) of the presence of the lactam 
derivative (VI) [solvent B, Rf = 0.69 (IV), 0.22 (VI)12, 0.49 (V)]. The re- 
action mixture was purified by preparative layer chromatography on 
alumina plates" (20 X 20 cm, 1.0-mm thick) using benzene-ethyl ace- 
tate-ammonium hydroxide (=455) as the developing solvent. The band 
corresponding to the product (Rf = 0.30) was located under UV light, 
scraped off, and extracted with 25% methanol-ether. Filtration and 
evaporation of the solvent afforded 17 mg of an oily residue that was pure 
by TLC, HPLC, and 'H-NMR. For 13C-NMR data see Table I; mass 
spectrum: M+ at  m/z 273 (14%), 257 (2%), 215 (48%), 201 (100%). 

Synthesis of VI From 11-A 50-mg sample of I1 (4) was dissolved in 
1 ml of methylene chloride containing 0.03 ml( l . l  eq.) of triethylamine 
to which was added 75 mg of VII (1.5 eq.). The clear solution was allowed 
to stand at  room temperature for 3 days, after which time the solution 
was extracted with 1 ml of 1 N sodium hydroxide to remove traces of 11. 
The methylene chloride layer was filtered through cotton, evaporated, 

11 Brinkmann Instruments, Westbury, N.Y. 
l2 The lactam VI does not react with the spray reagent but can be visualized under 

UV light. 
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and the residue (142 mg) was purified using flash chromatography (12) 
(silica gel, ether, then ether-acetone, 1:l). A total of 24 mg of VI was ob- 
tained, mp lW1lOo (iso-propyl ether); IR (KBr) urnax 1690,1615,1590, 
and 1490 cm-1; 1H-NMR (CDCl3) 6 8.75 (IH, d d , J  = 1.5.4.5 Hz, C-2 H), 
8.06 (lH, dd, J = 1.5,8.5 Hz, C-4 H), 7.35 (lH, dd, J = 4.2,8.5 Hz. C-3 
H), 7.29 (IH, d, J = 2.7 Hz, C-7 H), 7.07 (lH, d, J = 2.7 Hz, C-5 H), 4.72 
(1H, ddq, J = 6.0,6.0,6.0 Hz, C-1’ H), 3.90 (3H, s OCHJ), 2.6, and 1.8 (3H 
and 1H, m, C-3’ H, C-2’ H), 1.03 (3H, d, J = 6.0 Hz, CH3); mass spectrum 
M+ at  m/z 256 (18%), 228 (18%), 213 (21%), 200 (8l%), 187 (52%), 186 
(51%), 159 (10070); 13C-NMR data (Table I); TLC, solvent B, RI 
0.2212. 

Anal.-Calc. for C&16N202: C, 70.29; H, 6.29; N, 10.93. Found: C, 
70.32; H, 6.40; N, 10.86. 

REFERENCES 

(1) J. P. Rosazza and R. V. Smith, Ado. Appl. Microbiol., 25, 169 

(2) C. D. Hufford, J. K. Baker, and A. M. Clark, J. Pharm. Sci., 70, 

(3) C. D. Hufford, G. A. Capiton, A. M. Clark, and J. K. Baker, ibid., 

(4) A. M. Clark, C. D. Hufford, and J. D. McChesney, Antimicrob. 

(1979). 

155 (1981). 

70,151 (1981). 

Agents Chemother., 19,337 (1981). 

J. Chrornatogr., 230,69 (1982). 

Pharmacology, 22,330 (1981). 

1239 (1979). 

(1969). 

(5) J. K. Baker, J. D. McChesney, C. D. Hufford, and A. M. Clark, 

(6) D. J. Holbrook, Jr., J. B. Griffin, L. Fowler, and B. R. Gibson, 

(7) C. D. Hufford, C. C. Collins, and A.M. Clark,J. Pharm. Sci., 68, 

(8) C. Sekijo, T. Tsuboi, and Y. Yoshimura, Agr. Biol. Chem., 33,683 

(9) Idem., 32,1181 (1968). 
(10) D. F. Jones, R. H. Moore, and G. C. Crowley, J. Chem. SOC., 1970, 

(11) B. Testa and P. Jenner, “Drug Metabolism: Chemical and Bio- 

(12) W. C. Still, M. Kahn, and A. Mitra, J. Org. Chem., 43, 2923 

1725. 

chemical Aspects,” Dekker, New York, N.Y., 1976. 

(1978). 

ACKNOWLEDGMENTS 

Supported by the UNDP-World Bank-World Health Organization 

Iris N. Quinones acknowledges the National Science Foundation for 
Special Programme for Research and Training in Tropical Diseases. 

a grant for Undergraduate Research Participation, SPI-8026335. 

Synthesis and Anticonvulsant Activity of Some 
2-Methyl-3 - phenylcarbamoyl- 2,3-diazabicyclo- 
[ 2 2. llhep tanes 

MILTON J. KORNETX and JOHN YEOU-RUOH CHU 
Received January 25,1982, from the College of Pharmacy, Uniuersity of Kentucky, Lexington, KY 40506. 
12,1982. 

Accepted for publication March 

Abstract 0 A series of 2-methyl-3-phenylcarbamoyl-2,3-diazabi- 
cyclo[2.2.l]heptanes were obtained by treating aryl isocyanates with 
2-methyl-2,3-diazabicyclo[2.2.l]heptane. The compounds showed only 
minimal anticonvulsant activity. 

Keyphrases 2-Methyl-3 - phenylcarbamoyl-2,3 -diazabicyclo[2.2.1]- 
heptanes-synthesis and anticonvulsant activity Anticonvulsanta- 
synthesis of some 2-methyl-3-phenylcarbarbamoyl-2,3-diazabicyclo[2.2.1]- 
heptanes 

A previous report (1) describes the synthesis and anti- 
convulsant activity of a series of 1-methyl-2-phenylcar- 
bamoylpiperidazines. Four members of this series showed 
significant activity. The present report describes the 
synthesis and anticonvulsant activity of a series of 2- 
methyl-3-phenylcarbamoyl-2,3-diazabicyclo [2.2. llhep- 
tanes (111). The series of 111, with their cage structure, 
would be expected to provide different steric and basic 
properties in comparison with the monocyclic compounds 
(1). 

BACKGROUND 

The synthesis of 2-methyl-2,3-diazabicyclo[2.2.l]heptane (11) was 
accomplished in two steps from 2,3-dicarboethoxy-2,3- 
diazabicyclo[2.2.l]heptane (IV) (2). Partial saponification of JY gave 
2-carboethoxy-2,3-diazabicyclo[2.2.l]heptane (V), which underwent 
reduction with lithium aluminum hydride to afford the base, I1 (Scheme 
I). Compound I1 reacted with aryl isocyanates (I) to produce 111 in good 
yields (Scheme 11; Table I). 

I II 

m 
Scheme I 

Compounds Illa-j were tested in the maximal electroshock seizure 
and subcutaneous pentylenetetrazol seizure threshold tests for anti- 
convulsant activity and in the rotorod test for neurotoxicity in male mice’ 
by reported procedures (3). None of the compounds showed activity in 
either test a t  100 mg/kg. 

In the maximal electroshock seizure test, compounds IIIa, d ,  g,  i ,  and 
j exhibited activity at 300 mghg at 30 min. Compounds IIIa and i showed 
no toxicity a t  this dose level, whereas IIId, g,  and j displayed some tox- 
icity. Two compounds were active in the subcutaneous pentylenetetrazol 
seizure test at 300 mg/kg. Compound IIIj was active at  30 min; compound 
IIIb showed activity a t  4 hr with no toxicity. Apparently, the introduction 

TC02C& KOH ~ Qhy LiAlHq* @Jg 
NCO&H, CpHsOH 

IV v 
Scheme I1 

11 

Carworth Farms No. 1 mice. 
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and 1H, m, C-3’ H, C-2’ H), 1.03 (3H, d, J = 6.0 Hz, CH3); mass spectrum 
M+ at  m/z 256 (18%), 228 (18%), 213 (21%), 200 (8l%), 187 (52%), 186 
(51%), 159 (10070); 13C-NMR data (Table I); TLC, solvent B, RI 
0.2212. 
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cyclo[2.2.l]heptanes were obtained by treating aryl isocyanates with 
2-methyl-2,3-diazabicyclo[2.2.l]heptane. The compounds showed only 
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bamoylpiperidazines. Four members of this series showed 
significant activity. The present report describes the 
synthesis and anticonvulsant activity of a series of 2- 
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tanes (111). The series of 111, with their cage structure, 
would be expected to provide different steric and basic 
properties in comparison with the monocyclic compounds 
(1). 

BACKGROUND 

The synthesis of 2-methyl-2,3-diazabicyclo[2.2.l]heptane (11) was 
accomplished in two steps from 2,3-dicarboethoxy-2,3- 
diazabicyclo[2.2.l]heptane (IV) (2). Partial saponification of JY gave 
2-carboethoxy-2,3-diazabicyclo[2.2.l]heptane (V), which underwent 
reduction with lithium aluminum hydride to afford the base, I1 (Scheme 
I). Compound I1 reacted with aryl isocyanates (I) to produce 111 in good 
yields (Scheme 11; Table I). 
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either test a t  100 mg/kg. 
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Table I-Physical Properties of 2-Methyl-3-phenylcarbamoyl-2,3-diazabicyclo[2.2.l]heptanes 

Compound x 
Melting Yield, Recrystallization 
Point % Solvent' Formula 

Analysis, % 
Calc. Found 

IIIa 

IIIb 

IIIC 

IIId 

IIIe 

IIIf 

IIIg 

IIIh 

IIIi 

IIIj 

84-86 

125-126.5 

95.5-97 

81.5-83.5 

88-88.5 

123.5-125 

95.5-97 

113-115 

92-94 

131.5-132.5 

73 

67 

72 

57 

75 

56 

82 

67 

77 

64 

B 

B 

A 

C 

D 

B 

B 

B 

B 

A 

C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 

67.51 
7.41 

18.17 
58.76 
6.07 

15.81 
62.64 
6.47 

16.86 
68.54 
7.81 

17.13 
68.54 
7.81 

17.13 
68.54 
7.81 

17.13 
64.35 
7.33 

16.08 
52.02 
5.04 

14.00 
60.11 
6.49 

15.02 
69.47 
8.16 

16.20 

67.65 
7.23 

18.43 
58.76 
5.95 

15.54 
62.67 
6.56 

16.83 
68.71 
7.77 

17.21 
68.61 
7.73 

17.13 
68.72 
7.89 

17.34 
64.65 
7.24 

16.08 
52.20 
5.01 

14.28 
60.09 
6.56 

14.98 
69.65 
8.12 

16.43 

a A, cyclohexane; B, benzene-cyclohexane; C, cyclohexane-ether; D, ether. 

of a methylene bridge into the 1,2-diazacyclohexane ring (1) leads to 
compounds with reduced anticonvulsant activity. 

EXPERIMENTAL2 

2-Carboethoxy-2,3-diazabicyclo[2.2.1]heptane (V)-This com- 
pound was prepared by saponification of 2,3-dicarboethoxy-2,3-diaza- 
bicyclo[2.2.l]heptane (IV) (2) according to the methods (4,5) used in the 
preparation of 1-ethoxycarbonylpiperidazine. It was obtained as a col- 
orless oil in 50% yield, bp 116-120' (1.3 mm). The NMR showed con- 
tamination by the starting material, and a satisfactory carbon analysis 
could not be obtained. Since the purity of this compound was -95%, it 
was used directly in the next step. 
2-Methyl-2,3-diazabicyclo[2.2.l]heptane (11)-This compound (6) 

was obtained from the lithium aluminum hydride reduction of V ac- 
cording t o  the same procedure (1) used for the preparation of l-methyl- 
piperidazine. I t  distilled as a colorless oil in 78% yield, bp 151-153'. This 
base was used directly in the preparation of 111. 

Melting points were determined on a Thomas-Hoover melting point apparatus 
and are uncorrected. The IR spectra were taken on a Perkin-Elmer 700 spectro- 
photometer as either liquid films or as potassium bromide pellets. NMR spectra 
were recorded on a Varian EM-360 or "-60 s ectrometer usin tetramethylsilane 
as the internal reference. Mass spectra were ottained on a RM6-7 double focusing 
spectrometer by HitachiDerkin-Elmer. Elemental analyses were performed b 
Micro-Analysis, Inc., Wilrnin ton, Del., and Dr. Kurt Eder, Geneva, Switzerland: 
All compounds exhibited PhfR and mass spectra consistent with the structures 
shown. 

2-Methyl-3-phenylcarbamoyl-2,3-diaza bicyclo-[2.2.1 ] heptanes 
(111)-Compound IIIj was prepared from 2.0 g (0.0178 mole) of 2- 
methyl-2,3-diazabicyclo[2.2.l]heptane (11) and 2.38 g (0.0162 mole) of 
2,6-dimethylphenyl isocyanate (I) in 35 ml of dry benzene according to 
the procedure previously described (3). Workup gave 2.7 g (64%) of white 
solid, mp 130-132'. Recrystallization from cyclohexane afforded ana- 
lytically pure material, mp 131.5-132.5'. 
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Abstract A rapid, specific, and precise high-performance liquid 
chromatographic method is described for the simultaneous analysis of 
propantheline bromide and its hydrolysis product, xanthene-9-carboxylic 
acid. Reversed-phase chromatography was conducted using a mobile 
phase of 4060, acetonitrile-0.05 M phosphate buffer (pH 2.5) delivered 
at  2 mumin. Detection was at  254 nm. Methantheline bromide (internal 
standard), propantheline bromide, and xanthene-9-carboxylic acid gave 
retention times of 4.1,5.4, and 8.3 min, respectively. Within-day, be- 
tween-day, and total precision (CV) for assay of 15 mg/lO ml pro- 
pantheline bromide are 1.2,1.1, and 1.61, respectively (n = 20). Similar 
precision was obtained for xanthene-9-carboxylic acid. The limit of de- 
tection was 2 ng. The assay is useful for routine quality assurance of 
propantheline in dosage forms and for stability and kinetic studies. 

Keyphrases 0 Propantheline-new method of high-performance liquid 
chromatographic assay, degradation product, xanthene-9-carboxylic acid 

Xanthene-9-carboxylic acid4egradation product, new method of 
high-performance liquid chromatographic assay of propantheline 0 
High-performance liquid chromatography-new method for assaying 
propantheline and its degradation product, xanthene-9-carboxylic 
acid 

Propantheline bromide [ (2-hydroxyethy1)diisopropyl- 
methylammonium bromide xanthene-9-carboxylate] is a 
parasympatholytic agent which has been used to treat 
conditions such as urinary incontinence and GI ulceration. 
The development of efficient methods to measure pro- 
pantheline in dosage formulations has received little at- 
tention in recent times. Some of the compendia1 methods 
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Figure 1-Representative chromatograms for the HPLC assay of: (a) 
methantheline bromide, propantheline bromide, and xanthene-Bcar- 
boxylic acid reference compounds; (b) propantheline bromide tablet, 
15 mg (brand A); (c) propantheline bromide tablet, 15 mg (brand B); (d) 
propantheline bromide ampule, 30 mg (brand A); (e) propantheline 
bromide hydrolysis reaction, (pH 10.1,0.05 M carbonate buffer, room 
temperature, 25 min). Key: (1) methantheline bromide; (2) pro- 
pantheline bromide; (3) xanthene-9-carboxylic acid; (4) unidentified 
peak (see text). The injection event is represented by the arrow. 

to assay the drug are time consuming, often requiring 
several extractions followed by nonaqueous titration (1, 
2). The measurement of propantheline by direct UV assay 
is not specific for the drug with the risk of interference 
from formulation excipients, drug impurities, or decom- 
position products of propantheline. Several organic dye- 
salt partition techniques have been used to assay pro- 
pantheline in biological fluids (3,4) and in pharmaceuticals 
(5). Various modifications of these procedures are used in 
the pharmaceutical industry for the quality assurance of 
propantheline. Most of these methods are lengthy and 
complex, requiring multiple extractions with one or more 
organic solvents before the dye-propantheline complex 
is measured by visible or fluorescence spectroscopy. 

Propantheline has also been measured in plasma and 
urine by gas chromatography-mass spectroscopy (6); 
however, this requires highly expensive and specialized 
instrumentation and is unsuitable for routine assay of the 
drug in dosage forms. 

A method for assaying propantheline by reversed-phase, 
high-performance liquid chromatography (HPLC) is re- 
ported here. The assay requires minimal sample prepa- 
ration and has the ability to codetermine xanthene-9- 
carboxylic acid, a major degradation product of pro- 
pantheline. 

EXPERIMENTAL 

Apparatus-High-performance liquid chromatography was per- 
formed on a modular system consisting of pump', injector2, bonded-phase 
microparticulate column3, fixed wavelength detector4, and chart re- 
corder5. 

Reagents-Methantheline bromide6, propantbeline bromide6, and 
xanthene-9-carboxylic acid7 were used as received. Potassium dihydrogen 
orthophosphate, orthophosphoric acid, sodium carbonate, and sodium 
bicarbonate were analytical grade. Acetonitrile and methanol, HPLC 
grades, and reagent grade water9 were used throughout the study. 

Liquid Chromatography-Phosphate buffer (0.05 M) was prepared 
by dissolving potassium dihydrogen orthophosphate (6.805 g) in 900 ml 
of water, adjusting to pH 2.5 with orthophosphoric acid, and making up 
to 1 liter with water. The mobile phase was prepared by slowly adding 
400 ml of acetonitrile to 600 ml of rapidly stirred phosphate buffer. So- 
lutions were routinely filtered1° and vacuum deoxygenated before 
chromatography. The mobile phase was delivered at  2 ml/min at a 
pressure of 1500 psi. Injections were made with a special high-perfor- 
mance liquid chromatographic (HPLC) syringe", and the column eluent 

~ 

Model 6000A, Waters Associates, Milford, Mass. 
Model 7120, Rheodyne Inc., Berkeley, Calif. 

Model 440, Waters Associates. 

G.D. Searle & Co., Chicago, Ill. 
Aldrich Chemical Co., Ltd., Gillingham, Dorset, U.K. 

3 pBondapak C18, Waters Associates. 

5 Omniscribe, Houston Instruments, Austin, Tex. 

8 Waters Associates. 
9 Milli-Q System, Millipore Corp., Bedford, Mass. 

10 0.5-pm FH filter pads, Millipore Corp. 
11 10 p1, Hamilton Corp.. Reno, Nev. 
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Table I-Estimates of the Precision of the Assay of 
Propantheline Bromide a and Xanthene-9-carboxylic Acid a by 
High-Performance Liquid Chromatography 

Xanthene-9-Carboxylic 
Source of Propantheline Bromide Acid 
Variation SD cv, % SD cv, % 

Between-day 0.0116 1.1 0.0148 0.8 

Total 0.0168 1.6 0.0273 1.4 
Within-day 0.0121 1.2 0.0230 1.2 

~~ 

15 mg/lO ml. 

was monitored at  254 nm with the detector set at 0.05 or 0.1 aufs. Chro- 
matograms were obtained with the recorder set for a 10-mV input and 
a chart speed of 2.5 mm/min. All chromatography was conducted at 
ambient temperature (-22O). 

Analytical Procedure-Calibration Standards-Methanolic stock 
solutions (100 mg in 10 ml) of propantheline bromide, methantheline 
bromide, and xanthene-9-carboxylic acid were prepared daily. Working 
standards were prepared by pipetting 3, 2, 1, and 0.5 ml of the pro- 
pantheline and xanthene-9-carboxylic acid stock solutions into four 10-ml 
volumetric flasks. One milliliter of methantheline bromide stock solution 
was added to each flask and the solutions were adjusted to volume with 
methanol. Thus, the working standards contained 30,20,10, and 5 mg 
of both propantheline bromide and xanthene-9-carboxylic acid in 10 ml, 
with 10 mg of methantheline bromide as the internal standard. These 
standards were analyzed by HPLC. Calibration graphs were constructed 
daily by plotting the ratios of the peak heights of both propantheline and 
xanthene-9-carboxylic acid to methantheline uersus the weights of 
propantheline and xanthene-9-carboxylic acid in the standards. The 
calibration data were analyzed by standard, linear least-squares regres- 
sion methods. 

Quality Assurance-For determination of the propantheline bromide 
content of tablets, the following procedure was followed A 15-mg tablet 
of propantheline bromide was pulverized and a 10-ml solution of meth- 
anol containing 10 mg of the internal standard was added. The solution 
was stirred for at least 15 min and filtered or centrifuged to obtain a 
particle-free solution. One microliter of the solution was injected onto 
the liquid chromatograph. Alternatively, intact tablets may be dissolved 
in 0.1 M hydrochloric acid or an aqueous buffer of <pH 5.0 containing 
the internal standard. For the assay of freeze-dried ampules of pro- 
pantheline bromide (30 mg), 1 ml of methanol (containing 20 mg of in- 
ternal standard) was injected into the vial. The solution was dissolved 
by shaking, and 0.5 ml was withdrawn and diluted to 10 ml with methanol. 
One microliter was injected. 

Assay Precision-Methanolic stock solutions of both propantheline 
bromide and xanthene-9-carboxylic acid (75 mg in 5 ml) and the internal 
standard (50 mg in 5 ml) were prepared. Four replicate dilutions of the 
stocks were made in methanol so that each contained 15 mg of both 
propantheline bromide and xanthene-9-carboxylic acid and 10 mg of the 
internal standard in 10 ml. The four replicates were analyzed by HPLC, 
as described previously. The entire procedure was repeated daily, for 5 
days, using fresh mobile phase each day. The data were treated statisti- 
cally using one-way ANOVA. 

Propantheline Hydrolysis-One hundred microliters of a methanolic 
stock solution of propantheline bromide (15 mg/lO ml) was dried under 
a stream of air and reconstituted in 1.0 ml of carbonate buffer (0.05 M, 
pH 10.1). A sample (1.0 pl) was withdrawn after 25 min and injected into 
the liquid chromatograph. 

RESULTS AND DISCUSSION 

Figure 1 shows chromatograms obtained following the HPLC analysis 
of propantheline bromide, methantheline bromide, and xanthene-9- 
carboxylic acid reference compounds, commercially available pro- 
pantheline bromide tablets and ampules, and a propantheline hydrolysis 
reaction. Retention times of 4.1, 5.4, and 8.3 min were obtained for 
methantheline, propantheline, and xanthene-9-carboxylic acid, respec- 
tively, as seen in Fig. l(a). For each compound, sharp, symmetrical peaks 
were obtained with baseline resolution and minimal tailing. Meth- 
antheline bromide served as an ideal internal standard, since it has similar 
spectral and chromatographic properties to propantheline. Interestingly, 
methantheline bromide and propantheline bromide belong to the qua- 
ternary nitrogen class of compounds, the members of which often require 
the presence of heptane- or pentanesulfonic acid counterions in the mobile 

phase for reversed-phase HPLC analysis. With the present method, 
paired-ion chromatography is unnecessary for the assay of propantheline 
bromide. The minimum detectable amount of propantheline bromide 
and xanthene-9-carboxylic acid was -100 ng, although this could be 
decreased to -2 ng using a 50-pl injection with the detector set to 0.01 
aufs. 

The chromatograms in Fig. l(b, c) were obtained during the analysis 
of two commercially available brands of propantheline bromide tablets 
(15 mg). The peak height obtained with brand A (Fig. lb)  was similar to 
that obtained when a standard solution of propantheline bromide (15 
mg/lO ml) was assayed. However, the results in Fig. l(c) indicate that only 
half the nominal amount of the drug was present in the brand B tablets. 
Repeated assays of tablets from different batches of this preparation 
confirmed that the propantheline content was consistently <15 mg. 
Furthermore, an extra peak with a retention time of 2 min appeared in 
these chromatograms, indicating the presence of a breakdown product 
or impurity. As seen in Fig. I(d), a peak with similar retention time ap- 
peared when propantheline bromide ampules (brand A) were assayed, 
although the height in this case was considerably less than found in the 
brand B tablets. While the identity of the unknown peak is yet to be es- 
tablished, it is interesting to note that all products tested were from new 
stock. 

A previous study (7) has shown that propantheline is hydrolyzed to 
xanthene-9-carboxylic acid in aqueous solutions of pH >5.0. In this re- 
gard, the present assay may be useful when the stability of propantheline 
is under investigation, particularly since both the substrate and hydrolysis 
product can be measured in a single chromatographic run. To support 
this, the results in Fig. l(e) show the decrease in propantheline concen- 
tration and appearance of xanthene-9-carboxylic acid following exposure 
of propantheline bromide (15 mg/lO ml) to pH 10.1 carbonate buffer for 
25 min a t  room temperature. 

The analysis of standard solutions of propantheline bromide and 
xanthene-9-carboxylic acid gave calibration graphs which were linear 
from 5 mg/IO ml to at least 30 mg/lO ml. The average of five replicate sets 
of standards (one replicate per day) gave calibration graphs of y = 0 . W  + 0.026 ( r  > 0.999) for propantheline and y = 0.122~ + 0.052 (r > 0.999) 
for xanthene-9-carboxylic acid, where y is the peak height ratio and x is 
the analyte concentration. Methanolic stock solutions of methantheline 
bromide, propantheline bromide, and xanthene-9-carboxylic acid were 
stable for a t  least 3 weeks when stored at room temperature. 

The precision of the assay was assessed by analyzing solutions of pro- 
pantheline bromide and xanthene-9-carboxylic acid, four times daily, 
on each of 5 days using new stock solutions and mobile phase each day. 
We chose a solution of 15 mg in 10 ml, since this is the nominal concen- 
tration obtained when a 15-mg propantheline bromide tablet is assayed 
by the recommended procedure. Estimates of the day-to-day, within-day, 
and total precision of the assay were calculated from ANOVAs of the data 
as described previously (8). These results appear in Table I. Coefficients 
of variation for the assay were determined from the mean peak height 
ratio for all assays of propantheline (1.021) and xanthene-9-carboxylic 
acid (1.903) and the appropriate standard deviation. It is preferable to 
use an internal standard in the assay, since the injection volume (1 pl) 
is less than the maximum volumes accommodated by commercially 
available sample loops. If samples >1 pl are to be injected, it is recom- 
mended that the samples be diluted appropriately, otherwise nonlinearity 
in the calibration graphs may result. Moreover, if the internal standard 
is not used, it is advisable that at least two duplicate injections be made 
per sample. 

In conclusion, the present assay provides a rapid, specific, and precise 
method for the simultaneous determination of propantheline bromide 
and xanthene-9-carboxylic acid by HPLC. 

This novel assay would be useful for the routine, quality assurance of 
propantheline and for assessing the stability and reaction kinetics of the 
drug. 
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Assessment of 75/75 Rule: FDA Viewpoint 

Keyphrases 0 Bioavailability-studies involving subjects with inter- 
subject coefficient of variation, assessment of 75/75 Rule, FDA viewpoint 
0 Bioequivalence-bioavailability studies involving subjects with int- 
ersubject coefficient of variation, assessment of 75/75 Rule, FDA view- 
point. 

To the Editor: 
Recently, the new 75/75 specification proposed by the 

FDA for Bioequivalency Studies came under criticism (1) 
as being scientifically invalid and unpredictable in bio- 
availability studies involving subjects with intersubject 
coefficient of variation (CV)  of 60% and intrasubject CV 
of 20-3096. Similar criticism also has been launched at the 
FDA for application of the 75/75 Rule in establishing an 
in uitro-in uiuo correlation. Although the FDA does not 
disagree with the calculated results on hypothetical 
problems in the published article and the application of 
the Pittman-Morgan test when appropriate, the authors 
of the proposed FDA rule do disagree with the underlying 
assumptions of the author, i.e., that such large variations 
are the norm in bioequivalency studies. 

It has been observed by the FDA that for the large ma- 
jority of drugs for which bioavailability bioequivalence 
data are submitted as part of a New Drug Application, the 
coefficient of variation is generally <40%, assuming that 
a properly validated analytical assay is employed. To 
substantiate the latter claims, a review of FDA reports over 

Table I-Summarv of Bioavailabilitv Studies * 

Number of 
Number of Products 
Products CV, % CV,% withCV 

Drug Tested (C,,,)b (AUC)b >40% 

Phenytoin 

Meprobamate 

Chlorothiazide 
Acetazolamide 
Propylthiouracil 
Warfarin 
Griseofulvin 

Diphenhydra. 

Tolbutamide 
Phenobarbital 
Sulfisoxazole 

Trichlormethia- 

mine 

zide 

a. 6 
b. 6 
a. 6 
b. 6 

6 
4 
6 
5 

a. 8 
b. 6 
a. 6 

b. 6 
7 
6 

a. 6 
b. 6 
a. 5 

b. 5 

14-33 
19-24 ~. ~~ 

6-21 
15-24 
- 
19-36 
16-23 
10-20 
21-40 
27-46 
14-54 

36-48 
12-20 
16-23 
5-13 

15-25 
30-35 

17-25 

16-45 
19-26 

22-37 
30-46' 
17-30 

12-26 

16-29 
9-13 

14-26 
24-30 
35-67 

40-62 
18-24 
21-34 
7-16 

20-32 
26-35 

11-26 

1 
0 
0 
0 
1 
0 
0 
0 
0 
1 
4 

5 
0 
0 

0 Studies performed under FDA Contract 223-77-3011. The total number of drug 
products tested was 106. The total number of drug products exceeding 4ooJo CV was 
12. Ran e of CV values for peak plasma level (C,) and area under the curve 
(AUC). k ange of CV for total cumulative urinary excretion. 

a 5-year period by a primary FDA contractor (2) is sum- 
marized in Table I. The FDA review reveals that the co- 
efficients of variation among 106 total drug products in- 
volving 12 drug entities were generally well within the WO 
range. Only in the case of diphenhydramine (Table I) was 

Table 11-ProDortion of 1000 Simulated Studies with 12 HvDothetical Drugs Meeting 75/75 Rulea 

Inter- 
subject 

CV Intra- 
CV C V  subject Proportion of 1000 Studies Meetin 75/75 Criterion 

Drug N b  TPc RPd CV p e  = 0 p = 0.3 p = 0.4 p = 0.5 p = 0.6g p = 0.7 p = 0.8 p =I 0.9 

24 60 60 30 0.15 0.19 0.22 0.26 0.30 0.35 0.43 0.52 
24 40 40 30 0.72 0.78 0.79 0.81 0.84 0.86 0.88 0.90 
24 60 40 30 0.29 0.32 0.34 0.36 0.38 0.39 0.41 0.43 

Case 1 
Case 2 
Case 3 
Case 4 12 60 60 20 0.24 0.29 0.32 0.35 0.40 0.47 0.54 0.66 
Case 5 12 40 40 20 0.55 0.63 0.66 0.69 0.73 0.79 0.82 0.88 
Case 6 12 60 40 20 0.38 0.44 0.45 0.47 0.51 0.53 0.56 0.59 

0.87 - 0.91 - 0.98 Case 7 12 30 30 15 0.74 
Case 8 12 15 15 13 1.00 1.00 - 1.00 - 1.00 - 1.00 

- 0.86 - 0.88 - 0.89 Case 9 12 30 15 13 0.84 - 

0.86 - 0.94 - 0.99 Case 10 12 30 30 10 0.68 
Case 11 12 15 15 10 1.00 1.00 - 1 .oo - 1.00 - 1.00 

0.86 - 0.89 - 0.91 Case 12 12 30 15 10 0.80 

- - 

- - 

- - 

a Portion of Table 11, i.e., drugs 14, published by Haynes (1) drugs 7-12 was generated by Dr. Haynes at the request of Dr. Purich for presentation at the 1981 International 
RP is the reference product. Correlation coefficients between Industrial Pharmacy Conference, Austin, Tex. N is the number of subjects. TP is the test product. 

AUC values for test and reference products in the same individual. 
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a significant problem encountered in utilizing the 75/75 
Rule. Of 106 drug products tested in 18 bioavailability 
studies, 94 products had <40% CV. 

The author of the original article pointed out that given 
a true correlation coefficient, p = 0.90, the probability of 
success utilizing the 75/75 Rule was 90’30 in bioavailability 
trials involving 24 subjects where the intersubject CV is 
40% for both the test and reference drug, and the intra- 
subject CV is 30%. The probability of success of applying 
the 75/75 Rule will significantly increase when the inter- 
and intrasubject variations are reduced to <40 and 30%, 
respectively (Table 11) (2). The proportion of lo00 studies 
involving as few as 12 subjects meeting the 75/75 Rule 
utilizing drugs with an intersubject CV of <40% and an 
intrasubject CV of <20% is >88%, and 98% with inter- and 
intrasubject CVs of 30 and 15%, respectively. 

The application of the 75/75 Rule is only valid for drugs 
having a well-defined reference standard that has repro- 
ducible pharmacokinetic properties in terms of absorption 
and clearance. Drugs having a large coefficient of variation 
associated with extensive first-pass metabolism are often 
required to undergo multiple-dose steady-state study 
comparisons or other more appropriate study design as a 
basis of drug approval. To achieve these results, the FDA 
often utilizes an oral solution as a basis of comparison 
where the reference drug has poor bioavailability. Also, the 
75/75 Rule is only applied in conjunction with a proper 
analysis of variance and the FDA relies on additional data 
analyses. 

(1) J. D. Haynes, J.  Pharm. Sci., 70,673 (1981). 
(2) M. C. Meyer, FDA Contract No. 223-77-3011 (Univ. of Tennessee 
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To the Editor: 
Dr. Cabana’s communication (1) refers to an article (2) 

that is critical on statistical grounds of the FDA Division 
of Biopharmaceutic’s proposed 75/75 Rule for bioequiv- 
alency studies. We emphasize that the point deserving 
discussion here is not the rigor of the 75/75 Rule, but 
rather, the fatal flaws inherent in its form. The same flaws 
would exist even if the rule were less rigorous (50/50) or 
more rigorous (90/90), because it would retain the same 
undesirable form: the dispersion of certain ratios. We ap- 
plaud the vast majority of the pharmacokinetic-bio- 
availability-bioequivalency regulations and guidelines as 

contributing to the improvement of health care; we also are 
glad to see that the FDA accepts the Pitman-Morgan F -  
test as the proper test for equality of test-product and 
reference-product variation in crossover bioavailability- 
bioequivalency studies. This F-test is described in the 
statistical literature as “uniformly most powerful” (3); 
therefore, no other test of variation in a study can have as 
much statistical power for detection of true differences in 
standard deviations. The word uniform indicates that this 
superiority holds for differences of all magnitudes. 

In essence we agree with the communication (1) which 
states that the intersubject coefficient of variation (CV)  
of 40% used previously (2) is not the norm. The choice of 
40% per se is not critical; however, the question is whether 
the results would be much different at  a 35% CV. Such 
large coefficients of variation reflect the skewness of the 
distributions. It also should be noted that the intrasubject 
CV is 20 or 30%, common values for the error term in the 
analysis of variance (ANOVA). 

The performance in a certain region of a proposed sta- 
tistical test, such as the 75/75 Rule, generally is not very 
interesting to the statistician designers and the users of 
such a rule. The main interest in the performance of the 
proposed test centers on how the more variable drug 
products are treated by the test-whether they are treated 
fairly in this respect. The number of such drug products 
is not negligible, accounting for 210% (depending on a 
cutoff CV of 35 or 40%) of drugs studied, according to Dr. 
Cabana’s Table I (1). (If other parameters for a test 
product have unacceptable values, they should not obscure 
the point under consideration.) “Are they treated fairly?” 
is the question addressed earlier (2) for the case of equal 
averages, and the answer is that they are not. For example, 
according to the 75/75 Rule, a test product for chlo- 
rothiazide with a variation of AUC values that is 50% 
greater than the variation of the reference product A UC 
values usually has a greater chance of being declared 
bioequivalent than does a test product for phenytoin with 
the same variation as its reference product. 

The main flaw of the 75/75 Rule lies in the fact that the 
degree of dispersion of the ratio depends on the dispersion 
or both products, test and reference, without distinction. 
Thus, a test product which fails the 75/75 Rule in a study 
may do so because the reference product standard devia- 
tion is relatively large-the reference product should fail 
the dispersion test in that study. For example, for the 12 
drugs in Dr. Cabana’s Table I (l), suppose that in each 
study a test product always had the smallest coefficient of 
variation shown for that drug and the reference product 
had the largest coefficient of variation--both products 
with the same average. The unadjusted F-values would’be, 
for the AUC columns of Table I (1): 7.9,1.9,4.7,2.8,2.4, 
3.1,3.3,2.1,3.4, 1.6,3.7,2.4, 1.8,2.6,5.2, 2.6.1.8, and 5.6. 
Superior uniformity would be indicated for such test 
products but probably many would fail the 75/75 Rule 
falsely, because the greater variability is that of the ref- 
erence products. 

The statement that the 75/75 Rule “is only applied in 
conjunction with a proper analysis of variance” (1) implies 
a remedy, probably subjective, but the fatal flaws remain; 
the rule should be withdrawn. Furthermore, since the 
performance of the 75/75 Rule is affected by differences 
in the two mean AUCs (for test and reference materials), 
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a significant problem encountered in utilizing the 75/75 
Rule. Of 106 drug products tested in 18 bioavailability 
studies, 94 products had <40% CV. 
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as well as differences in the two standard deviations, and 
since the means themselves are tested for equality in the 
ANOVA, the 75/75 Rule also might be said to place the test 
product in double jeopardy. 

The stress placed previously (1) on a “well-defined ref- 
erence standard which has reproducible pharmacokinetic 
properties in terms of absorption and clearance” or “an 
oral solution” makes us ask just where the criterion of ac- 
ceptable reproducibility of a reference standard is set 
down? 

(1) B. E. Cabana, J. Pharrn. Sci., 72,98 (1983). 
(2) J. D. Haynes, ibid, 70,673 (1981). 

2, Hafner, New York, N.Y., 1973, p. 531. 
’ (3) M. G. Kendall, “The Advanced Theory of Statistics,” 3rd ed., vol. 
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To the Editor: 
Cibenzoline [dl-4,5-dihydro-2-(2,2-diphenylcyclopro- 

py1)-1H-imidazole] (I), a new oral antiarrhythmic agent 
with a novel chemical structure, is presently undergoing 
clinical evaluation. The present report describes the de- 
velopment and characteristics of a radioimmunoassay for 
cibenzoline which permits its quantitation directly in 
human plasma. 

To obtain antibodies to cibenzoline, an immunogen was 
first prepared by covalently coupling the N1-acetic acid 
derivative of cibenzoline’ (111, as a hapten, to bovine serum 
albumin using a mixed anhydride procedure (1). Rabbits 
were immunized with the resulting conjugate, and the 
antiserum with the highest titer of antibodies of cibenzo- 
line was used. 

%-$J 
I: R=-H 

11: R = CHZCOZH 

The radioligand used for the assay was [3H]cibenzoline 
with a specific activity of 10.8 Ci/mM2. Prior to use, ra- 
diochemical purity was established by TLC on silica gel 
using ethyl acetate-methanol-ammonia (80155) as the 
solvent system. 

The radioimmunoassay was carried out in 12 X 75-mm 
disposable glass tubes using 0.1 M phosphate buffered 
saline (pH 7.4) containing 0.1% gelatin and 0.1% sodium 
azide as the assay buffer. Plasma samples (0.02-0.1 ml) 
containing standard or unknown concentrations of ci- 
benzoline were mixed with 0.2 ml of [3H]cibenzoline in 
buffer (l0,OOO cpm) followed by 0.2 ml of diluted antiserum 
(1:600), and the mixture was incubated a t  4’ for 30 min. 
Then, 1 ml of a stirred suspension of a polymer-bound 
second antibody (goat anti-rabbit IgG)3 was added and the 
tube contents were vortexed briefly and allowed to stand 
a t  4’ for 1 hr. Following centrifugation at 2000 rpm for 10 
min, each supernatant was aspirated off, the pellet sus- 
pended in 0.4 ml of 1 M acetic acid, and mixed with 3 ml 
of scintillation fluid4. The tube was capped and radioas- 
sayed directly in a liquid scintillation counter5 modified 
as described previously (2). A calibration curve was gen- 
erated using a four-parameter logistic curve-fitting pro- 
gram for a desktop calculator6 (3). 

The logit-log calibration curve for cibenzoline was h e a r  
from 4 to 200 ng/ml using a 0.1-ml sample of plasma. Such 
sensitivity is adequate for the quantitation of cibenzoline 
following administration of therapeutic doses of the drug. 
The intra- and interassay coefficients of variation (n = 6) 
did not exceed 6.5 and lo%, respectively, over a range of 
3S219 ng/ml of cibenzoline in a selection of random 
clinical samples. Although the antiserum was found to 
cross-react almost 100% with the 4,5-dehydro derivative 
of cibenzoline, a known metabolite of the drug in the dog7, 
the specificity of the radioimmunoassay for the analysis 
of human plasma samples was evaluated by comparison 
with a specific electron-capture GLC method which was 
developed and utilized at  another research institutions. For 
57 clinical samples analyzed by both procedures (radio- 
immunoassay = y), the correlation coefficient, regression 
line slope, and y-intercept were 0.98, 0.93, and 16, re- 
spectively, over a range of 12-287 ng/ml. Although the 
slope and intercept were significantly different than 1 and 
0, only 4 of the 57 highly correlated ( r  = 0.98) observed 
data points lay outside the 95% confidence limits of the 
fitted regression line, which indicates that the radioim- 
munoassay is in reasonable agreement with a specific 
chromatographic procedure for the quantitation of ci- 
benzoline. It has been shown by high-performance liquid 
chromatography (4) that only trace amounts of the 4 3 -  
dehydro metabolite of cibenzoline are present in human 
plasma, and the metabolite is separated from the parent 
drug in the electron-capture GLC assay. 

In subjects who had received 65 mg of the drug three 
times a day for 6 days, the peak plasma concentrations a t  
steady-state were -300 ng/ml of cibenzoline. 

A simple radioimmunoassay procedure with adequate 
sensitivity and specificity was developed for the quanti- 

Roche Diagnostics, Nutley, NJ 07110. 

Packard Tri-Carb model 3255. 
TI-59, Texas Instruments, Lubbock, TX 79408. 
Data on file, Hoffmann-La Roche Inc. 

The hapten was prepared from cibenzoline by alkylation with ethyl chloro- 
acetate in ethanol followed by base hydrolysis and crystallized from isopropanol- 
ether &s a partial hydrate, mp 2 0 2 - 2 0 4 O .  The MS and NMR spectra were compatible 
with the proposed structure. 

‘ Aquasol, New England Nuclear Carp., Boston, MA 02118. 

* Prepared by Chemical Research Division, Hoffmann-La Roche Inc. * Personal communication, Laboratoires UPSA, Rueil Malmaison, France, 

100 1 Journal of Pharmaceutical Sciences 
Vol. 72, No. 1. January 1983 

0022-354918310 100-0 100$0 1.001 0 
@ 1983, American Pharmaceutical Association 



as well as differences in the two standard deviations, and 
since the means themselves are tested for equality in the 
ANOVA, the 75/75 Rule also might be said to place the test 
product in double jeopardy. 

The stress placed previously (1) on a “well-defined ref- 
erence standard which has reproducible pharmacokinetic 
properties in terms of absorption and clearance” or “an 
oral solution” makes us ask just where the criterion of ac- 
ceptable reproducibility of a reference standard is set 
down? 

(1) B. E. Cabana, J. Pharrn. Sci., 72,98 (1983). 
(2) J. D. Haynes, ibid, 70,673 (1981). 

2, Hafner, New York, N.Y., 1973, p. 531. 
’ (3) M. G. Kendall, “The Advanced Theory of Statistics,” 3rd ed., vol. 

John D. Haynes 
Medical Research Division 
Lederle Laboratories, 
American Cyanamid Co. 
Pearl River, NY 10965 

Received May 25,1982. 
Accepted for publication September 9, 1982. 

Radioimmunoassay for the  New Antiarrhythmic 
Agent Cibenzoline in Human Plasma 

Keyphrases Cibenzoline-new antiarrhythmic agent, radioimmu- 
noassay in human plasma Antiarrhythmic agent-cibenzoline, ra- 
dioimmunoassay in human plasma Radioimmunoassay-cibnzoline, 
a new antiarrhythmic agent, human plasma 

To the Editor: 
Cibenzoline [dl-4,5-dihydro-2-(2,2-diphenylcyclopro- 

py1)-1H-imidazole] (I), a new oral antiarrhythmic agent 
with a novel chemical structure, is presently undergoing 
clinical evaluation. The present report describes the de- 
velopment and characteristics of a radioimmunoassay for 
cibenzoline which permits its quantitation directly in 
human plasma. 

To obtain antibodies to cibenzoline, an immunogen was 
first prepared by covalently coupling the N1-acetic acid 
derivative of cibenzoline’ (111, as a hapten, to bovine serum 
albumin using a mixed anhydride procedure (1). Rabbits 
were immunized with the resulting conjugate, and the 
antiserum with the highest titer of antibodies of cibenzo- 
line was used. 

%-$J 
I: R=-H 

11: R = CHZCOZH 

The radioligand used for the assay was [3H]cibenzoline 
with a specific activity of 10.8 Ci/mM2. Prior to use, ra- 
diochemical purity was established by TLC on silica gel 
using ethyl acetate-methanol-ammonia (80155) as the 
solvent system. 

The radioimmunoassay was carried out in 12 X 75-mm 
disposable glass tubes using 0.1 M phosphate buffered 
saline (pH 7.4) containing 0.1% gelatin and 0.1% sodium 
azide as the assay buffer. Plasma samples (0.02-0.1 ml) 
containing standard or unknown concentrations of ci- 
benzoline were mixed with 0.2 ml of [3H]cibenzoline in 
buffer (l0,OOO cpm) followed by 0.2 ml of diluted antiserum 
(1:600), and the mixture was incubated a t  4’ for 30 min. 
Then, 1 ml of a stirred suspension of a polymer-bound 
second antibody (goat anti-rabbit IgG)3 was added and the 
tube contents were vortexed briefly and allowed to stand 
a t  4’ for 1 hr. Following centrifugation at 2000 rpm for 10 
min, each supernatant was aspirated off, the pellet sus- 
pended in 0.4 ml of 1 M acetic acid, and mixed with 3 ml 
of scintillation fluid4. The tube was capped and radioas- 
sayed directly in a liquid scintillation counter5 modified 
as described previously (2). A calibration curve was gen- 
erated using a four-parameter logistic curve-fitting pro- 
gram for a desktop calculator6 (3). 

The logit-log calibration curve for cibenzoline was h e a r  
from 4 to 200 ng/ml using a 0.1-ml sample of plasma. Such 
sensitivity is adequate for the quantitation of cibenzoline 
following administration of therapeutic doses of the drug. 
The intra- and interassay coefficients of variation (n = 6) 
did not exceed 6.5 and lo%, respectively, over a range of 
3S219 ng/ml of cibenzoline in a selection of random 
clinical samples. Although the antiserum was found to 
cross-react almost 100% with the 4,5-dehydro derivative 
of cibenzoline, a known metabolite of the drug in the dog7, 
the specificity of the radioimmunoassay for the analysis 
of human plasma samples was evaluated by comparison 
with a specific electron-capture GLC method which was 
developed and utilized at  another research institutions. For 
57 clinical samples analyzed by both procedures (radio- 
immunoassay = y), the correlation coefficient, regression 
line slope, and y-intercept were 0.98, 0.93, and 16, re- 
spectively, over a range of 12-287 ng/ml. Although the 
slope and intercept were significantly different than 1 and 
0, only 4 of the 57 highly correlated ( r  = 0.98) observed 
data points lay outside the 95% confidence limits of the 
fitted regression line, which indicates that the radioim- 
munoassay is in reasonable agreement with a specific 
chromatographic procedure for the quantitation of ci- 
benzoline. It has been shown by high-performance liquid 
chromatography (4) that only trace amounts of the 4 3 -  
dehydro metabolite of cibenzoline are present in human 
plasma, and the metabolite is separated from the parent 
drug in the electron-capture GLC assay. 

In subjects who had received 65 mg of the drug three 
times a day for 6 days, the peak plasma concentrations a t  
steady-state were -300 ng/ml of cibenzoline. 

A simple radioimmunoassay procedure with adequate 
sensitivity and specificity was developed for the quanti- 

Roche Diagnostics, Nutley, NJ 07110. 

Packard Tri-Carb model 3255. 
TI-59, Texas Instruments, Lubbock, TX 79408. 
Data on file, Hoffmann-La Roche Inc. 

The hapten was prepared from cibenzoline by alkylation with ethyl chloro- 
acetate in ethanol followed by base hydrolysis and crystallized from isopropanol- 
ether &s a partial hydrate, mp 2 0 2 - 2 0 4 O .  The MS and NMR spectra were compatible 
with the proposed structure. 

‘ Aquasol, New England Nuclear Carp., Boston, MA 02118. 

* Prepared by Chemical Research Division, Hoffmann-La Roche Inc. * Personal communication, Laboratoires UPSA, Rueil Malmaison, France, 

100 1 Journal of Pharmaceutical Sciences 
Vol. 72, No. 1. January 1983 

0022-354918310 100-0 100$0 1.001 0 
@ 1983, American Pharmaceutical Association 



tation of cibenzoline in clinical plasma samples and shown 
to be specific for the drug in human plasma. 
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BOOKS 

Pharmaceutics and Pharmacy Practice. Edited by GILBERT S. 
BANKER and ROBERT K. CHALMERS. Lippincott, East Wash- 
ington Square, Philadelphia, PA 19105.1981,421 pp. 18 X 25 cm. Price 
$27.50. 
Pharmaceutics and Pharmacy Practice, for the most part, is well 

written, with each chapter containing much good information, with 23 
authors contributing some interesting chapters. 

The preface states that the book represents a new approach by inter- 
relating pharmaceutical and clinical pharmacy knowledge about drugs 
and their delivery systems; however, it contains a standard chapter on 
physical+hemical principles and another on basic biopharmaceutics. 
Since the later chapters on drug-delivery systems (oral, topical, paren- 
teral, etc . )  relate appropriate physical-chemical and biopharmaceutics 
to their specific subjects, there would be no loss if the physical-chemical 
chapter were deleted. The chapter on biopharmaceutics could be short- 
ened, except for the portion relative to proper interpretation of blood level 
curves and evaluation of bioequivalence, which could have been ex- 
panded. 

The chapter, “Drug Development and Quality Evaluation,” would 
benefit from an expansion of the discussion of selection of multisource 
drug products and a condensation of federal drug regulatory matters. 
Similarly, the chapter, “Patient Factors that Influence Dosage Form 
Selection,” should have been edited to remove dosage, patient acceptance 
(also covered in “Oral Drug-Delivery Systems”) and biopharmaceutic 
matters, while the chapter, on patient education could have been ex- 
panded in order to more closely approach the interrelation of knowledge. 
The style of the chapter on literature resources appears to be better suited 
to a work book and is repetitious. 

The last six chapters are gems. Each one contains relevant anatomy 
and physiology, routes of drug delivery, drug-delivery systems (dosage 
forms), and therapeutic considerations. They also contain appropriate 
physical<hemical considerations and biopharmaceutical aspects. In this 
manner are covered the drug-delivery systems for oral, parenteral, topical 
(skin), topical (eye, ear, nose), inhalation, and rectal, vaginal, and urethral 
administration. A few considerations of extemporaneous preparation of 
delivery systems are to be found in all of these chapters. 

While the book is described as being intended for adult professionals, 
the preface refers to the book’s predecessor as being Prescription 
Pharmacy, which would indicate that one concern would be the dis- 
pensing function (the pharmacy practice of the title). Noticeably lacking 
is any information about processing the prescription, maintenance of 
prescription files or records, legal aspects of dispensing controlled sub- 
stances, hospital pharmacy, or the use of computers in pharmacy. While 
the chapter on parenteral drug-delivery systems contains good material 
on TPN and electrolyte therapy, no mention is made of aseptic methods 
appropriate for making intravenous admixtures, etc. Thus, the book 
appears to be written from the aspect of pharmaceutical technology rather 
than pharmacy practice. 

Although the editors were only partly successful in their attempt to 
interrelate pharmaceutical and clinical pharmacy to pharmacy practice, 
this book contains much excellent information presented in a highly 
readable manner. 

Reviewed by Noel 0. Nuessle 
School of Pharmacy 
University of Missouri-Kansas City 
Kansas City, MO 64110 

Analytical Profiles of Drug Substances, Vol. 10. Edited by KLAUS 
FLOREY, et al. Academic, 111 Fifth Ave., New York, NY 10003.1981. 
735 pp. 14 X 23 cm. 
Analytical Profiles of Drug Substances, Vol. 10 continues the suc- 

cessful series of complete monographs for important drug substances. 
This series is compiled under the auspices of the Pharmaceutical Analysis 
and Control Section of the Academy of Pharmaceutical Sciences. Volume 
10 contains monographs on aminosalicylic acid, azathioprine, benzyl 
benzoate, clindamycin hydrochloride, codeine phosphate, colchicine, 
cyanocobalamin, emetine hydrochloride, glibenclamide, heroin, hydro- 
chlorothiazide, ketoprofen, methylphenidate hydrochloride, nabilone, 
natamycin, oxytocin, penicillamine, probenecid, salbutamol, succinyl- 
choline chloride, and trioxsalen. There also are errata for cefamandole 
nafate, fluphenazine decanoate, gentamicin sulfate, and nadolol. 

The typical monograph contains the following information: First, there 
is an initial description including nomenclature, formula, and other 
physical descriptions followed by a physical properties section which 
usually covers crystal properties, melting point characteristics, solubility, 
and spectral properties including reproductions of IR, UV, NMR, and 
mass spectra. Usually there is a discussion on the drug’s synthesis or 
biosynthesis followed by the drug’s metabolism. The monographs usually 
conclude with a literature review of different methods for analyzing the 
drug. 

There is no question that this series fills a need. The surprising fact 
is, that after nine previous volumes, the editors still have not developed 
a standard format for the monographs. Here are some examples of in- 
consistencies. The Chemical Abstracts Service (CAS) Registry Number 
is given in 11 of the 21 monographs. When present, it may be in Section 
1.1 1, 1.23, 1.2.3, 2.1, 1.2.1, 1.12, or 1.14. Wiswesser Line Notation is 
present in five of the monographs, and the elemental composition will 
be found in only eight monographs. Six of the monographs open with one 
or more introductory paragraphs containing information on the drug’s 
history and use. When this is present, the nomenclature material found 
in Section 1 now goes into Section 2. 

Section 5.5, when present, can be UV spectrometry, proton magnetic 
resonance spectrometry, radioassay, phosphorimetry, colorimetry, and 
other unrelated topics. Putting it another way: suppose an analytical 
chemist wishes to examine the applicability of high-pressure liquid 
chromatography for a drug analysis whose monograph has been published 
in this series. Where does he or she look? Answer: Somewhere near the 
end of the monograph, but be careful, because the material on chroma- 
tography may be divided between methodology, analysis of dosage forms, 
and analysis from biological fluids. 

Make no mistake, Analytical Profiles of Drug Substances belongs in 
the personal libraries of drug analysts. Teachers in the field should 
purchase it as well as school, university, and company libraries. In ad- 
dition, the publishers and editors should be encouraged to investigate 
a student rate for graduate students in pharmaceutical analysis. At the 
same time, some active editing would correct glaring inconsistencies and 
deficiencies and make the Analytical Profiles series reflect the care and 
consistency expected of the profession and the Academy. 
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BOOKS 

Pharmaceutics and Pharmacy Practice. Edited by GILBERT S. 
BANKER and ROBERT K. CHALMERS. Lippincott, East Wash- 
ington Square, Philadelphia, PA 19105.1981,421 pp. 18 X 25 cm. Price 
$27.50. 
Pharmaceutics and Pharmacy Practice, for the most part, is well 

written, with each chapter containing much good information, with 23 
authors contributing some interesting chapters. 

The preface states that the book represents a new approach by inter- 
relating pharmaceutical and clinical pharmacy knowledge about drugs 
and their delivery systems; however, it contains a standard chapter on 
physical+hemical principles and another on basic biopharmaceutics. 
Since the later chapters on drug-delivery systems (oral, topical, paren- 
teral, etc . )  relate appropriate physical-chemical and biopharmaceutics 
to their specific subjects, there would be no loss if the physical-chemical 
chapter were deleted. The chapter on biopharmaceutics could be short- 
ened, except for the portion relative to proper interpretation of blood level 
curves and evaluation of bioequivalence, which could have been ex- 
panded. 

The chapter, “Drug Development and Quality Evaluation,” would 
benefit from an expansion of the discussion of selection of multisource 
drug products and a condensation of federal drug regulatory matters. 
Similarly, the chapter, “Patient Factors that Influence Dosage Form 
Selection,” should have been edited to remove dosage, patient acceptance 
(also covered in “Oral Drug-Delivery Systems”) and biopharmaceutic 
matters, while the chapter, on patient education could have been ex- 
panded in order to more closely approach the interrelation of knowledge. 
The style of the chapter on literature resources appears to be better suited 
to a work book and is repetitious. 

The last six chapters are gems. Each one contains relevant anatomy 
and physiology, routes of drug delivery, drug-delivery systems (dosage 
forms), and therapeutic considerations. They also contain appropriate 
physical<hemical considerations and biopharmaceutical aspects. In this 
manner are covered the drug-delivery systems for oral, parenteral, topical 
(skin), topical (eye, ear, nose), inhalation, and rectal, vaginal, and urethral 
administration. A few considerations of extemporaneous preparation of 
delivery systems are to be found in all of these chapters. 

While the book is described as being intended for adult professionals, 
the preface refers to the book’s predecessor as being Prescription 
Pharmacy, which would indicate that one concern would be the dis- 
pensing function (the pharmacy practice of the title). Noticeably lacking 
is any information about processing the prescription, maintenance of 
prescription files or records, legal aspects of dispensing controlled sub- 
stances, hospital pharmacy, or the use of computers in pharmacy. While 
the chapter on parenteral drug-delivery systems contains good material 
on TPN and electrolyte therapy, no mention is made of aseptic methods 
appropriate for making intravenous admixtures, etc. Thus, the book 
appears to be written from the aspect of pharmaceutical technology rather 
than pharmacy practice. 

Although the editors were only partly successful in their attempt to 
interrelate pharmaceutical and clinical pharmacy to pharmacy practice, 
this book contains much excellent information presented in a highly 
readable manner. 

Reviewed by Noel 0. Nuessle 
School of Pharmacy 
University of Missouri-Kansas City 
Kansas City, MO 64110 

Analytical Profiles of Drug Substances, Vol. 10. Edited by KLAUS 
FLOREY, et al. Academic, 111 Fifth Ave., New York, NY 10003.1981. 
735 pp. 14 X 23 cm. 
Analytical Profiles of Drug Substances, Vol. 10 continues the suc- 

cessful series of complete monographs for important drug substances. 
This series is compiled under the auspices of the Pharmaceutical Analysis 
and Control Section of the Academy of Pharmaceutical Sciences. Volume 
10 contains monographs on aminosalicylic acid, azathioprine, benzyl 
benzoate, clindamycin hydrochloride, codeine phosphate, colchicine, 
cyanocobalamin, emetine hydrochloride, glibenclamide, heroin, hydro- 
chlorothiazide, ketoprofen, methylphenidate hydrochloride, nabilone, 
natamycin, oxytocin, penicillamine, probenecid, salbutamol, succinyl- 
choline chloride, and trioxsalen. There also are errata for cefamandole 
nafate, fluphenazine decanoate, gentamicin sulfate, and nadolol. 

The typical monograph contains the following information: First, there 
is an initial description including nomenclature, formula, and other 
physical descriptions followed by a physical properties section which 
usually covers crystal properties, melting point characteristics, solubility, 
and spectral properties including reproductions of IR, UV, NMR, and 
mass spectra. Usually there is a discussion on the drug’s synthesis or 
biosynthesis followed by the drug’s metabolism. The monographs usually 
conclude with a literature review of different methods for analyzing the 
drug. 

There is no question that this series fills a need. The surprising fact 
is, that after nine previous volumes, the editors still have not developed 
a standard format for the monographs. Here are some examples of in- 
consistencies. The Chemical Abstracts Service (CAS) Registry Number 
is given in 11 of the 21 monographs. When present, it may be in Section 
1.1 1, 1.23, 1.2.3, 2.1, 1.2.1, 1.12, or 1.14. Wiswesser Line Notation is 
present in five of the monographs, and the elemental composition will 
be found in only eight monographs. Six of the monographs open with one 
or more introductory paragraphs containing information on the drug’s 
history and use. When this is present, the nomenclature material found 
in Section 1 now goes into Section 2. 

Section 5.5, when present, can be UV spectrometry, proton magnetic 
resonance spectrometry, radioassay, phosphorimetry, colorimetry, and 
other unrelated topics. Putting it another way: suppose an analytical 
chemist wishes to examine the applicability of high-pressure liquid 
chromatography for a drug analysis whose monograph has been published 
in this series. Where does he or she look? Answer: Somewhere near the 
end of the monograph, but be careful, because the material on chroma- 
tography may be divided between methodology, analysis of dosage forms, 
and analysis from biological fluids. 

Make no mistake, Analytical Profiles of Drug Substances belongs in 
the personal libraries of drug analysts. Teachers in the field should 
purchase it as well as school, university, and company libraries. In ad- 
dition, the publishers and editors should be encouraged to investigate 
a student rate for graduate students in pharmaceutical analysis. At the 
same time, some active editing would correct glaring inconsistencies and 
deficiencies and make the Analytical Profiles series reflect the care and 
consistency expected of the profession and the Academy. 
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Handbook of Chemical Property Estimation Methods, Edited by W. 
J. LYMAN, W. REEHL, and D. ROSENBLATT, McGraw-Hill, 1221 
Avenue of the Americas, New York, NY 10020. 1982. 960 pp., 71 il- 
lustrations. 19 X 24 cm. Price $42.50. 
This handbook of chemical property estimation methods is an out- 

growth of a combined U S .  Army-Arthur D. Little project to assess 
properties of organic chemicals that are of environmental concern. Much 
basic physical and chemical data needed to perform a proper assessment 
of the risk of these chemicals to humans and the environment is evidently 
lacking in existing literature. Therefore, an estimation of the most im- 
portant properties for selected chemicals would aid in this assessment 
and, thus, is the basis for this scientific contribution. 

A review of existing literature reveals that  approximately 50 physico- 
chemical properties of organic compounds are of interest, but estimation 
methods are only available for about half of these properties. A total of 
26 properties and their estimation methods are included in the handbook. 
Two or more estimation methods were selected for each property. These 
estimation methods were chosen for their range of applicability, ease of 
use, minimum input data requirements, and accuracy. Among the 
physicochemical properties covered that would be of pharmaceutical 
interest are octanol-water partition coefficient, solubility in water, sol- 
ubility in various solvents, acid dissociation constant, rate of hydrolysis, 
rate of biodegradation, vapor pressure, densities of vapors, liquids and 
solids, surface tension, dipole moment, and index of refraction. The 
handbook is divided into chapters with each property covered in a given 
chapter. The Editors have maintained some degree of uniformity in style 
and content in each chapter. For each property, there is introductory 
material describing the property, background data on available estima- 
tion methods, a description of the recommended estimation method(s) 
with specific instructions for calculation, examples of each method, a 
listing of symbols and definitions associated with the method, and per- 
tinent literature references. 

Aside from deficiencies and errors in the handbook, the basic limitation 
is that  only single-component organic chemicals are covered. There are 
plans to cover organic mixtures in future editions. A definite plus for the 
handbook is that the chapters were rigorously reviewed by individual 
scientists connected with the US.  Army, the Environmental Protection 
Agency, Arthur D. Little, various universities, and other organiza- 
tions. 

The Handbook should be beneficial to those who need to estimate 
selected physicochemical properties where such data are either un- 
available or nonexistent. The user should be able to obtain the estimation 
quickly using only a hand calculator and the handbook instructions. The 
price is not too prohibitive to prelude addition to an individual’s library. 
It is not meant to be used as a course textbook, but could be easily utilized 
as a reference text, especially for courses in pharmaceutics and medicinal 
chemistry. I do not especially recommend the handbook for acquisition 
by a School of Pharmacy Library or Reading Room facility, but feel that 
i t  should be available for use on campus in a Science Library. 

Reviewed by James T. Stewart 
School o f  Pharmacy 
University of Georgia 
Athens,  G A  30602 

Pharmaceutical Dosage Forms: Tablets Vol. 3. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Av- 
enue, New York, NY 10016.1982.472 pp. 18 X 25.5 cm. Price $59.75 
(20% higher outside U S .  and Canada). 
This volume, the concluding volume of this treatise, empathizes the 

final stages in the evolution of a finished tablet product. As with the 
earlier volumes, each chapter is a logical self-contained entity, not criti- 
cally dependent on familiarity with preceding chapters. In spite of this, 
the editors have continued to skillfully prevent any repetition by the 
various authors of the redevelopment of information for processes com- 

pleted prior to those covered in their chapter describing the next stage 
of tablet production. 

The first four chapters of this volume are specific to the unit processes 
involved. They are Principles of Improved Tablet Production System 
Design, Pan Coating of Tablets and Granules, Particles Coating Methods, 
and Sustained Drug Release from Tablets and Particles through Coating. 
Each is clearly, logically, and completely developed. 

The next two chapters, entitled Stability/Kinetics and Quality As- 
surance, review the testing of the final product and the documentation 
of the adherence to GMP throughout every processing step. 

As with the previous volumes, the indexing is good. With computer 
type-setting it is unfortunate that an additional cumulative index for the 
three volumes was not compiled. 

Each chapter in this set is written by qualified experts and clearly 
represents the state-of-the-art for the immediate future. I t  is hoped that 
to create a complete treatise the editors will soon move on to additional 
volumes to cover other pharmaceutical dosage forms. 

Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia Campus 
Virginia Commonwealth University 
Richmond, V A  23298 

CRC Handbook of Chromatography Drugs. Vols. I and 11. Edited 
by RAM N. GUPTA with series Editors-in-chief, GUNTER ZWEIG 
and JOSEPH SHERMA, CRC Press Inc., Boca Raton, FL 33431.1981. 
Vol. I: 340 pp., Vol. 11: 404 pp. 17.5 X 25.5 cm. Price Vol. I: $59.95, Vol. 
11: $59.95. 
Earlier editions of this handbook attempted to cover a wider range of 

compounds in two volumes, but the growth of the literature demanded 
a new approach resulting in a series of separate books more selective in 
scope. These two volumes are intended as a reference source of the dif- 
ferent chromatographic techniques available for the analysis of drugs, 
except steroids which are to be treated separately. Coverage embraces 
specimens from pharmaceutical dosages to biological matrixes. There 
is a brief, useful introductory section on collection, storage and processing 
of samples. The comments on interferences from commercial blood 
sampling containers are marred, however, by incorrect figure legends and 
a missing reference (No. 78). 

The major part of the volumes presents useful tables listing separately 
the main features of gas, high-pressure liquid, and thin-layer chroma- 
tographic methods available for each drug listed. Key chromatographic 
conditions are cited, together with type of method, e.g., D = dosage form, 
sample size, and sensitivity on a scale of 1-3. (The latter would be more 
useful if a concentration were estimated.) 

This book would be a useful desk reference for those who do not have 
ready access to a library. However, its utility is compromised by the in- 
complete (or selective) compilation of methods with no explanation of 
the criteria for choice of the particular methods tabulated. Thus, methods 
for such drugs as allopurinol, digoxin, oxyphenbutazone, quinine, and 
promethazine-among others in this reviewer’s files-are not cited. 

I t  would also be useful in such handbooks if the date of literature 
coverage (apparently to the end of 1979) were quoted, as some methods 
cited have already become outdated by later advances, eg . ,  GLC of iso- 
sorbide, HPLC of chlorpromazine, naproxen, and propanolol, an inevi- 
table consequence of the advances with useful technique. One is left with 
the impression that this handbook would be more useful for those ana- 
lysts involved with biological samples rather than raw materials or for- 
mulations. 

Reviewed by Iain J. McGilveray 
Bureau of Drug Research 
Health & Welfare Canada 
Ottawa, Ontario 
K I A  OL2 
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a new approach resulting in a series of separate books more selective in 
scope. These two volumes are intended as a reference source of the dif- 
ferent chromatographic techniques available for the analysis of drugs, 
except steroids which are to be treated separately. Coverage embraces 
specimens from pharmaceutical dosages to biological matrixes. There 
is a brief, useful introductory section on collection, storage and processing 
of samples. The comments on interferences from commercial blood 
sampling containers are marred, however, by incorrect figure legends and 
a missing reference (No. 78). 

The major part of the volumes presents useful tables listing separately 
the main features of gas, high-pressure liquid, and thin-layer chroma- 
tographic methods available for each drug listed. Key chromatographic 
conditions are cited, together with type of method, e.g., D = dosage form, 
sample size, and sensitivity on a scale of 1-3. (The latter would be more 
useful if a concentration were estimated.) 

This book would be a useful desk reference for those who do not have 
ready access to a library. However, its utility is compromised by the in- 
complete (or selective) compilation of methods with no explanation of 
the criteria for choice of the particular methods tabulated. Thus, methods 
for such drugs as allopurinol, digoxin, oxyphenbutazone, quinine, and 
promethazine-among others in this reviewer’s files-are not cited. 

I t  would also be useful in such handbooks if the date of literature 
coverage (apparently to the end of 1979) were quoted, as some methods 
cited have already become outdated by later advances, eg . ,  GLC of iso- 
sorbide, HPLC of chlorpromazine, naproxen, and propanolol, an inevi- 
table consequence of the advances with useful technique. One is left with 
the impression that this handbook would be more useful for those ana- 
lysts involved with biological samples rather than raw materials or for- 
mulations. 

Reviewed by Iain J. McGilveray 
Bureau of Drug Research 
Health & Welfare Canada 
Ottawa, Ontario 
K I A  OL2 
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Handbook of Chemical Property Estimation Methods, Edited by W. 
J. LYMAN, W. REEHL, and D. ROSENBLATT, McGraw-Hill, 1221 
Avenue of the Americas, New York, NY 10020. 1982. 960 pp., 71 il- 
lustrations. 19 X 24 cm. Price $42.50. 
This handbook of chemical property estimation methods is an out- 

growth of a combined U S .  Army-Arthur D. Little project to assess 
properties of organic chemicals that are of environmental concern. Much 
basic physical and chemical data needed to perform a proper assessment 
of the risk of these chemicals to humans and the environment is evidently 
lacking in existing literature. Therefore, an estimation of the most im- 
portant properties for selected chemicals would aid in this assessment 
and, thus, is the basis for this scientific contribution. 

A review of existing literature reveals that  approximately 50 physico- 
chemical properties of organic compounds are of interest, but estimation 
methods are only available for about half of these properties. A total of 
26 properties and their estimation methods are included in the handbook. 
Two or more estimation methods were selected for each property. These 
estimation methods were chosen for their range of applicability, ease of 
use, minimum input data requirements, and accuracy. Among the 
physicochemical properties covered that would be of pharmaceutical 
interest are octanol-water partition coefficient, solubility in water, sol- 
ubility in various solvents, acid dissociation constant, rate of hydrolysis, 
rate of biodegradation, vapor pressure, densities of vapors, liquids and 
solids, surface tension, dipole moment, and index of refraction. The 
handbook is divided into chapters with each property covered in a given 
chapter. The Editors have maintained some degree of uniformity in style 
and content in each chapter. For each property, there is introductory 
material describing the property, background data on available estima- 
tion methods, a description of the recommended estimation method(s) 
with specific instructions for calculation, examples of each method, a 
listing of symbols and definitions associated with the method, and per- 
tinent literature references. 

Aside from deficiencies and errors in the handbook, the basic limitation 
is that  only single-component organic chemicals are covered. There are 
plans to cover organic mixtures in future editions. A definite plus for the 
handbook is that the chapters were rigorously reviewed by individual 
scientists connected with the US.  Army, the Environmental Protection 
Agency, Arthur D. Little, various universities, and other organiza- 
tions. 

The Handbook should be beneficial to those who need to estimate 
selected physicochemical properties where such data are either un- 
available or nonexistent. The user should be able to obtain the estimation 
quickly using only a hand calculator and the handbook instructions. The 
price is not too prohibitive to prelude addition to an individual’s library. 
It is not meant to be used as a course textbook, but could be easily utilized 
as a reference text, especially for courses in pharmaceutics and medicinal 
chemistry. I do not especially recommend the handbook for acquisition 
by a School of Pharmacy Library or Reading Room facility, but feel that 
i t  should be available for use on campus in a Science Library. 

Reviewed by James T. Stewart 
School o f  Pharmacy 
University of Georgia 
Athens,  G A  30602 

Pharmaceutical Dosage Forms: Tablets Vol. 3. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Av- 
enue, New York, NY 10016.1982.472 pp. 18 X 25.5 cm. Price $59.75 
(20% higher outside U S .  and Canada). 
This volume, the concluding volume of this treatise, empathizes the 

final stages in the evolution of a finished tablet product. As with the 
earlier volumes, each chapter is a logical self-contained entity, not criti- 
cally dependent on familiarity with preceding chapters. In spite of this, 
the editors have continued to skillfully prevent any repetition by the 
various authors of the redevelopment of information for processes com- 

pleted prior to those covered in their chapter describing the next stage 
of tablet production. 

The first four chapters of this volume are specific to the unit processes 
involved. They are Principles of Improved Tablet Production System 
Design, Pan Coating of Tablets and Granules, Particles Coating Methods, 
and Sustained Drug Release from Tablets and Particles through Coating. 
Each is clearly, logically, and completely developed. 

The next two chapters, entitled Stability/Kinetics and Quality As- 
surance, review the testing of the final product and the documentation 
of the adherence to GMP throughout every processing step. 

As with the previous volumes, the indexing is good. With computer 
type-setting it is unfortunate that an additional cumulative index for the 
three volumes was not compiled. 

Each chapter in this set is written by qualified experts and clearly 
represents the state-of-the-art for the immediate future. I t  is hoped that 
to create a complete treatise the editors will soon move on to additional 
volumes to cover other pharmaceutical dosage forms. 

Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia Campus 
Virginia Commonwealth University 
Richmond, V A  23298 
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EDITORIAL 

Maintaining Excellence in Pharmacy Education 

In “The Merchant of Venice,” William Shakespeare 
wrote that “The quality of mercy is not strained . . . .’, That 
may be true for mercy, but it is not true for education. 
Pharmacy education, in particular, is being subjected to 
stresses and strains that are expected to intensify and grow 
worse in the years immediately ahead. 

The best facilities, the best students, and the best cur- 
ricula will rarely produce high-quality graduates in the 
absence of a teaching faculty that is of comparable talent. 
And it is in that area of faculty quality that  a growing 
number of individuals and groups are beginning to express 
serious concern. 

Current faculties are generally competent and adequate. 
The great majority of faculty members received their ad- 
vanced training when new graduate students regularly 
constituted “the cream of the crop’’ from the previous 
year’s graduating class. Following advanced study and 
after taking advanced degrees, a major portion of these 
select graduate students chose teaching as a career. As a 
consequence, each new generation of students received its 
training from the very best of the previous generation’s 
crop. 

In recent years, however, this pattern has been changing, 
and it is this change that  is arousing concern. 

APhA Academy of Pharmaceutical Sciences President 
Kenneth R. Heimlich addressed the matter in his No- 
vember 1982 interim report. 

“. . . graduate education in the pharmaceutical sciences 
received considerable discussion (by the APS Executive 
Committee). Concern was raised over both the ability to  
attract talented students to graduate studies in the phar- 
maceutical sciences and to obtain funding for those stu- 
dents who do apply.” 

Dr. Heimlich went on to describe specific actions taken 
by the APS and several of its sections in an effort to focus 
attention on the problem of declining graduate student 
quality. 

Pharmacy students themselves have noted this trend 
of declining interest in graduate study; the Student APhA 
has gone so far as to pass a resolution regarding the prob- 
lem, and to sponsor several programs in an effort t o  iden- 
tify remedies for it. 

Years ago, when the undergraduate program in phar- 
macy was being shifted to a minimum five-year curricu- 
lum, many educators expressed concern that it would 
ultimately have an adverse effect on pharmacy graduate 

degree programs. Acknowledging the benefits of a five-year 
program for professional practice, many of these same 
educators suggested a “two-track” undergraduate program 
in which the student could opt either for a five-year pro- 
fessional degree or a four-year degree as preparation for 
graduate school studies and an advanced academic de- 
gree-generally as preparation for a career in research 
andlor teaching. 

But even that “two-track’’ approach was not without its 
problems. In particular, many young people do not know 
clearly what their career objectives are when they finish 
four or five years of college. T o  expect them to make such 
specific choices a t  the beginning of their college work would 
be an unrealistic expectation. 

Consequently, no simple or readily apparent answer 
appears currently available to resolve this dilemma. 

In the meantime, a very large proportion of the appli- 
cants to graduate studies in the pharmaceutical sciences 
are graduates of four-year nonpharmacy programs or from 
four-year foreign pharmacy schools. And the admission 
standards for the five-year graduate of American phar- 
macy schools are much lower than in the past. The cum- 
mulative result of these factors is that the overall talent 
reflected in the present and recent graduate student bodies 
is not of the traditional select caliber that was the norm 
until about 10 years ago. 

Gradually, the composite excellence of those granted 
M.S. and, in particular, Ph.D. degrees has been declining. 
In turn, the same erosion of high quality is beginning to 
occur within pharmacy faculty and research ranks as these 
recent graduates have emerged to  take their place in the 
classroom and research laboratory. 

Unfortunately, we have no ready solution to offer. At 
this time, we can only join Dr. Heimlich and his colleagues 
in the APS in noting the existence of the problem and in 
urging that prompt attention be devoted to it by appro- 
priate groups. In particular, this would appear to be a key 
issue for review and study by the APhA Task Force on 
Pharmacy Education. As discussed above, it is an issue that 
will have an ultimate impact on the very heart of the 
quality of pharmacy education. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract Sulmazole (I) 2-[2-methoxy-4-(methylsulfinyl)phenyl] - 

lH-imidazo[4,5-b]pyridine, a new positive inotropic agent, is based on 
a pyridoimidazole nucleus. Sulmazole pharmacokinetics were monitored 
in plasma and urine by a specific, sensitive reverse-phase fully auto- 
mated HPLC system with fluorimetric detection. The hydroxylated 
metabolite, 111, was also monitored in the urine, and unusual pharma- 
cokinetics were observed. Sulmazole disappeared and metabolite I1 ap- 
peared in plasma by zero-order rates for most of their time courses in the 
2-15-mghg range with a 75% conversion to 11. Pure Michaelis-Menten 
pharmacokinetics were not applicable, and the u,, value increased with 
increasing dose. Pharmacokinetics of sulmazole and I1 a t  O.7-mg/kg iv 
doses were characterized by a first-order two-compartment body model. 
Metabolite I11 at 0.7- and 2-mglkg iv doses showed no dose-dependent 
pharmacokinetics. The unchanged drug and its major metabolite, 11, were 
negligibly excreted renally (0.5-2%). Their renal clearance showed urine 
flow rate dependencies. The plasma protein bindings were: sulmazole, 
40.8 f 1.0%; I I ,54  f 2%; III ,43 f 1%, and they were concentration inde- 
pendent. 

Keyphrases 0 Pharmacokinetics-nonlinear, sulmazole, in the dog 
Models, pharmacokinetic-nonlinear, sulmazole, in the dog 0 Sulma- 
zole-nonlinear pharmacokinetics in the dog 

Sulmazolel (I) has shown positive inotropic activity in 
an isolated dog heart preparation and in intact dogs (1-4). 
The onset and magnitude of cardiovascular response of 
this new nonglycosidic cardiotonic drug was studied in 
humans (5-10). The drug's action started immediately 
after intravenous administration, indicating that action 
was due to the parent compound (5) on the presumption 
that the time course of pharmacological action was related 
to the time course of the active drug in the central circu- 
lation. 

Pharmacokinetic studies of radiolabeled I have been 
~ ~~ ~~ ~~ 

1 AR-I, 115 BS, Lot No. Ch.-B 00718, Dr. Karl Thomae GmbH, 7950 Bib- 
erach/Riss. West Germany. 

conducted in the rat (11,12), baboon (13), rabbit and dog 
(14), and rhesus monkey (15), but only total radioactivity 
was measured. These studies did not reveal the phar- 
macokinetic behavior of the extensively metabolized I 
(16). 

The present paper reports on the pharmacokinetics of 
I as a function of dose using specific and sensitive high- 
performance liquid chromatographic (HPLC) assays (17, 
18). The stability, protein binding, and red blood cell 
partitioning of I, administered intravenously in dogs, and 
its metabolites, excreted in the urine, were also studied. 
Various methods of challenging the possible Michaelis- 
Menten pharmacokinetics of sulmazole were developed 
and applied to the data. 

6CH3 

Com- 
pound R1 R2 Name 

I H -SOCH3 2-[2-methoxy-4(methylsulfinyl)- 
phenyl] - lH-imidazo [4,5-b] pyridine; 
Sulmazole', mol. wt. 287.3 

phenyl] -lH-imidazo[4,5-b]pyridine2 
mol. wt. 303.3 

methylsulfinyl) phenyl] -1H- 
imidazo[4,54]pyridine; 
metabolite M2; mol. wt. 303.3 

I1 H -SO2CH3 2-[2-methoxy-4-(methylsulfonyl)- 

I11 OH -SOCH3 6'-hydroxy-2-[ (2-methoxy-4- 
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EXPERIMENTAL 

Materials-Sulmazole, 2-[2-methoxy-4-(methylsulfinyl)phenyl] - 
lH-imidaz0[4,5-b]pyridine, I, was obtained in ampules of 1000 mg/lO 
ml'. Synthesized (19) 14C-I had >99% chromatographic purity by TLC 
with subsequent liquid scintillation counting of extracted material and 
by radioscanning. This purity was substantiated by HPLC analysis. 
Reference compounds I1 and 111 were also obtained2. The solvents and 
reagents used were anhydrous dibasic sodium phosphate?, 85% phos- 
phoric acid4, acetonitrile HPLC graded, 30% hydrogen peroxide4, and 
phenobarbital sodium USP XIV granular5. A toluene base scintillation 
fluidfi was used for the radioactive counting with a liquid scintillation 
counter7. Standard catheters were used for catheterization of the j u g u l d  
and the forelegg veins. Blood was withdrawn into heparinized con- 
tainers'o. 

Pharmaeokinetic Studies in  Dogs-Three healthy male mongrel 
dogs (23-27 kg) were used for the pharmacokinetic investigations. Their 
blood analysis showed no pathogenic abnormality or presence of micro- 
filaria. The dogs were fasted at  least 17-20 hr before each study and were 
given water ad libitum. The animals were supported by a dog sling in a 
frame" placed on a laboratory table. The dogs were given 120 ml of water, 
30-45 min prior to the experiments, followed by intravenous saline 
infusion (35 dropdmin) until drug administration when the intravenous 
drip was reduced to 20 dropdmin. One day before the experiment, the 
animals were catheterized with a 30.5-cm standard catheter in the jugular 
vein after local anesthesia with mepivacaine hydrochlorideI2. A second 
catheter was also implanted in a foreleg vein (vena brachialis). On the 
following day, the drugs were injected directly into the jugular catheter 
(14 sec) followed hy flushing of the catheter with 20 ml of physiological 
saline. Then, the catheter was connected by a three-way  topc cock'^ to 
the saline infusion bottle14. Blood samples (4 ml) were taken into a 
heparinized vacutainerl" after filling the dead volume of the catheter with 
blood by aspirating with an extra syringe. These samples were discarded. 
During the first hour, blood was taken from the foreleg vein with subse- 
quent sampling from the jugular. In several studies, samples were taken 
simultaneously from both sites in the first hour. The heparinized blood 
was centrifuged immediately for 5-8 min a t  3000 rpm, and plasma was 
removed with sterile glass pipets. The red blood cells were suspended in 
2 ml of physiological saline and stored in an ice bath for reinfusion at the 
end of the study. Plasma was injected directly and immediately into an 
HPLC system after appropriate dilution and recentrifugation. Urine was 
collected from the dogs through a urinary catheter15 a t  15-30-min in- 
tervals up to 10-24 hr. Withdrawal time, volumes, and urinary pH were 
recorded, and aliquots of each sample were frozen until analyzed. 

One 24-kg dog, previously studied at  several intravenous doses, was 
administered orally 16 mg/kg/day of phenobarbital in gelatin capsules8 
for 13 days. Subsequently, the pharmacokinetics of an intravenous bolus 
of 2 mg/kg of I were studied in this dog. 

HPLC Assays-A fully automated HPLC system (18) permitted the 
direct injection of body fluids. The drugs and metabolites were trapped 
on either of two alternately working enrichment precolumnsand dry- 
filled with reverse-phase material's, while nonlipophilic material was 
separated by flushing the precolumns for 3 min with deionized water with 
a 2-ml/min flow rate. Backflush elution with the mobile phase was used 
to desorb the drugs from the precolumns to the analytical column in order 
to chromatographically separate and quantify. The equipment consisted 
of an a ~ t o s a m p l e r ~ ~ ,  two HPLC pumps18, a fluorescence detector19, a 
chromatographic data station2", and a self-made precolumn switching 

2AR-L 114 BS, DR. Karl Thomae GmbH, 7950 BiberachBiss, West Ger- 
many. 

Mallinckrodt. Inc., Paris, KY 40361. 
Fisher Scientific Co., Fair Lawn, NJ 07410. 
Mallinckrodt Chemical Works, St. Louis, MO. 
Scinti-Verse, Fisher Scientific Co., Fair Lawn, NJ 07410. 
Packard Tri Carb 460 CD Liquid Scintillation System, Packard Instrument 

Intracath intravenous catheter placement unit 30.48 cm (12 in), 16 gauge, The 

30.48 cm (12 in) catheter. 17 gauge 0.031 in. i.d., The  Deseret Co., Sandy, U T  

Becton Dickinson Vacutainer, heparinized, Rutherford, NJ 07070. 

Co. Inc., Downers Grove, IL 60.515. 

Deseret Co., Sandy, U T  84070. 

84070. 

I I  Alice King Chatham Medical Arts, Los Angeles, CA 90043. 
l2 Carbocaine, Winthrop Laboratories, New York, NY 10016. 
I9 Pharmaseal, Toa Alta, PR 00758. 
l4 McCaw Laboratories, Irvine, CA 92714. 

l6 Bondapak CIS-Corasil, Waters Associates, Milford, MA 01757. 
l 7  Model 420B, Perkin-Elmer, Norwalk, CT 06856. 
lU Series 3B, Perkin-Elmer, Norwalk, CT 06856. 
l9 Model 650S, Perkin-Elmer, Norwalk, CT 06856. 
2o Data Station Sigma 1.5, Perkin-Elmer, Norwalk, CT 06856. 

Monojet, Division of Sherwood Co., A Brunswick Co., St. Louis, MO 63103. 

system activated by pressurized air (18). The mobile phase for I and 11 
was acetonitrile-0.05 M dibasic sodium phosphate buffer (1:2.3, mobile 
phase A) apparent pH 6.8, with respective retention times of 2.40 and 3.01 
min. The mobile phase for 111 (mobile phase B) had a retention time of 
5.74 min and was mobile phase A diluted 1:1.13 with deionized water 
when urine was assayed after administration of I. When I11 was admin- 
istered intravenously, there were no interferences a t  its 2.03-min retention 
time, and mobile phase A was used. A self-packed steel columnz1 with 
reverse-phase materialzz was used with a working pressure of 8.5 me- 
gapascals at  49" (flow rate: 2 ml/min for mobile phase A; 2.5 ml/min for 
mobile phase B). The wavelengths (excitatiotdemission) in urine and 
plasma were 330 and 370 nm for compounds I and I1 and 345 and 515 nm 
for 111. These wavelength selections permitted no mutual interferences 
of 111 with I and 11. The slit width was adjusted to 10 nm (excitation) and 
5 and 10 nm (emission) for I, 11, and 111, respectively. Calibration curves 
were established in the biological fluid as concentration uersus peak area 
(19). 

Stabil i ty Studies-Solutions of -100 and 1000 ng/ml of I, 11, and 111 
were prepared in 1.0 N NaOH" and 1.0 N HC123, and the concentrations 
were monitored by specific HPLC assay after 0,4, and 20 hr at 20 and 47'. 
Similar studies were conducted in fresh dog plasma and urine at 20 and 
37.5". 

Protein Binding-Protein binding was studied by ultrafltration (20) 
and ultracentrifugation in freshly prepared dog plasma obtained by 
centrifugation of heparinized dog blood (5000 U of heparinZ4/50 ml of 
blood) for 20 min a t  2000 rpm. [l4C]-1 and metabolites I1 and 111 were 
used. 

Ultrafiltration-Ultrafiltration membrane cones25 were immersed 
for 5 hr in refrigerated deionized water, and excess liquid was removed 
by centrifugation for 5 rnin a t  1000 rpm. Since I showed markedly un- 
specific binding to the filter cones in the range of 17.6-33% a t  concen- 
trations of 3.5 X 10-3-3.5 X M, all cones were presaturated with 
appropriate concentrations prior t o  the experiment, which reduced the 
unspecific binding to W.3% (20). The fraction bound was calculated from 
the HPLC and liquid scintillation counting assay of the total concen- 
tration prior to the ultrafiltration of 2.5-3 ml of plasma and in the plasma 
water filtrate after 30% filtration. 

Ultracentrifugation-Drug concentrations between and lo-" 
M in dog plasma were centrifugedzfi for 20 hr a t  45,000 rpm at 20". Initial 
and supernatant concentrations were determined by liquid scintillation 
counting for I and by HPLC for I, 11, and 111. 

Red Blood Cell Partitioning-The time dependency of red blood 
cell partitioning of I (1.02pg/ml) was investigated in prepared heparin- 
ized dog blood with a previously determined hematocrit. The blood (5 
ml) was maintained a t  37.5', and 200-4 aliquots were removed at 2-min 
time intervals and digested for 5 hr with 2 ml of a mixture of 2-propa- 
no14-commercial solvent27 (1:1.5). Decoloration was effected with 0.2 ml 
of hydrogen peroxide for 30 min, then 10 ml of scintillation fluid6 was 
added. After an adaptation period of 6 hr a t  loo,  liquid scintillation 
counting was performed. The centrifuged plasma was assayed similarly, 
and the red blood cell-plasma water partition coefficients were deter- 
mined similarly. Freshly prepared red blood cells, obtained by centrif- 
ugation of heparinized dog blood at 1500 rpm, were washed four times 
with plasma water with subsequent centrifugation and were then resus- 
pended in plasma water. They were also resuspended in iso-osmolar 
physiological buffer (5.52 g of Na2HP04, 0.86 g of KHzPO4, and 32 g of 
NaClhiter). The hematocrit was determined and the suspension was 
spiked with eight different concentrations of I in the range of 9.8 X 
10-6-9.6 X lo-* M. After 20 min of incubation a t  37.5" under gentle 
mixing, aliquots were taken, the hematocrit determined, and the partition 
coefficient calculated (21). 

RESULTS AND DISCUSSION 

HPLC Assays-The described automated system permits direct in- 
jection of urine and plasma (diluted a t  least 1:1.5 with deionized water) 
from an automatic injection system for assays of I, 11, and 111. The sample 
adsorbed on the reverse-phase material of the precolumn was washed 

21 Herbert Knauer, 6370 Ober Ursel, West Germany. 
22 Hypersil ODS particle size 5 pm, Shandon Southern Products, United King- 

23 Ricca Chemical Co., Arlin on, T X  76012. 
24 Heparin Sodium, 10,OOO $ml, The  Upjohn Co., Kalamazoo, MI 49001. 
25 Membrane filter cones 2100 CF 50, Amicon Co., Lexington, MA 02173. 
a6 Beckman Ultracentrifuge model LS-50 with rotor Ti 50. Beckman Instruments, 

27 Biosolv, Beckman Inc., Fullerton, CA 92634. 

dom, Astmore, Runcorn WA 71 PR. 

Norcross, GA 30092. 
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for 3 min with deionized water to remove water soluble substances in the 
plasma and urine. Subsequently, the mobile phase backflushed the ad- 
sorbed material into the analytical column for HPLC assay, and the 
printer-plotter was activated to record the chromatogram 3 min after 
injection on the precolumn. The automated system of switching valves 
permitted injection and flushing of water soluble substances on one 
precolumn, while the second precolumn was backflushed for assay. The 
total time for a single assay was 12-15 min and 64-80 assays can be per- 
formed automatically in an 8-hr period. 

In the assays of I (2.40 min) and I1 (3.01 min) in urine with mobile phase 
A, a peak due to an unknown metabolite was observed a t  2.20 min that 
did not interfere with these fluorimetric assays at  330-nm excitation and 
370-nm emission. In the assay of 111 (5.74 min) in dog urine with mobile 
phase B, peaks due to unknown metabolites were observed at 2.21.3.63, 
6.85, and 9.05 min with the fluorimetric assay a t  345-nm excitation and 
515-nm emission. These peaks did not appear in blank urine when I11 was 
administered intravenously, and mobile phase A could be used for a re- 
tention time of 2.03 min at 345-nm excitation and 515-nm emission. 

The regression statistics (22) of calibration curves ( n  = 13-27) of 
concentrations versus peak area in the range of 20-1000 ng/ml for I and 
I1 and 40-1000 ng/ml for 111 gave analytical sensitivities (2 times the 
standard error of the estimate of concentration on peak area) of 15-18 
ng/ml for plasma and 12-26 ng/ml for urine. All curves showed intercepts 
not significantly different from zero, correlation coefficients >0.990, 
standard errors of regression coefficient of 0.4-0.9% of the coefficient, 
and standard errors of the intercept within f4.1 ng/ml. 

Protein Binding-Plasma protein binding percentages (percent of 
100 times the concentration in plasma-water/concentration in plasma) 
for different concentrations of drug and metabolites showed no apparent 
dose dependencies of protein binding. The percent protein bindings of 
I in the plasma concentration range of 50-15,OOO ng/ml were consistent 
by both ultrafiltration (41.5 * 1.2%, n = 6) and ultracentrifugation (40.5 
f 1.5%, n = 11) techniques, and the overall average was 40.8 f 1.0% 
(SEM).  The percent protein binding of I1 and 111 were 54 f 2% ( n  = 3) 
and 43 f 1% ( n  = 3), respectively, as determined by the ultracentrifu- 
gation technique in the 140-1500-ng/ml plasma range. 

Red Blood Cell-Plasma Water  Partitioning-The red blood cell- 
plasma water partition coefficient is the ratio of concentrations in the 
red blood cell to that in the plasma water. It can be calculated from the 
drug concentrations in plasma before and after equilibration with red 
blood cells with a known hematocrit, H = V R B C / V I , ~ ~ ,  and when the 
fraction, f ,  of the drug bound to plasma proteins is known, by means of 
an equation developed previously (21, Eq. 9). The time-dependent studies 
showed that red blood cell-plasma equilibration was achieved within 10 
min ( n  = 7), since there was no significant difference in radioactivity 
counts of the supernatant, 2246 f 36 cpm/ml (SD)  of plasma water after 
that time. The partition coefficients, D, calculated from studies in whole 
blood and for red blood cells suspended in plasma-water showed no 
significant dose dependencies. The calculated partition coefficients av- 
eraged 3.10 f 0.05 (SEM)  in whole blood in the range of 67-6OOO ng/ml 
( n  = 6) and 2.72 f 0.30 in red blood cell suspensions in plasma water in 
the range of 28-2820 ng/ml ( n  = 7). There was no significant difference 
when physiological buffer was used for the red blood cell suspensions. 
A t  157 ng/ml, D was 3.20 f 0.09 and 3.10 f 0.13 from plasma-water and 
buffer, respectively. 

Studies at  200 ng of I/ml also were conducted with the use of the HPLC 
assay for nonradiolabeled compound, where D = 2.59 for 6.9 X lo-' M 
in blood and 5.52 X 10-7 M in plasma and D = 2.07 for 200 ng/ml in the 
red blood cell suspension and 140 ng/ml in the plasma water. 

Stability of CompoundgThe  concentrations from the HPLC assays 
of I after appropriate dilution when subjected to 1.0 N NaOH and 1.0 N 
HCI for 20 hr were no different than when assayed at time zero. The 
maximum decrease in Concentrations of I, 11, and I11 a t  100 and 1000 
ng/ml of fresh dog plasma after 24 hr at 37.5' was 4 and 0.5% for I; 0.0 and 
0.1% for 11; and 0.1 and 0.0% for 111. The values were the same when the 
samples were incubated in fresh dog urine. Thus, there was no significant 
degradation within 1 day for I, 11, and I11 in strong acid, strong alkali, or 
in plasma or urine. 

Nonlinear Plasma Pharmacokinetics of Sulmazole: Data Analysis 
on the Presumption of Michaelis-Menten Kinetics-The semiloga- 
rithmic plots of plasma levels of I versus time (Fig. 1) are given for several 
studies a t  different doses in dogs. Data was obtained from blood taken 
from the foreleg vein during the first hour and from the jugular after that. 
The concentrations of sulmazole in jugular blood were up  to 3.0 times 
higher than that of foreleg blood in the first 15 rnin during the 2 mg/kg 
iv study in dog 1. Subsequently, the values coincided. The S-shapes of 
such curves are indicative of primarily saturable elimination processes 

'u n 

I a7mg'k9 

." 
101 

0 200 400 600 

12 
0 200 400 600 

15,000 

1,500 

150 t .- 
0 200 400 600 

MINUTES 
Figure 1-Semilogarithmic plots of plasma levels of sulmazole on in- 
travenous bolus administration of the labeled dose to dogs. The solid 
curves through the experimental values were calculated by Eq. 6 from 
the parameters given in Table I for each dog study. The squared symbols 
for dog 2 are for a study at 2 mglkg after the dog had been treated daily 
with 16 mglkg of oral phenobarbital over 13 days. The dashed lines for 
each dog study were plotted by Eq. 6 using the parameters for the 5- 
mglkg dose study for each dog (Table I ) .  The arrows designate the 
plasma level (pd values taken at time tl for the calculation oft:! for any 
plasma level pz. The initial estimation of Michaelis-Menten parameters 
by application of Eq. 5 were made from paired values subsequent to that 
time, tl. 

in the disposition phase (23). The initial sharp decrease can be assigned 
to distribution and the subsequent increasing slopes with time to dis- 
position. If there were only one saturable process and no significant 
parallel first-order elimination, the rate of plasma concentration ( p )  
decrease subsequent to equilibration of the drug in the body would be 
characterized by: 

Vmax P 
K m + p  

(Eq. 1) -dp/dt =- 

where urnax is the maximum possible rate of decrease of plasma concen- 
tration (ng/ml/min) a t  maximal plasma levels, and vma,/Km is the ap- 
parent first-order rate constant for terminal first-order elimination of 
drug when plasma levels approach zero: 

lim -dp/dt = v,,, (Eq. 2) 
P" 
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Figure 2-Plots ofpaired sulmazole plasma leuel-time data after the time given by the arrow in Fig. I in accordance with Eq. 5 to estimate I/vmax 
from the slope and K,/v,,, from the intercept. Each data point is labeled with the times after administration of the data pair used (p1 at t l  and 

and 

lim -dp/dt = (u,.,/K,)p (Eq. 3) 
P-0 

If the elimination process can be attributed to saturable metabolism, 
K, can be interpreted as the affinity constant for the available enzymes 
where the metabolic rate is proportional to the amount of drug-enzyme 
complex. When all enzymes are complexed in the steady state, the 
maximal zero-order rate, urnax, would be achieved. The data for all doses 
appeared to approach a final first-order loss of drug from the plasma (Fig. 
1) with visually estimated apparent half-lives of 30.0 f 5.9 (SD)  f 2.9 min 
(SEM) for dog 1 ( n  = 4), 27.2 f 7.0 ( S D )  f 4.0 min (SEM) for dog 2 ( n  
= 3). and 30.8 f 1.0 ( S D )  f 0.6 min ( S E M )  for dog 3 ( n  = 3). 

These estimates of the terminal half-lives are approximate and likely 
overestimate 0.693/(umax/K,), since they may be based on an estimated 
linearity of a slightly curving semilogarithmic plot of the terminal plasma 
concentrations against time (Fig. 1). 

The saturable disposition phase after complete equilibration of the 
drug among the tissues of the body can be characterized by the integrated 
form (24) of Eq. 1: 

(Eq. 4) 

where p1 and pz are plasma concentrations in the postdistribution phase 
taken a t  times t 1 and tz, respectively. This transcendental equation has 
no explicit solution for plasma concentration with time. Equation 4 can 
be rearranged to: 

(Eq. 5) 

where l/umax and Km/urnax are the respective slopes and intercepts that 
can be estimated from linear plots of ( t z  - t l ) / ln (p l /p z )  against ( P I  - 
p ~ ) / l n ( p l / p ~ )  for any pair of plasma levels, p1 and pz,  a t  their respective 
times, t l  and tz, in the postdistributive phase. Examples of such plots are 
given in Fig. 2 and the resulting calculated values of K ,  and urnax are 
listed in Table I. Such plots must be restricted to plasma levels subse- 
quent to the achievement of pseudo steady-state equilibration among 
the tissues of the body, i.e., the establishment of a one-compartment body 
model. Also, they are only valid for estimation of parameters (Table I) 
when there is only one saturable elimination process and no significant 
amount of drug is eliminated by any parallel first-order process. Thus, 
p1-values were not taken at earlier times. The pl-values, taken after body 
equilibration of drug was assumed (arrows in Figs. 1 and 3), were then 
paired with later pp-values, not too close in time, to produce the plots of 

Fig. 2 in accordance with Eq. 5. The urnax- and K,-values were then 
substituted into a rearranged Eq. 4: 

(Eq. 6) 

An experimental value for p1 at a known time t 1 (designated by the arrows 
in Figs. 1 and 3) in the presumed pseudosteady-state phase was assumed 
to be valid, and tn-values were calculated for various pp-values. The solid 
curves in Fig. 1 and the dashed curves in Fig. 3 were calculated in this 
manner. 

Although the parameters umax and K ,  (Table I) for Eqs. 4 and 6 ob- 
tained in this manner permit good f i t  to the experimental plasma level- 
time data (Figs. 1 and 3) subsequent to the time when pseudo steady-state 
equilibrations among body tissues are probably established, the calcu- 
lated plasma level values significantly overestimate the experimental 
values in the early time periods subsequent to the usual relatively rapid 
(a-phase) tissue distribution. 

Table  11-Parameters for Apparent Linear Pharmacokinetics of 
Sulmazole and Metabolites I1 and 111 in t he  24.2-kg Dog 1 

t z - ~ ~ - ~ ~  K m  ~2 

umax Vmax P I  
I n - + + ]  

Compound 
Parameter I I1 111 

Dose, mg/kg 0.7 0.7 1.0 
mg 16.94 16.73 24.4 
a", ng/ml 325 500 2000 
b" 573 302 272 
a", min-1 0.384 0.384 0.221 

(29.5) (21.2) (37.3) 
Pa 
CltOth,  ml/min 671 1583 103 1 
(.'IrenC 13.9 3.00 0.25 
Clinetd 657 1580 1031 
V,., liters 18.9 20.9 10.7 
vd' 28.6 48.6 55.5 
V,"+.2ng 29.6 55.4 9.0 

( t  l f i ,  min) (1.80) (1.81) (3.13) 
0.0235 0.0326 0.0186 

2.0 
48.8 

'4600 
552 

0.271 
(2.56) 
0.0186 

(37.3) 

0.25 

9.5 
56.2 
8.8 

1046 

1046 

~ _ _ _ _ _ ~  ~ 

Parameter description of time course of plasma concentrations. p = oe-"' + 
be-)''. b Cltot = AUCJdose (ng) where the total area under the plasma level-time 
curve is AUC, = A/n + b/@. Slope of plot of cumulative drug excreted at  time 
t ,  ZU, ,  against the area under the plasma level-rime curve until that time, where 
AIIC, = ( d n )  (1 - c o f )  + (b / /3 )  (1 - e -@' ) .  Apparent 
volume of distrihution of central compartment rel'erenced to plasma concentration, 
V, = po/dose (ng) = (a  + b)/dose (ng). [Apparent overall pseudo steady-state 
volume of distrihution referenced to plasma concentration, V,j = C/,<,J$. Y Apparent 
werall volume of distribution on the assumption of the one-compartment body 
model, Vextrap = h/dose (ng). 

Cl,,, = C/,(,( - C/,en. 
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Figure 3-Linear plots of sulrnazole plasma level-time data fitted in accordance with Eq.  6 from the Michaelis-Menten parameters given in Table 
I (- - -) and fitted on the presumption of constant zero-order rates of plasma leuel decay (-) ( ~ f  slopes ko/V (nglmllmin) (Table I ) .  The arrows 
designate the plasma leve/ (pL) values taken at time tl for the calculation of t z  for  any plasma level p2 by E 9 . 6 .  

This can be seen at the 15-mg/kg dose but less so at  the 2-mgkg dose. 
One possible explanation of the constantly recurring plateau or increase 
in plasma levels for all three dogs at 40-100 min after drug administration 
may be the presence of enterohepatic recirculation, the delayed contin- 
uous reabsorption of biliary excreted sulmazole from the GI tract. 

The urn,-values of Table I have reasonable precision that average f7% 
and show a decided dose effect: 23.9 f 3.9, 13.3 f 0.3, and 8.7 f 1.9 ng/ 
ml/min ( S E M )  at the 15-,5-, and 2-mg/kg iv doses of sulmazole, respec- 
tively. The estimated K, -values with their much higher variability av- 
eraging f32% do not permit any conclusion as to dose dependencies. The 
overall average of 232 f 36 ng/ml ( S E M )  is relatively small and does not 
disturb the linearities of the concentration-time plots of sulmazole for 
the greatest portion of the time course. 

The fact that one set of u,,/K,-values fails to characterize the plasma 
level-time values of sulmazole for all doses is apparent when the set of 
values for the 5-mgkg dme was used to attempt to fit the data at  all doses 
(dashed lines in Fig. 1). 

The u,,,/K, -values and the derived ( t  I/~),,,,/K(,-values (Table I) 
provide estimates of the apparent first-order rate constant effective at 
low drug concentrations in plasma in accordance with the postulation 
of one saturable elimination process directing the elimination that con- 
forms to Michaelis-Menten kinetics. 

Although there appears t o  be a systematic decrease in the averages of 
the v,,,/K, -values and an  accompanying systematic increase in the 
averages of the apparent half-lives with decreasing dose (0.7 f 1.5,lO.O 
f 1.5,and 15.0 f 3.4 min ( S E M )  a t  15,5, and 2 mg/kg of sulmazole, re- 
spectively), the standard errors do not permit an absolute decision. The 
data for dog 3 were contrary to those of the averages. 

The plasma level-time curve for sulmazole a t  the lowest dose studied, 
0.70 mg/kg, is plotted semiliogarithmically in Fig. 4. At this dose the 
pharmacokinetics appear to be linear; the drug appears to be eliminated 
by first-order processes from a two-compartment body model. The 
pharmacokinetic parameters are listed in Table 11. The terminal half-life 
of 29.5 min confirms the indicated increase of the terminal half-life with 
decreasing dose. 

Data Analyses on the Presumption of Zero-Order Pharmacoki- 
netics-Constant slopes kh/VI (ng/ml/min) can be obtained from the 
slopes of the plotted data in Fig. 3 and can reasonably characterize the 
plasma level-time data of sulmazole. These are given in Table I and are 
close to the estimated urn,,-values. Considering that they give less weight 
to the terminal data, they show similar dose dependencies. 

The dose dependencies of kolVI and urnax permit the conclusion that 
the simple model of a Michaelis-Menten single saturable elimination 
process with a constant u,,, cannot describe the sulmazole plasma 
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Figure 4-Semilogarithmic plots of plasma levels of sulmazole (I) and 
I I  after intravenous administration of 0.7 mglkg of each to dog 1. The 
curves through the data were constructed from the parameters given 
in Table II in accordance with p = ae-at + be-Dt. 

level-time data a t  all doses, even though it may give a reasonable fit at 
a given dose. The linearities of the plasma level-time data (Fig. 3) over 
such long time periods deny the existence of significant parallel first-order 
processes of elimination. Such processes could increase elimination rates 
a t  higher doses and plasma concentrations. 

The apparent zero-order rate constants, k6IVI (ng/ml/min) in the 
2-15-mg/kg dose range can be well characterized by the linear plot of their 
average values versus dose of sulmazole (mg/kg), r = 0.9996, to give: 

k!,/V1(&0.26) = 0.985(f0.027) X Dose + 4.17 f 0.25 (Eq. 7) 

The apparent overall volumes of distribution referenced to plasma 
concentration of sulmazole apparently were dose independent and were 
obtained from the intercept, CO, obtained from the extrapolation of the 
straight line of best fit through the plasma level-time data and averaged 
VI = dose (ng)/Co (ng/liter) = 36.5 f 1.7 liters. The value of VI by this 
method was 30 liters for the 0.7-mglkg dose (Table 11, Fig. 4). These 
volumes could also be estimated from the intercept, Cb, obtained from 
extrapolation of the plateau in the 40-100-min interval (Fig. 3) after in- 
travenous administration and a = dose (ng)/Cb (nghiter) = 41.0 f 1.1 
liters. The latter equation may be the more valid estimate if enterohepatic 
circulation did exist. Its existence would cause an overestimation of Co 
in the equilibrated fluids of the body and an underestimation of the ap- 
parent volume of distribution by the former method. The lower standard 
error of the mean of the latter (V;) with respect to the former ( V I )  a t  
several doses confirms this. The values are listed in Table I. The averages 
of the (ki)’ = V;(ko/V*) of sulmazole eliminated from the body are cor- 
related well with the dose in milligrams per kilogram in the 2-15-mg/kg 
range, r = 0.9982, by: 

kb f 0.161 = (0.426 f 0.167) X Dose + 1.71 f 0.15 (Eq. 8) 

Areas Under Plasma Sulmazole Level-Time Curves and  Possible 
Relations to Doses-The total area under the plasma level-time curve 
for saturable (Michaelis-Menten) disposition pharmacokinetics for the 
one-compartment body model (23) of volume V with an intravenous bolus 
is: 

I 
16 I 

L I b’ 

- C 

--5----0 r P’ 
O V  I I 1 I I I I I 
0 4 8 12 16 

DOSE, mglkg 

Figure 5-Plots of ratios of total area under the curve (nglminlml-1) 
to dose (mglkg) against dose forsulmazole (O), curve D, and metabolite 
II (o), curve E. The anticipated forms of curves expected aregiven as 
dashed lines for (A) zero-order kinetics with constant elimination rates 
a t  all  doses, (B)  saturable pharmacokinetics with constant Michaelis- 
Menten parameters a t  all doses, and fC) first-order elimination 
rates. 

Thus: 
D2 K D D 2  K,D AUCY‘ = - +m=- +- (Eq. 10) ~U,..V~ u,.,V 2koV ko 

The ratio of the total area under the plasma level-time curve for 
zero-order elimination (ko) to dose (D) for the one-compartment body 
model with an intravenous bolus is: 

(Eq. 11)  

where urnax = ko/V. 
In Eqs. 10 and 11 plots of the ratio of total area-dose should be linear 

functions of dose with a positive slope. In the saturable case (Eq. lo), the 
intercept should be positive; in the zero-order case (Eq. ll), the intercept 
should be zero. 

The ratio of the total AUC for first-order elimination to the doses is 
a constant: 

(Eq. 12) AUC!ID = upv = mtOt 
where the total clearance (Clwt) is a product of the terminal rate constant 
(p) and the apparent overall volume of distribution (V). 

Such ratios of AUC-dose in milligrams per kilogram are given in Table 
I for sulmazole, AUC!/D. The ratio for the 0.7-mglkg dose was 36,000, 
A plot of the ratio versus dose is given in Fig. 5 for sulmazole. The ratio 
increases with dose to indicate nonlinear pharmacokinetics, but it does 
not increase linearly. Sulmazole does not conform to the patterns antic- 
ipated for true saturable or zero-order pharmacokinetics in the one- 
compartment body model. This is a consequence of the apparent in- 
creases of urn, or k g V  (Fig. 3, Table I) with the initial dose, where k g V ,  
the zero-order rate of elimination, persists throughout the major time 
course of the drug in the plasma. 

Pharmacokinetics of the Formation of I1 from Sulmazole-The 
time courses of formation of I1 in the plasma on intravenous adminis- 
tration of sulmazole a t  2, 5, and 15 rnglkg are plotted in Fig. 6 for the 
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studies in dogs 1,2, and 3. The shapes of the curves imply a zero-order 
formation of I1 up to the times marked by the arrows, where sulmazole 
was depleted from the plasma and a subsequent first-order elimination. 
This hypothesis was challenged. 

If first-order formation and elimination existed, the amount of I1 
formed could be expressed as: 

I1 = CI""AUC' - CI"AUC" (Eq. 13) 

where AUC' and AUC" are the respective areas under plasma level-time 
curves for I and 11, and C/l'T' and C/" are the clearances of 1-11 and of 
11, respectively. Since the amount of I1 = VII [II], where VII is the ap- 
parent overall volume of distribution of 11, and [11] is the plasma level, 
Eq. 13 can be rearranged to: 

[IIIIAUC' = CI""/VII - (C~"/VII)AUC"/AUC' (Eq. 14) 

However, plots of the ratio of the plasma level [11] at a time t to the area 
under the plasma sulmazole-time curve up to that time t (AUCI) against 
the ratio of the areas of plasma metabolite-time to plasma sulmazole- 
time (AUCIIIAUC') were decidedly nonlinear, contraindicating the va- 
lidity of the postulation of first-order formation of I1 from sulmazole with 
a constant clearance CI"" with subsequent first-order elimination or 
constant clearance of 11, CP. 

A zero-order formation of the amount of I1 from sulmazole with sub- 
sequent first-order elimination can be expressed as: 

I1 = kilt - C/"AUC" (Eq. 15) 

This expression can be rearranged to: 

[II]/AUC" = (ki'/Vli)(t/AUC") - C/"/VII (Eq. 16) 

and plots of the ratio of plasma levels of the metabolite [II] a t  a given time 
( t )  to that of the area under the plasma metabolite concentration (AUC") 
to that time against the ratio of the time ( t )  to the AUC" should be linear 
with a slope kL1/V1l (ng/ml/min) and a negative intercept of CI1l/V~l 
(min-'), the apparent overall rate constant of elimination of the me- 
tabolite from its equilibrated tissues. These plots (Fig. 7) were linear to 
confirming the postulation of zero-order formation of the metabolite, 11, 
with its subsequent first-order elimination. The obtained zero-order rates 
of formation of I1 from sulmazole, kL'lV11 (ng/ml/min), and the apparent 
clearance per unit volume of 11, CI"/VII (min-'), are given in Table I. 

The plasma values of I1 with time were calculated with these param- 
eters and plotted as the curves through the data before the maximal 

values in Fig. 6. The values of maximum time corresponded to  the ces- 
sation times of the zero-order rate of depletion of sulmazole in the plasma 
(Figs. 3 and 4). 

Subsequent to the maximal values, metabolite plasma levels of I1 de- 
creased by an apparent first-order process which could be characterized 
by: 

[II] = Cfe-41'  (Eq. 17) 

where the values for Cb', the apparent plasma level extrapolated to zero 
time, and &I, the apparent overall first-order elimination rate constant 
of 11, are listed in Table I. These latter values appear to be dose-inde- 
pendent for plasma concentrations <2000 ng/ml of 11, and the half-lives 
average 26.5 f 1.2 min, consistent with the terminal half-life of 21.2 min 
when 0.7 mg/kg of I1 was administered (Fig. 4, Table II), a dose when the 
pharmacokinetics of I1 appear t o  conform to a two-compartment body 
model with first-order processes. The plasma values of I1 on sulmazole 
administration, subsequent to the maximal values, were calculated from 
the obtained Ci' and &-values of Table I and were plotted through the 
experimental data in Fig. 6. 

The rate of appearance of I1 (ng/min), k f ,  was calculated from the 
product of the kil/VIpvalues (Table I)  and the apparent overall volume 
of distribution, VII = 48,558 ml, obtained from the administration of 0.7 
mg/kg iv of I1 (Table 11). Although the kil-values of I1 appearance de- 
creased consistently (5.07 f 0.31-2.89 f 0.73 ng/min) with the decrease 
of sulmazole dose from 15 to 5 mg/kg, the values a t  2 mg/kg of sulmazole 
were high for dogs 1 and 2 (>l). A possible reason is that  the volume of 
distribution for I1 (VII) obtained from the single 0.7-mgbg iv bolus study 
of I1 and used to convert ki'/V~l, the zero-order rate of I1 appearance per 
unit of volume, to kg was not valid in these particular studies. If these 
values were not included, the ratio of kg (corrected to sulmazole equiv- 
alents) to k i ,  the apparent zero-order rates of I1 appearance and sulmazole 
disappearance, respectively, averaged 0.75 f 0.04 (Table I) and were 
reasonably consistent among doses and dogs. The two anomalous values 
at 2 mg/kg for dogs 1 and 2 showed ratios of 1.77 and 1.87, respectively. 
It is concluded that 75% of the sulmazole is transformed to its major 
metabolite, 11, by the zero-order process, 73 f 3% a t  15 mg/kg and 81 f 
6% a t  5 mg/kg of sulmazole. 

If, as shown in Table I, a relatively constant fraction of I1 was formed 
from I and if I1 were eliminated only by first-order processes or dose- 
independent clearances, the ratio of the area under the plasma level-time 
curve for I1 to the dose would not change with dose in accordance with 
Eq. 12. The fact that there is an increase of the ratio AUC!/dose with dose 
(Table 1, Fig. 5), although not as significantly great as the comparable 
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Figure 7-Plots in accordance with Eq. 16 for the estimation of the 
zero-order appearance of metabolite II  (slope = ki'/VII, nglmllrnin-') 
and its first-order disappearance (intercept = -C1I1/V~~, min-l) for 
intravenous doses of 2 (A), 5 ( O ) ,  and 15 (0) mglkg of sulmazole. 

ratio for sulmazole, indicates some degree of nonlinear pharmacokinetics 
for I1 a t  the higher sulmazole doses. 

Pharmacokinetics of 111-There was negligible renal excretion of 
unchanged I, 11, and 111. A possible route of metabolism of sulmazole, in 
addition to its oxidation to 11, is its hydroxylation to 111, since 111 is ob- 
served in the urine, although plasma I11 levels, even at 15 mg/kg of sul- 
mazole, were below the analytical sensitivities. 

The pharmacokinetics of I11 were studied at 1.0 and 2.0 mg/kg after 
intravenous administration of I11 and conformed to a two-compartment 
body model with apparent first-order transferences (Table 11, Fig. 8). 
There were no apparent dose dependencies. Total clearances (1040 
ml/min), terminal half-lives (37.3 min), and volumes of the central 
compartment (10 liters) and overall volumes (56 liters) were not signifi- 
cantly different for the two doses. 

The lack of significant plasma levels and the fact that  a week-long 
phenobarbital regimen did not increase sulmazole elimination rates 
significantly over the prephenobarbital regimen study at a dose of 2 
mg/kg of sulmazole (Fig. 1) indicates that  the hydroxylated compound 
is not a major product in sulmazole elimination. Phenobarbital is a 
well-known inducer of phenyl ring hydroxylation. 

Renal Elimination of I and  Metabolite 11-Unchanged I was ex- 
creted renally at  an average of 2.3 f 0.4% of the administered dose (Table 
111) with no apparent statistically significant dose effects. Similarly, an 
average of 0.27 f 0.05% of the administered sulmazole dose was excreted 
renally as metabolite 11. Typical plots of cumulative amounts excreted 
with time are given in Fig. 9. 

When there were narrow ranges of urine flow rates (Table 111) rea- 
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Figure 8-Semilogarithmic plots of plasma levels of metabolite I l l  
against time when III was administered intravenously at I (0) and 2 
(0) mglkg. The curves through the data are drawn in accordance to p 
= ae-OLt + be-et where the pharmacokinetic parameters are given in 
Table II. 
sonably constant renal clearances could be obtained from the regres- 
sions: 

AUlAt = C1renptmid (Eq. 18) 
where AU/At  is the amount ( A U )  of material excreted in a time interval 
( A t ) ,  where ptmid is the plasma level a t  the mid time of that  interval, 
and: 

X U  = Cl,,,AUC 0%. 19) 

where ZU is the cumulative amount of material excreted a t  a time when 
AUC is the area under the plasma level-time curve up to that time. 

In those cases where the urine flow rates varied over wider ranges, it 
was not possible to obtain reasonable correlations for Eqs. 18 and 19. The 
apparent renal clearance (Cl;::) showed significant functional depen- 
dence on urine flow rate ( A V / A t ) :  

Cl;:: = (AU/At)/ptmid = a f S, + ( b  f sb ) (AV/At )  (Eq. 20) 

Examples of this dependence are shown in Fig. 10. Fittings of cumulative 
amounts of materials excreted into the urine with time are shown in Fig. 
9 for the premises of constant renal clearance and renal clearances varying 
with urine flow rates using the parameters of Eq. 20 listed in Table 
111. 

The apparent renal clearances of sulmazole varied between 1.6 and 7.4, 
except for the 13.8 ml/min of the 0.7-mg/kg dose with an overall average 
of 3.9 f 0.8 ml/min. The apparent renal clearance of metabolite I1 varied 
between 1.0 and 3.4 ml/min, except for the 6.4 ml/min from the 0.7-mg/kg 
dose of sulmazole, with an overall average of 1.8 f 0.3 ml/min. Even when 
corrected for protein binding, the respective renal clearance referenced 
to free drug in plasma of I and I1 did not exceed 6.6 and 3.91 ml/min. This 
is strong evidence for a high excess of tubular reabsorption which is 
supported by the dependence of apparent renal clearance on urine flow 
rate (Eq. 20). 

The renal clearance of 0.7 mg/kg of intravenously administered I1 was 
3.0 ml/min from the plot in accordance with Eq. 18 (Fig. 11). The renal 
clearance of 1.0 and 2.0 mg/kg of intravenously administered I11 was in- 
dependent of dose (0.25 ml/min) (Fig. 11). The plots of cumulative uri- 
nary excretion against time of I11 are given in Fig. 1 2  and conformed to 
the values calculated in accordance with Eq. 19. 
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Figure 9-Plots of cumulative amounts of unchanged sulmazole and 
metabolite I1 excreted in urine for the labeled amounts of sulmazole 
administered intravenously to dog I .  The dashed lines are plotted for 
an assumed sulmazole constant renal clearance, Cl!en, of 7.4,7.77, and 
13.8 mllmin for the 5 - , 2 - ,  and 0.7-mglkg doses, respectively, in accor- 
dance with ZU' = Clf,, AUC'. Dashed lines are plotted for an assumed 
metabolite I 1  constant renal clearance, of 3.35 and 2.77 mllmin 
for the sulmazole doses of 5 and 2 mglkg. respectively, in accordance 
with ZU" = Cl',',.AUC". The solid lines are calculated for a urine 
flow-dependent renal clearance, CI,, = a + b(AV/At) where the a and 
b constants are given in Table I I I .  

Possible Rationales for the Unusual Nonlinear Pharmacokinetics 
of Sulmazole-The higher maximal zero-order rates of sulmazole 
elimination and transformation over large sulmazole concentration ranges 
a t  higher initial doses of sulmazole cannot be described by simple Mi- 
chaelis-Menten kinetics. It is possible to speculate why. The hypothesis 
of product-inhibited processes (as by hydroxylated metabolite) (25) 
cannot explain this phenomenon, since this factor would lower maximal 
zero-order rates with the higher dose. In addition, it has been shown that 
p-hydroxylation of the phenyl ring is not the major metabolic route. 

I t  was recently argued (25) that the Michaelis-Menten model for 
nonlinear processes has definite limitations, in that  its basic premise is 
the establishment of a quasi-equilibrium process; i .e. ,  the validity of Eq. 
1 is based on the premise of ready establishment of an equilibrium be- 
tween the drug and the metabolizing enzyme where the subsequent 
rate-determining step depends on the concentrations of enzyme-bound 
substrate. A general unsteady-state model was proposed which denies 
the steady-state postulate underlying Michaelis-Menten kinetics. These 
concepts were applied to the simulation of plasma level-time curves on 
the premise of competition of metabolic products with substrate for 
plasma-, enzymes-, and tissue-binding sites to demonstrate that prod- 
uct-inhibited transformations would not necessarily conform to Mi- 
chaelis-Menten kinetics. 

The unsteady state concept may be useful to model this system, where 
the apparent zero-order elimination rate of sulmazole disappearance and 
metabolite I1 appearance seems to be dose- and initial plasma concen- 
tration-dependent. Speculation on the basis of an unsteady state possibly 
could lead to explanations of the unusual nonlinear pharmacokinetics 
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Figure 10-Example of the dependence of the apparent renal clear- 
ance, Cl?f/, of sulmazole (0) and 11 (0) for a urine collection interval 
on the urine floul rate, AVIAt, in that interval for dog I (15-mglkg dose 
study).  

of sulmazole where the major route of sulmazole substrate metabolism 
to I1 can be postulated as: 

k4 s + R ~ ( S R )  ~ ( M R )  -+M + R (Eq. 21) 

and it can be conjectured that substrate ( S )  has noninstantaneous but 
high affinity to large numbers ( R )  of receptor sites. 

If the rate of transformation of receptor-bound substrate ( S R )  to re- 
ceptor-bound metabolite ( R M )  and the subsequent regeneration of free 
receptor sites by dissociation of metabolite (M) were not instantaneous 
processes, there could be a preliminary interval when few free receptor 
sites would be available to bind to the substrate. This would explain the 
existence of initial plateaus in the plasma level-time curves of Fig. 3 
subsequent to an initial drop in plasma levels and provide an alternative 
explanation to enterohepatic circulation as their cause. 

Also, if the transformation of receptor-bound substrate ( S R )  to re- 
ceptor-bound metabolite ( R M )  and its subsequent dissociation were 
rate-determining and time-dependent processes, the release of recep- 
tor-bound metabolite and the removal of substrate by available receptor 
sites would be greater for initially higher doses (or concentrations) of 
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Figure 11-Renal clearance plots in accordance with Eq.  19 for intra- 
venous administration to dog I of 0.7 mglkg of I 1  (A, left ordinate, Clf:, 
= 3.0 mllmin) and 1.0 (0) and 2.0 (0) rnglkg of I l l  (right ordinate. Cl;',', 
= 0.25 mllmin). 
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Table 111-Parameters of Renal Elimination of Sulmazole and Metabolite I1 on Intravenous Administration of Sulmazole 

Estimated Average Renal Clearances, ml/min 
ZU,, mg Dose, ZU versus AUCb AUlAt versus p t  m,dc 

Don mglkn I I1 I I1 I I1 I i1 
~ 

- d -d -d  - d 

- d  
-d - d  

15 12.0 1.686 3.6 0.48 
4.8 0.602 3.8 0.45 7.4 f 0.1 2.4 f 0.1 7.3 f 0.4 3.4 f 0.6 
0.64 0.091 1.4 0.18 6.4 f 0.3 2.8 f 0.1 5.2 f 0.9 

5 
1 2 

0.7 0.34 0.065 2.0 0.36 13.8 f 0.16 6.4 f 0.4 
d 

d 

- d 1.6 f 0.1 1.2 f 0.2 - 
- d 1.0 f 0.2 d 

5.4 0.501 1.4 0.13 
- 

15 
2 5 1.5 0.195 1.2 0.15 2.0 f 0.1 

- 1.9 f 0.1 2 0.32 0.048 0.65 0.10 1.6 f 0.2 1.2 f 0.1 

15 14.2 1.586 3.6 0.38 4.5 f 0.1 1.8 f 0.2 - d 1.4 f 0.7 
3 5 5.4 0.403 4.3 0.31 5.9 f 0.2 2.1 f 0.1 4.3 f 0.9 2.3 f 0.4 

2 0.52 0.062 1.0 0.11 2.2 f 0.1 1.0 f 0.1 2.0 f 0.2 1.2 f 0.1 

a + soe b -l S b e  rg Urine Flow, 
Dog mg/kn I I1 I I1 I I1 mllmin 

15 
1 5 

1.27 f 0.22 
-I 

0.8 f 0.2 
1.7 + 0.3 

0.3 
- - - 
2 0.7 f 2.1 -0.9 
0.7 5.4 f 3.0 0.1 f 0.1 

15 0.5 f 0.1 -0.1 * 0.1 
2 5 0.4 f 0.3 0.0 f 0.3 

-f 2 -I 

15 -f -f 
5 
2 

2.2 f 0.3 
-I 

0.8 f 0.1 
-I 

3 

3.1 f 0.2 
-f 

3.8 f 1.5 
4.7 f 0.7 

2.7 f 0.4 
2.5 f 0.4 

-f 

-f 
3.2 f 0.3 

-I 

1.2 f 0.1 0.97 
1.4 f 0.2 -I 
2.6 f 0.2 0.72 
3.4 f 0.4 0.94 

0.6 f 0.1 0.97 
1.9 f 0.3 0.87 

-f -I 

-I -f 
1.5 f 0.1 0.95 

-I -f 

0.90 0.5-2.5 
0.85 0.6-2.4 
0.98 0.6-2.0 
0.97 .0.7-3.0 

0.93 0.3-2.0 

-I 0.4-0.7 

-I 0.4-0.6 

0.85 0.3-0.8 

0.93 0.3-2.0 
-f 0.1-0.3 

100 X ZUJdose (mg) where Z!i" is converted to weight e uivalents of 1, i.e., multiplied by mol. wt. l/mol. wt. I1 = 0.95. b Regression coefficient and its standard 
error of estimate for plots of cumulative amount excreted agamst %e area under the plasma level-time curve for the respective compound at the time of cumulative excretion. 

S ecified 
plots were nonlinear due to CI,,, dependence on urine flow. Constants for the linear regression and their standard errors (22) of apparent renal clearances [Cl,, = 
( ~ U j / A t ) / p , ~ , ~  (ml/min)], the ratio of amount of compound excreted in a time interval, At, divided by the plasma level of compound a t  the midtime of that interval, on 
the urine flow rate [AVlAt, ml urine/the collection interval (ml/min)] in accordance with CI,,, = ( b  f sb ) (AV/At )  + a  f s.. 1 Insufficient variation in urine tlow ( AVlAt )  
t o  warrant attempted regression of CI,,, or no significant regression. 8 Correlation coefficient for dependence of apparent renal clearance on urine flow rate. 

Regression coefficient and its standard error of estimate for plots of rate of excretion in an interval against the plasma level at the midtime of that  interval. 

sulmazole when the plasma levels reach those initially obtained from 
lower doses than when the lower doses were administered. Thus, a 
dose-dependent rate of loss of sulmazole would be observed, since there 
would be slower overall rates of metabolism at  lower doses where the 
available sites would be occupied by metabolites for greater fractions of 
the time course and not available for the depletion of plasma levels. 

This model has been confirmed by simulation on the analogue com- 
puter. The conformity of the simulations with the observed data will be 
presented in detail in the future. 

Summary-The experimental data indicate that the higher dose and 
initial concentration give the greater constant rate of sulmazole loss from 
plasma. The proposed nonsteady-state model would account for these 
unusual nonlinear pharmacokinetics if it is speculated that all receptor 
sites can be potentially occupied by substrate, but not instantaneously, 
that there is a time- and plasma concentration-dependent rate of occu- 
pation of receptor sites and a time-dependent release of metabolite to 
provide unreacted receptor sites. 

10 l 2 L  

MINUTES 
Figure 12-Cumulative plots of 111 excreted with time at 1.0 (0)  and 
2.0 (0) mglkg iu  of 111 administered to dog 1 .  The curves drawn through 
the data were plotted in accordance with ZU"' = ClJ;',AUC where Cl::; 
= 0.25 mllmin. 

An alternative explanation can be based on the hypothesis that high 
concentrations of sulmazole, metabolite 11. and/or another metabolite 
can cause an irreversible, allotropic modification of the receptor so that 
binding of substrate, transformation to metabolite, and/or release of 
metabolite are enhanced. 
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Abstract Suspensions of deaggregated hepatocytes were prepared by 
a collagenase perfusion technique from livers of both normal rats and rats 
rendered diabetic by streptozocin treatment. Uptake of D-glucose and 
2-deoxy-D-glucose was estimated by adding 14C- or 3H-labeled hexose 
to a stirring suspension of cells in Krebs-Henseleit buffer at 37O, sepa- 
rating the cells by rapid centrifugation, and measuring radioactivity in 
the packed cell pellet. Uptake, calculated after correction for entrapped 
extracellular fluid, includes any hexose bound to, transported into, or 
otherwise immobilized in the cells. High concentrations of glucose (5-20 
d) establish an intracellular-extracellular distribution ratio near 1.0 
within 1 min, indicating a facilitated diffusion transport system. In 
contrast, a low level of glucose (71 nM) almost immediately (<15 sec) 
establishes ratios of between 3 and 4, which suggests a significant amount 
of glucose binding to cell membrane. Such binding would not be detected 
a t  the high glucose levels because of i ts  small magnitude. Hepatocytes 
from diabetic rats exhibit a decrease in this apparent binding to -60% 
of normal; preincubation with 0.1 IU/ml insulin increases this toward 
normal values, although it does not affect the binding by normal hepa- 
tocytes themselves. Preincubation with 0.1 pM dinoprostone depresses 
glucose binding in cells from both normal and diabetic rats. A low con- 
centration (1.2 nM) of 2-deoxy-D-glucose establishes even higher intra- 
cellular-extracellular distribution ratios of between 4 and 6, but the 
apparent binding of this sugar is identical in normal and diabetic rat 
hepatocytes and is not affected by preincubation with either insulin or 
dinoprostone alone. However, combined treatment with both agents 
causes a significant increase in 2-deoxyglucose binding. The results 
suggest that insulin promotes formation of hexose-binding sites and 
conversion of these to specific glucose-binding sites while dinoprostone 
may act by blocking the latter conversion. 

Keyphrases 0 Insulin-effect on D-glucose and 2-deoxy-D-glucose 
uptake, normal and diabetic rat hepatocytes, dinoprostone Dinopro- 
stone-effect on D-glucose and 2-deoxy-D-glucose uptake, normal and 
diabetic rat hepatocytes, insulin 0 Hepatocytes-rat, normal and dia- 
betic, effect of insulin, dinoprostone on D-glucose, 2-deoxy-D-glucose 
uptake 

The roles of insulin and prostaglandins on glucose re- 
tention by adipocytes, muscle cells, and hepatocytes have 
been the subject of contention in the literature. Although 
some have denied the existence of any stimulatory action 
of insulin on sugar retention by normal hepatocytes (1,2),  
others have demonstrated an increase in liver glycogen 
deposition in response to  this hormone (3,4). Treatment 
of diabetic animals with insulin is reported to augment 
glucose uptake by liver (5,6), and insulin may also enhance 

sugar uptake by adipocytes (7) and muscle cells (8, 9). 
Dinoprostone stimulates glucose uptake and oxidation by 
adipocytes (10) and intravenous infusion of dinoprostone 
in humans increases blood glucose levels (11). The present 
study demonstrates that insulin specifically enhances 
binding of low levels of glucose to hepatocytes and that 
dinoprostone inhibits this binding 

EXPERIMENTAL 

Preparation of Rat  Hepatocytes-Liver parenchymal cells were 
isolated and prepared by the procedure of Rikhazi et al. (12), which 
modified procedures previously described by Berry and Friend (13) and 
Ingebretsen and Wagle (14). 

Tests for Cell Viability-Trypan blue exclusion test for cellular vi- 
ability was routinely performed before and after the experiments and 
preparations showing 90% viable cells or more were used. 

The metabolic state of the hepatocytes during the incubation period 
was examined by following the respiration rate of cell suspensions in 
several separate experiments. Oxygen tension was recorded continuously 
with the aid of a biological oxygen monitor'. Rates were determined from 
the slopes of the oxygen tension curves and were calculated in terms of 
pl of oxygen/mg of cell protein. Protein was determined by the biuret 
reaction, using bovine serum albumin as a standard on centrifuged cell 
pellets dissolved in 1 N NaOH to minimize possible interference from 
medium components. 

Preparation of Diabetic Rats-Rats were rendered diabetic by 
streptozocin treatment following the procedure of Chandramouli and 
Carter (15) as modified by Bikhazi et al. (12). 

Isotopically Labeled Hexose-In all experiments with labeled glu- 
cose, 10 pCi of [l-14C]D-ghcose (58 mCi/mmole) was added to 226 ml of 
buffer to give a final concentration of 71 nM. In experiments with labeled 
2-deoxyglucose, 5 pCi of [l-"H]-2-deoxy-D-glucose (18.8 Ci/mmole) was 
added to the same volume to give a final concentration of 1.2 nM. 

Determination of Hepatocyte Count and Mean Diameter-Hep- 
atocyte count (1.2 X 108 cells per liver) and mean diameter (20 pm) were 
estimated by the procedure of Rikhazi et a / .  (12) using an automated 
counting machine2. 

Uptake of D-Glucose and 2-Deoxy-D-glucose by Hepatocytes-In 
general, 15 X lo6 cells obtained from one rat liver were added to 225 ml 
of stirred KrebsHenseleit solution in a water-jacketed beaker at 37O (the 
data in Tables I and I1 represent results from six different animals). After 
45 min a small volume of isotopically labeled hexose was added, and 1.5 
ml aliquots of suspension were periodically withdrawn, transferred to 

Yellow Springs Instruments, Yellow Springs, Ohio. 
2 Coulter Counter model A, Coulter Electronirs, Hialeah. Fla. 
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rendered diabetic by streptozocin treatment. Uptake of D-glucose and 
2-deoxy-D-glucose was estimated by adding 14C- or 3H-labeled hexose 
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rating the cells by rapid centrifugation, and measuring radioactivity in 
the packed cell pellet. Uptake, calculated after correction for entrapped 
extracellular fluid, includes any hexose bound to, transported into, or 
otherwise immobilized in the cells. High concentrations of glucose (5-20 
d) establish an intracellular-extracellular distribution ratio near 1.0 
within 1 min, indicating a facilitated diffusion transport system. In 
contrast, a low level of glucose (71 nM) almost immediately (<15 sec) 
establishes ratios of between 3 and 4, which suggests a significant amount 
of glucose binding to cell membrane. Such binding would not be detected 
a t  the high glucose levels because of i ts  small magnitude. Hepatocytes 
from diabetic rats exhibit a decrease in this apparent binding to -60% 
of normal; preincubation with 0.1 IU/ml insulin increases this toward 
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some have denied the existence of any stimulatory action 
of insulin on sugar retention by normal hepatocytes (1,2),  
others have demonstrated an increase in liver glycogen 
deposition in response to  this hormone (3,4). Treatment 
of diabetic animals with insulin is reported to augment 
glucose uptake by liver (5,6), and insulin may also enhance 

sugar uptake by adipocytes (7) and muscle cells (8, 9). 
Dinoprostone stimulates glucose uptake and oxidation by 
adipocytes (10) and intravenous infusion of dinoprostone 
in humans increases blood glucose levels (11). The present 
study demonstrates that insulin specifically enhances 
binding of low levels of glucose to hepatocytes and that 
dinoprostone inhibits this binding 
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isolated and prepared by the procedure of Rikhazi et al. (12), which 
modified procedures previously described by Berry and Friend (13) and 
Ingebretsen and Wagle (14). 

Tests for Cell Viability-Trypan blue exclusion test for cellular vi- 
ability was routinely performed before and after the experiments and 
preparations showing 90% viable cells or more were used. 

The metabolic state of the hepatocytes during the incubation period 
was examined by following the respiration rate of cell suspensions in 
several separate experiments. Oxygen tension was recorded continuously 
with the aid of a biological oxygen monitor'. Rates were determined from 
the slopes of the oxygen tension curves and were calculated in terms of 
pl of oxygen/mg of cell protein. Protein was determined by the biuret 
reaction, using bovine serum albumin as a standard on centrifuged cell 
pellets dissolved in 1 N NaOH to minimize possible interference from 
medium components. 

Preparation of Diabetic Rats-Rats were rendered diabetic by 
streptozocin treatment following the procedure of Chandramouli and 
Carter (15) as modified by Bikhazi et al. (12). 

Isotopically Labeled Hexose-In all experiments with labeled glu- 
cose, 10 pCi of [l-14C]D-ghcose (58 mCi/mmole) was added to 226 ml of 
buffer to give a final concentration of 71 nM. In experiments with labeled 
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added to the same volume to give a final concentration of 1.2 nM. 

Determination of Hepatocyte Count and Mean Diameter-Hep- 
atocyte count (1.2 X 108 cells per liver) and mean diameter (20 pm) were 
estimated by the procedure of Rikhazi et a / .  (12) using an automated 
counting machine2. 

Uptake of D-Glucose and 2-Deoxy-D-glucose by Hepatocytes-In 
general, 15 X lo6 cells obtained from one rat liver were added to 225 ml 
of stirred KrebsHenseleit solution in a water-jacketed beaker at 37O (the 
data in Tables I and I1 represent results from six different animals). After 
45 min a small volume of isotopically labeled hexose was added, and 1.5 
ml aliquots of suspension were periodically withdrawn, transferred to 

Yellow Springs Instruments, Yellow Springs, Ohio. 
2 Coulter Counter model A, Coulter Electronirs, Hialeah. Fla. 
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Table I-Uptake of Very Low Concentrations of Glucose by 
Normal and Diabetic HepatocytesP 

~ ~~ 

Calculated 
Total Uptake, Intracellular Excess Binding, 

p ro le s  Concentration, Uptake, % of 
Additions 10 cells nM nM Normal Exp 

Normal 
1.128 f 0.044 268 205 (100) a 

+ I  1.150 f 0.039 274 211 .103. b 
+P 0.972 f 0.022 232 169 ~ 82 

+I+P 0.983 f 0.006 234 171 83 
Diabetic 

0.761 f 0.011 181 118 58 e 
+I 0.894 f 0.017 213 150 73 f 
+P 0.733 % 0.033 i74 iii 54 

+I+P 0.800 f 0.017 190 127 62 

Significant differences (N = 6). 0.01 < <0.02 (b,c), (b,d),,(f,g);p <O.Ol (e,f), 
(f,h). (a,e), (b,f), (c,g), (d,h), No other cornginations show significant differences. 

Extracellular concentration of glucose: 71 nM. Expected intracellular concen- 
tration of glucose based on uptake at high concentration (Table 111): 63 nM. In- 
tracellular concentration was calculated as described in Table 111 and 63 nM was 
subtracted to obtain excess uptake. Excess uptake for the normal control was set 
equal to 100% to obtain percent binding. 

Conditions: (+I), preincubated in the presence of 0.10 IU/ml of insulin for 45 min; 
(+P), preincubated in the presence of 0.10pM of dinoprostone for 45 min; (+I+P) 
preincubated in the presence of both insulin and dinoprostone. The error given is 
the SEM. 

a 1.5-ml plastic centrifuge tube, and centrifuged at 10,OOOXg for 30 sec 
in a micro~entrifuge~. The supernatant solution was removed, the sedi- 
mented cell pellet was rinsed 2-3 times with phosphate buffer, and the 
tip of the plastic tube containing the pellet was cut with a knife and placed 
in a scintillation vial. The pellet was solubilized with 1 ml of 1% papain 
solution, 5 ml of scintillation fluid was added, and radioactivity measured 
using a three-channel liquid scintillation spectrometer4. The amount of 
hexose retained in the pellet was estimated from the radioactivity mea- 
sured in standard samples of the hexose. 

The effects of insulin and dinoprostone and a combination of these two 
substances were evaluated with a series of four incubations carried out 
in parallel. A concentrated cell suspension was divided into 4 aliquots, 
each containing -15 X 106 cells. The first aliquot was added to 225 ml 
of buffer solution; the second was added to the same volume of buffer 
solution containing 0.10 IU of insulin/ml; the third to the buffer solution 
containing 0.10 pM dinoprostone; and the fourth to the buffer solution 
containing both insulin and dinoprostone. After 45 min of preincubation, 
labeled hexose was added and the procedure described above was fol- 
lowed. 

Uptake of high concentrations (5, 10, and 20 mM) of glucose was 
measured after addition of normal hepatocytes to 225 ml of buffer con- 
taining the indicated concentrations of glucose plus a tracer dose of [l- 
14C]D-glucose. 

Measurement of Extracellular Space in the Packed Pellet-The 
general procedure for uptake of hexoses was applied, as described above, 
except that labeled hexose was replaced by 5 pCi of ["Hlinulin. The ra- 
dioactivity retained in a packed cell pellet of known volume was used to 
calculate the volume of medium contained within the pellet, assuming 
that inulin is excluded from the intracellular space. The inulin space 
(extracellular space) in the packed cell pellet ranged from 35 to 40%, and 
averaged 3896, a value consistent with the extracellular space around 
closely packed spheres. All estimates of uptake were corrected for in- 
clusion of 38% of extracellular fluid in the packed cell pellet. 

Statistical Treatment-Data were statistically treated and the tests 
of significance were checked by the standard error of the mean (SEM) 
using the Student's t test distribution table. 

RESULTS 

Viability of Hepatocytes During the Course of the Experi- 
ments-The trypan blue exclusion test indicates that almost all cells 
retain their ability to exclude the dye over the 45-min period of incuba- 
tion. Moreover, the mean cell diameter remains constant during the in- 
cubation in either insulin or dinoprostone. A QO2 of -1.0 pl/mg dry 
weight/hr is estimated which is lower than that reported for liver slices, 
but is within the range of normal mammalian cells (16). The protein 

~~ 

.3 Eppendorf Microcentrifuge, model 5412, Brinkmann Instruments, Westbury, 

4 Tricarb. model 3320, Packard Instrument Co., Downers Grove, Ill. 
N.Y. 

Table 11-Uptake of Very Low Concentrations of 2- 
Deoxyglucose by Normal and Diabetic Hepatocytes a 

Calculated 
Total Uptake, Intracellular Excess Binding, 

p y l e s  Concentration, Uptake, % of 
Additions 10 cells nM nM Normal Exp 

Normal 
0.0168 f 0.0013 4.00 3.00 (100) a 

3.48 116 b 
3.45 115 c 

+I+P 0.0298 f 0.0015 7.10 6.10 205 d 

+I 0.0188 f 0.0005 4.48 
+P 0.0187 f 0.0008 4.45 

Diabetic 
0.0181 f 0.0004 4.30 3.30 110 e 

+I 0.0188 f 0.0004 4.48 3.48 116 f 
+P 0.0178 f 0.0002 4.24 3.24 108 g 

+I+P 0.0257 f 0.0008 6.12 5.12 172 h 

(I Significant differences (N = 6). p <0.01 (a,d), (b,d), (c,d), (e,h), (f,h). (g,h). No 
other combinations show significant differences. Extracellular concentration of 
2-deoxyglucose: 1.18 nM. Expected intracellular concentration based on Table 111: 
1.00 nM. Other calculations and conditions are as described in Table I. 

content of hepatocytes is -16% of the wet weight, near the value reported 
for whole liver (16). The usual hexose uptake experiments were conducted 
after the steady-state rate of respiration had been established. 

Uptake of High Concentrations of Glucose by Hepatocytes of 
Normal  Rats-The data in Fig. 1 and Table 111 indicate a carrier- 
mediated facilitated mode of transport for glucose as expected with most 
mammalian cells. The intracellular concentration of glucose reaches an 
equilibrium value near the extracellular concentration within 1.0 min. 
The initial velocity of transport is too great to be estimated by the pro- 
cedure used; hence, calculation of a K u  for glucose transport is impos- 
sible, although it is known to be in the millimolar range for other cell types 
(3). 

Uptake of a Low Concentration of Glucose-Table I summarizes 
the uptake of glucose by hepatocytes from both normal and diabetic rats 
in the presence and absence of insulin and dinoprostone. Several features 
were evident: 

1. The uptake exceeded that expected of a facilitated diffusion 
transport. Instead of a ratio of near 1.0 (0.885 in Table III), ratios between 
2.5 and 3.5 were obtained for the intracellular-extracellular distribu- 
tion. 

2. Uptake was greatly reduced in hepatocytes from diabetic animals 
under all conditions. In terms of percent binding, untreated cells from 

$5 o !  , , , , , , , , , , n 
0 1 2  3 4 5 6 7 8 9 10 

MINUTES 

Figure I-Uptake of D-glucose by normal rat hepatocytes. Glucose 
concentrations key: (0) 71 n M ,  (0 )  5 mM, (0) IOrnM, and (A) 2OmM. 
Note that the scale used for the lour concentration differs from the scale 
for the three high concentrations. 
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Table 111-Uptake of High Concentrations of Glucose by 
Normal Hepatocytes * 

Concentrat ion 
Extracellular Uptake, Intracellular Ratio, 

Concentration, nmoles Concentration, Intracell 
mM m mM Extracell 

5.0 18 
10.0 39 
19.9 72 

4.3 0.87 
9.3 0.93 

17.1 0.86 
Mean n.xxFi 

0 Uptake was estimated from the levels shown in Fig. 1. Intracellular concen- 
tration was based on cell volume estimated from a mean cell diameter of 20 pm, 
which gave a volume of 4.2 p1/106 cells. All values for uptake have been corrected 
for an estimated 38% inclusion of extracellular fluid in the packed cell pellet (see 
text). 

diabetic rats were found to bind only 58% as much glucose as their normal 
counterparts. 

3. Insulin significantly increased (but not to the normal value) the 
uptake by the cells from diabetic animals, but had no effect on hepato- 
cytes from normal rats. 

4. Dinoprostone tended to depress glucose uptake in both normal 
hepatocytes and in insulin-treated cells from diabetic rats. 

Uptake of a Low Concentration of 2-Deoxyglucose--As in the case 
of glucose, the uptake of 2-deoxyglucose considerably exceeded the up- 
take expected from facilitated diffusion and gave even higher intracel- 
lular-extracellular distribution ratios (Table 11). However, there are 
several striking differences between the glucose and 2-deoxyglucose 
uptake patterns. 

1. There was no difference in the uptake of 2-deoxyglucose with or 
without insulin when cells from normal and diabetic animals were com- 
pared. 

2. Dinoprostone had no depressing effect on 2-deoxyglucose up- 
take. 

3. The only significant effect of any treatment was the marked in- 
crease in uptake and apparent binding when either cell type was exposed 
to a combination of insulin and dinoprostone. 

DISCUSSION 

A previous report (2) showed that insulin had no effect on the uptake 
of sugars by enzymatically dispersed normal hepatocytes. The effect of 
insulin in the present study was rendered evident by two factors: first, 
the use of hepatocytes from diabetic rats, which had a depressed glucose 
uptake responsive to insulin, in contrast to hepatocytes from normal rats 
which may already have been maximally stimulated; and second, the use 
of an extremely low level of glucose, much less than the physiological 
concentrations (-5 mM) usually employed in such experiments. 

The excess uptake detected by the use of a very low glucose concen- 
tration probably reflects some change in the glucose binding sites in the 
cell. The possibility that this excess uptake is attributable to an active 
transport system cannot be ruled out absolutely, although it appears 

unlikely because of the speed of equilibration which appears within 15 
sec (Fig. 1). Assuming that the excess does indeed represent glucose 
binding, the question remains as to what relationship this binding has 
to the transport mechanism and whether it indicates some change in a 
transport carrier protein. 

The most striking difference between the excess uptake of a low level 
of glucose and an even lower level of 2-deoxyglucose was the lack of effect 
of diabetes and insulin on the 2-deoxyglucose uptake. This may indicate 
that different sites and/or some differential change in relative affinities 
of the same sites are involved in the binding of the two sugars. In either 
case, it appeared that the insulin effect is specific for glucose. 

In conclusion insulin increases the uptake of glucose by hepatocytes 
from diabetic rats and not by those from normal rats, possibly because 
the normal cells are already maximally stimulated as is evident a t  low 
concentrations (<lo0 nM) of glucose. The insulin effect is specific for 
glucose since the hormone does not enhance binding of 2-deoxy-D-glu- 
cose. The results suggest that insulin promotes formation of hexose 
binding sites and conversion of these to specific glucose binding sites, 
while dinoprostone may act by blocking the latter conversion. 
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Abstract The present report demonstrates that for a t  least four 
pharmaceutical powders, the variation in fill weight associated with a 
vacuum/purge filling port is correlated with the length-diameter ratio 
of that port. This relationship has been mathematically modeled, and 
a design curve based on production data is presented, which depicts this 
relationship over a wide range of length-diameter ratios. For powders 
with properties similar to those presented, the design curve may be used 
to determine the dimensions of the port which will yield acceptable 
process weight control. Fill weight variances also can be predicted given 
a fixed port diameter. For other powders, the model can be used to create 
design curves with a few data points. 

Keyphrases Vacuum/purge fillers-method for predicting fill weight 
variation when packing powders 0 Pharmaceutical powders-method 
for predicting fill weight variation when packing powders using vac- 
uumlpurge fillers Models, mathematical-method for predicting fill 
weight variation when packing powders using vacuum/purge fillers 

Industry employs a variety of methods to fill containers 
with measured amounts of solids (1-6). The pharmaceu- 
tical industry most frequently uses vacuum/purge filling: 
the powder to be filled is drawn under vacuum from a 
hopper into a cylindrical port of preset dimensions. The 
powder is held against a piston under vacuum until a 
container is available for loading, then light air pressure 
replaces the vacuum and discharges the powder. 

The weight of the powder slug is determined by the bulk 
density of the powder and the geometry of the filling port. 
The diameter of the port ( d )  is determined by the choice 
of a filling wheel and can be varied only by changing 
wheels. The depth of the port, or the length (11, can be 
adjusted at  any time but is generally set before a filling run 
begins. The choices of filling wheels and port length set- 
tings to achieve the proper powder weight delivery are 
normally determined by trial and error, requiring a large 
number of determinations. Since variability around the 
desired weight is an important consideration in pharma- 
ceutical solid dose preparation, selecting the combination 
of settings yielding the minimum variation is desirable. 

Design curves, i.e., mathematical models fitted to em- 
pirical data and correlating equipment variables with de- 
sired results, frequently have been used in the chemical 
process industries to reduce dependence on trial and error 
adjustments. Unfortunately, the literature is lacking 
convenient mathematical relationships by which the op- 
eration and precision of filling equipment for the phar- 
maceutical industry can be predicted and optimized. 
Piston compaction/ejection equipment was studied (7), 
and the compaction forces needed to achieve the required 
fill weight, given powder bed height, and piston height were 
tested. Earlier, a mathematical model was developed (8) 
for filling gelatin capsules. Similar fillers were studied (9) 
but there was only an interest in the packing properties of 
various powders as a source of fill-weight variation. Thus, 
none of these contributions are directly applicable to the 
stated problem. 

The object of the present work, therefore, was to develop 
a design curve relating the variance of powder fill weights 
to equipment variables for a specific set of vacuum/purge 
fillers and a specific set of pharmaceutically useful pow- 
ders. It was hoped that the technique and the design curve 
used might also be shown to be more generally useful. 

THEORETICAL 

The variance in powder fill weights can be transformed into a dimen- 
sionless parameter and normalized by a new variable, CV, the coefficient 
of variation, defined as: 

(Eq. 1) 
S cv = = x 100% 
W 

where S is the standard deviation of fill-weight data, and w is the average 
fill weight. 

The independent variable for the model can incorporate both equip- 
ment and component effects as follows. Assuming the walls of an indi- 
vidual cylindrical port to be smooth, then the variation in the weight of 
a powder plug is proportional to the exposed lateral surface area and to 
the pressure drop across the cylinder. Assuming further that the pressure 
drop is constant across the length of the powder plug (distance) and time, 
then the pressure drop is solely a function of component properties and 
the integrity of the piston/filler which is used to set port length: Ap = 
f (crystallinity, particle size, particle shape, piston integrity). 

The component properties can be related to the bulk density of a ma- 
terial. Piston integrity can decrease during the course of routine filling 
due to blinding, but measured port pressure changes alert the operator 
to the need for piston replacement. Thus, A p  = f may be reduced to: 

AP = P (Eq. 2) 

where p is the material bulk density. 
Viewed from another perspective, the bulk density of a material de- 

termines the length of a contained powder plug and, therefore, the length 
of exposed cylinder for a specified fill weight and port diameter. This 
diameter, in turn, is an equipment parameter which determines the ex- 
posed lateral surface areas. Therefore, the independent dimensionless 
variable for the design curve may be: 

(Eq. 3) 
1 
d 

where 1 is the length of the powder plug and d is the diameter of the 
port. 

Consideration of certain boundary conditions, which will be more fully 
discussed, suggests that  the model should have both vertical and hori- 
zontal asymptotes. Such a model can be constructed as follows: 

- 

y = A + B I / ( x  - U )  + & / ( x  - u)' + . . . + & / ( x  - u)" (Eq. 4)  

where y is CV, x is the l / d  ratio, A is the horizontal asymptote, and L' is 
the vertical asymptote. 

The vertical asymptote should be fixed at  zero, otherwise the model 
has the unrealistic characteristic that  once the l l d  ratio is less than u ,  the 
CV begins to decrease with decreasing U d  ratio. 

The model of choice to attempt to fit the design curve, then, is: 

y = A + RJX + R ~ / X ~  + . . . + n,w (Eq. 5) 

where terms are added until the parameter for the last term is not sta- 
tistically different from zero. 

The interpretation of Eq. 5 is that A is the smallest value of CV, which 
can be attained by varying the l l d  ratio. Implied also is that CV will in- 
crease as the l l d  ratio hecomes small. This is reasonable, because with 
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Table I-Filler Dimensions and  Calculated Packed Densities for 
Zinc Acetate Powder Filling 

7 

Plug Plug Density 
Diameter Leneth e1cm3 l ld *;I d 0.95 cm 

constant 0.95 cm 
0.95 cm 
0.95 cm 

1 0.48 cm 
constant 0.79 cm 

0.79 cm 
0.95 cm 
0.95 cm 
0.95 cm 
1.3 cm 

1.3 cm 
2.5 cm 
3.8 cm 
5.0 cm 

2.5 cm 
2.5 cm 
2.5 cm 
2.5 cm 
2.5 cm 
2.5 cm 
2.5 cm 

0.650 1.3 
0.664 2.7 
0.656 4.0 
0.659 5.3 

0.666 5.3 
0.640 3.2 
0.638 3.2 
0.664O 2.7 
0.664 2.7 
0.643 2.7 
0.678 2.0 

1.3 cm 2.5 cm 0.660 2.0 
This measurement was repeated from the first section of Table I. 

lld ratio decreasing, the cylinder is becoming shorter and wider, and large 
surface area effects would contribute to a more variable fill. Conversely, 
if the cylinder becomes very long in relation to its diameter, pressure drop 
effects would add to variability and C V  would be expected to rise. 
Therefore, the minimum CV would be expected to occur a t  an lld ratio 
between the extremes. 

The model (Eq. 5) does not provide for increasing CV with very high 
lld values, because this phenomenon did not occur in this work. If nec- 
essary, the model (Eq. 5) can easily be modified by adding a term Ce', 
where C would be a small positive number. The parameter Cex would 
not contribute noticeable amounts to the expression until x (the l/d ratio) 
became quite large. 

EXPERIMENTAL 

Materials-Two vacuumlpurge powder fillers were used. When small 
quantities of containers were packed, a semi-automatic portable powder 
filler' was used at a rate of -&lo containers/min. Larger quantities of 
containers were filled a t  a rate of 15-65 containerslmin using an auto- 
matic powder fillerz. 

Use of these two units provided port diameters ranging from 0.48 to 
1.3 cm and lengths ranging from 0.19 to 9.5 cm. 

Four powders currently used in marketed or investigational pharma- 
ceutical finished-dose forms were available for study. The four materials 
are listed with their bulk densities. All are fine powders (<15-pm average 
particle size), low and constant in moisture content, and nonfree- 
flowing. 

Material g/cm3 
1. Erythromycin base3 0.520 
2. Zinc acetate4 0.655 
3. Tetracycline hydrochlorides5 and sodium bisulfite6 0.745 
4. Similar to 3, but with different proportions 0.732 

Methods-Since the first purpose of this work was to  develop design 
curves for two fillers in use, actual production conditions and data were 
used. Values of lld commonly used were selected and fill weights were 
measured. For each unique combination of product, filler, filling port 
diameter, and filling port lld ratio, 10-60 weight measurements were 
taken. In all, four materials, seven port diameters, and 39 lld ratios from 
0.20 to 10.0 were tested. Eighty-eight coefficients of variation were cal- 
culated. 

In addition to measuring fill weights, packed densities were calculated 
for a number of the combinations. These densities were used to test the 
implicit assumption of constant density in the model. 

RESULTS AND DISCUSSION 

Figure 1 shows the design curve relating CV to the lld ratio for all 
collected data. The equation for this curve is: 

1.3 
lld 

C V  = 0.35 + - (Eq. 6) 

~~ ~~ 

' Midel LM-14, Perry Industries, Inc., Hicksville. N.Y. 
'' Model E-1200. Perry Industries, Inc., Hicksville, N.Y. 

Ahhott Laboratories. Chicago, 111. 
.I. 'r. Baker, Phillipsburg. N.d. 

fi Ankerfarm, Milan, Italy. 
6 Virginia Chemical. Portsmouth, Va. 

'1 I 
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Figure  I-Powder filling precision versus port size (powder plug and 
port dimensions) fur oacuumlpurge filling of four pharmaceutical 
powders. 

Table I shows the packed densities for samples taken during filling of 
zinc acetate powder. 

The model was fit for each separate component using a weighted 
least-squares procedure with weights l/y2. 

Weighting was thought desirable for two reasons: the estimated CVs 
for low lld ratios were expected to have higher variability, and the esti- 
mate of A ,  the minimum achievable CV, is an important result of curve 
fitting and weighting the lower C V  values gives a better picture of the 
true minimum. 

This proved to be reasonable, since the sum of squared deviations of 
the data about the model was less when the weighting procedure was 
used. 

In all cases, the actual version of the model (Eq. 5) derived was: 

y = A + B ~ / X  0%. 7) 
because terms in higher powers of llx did not have coefficients that were 
statistically significantly different from zero, as seen in Table 11. (All tests 
of statistical significance were done at a two-sided, 5% level.) 

To examine whether another form of model might provide a better fit 
to the data, another f i t  was examined: 

(Eq. 8) y = a exp(blx) 

where a and b are the parameters of interest. 
This model, like the other model (Eq. 7), has a horizontal asymptote, 

a ,  and a vertical asymptote, x = 0. The model (Eq. 8) was fitted to the zinc 
acetate powder data. The sum of weighted squared deviations about the 
model was 8.29, >1.5 times that obtained with the model (Eq. 7) for the 
same data (Table 11). The chosen model (Eq. 7) gives a better fit than the 
(Eq. 8) model. 

The curve in Fig. 1 is the result of combining the data for all materials. 
T o  test the validity of combining the data, statistics of the two largest 
blocks of data were examined. A comparison of the estimates of A and 
I31 (Table 11) of the zinc acetate data with those of erythromycin showed 
no statistically significant differences between them (p-values of 0.50 
and 0.95 for A and E l ,  respectively). There is no statistical evidence to 
indicate a difference in design curves for the types of powders or equip- 
ment used. Thus, it is concluded that one general physical phenomenon 
underlies these data and dictates the shape of the curve. 
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Table 11-Results of Fitting Model * t o  the CV versus I ld  Data for  Four  Powders and Two Fillers 

Estimate Estimate p -Value for 
Powder of A of B1 Ho:B1= 0 

Zinc acetate* 0.361 1.43 0.0001 
Erythromycin 0.277 1.40 0.0016 
Pooled data from zinc 0.294 1.47 0.0001 

All fourc 0.408 0.94 o.oO01 
All four 0.347 1.29 0.0001 

acetate and erythromycinb 

Sum of Weighted 
p-Value for Sum of Squared Squared Deviations 
Ho:B2 = 0 Observations about the Model 

0.83 145.50 
0.91 19.97 
0.76 187.96 

0.37 2.63 
0.73 195.84 

~ 

4.99 
2.91 
8.09 

0.55 
10.86 

Model from Elq. 5. * Filled with Model LM-14, Perry Industries, Inc., Hicksville, N.Y. Filled with Model E-1200, Perry Industries, Inc., Hicksville, N.Y. d Combinations 
of powders filled with Model LM-14 or Model E-1200, Perry Industries, Inc., Hicksville, N.Y. 

The shape of the curve describes several things about the character- 
istics of vacuumlpurge fillers. I t  indicates that, in most cases, a powder 
plug lld ratio 11.5 will yield acceptably small fill-weight variances. I t  
indicates, further, that as the lld ratio decreases to 4 . 5 ,  powder-filling 
precision rapidly becomes worse and is extremely sensitive to l/d ratio 
changes. This is logical since the exposed surface area becomes a much 
greater percentage of the total surface areas as the lld ratio decreases. 
It also indicates that when the l ld ratio rises >1.5, precision approaches 
a nonzero limiting value. This asymptote predicts that efforts to increase 
weight control through port (or component) changes in this region will 
go unrewarded. 

It could be speculated that the validity of the entire approach rests on 
the assumption of a constant packed powder density. A variable packed 
density could lead to random variation in fill weight which would con- 
found any model. T o  examine this, data in Table I were used. These 
density data are shown in two sections: one with a constant d value and 
one when 1 is constant. When d is constant and 1 increases, density does 
not significantly change. When 1 is constant and d increases, density does 
not change either. Thus, the implicit assumption of constant density used 
in the model development is valid. 

This provides a basis for selecting the length for a filling port of preset 
diameter from a design curve, thereby eliminating the necessity for 
large-scale experimental testing of different port sizes. Given the bulk 
density of a powder or a mixture of powders and the required fill weight, 
one may use the design curve to determine the port length yielding ac- 
ceptable process weight control for any preset port diameter ( l l d  ratio 
of -1.5 is a good general choice). In addition, the curve allows prediction 
of fill-weight variances given a fixed port length. The model has been 
established with a large data base, it fits the data well, and it satisfies 
engineering constraints. 

For powders similar to those used in this work, the design curve can 
be used as is. For powders with significantly different characteristics, a 
few data points will allow the curve to be established. In any such oper- 
ation, various l / d  ratios producing the desired fill weight should be es- 
tablished, then the model (Eq. 5) fitted to the data with nonsignificant 
terms deleted. If very high l l d  ratios are used, CeX should be added to 
the model, where C is to be estimated. A plot of the data with the fitted 
curve will then allow a reasonable choice of the lld ratio. 
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Table 11-Results of Fitting Model * t o  the CV versus I ld  Data for  Four  Powders and Two Fillers 

Estimate Estimate p -Value for 
Powder of A of B1 Ho:B1= 0 

Zinc acetate* 0.361 1.43 0.0001 
Erythromycin 0.277 1.40 0.0016 
Pooled data from zinc 0.294 1.47 0.0001 

All fourc 0.408 0.94 o.oO01 
All four 0.347 1.29 0.0001 

acetate and erythromycinb 

Sum of Weighted 
p-Value for Sum of Squared Squared Deviations 
Ho:B2 = 0 Observations about the Model 

0.83 145.50 
0.91 19.97 
0.76 187.96 

0.37 2.63 
0.73 195.84 

~ 

4.99 
2.91 
8.09 

0.55 
10.86 

Model from Elq. 5. * Filled with Model LM-14, Perry Industries, Inc., Hicksville, N.Y. Filled with Model E-1200, Perry Industries, Inc., Hicksville, N.Y. d Combinations 
of powders filled with Model LM-14 or Model E-1200, Perry Industries, Inc., Hicksville, N.Y. 

The shape of the curve describes several things about the character- 
istics of vacuumlpurge fillers. I t  indicates that, in most cases, a powder 
plug lld ratio 11.5 will yield acceptably small fill-weight variances. I t  
indicates, further, that as the lld ratio decreases to 4 . 5 ,  powder-filling 
precision rapidly becomes worse and is extremely sensitive to l/d ratio 
changes. This is logical since the exposed surface area becomes a much 
greater percentage of the total surface areas as the lld ratio decreases. 
It also indicates that when the l ld ratio rises >1.5, precision approaches 
a nonzero limiting value. This asymptote predicts that efforts to increase 
weight control through port (or component) changes in this region will 
go unrewarded. 

It could be speculated that the validity of the entire approach rests on 
the assumption of a constant packed powder density. A variable packed 
density could lead to random variation in fill weight which would con- 
found any model. T o  examine this, data in Table I were used. These 
density data are shown in two sections: one with a constant d value and 
one when 1 is constant. When d is constant and 1 increases, density does 
not significantly change. When 1 is constant and d increases, density does 
not change either. Thus, the implicit assumption of constant density used 
in the model development is valid. 

This provides a basis for selecting the length for a filling port of preset 
diameter from a design curve, thereby eliminating the necessity for 
large-scale experimental testing of different port sizes. Given the bulk 
density of a powder or a mixture of powders and the required fill weight, 
one may use the design curve to determine the port length yielding ac- 
ceptable process weight control for any preset port diameter ( l l d  ratio 
of -1.5 is a good general choice). In addition, the curve allows prediction 
of fill-weight variances given a fixed port length. The model has been 
established with a large data base, it fits the data well, and it satisfies 
engineering constraints. 

For powders similar to those used in this work, the design curve can 
be used as is. For powders with significantly different characteristics, a 
few data points will allow the curve to be established. In any such oper- 
ation, various l / d  ratios producing the desired fill weight should be es- 
tablished, then the model (Eq. 5) fitted to the data with nonsignificant 
terms deleted. If very high l l d  ratios are used, CeX should be added to 
the model, where C is to be estimated. A plot of the data with the fitted 
curve will then allow a reasonable choice of the lld ratio. 
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Table I-Time to Peak Riboflavin Excretion Rate  in Control 
and  Antacid-Treated Subjects 

Aluminum- 
Magnesium Aluminum Magnesium 

Control. Hydroxide, Hydroxide, Hydroxide, 
Subject hr hr hr hr 

A 2.25 1.75 
B 0.75 2.25 
c 1.25 1.25 

2.25 1.75 
2.25 2.25 
2.25 2.75 

Mean 1.45 1.45 2.35* 

a The riboflavin dose was 30 mg. b p < 0.05, ANOVA and Dunnett multiple 
comparison test (8). 

complexes (l), alterations in gastric pH (2), and changes 
in the rate of gastric emptying (2 ,3) .  

It was shown (2) that aluminum hydroxide gel delayed 
the GI absorption of pentobarbital sodium in the rat by 
retarding gastric emptying. A similar effect of aluminum 
hydroxide gel has been shown (4) to alter the rate of dis- 
appearance of [51Cr]sodium chromate from the stomach 
of leukemic children. In the five patients studied, admin- 
istration of aluminum hydroxide gel slowed the mean 
maximal emptying rate from 5.1 to 1.8%/min. Effects of 
other antacids or combinations of antacids on gastric 
emptying have not been well documented. 

The present investigation examines the influence of 
commercially available preparations of aluminum hy- 
droxide, magnesium hydroxide, and an aluminum-mag- 
nesium hydroxide combination on the GI absorption of 
riboflavin in humans. The suitability of riboflavin to study 
the effect of antacids on gastric emptying stems from the 
fact that riboflavin is absorbed by a specialized transport 
system (5) in the proximal portion of the small intestine, 
and alterations in gastric emptying can produce significant 
changes in the rate and extent of riboflavin absorption 
from the GI tract (6,7). 

EXPERIMENTAL 

Subjects-Five healthy male subjects (age 22-30 years; weight, 66-81 
kg) volunteered for the study and gave written, informed consent. No 
vitamin preparations were taken for at  least 1 month prior to and during 
the course of the study. The study was conducted over a period of 4 
consecutive weeks in a randomized, crossover manner with each subject 
receiving riboflavin' control, riboflavin with aluminum-magnesium 
hydroxide oral suspension', riboflavin with aluminum hydroxide geP, 
or riboflavin with magnesium hydroxide oral suspension'. 

Riboflavin Absorption Study-After an overnight fast, each subject 
ingested 50 ml of water 1 and 0.5 hr prior to the administration of the 
drug. At the time of riboflavin administration, the bladder was voided 
and 30 mg of riboflavin was suspended in water and ingested in a total 
volume of 100 ml. This dose of riboflavin was utilized in other studies of 
riboflavin absorption in humans (5) and reflected alterations in gastric 
emptying patterns. Total urine samples were collected in plastic bags? 
a t  0.5,1, 1.5,2,2.5,3,4,5,6,8, 10,12, and 16 hr after administration of 
riboflavin and at  convenient intervals up to 36 hr after taking the drug. 
Food was not ingested for 4 hr following administration of the riboflavin 
dose. Fifty milliliters of water was ingested after each urine sample for 
as long as necessary to maintain adequate urinary output. Glacial acetic 
acid (3 m1/100 ml of urine) was added for stability purposes. The urine 
samples were stored in a refrigerator or  freezer until assayed. Blank 

I Eastman Kodak Co. 
Maalox. W.H. Rorer Co. 
Amphojel. Wyelh Laboratories. 
Milk ol' Magnesia, C. H. Phillips C ~ I  

5 Whirl-Pak. 18 oz., K ~ S C U  Co. 

Table  11-Peak Excretion Ra te  of Riboflavin in Control and 
Antacid-Treated Subjects 

Aluminum- 
Magnesium Aluminum Magnesium 

Control, Hydroxide, Hydroxide, Hydroxide, 
Subject p g h r  P d h r  P g h r  p d h r  

A 2394 2811 2826 2337 ~~ 

f i7 i  147fi 822 1391 
~~ 

B - .. . 
C 1247 653 
D 787 1437 

.~~ 

1301 1512 
1010 2176 

800 E 63 1 552 968 
Mean 1146 1386 1386 1643 
SD 739 904 824 624 

a The riboflavin dose was 30 mg. 

urinary excretion rates of riboflavin were obtained from 2- to 4-hr urine 
samples collected on the day prior to the experiment. 

Antacid-Riboflavin Absorption Study-One hour before admin- 
istration of riboflavin, 50 ml of water was ingested. One-half hour before 
administration of the drug, 20 ml of either aluminum hydroxide gel or 
aluminum-magnesium hydroxide suspension, or 10 ml of magnesium 
hydroxide suspension was ingested with either 30 or 40 ml of water. At  
the time of riboflavin ingestion, 20 ml of aluminum hydroxide or alurni- 
num-magnesium hydroxide or 10 ml of magnesium hydroxide followed 
by 30 mg of riboflavin suspended in a total volume of 100 ml of water was 
ingested. The collection procedure was identical to that followed for the 
riboflavin control samples. The antacid dose was chosen to  represent 
minimum dosages according to label directions. A lower dose of magne- 
sium hydroxide was necessary to minimize the possibility of a laxative 
effect from magnesium hydroxide. At least 1 week separated each of the 
riboflavin absorption studies. 

Assay-After suitable dilution, the urine samples were assayed using 
a modified USP assay for riboflavin (5), and fluorescence was measured 
on a filter fluorirneter6. 

Binding Studies-Various volumes of each antacid suspension were 
added to two different concentrations (1.6 and 4.9 pg/ml) of riboflavin 
in glass bottles. These concentrations reflected the low solubility of ri- 
boflavin in aqueous solution and represented only an approximation of 
in viuo levels. The resulting suspensions were shaken in a water bath7 a t  
37O for a t  least 30 min. Equilibrium was established by repetitive sam- 
pling. The suspensions were centrifugedR in warm (40O) centrifuge tubes 
for 2 min a t  3000 rpm, and the supernatant solution was assayed for ri- 
boflavin content by the described assay method. 

RESULTS AND DISCUSSION 
One measure of gastric emptying rate is the time to peak urinary ex- 

cretion rate of an oral dose of riboflavin. Peak excretion rate data for the 
five subjects studied are presented in Table I. The data, when analyzed 
by ANOVA and the Dunnett test (8), reveal that coadministration of 
aluminum hydroxide gel or magnesium hydroxide suspension with the 
riboflavin suspension results in a significant (p  < 0.05) increase in the 
time to peak excretion rate. 

The data for the peak urinary excretion rate of riboflavin in the control- 
and antacid-treated subjects are presented in Table 11. The coadminis- 
tration of the antacid mixtures with the riboflavin suspension results in 
a slight increase in the mean peak urinary excretion rates of riboflavin, 
but these data were not significantly different from control values. 

The percent urinary recovery of riboflavin for the control and in the 
presence of each antacid studied for each subject is presented in Table 
111. Control riboflavin urinary recovery ranged from 12.1 to 38.0%) of the 
30-mg dose with a mean value of 21.4 f 9.3%. Examination of the data 
in Table 111 reveals no change in the percent of riboflavin dose excreted 
in urine following concomitant administration of the antacids. 

Typical plots of the urinary excretion rate of riboflavin uersus time 
in one subject for each experiment are presented in Fig. 1. Administration 
of aluminum hydroxide gel results in a significant delay in the excretion 
peak time rate of riboflavin when compared with control values. This is 
consistent with the reported activity of A P  as a smooth muscle relaxant 
(9). The smooth muscle relaxing effect of aluminum hydroxide would 
reduce the gastric emptying rate and, therefore, result in a delay in the 
time until riboflavin reached its absorption site in the small intestine. 

'Turner Fluoriineter, model 111. G. K. Turner Associates Inc. 
Precision model 25 Water Bath Shaker, Precision Scientific. 
IEC. model H N - S  centrifuge. 
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Table 111-Percent Dose of Riboflavin a Excreted in Urine in 
Control and  Antacid-Treated Subjects 

Aluminum-Magnesium Aluminum Magnesium 
Subject Control Hydroxide Hydroxide Hydroxide 

A 38.0 43.7 29.1 31.1 
H 12.1 23.2 15.6 24.9 
C 24.0 
1) 13.6 
E 19.4 

12.5 
23.4 
21.8 

20.1 28.j 
16.1 23.8 
24.1 19.9 

Mean 21.4 24.9 21.0 25.7 
SD 9.3 10.2 5.1 3.9 

" The rihoflavin dose was 30 mg. Cumulative amount of riboflavin excreted 
per dose X 100. 

Under these conditions, coadministration of aluminum hydroxide gel 
should result in a significant increase in the peak urinary excretion rate 
of riboflavin. since decreased gastric emptying would lead to a decrease 
in the rate in which the vitamin reaches the absorption site in the small 
intestine and, thereby, result in an increase in peak absorption rate (,5-7). 
If this were the case, an increase in riboflavin bioavailability in the 
presence of aluminum hydroxide gel would be expected. Table 111 indi- 
cates that this is not the case. The mean percent riboflavin urinary re- 
covery in control studies was 21.4%, while the percent recovery in alu- 
minum hydroxide treated subjects was 21.0%. A possible explanation for 
this Occurrence is presented in Table IV, which lists the percent riboflavin 
bound as a function of antacid and riboflavin concentration in the in uitro 
studies. As can be seen from this table, in the in uitro experiment, ribo- 
flavin binding to the aluminum hydroxide suspension (50%) a t  an initial 
riboflavin concentration of 1.6 pg/ml was 30.9% and was 26.9% a t  a ri- 
boflavin concentration of 4.9 pg/ml. If binding occurs in uiuo, it could 
potentially reduce the total amount of riboflavin available for absorption 
and result in no apparent net change in the amount of riboflavin excreted 
in urine in the presence of aluminum hydroxide suspension when com- 
pared with control experiments. 

Administration of magnesium hydroxide suspension to the five subjects 
also resulted in a significant alteration in the time to peak excretion rate, 

1000 1 

2 4 6 8 10 12 14 
HOURS 

Figure I-Urinary excretion rate of riboflavin as a function of time in 
subject E for control (@), aluminum-magnesium hydroxide (O),  mag- 
nesium hydroxide (A), and aluminum hydroxide (0) treatments. 

Table IV-Percent Riboflavin Round as a Function of 
Riboflavin and Antacid Concentration 

Antacid" 

Initial Concentration of 
Riboflavin, pg/ml 
1.6 4.9 

Aluminum-magnesium hydroxide (50) 10.9 f 1.4* 11.8 f 1.0 
Aluminum-magnesium hydroxide (17) 2.7 f 0.7 2.4 f 0.5 
Aluminum hydroxide (50) 30.9 f 0.8 26.9 f 1.6 
Aluminum hydroxide (1 7) 4.1 f 0.4 5.7 f 0.4 
Magnesium hydroxide (50) 83.0 f 0.8 80.8 f 0.4 
Magnesium hydroxide (17) 53.3 f 1.7 68.3 f 0.9 

(I Numbers in parentheses are the percent ofv/v liquid antacid used. The total 
Percent riboflavin hound; mean f .SO ol' five determina- volume was 30 ml. 

tions. 

with no change in peak excretion rate and the amount of riboflavin ex- 
creted in the urine. However, an increase in peak rate and extent of ri- 
boflavin excretion was noted in four of the five subjects studied. It was 
shown in rats (3) that magnesium hydroxide suspension can decrease 
gastric emptying through an effect on gastric fluid volume. Of additional 
interest is the percent riboflavin bound to magnesium hydroxide sus- 
pension in the in vitro studies presented in Table IV. In a 50% magnesium 
hydroxide suspension, -83% of a 1.6-pg/ml riboflavin solution was bound, 
while 81%) of a 4.9-pg/ml solution was bound. This high percentage of 
binding could reduce substantially the dose of riboflavin available at  the 
GI absorption site. Further experiments would be necessary to support 
this possibility. 

There was no apparent effect of coadministration of the magnesium- 
aluminum hydroxide combination suspension on riboflavin absorption 
from the GI tract. This was surprising in view of the effects of both alu- 
minum hydroxide and magnesium hydroxide on the pattern of riboflavin 
absorption in humans. One possible explanation is the AP+ dose con- 
tained in each dosage form. The total dose of aluminum hydroxide gel 
administered contained 2.56 g of aluminum hydroxide (lo),  while the 
aluminum-magnesium hydroxide Combination contained 1.8 g of alu- 
minum hydroxide (10). However, the magnesium hydroxide dose was 
identical (1.6 g) in both the combination antacid and magnesium hy- 
droxide suspension (10). Since no dose-effect relationship of the antacid 
dose to riboflavin absorption has been studied, other possibilities cannot 
be ruled out. However, it was shown (3) that of a series of aluminum- 
containing antacids studied, only aluminum hydroxide gel produced 
significant concentrations of aluminum ion capable of altering gastric 
emptying after reaction with acid. This reportedly is due to the relatively 
low pH (4.5) of the aluminum hydroxide antacid compared with the pH 
(7.2) of the aluminum-magnesium hydroxide combination. The relatively 
low degree of binding (-11%) of riboflavin to the combination antacid 
product (Table IV) should be noted. 

The results of the present investigation reveal an alteration in the 
absorption profile of a drug that is reported to be absorbed by a special- 
ized process in the upper portion of the small intestine when the drug is 
administered with aluminum hydroxide gel or magnesium hydroxide 
suspension. While additional work needs to be done in relation to the 
effect of dose and dosing regimen, it is apparent that antacids can in- 
fluence the absorption pattern of a specialized transport drug, the effect 
being dependent upon type of antacid or product administered and the 
degree of drug binding. 
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Abstract The assay of sustained-release tablets or capsules containing 
nitroglycerin, isosorbide dinitrate, or pentaerythritol tetranitrate by 
high-performance liquid chromatography is described. Acetonitrile was 
found to be the sample preparation solvent with the most general appli- 
cability to these products. Anisole was used as an internal standard for 
nitroglycerin and pentaerythritol tetranitrate, while 4-chloroacetanilide 
was used for isosorbide dinitrate. The method, which uses a CIS 
bonded-phase column, a methanol-water mobile phase, and 214-nm 
detection, was shown to be accurate, linear, and reproducible. 

Keyphrases High-performance liquid chromatography-analysis of 
sustained-release preparations containing nitroglycerin, isosorbide di- 
nitrate, or pentaerythritol tetranitrate Sustained-release prepara- 
tions-high-performance liquid chromatographic analysis of preparations 
containing nitroglycerin, isosorbide dinitrate, or pentaerythritol tetra- 
nitrate Nitroglycerin-high-performance liquid chromatographic 
analysis of sustained-release preparation Isosorbide dinitrate- 
high-performance liquid chromatographic analysis of sustained-release 
preparation 0 Pentaerythritol tetranitrate-high-performance liquid 
chromatographic analysis of sustained-release preparation 

Recently, the analysis of nitroglycerin ointment was 
reported by this laboratory (1). Nitroglycerin and the re- 
lated drugs, isosorbide dinitrate and pentaerythritol 
tetranitrate, are also formulated as sustained-release 
capsules and tablets. Pharmaceutical glaze and/or various 
cellulosic polymers are used to delay release of the active 
ingredient. Sustained-release nitroglycerin tablet analysis 
by column partition chromatography (2), sustained-release 
isosorbide dinitrate by GLC (3), and sustained-release 
pentaerythritol tetranitrate analysis by color development 
with phenoldisulfonic acid (4) have been reported. How- 
ever, high-performance liquid chromatography (HPLC) 
has advantages over all of these, since it is less time con- 
suming than column chromatography, more specific than 
phenoldisulfonic acid, and does not subject the samples 
to heat, which may cause thermal decomposition (5). 

The chromatography used for nitroglycerin ointment 
was based on a previously described method (6) and was 
adapted to the sustained-release preparations by varying 
the methanol content of the mobile phase to achieve the 
desired separation. A study was made of the ability of 
various solvents to extract the drug from the sustained- 
release matrix, since this is the most critical step in the 
analysis. 

EXPERIMENTAL 

Materials-The water' and acetonitrilez used were HPLC grade; 
methanol3 was distilled in glass; dimethyl sulfoxide, dicalcium phosphate, 
calcium sulfate, stearic acid, and ferric oxide4 were ACS reagent grade; 

J .  T. Baker, Phillipsburg, N.J. 
Fisher Scientific Co., Fairlawn. N.J. 
Burdick and Jackson Laboratories Inc., Muskegon. Mich 
Pfaltz and Bauer Inc., Stamford, Conn. 

and magnesium stearate4 was laboratory grade. Intestinal fluid was 
simulated intestinal fluid T.S. (7)  without enzymes. Ethyl cellulose, 
carnauba wax4, povidone5, talc6, colloidal silica7, pharmaceutical glazes, 
nonpareil seeds9, starchlo, lactose, polyethylene glycol, guar gum", car- 
boxypolymethylene, hydrogenated vegetable oil1*, hydroxymethylpro- 
p y l c e l l ~ l o s e ~ ~ ,  zein14, microcrystalline cellulose15, sodium starch glyco- 
lateI6, dried malt syrup17, FD&C blue No. l, FD&C yellow No. 5, and 
D&C yellow No. l O l S  were used as received without further purifica- 
tion. 

Standard nitroglycerin was as described previously ( l ) ,  standard iso- 
sorbide dinitrate triturate19 assayed a t  25.06% by the compendial method 
(81, and standard pentaerythritol tetranitrate trituratez0 assayed a t  
18.52% by the compendial method (9). 

Instrumentation-Instrumentation was as reported previously (1). 
For Table I, HPLC column 1 was pBondapak C1sz1 and column 2 was 
Ultrasphere ODSZ2. In addition, for analysis of authentic mixtures an 
electronic integratorz3 was used. 

Chromatographic Conditions-Typical chromatographic parame- 
ters [calculated as reported previously (111 are summarized in Table I. 

Procedure-Twenty tablets or the pellet contents of 20 capsules from 
the sample to be analyzed were accurately weighed and ground until just 
reduced to a fine powder. An appropriate weight of composite was 
transferred to a glass-stoppered Erlenmeyer flask or centrifuge tube and 
10.0 or 20.0 ml of the solvent being tested, containing internal standard 
(except as noted) was added. Flasks or tubes were stoppered, sealed with 
paraffin film and vigorously shaken with a wrist-action mechanical shaker 
for 1 hr. The following concentrations were used nitroglycerin, 0.1 mg/ml 
in intestinal fluid, 1 mg/ml in dimethyl sulfoxide, and 0.5 mg/ml in ace- 
tonitrile; isosorbide dinitrate, 0.25 mg/ml in water, 0.5 mg/ml in dimethyl 
sulfoxide, and 0.5 mg/ml in acetonitrile; pentaerythritol tetranitrate, 1 
mg/ml in dimethyl sulfoxide, and 0.5 mg/ml in acetonitrile. For nitro- 
glycerin and pentaerythritol tetranitrate, anisole, as reported previously 
(1 ), was used as an internal standard, except for the intestinal fluid trials, 
where no internal standard was used. For isosorbide dinitrate, 4-chlo- 
roacetanilide was used as an internal standard in all solvents. Internal 
standards were selected for suitable retention parameters; it was not 
considered desirable to use compounds of similar chemistry as internal 
standards due to the difficulties in handling polynitro compounds. The 
solutions were filtered24 except for dimethyl sulfoxide solutions, which 
were centrifuged. The clarified solutions were injected onto the liquid 
chromatograph. All detection was a t  214 nm. 

GAF Corp., New York. N.Y. 
Whittaker. Clark and Daniels Inc., Plainfield, N.J. 
Syloid 244. W. R .  Grace and Co., Davison Chemical Division, Baltimore, Md. 

and Cab-o-sil, Cabot Corp., Cab-o-sil Division, Boston, Mass. 
William Zinser and Co. Inc., Somerset, N.J. 
SCM SnowCrest. Salem, Mass. 
Colorcon Inc., West Point, Pa. 
Siama Chemical Co., St. Louis, Mo. 

l 2  Bolar Pharmaceutical Co., Copaigue, N.Y. 
l 3  Forest Labs, New York, N.Y. 
I4 Eastman Kodak Co.. Rochester. N.Y. 
l5 Avicel pH 101. FMC Corp., Philadelphia. Pa. 
l6 Explotab, Generichem Corp., Little Falls N.J. 
l i  Stanofill. Standard Brands, New York, N.Y. 

l9 Barr Laboratories. Northvale. N.C. 
2o Bolar Pharmaceutical Company, Copaigue. N.Y. 
21 Waters Associates, Milford, Mass. 
22 Altex Scientific Inc.. Berkeley, Calif. 
29 Model 3390A. Hewlett-Packard. Avondale. Pa. 
24 Grade 1, Whatman Ltd., England. followed by AAWP or FHLP, Millipore 

Division of Colors, Bureau of Foods. Food and Drug Administration, Wash- 
ington, D.C. 

Corp., Bedford. Mass. 
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Table I-Typical Chromatographic Parameters 

Mobile 
Phase 

Percent Plate Resolu- 
Compound Sample Solventa Methanol k' Count tion 

Nitroglycerin 
Anisole 
Nitroglycerin 
Anisole 
Isosorbide dinitrate 
4-C hloroacetanilide 
Isosorbide dinitrate 
4-Chloroacetanilide 
Pentaerythritol tetranitrate 
Anisole 
Pentaerythritol tetranitrate 
Anisole 

Dimethyl sulfoxide 
Dimethyl sulfoxide 
Acetonitrile 
Acetonitrile 
Dimethyl sulfoxide 
Dimethyl sulfoxide 
Acetonitrile 
Acetonitrile 
Dimethyl sulfoxide 
Dimethyl sulfoxide 
Acetonitrile 
Acetonitrile 

50 
50 
60 
60 
40 
40 
55 
55 
50 
50 
60 
60 

5.1 
6.0 
2.6 
3.6 
4.9 
7.7 
2.8 
3.7 
7.4 
5.2 
5.5 
4.6 

2240 
2850 
I745 
2570 
1370 
1140 
1270 
1290 
1770 
840 

1725 
2130 

1.95 
1.95 
3.8 
3.8 
3.9 
3.9 
2.3 
2.3 
3.9 
3.9 
1.8 
1.8 

~~ 

Dimethyl sulfoxide sample solvent runs on column 1, acetonitrile sample solvent runs on column 2. 

Table 11-Comparison of Sample Preparation Solvents for Nitroglycerin 

Intestinal Dimethyl 
Manufac- Dosage 

turer Form 
Fluid (pH 8) 

A" Rb 
Sulfoxide 

A R 
Acetonitrile 

A R 

1 6.5-mg capsule 
2.5-mg capsule 

2 6.5-mg capsule 
2.5-mg capsule 

3 6.5-mg tablet 
4 2.6-me: tablet 

n.d. n.d. 100.0 100.5 103.4 99.4 
83.8 n.d. 92.9 99.3 90.0 102.7 

107.2 98.8 98.2 102.5 94.5 97.7 
92.6 110.4 n.d. n.d. 94.4 101.2 
n.d. n.d. 86.8 119.4 116.9 102.4 
n.d. n.d. 84.0 94.7 79.8 99.3 

~ ~ 

0 A is the percent of the declared assay. * R is the percent recovery from the spiked sample. c n.d. is not determined. 

Table 111-Comparison of Sample Preparation Solvents for Isosorbide Dinitrate 

Manufac- 
turer 

Dosage 
Form 

Water 
A" Rb 

Dimethvl 
Suifoxicie 

A R 
Acetonitrile 

A R 

3 40-mg tablet 105.0 104.8 n.d.c nsi. 100.6 96.3 
5 40-mg tablet 87.7 97.2 98.6 97.4 99.7 99.4 
6 40-mg tablet 101.0 101.0 n.d. n.d. 94.6 99.8 
7 40-mg tablet 13.5 88.6 96.9 98.3 99.8 98.2 

a A is the percent of the declared assay. b R is the percent recovery from spiked sample. c n.d. is not determined. 

Spiked samples were prepared from one-half the appropriate com- 
posite weight and one-half the appropriate standard weight and treated 
as described. Authentic samples were prepared by combining individual 
weighings of the appropriate excipients and standards and analyzing 
them according to the method. 

RESULTS AND DISCUSSION 

The results of solvent comparison (reported as the average of two de- 
terminations) are presented in Tables 11-IV. Solvents were selected to 
span a range of polarities consistent with the solubility properties of the 
analytes and compatability with reverse-phase WLC. Preliminary trials 
with methanol and water-methanol gave poor recoveries for isosorbide 
dinitrate. Since a single sample solvent for all products was considered 
desirable, no further consideration was given to methanol. The data 
indicate that acetonitrile is the solvent with the most general applicability 
to these products. Aqueous solvents gave good extraction of the active 
ingredient in only about one-half of the cases in which they were tried. 
In addition, an interfering excipient peak was observed when 2.5-mg 
nitroglycerin capsules from manufacturer No. 2 were prepared with in- 
testinal fluid. Since pentaerythritol tetranitrate is practically insoluble 
in water (8) aqueous extraction was not attempted for this drug. Due to 
their solubility in dimethyl sulfoxide, cellulose derivative excipients 
caused interference (a broad peak between dimethyl sulfoxide and ni- 
troglycerin in samples from manufacturer No. 3) when dimethyl sulfoxide 
was the solvent. Acetonitrile has further advantages over dimethyl 
sulfoxide, since it can be filtered through nylon or perfluoroelastomer 
membranes and does not give a large solvent peak, allowing a more polar 
mobile phase to be used. The most serious disadvantage of dimethyl 
sulfoxide is that the solvent peak obscures the presence of any incom- 
pletely nitrated impurities, which are reported to elute before the fully 

nitrated product (6). These impurities can be detected if acetonitrile is 
the extracting solvent. 

Since acetonitrile was the best solvent, the methods in which it was 
used were subjected to further validation. Authentic mixtures containing 
the excipients and drug expected in these products at the levels most 
likely to be used in commercial formulations were analyzed. In the case 
of manufacturers No. 1 and No. 2, where two potency levels were under 
consideration, authentic samples were prepared corresponding to the 
lower potency. Since the formulations of the two potencies are similar, 
the lower potency is more likely to reveal any possible interferences. For 
nitroglycerin the excipients used were nonpareil seeds, talc, colloidal 
silica, povidone, pharmaceutical glaze, magnesium stearate, dicalcium 
phosphate, ferric oxide, ethyl cellulose, hydroxymethylpropylcellulose, 
and D&C yellow No. 10. The excipients used for isosorbide dinitrate were 
starch, lactose, talc, pharmaceutical glaze, ethylcellulose carboxypo- 
lymethylene, magnesium stearate, stearic acid, colloidal silica, hydrox- 
ymethylpropylcellulose, hydrogenated vegetable oil, povidone, FD&C 
blue No. 1, and FD&C yellow No. 5. For pentaerythritol tetranitrate the 
excipients studied were carnauba wax, hydrogenated vegetable oil, zein, 

Table IV-Comparison of Sample Preparation Solvents for 
Pentaerythritol Tetranitrate 

Dimethvl 
Manufac- Dosage Sulfoxicie Acetonitrile 

turer Form A0 R b  - 
~ ~ 

6 80-mgtablet 100.2 100.8 104.1 102.1 
7 80-mg capsule 101.3 101.6 107.2 101.5 
8 80-mntablet 104.6 100.0 107.0 101.8 

a A is the percent of the declared assay. * R is the percent recoveryfrorn spiked 
sample. n.d. is not determined. 
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Table V-Authentic Recoveries, Acetonitrile Sample 
Preparat ion Solvent 

Formulation Type” Recovery of Label Claim; % 

Nitroglycerin 
1 
2 
3 
4 
5 

Isosorbide Dinitrate 
3 
5 
6 
7 

Pentaerythritol Tetranitrate 
6 
7 
8 

97.5 
101.1 
100.3 
98.3 

101.3 
average 

CVb 1.25% 

100.6 
97.8 

102.0 
100.0 

average 
CV 1.50% 

99.0 
99.9 
98.2 

average 
CV 0.72% 

100.8 
100.5 
100.4 
ioi.8 
99.7 

100.1 

101.6 
98.3 

100.6 
99.2 

100.0 

99.2 
100.1 
99.8 
99.4 

0 Formulation types correspond by number to manufacturer numbers in previous 
tables. * Coefficient of variation. 

magnesium stearate, talc, dried malt syrup, microcrystalling cellulose, 
sodium starch glycol$e, calcium sulfate, stearic acid, starch, colloidal 
silica, lactose, polyethylene glycol, guar gum, FD&C blue No. 1 and FD&C 
yellow No. 5. Placebo mixtures without active ingredient or internal 
standard gave no peaks past the solvent front. Excipient peaks would not 
interfere with the detection of incompletely nitrated impurities. 

The results of assays of authentic mixtures containing active ingredient 
are given in Table V. The average recoveries of 99.4-100.1% with 0.72- 
1.50% CV indicate that the accuracy and reproducibility of the method 
are acceptable for the analysis of this type of product. The results of the 
spiked authentic samples demonstrate that  60-min shaking time is ad- 
equate to extract the drug. Since this is compatible with requirements 
of chromatograph start-up and equilibration, shorter times were not 
investigated. 

Linearity was tested using authentic mixtures. For nitroglycerin lin- 
earity was demonstrated from 0.2 to 0.8 mg/ml, representing 40-160% 
of label declaration. A correlation coefficient of 0.9990 was obtained (10) 

from the analysis of 0.2-, 0.4.. 0.5-, 0.6-, and 0.8-mg/ml samples. For 
isosorbide dinitrate linearity was demonstrated from 0.27 to 0.8 mg/ml, 
representing 54-160% of label declaration. A correlation coefficient of 
0.9998 was obtained (10) by measuring 0.27, 0.45,0.55,0.63, and 0.80 
mg/ml. For pentaerythritol tetranitrate linearity was demonstrated from 
0.5 to 1.5 mg/ml, representing 50-15090 of label declaration. A correlation 
coefficient of 0.9999 was obtained (10) by measuring 0.5,0.78,1.0,1.24, 
and 1.5 mg/ml. 

I t  appears that reverse-phase HPLC, after sample preparation with 
acetonitrile, is a useful method for the analysis of nitroglycerin, isosorbide 
dinitrate, and pentaerythritol tetranitrate sustained-release tablets and 
capsules. Since nitroglycerin hydrolysis products were recently demon- 
strated to elute substantially prior to nitroglycerin in this system ( l l ) ,  
the method is anticipated to be stability indicating for nitroglycerin. 
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Ascorbic acid frequently appears in multicomponent 
media, except in simple synthetic preparations such as 
ascorbic acid injection (1). In commercial liquid diets, for 
example, it is accompanied by proteins, amino acids, sac- 

charides, lipids, and minerals (2). Methods involving oxi- 
dation of ascorbic acid are complicated by oxidizable metal 
ions, notably iron(I1) and tin(1I) (3). 

The titrimetric oxidation of the two enolic groups of 
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Table V-Authentic Recoveries, Acetonitrile Sample 
Preparat ion Solvent 

Formulation Type” Recovery of Label Claim; % 

Nitroglycerin 
1 
2 
3 
4 
5 

Isosorbide Dinitrate 
3 
5 
6 
7 

Pentaerythritol Tetranitrate 
6 
7 
8 

97.5 
101.1 
100.3 
98.3 

101.3 
average 

CVb 1.25% 

100.6 
97.8 

102.0 
100.0 

average 
CV 1.50% 

99.0 
99.9 
98.2 

average 
CV 0.72% 

100.8 
100.5 
100.4 
ioi.8 
99.7 

100.1 

101.6 
98.3 

100.6 
99.2 

100.0 

99.2 
100.1 
99.8 
99.4 

0 Formulation types correspond by number to manufacturer numbers in previous 
tables. * Coefficient of variation. 

magnesium stearate, talc, dried malt syrup, microcrystalling cellulose, 
sodium starch glycol$e, calcium sulfate, stearic acid, starch, colloidal 
silica, lactose, polyethylene glycol, guar gum, FD&C blue No. 1 and FD&C 
yellow No. 5. Placebo mixtures without active ingredient or internal 
standard gave no peaks past the solvent front. Excipient peaks would not 
interfere with the detection of incompletely nitrated impurities. 

The results of assays of authentic mixtures containing active ingredient 
are given in Table V. The average recoveries of 99.4-100.1% with 0.72- 
1.50% CV indicate that the accuracy and reproducibility of the method 
are acceptable for the analysis of this type of product. The results of the 
spiked authentic samples demonstrate that  60-min shaking time is ad- 
equate to extract the drug. Since this is compatible with requirements 
of chromatograph start-up and equilibration, shorter times were not 
investigated. 

Linearity was tested using authentic mixtures. For nitroglycerin lin- 
earity was demonstrated from 0.2 to 0.8 mg/ml, representing 40-160% 
of label declaration. A correlation coefficient of 0.9990 was obtained (10) 

from the analysis of 0.2-, 0.4.. 0.5-, 0.6-, and 0.8-mg/ml samples. For 
isosorbide dinitrate linearity was demonstrated from 0.27 to 0.8 mg/ml, 
representing 54-160% of label declaration. A correlation coefficient of 
0.9998 was obtained (10) by measuring 0.27, 0.45,0.55,0.63, and 0.80 
mg/ml. For pentaerythritol tetranitrate linearity was demonstrated from 
0.5 to 1.5 mg/ml, representing 50-15090 of label declaration. A correlation 
coefficient of 0.9999 was obtained (10) by measuring 0.5,0.78,1.0,1.24, 
and 1.5 mg/ml. 

I t  appears that reverse-phase HPLC, after sample preparation with 
acetonitrile, is a useful method for the analysis of nitroglycerin, isosorbide 
dinitrate, and pentaerythritol tetranitrate sustained-release tablets and 
capsules. Since nitroglycerin hydrolysis products were recently demon- 
strated to elute substantially prior to nitroglycerin in this system ( l l ) ,  
the method is anticipated to be stability indicating for nitroglycerin. 
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media, except in simple synthetic preparations such as 
ascorbic acid injection (1). In commercial liquid diets, for 
example, it is accompanied by proteins, amino acids, sac- 

charides, lipids, and minerals (2). Methods involving oxi- 
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ions, notably iron(I1) and tin(1I) (3). 

The titrimetric oxidation of the two enolic groups of 

126 / Journal of Pharmaceutical Sciences 
Vol. 72, No. 2, February 1983 

0022-3549/ 83/ 0200-0 126$0 l.OO/ 0 
@ 1983, American Pharmaceutical Association 



OH 
I 

O Y O Y  + CHCHzOH 

HO I-' OH 

%1 
OH 
I c1 

/ 

c1 
Scheme I-oxidation of ascorbic acid by 2,6-dichlorophenol indo- 
phenol 

ascorbic acid to the two keto groups of dehydroascorbic 
acid by 2,6-dichlorophenol indophenol (Scheme I) lacks 
specificity in all but the most chemically inert systems. 
Other traditional methods are available. Microbiological 
assays are specific, but they are lengthy and suffer from 
poor precision. A popular colorimetric procedure (4) and 
a modification using p-nitroaniline are sensitive to im- 
purities and unresponsive at  low ascorbic acid concen- 
trations. An existing microfluorometric assay (5) does not 
distinguish between ascorbic acid and dehydroascorbic 
acid; this may be a serious shortcoming in stability studies, 
since dehydroascorbic acid is the principal degradation 
product of ascorbic acid. Methods for selective ascorbic 
acid determination appear to require extensive sample 
clean-up (6) or a sophisticated chromatographic system 
with selective detection such as high-performance liquid 
chromatography (HPLC) (7, 8), ion-exchange chroma- 
tography (9), electrochemical detection (lo), amperometric 
detection (11), or differential-pulse polarography (12). 

Although the HPLC methods mentioned are sensitive, 
frequently they are unable to resolve ascorbic acid from 
the water-soluble B vitamins. The more sophisticated 
detectors may not be available in many laboratories. The 
speed and accuracy of a titrimetric method is especially 
attractive where ascorbic acid analysis is done on a large 
number of samples or on a routine basis. The purpose of 
this report is to present a modification of the standard 
2,6-dichlorophenol indophenol titration such that it may 
be run in the presence of a large number of potential 
physical and chemical interferences present in commercial 
liquid diets. 

BACKGROUND 

Almost 50 years ago, the desirability of increasing the specificity of the 
2,6-dichlorophenol indophenol titration to  exclude the ferrous ion and 
glutathione was well understood (13-15). The titrimetric method was 
then sufficiently well developed to spawn its use in an impressive list of 
media including fruit and vegetable juice, milk, body tissues, cerebral 
fluid, plant extracts, and animal organs (16,17). The animal and vegetable 
media offer few interferences, but biological systems often contain enough 
oxidizable metal ions, notably ferrous ions, to interfere. Since the 1940s, 
the 2,6-dichlorophenol indophenol titration has been unearthed and the 
ferrous ion interference eliminated by carrying out the titration in acid. 
Hence, the ferrous ion interference was eliminated by titrating in acetic 
acid (18). The interference also was removed by titrating in hydrochloric 
acid solution (19), and hydrochloric acid-acetate mixtures (20). Aqueous 
acetic acid solutions also were used to eliminate ferrous ion interference 

1 oc 

40- 80 120 160 
MINUTES 

Figure 1-Degradation of ascorbic acid in an unmasked sample (pH 
5.0). 

(21,22). In a two-step titration of ferrous ion and ascorbic acid, the ferrous 
ion was masked by an aqueous succinic or adipic acid solution (23). De- 
spite these successful attempts to mask the ferrous ion during the ascorbic 
acid determination, extension of the method to include other redox in- 
terferences is absent from the chemical literature. 

An example of a redox interference is the presence of a reducible species 
in the sample such as cupric or ferric ions. The metal ions are reduced, 
and the ascorbic acid is oxidized yielding erroneously low ascorbic acid 
values. The reaction, e- + Cu2+ - Cut, occurs stoichiometrically with 
the ascorbic acid oxidation, and the cupric ion has been used to determine 
ascorbic acid (24). The ferric ion interference may be masked in some 
samples with the tartrate ion. 

Oxidizable metal ions and organic species, notably the mercaptans, 
cysteine and glutathione, interfere and yield high ascorbic acid assay 
values. The 2,6-dichlorophenol indophenol reacts with both the ascorbic 
acid and the oxidizable mercaptan. These interferences may be avoided 
by low pH solutions, and weak organic acids may be preferred since 
ascorbic acid is destroyed in very acidic solutions. 

Sulfur dioxide interference has been eliminated by addition of acetone, 
hydrogen peroxide, or formaldehyde. Strongly colored solutions have 
been decolorized with tablets' (25) to allow a visual endpoint. 

The standard 2,6-dichlorophenol indophenol titration is seen to be 
usable when other species in solution are not easily oxidized or reduced. 
Prevention of one oxidation reaction, Fez+ - Fe3+ + e-, may be accom- 
plished by dissolving the sample in a solution of a weak acid. The standard 
titration is not selective enough for analysis of biological fluids (since they 
often contain oxidizable species such as cysteine and glutathione), soft 
drinks that contain the sulfite ion, and vitamin formulations containing 
the stannous ion. None of the previous reports (18-23) attempted to 
modify the 2,6-dichloropbenol indophenol titration to select ascorbic acid 
in the presence of any oxidizable species except ferrous ion. The present 
report investigates sample handling conditions which would mask cys- 
teine, glutathione, sulfite, and tin(I1) and, hence, extend the utility of 
2,6-dicblorophenol indophenol titration to  systems where selectivity is 
important. 

EXPERIMENTAL 

Reagents-All chemicals were analytical reagent grade unless oth- 
erwise noted. 

Procedure-A sample containing -10 mg of ascorbic acid was weighed 
and transferred to a 125-ml Erlenmeyer flask having a ground-glass 
stopper. In addition to ascorbic acid, the samples contained glucose oli- 
gosaccharides, L-glutamine, L-aspartic acid, glycine, L-phenylalanine, 

Boehringer. 
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Table I-Titrimetric Assay of Various Commercial Liquid Diets 

Sample Ascorbic Acid", ppm Colorimetric Assayb 

4 
5 
6 

347 
285 
251 
237 
160 
166 

325 
277 
240 
240 

a Label value for all products was 160 ppm of ascorbic acid. Ref. 30. 

L-proline, L-leucine, L-lysine hydrochloride, L-alanine, L-arginine hy- 
drochloride, magnesium gluconate dihydrate, sodium citrate dihydrate, 
L-methionine, L-valine, L-threonine, L-isoleucine, L-serine, calcium 
glycerophosphate, L-histidine hydrochloride monohydrate, sodium 
glycerophosphate, potassium citrate monohydrate, safflower oil, L- 
tryptophan, potassium chloride, potassium sorbate, L-tyrosine, poly- 
oxyethylene sorbitan monooleate, ferrous gluconate dihydrate. choline 
bitartrate, zinc acetate dihydrate, cr-tocopherol acetate, niacinamide, 
manganese glycerophosphate, D-calcium pantothenate, cupric citrate, 
ascorbyl palmitate, pyridoxine hydrochloride, riboflavin phosphate so- 
dium salt, vitamin A acetate, thiamine hydrochloride, folk acid, d-biotin, 
potassium iodide, phytonadione, ergocalciferol, and cyanocobalamin. 
About 20-40 ml of 1.5 N acetic acid was added. The sample was titrated 
immediately with the titrant consisting of 0.2 g of 2,6-dichlorophenol 
indophenol and 0.2 g of sodium bicarbonate and distilled water sufficient 
to make lo00 ml of solution. The endpoint was a distinct pink color which 
lasted for 30 sec and was more intensely colored than a phenolphthalein 
endpoint. Similarly, a semimicro titration was performed. For a 5-ml 
buret, the titrant was prepared from 1.2 g of 2,6-dichlorophenol indo- 
phenol and 1.2 g of sodium bicarbonate to make 1 liter of solution. The 
titrant was standardized by titration against a standard solution of 100 
mg of USP ascorbic acid2 in 100 ml of 1.5 N aqueous acetic acid. Two 
milliliters of this standard solution was pipeted and titrated for the titrant 
standardization in both the macro and semimicro titrations. 

Wet additions of cysteine, glutathione, sodium sulfite, and tin(I1) 
chloride were made to a final concentration in the sample solutions of 
66.6-333 pg/ml. The samples were then assayed for ascorbic acid using 
the semimicro titration procedure. 

RESULTS AND DISCUSSION 
Some confusion exists in the literature over the nomenclature for the 

determination of ascorbic acid by oxidation to dehydroascorbic acid. 
Some investigators choose ascorbic acid, L-ascorbic acid, vitamin C, or 
total vitamin C as the species determined. Since the 2,6-dichlorophenol 
indophenol oxidation does not distinguish between I) and L forms, and 
since vitamin C is defined (26) as L-ascorbic acid, the generic term 
ascorbic acid may be less misleading. Total vitamin C is defined as the 
arithmetic sum of the L-ascorbic acid plus dehydroascorbic acid content 
of the sample. Dehydroascorbic acid has the same molar biological (an- 
tiscorbutic) activity as ascorbic acid (26), and, hence, assays of biological 
origin usually attempt to determine total vitamin C. Any assay specific 
for ascorbic acid does not necessarily measure the biological activity, since 
some or all of the ascorbic acid in the sample may have been oxidized to 
dehydroascorbic acid. Conforming to official USP nomenclature, the 
species determined by the described procedure is ascorbic acid (I) and 
L forms). Dehydroascorbic acid (and, therefore, the total vitamin C or 
biological activity) is neither determined nor does its presence interfere. 
If an assay for total vitamin C is desired, prior reduction of dehydroas- 
corbic acid with hydrogen sulfide may he possible (27,28). 

In many solid samples, the formation of dehydroascorbic acid follows 
dissolution in water. In standard solutions, the aerial ascorbic acid to 
dehydroascorbic acid conversion is slow, requiring 24 hr for 0.3% dehy- 
droascorbic acid to be formed (29). Inert atmospheres of carbon dioxide, 
nitrogen, and hydrogen have been employed to slow degradation further. 
Although it would appear that  no special sample handling is required, 
even minute amounts of ferric and cupric ions present in samples, strongly 
catalyze the ascorbic acid oxidation (2). In Fig. 1, considerable oxidation 
of ascorbic acid is seen to occur in the samples used in this study, even 
in an acidic medium. Even when the ferric ion has been eliminated by 
complexation or masking as a direct interference, the ion is still capable 
of catalysis of the ascorbic acid to dehydroascorbic acid conversion. When 
the dissolution medium is 1.5 N acetic acid, no degradation is observed 
for a t  least the first 5 min. 

Table  11-Dry Recoveries of Ascorbic Acid from Placebo 

Added Found % 
Milligrams Milligrams Recovery," 

0.500 
0.500 
1 .oo 
1 .oo 
1.50 
1.50 
1.56 
1.56 
1.56 
1.56 
1.95 
1.95 ~~ 

1.95 
1.95 
2.34 
2.34 
2.34 
2.34 

0.500 
0.520 
1.02 
1.00 
1.47 
1.46 
1.53 
1.53 
1.53 
1.52 
1.92 
1.91 ~ 

1.92 
1.90 
2.36 
2.37 
2.35 
2.35 

100 
104 ~~ ~ 

102 
100 
98 
97 
98 
98 
98 
97 
98 
98 
98 
97 

101 
101 
100 
100 

Average = 99.2% SD = 1.95. RSD = 1.96%. 

Initial attempts to increase the specificity of the 2,6-dichlorophenol 
indophenol oxidation of ascorbic acid using 0.1 M hydrochloric, nitric, 
and sulfuric acid media for dissolution were unsuccessful. The samples 
containing the ferrous ion yielded an assay equal to ascorbic acid plus 
the ferrous ion content. Five percent aqueous trichloroacetic acid was 
then used to dissolve some of the samples. The assay values were time- 
dependent, i.e., the longer the titration time, the lower the ascorbic acid 
content. rn-Phosphoric acid (0.1 M), sulfuric acid, and oxalic acid were 
tested, since they have been reported to increase the specificity of the 
reaction (28). None yielded satisfactory recoveries when sulfite was 
present. After trials with several mixed solvent and weak organic acid 
combinations, aqueous acetic acid was found to be the most applicable 
sample medium. The most dilute solution, which consistently masked 
ferrous ions, stannous ions, sulfite, cysteine, and glutathione was 1.5 N 
CHF02H. This dissolution medium was also found to mask cupric ions 
and other excipients listed in Experimental. Several commercial liquid 
diets were assayed titrimetrically and the results appear in Table I. Since 
commercial liquid diets frequently contain a large excess of ascorbic acid, 
some formulations were also assayed by the colorimetric determination 
of the 2,4-dinitrophenylhydrazine derivative of dehydroascorbic acid (30). 
The two methods are in good agreement. 

The selectivity of the titrimetric procedure presented here compares 
favorably with other oxidative titrations. Titration with N-bromosuc- 
cinimide, for example, is complicated by cysteine, glutathione, and sulfite 
(31). The selectivity of the basic chloramine T procedure (32) is limited 
to samples without sulfite and sulfhydryl compounds, thiosulfates, sul- 
fides, or tin(I1). The modified 2,6-dichlorophenol indophenol determi- 
nation is seen to be highly selective when compared with other titrimetric 
procedures. 

The utility of the 2,6-dichlorophenol indophenol titration of ascorbic 
acid has been extended to systems of a biological composition in the 
presence of iron(II), copper(II), cysteine, glutathione, sulfite, tin(II), and 
other redox interferences. The data for 18 dry recovery samples are 
presented in Table 11. The ascorbic acid was introduced to the placebo 
a t  six levels ranging from 0.5-2.34 mg. The average recovery was 99.2% 
with a relative standard deviation of 1.96%. For the precision of the 
procedure, 11 samples ranging from 4.34-6.48 g were assayed. All samples 

Table 111-Precision of Ascorbic Acid Titrimetric Assay 

Sample, g pg of Ascorbic Acidlg," 

4.34 
4.17 
4.34 
5.37 
5.25 
5.47 
5.48 
6.56 
6.53 
6.51 
6.48 

101.0 
97.5 

101.0 
99.9 
98.1 

102.0 
102.0 
102.0 
102.0 
101.0 
101.0 

* Aldrich Chemical GI., Milwaukee, Wis. 
0 Label value was 97.5 pg ascorbic acid/g sample; mean = 101 pg/g. S D  = 1.57 

pg/g. RSD = 1.56 pglg. 
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Table IV-Recoveries of Ascorbic Acid in the Presence of 
Known Interferences 

Ascorbic Acid Recovery, 
pg/ml Added, pga Found, pga % 

Cysteine 

Glutathione 

Sulfite 

Tin(I1) 

66.6 
133.0 
200.0 
266.0 
333.0 
66.6 

133.0 
200.0 
266.0 
333.0 
66.6 

133.0 
200.0 
266.0 
333.0 
66.6 

133.0 
200.0 
266.0 
333.0 

666 
666 
666 

663 99.6 
672 101.0 
667 100.0 

666 673 101.0 
fi6fi 671 101.0 .__ - . ~  ~ 

666 669 100.0 
666 665 100.0 
666 660 99.2 
666 66 1 99.3 
666 672 101.0 
666 666 100.0 
666 668 100.0 
666 67 1 99.2 
666 660 99.2 
666 663 99.6 ~~~ ... 

666 656 98.5 
666 667 100.0 
666 660 99.0 
666 662 99.4 
666 667 100.0 

0 Mean = 665 pg. SD = 5.0 pg. RSD = 0.75%. 

were obtained from the same lot and the theoretical ascorbic acid content 
was 97.5 pglg. The samples displayed good homogeneity and assayed a t  
an average of 101 p g  of ascorbic acid/g of sample or 104% of label value. 
The data appear in Table 111. In Table IV data are presented for the re- 
covery of ascorbic acid in the presence of known redox interferences. In 
each case a wet spike of the interference was made to a standard con- 
taining 666 pg of ascorbic acid. The resulting solution was then 333 pglml 
in ascorbic acid and from 66.6-333 pg/ml(20-100% of the ascorbiqacid 
concentration) interference. The titration was also performed without 
the acetic acid masking solution, and in each case, the recoveries were 
markedly <loo%. Dissolution of samples in 1.5 M acetic acid masks 
commonly encountered interferences and allows the use of a titrimetric 
procedure where more sophisticated methods were previously re- 
quired. 

The simplicity of the method cannot be overstated. The titrant is the 
only reagent required for the titration (since the titrant is also the indi- 
cator) and is stable for a t  least 1 month. The sample preparation consists 
of shaking with 1.5 A4 acetic acid for several seconds. Other titrimetric 
procedures not only are more time consuming for the determination itself, 
but require special procedures or unstable reagent. Reduction of the 
1,Z-enediol group by N-bromosuccinimide, for example, requires titration 
with an unstable reagent. Titration of ascorbic acid with chloramine T 
in some cases requires a carefully prepared sodium tetrathionate solution 
which is thermally and photochemically degradable. Although a recent 
report (32) describes the determination of ascorbic acid with chloramine 
T i n  the presence of sulfhydryl compounds or sulfite, it does not outline 
a procedure for safely distilling the acrylonitrile. Some analysts may be 
unwilling to distill as highly toxic, flammable, and explosive (33) a liquid 
as acrylonitrile. The oxidation of the l,a-enediol group by 2,6-dichloro- 

phenol indophenol appears to be the fastest and safest titrimetric de- 
termination of ascorbic acid presently available. 
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Abstract  0 A new method for monitoring tablet disintegration in uiuo 
was developed. In this method, the tablets were labeled with a short-lived 
radionuclide, technetium 99m, and monitored by a gamma camera. 
Several innovations were introduced with this method. First, computer 
reconstruction algorithms were used to enhance the scintigraphic images 
of the disintegrating tablet in uiuo. Second, the use of a four-pinhole 
collimator to acquire multiple views of the tablet resulted in high count 
rates and reduced acquisition times of the scintigraphic images. Third, 
the magnification of the scintigraphic images achieved by pinhole colli- 
mation led to significant improvement in resolution. Fourth, the radi- 
oinuclide was incorporated into the granulation so that the whole mass 
of the tablet was uniformly labeled with high levels of activity. This 
technique allowed the continuous monitoring of the disintegration pro- 
cess of tablets in uiuo in experimental animals. Multiple pinhole colli- 
mation and the labeling process permitted the acquisition of quality 
scintigraphic images of the labeled tablet every 30 sec. The resolution 
of the method was tested in uitro and in uiuo. 

Keyphrases 0 Disintegration-external scintigraphy in monitoring the 
behavior of pharmaceutical formulations in uiuo, technique for acquiring 
high-resolution images of tablets Tablet formulation-external scin- 
tigraphy in monitoring the behavior in uiuo, technique for acquiring 
high-resolution images of tablets Scintigraphy-external, monitoring 
the behavior of pharmaceutical formulations in uiuo, technique for ac- 
quiring high-resolution images of tablets 0 Radionuclides-99mTc-la- 
beled tablets, external scintigraphy in monitoring the behavior of phar- 
maceutical formulations in uiuo, technique for acquiring high-resolution 
images of tablets 

Several techniques have been developed that permit the 
direct observation in uiuo of pharmaceutical formulations 
such as tablets and capsules. The advantages and short- 
comings of these techniques have been reviewed in a 
number of reports (1-3). Although at the present time the 
pharmaceutical scientists evaluate the formulation work 

A 

B 

Figure l-(A) Block diagram of the image acquisition and data pro- 
cessing system; (B) projection of the four images using a four-pinhole 
collimator. 

by in uitro disintegration and dissolution studies coupled 
with in uiuo blood studies, there are instances where the 
formulations of locally acting chemotherapeutic agents, 
antibiotics, antacids, and endogenous substances such as 
iron, potassium, and calcium salts do not provide distin- 
guishable blood levels. Therefore, in such cases it is nec- 
essary to observe the in uiuo disintegration time of the 
formulation in order to confirm the in uitro findings (2,4).  
Furthermore, questions regarding the site of disintegration 
in the GI tract, the completeness of disintegration, the 
effectiveness of different enteric coatings, the rate of 
transition of the formulation through the different seg- 
ments of the GI tract with respect to the age of the indi- 
vidual, the gastric and intestinal malfunctions, and dis- 
eases can be only answered by direct observation of the 
formulation within the GI tract. However, examination of 
the scientific literature during the last 50 years has re- 
vealed that only limited information is available on dis- 
integration of formulations in uiuo. This can be attributed 
to the fact that the previous techniques were difficult to 
perform and were invasive to both animal and human 
subjects. The development of the gamma scintillation 
camera coupled with the availability of short-lived 
gamma-ray emitting nuclides and devices for fast acqui- 
sition, processing, and storage of digital data has provided 
an opportunity to develop a useful method for performing 
such in uiuo studies on tablets or capsules (3,5-8). Fur- 
thermore, the development of mathematical methods of 
image reconstruction and enhancement of objects emitting 
gamma radiation has made it possible to enhance the 
resolution of the images of small objects acquired by the 
gamma scintillation camera (5 ,6 ,9) .  

The present report addresses further the application of 
external scintigraphy and image reconstruction in the 
acquisition of high-resolution scintigraphic images of la- 
beled tablets in uitro and in uiuo. 

EXPERIMENTAL 

Image Acquisition and  Processing-A standard gamma camera1 
with a sodium iodide-thallium iodide crystal (diameter 25.4 cm; thickness 
1.25 cm) optically connected to 19 photomultiplier tubes was used to 
acquire the scintigraphic images of the labeled tablet phantoms and 
tablets in uitro and in uiuo. The images were digitized and stored on 
magnetic tape2 of the video image processor3 prior to transmission to 
another computer4 where the four pinhole images were back-projected 

Pho Gamma/HP. Siemens Gammasonics (formerly Searle Radiographics), 

Video Image Processor 460 (VIP-460), Technicare Inc. (formerly Ohio-Nu- 

Eclipse S/140, Data General Corp., Southboro, Mass. 

Des Plaines, 111. 

clear), Solon, Ohio. 

* Primus. 9-Track Magnetic Tape, 9 in Reel, Wabash Tape Co., Huntley. Ill. 
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Figure $--Schematic illustration of the back-projection process (A and B) and the actual images of the back-projection and Fourier enhancement 
of a 99mTc-labeled tablet (C-G). (A) Fourprojections (images), Pi(a,b), of a 99mTc-labeled tablet, f(x,y); (B) the images are back projected to form 
the back-projected image of the tablet, b(x,y); (C) original images, Pi(a,b), of a tablet from a four-pinhole collimator; (0) back-projected image 
of the tablet, b(x,y); (E) Fourier spectrum of back-projected image of the tablet; (F) Fourier spectrum of the tablet's back-projected image after 
filtering the very high frequency components (noise); and (G) the enhanced back-projected image of the tablet after inverse Fourier transformation 
was applied on F. 

into one image which was enhanced by using filtered back-projection 
(Figs. 1B and 2). The final image was either displayed on the CRT screen 
of the video image processor, which also has photographic capability, or 
printed on a printer5 using a 32-level gray scale display. The different 
interfaced devices and the flow of data are shown as a block diagram in 
Fig. 1A. A four-pinhole collimator was used to acquire four images of the 
labeled object. The distance between tablet and camera was optimized 
to provide the maximum magnification while all four images remained 
within the field of view of the camera. Serial images of the tablet were 
recorded a t  30-sec intervals on the video image processor. The duration 
of data acquisition for each image was 30 sec. 

Pinhole Collimator-A pinhole collimator was used to magnify and 
create four images of the tablet phantoms. The detachable pinhole as- 
sembly of a standard single-pinhole collimator was replaced by a lead cap 
of uniform thickness (0.3 cm) bearing four pinholes 0.119 cm in diameter, 
equally spaced on the periphery of a circle 3.8 cm in diameter (Figs. 1B 
and 3). 

Pinhole Collimator Optimization-The diameter of the pinholes 
was optimized by imaging a *Tc-labeled tablet (0.4 mCi). Images were 
taken with the tablet placed flat under the collimator and with the tablet 
placed on its edge. The counting time needed to accumulate 50,000 counts 
was plotted versus the pinhole diameter (Fig. 4). 

Labeling of Tablets and Tablet  Phantoms-Sodium [99mTc]per- 
technetate (I) in saline (10 mCi/ml) received from a molybdenum-99- 
technetium-99m generator6 was sprayed on the tablet granulation. The 
granulation was mixed, dried, and compressed7 in tablets of specified 
hardness. Each tablet was labeled with 5 O , ~ O O , O O O  cpm as determined 
by the gamma camera detector. The diameter of the tablet was 1.04 cm 
and the thickness was 0.40 cm. 

Five tablet phantoms were made of leather (Fig. 5A). Each phantom 
has a diameter of 0.8 cm and a thickness of 0.3 cm. Defects representing 
0-9.9'70 of the weight of the phantom were artificially created (Table I). 
The phantoms were labeled by exposure to an aqueous solution of I. Each 
phantom was labeled with 100,000-200,000 cpm as determined by the 
gamma camera detector. 

Back-Projection-The four images of the labeled phantom were 
back-projected into a single image by the following process. The distance 
between phantom and collimator was determined either by direct mea- 
surement or by the displacement of the images on the gamma camera 
crystal. This constant was used to determine the location of the four 
images on the crystal of the gamma camera. Then a two-dimensional 
array consisting of 64 X 64 picture elements (pixels8) was established 

Decwrher 111, Digital Equipment, Marlboro, Mass. 
Mallinckrodt Nuclear Co., St. Louis, Mo. 
Hydraulic Press, model C, Fred S. Carver, Inc., Menomonee Falls, Wis. 

8 Pixel is an acronym for picture element. 

around the center of each image. The four arrays were added together 
to form the back-projection image (Figs. 2A and B). The flow chart of the 
computer program used in back-projection is shown in Fig. 6A. 

Image Enhancement-Pixels in the back-projected image were 
transformed into the Fourier domain first by rows then by columns, fil- 
tered (as will he described) and retransformed to the spatial domain. 
Image enhancement was completed when every pixel of the back-pro- 
jected image was filtered. An example is given in Fig. 2. The flow chart 
of the computer algorithms used is shown in Fig. 6B. 

Fil ter Optimization-To enhance the edges of the tablet and there- 
fore increase the resolution, a modified ramp frequency filter9 was used 
to filter the back-projected image of the tablet. This modified ramp 
frequency filter was derived by multiplying a basic ramp frequency filter 
with different frequency filtersg. Several filters were constructed (Fig. 
7). The best modified ramp frequency filterg was selected by evaluating 
the image-noise ratio (Table 11). The image-noise ratio was established 

Figure 3-(A) The location of the image (K) of tablet A, at distance D 
from the center of thegamma camera's sodium iodide-thallium iodide 
crystal was determined by the use of similar triangles ARC and AEK; 
(B) demonstration of image magnification and inversion by pinhole 
imaging. 

Butterworth. 
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Figure 4-Relationship between counting time and pinhole size. 

by dividing the number of counts in the pixels of the back-projected image 
of phantom tablet 1 (Fig. 5A) by the number of counts in an equal number 
of pixels in the background. The same frequency ramp filter was also 
evaluated in terms of image-defect ratio, which was established by di- 
viding the average of the number of counts in the pixels corresponding 
to three intact portions, a, b, c, of the phantom tablet by the number of 
counts in the pixels corresponding to the defective area, d, of the tablet 
phantom 5 (Figs. 5A and B). Al l  four areas, a, b, c, d, had an equal number 
of pixels. 

Sensitivity to  Defect Size-The labeled tablet phantoms, 2-5, were 
placed at different distances from the collimator, and their images were 
acquired and enhanced. The imagedefect ratio was calculated for each 
defective phantom at different distances (Fig. 8). The image-defect ratio 
was used as a measure of evaluating the resolution of the technique with 
regard to the defect size of the tablet phantom and its distance from the 
collimator. 
In Vitro Imaging Studies-The in uitro imaging studies involved 

two parts. In the first part, wmTc-labeled intact or defective tablet 
phantoms (Fig. 5A) were placed 6 cm in front of the collimator of the 

1 2 3 4 5  
A T 

B 

Figure 5-(A) Tablet phantoms with uarious defects. (B)  Enhanced 
scintigraphic images of the tablet phantoms with uarious size defects 
magnified jiue times by computer. Scale applies only to tablet phan- 
toms. 

Table I-Size of Defects in Tablet Phantoms 

Phantom No. A", mm2 Bb, 9a 

0.0 
0.62 
1.4 
2.6 
5.0 

0.0 
1.2 
2.8 
5.2 
9.9 

a A is the area of defect in square millimeters. B is the defect size expressed as 
the percent of the total weight of the phantom. 

gamma camera and their images were acquired and reconstructed (Fig. 
5B) according to the process described previously. The second part in- 
volved wmTc-labeled tablets which were left to disintegrate in a shallow 
dish covered with distilled water. The water was lightly agitated occa- 
sionally. Scintigraphic images as well as photographs of the disintegrating 
tablet were taken every 30 sec (Fig. 9). The acquired images were recon- 
structed and enhanced. 

In Vivo Imaging Studies-The labeled tablet was administered orally 
to a dog weighing 13 kg. The animal was tranquilized'O for imaging, placed 
in a supine position on a table, and the abdomen then was positioned 
under the collimated detector of the gamma camera. Data were accu- 
mulated for up to 75 min. During that period, scintigraphic images of the 
abdominal area were taken, back-projected, and enhanced (Fig. 10). 

RESULTS 

The acquisition and processing of the scintigraphic images are illus- 
trated in Fig. 1A. The signal from the gamma camera console to the video 
image processor consisted of an x,y  grid location of each detected emis- 
sion within the specified energy range. Each of the images was digitized 
into a matrix of 64 X 64 pixels and stored on magnetic tape. The digitized 
images were transmitted to a general purpose computer' (16 bit, 512K) 
where the back projection and filtering of the scintigraphic image was 
conducted. The enhanced image was then displayed on the video image 
processor. The flow charts of the algorithms used for back-projecting and 
filtering the scintigraphic images are illustrated in Fig. 6. 

The optimum diameter of the pinhole was determined experimentally 
by plotting the time needed to acquire 50,000 cpm from a 99mTc-labeled 
tablet uersus the pinhole diameter size (Fig. 4). The optimum diameter 
was chosen to be 0.119 cm. The four pinholes were arranged equidistantly 
on the periphery of a cycle with a 3.8-cm diameter. The diameter was 
determined by using Eq. A 1  (see Appendix) which was derived by geo- 
metric consideration of Fig. 3A. Distance (H) was constant at 16.7 cm. 
When a *'"Tc-labeled tablet or tablet phantom placed at  distance ( Z )  
ranging from 3.3 to 7.5 cm, the image ( K )  was formed 11.5 and 6.1 cm from 
the center ( E )  of the crystal. The magnification was determined by Eq. 
A2, which was also derived by geometric consideration of Fig. 3. For in- 
stance, a tablet phantom with a 0.8-cm diameter placed 3.3 cm away from 
the collimator was magnified five times. 

The back-projected image, b(x , y ) ,  was in a sense the sum of the four 
images, Pi(a ,b) ,  of the labeled tablet, f ( x , y ) ,  which were created by the 
four-pinhole collimator (Figs. 2A, B, and C). This back-projected image 
contained the true image in a single plane, and it was marked by inter- 
ference due to natural background radioactivity, loss of small amounts 
of radioactivity because of the disintegration and dissolution process, 
and electronic noise (Fig. 2D). Each row and column of the 4096 pixel 
matrix (64 X 64) of each back-projected image was transformed from the 
spatial domain to the frequency domain by means of a Fourier trans- 
formation (Eq. A4). This is shown in Fig. 2E. The resulting frequencies 
from each column and row of pixels were filtered by the use of a modified 
ramp frequency filterg, f(k,,k,), which had been optimized experimen- 
tally (Eq. A5). The use of a frequency filter in the Fourier domain im- 
proved the image created by the process of back-projection by minimizing 
the very high-frequency components which were associated with the 
background interference and yet enchanced the frequency component 
of the back-projected image corresponding to the edges of the tablet. Each 
point of the filtered Fourier frequency spectrum (Fig. 2F) was trans- 
formed back to the spatial domain by means of an inverse Fourier 
transformation (Eq. A6), and the enhanced image of the tablet was ob- 
tained (Fig. 2G). 

The modified ramp frequency filterg, f(k,,k,) (Eq. A5), was con- 
structed by multiplying the relative magnitude of the ramp filter with 
the relative magnitude of another filtelg at the same distance from the 

lo Rompun (Xylazine), 1.1 mg/kg, Bagvet, Division of Cutter Laboratories, 
Shawnee, Kan. 
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Figure 6-Flow charts of the computer programs for back-projection 
(A) and for the filtering process (B). 

origin in the Fourier domain (Fig. 7). Several modified ramp frequency 
filters were used to enhance the images of the *Tc-labeled tablets and 
tablet phantoms (Fig. 7). The image-noise ratio increased from filter 2 
to 5 and then decreased gradually; on the other hand, the image-defect 
ratio declined rapidly from filter 2 to 5 and then leveled off (Table 11). 
Frequency filter 3 (Fig. 7) was chosen for image enhancement and re- 
construction as a reasonable compromise between image-noise and 
image-defect ratios. 

The resolution of the method was tested in uitro by imaging a series 
of *"'Tc-labeled tablet phantoms bearing artificial defects on the pe- 
riphery (Fig. 5A). The labeled tablet phantoms were imaged a t  different 
distances from the collimator and the image-defect ratio was calculated 
(Fig. 8). When the imagedefect ratio was 25, the defect was visible in 
the reconstructed image. The 0.62-mm2 defect could not be resolved 
because it was smaller than the area of the pinhole (1.11 mm2). Defect 
sizes as small as 1.42 mm2 were discernible a t  a distance of 4.0 cm from 
the collimator. As the distance from the collimator increased and the 
magnification decreased, the resolution decreased rapidly (Fig. 8). For 
larger defects (5 mm2), the resolution was independent of the magnifi- 
cation for distances ranging from 3.3 to 7.5 cm. The filtered back-pro- 
jected images of each phantom are illustrated in Fig. 5B. 

The resolution of the method was further tested in uitro with a series 
of experiments in which a rapidly disintegrating tablet labeled with 

Table 11-Image-Noise and  Image-Defect Ratios f o r  Various 
Frequency Filters 

Filter Image-Noise Image-Defect 

1 
2 
3 
4 
5 
6 ramp filter 
7 
8 
9 

10 

87.8 
151.0 
246.0 
264.0 
252.0 
238.0 
233.0 
228.0 
225.0 
224.0 

39.9 
33.7 
21.0 
14.6 
11.7 
10.2 
9.77 
9.37 
9.15 
9.02 

80 - 

7 0 -  

n 

10 

9 

8 

DISTANCE FROM ORIGIN IN FOURIER DOMAIN 
Figure 7-Modified ramp frequency filters tested. 

technetium-99m was monitored with a gamma camera. The acquired 
scintigraphic images were processed and compared with photographs of 
the disintegrating tablet taken simultaneously with the images (Fig. 9). 
The disintegration started at 120 sec after the labeled tablet came in 
contact with the water and terminated 300 sec later (Fig. 9A). The scin- 
tigraphic images showed that the onset of the disintegration process was 
180 sec after contact with the water (Fig. 9C). 

The resolution of the technique was tested in uiuo in the dog (Fig. 10). 
From the scintigraphs of the unprocessed image (Fig. 10A) and the cor- 
responding back-projected and enhanced images (Fig. lOB), the onset 
of disintegration was evident 30 min postingestion, while at 75 min post- 
ingestion the tablet had undergone extensive disintegration. 

DISCUSSION 

The size of the pinhole was chosen to be 0.119 cm which was a com- 
promise between the desired counting time (<60 sec) for a tablet labeled 
with 0.4 mCi of technetium-99m and the desired resolution which cannot 
be smaller than the diameter of the pinhole itself (10). The counting time 
was inversely proportional to the square of the radius of the pinhole and 
proportional to the square of the distance between labeled tablet and the 
collimator. 

The spacing of the pinholes on the collimator was also critical. If the 
pinholes were very close together, then the four images formed on the 
camera crystal overlapped as the labeled tablet moved away from the 
camera. However, if the pinholes were spaced far apart, then the images 
were formed outside of the crystal as the labeled tablet moved closer to 
the collimator. Therefore, with an established pinhole size of 0.1 19 cm 
in diameter as optimum and with the equidistant spatial arrangement 
of the four pinholes on a circle 3.8 cm in diameter, the imaging of a tablet 
was feasible in distances ranging from 3.3 to 7.5 cm away from the colli- 
mator. The advantage of using a four-pinhole collimator was that four 
images were collected simultaneously. This increased the efficiency of 
detection by increasing the total counts collected in a certain time or by 
decreasing the time needed to acquire an image with a certain number 
of counts. In turn, short times of image acquisition minimized the effect 
of the slight perturbations of the tablet due to GI motility. Also, the in- 
terference of background was reduced by increasing the count rate. Fi- 
nally, the pinhole magnified the image thereby improving the resolution 
(Fig. 3B). 

The back-projection process (Figs. 2A-D) made the use of the four- 
pinhole collimator beneficial, while the process of Fourier enhancement 
(Figs. 2 E G )  improved the resolution by eliminating the high-frequency 
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Figure 8-The image-defect ratio as a function of distance and defect 
size. Image-defect ratio, larger than fier yields observable defects. 

components (interference) of the back-projected image (Fig. 2). The re- 
constructed image (Fig. 2G) had more sharply defined edges than the 
back-projected image (Fig. 2D). 

The resolution of the technique depended on the size of the pinhole 
diameter (10) and the type of frequency filter used to filter the Fourier 
spectrum of the back-projected image of the tablet (Figs. 2E and F). Every 
pixel of the back-projected image was transformed from the spatial do- 
main to the frequency domain by Eq. A4, and then the modified ramp 
frequency filter was applied to eliminate the background interference 
and sharpen the edges of the tablet (Eq. A5). The image-noise and 
image-defect ratios (Table 11) are a good measure for testing the reso- 
lution of the technique and selecting the optimum modified ramp fre- 
quency filter from other alternatives (Fig. 7). Defects of 5 mm2 were 
readily recognizable a t  distances ranging from 3.3 to 7.5 cm. The in uitro 
experiments using 99mTc-labeled tablets with a 1.04-crn diameter showed 
that the resolution was improved by the enhancement process and the 
onset of disintegration became evident 60 sec after the process had started 
(Fig. 9). In the in uiuo experiments, the onset of disintegration became 
evident -30 min postingestion. This was because the resolution was 
compromised due to the interference of the abdominal and stomach 
tissue; therefore, the observable defect was probably >5 mm2. The dis- 
integration in uiuo was slower than in oitro, thus, confirming observations 
of previous investigators (1 1 ). 

The incorporation of the radioisotope, technetium-99m, into the tablet 
granulation in the form of spray of a saline solution of I ensured the 
uniform distribution of the label throughout the entire mass of the tablet. 
This method of labeling gave better results than a previously reported 
method where the labeling was achieved by exposing the tablet itself to 
vapors of iodine131 (3). In that method, the surface of the tablet was 
uniformly coated with iodine-131; however, the penetration of the label 
into the core was inadequate. The mass of I that  was incorporated into 
the tablet was negligible (-lo-” g of Iltablet), and, therefore, the physical 
or chemical integrity or characteristics of the formulation remained un- 
affected. The radioactivity of the labeled tablets ranged from 50,000 to 
500,000 cpm/tablet. Finally, in instances where the formulation is sen- 
sitive to moisture, the technetium-99rn can be added in the form of a dry 
powder derived by lyophilization of a solution of I in saline or [wmTc]- 
methylene disphosphonate in saline. 

The technique of external scintigraphy has been applied before for the 
purpose of monitoring the disintegration in civo of tablets and capsules 
(3, 7, 8). However, in both instances the technique did not involve en- 
hancement of the scintigraphic images, and thus, the detection of small 
defects that would signify the onset of the disintegration process could 

A Tablet 

B Unprocessed 
Gamma 
Camera 

Image 

C Computer 
Processed 

Gamma 
Camera 

Image 

Figure 9--Photographs (A) and in vitro scintigraphic images of a 
9gYmTc-labeled tablet before ( B )  and after enhancement (C) .  

not be evidenced due to the lower resolution of the technique. On the 
other hand, the present technique, which combines external scintigraphy 
with image enhancement, increased the resolution of the system so that 
small defects on the formulation can be detected, and i t  reduced the in- 
terference of the background activity, which may be attributed either 
to natural radioactivity, dissolution of the label to the dispersal of the 
fine labeled granules, o r  to a combination of these factors. This reduction 
of the background interference facilitates the monitoring of disintegration 
of small fragments of the formulation and, thus, enables the observer to 
determine the end of the disintegration process. Furthermore, reduction 
of the background interference will he useful when the determination 
of the transition times of the disintegrating formulation through the GI 
tract will be attempted, especially at the stages where considerable por- 
tions of the formulation have disintegrated. 

A similar technique which also involved labeling of the formulation 
with gamma ray emitters such as iron-59, technetium-99m or chromium 
51 and made use of two simple sodium iodide-thallium iodide crystal 
detectors has been applied in evaluating the disintegration and dissolu- 
tion of tablets and capsules in uiuo (4.12). However, this technique did 
not allow direct observation of the formulation; thus, the onset and end 
of the disintegration in vivo could not be determined with any reasonable 
accuracy. 

In the past, most of the techniques that were developed for determining 
the disintegration time of tablets in uiuo were based on the use of 
roentgenography or fluoroscopy with or without the inclusion of radi- 
opaque materials in the formulation (1,2,11, 13). Those techniques ex- 
posed the animal or human subject to high radiation doses of X-rays; they 
did not allow magnification or enhancement of the tablet’s image; they 
could not be used for continuous monitoring of the formulation in the 
GI tract; and finally, rendering a nonradiopaque formulation radiopaque 
required inclusion of large amounts of radiopaque substances relative 
to the mass of the formulation, thus, effectively altering the composition 
of the formulation. In contrast, the proposed technique is free of the 
aforementioned shortcomings. The main feature of this method is the 
high resolution. The high resolution was achieved by using a four-pinhole 
collimator, which magnified the four scintigraphic images of the labeled 
tablet phantom or tablet, and by image enhancement of the back-pro- 
jected image using Fourier transformation and filtering. 

APPENDIX 

Initial testing of image reconstruction and enhancement algorithms 
were performed with scintigraphic images of tablet phantoms. The 
method of image acquisition and enhancement applied in this study in- 
volved three separate steps. First, the determination of the location of 
the four pinhole projections of the tablet phantom on the crystal of the 
gamma camera; second, the back-projection of the four projected images 
to form a single back-projected image; and third, the enhancement of the 
back-projected image using filtering techniques based on Fourier 
transformations. 

The determination of  the location of the phantom’s images on the 
crystal of the gamma camera involved simple Euclidean geometry (Fig. 
3A).  The displacement D of the tablet’s image K from the center of the 
camera crystal is given by: 

D l ( Z  + H )  -- X l Z  (Eq. A l l  
where Z is the distance from center of the collimatorto tablet A ,  H is the 
distance from center of the collimator to the center of camera crystal (16.7 
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A 
(Eq. A61 

where b’(x,y) was the pixel value in the final image. 
The process of Fourier transformation and filtering is shown in Figs. 

2B, E, and F. In Fig. 2C the four images taken from the four-pinhole 
collimator are shown. The four images are then back-projected to form 
the hack-projected image (Fig. 2D). Discrete Fourier transformation is 
performed on the image (Fig. 2E). The origin of the frequency domain 
is in the middle of the image. The components around the four corners 
represented random noise. The frequency domain was then filtered, and 
the filtered spectrum is shown in Fig. 2F. The very high-frequency 
components, which represent noise, are filtered out, and the high 
frequencies are enhanced. The filtered frequency domain is then trans- 
formed back to the spatial domain and the enhanced, back-projected 
image is shown in Fig. 2G. 
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Figure 10-Scintigraphs of a disintegrating tablet in vivo before (A) 
and after processing (B). 

cm), and X is the distance from the center of the collimator to the pinhole 
(1.9 cm). 

The image magnification (Fig. 3B) is given by the size relationship 
between tablet phantom, So, and its image Si, described by: 

SJSi = ZIH (Eq. A2) 

The four images (projections), Pi(a,b), of the tablet phantom were then 
combined to form the back-projected image, b(x ,y ) .  Mathematically, the 
process is described by: 

where b(x,y) was a point in the back-projected image, Pi(a,b) was the 
point on the ith image corresponding to b(x,y), and m was the number 
of images obtained. The back-projection process is described diagram- 
matically in Figs. 2A and B. Four images (Pl-Pd) of the labeled tablet 
phantom f(x,y) were taken (Fig. 2A). The four images were then com- 
bined (back-projected) to form the back-projected image, b(x,y) (Fig. 
2B). The back-projected image actually contained the true image of the 
labeled tablet which was masked by background interference (noise ar- 
tifacts) during the process of back-projection (Fig. 2D). 

The back-projected image of the tablet phantom was improved by 
frequency domain filtering using Fourier transformations. I t  was based 
on the fact that both edges and noise artifacts in the image were repre- 
sented by very high frequencies when the image was transformed into 
the frequency domain. Thus, by transforming the image from its spatial 
domain into its frequency domain, filtering can be performed to enhance 
the edges and, a t  the same time, try to reduce the background interference 
by filtering out the very high-frequency components. 

The process of frequency filtering of the back-projected image involved 
three steps. In the first step, each row and column of pixels in the image 
was transformed into the Fourier domain, F(k,k,), by performing two- 
dimensional Fourier transformation as given by: 

where b(x,y) is the back-projection image pixel values, k, and k, are 
variables representing distances from the origin in the Fourier domain, 
and i = (14,15). 

In the second step, each Fourier coefficient F(k,k,) was multiplied 
by a modified ramp frequency filter9 f ( k ,  , ky ) ,  and thereby converted to 
the Fourier coefficients Fr(k,,k,) of the final image: 

(Eq. A5) 

In the third step, the Fourier coefficients of the final image, Fi(kx,ky), 
were transformed back to the spatial domain by application of the inverse 
Fourier transformation: 
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Abstract A9-Tetrahydrocannabinol was given by ophthalmic ad- 
ministration to the rabbit. Plasma concentrations were measured for two 
strengths of ophthalmic solution and compared with intravenous data 
to establish bioavailability. Absorption was variable. while maximum 
plasma levels were sustained for several hours. 

Keyphrases 0 Absorption-systemic, Ag-tetrahydrocannabinol after 
ophthalmic administration, rabbits Bioavailability-systemic ab- 
sorption of A9-tetrahydrocannabinol after ophthalmic administration, 
rabbits Pharmacokinetics-intravenous administration, half-lives 
systemic absorption of AY-tetrahydrocannabinol after ophthalmic ad- 
ministration, rabbits 0 As-Tetrahydrocannabinol-systemic absorption 
after ophthalmic administration, rabbits 

Marijuana has been shown to reduce intraocular pres- 
sure in humans when smoked in the form of a cigarette (1). 
A9-Tetrahydrocannabinol (I), the primary psychoactive 
ingredient of marijuana, has also been shown to reduce 
intraocular pressure in clinical studies when given either 
by the intravenous (2) or oral (3) route of administration. 
Although efficacy for topical application in clinical studies 
has not been established (4), dosage form development 
should be undertaken as this route of administration is 
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Figure 1-Plasma concentration of I after ophthalmic administration 
to rabbits. 

expected to minimize the undesired psychotropic side ef- 
fects. 

Studies with the rabbit indicate that I in light mineral 
oil is an efficient dosage form to allow penetration of I into 
the eye (5). Related studies have also demonstrated that 
I applied topically to one eye lowers intraocular pressure 
in both eyes (6). Since the rabbit has become one of the 
animal models used to evaluate the therapeutic potential 
of I for treatment of glaucoma, studies have been carried 
out to determine the systemic absorption of I after topical 
ophthalmic application. 

EXPERIMENTAL 

Adult albino rabbits weighing 3.44.8 kg were given [ 1',2'-3H.L)-I, which 
was used for intravenous and ophthalmic dosage forms. The intravenous 
solution, containing 170 pCi/mg of ["HI-I, was prepared by dissolving 
[ % - I  in ethanol, which was then added to a solution of 25% rabbit serum 
albumin. The solution was sterilized by filtering through a 0.22-jtm 
membrane filter' before administration. An intravenous dose of a 0.2-ml 
solution contained 15 pg of I and 2 pl of ethanol. 

Ophthalmic solutions were prepared in light mineral oil NF2 viscosity 
of 9.5 centistokes at  21.5' (50-60 Saybolt Universal Seconds) to a strength 
of 1% I, 138 pCi/mg, and 2% I, 165 pCi/mg. The animals were dosed by 
ophthalmic topical application with 25 pl of I solution, which was applied 
to both eyes simultaneously to ensure measurable plasma levels of 1. Each 
animal was dosed with 1 and 2% solutions on separate occasions, and four 
of the animals were also given a dose of 15 pg iv of I through an ear vein. 
A washout period of 1 month was allowed between all studies. 

Blood samples were collected from an ear notch a t  15,30,45,60,75, 
W, 105,120,180,240,360,480, and 1440 min after ophthalmic dosing and 
a t  1.5,s. 10,20,30,45,60,90,120,240,360, and 480 min after intravenous 
dosing. Blood samples of 2 ml were drawn, centrifuged, separated, and 
the plasma was immediately frozen until the assay was carried out. The 
ophthalmic administration, carried out with a syringe3, yielded such small 
losses (57% of the dose) that no corrections were made. 

Quantitative analysis of plasma for the concentration of I was carried 
out by TLC according to a previously described method (7,8).  Plasma 
samples were extracted twice with petroleum ether containing 1.5% iso- 
amyl alcohol. The extracts were then concentrated and chromatographed 
on silica gel plates4. Developing solvents were acetone-tert -butyl alco- 
hol-chloroform (3:5:92). Zones of I were scraped and counted. The TLC 
method was shown to correlate well with electron-capture GLC and with 
GLC-MS methods of analysis. 

RESULTS 

Plasma concentrations of I after ophthalmic administration of I and 
2% solutions are reported as average values for eight animals in Fig. 1. 
The concentration increases to maximum values over the first 1-2 hr and 
then declines very slowly up to 24 hr. Variability in the data is indicated 
by the standard errors which are also given in the figure. Data for indi- 
Lridual animals are presented in Table I for the maximum plasma con- 
centration, C,.,, which is actually a limited range of values, the time of 
these peak values f p e a k ,  the time interval over which the C,,, range ex- 
tends, and the area under the plasma curve from t = 0 to 24 hr, 

Millipore Corp., Bedford. Mass. 
Klearol, LVitro Co.. New York, N.Y. 
h'iretrel. Bolah Inc.. Derry. N.H. 
Brinkmann Inr.. Westbury. N.Y. 
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Table I-Pharmacokinetic Data Following Ophthalmic Administration of I to Rabbits 

AUCg24 hr 
Animal Cmax ng/ml 

No. 1% 2% 
beak, min hr nglml- F, % 

2% 1% 2% 1% 2% 1% 

240-480 14 30 33 36 
- - 

1 1.0-1.3 1.8-2.3 60-240 
24 23 2 0.8-1.5 1.2-1.6 60-480 90-480 

3 0.7-1.2 1 .O- 1.5 45-180 30-240 14 17 
13 10 4 0.4-0.5 0.4-0.6 60-480 30-480 7 11 

5 0.7-1.3 1.4-2.3 45-480 45-480 17 33 40 38 
6 18 6 8 6 0.3-0.6 1.2-1.7 45-480 30-360 

0.3-0.9 0&0.7(1.4) a 15-480 30-480(180) a 13 11 
8 

7 
1.6-1.2(2.2)a 

- 1.9-2.6 - 30-480 
8 
9 

- - 

- - 
- - - 
- 

- 
- 37 - - 30-180(105)" 

0 The values in parentheses are single points above the C,. range which occurred within the tpeak range. 

Table 11-Pharmacokinetic Parameters of I Following Intravenous Administration a to Rabbits 

Animal No. kl2 hr-l kzl hr-l k 10 hr-1 Vl-l, liter-' t m o  min t 1/28 hr A UC, ng/ml hr 

1 6.12(48) 1.50(25) 2.76(57) 0.27(65) 4 1.7 1.25 
4 0.85( 15) 0.47(31) 1.46(13) 0.15( 10) 17 2.6 1.65 
5 0.97 (20) 0.82(21) 1.61(9) 0.13(9) 14 1.5 1.30 
6 3.55( 18) 1.08(10) 1.65(13) 0.31(14) 7 2.3 3.27 

0 Administration of a 15+g dose. * The percent coefficient of variation of each parameter is given in parentheses. The half-life values are calculated from a and /3 which 
are calculated from: 1/2[(k12 t kzl  t k l o )  f (k1z + k z l +  k10)* - 4 kz1k1o)'"I. 

AUc0-24 hr. Inspection of the individual data shows that the plasma 
concentration increases relatively rapidly to a maximum value, which 
then varies very little for the next several hours as a plasma plateau exists 
over an extended period of time. Animal 1 in the 1% study had a C,, 
which varied in a range from 1.0 to 1.3 ng/ml during the time t,d from 
60 to 240 min postdose. Similarly, the 2% solution for the same animal 
gave a C,, range of 1.8-2.3 ng/ml for the plasma plateau, which existed 
during the 240-480-min period, and showed higher plasma levels as 
compared with the 1% data during the plateau. The dose-normalized 
AUC values for animal 1 were approximately the same for both doses. 
Table I shows that the plasma maxima were higher for the 2% dose but 
were usually not double the lower values. The time plateau, which always 
extended over several hours, usually showed no difference between doses 
for most animals. The AUC ratio for the 2:1% solutions was >1 for the 
four of the animals and -1 for the other animals. 

For the intravenous studies, the average plasma data for four animals 
is shown in Fig. 2. The curve is biphasic for each animal in agreement with 
work reported earlier (9). The pharmacokinetic parameters were obtained 

4, 

I 

; 2 3 4 5 6 
HOURS 

Figure 2-Plasma concentration of I after intravenous administration 
of a 15-pg dose to rabbits. 

by nonlinear regression analysis to solve the standard two-compartment 
open model (10) in terms of: 

dCl/dt = -(klo + klz)C1+ kzlC2 (Eq. 1) 

dCz/dt = k12C1- k21C2 (Eq. 2) 

V1-l = Cl(t-o)/Dose (Eq. 3) 

Table I1 presents the micro rate constants klz, k21, k 10. the reciprocal 
volume Vl-l, and the respective coefficients of variation (CV) for the four 
parameters. For animal 1 the CV values are so large as to render the 
computer fit questionable, but for the remaining three animals the CVs 
indicate a good computer estimate of the pharmacokinetic parameters. 
For the three animals the value for k12 has a range of 1.0-3.6 hr-l, while 
the value for kzl is in closer agreement (0.5-1.1 hr-l). The elimination 
rate constant klo was well estimated with a small range, 1.5-1.7 hr-l. The 
computer estimate of V1-l ranges from 0.1 to 0.3 liters-l. The calculated 
half-lives are 4-17 min for t1/Zol and 1.5-2.6 hr for tips. 

The bioavailability for the two ophthalmic solutions relative to the 
intravenous dose calculated by AUC raticw reported for the four animals 

with the initial condition: 

2% Opthalmlc Solution 

20 

10 

0 

4 0 T  

301 1% Ophthalmic Solution 

20 

10 
0 

0 * 
0 

0 
10 

* .. 
1 2 3 4 5 6 7 8  24 

yQ'I"7 

Figure &Percent of dose absorbed as a function of time after oph- 
thalmic administration to rabbits. Key: (X) rabbit I; (0) rabbit 4; (a) 
rabbit 5; (0) rabbit 6. 
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in Table I is approximately constant. An estimate of the fraction of dose 
absorbed as a function of time after opthalmic administration can be 
obtained from (10): 

At/Dose = [C, + ~ I A L I C , ~ - , ,  + ( X t ) V 1 - ’ ]  X V,/Dose (Eq. 4) 

This equation was applied to the experimental data from t  = 0-8 hr only, 
and the 24-hr points were determined separately from the dose-nor- 
malized AUC ratios. The fraction of dose absorbed as a function of time 
is presented in Fig. 3 for the 1 and 2 9 ~  ophthalmic doses for the four ani- 
mals using the parameters reported in Table 11. From Fig. 3 it can be seen 
that absorption continues until at  least 8 hr after administration for all 
animals at  both doses. Furthermore, the fraction absorbed as a function 
of time does not appear to change for the two doses. The curves for ani- 
mals 4 and 6 indicate a slower rate of absorption and appear to be flat- 
tening out at  8 hr, suggesting that absorption is essentially complete. The 
curves for animals 1 and 5 suggest that  both the rate and extent of ab- 
sorption is considerably greater. 

The present study indicates that systemic absorption of I in the rabbit 
is slow and highly variable after ophthalmic administration. Prior work 
with rabbits demonstrates the possibility that both local and systemic 
mechanisms are involved in ocular pressure lowering (5,6,11). It would 
be desirable to have more detailed effect-time data together with 
plasma-time data in order to investigate possible I plasma-effect rela- 
tionships. Clinical studies with glaucoma patients using both oral I and 
smoking marijuana cigarettes also show effective lowering of intraocular 
pressure. The pharmacodynamics is consistent with the clinical phar- 
macokinetics for both routes of administration, since the effect has a 
much slower onset and considerably longer duration for the oral study 
than occurs in the smoking study. The studies reported here do not dif- 
ferentiate local and systemic mechanisms. For ophthalmic administra- 
tion, which should minimize systemic side effects, further work is needed 
to  develop an effective dosage form (4).  
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Abstract  An alternative to the use of integral hybrid Ilow/compart- 
mental model (HFCM) equations in fitting cases I and I1 discontinuous 
ahsorption profiles is presented. It is proposed that HFCM-integral 
equations be replaced by a system of differential equations in which se- 
quential sets of equations describe the absorption profile from time zero 
to infinity. The required sets of differential equations for these two cases 
are presented as they apply to a two-compartment drug, potentially 
undergoing multiple absorption steps. It was shown that the use of the 
NON1,IN program in the differential equation mode provides good f i t s  
for .some unusually shaped absorption profiles of buformin, sulfisoxazole, 
and griseofulvin. The values of the parameter estimates and the sum of 
squared deviations, ZSD, obtained with NONIJN were almost identical 
to those obtained with the FITS12 program utilizing HFCM equations. 
While HFCM-integral equations required less computer time, they in- 
troduced the potential for negative ahsorption times. This prohlem is 
avoided by use of the differential equations method. 

Keyphrases Absorption-fitting discontinuous profiles, use of 
NONLIN program 0 NONLIN program-use for fitting discontinuous 
absorption profiles 

Recently, discontinuous absorption processes in relation 
to linear pharmacokinetic models were reported (1). In- 
tegral equations for hybrid flow/compartmental models 

(HFCM) were derived for application to single- and mul- 
ticompartment drugs exhibiting two special cases of dis- 
continuous absorption. 

In case I, absorption is assumed to begin at time t 1 and 
end at time t 2 .  The mathematical treatment of this case 
allows for a negative, zero, or positive value of t 1. Zero and 
positive values of t 1 have been used universally up to the 
present time in fitting data to equations for the extravas- 
cular administration of drugs exhibiting continuous ab- 
sorption profiles (2). A positive t l-value indicates the 
presence of an absorption lag time, while t 1 = 0 indicates 
the absence of a lag time. Negative values of t l ,  however, 
have not been used previously and are difficult to rational- 
ize. It was suggested that negative t 1 values obtained from 
computer fits using HFCM equations signify a rapid initial 
absorption phase (1). The absorption rate constant for this 
phase, however, is not estimable from these equations. 
Values of t 2  are always positive. When t 2  approximates the 
time to peak concentration, the absorption profile exhibits 
a discontinuity or sharp break, a t  which point the subse- 
quent shape of the profile is governed only by the dispo- 
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in Table I is approximately constant. An estimate of the fraction of dose 
absorbed as a function of time after opthalmic administration can be 
obtained from (10): 

At/Dose = [C, + ~ I A L I C , ~ - , ,  + ( X t ) V 1 - ’ ]  X V,/Dose (Eq. 4) 

This equation was applied to the experimental data from t  = 0-8 hr only, 
and the 24-hr points were determined separately from the dose-nor- 
malized AUC ratios. The fraction of dose absorbed as a function of time 
is presented in Fig. 3 for the 1 and 2 9 ~  ophthalmic doses for the four ani- 
mals using the parameters reported in Table 11. From Fig. 3 it can be seen 
that absorption continues until at  least 8 hr after administration for all 
animals at  both doses. Furthermore, the fraction absorbed as a function 
of time does not appear to change for the two doses. The curves for ani- 
mals 4 and 6 indicate a slower rate of absorption and appear to be flat- 
tening out at  8 hr, suggesting that absorption is essentially complete. The 
curves for animals 1 and 5 suggest that  both the rate and extent of ab- 
sorption is considerably greater. 

The present study indicates that systemic absorption of I in the rabbit 
is slow and highly variable after ophthalmic administration. Prior work 
with rabbits demonstrates the possibility that both local and systemic 
mechanisms are involved in ocular pressure lowering (5,6,11). It would 
be desirable to have more detailed effect-time data together with 
plasma-time data in order to investigate possible I plasma-effect rela- 
tionships. Clinical studies with glaucoma patients using both oral I and 
smoking marijuana cigarettes also show effective lowering of intraocular 
pressure. The pharmacodynamics is consistent with the clinical phar- 
macokinetics for both routes of administration, since the effect has a 
much slower onset and considerably longer duration for the oral study 
than occurs in the smoking study. The studies reported here do not dif- 
ferentiate local and systemic mechanisms. For ophthalmic administra- 
tion, which should minimize systemic side effects, further work is needed 
to  develop an effective dosage form (4).  
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are presented as they apply to a two-compartment drug, potentially 
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and griseofulvin. The values of the parameter estimates and the sum of 
squared deviations, ZSD, obtained with NONIJN were almost identical 
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Recently, discontinuous absorption processes in relation 
to linear pharmacokinetic models were reported (1). In- 
tegral equations for hybrid flow/compartmental models 

(HFCM) were derived for application to single- and mul- 
ticompartment drugs exhibiting two special cases of dis- 
continuous absorption. 

In case I, absorption is assumed to begin at time t 1 and 
end at time t 2 .  The mathematical treatment of this case 
allows for a negative, zero, or positive value of t 1. Zero and 
positive values of t 1 have been used universally up to the 
present time in fitting data to equations for the extravas- 
cular administration of drugs exhibiting continuous ab- 
sorption profiles (2). A positive t l-value indicates the 
presence of an absorption lag time, while t 1 = 0 indicates 
the absence of a lag time. Negative values of t l ,  however, 
have not been used previously and are difficult to rational- 
ize. It was suggested that negative t 1 values obtained from 
computer fits using HFCM equations signify a rapid initial 
absorption phase (1). The absorption rate constant for this 
phase, however, is not estimable from these equations. 
Values of t 2  are always positive. When t 2  approximates the 
time to peak concentration, the absorption profile exhibits 
a discontinuity or sharp break, a t  which point the subse- 
quent shape of the profile is governed only by the dispo- 
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Table I-Differential Equations Required in the DFUNC Subroutine of Metzler’s NONLIN Program for Scheme I in Cases I and 11 
Discontinuous Absorption Processes 

Value Time 
of t1n Interval Differential Equations 

<O to-tl 

t;-t2 

Case I: Absorption ceases a t  t2 
d X a l d t  = -kalXa 
dCcldt = kaIXa1Vc t k21X lVc - (k12 t klo)Xc/Vc 
dC ld t  = k12Xc/Vc - k21$,/Vc 
d x l d t  = -ka2Xa 

Ea. 3 
dCcldt = ka2XaIVc t k21XpIVc - ( k 1 2  + k1o)XcIVc 

t2-t- 

0 t l 4 2  
t2-t.. 

>O to-t 1 
t1-t2 
t1-t- 

<O tp-t; 
t I-tz 
t 9-t m 

Eqs. 1-3 
Eqs. 3 and 6 
d X a l d t  = 0 

Eqs. 3 and 6 
Eqs. 1-3 

Case 11: Absorption rate changes at t2 
Eqs. 1-3 
EQS. 3-5 

Eq. 3 
Eqs. 1-3 
EQS. 3-5 
Eq. 7 
Eqs. 1-3 
Eqs. 3-5 
Combination of Cases I and 11: Absorption rate changes at  t2 and ceases a t  t : ,  

Eqs. 1-3 
Eqs. 3-5 
Eqs. 3 , 8  and 9 
Eqs. 3 and 6 
Eqs. 1-3 

Eas. 3 and 6 
Eqs. 3-5 

Eq. 7 

Eqs. 3-5 
Eas. 3 and 6 

Eqs. 1-3 

0 The parameter t l  corresponds to the t1-value permitted in the integral equations described previously ( 1 ) .  

sition of the drug. When t 2  is very large compared with 
absorption half-life, then the general equations reduce to 
those for the more typical case for continuous absorption 
(2). 

In case 11, t 1 may also assume a negative, zero, or positive 
value, but absorption does not end at t 2 ;  it merely proceeds 
at a new rate. Consequently, two absorption rate constants 
are generated from the computer fit for the two sequential 
absorption phases. The absorption profile again shows a 
discontinuity at t 2 ,  at which point there is a change in slope 
in the ascending region of the profile. 

From a mechanistic point of view, case I discontinuities 
may represent situations where the absorption efficiency 
of the intestine reduces to zero at  some location in the GI 
tract or where the release of drug from the dosage form 
abruptly ceases. Case I1 discontinuities may result from 
the existence of intestinal segments with different ab- 
sorption efficiencies, or alternatively, from a change in the 
release characteristics of the formulation or from a pH- 
induced change in the concentration of absorbable drug 
species a t  the membrane site (1). 

The usefulness of the HFCM equations was demon- 
strated (1) by obtaining nearly perfect fits for some un- 
usual absorption profiles of griseofulvin (3), buformin (4), 
and sulfisoxazole (5). For each of these drugs, less exact fits 
were obtained when equations for continuous absorption 
were used in the fitting process. 

The present report describes an alternative approach 
for the computer fitting of discontinuous absorption pro- 

files. An alternative approach is needed that does not 
produce potentially negative absorption times as a result 
of the mathematical analysis. It is proposed that HFCM 
integral equations be replaced by a system of differential 
equations in which sequential sets of equations describe 
the absorption profile from time zero to infinity. It was 
shown that Metzler’s NONLIN program (6), utilized in the 
differential equation mode, may be used to implement the 
proposed approach’. 

THEORETICAL 

The use of Metzler’s NONLIN program for implementing the proposed 
method for fitting discontinuous absorption profiles requires that a 
DFUNC subroutine be written employing differential equations2. Prior 
to writing the subroutine, however, it is necessary to choose an appro- 
priate kinetic model, write differential equations for each species in the 
model, and correctly order the equations within the subroutine. The 
choice of kinetic model requires decisions with respect to both the com- 
partmental and absorption characteristics of the drug. The compart- 
mental characteristics may usually be obtained from previous studies 
or from a graphical treatment of the experimental data. Discontinuous 
absorption characteristics may be inferred from a graphical represen- 
tation of the experimental data or from poor computer fi ts  obtained using 
continuous absorption models. A correct ordering of the equat.ions within 

1 The NONLIN program is available for use on ( n )  IBM (C. M. Metzler. The 
Upjohn Co., Kalamazoo, MI 40991) and ( b )  CDC ( M .  Howland. Department of 
Pharmacy, University of Manchester, Manchester, M I:jYPL, England) computers 
with the CDC version having the added advantage of providing residual plots and 
statistics for the residuals. * While differential equations require more computer time than integral equa- 
tions, the writing of DFUNC subroutines for discontinuous absorption proresses 
is great1 simplified, particularly for complex models. when differential equal ions 
are u s e 2  
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Tab le  11-Parameter Values For  The Fitt ing of Buformin Data 

-Values v 
7 HFCM 7 NONLINc 

Parameters Ref. l b  FITSI2, 

t;,'hr 
t I,  hrd 
t 2 ,  hr 
VJF, literse 

CP. secg 
Dt j$ f  1 

- 
0.1836 
0.05106 
0.2362 
0.0202 

-0.3016 - 
3.722 

3203.4 
.oo,oO0.o 

- 
0.1611 
0.08804 ... . . ~ ~ 

0.2834 
0.03441 

-0.3119 

3.734 -. . ~ 

79.582 
1oo,o0o.o 

160.6 
2.58 

0.2509 
0.1580 
0.07970 
0.2719 
0.03132 
- 
0.50 
3.716 

79.343 
100,ooo.o 

163.7 
4.93 

~ 

a Data from Ref. 4. * Run on a PDP 11/10 computer. Run on a CDC Cyber 
174/2550 computer. * The parameter t was a constant in NONLIN, and 0.50 hr 
is the time of the first blood sample after drug administration; t o  = 0. The pa- 
rameter F is the systemic availability. / The parameter DO is the dose. 8 Fortran 
execution time without line printer plots and statistics for residuals. 

the subroutine requires that the user follow instructions given in the 
NONLIN manual regarding the use of differential equations and that 
selected Fortran IF statements be employed to provide a logical kinetic 
flow while stressing the discontinuities. The development of a functional 
DFUNC subroutine is illustrated using Scheme I for a drug exhibiting 
known two-compartment characteristics and potential multiple ab- 
sorption steps. The approach could be applied equally well to a drug 
characterized by either a fewer or a greater number of compartments. 

Scheme I 
where X ,  is the amount of drug a t  the absorption site; X, is the amount 
of drug in the central compartment; X ,  is the amount of drug in the pe- 
ripheral compartment; kal ,  k , ~ ,  and k,,a are the first-order absorption 
constants for the first, second, and third absorption steps, respectively; 
k 12 and k p l  are the first-order rate constants for the transfer of drug be- 
tween compartments, and k 10 is the first-order elimination constant. 

Table I presents a summary of the systems of differential equations 
(Eqs. 1-9) associated with Scheme I for case I, case 11, and combined cases 
I and I1 discontinuous absorption processes. For each of the cases, the 
differential equations are subgrouped further according to values of t l  
< 0, = 0, and > 0 and according to the time interval involved. The time- 
interval grouping introduces discontinuity into the model. Each time 
interval for a given initial value of tl corresponds to a different set of 
differential equations. For example, in case I ( t  I < 01, Eqs. 1-3 define 
absorption, distribution, and elimination (APE) during the initial rapid 
absorption phase for the time interval, tWtl ,  and Eqs. 3-5 describe the 
same events for the slower absorption phase from t ;  to t2. Equations 3 
and 6 describe the disposition of the drug after cessation of all absorption 
during the time interval, t r t - .  The intervals, t r t l  and ti-tz, replace the 

3 0 2 ,  
0 8 16 24 3 2  40 48 

HOURS 

0 

Figure 1-Plasma concentration-time plot for the discontinuous fit 
of buformin data obtained with NONLIN. Key: theoretical (-);data 
points (m). 

Tab le  111-Parameter Values For  The Fitting of Sulfisoxazole 
D A t n  * 

~ 

/-Values 
7 H F C M -  NONLIN' 

Parameters Ref. 1 FITSIZC 

k a l ,  hr-' - - 0.4082 
ka2, hr-' 0.1080 0.1054 0.1063 
ka3, hr-' 1.6788 1.5285 1.5363 
k21, hr-' 0.1941 0.1833 0.1855 
a, hr-l 0.2938 0.2874 0.2879 
b, hr-I 0.08086 0.07853 0.07875 - 1.6656 -1.7104 - 

- - 0.50 
t i ,  hr 
t,, hrd 
t z .  hr 2.0807 2.000 2.000 
V J F ,  literse 10.749 10.604 10.907 
D mgf 2000.0 2000.0 2000.0 

CP, secg 

Run on a CDC Cyber 
174/?550 computer. The parameter t l  was a constant in NONLIN, and 0.50 hr 
is the time of the first blood sample after drug administration; t o  = 0. The pa- 
rameter F is the systemic availability. / The parameter Do is the dose. g Fortran 
execution time without line printer plots and statistics for residuals. 

single interval, tl-t2, reported previously (I). Since t o  = 0, all absorption 
times are positive, and an absorption rate constant for the initial rapid 
absorption phase replaces a negative time constant. When data are scarce 
for the early absorption period, ti usually will be a constant taking on the 
time for the first blood sample after drug administration. For case I ( t l  
= 0). the required set of differential equations includes Eqs. 1-3 for a 
single ADE cycle from t l  to t 2  and Eqs. 3 and 6 for disposition for t 2  to 
t -. The required set of equations for case I ( t  1 > 0) include those for case 
I ( t  1 = 0) and Eq. 7, which accounts for the lag time from to to t 1. For case 
I1 ( t  1 < O), Eqs. 1-3 and 3-5 represent the ADE processes for the first two 
absorption phases during the time intervals, twt; and t;-tz, respectively. 
These two intervals again replace the single interval, t I - t z .  Equations 
3 ,8 ,  and 9 represent the ADE processes for the third absorption phase 
from t 3  to t -. For case I1 ( t  1 = 0) and case I1 ( t l >  O ) ,  the required sets of 
differential equations involve an appropriate combination selected from 
Eqs. 1-5 and 7. Similarly, for the combination of cases I and I1 ( t l  < 0, 
t 1 = 0, t l  > O), the required sets of differential equations are chosen from 
Eqs. 1-9. 

It is necessary that an equation for each amount term in Scheme I be 
used, even when experimental data are unavailable for one or more terms. 
Thus, for Eqs. 1-6 of case I ( t l  < 0) in Table I, multiple experimental 
concentration-time points would normally be available only for Eqs. 2, 
5, and 6. An initial condition equal to the dose would also be available for 
Eq. 1, but no experimental data would be available for Eqs. 3 and 4. 

Equations 1-6 are written in a form consistent with the actual input 
quantities. Thus, Eqs. 2,3,5, and 6 are written in terms of concentrations. 
The latter conversions are made by dividing the rate expressions for X ,  
and X, in Scheme I by V,, the apparent volume of distribution for the 
central compartment. The concentration of drug in the peripheral 
compartment is also referred to the central compartment, since V,, the 
apparent volume of distribution for the peripheral compartment, can only 
be estimated when experimental data for that  compartment are avail- 
able. 

The ordering of differential equations within the DFUNC subroutine 
is accomplished by using the required NONLIN format (7) and selected 
IF statements for discontinuity3. 

- 0.83572 0.85284 
- 4.02 8.95 

9 D 2  

0 Data from Ref. 5. b Run on a PDP, 11/10 computer. 

EXPERIMENTAL 

The version ( b )  of Metzler's NONLIN program' and a version of the 
FITS12 program4 for fitting discontinuous absorption data were obtained 
and made operational on a computer5 by the university computer 
staff. 
'I he data sets used in the computer fits were those used previously (1): 

griseofulvin (3), rat 11; buformin (4).  patient 1; and sdfisoxazole (5) 
subject 3. Plots of the NONLIN computer fits were obtained with a 
plotter6 and are reproduced as tracings in Figs. 1-3. 

The initial estimates of the parameters used with both FITS12 and 

.' 'I'he DFLiNC'subroutines used in titting the data in Figs. 1-3 are available from 
the author upon request. 

H. Suverkrup, Pharmazeutische Technologie, Pharmazeutisches Institut der 
Unversitat Bonn, Bonn. West Germany. 

CDC Cyber 174/2550. 
6 Calromp. 
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Figure 3-Plasma concentration-time plot for the discontinuous fit 
of griseofuluin data obtained with NONLIN. Key: theoretical (-);data 
points (8) .  

k z l ,  a, /3, tz, and VJF obtained with NONLIN (column 4) show closer 
agreement with values obtained with FITS12 (column 3) run on a com- 
puter b' than with the published values ( I )  (column 2). However, the 
agreement in these parameters is not perfect for the described reasons. 
The extreme value of V,/F in column 2 is apparently in error, since both 
NONLIN and FITS12 gave much lower and almost identical estimates 
for this parameter. 

Based upon the sum of squared deviations, 2 D 2 ,  NONLIN and 
FITS12 yielded almost identical fits to the data. It was observed, however, 
that NONLIN required more computer time for obtaining the parameter 
estimates than did FITSI2. The increased execution time with NONLIN 
is expected, since curve-fitting procedures using differential equations 
are inherently more time consuming than those using integral equations. 
The good fit provided by NONLIN is illustrated in Fig. 1. 

Sulfisoxazole (Case 11: tl < 0)-The plasma data for sulfisoxazole 
(5) in Fig. 2 was obtained from a healthy male subject after the oral ad- 
ministration of a 2.0-g tablet of sulfisoxazole. Because of the reported 
two-compartment behavior after intravenous administration (5), the data 
were fit with NONLIN using a DFUNC subroutine for Scheme I, case 
11: t 1 < 0. The NONLIN estimates of k12 and k 10 required in calculating 
a and p were 0.0589257 and 0.122213 hr-l, respectively. 

The model used in fitting the sulfisoxazole data predicts three distinct 
absorption phases with absorption continuing sequentially throughout 
the three phases. The discontinuities in this case are incurred only by 
abrupt changes in the absorption rate, not by termination of absorption 
during the usual absorption period. Consequently, the use of HFCM 
equations yields a negative value for t 1 and a positive value for 12, as listed 
in columns 2 and 3 of Table 111. Columns 2 and 3 list estimates only of 
ka2 and k,s for the second and third absorption phases. By contrast, the 
differential equations method (column 4) provides estimates of the ab- 
sorption rate constants for all three absorption phases, together with 
values for t and tz. 

The parameters in Table 111 estimated with NONLIN (column 4) show 
closer agreement with those obtained with FITS12 (column 3) than those 
described previously (1) (column 2). For this data set, NONLIN yielded 
almost identical parameter estimates, but again, required more execution 
time for the discussed reasons. Based on the 202, almost identical fits 
were obtained with NONLIN and FITSI2. The exactness of the fit ob- 
tained with NONLIN is illustrated in Fig. 2. 

The potential mechanisms for the irregular absorption profile for 
sulfisoxazole were discussed (5) (Fig. 2). Apparently, a small fraction of 
the 2.0-g dose dissolves rapidly to saturate the existing gastric fluid. A 
large fraction of the dose, however, remains as undissolved solid during 
its time in the stomach because of the small volume of fluid available for 
dissolution and the low membrane surface area available for absorpt,ion. 
Therefore, a rapid but limited absorption of this weak organic acid is 
possible from the stomach. Unabsorbed sulfisoxazole emptied into the 
small intestine undergoes a more rapid and complete absorption because 
of a more favorable pH for dissolution and an increased membrane sur- 
face area for absorption. Absorption phases 1 and 2 reflect gastric ab- 
sorption, while absorption phase 3 reflects intestinal absorption. 

Griseofulvin (Case I: tl > 0)-The plasma data for griseofulvin (3) 
in Fig. 3 was obtained in a rat after the oral intubation of 50 mg/kg of 
griseofulvin in a corn oil suspension. This data was fit with NONLIN 
using a modified DFUNC subroutine for Scheme I, case I: 1 I > 0, in which 
k l z  and kz1 equal zero. 

Figure 2-Plasma concentration-time plot for the discontinuous fi t  
of sulfisoxazole data obtained with NONLIN. Key: theoretical (-);data 
points (m). 

NONLIN were published values (1). The final estimates of the parame- 
ters were obtained by repeatedly entering the computed parameter values 
as initial estimates until the values stabilized. 

In computer fits with NONLIN, the program default values for the 
parameters, DELINT, SSSTOP, and DELDER, were utilized. The 
DIG(1) parameter was set a t  0.01,0.001, and 0.001 to obtain the best fits 
for buformin, sulfisoxazole, and griseofulvin, respectively. All the data 
points shown in Figs. 1-3 were weighted equally. 

RESULTS AND DISCUSSION 
The results of the computer analyses of the three data sets are sum- 

marized in Tables 11-IV and Figs. 1-3. In Tables I1 and 111, parameter 
estimates obtained from NONLIN and FITS12 are compared with those 
described previously (1). In both of these tables, values of a and listed 
under NONLIN were calculated from quadratic relationships (8) using 
the NONLIN estimates of k l z ,  k21. and klo .  In Table IV parameter esti- 
mates obtained from NONLIN are compared with those described pre- 
viously (1). Less than perfect agreement between the two methods is 
expected since different algorithms are used in the two computer solu- 
tions and because Scheme I is not exactly the same model used previously 
(1). 

Buformin (Case I: tl < 0)-The plasma data for buformin (4) in Fig. 
1 was obtained in a diabetic patient after the oral administration of 100 
mg of (14C]buformin hydrochloride in a wax matrix. Based on first-order 
in uitro release characteristics of the dosage unit and two-compartment 
disposition characteristics in uiuo (91, the data were fitted with NONLIN 
using a DFUNC subroutine for Scheme I, case I: t l  < 0. The NONLIN 
estimates of k 12 and k 10 needed for calculating a and p were 0.116659 and 
0.106853 hr-I, respectively. 

The model used in fitting the buformin data predicts two distinct ab- 
sorption phases with absorption abruptly ending during the second and 
longer absorption time period. Accordingly, use of HFCM equations 
yields a negative value o f t  I and a positive value oft:! as shown in columns 
2 and 3 of Table 11. An absorption rate constant, ka2, is given for the 
second absorption phase but not for the short initial absorption phase. 
Use of the proposed differential equations method, however, provides 
absorption rate constants for both absorption phases and values for t l  
and tz as observed in column 4 of Table 11. The estimated values of k12, 

Table IV-Parameter Values For The Fitt ing of Griseofulvin 
Data6 

r Values - 
Parameters HFCMb (Ref. 1) NONLINr 

k , l ,  hr-l 0.09066 0.08944 
k ,  hr-l 0.3090 0.3096 
VJF,  litersP 3.9393 3.9224 
t l , h r  0.3612 0.3308 
t z ,  hr 1.168 7.192 
Do, ?g' 

ZUL 
CP, secP 

50.0 50.0 
- 0.001979 
- 2.43 

Data from Ref. 3. Run on a PDP 11/10 computer. Run on a CDC Cyber 
174/2550 computer. d The parameter k is the elimination constant. The parameter 
F is the systemic availability. I The parameter 0 0  is the dose. R Fortran execution 
time without line printer plots and statistics for residuals. 
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The model used in fitting the data predicts a lag time before absorption 
begins and a single absorption phase that abruptly ends before absorption 
ceases. Accordingly, the use of HFCM equations yields positive values 
for both t l  and t 2  and a value for the single absorption rate constant, kal, 
as observed in column 2 of Table IV. The proposed method in this case 
provides estimates of the same parameters, and there is good agreement 
between the estimates given in columns 2 and 3. The close-fitting plot 
obtained using NONLIN is given in Fig. 3. 
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Abstract The kinetic barrier against the transport of methyl and ethyl 
nicotinates across the water-isopropyl myristate interface has been 
studied as a function of temperature using a rotating diffusion cell. The 
temperature dependence of the interfacial transfer kinetics has enabled 
calculation of the thermodynamic parameters for the process. It is evident 
from the results that, for the transferring solutes considered, the acti- 
vation energy barrier is enthalpic, because there is a large positive entropy 
for transfer into the interfacial region. 
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An important physical process, common to all systems 
in which a solute transports from a high concentration 
aqueous phase across an organic membrane barrier into 
a low concentration aqueous phase, is the interfacial 
transfer of the substrate a t  the aqueous-organic and or- 
ganic-aqueous interfaces. Few investigations into the ki- 
netics and thermodynamics of interfacial transfer have 
been made, and the contribution of the phenomenon to 
overall membrane permeation has generally been assumed 
insignificant. However, recent studies have shown that 
transfer across the interfacial barrier can require a sig- 
nificant free energy input (1-3), and it is possible to 
identify circumstances for which the rate of interfacial 
transfer becomes the rate-determining step in membrane 
transport. For example, in the simplest case, consider the 
transport of drug molecules from an aqueous reservoir 
across an organic membrane into a perfect sink. Assuming 
that there is no stagnant diffusion layer in the aqueous 

reservoir phase, then the drug molecules must overcome 
two barriers so as to reach the sink on the far side of the 
membrane. These barriers are present due to interfacial 
transfer a t  the aqueous phase-membrane interface and 
due to diffusion through the organic membrane. The in- 
terfacial transfer is characterized by a heterogeneous rate 
constant k-1 (m/sec), which is related to the aqueous- 
organic partition coefficient of the drug ( K )  by the rate 
constant k 1 for interfacial transfer in the opposite direction 
(organic - aqueous), K = kl/k-l. Diffusion through the 
membrane is dependent upon the thickness of the mem- 
brane (1) and the diffusion coefficient of the drug in the 
membrane (Dorg). Both processes also depend upon the 
cross-sectional area of the membrane. The relative con- 
tributions of the two components of the barrier may be 
compared by their reciprocal permeabilities [or resistivities 
(4)] and for interfacial transfer kinetics to have a signifi- 
cant effect on the overall rate of transport therefore re- 
quires: 

For certain small organic drug molecules, Kk-1 has been 
shown (1-3) to be -lo+ m/sec, and, taking a typical Dorg 
of 10-lo m’/sec, the inequality (Eq. 1) is satisfied by 1 5 100 
pm. This degree of thickness is relevant not only to many 
biological membranes but also to emulsion systems and 
sustained-release formulations. Therefore, in neglecting 
slow interfacial transfer, it is possible that a major con- 
tribution to the transport rate-determining process in 
these systems is being ignored. 

In this study, the kinetic barrier against interfacial 
transfer was investigated as a function of temperature. The 

l/Kk-l 2 1/DOrg (Eq. 1) 
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The model used in fitting the data predicts a lag time before absorption 
begins and a single absorption phase that abruptly ends before absorption 
ceases. Accordingly, the use of HFCM equations yields positive values 
for both t l  and t 2  and a value for the single absorption rate constant, kal, 
as observed in column 2 of Table IV. The proposed method in this case 
provides estimates of the same parameters, and there is good agreement 
between the estimates given in columns 2 and 3. The close-fitting plot 
obtained using NONLIN is given in Fig. 3. 
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Abstract The kinetic barrier against the transport of methyl and ethyl 
nicotinates across the water-isopropyl myristate interface has been 
studied as a function of temperature using a rotating diffusion cell. The 
temperature dependence of the interfacial transfer kinetics has enabled 
calculation of the thermodynamic parameters for the process. It is evident 
from the results that, for the transferring solutes considered, the acti- 
vation energy barrier is enthalpic, because there is a large positive entropy 
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An important physical process, common to all systems 
in which a solute transports from a high concentration 
aqueous phase across an organic membrane barrier into 
a low concentration aqueous phase, is the interfacial 
transfer of the substrate a t  the aqueous-organic and or- 
ganic-aqueous interfaces. Few investigations into the ki- 
netics and thermodynamics of interfacial transfer have 
been made, and the contribution of the phenomenon to 
overall membrane permeation has generally been assumed 
insignificant. However, recent studies have shown that 
transfer across the interfacial barrier can require a sig- 
nificant free energy input (1-3), and it is possible to 
identify circumstances for which the rate of interfacial 
transfer becomes the rate-determining step in membrane 
transport. For example, in the simplest case, consider the 
transport of drug molecules from an aqueous reservoir 
across an organic membrane into a perfect sink. Assuming 
that there is no stagnant diffusion layer in the aqueous 

reservoir phase, then the drug molecules must overcome 
two barriers so as to reach the sink on the far side of the 
membrane. These barriers are present due to interfacial 
transfer a t  the aqueous phase-membrane interface and 
due to diffusion through the organic membrane. The in- 
terfacial transfer is characterized by a heterogeneous rate 
constant k-1 (m/sec), which is related to the aqueous- 
organic partition coefficient of the drug ( K )  by the rate 
constant k 1 for interfacial transfer in the opposite direction 
(organic - aqueous), K = kl/k-l. Diffusion through the 
membrane is dependent upon the thickness of the mem- 
brane (1) and the diffusion coefficient of the drug in the 
membrane (Dorg). Both processes also depend upon the 
cross-sectional area of the membrane. The relative con- 
tributions of the two components of the barrier may be 
compared by their reciprocal permeabilities [or resistivities 
(4)] and for interfacial transfer kinetics to have a signifi- 
cant effect on the overall rate of transport therefore re- 
quires: 

For certain small organic drug molecules, Kk-1 has been 
shown (1-3) to be -lo+ m/sec, and, taking a typical Dorg 
of 10-lo m’/sec, the inequality (Eq. 1) is satisfied by 1 5 100 
pm. This degree of thickness is relevant not only to many 
biological membranes but also to emulsion systems and 
sustained-release formulations. Therefore, in neglecting 
slow interfacial transfer, it is possible that a major con- 
tribution to the transport rate-determining process in 
these systems is being ignored. 

In this study, the kinetic barrier against interfacial 
transfer was investigated as a function of temperature. The 
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Figure 1-Methyl nicotinate: Plots of k - I  as a function of rotation 
speed at the three temperatures ( O K )  indicated. Each experimental 
point is the mean of at least 10 separate determinations; the error bars 
indicate the standard deviations about the mean. The lines through the 
data are the theoretical gradients calculated from the Leoich equation 
(Eq. 5 )  andgiven in Table I .  The contributions to the intercepts of in- 
terfacial transfer (It = 2/a’k-3 and diffusion through the filter (Df = 
Kl/a’D,,) are indicated. Key: (-) Df; (-+) It. 

transport of the methyl and ethyl esters of nicotinic acid 
across the water-isopropyl myristate (I) interface has been 
followed using a rotating diffusion cell (1). This cell uses 
the hydrodynamics of the rotating disk system (5) to im- 
pose a known pattern of convective diffusion on either side 
of a filter1. The rotation of the cell produces a stagnant 
diffusion layer of known thickness on both sides of the 
filter. In the experiments reported here, two interfaces 
were established with the aqueous phase above and below 
the filter which was saturated with the organic phase. The 
choice of I as the organic liquid reflected the suggestion by 
several workers that it is a good model compound for skin 
lipids (6). The rate constants for interfacial transfer were 
determined a t  three temperatures and converted to free 
energies of activation. An Arrhenius relationship has en- 
abled the enthalpic contribution to the energy barrier to 
be found and the entropic component was obtained by 
difference. The data indicate that the free energy barrier 
to transfer is essentially enthalpic, there being a large 
positive entropy for transfer into the interfacial region. The 
results show the same pattern as that recently found for 
salicylic acid crossing the same aqueous-organic interface 

’ Millipore Corp.. Bedford, Mass. 

rc”” 

w-ll’/s”z 

Figure 2-Ethyl nicotinate: The corresponding plots for the ethyl ester. 
Temperature in O K .  Key: (-) Df; (+4) It. 

(3). Finally, the thermodynamic parameters for interfacial 
transfer are compared with those corresponding to solute 
transfer between the bulk IPM and bulk aqueous phases 
(the values being determined from the temperature de- 
pendence of the partition coefficient), and the marked 
differences are discussed. 

EXPERIMENTAL 

Comprehensive descriptions of the rotating diffusion cell and its 
method of operation have been given previously (1,2,7) .  The transport 
of methyl and ethyl nicotinates at  25,30, and 37” was followed from an 
aqueous inner compartment across a filter1 saturated with I into a larger 
aqueous outer compartment. The flux of ester into the receptor phase 
was determined as a function of rotation speed by periodically sampling 
the outer compartment and analyzing the nicotinate concentration using 
UV spectrophotometry. 

Partition coefficients were found hy continuously shaking an aqueous 
solution of nicotinate with an equal volume of I for a period of -48 hr and 
then analyzing for the substrate spectrophotometrically. 

Diffusion coefficients for the two nicotinates in water and in I were 
determined a t  25’ using the Gouy interferometric technique. The results 
for methyl nicotinate were found to be in good agreement with the pub- 
lished values (1). Diffusion coefficients at  the higher temperatures were 
obtained using the Stokes-Einstein relation and a ratio technique pre- 
viously described (1-3,7).  

All chemicals were supplied commercially at  least 99% pure and were 
used without further purification. Solutions were prepared with distilled 
water from an all-glass apparatus. 

THEORETICAL 
For the experiments described in this paper, the flux (J/mole/sec) of 

diffusing species from the inner compartment of the rotating diffusion 
cell to the outer is given by 

J = k A ( C /  - Cijl (Eq. 2)  
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Table I-Experimental Results from Figs. 1 and 2 and  the  
Associated Solute Diffusion Coefficients 

~~ 

Methyl Nicotinate 
109D.,/ 109D,,,l lO-%radient h /  10-61ntercept/ 

l P m  - 1 m - l s  

298 0.88 0.4 1 0.137 0.341 
303 1.13 0.48 0.114 0.246 
310 1.20 0.51 0.107 0.184 

OK m2s-1 m2s-1 

Ethyl Nicotinate 

298 0.76 0.37 0.151 
303 0.89 0.42 0.134 
310 1.06 0.46 0.116 

0.161 
0.129 
0.074 

" Diffusion coefficient values at 298°K were measured exprrimcntallv using a 
high precision (;ou!. diffusiometer (Ref. 91. The stokes- Einstein relatioilship and 
a ratio technique were used to determine the values at the two higher temperatures;. 
* These values were calculated using the corre>pcmding aqueous (liftusion corf'fi. 
cients and kinematic viscosities (Ref .  1111. 'I'hc gradients havr thrn hrril t'orrrtl 
through the experimental points in K i p .  1 and 2 111 olitnin thr intercept- yivrn in 
the final cdumiis thi5 tahle. 

where A is the area of the filter and C I  and Co are the bulk concentrations 
in the inner and outer compartments, respectively. Detailed treatment 
of this expression has been presented previously (1) and the variation 
of the concentrations with time was shown to be: 

[(COJ - Co.n)(l t VO/V/)I/(C/,O - Cr,.o) 
= 1 - exp[-kA(V/-' + V,,-l)t]  (Eq. 3) 

where V/ and VO refer to the respective volumes of the inner and outer 
compartments and the second subscripts on C refer to time. Furthermore, 
analysis of the flux equations for the double interface systems of this 
study indicates that the rate constant k be interpreted as follows ( 1): 

(Eq. 4) 

In this equation, ZZDID~, describes the diffusion through the aqueous 
stagnant diffusion layers established on either side of the filter by the 
rotating disk hydrodynamics. The thickness of these layers (ZD) is given 
by the equation (8): 

Zu = 0.643 L.1/6 DaqI/3 W-172 (Eq. 5) 

where u is the kinematic viscosity nf water, D,, the aqueous diffusion 
coefficient of the solute, and W ( s - ' )  the rotation speed of the filter. The 
second term in Eq. 4 describes the diffusion of the solute through the 
organic liquid filled filter of length I ;  K is the aqueous-organic partition 
coefficient of the substrate, and D,,, its diffhion coefficient in the organic 
phase. The factor a' is the area of the pores of the filter divided by '4. The 
final term 2/a'k-1 describes the interfacial transfer of the solute. the 
factor of two arising because there are two interfaces. For transfer of a 
substrate M ,  the forward and backward interfacial transfer rate constants 
( k l  and k-1) have the following significance: 

ki 

k- i 
MorgCIMaq: K = k1Jk-l (Eq. 6) 

The largest of the three terms in Eq. 4 wil be the most important in de- 
termining the rate of the overall transfer process. 

RESULTS AND DISCUSSION 

The samples periodically removed from the outer compartment of the 
rotating diffusion cell enable values of k-' to be calculated using Eq. 3.  
Figures 1 and 2 show that the linear relationship, predicted by Eqs. 4 and 
5, between k-l and W-I'? is experimentally verified for both methyl and 
ethyl nicotinates at each of the three temperatures considered. In these 
figures, the theoretical gradients calculated using Eq. 5 are forced through 
the experimental points to obtain the intercepts on the k-I axis. Exper- 
imental data lie very close to the theoretical slopes, indicating that the 
correct hydrodynamics are indeed set up by the rotation of the diffusion 
cell. The aqueous diffusion coefficients and theoretical gradients together 
with the derived intercepts at  W-"' = 0 are given in Table I for both 
nicotinic acid esters. 

The intercepts in Table I and Figs. 1 and 2 correspond to the flux at 
infinite rotation speed when the Zl, term in Eq. 4 is zero. The remaining 
two terms describing diffusion through the filter and interfacial transfer 
may be separated using known values of K. D,,,,, I ,  and a': the partition 

Table  11-Interfacial Transfer  Parameters  

Methyl Nicotinate 

OK K mlsec m/sec mole-' mole-] 
1O6kl/ 10"-11 AG"l.#lkJ AG"-,,#IkJ 

298 0.45 9.9 22 39.7 37.8 
303 0.42 16 38 39.4 37.2 
310 0.39 34 86 38.4 36.0 

Ethyl Nicotinate 

298 0.14 4.4 31 42.0 37.1 
303 0.13 5.2 40 42.2 37.1 
310 0.11 11 102 41.3 35.5 

coefficients for both esters at  the three temperatures were determined 
and are presented in Table 11; values for Dorg were also found and are 
given in Table I; and the parameters2 1 and a' are 150 fim and 0.75, re- 
spectively, for the 0.22-pm pore size filters used. Independent verifica- 
tions of the values of 1 and a '  have been reported (11,lZ). Hence, the in- 
tercepts provide direct measurements of k - ~  for both esters a t  three 
temperatures. These rate constants, and the corresponding k 1 values 
calculated from Eq. 6, are given in Table 11, and the interfacial transfer 
contributions to the intercepts are shown in Figs. 1 and 2. Furthermore, 
in Table 11, the kinetic terms have been converted to free energy barriers 
using Eq. 7 (1) 

AG",,,, = -RT In(kil/Z) (Eq. 7) 

which includes a frequency factor (Z) of lo2 mlsec (13). 
Because the interfacial transfer rate constants have been determined 

as a function of temperature, the enthalpy of transfer into the interfacial 
region may be estimated using an Arrhenius relation: 

In k,l = constant - AHoil,#/RT (Eq. 8) 

Plots of the natural logarithm of the k i l  values in Table I1 against 1/T 
were constructed and the enthalpy changes obtained from the gradients 
are given in the first columns of Tables 111 and IV for methyl and ethyl 
nicotinates. respectively. The magnitude of the entropy changes for in- 
terfacial transfer may then be calculated by difference using: 

AS"*I,# = CAHoii,# - AGO*I,#)/T (Eq. 9) 

The results obtained for the two nicotinates a t  298°K are again given in 
the left-hand columns of Tables I l l  and IV. 

The thermodynamic parameters for solute transfer between the bulk 
phases, i . e . ,  the energy difference between molecules in the bulk I and 
in the bulk aqueous phase, have been calculated from the partition 
coefficients in Table 11. The results a t  298OK are summarized in the 
second columns of Tables 111 and IV for methyl and ethyl nicotinates, 
respectively. 

Consideration of the thermodynamic data in Tables 11-IV provides 
the following observations: 

1. The free energy of activation for interfacial transfer in either di- 
rection (organic z aqueous) is always in the region of 39 kJ/mole. The 
free energy differences between the molecules in the bulk phases, how- 
ever, are comparatively small a t  298°K. 

For interfacial transfer in both directions, there is a reasonably 
large positive enthalpy of activation. The temperature dependence of 
the nicotinates water-I partition coefficients, though, indicates that 
transfer from the bulk I phase to the bulk aqueous phase is an exothermic 
process AH 2 10-15 kJ/mole. The transfer between the bulk phases in 
the opposite direction has a correspondingly positive AH. 

For both solutes, in either direction, there is a large significant 
positive entropy for transfer into the interfacial region. This implies that 
the free energy barrier to interfacial transfer discussed above is essentially 
enthalpic rather than entropic. For solute transfer from the bulk I to the 
bulk aqueous phase, on the other hand, AS is negative. Furthermore, in 
this situation, the negative entropy changes are responsible for the pos- 
itive free energy changes calculated from the partition coefficients. 

The constancy of the interfacial transfer free energy of activation has 
been reported previously (1,3), and the results of this study are in good 
agreement with the data in the literature. The values also compare fa- 
vorably with a result for AGO& determined using a Stokes cell (14). In 

2. 

3. 

hlillipiire ('orp.. Hedlord. Mass.. Cat. no. MC 179/u. pp. %4, 13. 
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Table 111-Methyl Nicotinate: Thermodyna,mic Values at 298°K 

I -Water 

hi  K 
I (bulk) -+ I (interface) + 

Water (interface) Water (bulk)o 
ACIhJ mole-’ 39.7 2.0 
AHIkJ mole-’ 75.9 -9.1 
ASIJ mole-IK-1 121 -37 

Water - I 
11K 

Water (interface) 2 Water (bulk) + 
I (interface) I (bulk)b 

AGIkJ mole-’ 37.8 -2.0 
AHIkJ mole-’ 85.1 9.1 
ASIJ mole-’K-l 159 37 

~ 

AG in this column is calculated using AG = -RT In K ,  AH is found from the 
slope of an Arrhenius plot of In K uersus 1/T, and AS is determined by difference. 

In this case, AG = t RT In K ,  AH is found by plotting In K-’ against 1/T, and 
AS is again determined by difference. 

this case, the system contained only one interface (set up on the surface 
of the sinter of the cell) between I and water, and the transferring sub- 
strate was p-methyl benzyl chloride. It seems unlikely that the technique 
of this earlier determination and the rotating diffusion cell suffer from 
the same experimental errors or artifacts. The good agreement between 
the two sets of results is believed (l) ,  therefore, to provide confirmation 
of both the existence of the interfacial transfer process and of the reli- 
ability of the rotating diffusion cell. 

Investigations of the temperature dependence of the interfacial transfer 
process have produced somewhat disparate results. For example, the 
interfacial barrier for p-methyl benzyl chloride crossing the water-I in- 
terface (14) was found to be almost totally enthalpic, with little or no 
entropic contribution. However, an earlier investigation of methyl nic- 
otinate traversing the same interface (l), indicated that the interfacial 
transfer rate constants passed through a minimum as the temperature 
was raised from 11 to 37’. The data obtained at  21 and 37’ support the 
trend in values found in this work. The discrepancy arises because of the 
enhanced rate of transfer measured at ll’, for which there appears to be 
no straightforward explanation. Most recently, the transfer of salicylic 
acid across the water-I interface has been considered (31, and substan- 
tially the same pattern of results was obtained as reported for the nico- 
tinates in this paper; i.e., the entropy of transfer across the interfacial 
region acts so as to reduce the overall free energy barrier, to which there 
exists a large positive enthalpic contribution. 

The large positive entropy of activation found for interfacial transfer 
in either direction warrants further consideration. For both nicotinates 
[and salicylic acid (3)], transfer from the bulk I to the bulk aqueous phase 
involves a negative entropy change. This seems reasonable, since it is 
undoubtedly true that the solvation of the solute molecules will be more 
efficient in water than in I. The lransfer from bulk I to bulk water will, 
therefore, produce an increase in the order of the system. However, this 
is not true in the region of the interface where nicotinate transfer causes 
a large increase in disorder. I t  is possible that this observation reflects 
the absence of any solvation sheath around the solutes as they traverse 
the interfacial regions. Alternatively it seems reasonable to suggest that 
a I-water interface possesses a well-ordered structure in which the ester 
groups of the I moieties will be oriented toward and solvated by the ad- 
jacent water molecules. The transport of a solute molecule through this 

Table  IV-Ethyl Nicotinate: Thermodynamic Values at 298°K 

I -Water 

AG/kJ mole-’ 
AHIk J mole-’ 
ASIJ mole-IK-1 

Water - I 
AG/kJ mole-’ 
AHlkJ mole-’ 
A S / J  mole-lK-I 

h i  I (interface) + 
Water (interface) 

42.0 
67.2 
85 

Water (interface) 2 
I (interface) 

37.1 
84.1 

158 

K 
I (bulk -+ 

Water (bulk)a 
4.9 

-15.6 
-69 

1/K 
Water (bulk) + 

I (bulk) 
-4.9 
15.6 
69 

AG in this column is calculated using AG = -RT In K ,  AH is found from the 
slope of an Arrhenius lot of In K uersus 1/T, and AS is determined by difference. * In this case, AG = + I T  In K, AH is found by plotting In K-1 against 1/T. and AS 
is again determined by difference. 

rather ordered structure must destroy the I-water interactions, thereby 
contributing toward a positive entropy charge. 

Further conclusions from the kinetic and thermodynamic parameters 
reported here cannot be drawn until more experiments are performed 
in which the nature of the solutes and solvents used are systematically 
varied. Like most two-phase and solvation phenomena, a variety of be- 
havior may be expected. However, it has been demonstrated that the role 
of interfacial transfer in the permeation of organic barriers by the solutes 
described in this and other work should be considered significant to the 
overall transport process taking place in these systems. 
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Abstract0 Arylation of amines by reaction with l-fluoro-2,4-dinitro- 
benzene is catalyzed by micelles of cetrimonium bromide. This catalysis 
has been exploited to reduce the analysis time in the spectrophotometric 
determination of amines as their dinitrophenyl derivatives. The kinetics 
of the catalysis were studied for the five amines: alanine, phenylalanine, 
aniline, 4-methylaniline, and 4-methoxyaniline. The dependence of rate 
constant on surfactant concentration can be quantitatively accounted 
for by Berezin's model, in which uptake of the amine and the l-fluoro- 
2,4-dinitrobenzene by the micelle is described as a partitioning phe- 
nomenon for both species. An alternative model is developed in which 
one reactant partitions into the micellar phase and the other binds to the 
micelle with 1:l stoichiometry; the two models are formally equivalent. 
Intrinsic catalytic rate constants and binding constants were evaluated. 
About one-third to one-half of the maximum observed micellar acceler- 
ation is attributed to a true micellar catalysis, the remainder being as- 
cribed to an increase in local reactant concentrations in the micelle. 

Keyphrases 0 l-Fluoro-2,4-dinitrobenzene-hexadecyltrimethylam- 
monium bromide-catalyzed reaction with amines, kinetics, analytical 
application 0 Hexadecyltrimethylammonium bromide-catalyzed reac- 
tion-l-fluoro-2,4-dinitrobenzene with amines, kinetics, analytical ap- 
plication 0 Kinetics-hexadecyltrimethylammonium bromide-catalyzed 
reaction of l-fluoro-2,4-dinitrobenzene with amines, analytical appli- 
cation 

l-Fluoro-2,4-dinitrobenzene undergoes nucleophilic 
aromatic substitution by amines to give dinitrophenyl- 
amines, which are useful derivatives for the spectropho- 
tometric analysis of amines (1-5). Typical reaction times 
are 10-20 min at  65'. The catalysis of this reaction by the 
surfactant cetrimonium bromide was previously described 
(6). It was later suggested (7,8) that this catalysis could be 
applied to the analytical system to reduce the reaction 
times. A preliminary communication showed that this was 
practical, and described analytical conditions making use 
of the micellar catalysis (9). The present paper extends the 
investigation of this analytical application and reports 
kinetic studies, and their interpretation, of the cetrimon- 
ium bromide-catalyzed reaction of l-fluoro-2,4-dinitro- 
benzene with five amines. 

EXPERIMENTAL 

Materials-Cetrimonium bromide' was purified by a previous pro- 
cedure (10). l-Fluoro-2,4-dinitrobenzene was distilled under reduced 
pressure. Aniline2 was distilled; bp 181". 4-Methylaniline' (p-toluidine) 
was distilled under reduced pressure; bp 61.5"/2 mm Hg, mp 44.5-45' 
[lit. mp 44.8' (ll)]. 4-Methoxyaniline' (p-anisidine) was distilled under 
reduced pressure; bp 98"/2 mm Hg, mp 56.557" [lit. mp 57" (12)]. Other 
chemicals were used directly. 

Product Identification-Alanine and 1-fluoro-2.4-dinitrobenzene 
were reacted in pH 9.2 borate buffer in the presence of cetrimonium 
bromide. The solution was acidified to below pH 3 with concentrated HCI 
and was extracted with diethyl ether. The ether layer was dried, redis- 
solved in ether, and then spotted on silica gel TLC plates". This was dc- 

I Baker Analyzed Reagent. 
Mallinckrodt. 
Aldrich. 

4 Rastman Kodak. 

veloped with a mixed solvent of ether-glacial acetic acid-water (100:3:3). 
The product (2,4-dinitrophenylalanine) isolated in this way was recrys- 
tallized from 50% ethanol, and its IR spectrum was determined in solid 
potassium bromide for comparison with the spectrum of an authentic 
sample of 2,4-dinitr~phenylalanine~. UV spectra were also measured. 

The hydrolysis of l-fluoro-2,4-dinitrobenzene was studied in pH 9.2 
borate buffer containing cetrimonium bromide, but no amine. After 
hydrolysis the solution was acidified, extracted with ethyl acetate, the 
extract was evaporated to dryness, and the residue was dissolved in 
methanol for spotting on TLC plates. The development solvent was 
chloroform-methanol-glacial acetic acid (40100.5). The spot was scraped 
off, dissolved in methanol, and centrifuged. The supernatant was dried, 
and the residue was compressed with potassium bromide for IR spec- 
troscopf. An authentic sample of 2,4-dinitrophenol was carried through 
the same procedure. 

Kinetic Studies-For reactions in which the reagent (1-fluoro-2,4- 
dinitrobenzene) concentration was higher than the amine concentration, 
typical initial conditions were: 5 X M amine and 0.035 M cetrimo- 
nium bromide in 0.065 M pH 9.2 borate buffer; the reaction was initiated 
by adding 1.0 ml of 1.3% v/v l-fluoro-2,4-dinitrobenzene (dissolved in 
acetone) to 19 ml of thermostated aqueous solution. Samples of 1.0 ml 
were removed at recorded times and were added to 9.0 ml of a 1:lOO 
dilution of concentrated HCI in dioxane (4). The absorbance was mea- 
sured' at the wavelength of maximum absorption (usually 350 nm) in a 
1.0-cm cell against a reagent blank carried through the same proce- 
dure. 

For reactions in which the amine concentration exceeded the l-flu- 
oro-2,4-dinitrobenzene concentration, the reaction was monitored directly 
in the thermostated spectrophotometer cell compartment. 

Proposed Analytical Method-To a 25-ml volumetric flask 0.25 g 
of cetrimonium bromide and enough of the amine sample should be added 
so that its final concentration will be M; the solution brought to 19 
ml with 0.065 M pH 9.2 borate buffer; the flask brought to the desired 
reaction temperature (25-45"); and the reaction initiated by adding 1.0 
ml of 1.3% v/v l-fluoro-2,4-dinitrobenzene in acetone. After -5 half-lives 
at the experimental temperature, a 1.0-ml portion should be added to 
9.0 ml of a 1:lOO dilution of concentrated hydrochloric acid in dioxane, 
and the absorbance immediately measured at the absorption maximum 
against a reagent blank carried through the same procedure. A standard 
curve should be prepared by subjecting known concentrations of the same 
amine to the procedure. 

RESULTS 

Analytical Method-Analytical conditions require that the concen- 
tration of reagent (l-fluoro-2,4-dinitrobenzene) should be greater than 
that of the amine. Under these conditions, light absorption by the 2,4- 
dinitrophenolate produced through concurrent hydrolysis of the reagent 
interferes with direct observation of the dinitrophenylated amine. It is, 
therefore, necessary to withdraw samples and to acidify them, which stops 
the reaction and concomitantly alters the spectrum of the phenol so that 
it does not interfere with the detection of the amine derivative (4). 

Figure 1 shows the extent of the catalysis by cetrimonium bromide in 
the reaction of alanine with l-fluoro-2,4-dinitrobenzene. The apparent 
first-order plots were linear for two or more half-lives in both the presence 
and absence of surfactant. Table I lists half-lives for numerous amines 
subjected to this procedure, and the rate enhancement produced by the 
surfactant is given in the final column. Rate enhancements for aliphatic 
amino acids and peptides are in the range of 10-20, whereas aromatic 
amino acids show much greater enhancements. The neutral aniline has 

,-, Sigma Chemical Co. 

' Carv models 14 or 16. or Perkin-Elmer 559 spectrriphotometers. 
I'erkin-Elmer 599B IR spectroph[itometer. 
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Table I-Micellar Catalysis of Amine-l-Fluoro-2,4- 
dinitrobenzene Reactions by Cetrimonium Bromide a 

Half-life/min 
No 0.035 M Rate 

Amine 
~~ 

Surfactant Surfactant Enhancement '".'B 0.2 / 
/ 40 80 120 160 200 240 280 320 360 

MINUTES 

Figure 1-Change of absorbance a t  350 nm with time for the arylation 
of alanine a t  23": 5 X M alanine, 3.5 X M I-fluoro-2,4-dini- 
trobenzene. pH 9.2. IJpper curue, 0.035 M cetrimonium bromide; lower 
curue, no surfactant. 

the lowest relative rate in the table. These data suggest that the catalysis 
by the cationic micelle is assisted by anionic and hydrophobic sites on 
the amine. When both features are present, as in 11-aminoundecanoic 
acid, a very large rate enhancement can occur. The half-lives in Table 
I can guide the analyst in selecting appropriate reaction times. 

The effect of temperature on the reaction rate was studied in the 
presence and absence of 0.0175 M surfactant to learn the extent of the 
analytical advantage to be gained by working at a higher temperature. 
The reaction was studied a t  15,25,35, and 45"; the Arrhenius plots were 
linear. In the absence of surfactant, the activation enthalpy AH* was 16.1 
( S D  0.5) Kcal/mole and the activation entropy AS* was -11.2 ( S D  0.5) 
EU (entropy units). In the presence of surfactant, AH* was 13.7 (SD 0.4) 
KcaVmole and AS* was -14.6 (SD 1.3) EU. No mechanistic interpre- 
tation is given to these results, because they include several effects (the 
micellar rate effect and the uptake of the two reactants by the micelle). 
However, the analytical reaction time can be reduced by a factor of -3 
by raising the temperature from 25 to 45O. The slopes of the concentra- 
tion-absorbance curves were identical for reactions run a t  25 and 45". 

The product identification studies showed, by means of TLC, IR 
spectroscopy, and UV spectroscopy, that the products of the reaction of 
l-fluoro-2,4-dinitrobenzene with alanine in the presence of cetrimonium 
bromide were 2&dinitrophenylalanine and 2,4-dinitrophenol. 

Reaction Order-In the analytical studies the reagent was in excess 
by necessity, but for studying the reaction kinetics it is more convenient 
to have the amine in excess. This permits the reaction to be monitored 
directly in the spectrophotometer. However, 1 -fluoro-2,4-dinitrobenzene 
undergoes two reactions in this system, yielding the two products, a 
2,4-dinitrophenylamine and 2,4-dinitrophenol. The following kinetic 
treatment takes this into account. Scheme I is the kinetic scheme, where 
R represents l-fluoro-2,4-dinitrobenzene, D is the dinitrophenylamine 
derivative, P is dinitrophenol, k~ is an apparent first-order rate constant 
for the production of D ,  and k p  is an apparent first-order rate constant 
for the production of P. 

R % D  

R Z P  
Scheme 1 

Then -d[R]ldt = (hm + kp)[R] = k[R], where k = k D  + kp; the loss of 
R is a first-order process, and [R] = [R]o exp(-kt). The rate of formation 
of D is d[D]/dt = kil[R] = k ~ [ R ] o  exp(-kt). Integrating this with the 
initial condition [D] = 0 a t  t = 0 gives: 

In the same way, Eq. 2 is obtained: 

(Eq. 1) 

(Eq. 2) 

The absorbance of the solution (in a 1-cm cell) at any time is given by: 

A = f,q[R] + t~ [0 ]  + cp[P] (Eq. 3) 

Combining Eqs. 1-3 gives: 

Glycine 36.0 
Alanine 87.4 
Phenylalanine 32.0 
Tyrosine 22.0 
Tryptophan 9.0 
Glycylglycine 63.5 
Glycylglycylglycine 94.0 
Glutamic acid 72.0 
p -Aminobenzoic acid 137.5 
11-Aminoundecanoic acid 133.0 
Aniline 60.0 

2.0 18.0 
4.7 18.6 

<0.3 >94 
<0.5 >44 
<0.1 >90 

<0.3 >240 

<0.1 > 1330 

5.4 11.8 
7.5 12.5 

3.0 45.8 

7.5 8.0 

a At pH 9.2 and 23"; 0.0035 M l-fluoro-2,4-dinitrobenzene. 

If the absorbance is measured a t  a wavelength where f D  = t p  = t, Eq. 4 
simplifies to: 

(Eq. 5) 

But c[Rjo = A,, the absorbance when reaction is complete. Therefore, 
a conventional plot of log(A, - A )  against t should be linear, the slope 
yielding k = kD + kp. Since kp can be measured in a separate experiment 
in the absence of amine, the desired rate constant (kn)  is accessible. 
Absorbance measurements were made at  350 nm, where cn = tp, and the 
first-order plots were linear for over three half-lives. 

At pH 9.2 with alanine serving as the amine substrate, the kinetic de- 
pendence on the amine and the reagent was established. In the presence 
of 0.035 M cetrimonium bromide, the rate was directly dependent on the 
concentrstions of amine and l-fluoro-2,4-dinitrobenzene, confirming the 
first-order dependence upon each of these reactants in the presence of 
the surfactant. 

Kinetic Dependence on Surfactant Concentration-The kinetics 
of the reaction of five amines (alanine, phenylalanine, aniline, 4-meth- 
ylaniline, and 4-methoxyaniline) were studied in the presence of varying 
concentrations of surfactant a t  25" and pH 9.2; the amine concentrations 
were 0.0014.1 M ,  and the l-fluoro-2,4-dinitrobenzene concentration was 
6.32 X 10-5 M. Figure 2 is a plot of the first-order rate constant (kn)  
against the total surfactant concentration ( C T )  for phenylalanine. The 
general pattern in Fig. 2 was seen with all amines, namely an increase in 
rate a t  low surfactant concentrations with a saturation-type effect setting 
in a t  high concentrations. However, instead of an invariant plateau level, 
a maximum is observed in the plot (13). 

At very low surfactant concentrations, the rate constant depends lin- 
early on surfactant concentration, as shown in Fig. 3 for three concen- 
trations of alanine. The discontinuity in the plot marks the effective 
critical micelle concentration (CMC); below this concentration the sur- 
factant exists solely as the monomer. 

DISCUSSION 

The Partitioning-Partitioning Model-The kinetic dependence 
of micellar catalysis on surfactant concentration is often described by 
means of a kinetic scheme analogous to the Michaelis-Menten model of 
enzyme kinetics (14). This description is appropriate for a first-order 
reaction (i.e., one in which a single substrate is taken up  by the micelle), 
for which it predicts a saturation curve with an invariant plateau value 
a t  high surfactant concentrations. Evidently, the Michaelis-Menten 
model cannot provide a quantitative treatment of a reaction like the 
nucleophilic substitution described here, for the concentration depen- 
dence of the rate reveals a maximum. It is necessary to take into account 
the uptake of two reactants by the micelle in this second-order reaction, 
and this leads to a quantitative description of the experimental curve. 
This was accomplished previously (15-18) by workers who investigated 
(among other systems) the acceleration of the aminolysis of 1 -fluoro- 
2,4-dinitrobenzene with N-benzoyl-L-histidine methyl ester in the 
presence of cetrimonium bromide. To account for the dependence of rate 
on surfactant concentration they proposed a model in which both the 
l-fluoro-2,4-dinitrobenzene (designated R) and the amine (S 1 are dis- 
tributed between the micellar ( M )  and aqueous ( W )  phases in conformity 
with the simple distribution law. This model is referred to here as the 
partitioning-partitioning model, since it postulates a partitioning 
mechanism for the uptake of both solutes. 
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Figure 2-Plot of first-order rate constant for the phenylalanine-l- 
fluoro-2,4-dinitrobenzene system a t  25’ and pH 9.2 as Q function of 
surfactant concentration. The phenylalanine concentration is 2.04 x 

M. The smooth line was drawn with Eq. 33. 

If VT, VM, and VW represent the total volume of the system, the vol- 
ume of the micellar phase, and the volume of the aqueous phase, re- 
spectively, then VT = VM + Vw, and: 

(Eq. 6) 

A mass balance on R yields: 

and similarly for S. Substituting into Eq. 2 from Eq. 1: 

(Eq. 8) 

The molar concentration of surfactant present as micelles, C, is de- 
fined: 

c = CT - ( C M C )  (Eq. 9) 

Letting V be the molar volume of surfactant, it follows that the product 
C V  is the liters of surfactant present as micelles per liter of solution. or 
the volume fraction of the micellar phase, hence: 

CV = VMJVT 

which, combined with Eq. 8, gives: 

[R]T = [RIMCV + [ R ] w ( l  - cv) 
The distribution equilibria, according to this model, are: 

Rw z RM 

S W  Z= S M  

Scheme I I  

The partition coefficient for R is defined: 

pR = IRlw 
IRIw 

and similarly for S. Eqs. 11 and 12 are combined to yield: 

The quantity KR is defined: 

KR = ( P R  - 1)v 

(Eq. 10) 

(Eq. 11) 

(Eq. 12)  

iEq. 13) 

iEq. 14)  

Then Eq. 15 is written for R ,  and Eq. 16 is the analogous equation for 
S: 

(Eq. 15) 

I I 

0 2 4 6 8 10 
10‘ CTIM 

Figure %Plot of first-order rate constant for  the alanine-l-fluoro- 
2,4-dinitrobenzene system as a function of total surfactant concentra- 
tion. Alanine concentrations, top to bottom: 0.025 M, 0.0125 M, 0.00267 
M. 

-- [‘IT - 1 + KsC 
PI w 

(Eq. 16) 

In these equations KR and K s  have the units of M - l ;  i.e., they have the 
character of 1:l binding constants. 

The bimolecular reaction between R and S can occur in both phases, 
with corresponding rate equations: 

~1.w = ~ M [ R I M I S I M  (Eq. 17) 

uw = kw[Rlw[Slw (Eq. 18) 

The observed velocity ( u )  is equal to the sum of the products of the ve- 
locities in the individual phases and the volume fractions of the 
phases: 

L’ = UMCV + uw(1 - CV) (Eq. 19) 

An experimentally observed second-order rate constant can be de- 
fined: 

iEq. 20) 

Equations 19 and 20 are combined with 15 and 16 and the partition 
coefficient definitions: 

Equation 21 can be simplified for the present purpose. When partitioning 
into the micelle is favored, as with anionic and hydrophobic species, P 
is much larger than unity, and the binding constants from Eq. 14 can be 
written as KR = P,q V and K s  = PsV. Moreover, when CV << 1, Eq. 21 
becomes: 

iEq. 22) 

where k,# ,  = k,tl/V. 
This model can account for the appearance of a maximum in the de- 

pendence of kexp on C. As Berezin points out (17). to account for this 
maximum it is necessary to describe the uptake of both solutes, making 
the model, and the corresponding equation, qualitatively different from 
the Michaelis-hlenten model. 

A Binding-Partitioning ModelLIt  is now shown that a result for- 
mally equivalent to the Rerezin partitioning-partitioning model can he 
obtained with a different physical picture ofthe process. It is postulated 
that one of the reactants, the one in large excess (S  in this case) partitions 
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between the micellar and aqueous phases, whereas the other reactant 
hinds to the micelle with 1:l stoichiometry. These equilibria are: 

s w  C SM 

R + MS 2 MSR 
Scheme I I I  

In this formulation, [ S ] M  is the concentration of S in the micellar phase, 
and [ M S ]  is the solution concentration of S-containing micelles. There 
are no micelles without S, but there can be micelles without R .  This is 
physically reasonable when [SIT > [micelles] > [R]T.  By arguments given 
above, Eq. 16 applies to S ,  whereas Eq. 23 defines the binding constant 
for R. 

(Eq. 23) 

The rate equation for loss of R is given by: 

The mass balance on surfactant is: 

Cj- = [CMC] + n [ M S ]  + n [ M S R ]  (Eq. 25) 

where n is the micelle aggregation number. Combining Eqs. 9,2:J, and 
25: 

n 
L [ M S ]  = (Eq. 26) 

n + n K h ( R ] w  
The mass balance on R is: 

[R]T = [R1 W + [MSR]  (Eq. 27) 

since [MSR]  is the concentration of micelles each containing an R. This 
leads to: 

(Eq. 28) 

Combining the partition coefficient p.7 = [S]M/[S]W with Eqs. 23, 24, 
and 28 gives the rate equation: 

This is first-order in [Rlj-, with the apparent first-order rate constant 
kohs: 

Eq. 26 is combined with Eq. 30 to give: 

Equation 31 is simplified by using the reasonable assumption K , [ R ] w  
<< 1, substituting K,s = P s V ,  and replacing [ S ] w  from Eq. 16 to give: 

(Eq. 32) 

where k h  = kM/V,  K M  = Kh/n ,  and kelp = k o b s / [ S ] ~ .  Equation 32 for 
the binding-partitioning model is identlcal in form with Eq. 22 for the 
partitioning-partitioning model. In these equations the quantity K,y has 
the same significance, but K R  in Eq. 22 is interpreted as KMln i n  Eq. 32 
as a consequence of the different assumptions concerning the uptake of 
R into the micelle. 

Estimation of the Model Parameters-Equations 22 and 32 can be 
written in the equivalent form: 

The parameters can be estimat.ed in several ways from the dependence 
of kotJs on r .  

A plot of kl,l,s against C T ,  a t  very low CT.  will give k w l S ] ~  as the value 
of kl,hs below the CMC. Above the C M C ,  the slope of the straight line is 
equal to k&~Ks[S] j - ,  from which the product khKMK.s is found. The 
intersection of the straight line segments marks the CMC. Figure 3 shows 
plots of this type. 

A plot of k, , ) , ,  against C over the full range of C, as shown in Figure 2, 

I 

I I 1 4 
1 2 3 4 5 6 1  

10' CIM 
Figure 4-Dependence of  koha on surfactant concentration for aniline 
(0). 4-methylaniline (O),  and 4-rnethoxyaniline ((3). The smooth curivs 
rclerr drawn with E y .  33 and the parameters in Table 11. The aminc 
concentrations uere: aniline, 0.0988 M: 4-rnc,!hy/aniline, 0.00807 M ;  
4-methoxyanilinc. 0.0243 M .  
exhibits a maximum if Eq. 33 describes the system. The concentration 
C,,, corresponding to this maximum is found by setting the derivative 
dk,,lJ,ldC' equal to zero: 

(Eq. 34 )  
This result yields the product K'+fK,y, and k ,  is ohtained from this and 
the estimate of khKMKs.  

Inserting Eq. 34 into Eq. 32. and neglecting k ~ . ,  leads to Eq. 35, where 
k z ;  is the value of k,,, when c' = C,,,,,: 

C,,,,, = ( K u K . 5 )  -112 

With these relationships, the four parameters k w ,  k M ,  K w ,  and K s  can 
be evaluated. Because Eq. 33 is symmetrical in K.bf and Ks, it is not 
possible to assign these quantities unambiguously. 

Another approach is a modification of a method descrihed previously 
(18). Eq. 32 can be rearranged to: 

From this, Eq. 37 is obtained: 

where A = k,KMKs - k w K M ( l +  K,d ' ) .  A plot ofCl(k , , ,  - ku.) against 
(' is a curve, whose intercept at  C = 0 is l / ( k & ~ K , s  - kwti ,+f) .  If the k M.' 
term is negligible, this gives an estimate of kMKMK,q. 

Equation 32 is then rearranged to: 

k&wKsC + k w  - 
- KwKs" + (K.&{ + K,$)  (Eq. 38) 

A plot of the left side against (' yields t i u K , ~  and (Khf + K.Y) from the 
slope and intercept. 

By either of these methods K M  and  ti.^ are found by solving the qua- 
dratic formula. In some instances the solution is indeterminate-that 
is, the estimates K,uKs and (K,u  + K.y) are mutually inconsistent. be- 
cause of experimental error. The individual constants are then evaluated 
by a curve-fitting method. in which Eq. 33 is fitted to the experimental 
points. This is a straightforward process, because the quantities k ; , ,K~,KS 
and K M K , ~  serve as constraints. Figures 2 and 4 show some of these 
curves. 

Interpretation of the  Micellar Catalysis-Table I1 gives the values 
of K w ,  K.s, k w ,  k n f ,  and kM for the cetrimonium bromide-catalyzed re- 
action of I-fluoro-2.4-dinitrobenzene with five amines. The second-order 
rate constant kw was obtained from the relationship /in, = k M / V .  where 
V is the molar volume of' surfactant; in this calculation V was taken as 
0.?6 liter/mole, as estimated by Rerezin and coworkers (15, 18). who have 

kex,C 
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Table 11-Parameters for  the Cetrimonium Bromide-Catalyzed Reaction of l-Fluoro-2,4-dinitrobenzene with Some Amines at 25” a,b 

k k  k,w, k w ,  
M-ls-l k.w/kZ; M-ls-I 

K S  7 KM I 

Amine M-1 M - 1  s-‘  

Alanine 

Phenylalanine 

Aniline 

4-Methylaniline 

4-Methoxyaniline 

9.5 
(0.7) 
25.9 
(1.1) 
9.2 

(0.4) 
27.0 
(1.8) 
13.7 
(1.0) 

70. 
(5.2) 
66. 
(2.8) 

113. 
(4.3) 
55.5 
(3.fi) 
43.8 
(3.3) 

0.091 
(0.012) 
1.39 

(0.19) 
0.0075 

(O.ool8) 
0.20 

(0.024) 
0.048 

(0.0063) 

0.26 

3.98 

0.02 13 

0.57 

0.138 

0.025 

0.093 

0.005 

0.143 

0.0223 

~ 

0.56 

0.29 

0.50 

0.30 

0.50 

a Symbols refer to Eq. 33. h Standard deviations in parentheses. 

also discussed the uncertainty involved in estimating V (1’7). The as- 
signment of KM and K s  to the binding constant estimates is based on two 
chemical factors: ( a )  it is expected that phenylalanine will be taken up 
by the micelle more extensively than will alanine; ( b )  the K s  values for 
the three anilines vary roughly as their partition coefficients in the oc- 
tanol-water system (19). K M  represents binding of l-fluoro-2,4-dini- 
trobenzene to the micelle; the variation in this quantity is greater than 
expected, indicating that the nature of the amine taken up by the micelle 
influences binding of the second reactant. 

The uncertainties assigned to the K.7, K M ,  and k , v  values in Table I1 
are based upon the uncertainties in the products k h K M K s  and KMKs ,  
which are the quantities directly evaluated from the data. Division of the 
uncertainty in K M K S  between K M  and Ks was based on the assumption 
that the uncertainty was weighted by the value of the constant, according 
to the relationship sK&,/sKs = K M / K s ,  where s represents standard de- 
viation. 

Table I1 includes the k w  values, and it is seen that the ratio of kM/kw 
is substantially greater than unity for all of the amines. The last column 
of the table gives the ratio of ku to k z : ,  the maximum value of the ob- 
served second-order rate constant. This ratio is a measure of the fraction 
of true micellar catalysis contributing to the total micellar acceleration 
effect, as suggested: 

k u  k u h w  

That is, approximately one-third to one-half of the maximum observed 
acceleration is a consequence of catalysis by the micelle, the remainder 
being a concentration effect, through which the micelle increases the local 
concentrations of the reactants. 

A previous study (18) carried out a similar analysis for the cetrimonium 
bromide-catalyzed reaction of l-fluoro-2,4-dinitrobenzene with N- 
benzoyl-L-histidine methyl ester. These authors found that knflk w was 
in the range of 1-2, and they concluded that most of the micellar accel- 
eration was a result of the concentration of the reactants in the micellar 
phase. They also measured the binding constants by an independent 
solubility method, finding the value of 27 M-’ at 18’ for 1-fluoro-2.4- 
dinitrobenzene. This value will be smaller a t  25’ because the heat of 
binding is negative. This result is not in good agreement with the K w  
assignment in Table 11, and this assignment is therefore in some 
doubt8. 

-=- k mar 
exp k ? z / k w  

~ 

One factor that may influence the binding constants is the cornptrwicm d the 
solvent. which in the present studies contained 5 5  acetone. Another uwsible focttir 
may be the buffer species. 
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Abstract 0 Cyclazocine, a benzomorphan derivative narcotic agonist- 
antagonist, reduced the uptake of tritiated norepinephrine and reduced 
the recovery of [3H]3,4-dihydroxymandelic acid, but did not significantly 
alter the recovery of 13H]normetanephrine in the rat heart i n  uiuo. Cy- 
clazocine also reduced endogenous levels of norepinephrine in the rat  
heart. Comparatively, desipramine reduced the uptake of [3H]norepi- 
nephrine, the recovery of [“H]3,4-dihydroxymandelic acid, and the re- 
covery of [3H]normetanephrine in the rat heart i n  uiuo. Further, cycla- 
zocine added to the perfusion medium or administered systemically re- 
duced the uptake of radiolabeled norepinephrine by the isolated rat heart. 
The cyclazocine-induced decrease in the accumulation of [?H]norepi- 
nephrine in the rat heart in uivo and in uitro presumably is due to an 
alteration of sympathetic function through the inhibition of neuronal 
uptake. It is further suggested that cyclazocine has other actions on the 
sympathetic nervous system, such as promoting neurotransmitter re- 
lease. 

Keyphrases Cyclazocine-interaction with the sympathetic nervous 
system 0 Sympathetic nervous system-interaction with cyclazocine 

Cyclazocine was first synthesized in the search for 
nonaddicting analgesics. Although cyclazocine is an ef- 
fective analgesic in animals (1) and humans (2, 31, it has 
been shown to be a potent narcotic antagonist (4, 5). 
Consequently, it has been employed in the treatment of 
narcotic addiction (6-9). In these patients, a cyclazocine- 
induced euphorigenic and antidepressant action was no- 
ticed (7). Subsequently, the clinical evaluation of cycla- 
zocine in depressed patients was reported (10,ll).  It was 
concluded that cyclazocine exhibited a clinical antide- 
pressant action with a range of activity very similar to 
imipramine. 

Support for clinical data (10) was found by demon- 
strating that the cyclazocine-induced electroencephalo- 
gram changes were similar to those induced by imipramine 
in depressed patients. Likewise, electroencephalogram 
changes induced by cyclazocine and imipramine have been 
reported to be similar in the rabbit (12,13). 

Tricyclic antidepressants (imipramine and related 
compounds) have been shown to potentiate certain car- 
diovascular responses to norepinephrine in cats (14) and 
humans (15), presumably by preventing the uptake of 
norepinephrine by sympathetic neuronal structures (16, 
17). Likewise, cyclazocine potentiates certain actions of 
norepinephrine in uiuo and in uitro (18). 

Since these studies suggest that cyclazocine may possess 
pharmacological actions similar to tricyclic antidepres- 
sants, the possibility that cyclazocine may alter sympa- 
thetic nervous system function was investigated. 

EXPERIMENTAL 

Cannulation of Vessels-The animals (male Sprague-Dawley rats, 
200-350 g) were anesthetized with ether, and the right femoral vein was 
cannulated to facilitate intravenous drug injections. Each injection was 
washed into the vein with a 0.2-ml solution of normal saline. 

Perfusion of the Rat Heart-All rats were given lo00 U ip of heparin 
5 min prior to decapitation to reduce intravascular clotting. The hearts 
were removed and perfused by the Langendorff technique (19). After a 
10-min perfusion of amine-free modified Krebs-bicarbonate solution a t  
60 mm Hg, the hearts were perfused until a constant volume was reached 
(-10 min), with modified Krebs-bicarbonate solution containing 3.3 nCi 
of [3H]norepinephrine, diluted with nonradioactive norepinephrine to 
a final concentration of 10 nglml. Following the amine perfusion, the 
extraneuronal norepinephrine was removed by a 2-min wash with 
mine-free medium. This washing technique has been reported to remove 
95% of the extracellular norepinephrine (20). The heart was removed from 
the perfusion apparatus, blotted, weighed, and assayed for [3H]norepi- 
nephrine. 

Each liter of bathing medium, continuously bubbled with a mixture 
of 5% carbon dioxide in oxygen, contained (mM): NaCl(ll8);  NaHC03 
(25); KC1 (4.75); MgS04 (1.19); KHzP04 (1.19); CaC1~2H20 (2.5); glucose, 
2 g; disodium edetate, 0.010 g. 

Norepinephrine and  Metabolite Assay-The isolation procedure 
for radioactive and endogenous norepinephrine and its metabolites was 
carried out by the use of ion-exchange resins and alumina (21). 

Norepinephrine was made to fluoresce by the trihydroxyindole tech- 
nique (22). The fluorescence was read on a spectrofluorometerl. Effi- 
ciency of the assay was determined by the use of a standard carried 
completely through the assay. Reagent fluorescence was determined after 
carrying each reagent used for elution through the assay. Mean recovery 
rates were: norepinephrine, 90%; normetanephrine, 72%; dihydroxy- 
mandelic acid, 85%. 

For estimation of the tritiated catecholamine and the tritiated me- 
tabolites, 1 ml of the appropriate eluate containing the tritiated norepi- 
nephrine or metabolite was added to 10 ml of a commercial counting 
cocktail2 and counted in a liquid scintillation counter3. Efficiency and 
quench were determined by using a tritium external standard. 

22 

15 

7 

Norepinephrine, 
nCi/g 

30 

t 

Dihydroxymandellc 
acid, 
nCi/g I Normetanephrine, 

nCi/g 

2.41 

C 15 30 60 C 15 30 60 

Figure 1-The effect of cyclazocine on t h e  uptake  and metabolism of 
tritiated norepinephrine in rat hearts in vivo. Rats were giuen cycla- 
zocaine (5 mglkg iu) 15,30, and 60 min prior t o  a n  infection of 10 pCi 
iu ’% tritiated norepinephrine. Control animals received a n  intravenous 
injection of saline. T h e  hearts were remoued 30 m i n  later and assayed 
for the  radiolabeled compounds, norepinephrine, normetanephrine, 
and 3,4-dihyroxymandelic acid. All values represent the means (hori- 
zontal bar) f SEM (vertical bar) from four  rats. Key: f*), postcycfazo- 
cine values significantly different f r o m  control values (C) at p < 
0.05. 

Aminco-Bowman model XLS IA M2. 
Aquasol, New England Nuclear Corp., Boston, Mass. 
Beckman model 230. 
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Table I-Effect of Cyclazocine on Endogenous Hea r t  
Norepinephrine in the R a t a  

Heart Noreoineohrine. u d e  

Cyclazocine, mg/kg 
Time, hr 5 10 20 40 

Control 0.87 f 0.07 0.91 f 0.03 0.93 f 0.03 0.95 f 0.05 
1 0.79 f 0.09 0.79 f 0.026 0.70 f 0.08b 0.80 f 0.07 
2 0.87 f 0.04 0.70 f 0.02* 0.65 f 0.05h 0.69 f 0.03b 
4 0.88 f 0.08 0.57 f 0.01 0.83 f 0.04 0.79 f 0.11 

a n = 4; all values represent the mean f S E M  

Drugs and  Solutions-Cyclazocine4 was dissolved in acidic aqueous 
solution prior to use. In the perfused heart studies, cyclazocine was dis- 
solved using 10% polysorbate 805 as a cosolvent in water and added di- 
rectly to the bathing medium. The medium containing no cyclazocine 
received an equivalent amount of polysorbate 80. 

[7-3H]DL-Norepinephrine (5.0 or 15.8 Ci/mW6 solutions were made 
by diluting a proportion of the commercial stock solution with 0.1 N HCI 
containing 0.85% NaCl and norepinephrine bitartrate' to the desired 
specific activity. 

Desipramine hydrochlorides was dissolved in double distilled water 
containing 0.85% NaC1. 

Statistical Analysis-The data presented as means f SE were ana- 
lyzed with a randomized complete block analysis of variance with Dun- 
can's new multiple range test (23). Values of p < 0.05 were considered 
significant. 

p < 0.05. 

RESULTS 

Influence of Cyclazocine on the Uptake and  Metabolism of 
[3H]norepinephrine Zn Vivo-Cyclazocine significantly altered the 
uptake and metabolism of tritiated norepinephrine in the rat heart. After 
an intravenous injection of cyclazocine (15.30, and 60 min) (5 mg/kg) the 
uptake of [3H]norepinephrine (10 pCi) was significantly reduced (Fig. 
1). Cyclazocine did not significantly alter the catechol-0-methyltrans- 
ferase metabolite, normetanephrine, although there appeared to be some 
reduction. The monoamine oxidase metabolite, 3,4-dihyroxymandelic 
acid, was significantly reduced by cyclazocine at  all three time periods 
measured. 

An evaluation was made of the effect of three doses of cyclazocine, 2.5, 
5.0, or 10 mg/kg iv on the uptake of the tritiated amine at  the 30-min 
interval. The uptake of [3H]norepinephrine was significantly reduced 
a t  doses of 2.5,5.0, and 10 mglkg (Fig. 2). 

Effect of Desipramine on the Uptake and  Metabolism of [3H]- 
Norepinephrine Zn Vivo-Intravenous desipramine (5 mg/kg) signif- 
icantly reduced the uptake of 13H]norepinephrine and altered the for- 
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Figure 2-The effect of various doses of cyclarocine on the uptake of 
tritiated norepinephrine in the rat heart in vivo. Rats were given cy- 
clazocine 2.5.5.0, or 10.0 mglkg 30 min prior to an injection of 10 p C i  
iu of tritiated norepinephrine. Control animals receiced an intravenous 
injection of saline. The  hearts were removed 30 min later and assaJled 
for tritiated norepinephrine. All values represent the mean (horizontal 
bar) f S E M  (uertical bar) f rom four rats. Key: (*), postcyclazocine 
values significantly different from control oalues (C) at p < 0.05. 
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Figure 3-The effect of desipramine on the uptake and metabolism of 
tritiated norepinephrine in  rat hearts in vivo. Rats were given desi- 
pramine (5 mglkg iv) 15,30, and 60 min prior to an  injection of 10 FCi 
of [3H]norepinephrine. Control animals received a n  intravenous in- 
jection of saline. The  hearts were removed 30 min  later and assayed for 
the radiola beled compounds, norepinephrine, normetanephrine, and 
3.4-dihydroxymandelic acid. All values represent the mean (horizontal 
bar) f SEM (vertical bar) from four rats. Key: (*), postdesipramine 
ualues significantly different from control ualues IC) at p < 0.05. 

mation of radiolabeled dihydroxymandelic acid at  all time periods tested 
(Fig. 3). Unlike cyclazocine, desipramine significantly altered tritiated 
normetanephrine a t  all time periods measured. 

Influence of Cyclazocine on the Uptake of Trit iated Norepi- 
nephrine In Vitro-The intraperitoneal injection of cyclazocine, 2.5, 
5, or 10 mg/kg, 1 hr before the removal o f  the rat heart and subsequent 
perfusion with radiolabeled norepinephrine significantly reduced the 
uptake of the trit,iated norepinephrine (Fig. 4). Cyclazocine added directly 
to the bathing medium in concentrations 01 10W' and M, likewise, 
significantly reduced the uptake of [2H]norepinephrine by the isolated 
perfused rat heart (Fig. 5). 

Effect of Cyclazocine on Hear t  Endogenous Norepinephrine- 
Table I shows the influence of cyclazocine, 5,10,20, or40mghg ip on rat 
heart norepinephrine 1,2, or 4 hr after cyclazocine. Cyclazocine signifi- 
cantly reduced rat heart norepinephrine levels a t  doses of 10,20, and 40 
mg/kg, but did not alter the levels a t  5 mglkg. 

DISCUSSION 

These results support the hypothesis that  cyclazocine produces al- 
terations in sympathetic nervous system function by virtue of changes 
in uptake processes at  adrenergic nerve endings. 

A reduced recovery of [3H]norepinephrine in rat heart i n  vivo produced 
by cyclazocine could be related to an altered uptake of norepinephrine 
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Figure 4-The effect of systemic cyclazocine on the uptake of tritiated 
norepinephrinp by the  isolated perfused rat heart. Rats weregiven cy- 
clazocine 7.5, 5.0, or 10.0 mglkg ip  1 hr prior t o  removal of the heart. 
Control rats receiced an intraperitoneal injection of saline. The hearts 
u'ere perfused with tritiated norepinephrine ( 1 0  nglml. 3.3 nc'ilml). All 
cialues represent the mean (horizontal bar) f S E M  (twrtical bar) from 
four rats. KeJ,: f*), postcyclazocine tialues significant/y different from 
control t,alues (c') at  p < 0.0S. 
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Figure 5-The effect of various concentrations of cyclazocine on the 
uptake of tritiated norepinephrine by the isolated perfused rat heart. 
Hearts were removed and perfused with tritiated norepinephrine (10 
nglml, 3.3 nCi/ml) in the absence (control C) and presence of lods, 10-5, 
or M cyclazocine f SEM (vertical bar) from four rats. Key: (*), 
cyclarocine-treated ualues significantly different from control ualues 
(C) at  p < 0.05. 

into sympathetic nerves. Such an inference is supported by a significant 
cyclazocine-induced decrease in the formation of [3H]dhydroxymandelic 
acid. Since monoamine oxidase appears to be principally located in the 
adrenergic neuron and has been shown to catalyze the oxidative deami- 
nation of intraneuronal norepinephrine, a decrease in neural uptake 
would be expected to result in a decreaae in the deaminated metabolite 
of norepinephrine, dihydroxymandelic acid. In comparing the effect of 
desipramine, a compound that has been reported to decrease neuronal 
uptake in the rat heart (24), cyclazocine was less active in suppressing 
the accumulation of tritiated norepinephrine by the rat heart and did 
not produce a significant decrease in the formation of (3H]normetane- 
phrine (Figs. 1 and 3). 

The observed changes in the recovery of radiolabeled normetanephrine 
from the heart induced by cyclazocine and desipramine were of interest 
in light of the reported increases in normetanephrine accumulation 
produced by agents that inhibit neuronal uptake in brain tissue (25,26). 
These results are consistent with those presented previously (27,28). It 
was shown that agents that inhibit adrenergic neuronal uptake (cocaine 
or imipramine) reduce the recovery of tritiated normetanephrine from 
heart tissue when [3H]norepinephrine is administered intravenously. One 
explanation for the difference in the recovery of normetanephrine in brain 
and heart tissue produced by an agent that impedes neural uptake might 
be that the diffusion rate of the 0-methylated metabolite out of the 
tissues varies markedly (29). 

Since the in uioo results suggested a cyclazocine-induced inhibition 
of neuronal uptake, the effect of cyclazocine on the uptake of [3H]nor- 
epinephrine was examined in isolated rat heart perfused with a concen- 
tration of norepinephrine (10 ng/ml) that when recovered would be in- 
dicative of neuronal uptake (19,26). Cyclazocine added directly to the 
medium or given to the animal significantly decreased the uptake of 
tritiated norepinephrine into the isolated perfused heart, presumably 
a t  the level of the sympathetic nerve terminals. 

Cyclazocine caused a depletion of endogenous cardiac norepinephrine 
a t  10,20, and 40 mg/kg. Cyclazocine has been shown to decrease levels 
of norepinephrine in brain tissue (30). It could be suggested that the 
depletion of endogenous cardiac norepinephrine was due to an inhibition 
of uptake; however, such a conclusion is not warranted, since tricyclic 
antidepressants with potent neuronal uptake inhibitory actions do not 
deplete catecholamine stores (31, 32). One possible mechanism is that 
cyclazocine releases norepinephrine, thereby, reducing stores of the 
catechol in the rat heart. 

An earlier study (33) can be cited in support of such an alternate hy- 
pothesis. It was theorized that pentazocine, a chemically related com- 
pound to cyclazocine, produces a calcium-dependent action on vascula- 
ture and that the ability of pentazocine to decrease norepinephrine 
concentrations is related to an enhanced calcium influx into the nerve 
terminal, causing a release and subsequent depletion of the neuro- 
transmitter. 

Although the results presented in this paper suggest that cyclazocine 
interacts with the sympathetic nervous system by impeding neuronal 

uptake, they do not negate the possibility that cyclazocine alters sym- 
pathetic neural activity by other actions, e.g., by enhancing release of 
neurotransmitter. 

Furthermore, the results add support to the hypothesis that cyclazocine 
can induce central nervous system effects by not only interacting with 
opiate receptors but by altering adrenergic nerve function (34,351. 
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Abstract  0 A mathematical model is developed to explain the depen- 
dence of renal clearance on urine flow rate. The model is tested using 
human data from the literature on compounds that are neither secreted 
nor reabsorbed by active or pH-sensitive mechanisms. The physiologi- 
cally derived model explains and predicts the relationship between renal 
clearance and urine flow for a broad spectrum of compounds (i .e. ,  buta- 
barbital, chloramphenicol, creatinine, ethanol, theophylline, and urea) 
for which appropriate data are available. 

Keyphrases 0 Excretion, renal4ependence of renal clearance on urine 
flow, mathematical model, application, reabsorption (0) Urine flow- 
dependence of renal clearance, mathematical model, application, reab- 
sorption 0 ReabsorptionAependence of renal clearance on urine flow, 
mathematical model, application 

Passive reabsorption is a major process controlling the 
renal excretion of many organic substances (1, 2). The 
magnitude of passive reabsorption depends on the nature 
of the substance, i .e . ,  its lipophilicity and its extent of 
ionization. It also depends on the urine flow rate and the 
pH of the luminal fluid in the renal tubule. For a com- 
pound readily undergoing reabsorption, its rate of urinary 
excretion can be elevated by increasing the urine flow 
( 2 4 ) .  This dependence on urine flow leads to problems in 
clinically or pharmacokinetically assessing urine data, 
because of a large variability in renal clearance or excretion 
rate-plasma concentration. However, the dependence can 
be used beneficially. For example, forced diuresis hastens 
the elimination of drugs and shortens the time required 
to detoxify patients overdosed on certain drugs (5-7). 
Experiments have demonstrated this flow dependence of 
renal excretion (8-11). 

In this work a model based upon physiological consid- 
erations was derived. Literature data on the renal clear- 
ance-urine flow relationship for representative compounds 
were fitted to the model. Factors determining the urine 
flow dependence are discussed and exemplified by com- 
puter simulation. 

BACKGROUND 

The functional unit of the kidney, the nephron, is composed of the 
glomerulus, the proximal tubule, the loop of Henle, the distal tubule, and 
the collecting duct, each of varying dimensions [Table I, (12)]. The glo- 
merulus receives the arterial blood and a portion of the plasma water is 

Table  I-Dimensions of Renal Tubule in Humans 

Outside 
Segment of Renal Length, Diameter, Outer Surface 

Tubule mma P n a  Area,b M 2  

Proximal 12-24 50-65 6.6 

thick 6-18 - 
Loop of Henle, thin 0-14 14-22 1.0 

Distal 2-9 20-50 1.2 
Collecting duct 22 up to 200 20.7 

0 Obtained from R. F. Pitts (12). n(average outer diameter)(average length) 
X 2(numher of nephrons per kidney) (Ref. 25). 

filtered. About two thirds of the glomerular filtrate is reabsorbed iso- 
osmotically in the proximal tubule (13). The wall of the ascending loop 
of Henle is thought to be relatively impermeable to water. Further 
reabsorption of water occurs in the distal tubule and collecting ducts. The 
volume of plasma water filtered per unit of time a t  the glomerulus, the 
glomerular filtration rate, is -120 m l h i n  in an average 20-year-old male. 
Because of the extensive reabsorption of water, the urine flow rate av- 
erages -1-2 m l h i n .  The renal plasma flow, -650 ml/min, and the glo- 
merular filtration rate are reasonably constant, but because of the vari- 
able reabsorption of water in the distal tubule and collecting duct, the 
urine flow rate is quite variable. 

The renal excretion rate of a drug is the net result of filtration, secre- 
tion, and reabsorption: 

rateof - rateof rateof - rate of 
- + (Eq. 1) 

excretion filtration secretion reabsorption 
Because only drug in plasma water (the unbound drug) is filtered a t  the 
glomerulus: 

rate of filtration = FaCp (Eq. 2) 

For definition of symbols, see the Appendix. 
Substituting Eq. 2 into Eq. 1 and dividing by plasma drug concentra- 

tion, the renal clearance, a proportionality constant relating the rate of 
excretion to the plasma drug concentration, is obtained: 

rate of secretion - rate of reabsorption CL, = aF + (Eq. 3) 
CP 

A renal clearance of less than a F ,  therefore, indicates that reabsorption 
occurs. If a drug is secreted, reabsorption must then be greater than se- 
cretion. 

The renal clearance of a nonpolar compound that is nonionized a t  
physiological conditions shows flow dependence. The extent of the de- 
pendence is determined by its lipophilicity and the membrane perme- 
ability. For drugs that are not secreted, the renal clearance is expressed 
by: 

rate of reabsorption CL, = OF - (Eq. 4) 
CP 

The following model applies to a drug that is neither secreted nor ionized 
a t  physiological pH. 

Plasma Flow 
C 

s \Tubular  Fluid Flow ’ 1 
a u  
m ~ 

- 1  ROXlllL DlSTLL COLLECTING 
3 
I- I- T U R l l l  4- T U M I  DUG1 

Figure 1-Schematic diagram of drug and water reabsorption in an 
auerage functional nephron. The exchange of drug in luminal fluid (D,J 
and free drug in plasma (Dt) is characterized by the permeability con- 
stant, P or P’, of each region of the nephron. The decline of the luminal 
fluid floui rate is assumed to be linear within the proximal and post 
proximal parts of the tubule. The glomerular filtration rate (F), the 
urine flow (U). and the origin (0) are also shown on the y-axes. 
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Figure 2-Scheme for symbols used in model derivation. Proximal part 
of the renal tubule (A); and distal part of the renal tubule (B) .  

THEORETICAL 

To develop a model for the urine flow rate dependence of renal clear- 
ance for a nonsecreted, poorly ionized drug, the following assumptions 
are made: 

Each nephron behaves, on average, as a single functional unit as 
depicted in Fig. 1. 

There is a constant reabsorption flux of water within the proximal 
and distal regions of the tubule. The net rate of the change of luminal fluid 
volume per unit of surface area of membrane is P, in the proximal and 
PI, in the rest of the nephron. Urine flow alterations reflect a physiological 
change in P,. 

The rate of reabsorption of a compound a t  any point in the tubule 
is proportional to the difference between the concentrations in luminal 
fluids and in plasma and depends on the permeability of the drug in the 
tubular membrane. The permeability of the membrane per unit of surface 
area for a given compound is assumed to be constant within each of the 
regions of the tubule. 

Reabsorption in the Proximal Tubule-At point x ,  the rate of 
change of luminal fluid flow is: 

1. 

2. 

3. 

- -Pw (Eq. 5) 

and the proximal luminal fluid flow, U,, in the model (Fig. 2A), is de- 
scribed by: 

d u x  -- 
dA, 

U, = F - PwA, (Eq. 6) 

Thus, the luminal fluid flow rate declines from F to F - P,A,, or UA,. 
The rate of reabsorption of drug depends on the permeability constant, 

/' 
84 / 

/ 
- .  o i 4 6  9 

0 2 4 6 8  11 - -  
U R I N E  FLOW RATE, ml/min 

Figure 4-Urine flow-dependence of renal clearance for ethanol and 
butabarbital. Data from Refs. 14 and 7, respectively. Solid lines are the 
computer fits of the  model. 

P ,  and the concentration gradient of the exchangeable drug (unbound) 
across the membrane a t  point x .  Therefore: 

rate of reabsorption = P(C,  - aC,)dA, (Eq. 7) 

The rate of loss of the drug from the tubule is: 

-d(U,C,) = -U,dC, - C,dU, (Eq. 8) 

Because these two rates must be the same, it follows that: 

dC, dU,  
dA, dA ,  

u, - + c, - = -P(C, - (YC,) (Eq. 9) 

By substituting Eqs. 5 and 6 into Eq. 9: 

0- 
0 5 10 15 20 
U R I N E  FLOW RATE, % of Cli, 

URINE FLOW RATE, mllmin 
Figure 5-Urine flow dependence of renal clearance for chloram- 
phenicol and theophylline. Chloramphenicol renal clearance and urine 
flow were normalized by inulin clearance (CLi,). Data for chloram- 
phenicol are from Ref. 15. The  theophylline data are unpublished (1 7). 
Solid lines are the computer fits of the model. 
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Table 11-Parameter Values of Model" 

Urea * 
Parameter A B C Creatinine Ethanol Butabarbital Chloramphenicol Theophylline 

t. ml/min 6.7 8.0 9.1 0 665 120 
i 0.013 0.016 0.018 0 5 
a 1 1 1 1 1 
F, ml/min 125 85 145 125 140 

1.01 
0.72r 
120 

13.9 27.5 
0.022 0.25 
0.47 0.47e 

133 118 
f ,  6, and F values from fit of Eq. 28 to data (7.14-18). From three subjects. Ref. 19. Ref. 20. Ref. 17. 

On rearrangement: 

Integration of this first-order linear differential equation gives: 
aCp6 C ,  = - + /3(F - PwA,) -w 
6 - 1  (Eq. 12) 

where W = 1 - 6, 6 is PlP,, and 0 is the constant of integration. Because 
only the unbound drug is filtered at  the glomerulus, the drug concen- 
tration in the initial filtrate, where A, is zero, is aC,. Accordingly, the 
integration constant is: 

(Eq. 13) 

and the luminal drug concentration a t  any point x within the proximal 
tubule is: 

(Eq. 14) 

At the end of the proximal tubule, the luminal concentration becomes: 

(Eq. 15) 

Because -70% of the glomerular filtrate is reabsorbed in the proximal 
tubule (131, PwAp can be approximated by 0.7F. Therefore: 

(Eq. 16) 

Reabsorption in the Distal Tubule and the Collecting Duct-The 
luminal flow through an annulus a t  point x in the distal part of the 
nephron (Fig. 2B) is: 

U. = 0.3F - PL,A, (Eq. 17) 
1201 

A 

0 2 4 6 8  
0 

B 

0 4  8 12 14 

. . c *  
0 

0 5 1 0  15 20 
URINE FLOW RATE, 

mllmin 

Figure 6-Relationship between urea renal clearance and urine flow 
rate in three subjects. Data from Refs. 16and 18. The solid lines are the 
computer fits of the model. 

The rate of reabsorption of luminal fluid at any annulus is obtained from 
the derivative of Eq. 17, i.e.: 

(Eq. 18) 

The rate of reabsorption of the drug within the annulus at point x is: 

rate of reabsorption = P'(C, - aC,)dA,  (Eq. 19) 

By equating Eqs. 8 and 19, with substitution of Eqs. 17 and 18, and 
rearranging, we obtain: 

(Eq. 20) 
aCpP' 

0.3F - PLA, 2 + (0.: I ;:A, ) c x  = 

On integrating: 

(Eq. 21) 

where 2 = 1 - P/P , ,  and y is the constant of integration. The drug 
concentration a t  the entry of distal tubule ( A ,  = 0) is that  a t  the end of 
the proximal tubule (Eq. 16). Therefore, solving for the integration 
constant using Eqs. 16 and 21 (when A,  = O),  the luminal drug concen- 
tration a t  any point x within the distal part of the nephron is: 

P' 6 0.3-w P' 

(0.3F)z(0.3F - P;A,)-' (Eq. 22) I 
At the end of the collecting duct ( A ,  = A d )  the luminal concentration is 
the observed urine concentration (C, ), therefore: 

P 

(Eq. 23) 
The ratio of urine and plasma concentrations becomes: 

p' 

(Eq. 24) 

The value of PI. is related to the luminal flow rates a t  two boundaries, 
0.3F and U ,  i.e., at the end of the distal region, P; is (0.3F - U)/Ad (from 
Eq. 17). To minimize the number of parameters and to simplify the final 
form of the model, let: 

t = P A d  (Eq. 25) 

and therefore: 
P t 

P ,  0.3F - U 
-=- 

Renal clearance relates the urinary excretion rate to the plasma drug 
concentration. Experimentally, the excretion rate is calculated from urine 
flow and drug concentration in urine: 

(Eq. 27) c u  c1, = u- 
C P  

and from Eqs. 24 and 26, the dependence of renal clearance on urine flow, 
a, 6, c, and F is obtained: 

€ I c - 0.3F + U 
c1, = au 

0.3 (Eq. 28) - F - 0.iF + U ) ( d  1 
where W = 1 - 6, and Z = 1 - c/0.3F - U.  

Renal clearance and urine flow data for compounds demonstrating 
various degrees of urine flow dependence, namely, alcohol (14), chlor- 
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amphenicol(15), creatinine (16), butabarbital(7), theophylline (17), and 
urea (16,18) were used to test the validity of the model. When tables of 
data were not available (i .e. ,  chloramphenicol and butabarbital), renal 
clearance and urine flow values were estimated from figures in the re- 
spective references using a ruler with a millimeter scale. Intraindividual 
values were used except for chloramphenicol, for which renal clearance 
and urine flow were normalized to inulin clearance (CLi.), i.e., CL,ICLi, 
and LJlCLi,. Data analysis and graphical examination of the urine flow 
dependencies were performed by nonlinear regression of Eq. 28 using the 
PROPHET computer system. The best-fits of the parameters were de- 
termined by the minimized residual sum of squares. 

RESULTS AND DISCUSSION 

The passive diffusion of a drug across the tubular membrane proceeds 
toward an equilibrium state in which the diffusible species attains the 
same concentration in both luminal and plasma fluids. The reabsorption 
of water along the renal tubule produces disequilibrium with an increased 
concentration of drug in the luminal fluid. The greater the reabsorption 
of water, the more the drug is concentrated and, perhaps, the longer it 
stays in the tubule. Drugs can be classified into three categories: one in 
which no drug is reabsorbed, one in which drug is reabsorbed to equi- 
librium, and one in which drug is reabsorbed but equilibrium is not 
achieved. 

If a drug is not reabsorbed a t  all (e.g. ,  creatinine, inulin, gentamicin, 
and kanamycin), the 6 and F values approach zero and the urinary ex- 
cretion rate is the filtration rate. Under these conditions, the renal 
clearance is LYF (Eq. 4) and is independent of urine flow. This relationship 
is demonstrated by creatinine (Fig. 3). If a drug is reabsorbed to equi- 
librium, its ability to diffuse must be equal to or greater than that of 
water. This category is exemplified by alcohol and butabarbital (Fig. 4), 
compounds with high 6 and t values (Table 11). Because of the rapid ex- 
change of the drugs, their plasma unbound and urine concentrations are 
identical a t  all urine flow conditions. As the values of 6 and c approach 
infinity (Eq. 28), the renal clearance becomes: 

CL, = all (Eq. 29) 

Within the range of plasma concentrations in which there is a constant 
fraction unbound, a linear relationship between CL, and U is observed 
(Fig. 4).  

For many drugs with medium 6 and F values, equilibrium is not 
achieved, because the diffusional rate of the drug (e.g., theophylline, 
chloramphenicol, and urea) is less than that of water. Various degrees 
of water reahsorption in the distal portion of the tubule result in various 
urine flow rates and different disequilibrium states. For theophylline and 
similar drugs, a convex-ascending relationship can be observed for 
flow-dependent renal clearance (Fig. 5). Among compounds in this group, 
urea has received the most attention. Urea clearance increases markedly 
with urine flow, up to -3 mllmin, and thereafter increases only slightly 
if at  all (Fig. 6). The model visually fits the urea data well and predicts 
an asymptotic value of aF; i.e., a t  higher urine flow rates virtually all the 
filtered urea is excreted into the urine. This is a classic example of urine 
flow dependence of renal clearance. 

Changes in renal clearance with urine flow predicted by the model for 
compounds of varied permeability are shown in Fig. 7. The larger the 
permeability as reflected by 6 and t, the greater the dependence on urine 
flow, and the smaller the value of renal clearance. 

I t  is the unbound drug in plasma that is filtered a t  the glomerulus. 
Consequently, the greater the value of a, the larger the filtered load (Eq. 
2) for a given plasma concentration. For two compounds of the same 
permeability, the one with the higher value of a is expected to have the 
higher renal clearance. This conclusion applies to drugs in all three 
categories. 

There are three more factors to be considered to complete a general 
model for flow-dependent renal clearance of all drugs. They are: secretion, 
active reabsorption, and the change of pH in the tubular fluid along the 
nephron. The present model does not incorporate these factors. The 
compounds discussed here were chosen because they are neither secreted 
nor extensively ionized a t  physiological pH. 

Secretion is an active process. If a drug is highly secreted into the 
lumen, its plasma concentration along the tubule may decline dramati- 
cally even if highly bound to plasma proteins. This leads to a perfusion 
limitation in the excretion of the drug and difficulty in estimating the 
concentration gradient along the tubule. Furthermore, only a portion of 
the renal blood flow reaches the distal part of the nephron. These con- 
siderations make prediction of urine flow dependence difficult. 
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Figure 7-Simulation of the effect of permeability on the urine flow- 
dependence of drug renal clearance. Values of parameters used in 
simulation were: drug unbound fraction in plasma, 1.0; glomerular f i l -  
tration rate, 120 mllmin; el6 = 100. 

Active reabsorption usually occurs for endogenous compounds, e.g., 
vitamins, electrolytes, glucose, and amino acids. However, the reab- 
sorption process for drugs, mostly exogenous compounds, is mainly 
passive diffusion. Therefore, the model was restricted to the passive 
processes. 

The luminal fluid starts with a pH of 7.4 at  the glomerulus and ends 
its journey at a pH of 4.5-8.0 (1). Usually, the urine pH is 6.25 f 0.36 
(mean &SD).  There is evidence that the greater change of pH occurs in 
the distal part of the nephron, i .e.,  mostly in the collecting ducts (21-23). 
For acidic and basic compounds with pKa values sensitive to physiologic 
pH changes, their fractions nonionized vary with their location in the 
tubule. Of the compounds tested, only butabarbital ( p K ,  = 7.9) and 
theophylline ( p K .  = 8.8) are slightly ionizable a t  physiologic pHs. The 
urine pH was not reported with the data of butabarbital. I t  was assumed 
that samples were collected under these conditions and the pH sensitivity 
of butabarital renal clearance is not expected. In one theophylline study, 
subjects took ammonium chloride orally to maintain acidic urine. The 
urine pH was successfully maintained below 5.5 under normal urine flow 
conditions. However, the urine pH increased when urine flow rate was 
increased (due to the diuretic effect of theophylline). Presumably, at high 
urine flow rates, the controlling mechanism (located mainly in the col- 
lecting ducts) has less effect on the pH of the fluid. Therefore, the pH of 
the tubular fluid not only varies with the distance the luminal fluid travels 
in the tubule, but also is a function of urine flow rate. 

The model explains and predicts the dependence of renal clearance 
on permeability and urine flow. The model was tested using literature 
data for compounds that are apparently not secreted, actively reabsorbed, 
or pH sensitive, but represent a wide spectrum of lipophilicity. From the 
fits of the model, it can be concluded that the urine flow dependence of 
renal clearance can be adequately described and predicted by our phys- 
iologically derived model. 

APPENDIX 

Ad = Surface area of the distal tubule and collecting ducts, 

A, = Surface area of the proximal tubule, centimeter squared 
A, = Surface area of membrane from the integration starting 

Cap = Concentration of the drug in luminal fluid a t  the end of 

centimeter squared 

point to point x, centimeter squared 

the proximal tubule, micrograms per milliliter 
C, = Free drug concentration in plasma, micrograms per 

milliliter 
CL, = Renal clearance of the drug, milliliter per minute 
C, = Total drug concentration in plasma, micrograms per 

C, = Drug concentration in urine, micrograms per milliliter 
C, = Luminal drug concentration in annulus at point x ,  

milliliter 

micrograms per milliliter 
F = Glomerular filtration rate, milliliter per minute 
P = Permeability constant of the drug in the proximal tubule, 

centimeters per minute 
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P’ = Permeability constant of the drug in the distal tubule 
and collecting ducts, centimeter per minute 

Pu, = Reabsorption flux of water in the proximal tubule, 
centimeter per minute 

PI, = Reabsorption flux of water in the distal tubule and 
collecting duct, centimeter per minute 

U = Urine flow rate, millimeter per minute 
p K .  = The dissociation constant of the drug 

U,, = Luminal fluid flow rate a t  the end of the proximal 
tubule, milliliter per minute 

per minute 
a = Unbound fraction of drug in plasma 
d = Ratio of PIP,, 
6 = Product of P‘Ad, ml/min 

U, = Luminal fluid flow rate in annulus a t  point x ,  millimeter 
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Abstract Ten healthy volunteers received two sustained-release 
preparations as a single and multiple dose regimen in an open crossover 
studv. Plasma theoohvlhe concentrations were measured by an e n z m e  

pmolehiter varied from 7.9 to 22.9 mg/kg. Only mild side effects were 
recorded, but they were not correlated to the plasma theophylline con- 
centration. 

imm~noassay. The iimited fluctuation of the theophylline lekels a t  steady 
state, with twice daily administration, clearly demonstrated the marked 
sustained release properties of both preparations. Results indicate similar 
properties for the two preparations. Significant correlations between the 
single dose period and steady state were found for Cmax and AUC ( r  = 
0.76 and 0.87, respectively) with one formulation, whereas this was not 
the case for the other ( r  = 0.27 and 0.49). The daily dose necessary to keep 
the plasma concentration within the therapeutic range of 55-1 10 

Keyphrases Absorption-kinetics and steady-state plasma concen- 
trations of theophylline following therapeutic doses of two sustained- 
release preparations 0 Kinetics-absorption and steady-state plasma 
concentrations of theophylline following therapeutic doses of two sus- 
tained-release preparations Theophylline-absorption kinetics and 
steady-state plasma concentrations following therapeutic doses of two 
sustained-release preparations 

Theophylline produces relaxation of bronchial smooth 
muscles and is widely used in the treatment of reversible 
obstructive lung disease. The bronchodilator effect of 
theophylline increases with serum concentrations over a 
range of 28-110 pmolesfliter (5-20 pg/ml), but a t  levels of 

>110 pmoleshter there is an increased risk of serious 
toxicity (1). Maximal bronchodilation with minimal tox- 
icity occurs at levels between 55-1 10 pmoles/liter (10-20 
pg/ml), and this is therefore normally considered the 
therapeutic range (2). It is very difficult to maintain serum 
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P’ = Permeability constant of the drug in the distal tubule 
and collecting ducts, centimeter per minute 

Pu, = Reabsorption flux of water in the proximal tubule, 
centimeter per minute 

PI, = Reabsorption flux of water in the distal tubule and 
collecting duct, centimeter per minute 

U = Urine flow rate, millimeter per minute 
p K .  = The dissociation constant of the drug 

U,, = Luminal fluid flow rate a t  the end of the proximal 
tubule, milliliter per minute 

per minute 
a = Unbound fraction of drug in plasma 
d = Ratio of PIP,, 
6 = Product of P‘Ad, ml/min 

U, = Luminal fluid flow rate in annulus a t  point x ,  millimeter 
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Single dose Steady state Single dose Steady state 
No.1 0 S No. 2 9 NS No. 2 9 NS 

A: 7.1 
B: 9.3. 

No. 1 9 S 
A:10.2* A: 9.5. 
B:1(1.0* B: 9.3 

A: 10.2. 

No. 3 9 NS NO. 4 6 S No. 4 6 S 
A: 1 1 . 4  A: 1 . 6  

8: 1 . 5  8: 11.2 

NO. 3 9 NS 
A: 9.5 
8: 9.3 

I 8: 8.6 I 8: 11.2 I 8: 5.6 I B: 10.1 

I No. 7 6115 1 NO. 7 6 NS I N 

A: 11.3 
B: 11.4. 

No. 9 9 NS 

0 6 12 2 4 0  6 12 2 4 0  6 12 2 4 0  6 12 24 
HOURS 

Figure 1-Plasma concentration-time relationship for all subjects. 
Ordinate gives plasma concentration. The odd numbers (left in figure) 
received tablet B in the first period, the even numbers received tablet 
A. Figures in each frame are doses in milligrams per kilogram (single 
dose experiments) and milligram per kilogram per day (steady-state 
experiment). Key: (- - -) 55 pmoleslliter; (-) tablet A; (...-) tablet B; 
(S) smoker; (NS) nonsmoker; (*) occurrence of side-effects during the 
administration of this dose or at the next higher dose according to the 
dose schedule. 

theophylline concentrations within this narrow therapeutic 
range during treatment with conventional tablets, due to 
the large interindividual variation in theophylline clear- 
ance, fast absorption, and relatively short half-life. A 
growing interest in sustained-release preparations has 
appeared during recent years and a number of different 
preparations are now on the market in several countries. 
This report deals with a comparison of two sustained-re- 
lease preparations, containing theophylline-ethylenedi- 
amine and theophylline, respectively, after single dose 
administration, as well as repeated dosage to give levels 
within the therapeutic range. The theophylline dosage 
form was studied previously (3), and it was shown that a 
mean C,,, value of 41 pmoleshiter (7.5 pglml) was ob- 
tained with 8 mg/kg every 12 hr. Levels of theophylline- 
ethylenediamine within the therapeutic range have only 
been investigated in single dose studies (4, 5 )  and the 
preparation has not been compared with other sus- 
tained-release preparations. 

EXPERIMENTAL 

Preparations-Tablet A' was a theophylline-ethylenediamine for- 
mulation with 350 mg of theophylline-ethylenediamine (equivalent to 
255 mg of anhydrous theophylline) given as whole or halftablets. Tablet 

A 
Single Dose 

100- 

80- I 
60 - 

CI .- - 

B 
Steady State 

20- 

6 8 1'0 1.2 24 0 2 4 
HOURS 

Figure 2-(A) Plasma concentrations after administration of a single 
dose of tablet A (dose equivalent to 510 mg of theophylline), or tablet 
B (dose equivalent to 500 mg of theophylline). Mean of 10 healthy adults 
&SD. Key: (0) tablet A; (0) tablet B. (B) Plasma concentrations at 
steady state. Tablet A (mean dose; 10.0, range: 7.1-11.4 mglkglday as 
theophylline). Tablet B (mean dose; 10.1, range:8.1-11.4 mglkglday as 
theophylline). Mean of 10 healthy adults &SD. Key: (0) tablet A; (0)  
tablet B. 

B2 was a theophylline formulation with 200 or 300 mg of anhydrous 
theophylline, given as whole tablets only. 

Subjects-Ten healthy volunteers (5 females and 5 males), age 26-54 
years, mean 38, were included in the study. Their heights ranged from 
160 to 192 cm, mean 175, and they weighed from 50 to 89 kg, mean 67. Five 
were smokers and five nonsmokers. All were found healthy by physical 
examination and laboratory testing for functions of liver, heart, kidney, 
and bone marrow. 

Study Design and Dosage-The study was an open crossover study 
in which half of the subjects were randomly allocated to start on one 
preparation and the other half on the other preparation. The subjects 
received only one dose (510 mg of theophylline for tablet A and 500 mg 
for tablet B) for the first 24 hr. From the second day on the dose was 
gradually increased, starting with -400 mg of theophylline daily and 
increasing in steps of 25% every 3 days (6). The final dose for each indi- 
vidual subject was determined by the occurrence of one of the following 
criteria: ( a )  The next increase in dose gave rise to side effects; ( b )  the 
plasma theophylline concentration 6 hr after the morning dose was within 
the therapeutic range (55-110 pmoleshiter); or (c) the dose had reached 
13 mglkg or 900 mg/day. The dosage used in the first period was used in 
the second period. Each preparation was given for 13 days with an 8-day 
wash-out period in between. The subjects were instructed not to take 
methylxanthine-containing beverages or food 12 hr before and on the day 
of blood sampling. They were also instructed to make notes on side effects 
during the study. 

Blood Sampling-On day 1 of each period 10-ml blood samples were 
drawn before, and 2,4,6,8,10,12, and 24 hr after drug administration. 
On the last day of each period the same sequence of blood sampling was 
followed after the morning dose, the maximum dose having been ad- 
ministered for a t  least 3 days. Blood samples were drawn from a cubital 

2 Tablet H: 'I'heo-Dur, Draco, Batch Nos. 055889 and 056481. Tablet A Euphyllin retard, H. Lundbeck & Co., A& Batch No. 2218-2. 
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Table I-Comparison of the Parameters  Obtained with Two  Sustained-Release Preparat ions 

C,,,", pmoles/liter/mg 0.13 0.04 0.1 1 0.03 0.25 0.20 0.11 0.15 0.03 0.21 
0.13 0.06 0.11 0.02 0.30 Crnin", pmolesfliterlmg - - - - - 

T,,,, hours 6.4 2.6 9.1 3.6 0.03 6.0 3.6 7.1 2.2 0.44 
- - 1.51 0.28 1.41 0.20 0.39 Cmax-Cmin - - - 

A U C O - ~ ~ ,  pmoles/liEr/mg hr 2.01 0.57 1.84 0.44 0.19 - 

- - 1.95 1.00 1.58 0.33 0.28 A U C O - ~ ~ " ,  pmoles/liter/mg hr - - - 
- - - - 

O Normalized by division by dose in milligrams of theophylline 

vein using an evacuated heparinized container] and using stasis times 
of <1 min. Within 1 hr the plasma was separated from blood cells by 
centrifugation and transferred to a clean vial. The theophylline con- 
centrations were determined immediately or after storage a t  -20° for 
<24 hr. No significant decrease was found in plasma samples stored a t  
-2OO for 6 months. 

Drug Estimation-Plasma theophylline was measured by an enzyme 
immunoassay4 (7) adapted for use with a biochromatic analyzer5. Com- 
parative analyses of patient samples analyzed by the enzyme immu- 
noassay and HPLC methods have confirmed the lack of interference from 
metabolites or structurally related molecules in the enzyme immuntmay 
(8). The accuracy of this enzyme immunoassay is the same as the HPLC 
methods usually used in clinical pharmacological studies of theophylline 
(9). In the present study the within-day coefficient of variation was 1.4% 
and the between-day coefficient of variation was 3.9%. 

Data Treatment-The elimination rate constant ( p )  was calculated 
from the slope of the concentration line, from 12 to 24 hr after adminis- 
tration, in a semilogarithmic plot as 13 = -2.303 slope. The area under 
the plasma concentration curve after the first dose (AUCO - - )  was cal- 
culated by the trapezoidal rule in the time period of 0-24 hr (AUCO-24) 
and by the formula C24/@ in the period 24 hr to infinity (AUC24,,). In 
the steady-state period, the area under the curve in a dosage interval 
(AUC0-12) was calculated by the trapezoidal rule. The different pa- 
rameters (concentrations dose corrected) obtained with the two prepa- 
rations were compared by a paired-sample t test ( 1  0). The regression line 
illustrating the correlation of the parameters from the single dose period 
with those from the steady-state period with the same preparation was 
calculated by the least-square method [Pearson's product moment cor- 
relation (11)]. 

RESULTS 

Plasma concentration-time curves obtained during the study are 
shown in Fig. 1. The plasma concentration curves show a rather large 
variation between the individual subjects, hut do not indicate that one 
preparation gives more consistent plasma levels than the other. 

The single (first) dose periods are compared in Fig. 2A. The curves show 
that the maximum plasma Concentration after tablet A appeared earlier 
than after tablet B. This was confirmed by a statistically significant 
difference found by a paired t test (Table I). The curves also show a higher 
maximum plasma concentration and a larger area under the curve (AUC) 
after tablet A, but the statistical analysis showed no difference. 

Mean plasma theophylline concentrations after repeated adminis- 
tration to steady state appear in Fig. 2B. The mean dose ( & S D )  on re- 
peated administration was 10.0 (f1.5) mgkg for tablet A, and 10.1 (f1.2) 
mg/kg for tablet B, giving mean peak plasma concentrations at  4 hr after 
administration for tablet A (67 pmoles/liter) and a t  6 hr after tablet B 
(58 pmoles/liter). The corresponding minimum values (mean of 0 and 
12 hr) were 45 pmoledliter and 42 pmoles/liter, respectively. There was 
a tendency toward an earlier maximum with tablet A, but the difference 
was not significant (Table I). Also, values for C,,, Cmin (mean of CO and 
C ~ Z ) ,  and A U C O . - I ~  tended to be higher for tablet A but with no signifi- 
cant difference. The fluctuations in the dosage interval expressed as the 
Cm,-Cmin ratio, are similar for the two preparations being a mean of 1.5 
and 1.4 for tablets A and B, respectively (Table I). 

The dosage, giving a concentration within the therapeutic range of 
5S110 pmoles/liter throughout the entire period, can he calculated from 
the minimum concentration measured during steady state in each subject. 
For tablet A this dose was a mean (range) 12.8 (7.9-18.3) mg/kg/day, and 
for tablet B 14.1 (9.3-22.9) mg/kg/day. 

3 Veno'ect 
E M d .  Svva Corp., Palo Alto, CA 94304. 
ABA 100. 

A correlation analysis on the different parameters shows, that Cmax 
and ALJC (both normalized by division by dose) are significantly corre- 
lated in the single dose and steady-state periods ( r  = 0.76 and 0.87, re- 
spectively) during administration of tablet A, but not with tablet B (r 
= 0.27 and 0.49) (Fig. 3 ) .  Time of maximum, T,.,, did not show corre- 
lation between single dose and repeated administration for either of the 
preparations. 

The reports on side effects are shown in Fig. 1; i t  appears that  the 
frequency of side effects was similar from the two preparations. The 
symptoms reported include palpitations, tremor, vomiting, nausea, 
headache, and insomnia, subjectively estimated as ranging from mild to 
severe. 

DISCUSSION 

The present investigation clearly demonstrates the marked sus- 
tained-release properties of the two preparations. This is in accordance 
with earlier investigations in which the two preparations were compared 
to conventional tablets (3-5,9). The limited fluctuation seen during the 
steady-state dosage interval of 12 hr shows that this frequency of dosing 
would be reasonable during maintenance therapy with any one of these 
two sustained-release preparations. As expected, the dose necessary to 
keep the plasma theophylline concentration within the therapeutic range 
varied considerably between individuals (7.9-22.9 mg/kg/day). 

The preparations did not differ significantly as t o  maximum plasma 
concentration, minimum plasma concentration, fluctuation in plasma 
concentration during the dosage interval, and area under the plasma 
concentration curve. This indicated that the amount of theophylline 
absorbed from the two preparations was the same, and that the absorp- 
tion took place a t  almost the same rate. The significantly earlier average 
time of individual peak occurrence seen with tablet A in the single dose 
period may indicate that absorption is slightly faster with this prepara- 
tion, but it does not significantly influence the steady-state plasma 
concentration curve. Tablet B contained theophylline only, whereas 
tablet A, in addition to theophylline, contained ethylenediamine to  in- 
crease the solubility of theophylline. This difference does not seem to 
influence absorption considerably. 

There is a difference, however, between the two preparations on one 
point. The plasma levels for tablet A after the first dose (expressed as dose 
normalized C,,, or AUC) correlated significantly with those found at 
steady state, whereas no such correlation was found with tablet B. This 
indicates less intraindividual variation with tablet A possibly because 
of more stable release of drug from this preparation. Moreover i t  means 
that in subjects receiving tablet A it is possible to perform measurements 
on the first dose (C,,, or AUC), and from these obtain a guideline for 
choosing the dose for further treatment. This does not, however, render 
a later monitoring of the drug level unnecessary. The present results do 
not indicate that it would be of any help to measure plasma levels after 
the first dose with tablet B. 

In connection with the calculation of the AUC values after single dose 
administration, an elimination rate constant, @, has been calculated. As 
this value is only based on two concentrations, Clz and C24, and one 
cannot be sure that absorption is complete a t  12 hr after administration, 

is encumbered with some uncertainty. However, the values obtained 
(0.06-0.18) give half-lives in the range of 3.9-11.6 hr,  which are in 
agreement with the half-lives normally found for theophylline ( I ) .  
Moreover it supports the view that the steady state can be reached with 
3 days of constant dosage. A difference in half-lives between smokers and 
nonsmokers as demonstrated by others (12-14), could not be found, but 
the reason for this may be that none of the volunteers were heavy 
smokers. A comparison of AUCo-- after single dose and A U C O - ~ Z  after 
dosing to steady state shows that the A U C  values are not significantly 
different. This means that the pharmacokinetics of theophylline have 
not changed during treatment. 
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Figure 3-Correlations between single dose (abscissa) and steady state (ordinate). Key: (A) Tablet A ,  C,,,, y = 0 .972~  - 0.005, r = 0.76; (B)  Tablet 
A ,  AUC, y = 0 . 7 9 9 ~  - 0.511, r = 0.87; (C) Tablet B, C,,,, y = 0.189~ t 0.070, r = 0.27; (0) Tablet B, AUC, y = 0 . 1 9 9 ~  + 0.529, r = 0.49. C,,, values 
are pmoles/liter/mg of theophylline. AUC values are pmole hrlliterlmg of theophylline. 

The design of this investigation does not allow conclusions considering 
side-effects. Appearance of side-effects was not related to plasma theo- 
phylline concentrations in the range investigated. Some subjects expe- 
rienced more side-effects from one preparation than from the other, 
whereas the opposite was experienced by others. Similarly for some, the 
first period seemed to be worse than the second and oice versa. Some 
subjects did not experience any adverse side-effects a t  all. Thus, it seems 
that each individual patient must be allowed to try whichever preparation 
is most suitable. 
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Abstract It was shown that vinyl polymers form good bases for in uitro 
sustained-release matrices, and that the character of the release curves 
is basically in line with their pH-solubility profiles. For a flow cell, the 
release curves may be approximated by the equation: In (m/mo) = -K(t  
- t i ) ,  where m is the amount not dissolved, mo is the initial drug content, 
K is a dissolution constant, t is time, and ti is a lag time. Furthermore, 
it was shown that K is a function of tablet hardness ( H )  and polymer 
content ( Q ,  percent). This functionality is well represented by the 
equation: In K = (YH + yln Q + c, where a, 7, and z are polymer-depen- 
dent parameters. Matrix erosion is represented by an exponential decay: 
@/PO)  = exp(-Dt + a ) ,  where p is the amount not eroded, po is the initial 
weight, D is an erosion constant, and a is a soluble polymer-dependent 
parameter. In the case of these soluble polymers, K is not solely a function 
of D. 
Keyphrases 0 Dissolution-soluble drug substances from vinyl polymer 
matrices Polymers-vinyl polymer matrices, dissolution of a soluble 
drug substance Matrices-vinyl polymer, dissolution of a soluble drug 
substance 

The fundamental dissolution relationship from sus- 
tained-release preparations have been studied extensively. 
Matrix formulations are based on a published model (l), 
and the ensuing square root law has been well established 
(2). In these formulas, the matrix is completely insol- 
uble. 

BACKGROUND 

Several reports (3-13) have appeared describing dissolution from 
rapidly disintegrating dosage forms. The dissolution frequently appears 
to follow an exponential decay law. It would be expected that the disso- 
lution should adhere to a cube root law; that it does not is due to the effect 
of disintegration of the tablet in the dissolution apparatus. This effect 
(3) gives rise to a dissolution equation of the form: 

In ( P / P O )  = -Dt (Eq. 1) 

A 9  1 O O r  

HOURS 

Figure 1-Example of release curves by half-change method in flow 
cell under sink conditions of polyuinyl phthalate acetate, 60% directly 
compressed. Key: (0) 5-kg hardness; (0) 10-kg hardness; (a) 15-kg 
hardness; (A) points that are graphically indistinguishable between 
the three hardnesses. 

where p is the amount not disintegrated at time t ( P O  a t  time zero) and 
D is a disintegration constant. For a tablet where disintegration is rapid, 
Q. 1 in conjunction with a cube root equation leads to a dissolution curve 
of the type: 

In (m/mo) = -K(t  - t i )  (Eq. 2) 

where m is the amount not dissolved, rno is the amount of drug present 
in the tablet, K is a dissolution constant, and ti is a lag time. The pa- 
rameter is frequently a function of D by the relation: 

In K = a' + nln D (Eq. 3) 
where a' and n are constants. 

Contrary to previous studies, many sustained-release preparations can 
be formulated where the matrix is not completely insoluble, i.e., the 
tablets disintegrate or erode to some extent during the dissolution pro- 
cess. The word erosion is preferred over the word disintegration, although 
at  times a sharp distinction between the two is not possible. 

One of the purposes of the present report is to examine matrices that 
are not completely insoluble, and to ( a )  elucidate the general dissolution 
profile, ( b )  estimate the effect of formulation and processing parameters 
on the dissolution profile, and (c) estimate the disintegration or erosion 
profile in the dissolution apparatus to assess its effect on the dissolution 
profile. 

The conditions of study are such that a half-change method is used. 
Long-acting tablets were prepared with polymers of different types such 
that they: ( a )  are acid soluble, but alkali insoluble (giving an initial phase 
where dissolution is correlated to disintegration and where the final phase 
should be by diffusion), ( b )  are alkali soluble but acid insoluble (giving 
the reverse effect), (c) are soluble over the entire pH range, and ( d )  are 
insoluble over the entire pH range. 

Since flow methods (11) are commonly used in Europe, one of the 
purposes of the work reported in this study was to investigate erosion and 
dissolution behavior in such an apparatus. Erosion profiles in flow cells 
are not well understood. Some reports on disintegration time (6) have 
appeared, but elucidation of erosion time curves have not been attempted 
previously. 

The present investigation also reports on formulas that possess in uitro 
release characteristics making them good candidates for sustained-release 
preparations. The empirical equations serve as a means of obtaining 
optimum operating conditions for producing the sustained-release tablets 
and for obtaining the most desirable tablet formula for a given set of 
specifications for the amount released a t  two time points. 

The drug selected was especially chosen because its solubility is not 
particularly pH dependent. This allows study of the dissolution behavior 
to be aimed at the effect of the matrix. The rationale for sustained-release 
preparations of the compound and its biopharmaceutical characteristics 
have been described (13). 

Table I-Formulas Used' 

Direct Compression Wet 
I I1 111 Granulation 

Dyphylline 20 20 20 20 
Polymer * 15 30 60 15 
Dicalcium phosphate' 60 45 15 62 - -  
Talc 3 3 3 1 
Magnesium stearate 1.5 1.5 1.5 2 
Pyrogenic silicad 0.5 0.5 0.5 
Solvente (22.5)c 

a Quantities listed are percent by weight, and quantities in parentheses are the 
percent lost on drying. See Table 11. c Encompress, Edward Mendell Co., Carmel, 
NY 10512. (S.P.C.I., 93212, La Plaine-St. Denis, France). Encompress was used 
in the direct compression formula only. Aerosil 200, Degussa-France, 92100, 
Neuilly, France. e The solvents used are listed in Table 11. 
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Table 11-Polvmers Used 

Polymer Formula (Monomer Unit) Solvent for Granulation Characteristics 

Polyvinyl acetal diethylamino 
acetatea (I) 

Polyvinyl acetate phthalateb (11) 

Polyvinyl acetateC (111) 

Povidoned (IV) 

Povidone-vinyl acetatee (V) 

Polyvinyl alcohol-acetate’ (VI) 

I 
(c,I-I,),N’ 

Absolute Acid soluble; alkali insoluble; p K  
ethanol 5.8-6.1; Mol. wt., 20,000 

Absolute 
ethanol 

Water 

Water 

5565% phthalate groups; 1.2% free 
acid; acid insoluble, alkali soluble 

Insoluble a t  low and high pHs 

Soluble at all pHs; Mol. wt., 40,000 

Water Povidone-vinyl acetate (60:40); 
soluble a t  all pHs; Mol. wt., 60,000 
f 15,000 

Water Soluble at all pHs; 12% acetate 
groups 

Sankyo, Marcel uarr6,75009, Paris, France, designation PADAA 5. Colorcon, Seppic, ElysBes, 75008 Paris, France. Rhcdopas, BB3 used for direct compression. 
Emulsion A 010 Rho2opas readymade aqueous suspension used for wet granulation. Rh6ne-Poulenc polym&res, 92408 Courbevoie, France. Plasdone K 29-32, General 
Aniline and Film, 95380, Louvres, France. PVPD’A S-630, General Anilineand Film, 95380, Louvres, France. f Mowiol, 4-88, Hoechst-France, 75008 Paris, France. 

The use of polyvinyl polymers for sustained-release matrices has been 
reported in general (14-17). Polyvinyl alcohol has been used extensively 
for pharmaceutical purposes: in coating (18-23) and as a binder in 
granulation (24). Povidone has also been used extensively for coating (18, 
21,24-27), as a binder in granulation (28-31), and for sustained-release 
matrices (32). Polyvinyl acetate has been used in coating (18,33-37), in 
matrices (17, 3840), and in sustained-release capsule beads (41, 42). 
Povidone-vinyl acetate has been used in coating (43,44) in granulations 
(45), and in cast films (46-48). Polyvinyl acetate phthalate has been used 
for coating (49-53), and polyvinyl acetal diethylaminoacetate has been 
used in coating (54,55), studied in cast films (56,57), and used in matrices 
(14). 

EXPERIMENTAL 

Dyphylline was selected for study in the sustained-release preparations 
because of its high solubility (-25% w/v in water a t  25’) and the ease of 

I- $ 40 
0 

w 
a 
a 20 

assay (spectrophotometric). Tablets were made by both direct com- 
pression and wet granulation. 

Direct Compression-The formulas used for direct compression are 
shown in Table I. The polymer and dyphylline were sieved, and the 
fraction finer than 315 pm was used. The powders were mixed in a tur- 
bulent action mixer’ for 10 min and were compressed at three pressures, 
giving hardnesses of 5, 10, and 15 kg. 

The experimental conditions (punch pressures) giving these conditions 
had been established, and hardness was within 5%. All experiments were 
carried out immediately after manufacture of the tablets. Tablets were 
compressed on a single-punch tablet machine2, at a tablet weight of 500 
mg using a flat, nonbeveled punch, 12-mm diameter. The machine was 
instrumented with strain gauges to record upper and lower punch 
forces. 

Wet Granulation-The chemical properties and the granulation 
solvents are listed in Table 11. The general formula for the wet granulation 

2 4 6 

HOURS 

Figure 2-Example of  release curves by half-change method in flow 
cell under sink conditions of a polyvinyl phthalate acetate formulation 
(15%) made by wet granulation and compressed to three hardnesses. 
Key: (0) 5 kg; (0) 10 kg; (0) 15 kg; (A) points that aregraphically in- 
distinguishable; (0) povidone-vinyl acetate, 15% at 10 kg; (.) polyvinyl 
acetate, 15% at 15 kg. 

HOURS 
Figure 3-Example of release curves by half-change method in flow 
cell under sink conditions of polyvinyl phthalate acetate formulation 
a t  three concentrations of polymer at 15-kg hardness. Key: (0) 15%; 
(0) 30%; (0) 60%. A11 formulas were directly compressed. 

’ Turbula mixer, Prolabo, 75011 Paris, France. * Model A 0  Machine, Frogerais, 94400, Vitry-sur-Seine. France. 
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Table 111-Least-Squares Fit Values for All Dissolution Data 
Treated According to Eq. 4 

1 I I I 1 
2 4 6 8 

HOURS 
Figure 4-Release curves at a particular pressure for each of the di- 
rectly compressed polymer formulas tested, shown for general com- 
parison. Key: (0) polyvinyl alcohol-acetate, 60% at 5 kg; (0) poui- 
done-uinyl acetate, 15% at 10 kg; (0) povidone, 30% at 15 kg; (0) 
polyvinyl acetal diethylamino acetate, 60% at 15 kg; (0) polyvinyl 
acetate phthulate, 30% at 10 kg; (@) polyvinyl acetate, 60% at 5 kg, (A) 
graphically indistinguishable points. 

is in the last column of Table I. The sieved dyphylline was mixed with 
the dibasic calcium phosphate for 5 min in a planetary mixes. A 50% 
w/w solution of the polymer in the solvent was added to the mixture in 
the planetary mixer, and kneading was carried out for 5 min. The re- 
maining solvent was added and kneading was performed for an additional 
5 min. The wet mass was passed through an oscillating granuleto+ 
equipped with a 2-mm screen. The granulation was dried at  60" in a fluid 
bed dryer5 to a moisture content of 2% (loss on drying in an IR moisture 
balances). Drying time was -30 min for alcohol wet granulations and -1 
hr for water wet product. The dried granulation was passed through an 
oscillating granulator with a I-mm screen, lubricated for 5 min in the 
turbulent action mixer, and compressed. 

Testing-Dissolution was carried out a t  37' in a continuous flow ap- 
paratus with a flow cell7, under sink conditions, using the half-change 
method. One tablet was placed in the cell, and simulated gastric fluid 
without enzymes was added; after 1 hr this was changed to a 50% mix of 
simulated gastric fluid and simulated intestinal fluid, both without en- 
zymes. After 2 hr the acid concentration was reduced to 25%. The pH 
values recorded were: 0-1 hr, 1.2; 1-2 hr, 2.0; 2-3 hr, 6.4; 3-4 hr, 7.0; 4-5 
hr, 7.2; 5-6 hr, 7.3; 6-7 hr, 7.4; and 7-8 hr, 7.5. The test was carried out 
under sink conditions, i .e.,  fluid was not returned to the cell once it had 
passed. The assays were carried out spectrophotometrically at 274 nm. 
The results were converted to amount of drug, m (in milligrams or per- 

4 

P 
C - 
3 

0 

21 I I I 1 
2 4 6 8 

HOURS 
Figure 5-Data from Fig. 3presented in the form of Eq. 2 (Eq. 4).  All 
are tablets at 15-kg hardness. Key: (0) 15% polymer; (8) 30% polymer; 
(0) 60% polymer; (A) graphically indistinguishable points. 

Hobart Mixer, 1-kg capacity, Hobart Manufacturing Co., Troy, Ohio. 
4 Erweka, model F.G.S., Euraf, 75018 Paris, France. 
5 Glatt, model TRS, Chimie-Plastique. BP 664,95004, Cergy, France. 
6 Mettler, LP12, Sofranie. Levallois-Perret. France. 
7 Desaga flow cell. 
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4.81 

1.23 
1.01 
0.89 
0.82 
0.96 
0.82 
0.75 
0.57 
0.53 
0.77 
0.61 
0.50 
0.71 
0.45 
0.45 
0.45 
0.30 
0.27 
0.44 
0.30 
0.18 
0.58 
0.56 
0.54 
0.90 
0.81 
0.76 
0.62 
0.65 
0.59 
0.19 
0.15 
0.12 
1.18 
0.75 
0.76 
0.90 
0.76 
0.74 
1.32 
0.98 
0.70 
1.03 
1.17 
1.31 
0.79 
0.81 
0.88 
0.70 
0.65 
0.85 
1.27 
1.08 
0.98 
1.41 
1.35 
0.76 
1.80 
1.58 
1.51 
1.55 
1.15 
1.06 
0.85 
0.91 
0.84 
0.95 

g stands for wet granulated. * Even at very high compression pressures it was 
not possible to make tablets harder than those shown. 

cent), not released at time t .  The testing intervals were typically as shown 
in Figs. 1 and 2. The hardness of the tablets was tested using a moving- 
stationary anvil fracture strength tester8. 

The disintegration mode was studied by a described method (4.9) and 
yielded the weight of tablet, p (on a dry basis), not disintegrated at time 

* Heberlein Hardness Tester, Grogerais, 94400 Vitry-sur-Seine, France. 

164 I Journal of Pharmaceutical Sciences 
Vol. 72. No. 2. February 1983 



Table IV-Least-Squares Fit Parameter Values According to 
Ea. 5 

Table VI-Multiple Regression Treatment of the Data 
According to Eq. 7 (Direct Compression Formulas) 

Correlation 
Polymer Percent a B Coefficient, r 

I 15 -0.032 +0.357 -0.992 

I 30 -0.035 -0.148 -0.948 
I 15ga -0.031 t0.273 -1.0 

I 60 -0.043 -0.051 -0.999 
I1 
I1 
I1 
I1 

111 

15 -0.055 -0.127 -0.935 

30 -0.051 -0.593 -0.947 
60 -0.089 -0.353 -0.997 
15 -0.018 -0.018 -0.996 
15ea -0.091 t0.618 -1 

15ga -0.007 -0.509 -0.999 

I11 60 -0.046 -1.434 -0.999 
IV 15 -0.020 -0.031 -0.922 
IV 15ea to.011 -0.300 t0.955 
IV 30- -0.063 t0.602 -0.999 
1v 6n 0.024 -0.089 0.999 - .  _ _  ..... .~ .~ .  

V 15 0.054 -0.969 1.0 
V 15ga -0.026 t0.358 -0.990 
V 30 -0.062 t0.741 -0.896 
V 60 -0.018 0.662 -0.962 

VI 15 -0.060 0.736 -1.0 
VI 15ga -0.016 -0.014 -1.0 

g is wet granulated. 

t .  Testing intervals were typically 1,2,3,4,6, and 8 hr, except for periods 
during dissolution in particular cases where disintegration was rapid. In 
these cases the intervals were shortened. 

RESULTS AND DISCUSSION 

The dissolution curves obtained are all of the shape shown in Figs. 1-4, 
which is a type profile frequently encountered in dissolution work. The 
general, mutual position of the curves is in good agreement with the 
physical characteristics of the polymers, the most soluble giving rise to 
the most rapid release and the least soluble giving rise to the slowest. This 
is illustrated in Fig. 4, where all formulas are shown at  one hardness (per 
polymer). It is seen from Fig. 2 that wet granulation causes a marked 
increase in dissolution rate. 

It is to be expected that hardness ( H )  and polymer content ( Q )  would 
affect the rate of release. Figures 1-3 demonstrate this in a qualitative 
way. In a more quantitative fashion, the dissolution constant (K, hr-l) 
would have to be a function of both Q and H .  

To establish a function that could describe this dependence, the effect 
of hardness will first be examined, and then the effect of both hardness 
and polymer concentration will be scrutinized. 

It is conventional to fit dissolution data to one of several types of 
functions (l l) ,  an exponential decay (Eq. 2) being one such relationship. 
In this case the plotting should follow: 

In (mlmo) = -Kt + a (Eq. 4) 

where mo is the initial drug content. Figure 5 shows this type of plotting 
to be well adhered to, and the least-squares fit parameters for all the 
preparations are shown in Table 111. From the correlation coefficients, 
the empirical choice of Eq. 4 is well justified. 

Table V-Amount Disintegrated as a Function of Time for 
Three Polymers 

Fraction Not Disintegrated at  Time 
t ,  hr 

Polymer Percent Hardness 0.5 1.0 1.5 2 

IV 15 15 0.55 0.36 0.40 0.40 
30 15 0.50 0.30 
60 15 0.36 0.10 0.05 
15ga 15 0.65 0.47 0.50 0.46 

V 15 15 0.56 0.43 0.51 0.37 
30 15 0.45 0.14 
60 15 0.46 0.19 0.04 
15ga 15 0.49 0.29 0.11 0.14 

VI 15 10 0.45 0.24 0.20 
30 5 0.44 0.24 0.21 0.07 
60 5 0.66 0.46 0.37 
15ga 15 0.47 0.32 0.24 0.20 

0 g is wet granulated. 

Average a 
from Table IV 

for Direct 
Compression 

Polymer z a Y Formulas 

I 1.32 -0.037 -0.37 -0.037 
I1 1.04 -0.065 -0.41 -0.065 

I11 3.36 -0.011 -1.22 -0.027 
IV -0.77 -0.020 +0.27 -0.019 
V -1.93 -0.034 +0.683 -0.009 

VI t1.86 -0.054 -0.434 -0.048 

It was mentioned earlier that K decreases with increasing hardness, 
’ H ,  and inspection of Table 111 leads to the plausibility of a relation of the 
type: 

1nK = a H  t (Eq. 5) 
The least-squares values for K for all the preparations in Table I11 have 
been treated according to Eq. 5, and for each polymer (i), the least- 
squares fit parameters pi and ai are listed in Table IV. A dimensionless 
plot, as described previously (10, 12), is shown in Fig. 6; the ordinate 
values are the individual values of y = In K; - B i ,  and the abscissa values 
are x = aiHi, and since according to Eq. 5: 

(In K i )  - Bi = aiH (Eq. 6) 

a line with unity slope and zero intercept should follow. Figure 6 indicates 
that this is the case, showing that Eq. 5 is a reasonable choice of function 
representing the dependence of K on H ,  and all values for all the prepa- 
rations are included. 

Table IV shows that the wet granulated preparations are less sensitive 
to hardness (tableting pressure) than the directly compressed tablets. 

The parameter K is not only a function of H but also of the drug con- 
tent, Q (percent), of the polymer. There are four of the cases where K 
decreases with increasing polymer concentration, and two cases (povidone 
and povidone-vinyl acetate) where K increases with increasing polymer 
concentration. These latter two cases are in accord with previously re- 
ported findings where povidone (58-61) and providone-vinyl acetate (45) 
have been found to increase dissolution rates. However, as seen in Table 
V, erosion rates also increase with increasing concentration of these two 
polymers, so that dissolution (diffusion) rate increase or erosion rate 
increase (or both) could account for the increase in K with an increase 
in the polymer concentration. Table V shows that K probably approaches 
a limiting value (K’) as Q increases. This requires four parameter fits (i.e., 
K = F(H,Q,K’) ,  where F denotes function of. Since K’ would have to be 
obtained by iteration, the resulting statistics would be of questionable 
robustness. Instead, it has been assumed here that K for a given hardness 

0.5L 

0 -  

Ql 

I 
L 
5 -0.5- 

-1.5 -1  -0.5 0 
CdH 

Figure 6-Consistency diagram for Eq. 5 (Eq. 6). I f  Eq. 5 is a reasonable 
fi t ,  then y = x, where x = a h  and y = In K - 8. The least-squares fit of 
the line is y = 1.002~ - 0.0004, i.e., the slope is close to unity, the in- 
tercept is close to zero, and the equation is close to y = x. 
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Table VII-Disintegration Data for Tablets Made with 
Polyvinyl Acetal Diethylaminoacetate 

::y 
-5 

8 I I I I I I I 
-5 -4 -3 -2 -1 0 1 2 

yln 8 

Figure 7-Data treated according to Eq. 7. The abscissa is x = yln Q 
and the ordinate is y = (In K) - aH - c. The least-squares fit is y = (1 
X l t @ ) x  + 5 X so that theslope is close to unity and the intercept 
close to zero as required for E9. 7 to be a reasonable function (r = 
0.997). 

changes in log-log fashion with Q, i.e., retaining the format of Eq. 5 for 
the H-dependence: 

1nK = aH+ c + ylnQ (Eq. 7) 
The data have been treated by multiple regression, and the least-squares 
fit values are shown in Table VI. The data are shown in dimensionless 
presentation in Fig. 7. The ordinate is y = In K - a i H  - f i ,  where the 
subscript i is the individual parameter values for the ith polymer. The 
abscissa is yi In Q, so the line, y = x ,  should have unity slope and zero 
intercept, which is the case. Equation 7, therefore, is a reasonable overall 
empirical function for the data. The values of a in Tables IV and VI 
should be close to one another, and as shown in the last column of Table 
VI, they are. 

The value of the phenomonological approach is as follows. For devel- 
opment of sustained-release products, it is usually the intent to obtain 
a certain in vitro release curve. This is often of the military specification 
type with a range of percent release after (for example) 1 hr, and a range 
of percent released after 4 hr. At this starting point there is already a 
benefit from knowing the release equation. If the specifications were, e.g., 
2530% after 1 hr and 4040% after 4 hr, then the type release found here 

$ 0.8 - t  E 1 w 0 .61  

[r 

0 0.4 

LL i I  0.2 

0.5 1 1.5 

\u \ 
0 

-0 
_I 

2 

HOURS 

Figure 8-Disintegration data for polymers with non pH-dependent 
solubilities. The ordinate is fraction not disintegrated (eroded) a t  time 
t. Key: (0) prouidone-vinyl acetate, 15%,15-kg hardness; (0) pouidone, 
60%, 15-kg hardness; (0) polyvinyl alcohol-acetate, 30%, 5-kg hard- 
ness. 

Parameters for Eq. 15 
Polymer, Correlation 

70 P ,  (Fraction) a D Coefficient, r 

15ga 0.16 -0.318 1.076 -0.98 
15 0.18 -0.244 -0.973 -0.99 
30 0.26 -0.30 -1.36 -1.0 
60 0.33 -0.40 -1.50 -1.0 

a g is wet granulated. 

Table VIII-Values of (p /po )  for Polyvinyl Acetate Phthalate 
Formulations 

Time, 
hr 

0 
1 
2 
4 
6 
8 
D 
a 
ti = a/D 
r 

Formula (Polymer, %; Hardness, kg) 
15%. 30%. 60%. 60%. 60%. 
15 kg 15 kg 15 kg lOkg 5 kg 

1 1 1 I 1 
0.7 0.81 0.97 0.98 0.96 
0.7 0.79 0.97 0.98 0.97 
0.62 0.66 0.93 0.81 0.77 
0.34 0.55 0.78 0.63 0.63 
0.27 0.39 0.54 0.47 0.39 
0.208 0.130 0.138 0.135 0.170 
0.289 0.126 0.512 0.340 0.470 
1.39 1.97 3.72 2.49 2.75 

-0.97 -0.98 -0.97 -0.99 0.97 

(Eq. 2) would not be adequate9. It should be pointed out that most sus- 
tained-release patterns are of this type. That it would not be adequate 
is seen from the following. The K-value calculated from the 4- and 1-hr 
restrictions must be in the range: 

1 hr: -In 0.75 < K < -In 0.70 or 0.29 < K < 0.35 (Eq. 8) 

4 hr: -0.25 In 0.6 < K < -0.25 In 0.4 or 0.13 < K < 0.23 (Eq. 9) 
Since the two intervals do not overlap, it is not possible to meet the 
specification range requirements. Without knowing the dissolution 
pattern, it would be possible to spend considerable time attempting to 
obtain a formulation which could not possibly meet the given require- 
ments. 

If, instead, the required release ranges were 25-35% after 1 hr and 
55-7570 after 4 hr, then similar calculations would give: 

1 hr: 0.29 < K < 0.43 (Eq. 10) 

1 o o y  

a 
e 

20 

L- 
1 2 3 4 5 6 7 8  

'" y 1 
HOURS 

Figure 9-Disintegration curves for polyvinyl acetal aminoacetate 
preparations. Key: (0) 15% wet granulated; (A) 15% directly com- 
pressed; (0) 30% directly compressed; (0) 60% directly compressed. 
The parameter p is the amount not disintegrated in percent. 

9 It should be noted that an immediate release component in the formulation 
might solve this. An extension of the argument is that if a specification is set in 
addition at. e.g., 8 hr, a similar impossiblesituation might arise. 
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Table 1X-Disintegration Data Treated According to Eq. 17 

Percent Hardness Correlation 
Polymer ( Q )  (H) Coefficient, r a D In D In K c  

V 15 15 -0.92 -0.408 0.365 
30 15 -1.06 0.243 1.832 
60 15 0.98 0.644 2.455 
15ga 15 -0.95 -0.208 0.987 

IV 15 15 -0.84 -0.489 0.270 
30 15 -1.0b -0.155 0.860 
60 15 -0.99 0.079 1.837 
15ga 15 -0.93 -0.320 0.307 

VI 15 10 -0.99 -0.267 0.910 
30 5 -0.97 -0.069 1.138 
60 5 -0.99 -0.105 0.586 
15ga 15 -0.99 -0.343 0.661 

g is wet granulated. Only two points were available and were not included in Fig. 12. From Table 111. 

4 hr: 0.20 < K < 0.35 (Eq. 11) 

If polymer I1 is  used, and a S l l - k g  hardness is required, then (Table 

(Eq. 12) 

i.e., K must be in the interval: 0.29 < K < 0.35. 

VI, line 2): 

In K = -0.065 H - 0.41 In Q t 1.04 

Inserting lower limits for K and H gives: 

In 0.29 + (0.065 X 8) - 1.04 = -0.41 In Q or Q = 73 (Eq. 13) 

and inserting upper limits for K and H: 

In 0.35 + (0.065 x 11) - 1.04 = -0.41 In Q or Q = 29 (Eq. 14) 

Therefore, in this case, Q must be between 30 and 73, and narrowing the 
specification limits or the hardness limits would produce a narrower range 
of Q, but the example gives a starting point for the final phase of product 
development for a product of this type. Other factors may affect release 
(e.g., moisture content and machine speed) and such factors can (at in- 
creased experimentation) be included in a multivariable phenomonolo- 
gical equation. Preliminary factorial experimentation on two levels may 
sort out the variables of importance prior to model experimentation. If 
many variables are included, then it is best, as suggested previously (62) 
to assume that all the relations can be described by two-power polyno- 
mials and approach the problem by fractional factorials. In this case there 
is no experimental testing of the actual functionality: it is assumed to be 
a two-power polynomial. 

Erosion Curves-Disintegration is presumably erosion due to dis- 
solution of the polymer. If this is so, then the erosion is a function of 
polymer solubility. It should follow a cube root law if the solubility is 
absolutely pH independent; as pointed out previously (63), cube root 

0 -0.5 

9 - - = I  P I I 8 -1.0 
II I / 

-Ia5t P 
-1.5 -1.0 -0.6 0 

x = -Dt 

Figure l(tConsistemy dingram in dimensionless units for Eq. 8, using 
data in Table VZZ, The parameter p is here in fraction. For Eq. 8 to be 
a reasonable function, the data should be linear and the line shouldgo 
through the origin (y = x as shown). Key: (A) 15% wet granulated; (0) 
15% directly compressed; (0) 30% directly compressed; (0) 60% di- 
rectly compressed. 

-1.01 
0.605 
0.898 

-0.013 
-1.309 
-0.151 

0.608 
-1.181 
-0.094 

0.129 
-0.534 
-0.414 

0.162 
-0.274 

0.412 
-0.020 
-0.301 
-0.357 

0.270 
-0.128 

0.140 
0.058 

-0.163 
-0.051 

Table X-Disintegration Data (p/po)  for Polyvinyl Acetate 
Preparations 

Fraction disintegrated at the time indicated 
Time, (Polymer, %; Hardness, kg) 

hr 15% 15 kg 30%, 15 kg 60%, 15 kg 15%, 15 kg, ga 

0 1 1 1 1 
0.5 0.8 ..- 

1 0.77 0.81 0.94 0.75 
1.5 0.74 
2 0.69 0.77 0.96 0.72 
4 0.14 0.81 0.95 
6 0.76 0.79 0.93 
8 0.69 0.78 0.91 

a g is wet granulated. 

relations often resemble exponential decays. Because of the differences 
in solubility profiles as a function of pH, the cases will be discussed in- 
dividually in the following, but typical examples of disintegration patterns 
for polymers with pH-insensitive solubility are shown in Fig. 8, and the 
erosion figures are given in Table V. 

Polyvinyl Acetal Diethylaminoacetate (I)-Polyvinyl a c e d  di- 
ethylaminoacetate is acid soluble and alkali insoluble; therefore, it should 
be subject to erosion (dissolution) only in the first 2 hr, as seen in Table 
VII. The value of p in Eq. 2 should approach an asymptotic value dif- 
ferent from zero (unless erosion were complete within 2 hr, which is not 
the case). The erosion equation should reflect this as: 

In ( p  - p . . )  = -Dt t a (Eq. 15) 

where p.. is the amount of matrix not disintegrated at infinite time, p is 
the matrix, and the data in Table VI, referring to polyvinyl acetal di- 
ethylamino acetate have been subjected to this adjustment. The data are 
shown in Fig. 9. Reasonable asymptote values can be estimated from the 
figure, and the data have been subjected to dimensionless plotting in 
Table VII. The dimensionless plot is shown in Fig. 10 and establishes that 
Eq. 8 is a reasonable function for treating the erosion data. 

The erosion constant is of the same order of magnitude in the first 2 

! 
- 0 . g  

-1 .5t  ‘ Po 
I I 

-1.5 -1.0 -0.5 

--Dt 
Figure 11-Dimensionless plot of y = In (plpa) - a versus -Dt for 
polyvinyl acetatephthulate. The least-squares fit is y = 0.998~ - 0.002, 
i.e., 4 straight line with close to unity slope and close to zero intercept, 
showing applicability of Eq. I to this system (r = 0.99). 
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Figure 12-In K as a function of In D (Table IX). The least-squares 
fit line is In K = 0.229 In D + 0.205 (r = 0.79). 
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hr as the dissolution constant in the remainder of the dissolution period, 
so that the overall dissolution curve will be well represented by Eq. 4. It 
may be concluded that the rate-controlling process is twofold: erosion 
in the first 2 hr and diffusion in the remainder of the dissolution period 
(during this latter period the matrix weight remains constant and the 
dissolution is log-linear). 

Polyvinyl Acetate Phthalate-In this case the polymer is acid in- 
soluble and alkali soluble. Dissolution of the polymer should not occur 
until after the second hour. It is seen in Table VIII that in the case of the 
two lower polymer concentrations (15 and 30%) there is a certain amount 
of erosion immediately. Apparently this is an effect of the excipients and 
does not occur at the high concentration. After this immediate erosion 
the weight remains constant for 2 hr (during which time the pH is low and 
the polymer does not dissolve), and after 2 hr the increase in pH causes 
the solubility of the polymer to increase and erosion to begin. It is seen 
in Table VIII that the erosion after the 2-hr point appears to follow Eq. 
1, and the least-squares fit values are listed. Since the disintegration 
actually does not occur substantially until a certain time, ti (presumably 
between 2 and 4 hr), the correct form of Eq. 1 would be: 

In (plpo) = -D( t  - t i )  (Eq. 16) 

* S O  that a is equal to Dti. Values of ti calculated in this fashion are shown 
in Table VIII and are in the correct range for the higher concentra- 
tion. 

The data in Table VIII are shown in dimensionless presentation in Fig. 
11, and the adherence of this plot to linearity with unity slope and zero 
intercept shows that the disintegration is well represented by Eq. 16. 

Povidone, Povidone-Vinyl Acetate, and Polyvinyl Alcohol- 
Acetate-These three polymers have solubilities that are not pH de- 

- 

- 

- 

I I I I I 
0.5 1 1.5 2 2.5 

fi 
Figure 13-Amount dissolved (percent) as a function of square root 
of time (hr) for polyvinyl acetate matrices. Key: (0)  605 at 5 kg; (0) 
60% at 10 kg; (0) 60% at 5 kg; (0) 305 at 15 kg; (0) 15% at 15 kg. 

pendent. The disintegration of the formulas follow Eq. 1 fairly well, and 
the least-squares fit parameters are shown in Tahle IX. The effect of flow 
cells on disintegration has been reported for povidone (6). 

In addition, the disintegration behavior in rotating baskets (24,6443)  
has been shown to lead to exponential decay dissolution profiles (Eq. 2) 
with lag time when disintegration is the rate-limiting factor. Therefore, 
correlations between K and D frequently occur in rotating dissolution 
apparatuses (4,9-11) when rapidly disintegrating formulas are tested. 
Such a correlation is not necessarily to be expected in the case of the 
polymers reported here; however, the data in Table IX imply a correlation 
of the type: 

InD = q InK t j (Eq. 17) 

where q and j are constants. The data in Table IX are shown by a di- 
mensionless representation in Fig. 12 using Eq. 17. There is fair linearity, 
the slope is close to unity, and the intercept is close to zero, so that Eq. 
17 is not an unacceptable function, hut the scatter about the line is such 
that other effects might be expected. Presumably, the amount, m,  not 
released at time t ,  would be a complex function of both K and D ,  where 
K and D are not entirely independent of one another. 

Polyvinyl Acetate-In this case there should be insolubility 
throughout the pH range. As shown earlier, only the 60% preparation is 
free from some initial disintegration (eraion). In the case of the two lower 
concentrations, the amount of weight lost is in excess of drug released, 
e.g., for the 30% polymer concentration 30 mg (6% of the tablet weight) 
of drug is dissolved after 1 hr as opposed to the fact that the weight loss 
is 23%. In the case of polyvinyl acetate, the matrix should be insoluble, 
and the release pattern should come close to  being a square root of time 
dependence (1). Figure 13 and Table X shows this to be the case, although 
the deviations from the line are first negative, then positive, then negative 
(+ - t) so that [Durbin-Watson statistics (67)] the fit is not exact. The 
initial lag time and the end effect is to be expected (2). It is apparent that 
the release is also well represented by a semilogarithmic relationship (Eq. 
2). These latter frequently simulate square root in time functions (68). 
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Abstract 0 N,N-Diethyl-m-toluamide was formulated with several 
acrylate polymers in ethanol solution and various silicone polymers in 
2-propanol suspension; the ratio of polymer to NJ-diethyl-m-toluamide 
(I) was varied. Formulations that had drying times of <10 min were 
evaluated for film hardness and elasticity. Contact angles made by water 
on films cast from the formulations were measured when such films were 
uniform. For the acrylate formulations, containing polymers that are solid 
at room temperature, the presence of I increased drying times; decreased 
film hardness and elasticity resulted from decreasing the ratio of polymers 
to I. Lower contact angle with water resulted from decreasing the ratio 
of acrylate polymer to I. However, this effect was less pronounced with 
the lower molecular weight acrylate polymer formulations. Films cast 
from the silicone formulations had low contact angles with water. In 
addition, formulations of repellents, ethohexadiol and N.N-diethy1-p- 
toluamide, each in combination with a silicone polymer, were evaluated. 
Films with short drying times, high contact angle, and measurable 
hardness could be cast from the N,N-diethyl-p-toluamide-silicone for- 

~~~~~ ~~~ 

mulations due to the film-forming ability of the repellent itself. The 
physical properties of the ethohexadiol-silicone formulations were similar 
to the I-silicone formulations. Selected formulations received preliminary 
evaluation for duration of effectiveness against Aedes aegypti mosquitoes 
in uitro and in animal test systems. Except for one formulation of I with 
a lower molecular weight acrylate polymer, these formulations did not 
enhance the duration of effectiveness of I on hairless dogs. The in uitro 
EDm of the test repellent for A. aegypti was significantly enhanced in 
5 of 15 formulations tested. The 4-hr ED% of the test repellent on white 
mice was significantly enhanced in 6 of 15 formulations tested. 

Keyphrases 0 Repellents, mosquito-film hardness and elasticity 
evaluation for NJ-diethyl-rn-toluamide-acrylate polymer formulations 

NJV-Diethyl-m-toluamide-formulation with acrylate polymer, 
evaluation for film hardness and elasticity in mosquito repellents 
Polymers-N,N-diethyl-m-toluamide formulations, evaluation for film 
hardness and elasticity in mosquito repellents 

The duration of protection afforded by a mosquito re- 
pellent is limited by the ways it can be lost from the skin 
surface, such as abrasion and removal by water immersion 
(1) and excessive evaporation and penetration into the skin 
(2, 3). Many efforts have been made to improve the 
persistance of mosquito repellents by incorporating the 

active ingredient (usually N,N-diethyl-m-toluamide, 1) 
with a variety of materials such as polysaccharide esters 
or silicone and acrylic polymers (4), clay (3, zinc oxide (6), 
vanillin (7), and others. However, there remains to be 
found a repellent formulation which has acceptable cos- 
metic and toxicologic properties and has significantly 
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Abstract 0 N,N-Diethyl-m-toluamide was formulated with several 
acrylate polymers in ethanol solution and various silicone polymers in 
2-propanol suspension; the ratio of polymer to NJ-diethyl-m-toluamide 
(I) was varied. Formulations that had drying times of <10 min were 
evaluated for film hardness and elasticity. Contact angles made by water 
on films cast from the formulations were measured when such films were 
uniform. For the acrylate formulations, containing polymers that are solid 
at room temperature, the presence of I increased drying times; decreased 
film hardness and elasticity resulted from decreasing the ratio of polymers 
to I. Lower contact angle with water resulted from decreasing the ratio 
of acrylate polymer to I. However, this effect was less pronounced with 
the lower molecular weight acrylate polymer formulations. Films cast 
from the silicone formulations had low contact angles with water. In 
addition, formulations of repellents, ethohexadiol and N.N-diethy1-p- 
toluamide, each in combination with a silicone polymer, were evaluated. 
Films with short drying times, high contact angle, and measurable 
hardness could be cast from the N,N-diethyl-p-toluamide-silicone for- 

~~~~~ ~~~ 

mulations due to the film-forming ability of the repellent itself. The 
physical properties of the ethohexadiol-silicone formulations were similar 
to the I-silicone formulations. Selected formulations received preliminary 
evaluation for duration of effectiveness against Aedes aegypti mosquitoes 
in uitro and in animal test systems. Except for one formulation of I with 
a lower molecular weight acrylate polymer, these formulations did not 
enhance the duration of effectiveness of I on hairless dogs. The in uitro 
EDm of the test repellent for A. aegypti was significantly enhanced in 
5 of 15 formulations tested. The 4-hr ED% of the test repellent on white 
mice was significantly enhanced in 6 of 15 formulations tested. 

Keyphrases 0 Repellents, mosquito-film hardness and elasticity 
evaluation for NJ-diethyl-rn-toluamide-acrylate polymer formulations 

NJV-Diethyl-m-toluamide-formulation with acrylate polymer, 
evaluation for film hardness and elasticity in mosquito repellents 
Polymers-N,N-diethyl-m-toluamide formulations, evaluation for film 
hardness and elasticity in mosquito repellents 

The duration of protection afforded by a mosquito re- 
pellent is limited by the ways it can be lost from the skin 
surface, such as abrasion and removal by water immersion 
(1) and excessive evaporation and penetration into the skin 
(2, 3). Many efforts have been made to improve the 
persistance of mosquito repellents by incorporating the 

active ingredient (usually N,N-diethyl-m-toluamide, 1) 
with a variety of materials such as polysaccharide esters 
or silicone and acrylic polymers (4), clay (3, zinc oxide (6), 
vanillin (7), and others. However, there remains to be 
found a repellent formulation which has acceptable cos- 
metic and toxicologic properties and has significantly 
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Table I-Composition and  Water Contact Angle Measurement of 
Mosquito Repellent-Acrylate Polymer Formulations 

Table  11-Composition and  Water  Contact Angle Measurement 
of Mosquito Repellent-Silicone Polymer Formulations 

N,N-Diethyl- Repellent Polymer 
rn-toluamide Polymer Contact Formula- concentration, concentration, Contact angle, 

Formulation concentration, concentration, angle, tion No. 90 (w/v) % (w/v) degreen 
No. 5% (w/v) To (w/v) degreea 

N,N-Diethyl-m -toluamide-Polymer V Formulations 
N,N-Diethyl-rn-toluamide-Polymer I Formulations 15 6.1 3.1 8 6 2  

36 3.9 0.4 10f  1 50 3.9 0.4 10f  1 
3.9 2.0 17 f 1 30 3.9 2.0 8 f ;  28 

37 3.9 3.9 31 f 2  24 3.9 3.9 - 

38 3.9 7.8 33 f p N,N-Diethyl-rn - toluamide-Polymer VI Formulations 
16 6.1 3.1 - 39 3.9 11.8 
53 3.9 0.4 11 f 1 

63 0.0 3.9 46 f 1 
N,N-Diethyl-rn -toluamide-Polymer I1 Formulations 31 3.9 2.0 - 

b 

h 

- 

3 2 
27 
33 
34 
35 
64 

3.9 
3.9 
3.9 ~~ 

3.9 
3.9 
0.0 

0.4 
0.6 
3.9 
7.8 

11.8 
3.9 

1 0 f  1 
12 f 2 
12 f 1 
1 9 f  1 
25 f 1 
1 4 f 4  

N,N-Diethyl-m-toluamide-Polymer VII Formulations 
14 6.1 3.1 I f 2  
47 3.9 0.4 1 3 f 1  
29 3.9 2.0 10 f 1 
23 3.9 3.9 23 f 4(5) 

N,N-Diethyl-rn-toluamide-Polymer I11 Formulations 
11 6.1 3.1 32 f 1 
44 3.9 0.4 25 f 1 
25 3.9 2.0 42 f 4 

N,N-Diethyl-m-toluamide-Polymer VIII Formulations 
57 3.9 0.4 1 0 f  1 
58 3.9 2.0 1 6 f  1 

3.9 3.9 1 8 f 1  22 
17 3.9 
18 3.9 
19 3.9 
61 0.0 

3.9 51 f l(2)  
7.8 65 f 2 

11.8 70 f 4(2) 
3.9 71 f 1 

N,N-Diethyl-rn-toluamide-Polymer IV Formulations 
40 3.9 0.4 14 f 1 ~~ ~~ 

26 3.9 
41 3.9 
42 3.9 
43 3.9 
62 0.0 

2.0 41 f 4  
3.9 47 f O  
7.8 79 f 4 

11.8 7 1 f 3  
3.9 75 i 1 

a Contact angle measurements were replicated three times. except where number 
of replicates are indicated in parentheses following value, mean f SD. h Film surface 
was too irregular to allow measurement. 

Ethohexadiol-Polymer VIII Formulation 
12 3.9 2.0 19 f 1 

N,N-Diethyl-p -toluamide-Polymer VIII Formulation 
13 3.9 2.0 72 f 1 

a Contact angle measurements were replicated three times, except where the 
numher of replicates are indicated in parentheses following value, mean f SD. * Film surface was too irregular for determination of contact angle with water. 

minum plate. Films were tested 4 hr after they were cast. The modulus 
of elasticity ( E )  was calculated by: 

where R is the Sward hardness (number of rocks) and K is a constant for 
thickness (TI determined by extrapolation from data in the literature 
(9). 

better duration Of protection than I' In an 
effort to understand better the results obtained by adding 
I to various polymers, I was formulated in varying ratios 
to several commercially available silicone and acrylate 
polymers, some of which have been used extensively by the 
cosmetic industry. 

EXPERIMENTAL 

Materials-The materials used for the preparation of mosquito re- 
pellent formulations were acrylate polymers' I-IV, silicone polymers2 
V-VIII, and the mosquito repellents N,N-diethyl-rn-toluamide3, 
N,N-diethyl-p-toluamide4, and ethohexadioP. The composition of the 
formulations is listed in Tables I and 11. Acrylate polymers I11 and IV 
required heating to effect solution in ethanol. 

Determination of Drying Times-Films were cast on glass micro- 
scope slides by using a mechanical drive6 and an applicator' with 
0.19-mm wet film thickness and allowed to dry at  ambient conditions 
(40% relative humidity and 23"). Using a cotton ball, the slide was 
checked for a dry tack-free surface every 2 min up to 15 min, every 10 min 
up to 1 hr, and then every hour up to 8 hr. Drying times were done in 
duplicate. 

Film Hardness, Film Thickness, and Modulus of Elasticity-These 
were determined by published procedures (8). Films were cast as for 
drying time determinations; however, the substrate was a polished alu- 

Acrylate polymer 1 is Carboset 515, I1 is Carboset 514, 111 is Carboset 526, and 
IV is Carboset 525. Polymers were obtained from B. F. Goodrich Chemical Co.. 
Cleveland, Ohio. 

Silicone polymer V is 200 fluid, 350 centistoke; VI is 2W fluid, loo0 centistoke; 
VII is QF13593A; and VIII is MDX 4-4142. Polymers were obtained from Dow 
Corning Corp., Midland, Mich. 

Eastman Kodak Co., Rochester, N.Y. 
Hercules, Inc., Wilmington, Del. 
Niagara Chemical Division, FMC, Middleport, N.Y. 
Gardner mechanical drive, Gardner Laboratory. Bethesda, Md. 
Gardner film casting knife, Gardner Laboratory, Bethesda. Md. 

Contact Angle-Films were cast on a glass microscope slide cut in half 
lengthwise, by the same procedure as for drying time determinations. 
Fifteen minutes after the film was cast, the slide was inserted in the 
contact angle viewers. A drop of distilled water was placed on the film, 
and the angles, formed by the base of the drop on its left and right sides, 
were read. The volume of the drop was then increased by small incre- 
ments until the left and right side angles were the same and remained 
constant. This final angle is reported as the contact angle. The determi- 
nation was replicated three times. 

Protection Time-The protection time of the formulations was de- 
termined on hairless dogs using a published procedure (10). After all the 
application sites on the dog's skin had failed, the skin was scrubbed with 
soapg and water to remove residual polymer. Dogs were usually rested 
3-4 days between tests. 

Median Effective Dosage-The median effective doses (EDSO) of 
19 formulations for the yellow fever mosquito, Aedes aegypti, were de- 
termined by a previous method (11). This method utilizes an in uitro 
mosquito blood-feeding system having test surfaces of goldbeater's skin 
(the prepared outside membrane of the large intestine of cattle used for 
separating the leaves of metal in goldbeating). 

Four-Hour Median Effective Dose-Four-hour ED50 values of 19 
formulations for A. aegypti were determined on 7-10-day-old white mice. 
Four mice were wetted with serial dilutions of the test formulation, and 
a fifth (the control) was wetted with a corresponding solvent (ethanol or 
?-propand). The mice were held a t  27' for 4 hr, after which they were 
transferred to a 30 X 30 X 30-cm mosquito cage containing 100 nullipa- 
row. 515-day-old female A. aegypti. The number of mosquitoes feeding 
on each mouse was recorded at  2 min intervals for a period of 30 min. The 
totals of the 10 feeding counts obtained for each of the mice were com- 
bined with the corresponding totals from subsequent replicates of the 
test, and the totals for each dose were then converted to percentages of 

Contact angle viewer (No. D-1060), Gardner Laboratory, Bethesda, Md. 
Ivory soap. Proctor & Gamble Corp., Cincinnati, Ohio. 
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Table 111-Film Characterist ics of Polymers and Mosquito 
Repellent Formulations with Shor t  Drying Timesa 

Film Sward 
Formula- Repellent- Drying thick- hardness, Modulus of 

tion Additive time, ness, No. of elasticity, 
No. ratio min um rocks X104dvne/cm2 

Polymer I1 

N,N-Diethyl-rn-toluamide-Polymer 111 Formulations 
64 0 9 3 6 430 

18 1 /2 7 15 5 590 
19 113 7 18 9 3700 
61 0 5 9 11 4800 

Polymer IV 
62 0 6 7 11 4100 

N , N -  Diethyl-p-toluamide-Polymer VIII Formulation 
13 211 5 4 4 149 

a Film characteristics were not measured for formulations with drying times >10 
min. 

the total for the control. The 4-hr ED50 was computed from the per- 
centages and the logarithm doses by probit analysis. 

RESULTS AND DISCUSSION 

The composition and contact angle measurements of the acrylate 
formulations are given in Table I and of the silicone formulations in Table 
11. Film thickness, Sward hardness, and modulus of elasticity of the ac- 
rylate and silicone formulations with drying times <10 min are given in 
Table 111. The protection times determined on the hairless dog of the 
acrylate formulations are given in Table IV and of the silicone formula- 
tions in Table V. The EDSOS and 4-hr EDws are given in Tables VI and 
VII and VIII and IX, respectively. 

The acrylate polymers are derived from acrylic acid esters, methacrylic 
acid esters, and a,@-unsaturated carboxylic acids. The mean molecular 
weight of polymer I is 7000, I1 is 30,000,111 is 200,000, and IV is 260,000. 
Polymer I is a viscous liquid at room temperature, while polymer I1 was 
obtained as a 30% solution of polymer in ammonia water with a final pH 
of 7.5; percentages of polymer I1 in Table I are based on the weight of 
polymer in solution. 

For the I-acrylate formulations containing the higher molecular weight 
polymers, I11 and IV, increasing the ratio of polymer to a constant amount 
of I resulted in higher contact angles (Table I). The same trend was ob- 
served with Compound I-polymer I and I1 formulations, although it was 

Table IV-Protection Times Against A. aegypti Mosquitoes for 
Selected Repellent-Acrylate Polymer Formulations Tested on 
the Hairless Dog 

Repellent Protection 
Formulation dose, time, hr Signifi- 

No. mg/cm m e a n f S D  N h  cancee 

N,N-Diethyl-m-toluamide-Polymer I Formulations 
28 0.32 10.6 f 1.1 7 S 
Controld 0.32 6.4 f 1.6 7 - 

N,N-Diethyl-rn -toluamide-Polymer I1 Formulations 
27 0.32 6.5 f 1!9 16 NS 
Controld 0.32 6.5 f 1.9 16 - 

N,N-Diethyl-m-toluamide-Polymer 111 Formulation 
11 0.5 9.6 f 2.9 16 NS 
Controld 0.5 8.5 f 1.8 16 
25 0.82 7.5 f 2.4 16 NS 
Controld 0.32 8.2 f 2.1 16 ~ 

- 

17 0.32 9.8 f 1.6 8 NS 
Controld 0.32 9.4 f 1.8 8 - 

N,N-Diethyl-m-toluamide-Polymer IV Formulations 
26 0.32 7.3 f 1.8 16 NS 
Controld 0.32 6.9 f 1.9 16 - 

0 Dose obtained when 0.4 ml of formulation is  spread over a 49-cm' skin area. 
Number of replicates. Significance was tested at the 95% confidenre level using 

Dunnett’s test for comparing K means with a control. N,”-Diethyl-m-toluamide, 
dissolved in alcohol, was applied to the skin using the same volume as was used for 
application of the formulation to give the same dnse of N.N-diethyl-m-tolu- 
amide. 

Table V-Protection Time Against A. aegypti Mosquitoes for 
Selected Repellent-silicone Polymer Formulations Tested on the 
Hairless Dog 

Protection 
Formulation Repellent, time, hr Signifi- 

No. mgIcm2a m e a n f  S D  N h  cancer 

N,N-Diethyl-m-toluamide-Polymer V Formulations 
15 0.50 4.8 f 2.4 8 NS 
Controld 0.50 6.8 f 3.0 8 - 

30 0.32 6.0 f 0.8 8 NS 
Controld 0.32 5.4 f 0.8 8 
24 0.32 8.1 f 3.9 16 NS 
Controld 0.32 8.3 f 2.4 16 

N,N-Diethyl-m-toluamide-Polymer VI Formulations 
16 0.50 4.8 f. 1.5 8 NS 
Controld 0.50 6.8 f 3.0 8 
31 0.32 6.0 f 0.8 8 NS 

- 

- 

- 

- Controld 0.32 5.4 f 0.8 a 
N,N-Diethyl-rn -toluamide-Polymer VII Formulations 

14 0.50 8 NS 6.1 f 2.3 
Controld 0.50 6.8 f 3.0 8 
29 0.32 5.9 f 1.2 8 NS 

- 

- Control 0.32 5.4 f 0.8 8 
23 0.32 8.8 f 2.9 16 NS 
Controld 0.32 8.3 f 2.9 16 - 

N,N-Diethyl-m -toluamide-Polymer VIII Formulation 
22 0.32 9.2 f. 2.8 16 NS 
Controld 0.32 8.3 f 2.4 16 

Ethohexadiol-Polymer VIII Formulation 
12 0.50 5.5 f 2.2 16 S 
Controld 0.50 8.5 f 1.8 16 

- 

- 

N,N-Diethyl-p-toluamide-Polymer VIII Formulation 
13 0.50 5.4 f 2.9 16 S 
Controld 0.50 8.5 f 1.8 16 - 

a Dose obtained when 0.4 ml of formulation is  spread over a 49-cm2 skin area. 
b Number of replicates. c Significance was tested at the 95?6 confidence level using 
Dunnett’s test for comparing K means with a control. N.N-Diethyl-m-toluamide. 
dissolved in alcohol, was applied to the skin using the same volume as was used for 
application of the formulation to give the same dose of N,N-diethyl-rn-tolu- 
amide. 

less pronounced. The low contact angles for polymer I1 formulations were 
probably the result of the presence of water in polymer I1 and salt for- 
mation between the ammonia present and carboxylic acid functional 
groups. 

The silicone polymers, V and VI, are linear polydimethvlsiloxanes. 
Polymer V has -200 dimethylsiloxane units and a molecular weight of 
-15,000. Polymer VI has a molecular weight of -25.000, which corre- 
sponds to 336 dimethylsiloxane units. Polymer VII is composed of a linear 
polydimethylsiloxane (-100 dimethylsiloxane units) and a highly 
crosslinked trimethylsiloxysilicate resin. Polymer VIII is related to 
polymer VII and is made by a slightly different manufacturing prore- 
dure’”. 

Contact angles of water with the silicone formulations were generally 
low relative to those of the acrylate formulations and bore little apparent 
relationship to the ratio of repellent to polymer. The exception was for- 
mulation 13. In this case the N,N-diethyl-p-toluamide (which is a solid 
a t  room temperature, in contrast to the meta isomer) itself forms a film 
(visible films of N,N-diethyl-p-toluamide sometimes can be observed 
after the repellent is applied in alcoholic solution to human skin). 

For each silicone polymer tested, formulations containing higher ratios 
of polymer to I than those in Table I1 were prepared along with suspen- 
sions of silicone polymers alone in 2-propanol. Films cast from these 
suspensions did not dry, and the surface of the films were too irregular 
for measurement of the contact angle with water. 

With the exception of formulations 13,18, and 19 (Table 111). all of the 
mosquito repellent polymer formulations had drying times >8 hr ( for-  
mulations containing silicone polymers or acrylate polymer 1 were not 
expected to dry, because the polymers are liquid a t  room temperature), 
and films cast from these formulations were not tested for hardness be- 
cause of a prohahle change in component ratios due to evaporation of  the 
repellent during the drying period required. The plasticizing effect of I 
on the acrylate polymers 111 and 1V was shown by comparing formulation 

lo Personal communication. Mike Starch, Dow Corning Corp.. Midland, Mich. 
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Table VI-In Vitro EDm of Selected Repellent-Acrylate 
Polymer Formulations for A. aegypti 

Table VIII-Four-hour ED506 of Selected Repellent-Acrylate 
Polymer Formulations on White Mice Against A. aegypti 

95% 4-hr 95% 
Formulation EDm Confidence Formulation ED50. Confidence 

No. N" mglcm2b interval Significancec No. NO % concentration* interval Significancec 

NJV-Diethyl-m-toluamide-Polymer I Formulation 
28 2 0.013 o.Oo6-0.019 S 

N,N-Diethyl-m- toluamide-Polymer I Formulation 
28 8 0.05 0.002-0.12 NS 

N,N-Diethyl-m-toluamide-Polymer I1 Formulation N,N-Diethyl-m-toluamide-Polymer I1 Formulation 
27 2 0.030 0.020-0.046 NS 27 6 0.03 0.006-0.06 S 

NJV-Diethyl-m-toluamide-Polymer 111 Formulations N,N-Diethyl-m -toluamide-Polymer I11 Formulations 
11/25d 4 0.017 0.012-0.022 NS 11/25d 14 0.03 0.002-0.06 S 
17 2 0.031 0.024-0.041 NS 17 3 0.06 0.000-0.12 NS 
18 2 0.009 0.004-0.013 S 18 3 0.07 0.000-0.15 NS 
19 2 0.019 0.011-0.027 NS 19 6 0.20 0.000-0.47 NS 

N,N-Diethyl-m-toluamide-Polymer IV Formulation N,N-Diethyl-m -toluamide-Polymer IV Formulation 
26 2 0.021 0.013-0.029 NS 26 6 0.03 0.010-0.06 S 

N,N-Diethyl-m-toluamide in Ethanol N,N-Diethyl-m-toluamide in Ethanol 
0.020-0.041 - - 6 0.16 0.10a0.22 - - 6 0.031 

0 Number of replicates. Refera to the dosage of active ingredient (NJV-di- 
ethyl-rn-toluamide). C The ED- of formulated and unformulated N,"-diethyl- 
rn-toluamide are significantly different if their respective confidence intervals do 
not overlap. d Formulations havin the same active ingredient-polymer ratio 
(Tables I and 11) are equivalent in tke ED60 test. 

Number of replicates. Refers to the concentration of active ingredient 
(NJ-diethyl-rn-toluamide). c The 4-hr ED@ of formulated and unformulated 
NJ-diethyl-rn-toluamide are significantly different if their respective confidence 
intervals do not overlap. Formulations having the same active ingredient-polymer 
ratio (Tables I and 11) are equivalent in the 4-hr ED60 test. 

61 with 17 for polymer 111 and comparing formulation 62 with 41 for 
polymer IV. The contact angle with water was higher, drying time was 
shorter, and films cast from the formulations were harder when I was 
absent. A similar observation can be made for polymer I1 (compare for- 
mulation 64 with 33); however, in this case, the presence of ammonia and 
water in the polymer obscures the effect of I on the contact angle. Since 
polymer I is a liquid, the effects of Compound I on drying time and film 
hardness are irrelevant. The plasticizing effect of I is not limited to the 
acrylate polymers. This effect occurs with a variety of polymers, which 
causes user acceptability problems (e.g., softening or marring of plastics 
and painted surfaces). 

The effect of the increasing modulus of elasticity (Table 111) with higher 
ratios of polymer 111 to constant levels of I is illustrated in the following 
observations. Formulations 17-19 were applied to hairless dogs along with 

a I-ethanol control which gave the same dose of I per unit area (0.32 
mg/cm*). Four hours after application, the sites were observed. As ex- 
pected, the I-ethanol treated sites were not noted to be any different than 
the surrounding nonapplication areas of skin. A film was visible on five 
of the eight sites to which formulation 17 was applied, however, there was 
no evidence of cracking or peeling. With formulation 18, a film had peeled 
from two of the application sites. With formulation 19, six sites were 
peeling, and on another site the film had cracked. 

The results of the longer drying times associated with lower ratios of 
polymer I11 to compound I were the production of sticky, cosmetically 
unacceptable films when formulation 25 was tested on human subjects 
(4). 

If the contact angle to water by films cast from the formulations is an 
indication of the wash resistance of the formulation, then the acrylate 

Table VII-Zn Vitro EDms of Selected RepellentSilicone 
Polymer Formulations for  A. aegypti 

Table IX-Four-hour EDsos of Selected Repellent-Silicone 
Polymer Formulations on White Mice Against A. aegypti 

95% 4-hr 95% 
Formulation EDXI, Confidence Formulation EDSO, Confidence 

No. Na mg/cm2b interval SignificanceC No. N o  % concentrationb interval SignificanceC 

N,N-Diethyl-m-toluamide-Polymer V Formulations 
15/30d 4 0.019 0.014-0.025 NS 
24 2 0.027 0.020-0.037 NS 

N,N-Diethyl-rn-toluamide-Polymer VI Formulation 
16/31d 4 0.015 0.011-0.019 

N,N-Diethyl-m-toluamide-Polymer VII Formulations 
14/2gd 4 0.017 0.013-0.020 NS 
23 2 0.005 0.002-0.008 S 

N,N-Diethyl-m-toluamide-Polymer VIII Formulation 
22 2 0.021 0.013-0.028 NS 

Ethohexadiol-Polymer VIII Formulation 
12 2 0.027 0.019-0.036 S 

NJ-Diethyl-p-toluamide-Polymer VIII Formulation 
13 2 0.015 0.010-0.020 e 

N,N-Diethyl-m -toluamide in Ethanol 

Ethohexadiol in Ethanol 
- 6 0.031 0.020-0.041 - 

- 4 0.113 0.081-0.197 - 

Number of replicates. Refers to the dosage of active ingredient (N,N-di- 
ethyl-rn-toluamide, ethohexadiol, or N.N-diethyl-p-toluamide). The ED& of 
formulated and unformulated N,N-diethyl-rn-toluamide or ethohexadiol are sig- 
nificantly different if their respective confidence intervals d o  not overlap. For- 
mulations having the same active ingredient-polymer ratio (Tables I and 11) are 
equivalent in the EDx, test. Unformulated N,N-diethyl-p-toluarnide not 
tested. 

N ,N-Diethyl-m -toluamide-Polymer V Formulations 
15/30d 9 0.03 0.000-0.06 S 
24 9 0.02 0.001-0.05 S 

N,N-Diethyl-m -toluamide-Polymer VI Formulation 
16/31d 15 0.02 0.002-0.05 S 

N,N-Diethyl-m -toluamide-Polymer VII Formulations 
14/2gd 11 0.01 (not determined) NS 
23 4 0.08 0.003-0.16 NS 

22 6 0.04 0.000-0.11 NS 
N,N-Diethyl-m -toluamide-Polymer VIII Formulation 

Ethohexadiol-Polymer VIII Formulation 
12 3 0.08 0.061-0.10 NS 

N,N-Diethyl-p-toluamide-Polymer VIII Formulation 
13 9 0.05 0.004-0.10 - P 

N,N-Diethyl-m -toluamide in Ethanol 
- 6 0.16 0.108-0.22 - 

Ethohexadiol in Ethanol 
- 12 0.15 0.030-0.26 - 

0 Number of replirates. Refers to the concentration of active ingredient 
(N,N-diethyl-m -toluamide, ethohexadiol, or N.N-diethyl-p-toluamide). The 
EDM of formulated and unformulated N.N-diethyl-m-toluamide or ethohexadiol 
are significantly different if their respective confidence intervals do not overlap. 
d Formulations having the same active ingredient-polymer ratio (Tables I and 11) 
are equivalent in the 4-hr EDSO test. Unformulated N,N-diethyl-p-toluamide 
not tested. 
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formulations such as those made from polymers I11 or IV would be ex- 
pected to provide greater wash resistance than the I-silicone formula- 
tions. In tests on human subjects, acrylate formulations such as 25, but 
not silicone formulations, enhanced I wash resistance (4). However, the 
contact angles would not necessarily reflect a difference in wash resistance 
due to a difference in film adhesion to the skin or a difference between 
a solid flexible film and a liquid film with similar contact angles. 

In a preliminary test on hairless dogs, only one of the I formulations 
(28) appeared tn provide greater duration of protection against A. aegypti 
mosquitoes than unformulated I. Results obtained by the ED50 and 4-hr 
test methods were more promising. The EDSO of the test repellent was 
significantly enhanced in two of the seven repellent-acrylate polymer 
formulations and in three of the eight repellent-silicone polymer for- 
mulations (Tables VI and VII). The 4-hr EDm, which measures the 
combined effects of repellency and persistence on the skin of the test 
animal, was enhanced significantly in three of the seven repellent-ac- 
rylate polymer formulations and in three of the eight repellent-silicone 
polymer formulations (Tables VIII and IX). Both ED60 and 4-hr ED50 
were enhanced in only one formulation (16, Tables VII and IX). This 
demonstrates that repellency and persistence on the skin are funda- 
mentally different properties of the repellent formulation. As has been 
pointed out (12), these two properties of topical repellents have usually 
been confounded in the past. 

In future studies with mosquito repellent formulations, the release 
kinetics of the repellent (either to evaporation or penetration) will be 
examined using an in uitro skin evaporation-penetration apparatus. 

Additional knowledge will permit more than an empirical approach to 
the design of longer lasting mosquito repellent formulations. 
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Abstract The effect of estrous cycle stages on vaginal absorption was 
determined by the use of insulin, phenolsulfonphthalein, and salicylic 
acid as hydrophilic model compounds. Absorption of these compounds 
was markedly affected by the stage, possibly due to the change of trans- 
port rate through the pore-like pathways. The absorption of phenolsul- 
fonphthalein during proestrus and estrus is roughly one-tenth of that 
during metestrus and diestrus. An increase of the nonionized form of 
salicylic acid, produced by a lowered pH, resulted in an enhancement of 
absorption during proestrus and diestrus; higher contribution of the 
transport through the cell membrane possibly reduced an effect of the 
estrous cycle. However, consecutive daily administration of leuprolide 
halted the cycle at  diestrus and reduced the cycle effect on the vaginal 
absorption of phenolsulfonphthalein; when the treatment was started 
a t  any of the four stages of the cycle, vaginal absorption was enhanced 
-20%, with less variance than that observed in normal diestrous rats. 

Keyphrases Absorption, vaginal-luteinizing hormone-releasing 
hormone, leuprolide, effect of estrous cycle on vaginal absorption of hy- 
drophilic model compounds Leuprolide-effect of estrous cycle on 
vaginal absorption of hydrophilic model compounds Luteinizing 
hormone-releasing hormone analogue-effect of estrous cycle on vaginal 
absorption of hydrophilic model compounds Releasing hormone an- 
alogue-luteinizing hormone, effect of estrous cycle on vaginal absorption 
of hydrophilic model compounds 

In previous studies (1,2), vaginal application was pro- 
posed as a rational dosage method for long-term self- 
administration of hydrophilic drugs, because leuprolide 

(I), a potent luteinizing hormone-releasing hormone (11) 
analogue, and several hydrophilic compounds (phenol- 
sulfonphthalein, insulin, and 11) are well absorbed through 
the vaginal membrane of diestrous rats. 

(Pyro)Glu-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NH-CH~CH:~ 
I 

(Pyro)Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH.L 
I1 

In those studies, vaginal absorbability was estimated at the 
diestrus only, since the ovulation-inducing activity of 
leuprolide could be examined during other stages. 

The estrous cycle of the rat is completed in 6 5  days, and 
during this cycle changes in the vaginal mucosal mem- 
brane, the ovaries, and the uterus occur (3). Similar, but 
not as remarkable, changes of the vaginal mucosa occur in 
women during the menstrual cycle (4). 

In the present study, the effect of estrous cycle stages 
on vaginal absorption was determined with phenolsul- 
fonphthalein, insulin, and salicylic acid in rats. Further- 
more, as continuous administration of leuprolide halts the 
estrous cycle of rats at diestrus (51, the vaginal absorption 
of phenolsulfonphthalein following consecutive subcuta- 
neous injection of the analogue over a 10-day period was 
also estimated. 
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formulations such as those made from polymers I11 or IV would be ex- 
pected to provide greater wash resistance than the I-silicone formula- 
tions. In tests on human subjects, acrylate formulations such as 25, but 
not silicone formulations, enhanced I wash resistance (4). However, the 
contact angles would not necessarily reflect a difference in wash resistance 
due to a difference in film adhesion to the skin or a difference between 
a solid flexible film and a liquid film with similar contact angles. 

In a preliminary test on hairless dogs, only one of the I formulations 
(28) appeared tn provide greater duration of protection against A. aegypti 
mosquitoes than unformulated I. Results obtained by the ED50 and 4-hr 
test methods were more promising. The EDSO of the test repellent was 
significantly enhanced in two of the seven repellent-acrylate polymer 
formulations and in three of the eight repellent-silicone polymer for- 
mulations (Tables VI and VII). The 4-hr EDm, which measures the 
combined effects of repellency and persistence on the skin of the test 
animal, was enhanced significantly in three of the seven repellent-ac- 
rylate polymer formulations and in three of the eight repellent-silicone 
polymer formulations (Tables VIII and IX). Both ED60 and 4-hr ED50 
were enhanced in only one formulation (16, Tables VII and IX). This 
demonstrates that repellency and persistence on the skin are funda- 
mentally different properties of the repellent formulation. As has been 
pointed out (12), these two properties of topical repellents have usually 
been confounded in the past. 

In future studies with mosquito repellent formulations, the release 
kinetics of the repellent (either to evaporation or penetration) will be 
examined using an in uitro skin evaporation-penetration apparatus. 

Additional knowledge will permit more than an empirical approach to 
the design of longer lasting mosquito repellent formulations. 
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Abstract The effect of estrous cycle stages on vaginal absorption was 
determined by the use of insulin, phenolsulfonphthalein, and salicylic 
acid as hydrophilic model compounds. Absorption of these compounds 
was markedly affected by the stage, possibly due to the change of trans- 
port rate through the pore-like pathways. The absorption of phenolsul- 
fonphthalein during proestrus and estrus is roughly one-tenth of that 
during metestrus and diestrus. An increase of the nonionized form of 
salicylic acid, produced by a lowered pH, resulted in an enhancement of 
absorption during proestrus and diestrus; higher contribution of the 
transport through the cell membrane possibly reduced an effect of the 
estrous cycle. However, consecutive daily administration of leuprolide 
halted the cycle at  diestrus and reduced the cycle effect on the vaginal 
absorption of phenolsulfonphthalein; when the treatment was started 
a t  any of the four stages of the cycle, vaginal absorption was enhanced 
-20%, with less variance than that observed in normal diestrous rats. 
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In previous studies (1,2), vaginal application was pro- 
posed as a rational dosage method for long-term self- 
administration of hydrophilic drugs, because leuprolide 

(I), a potent luteinizing hormone-releasing hormone (11) 
analogue, and several hydrophilic compounds (phenol- 
sulfonphthalein, insulin, and 11) are well absorbed through 
the vaginal membrane of diestrous rats. 

(Pyro)Glu-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NH-CH~CH:~ 
I 

(Pyro)Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH.L 
I1 

In those studies, vaginal absorbability was estimated at the 
diestrus only, since the ovulation-inducing activity of 
leuprolide could be examined during other stages. 

The estrous cycle of the rat is completed in 6 5  days, and 
during this cycle changes in the vaginal mucosal mem- 
brane, the ovaries, and the uterus occur (3). Similar, but 
not as remarkable, changes of the vaginal mucosa occur in 
women during the menstrual cycle (4). 

In the present study, the effect of estrous cycle stages 
on vaginal absorption was determined with phenolsul- 
fonphthalein, insulin, and salicylic acid in rats. Further- 
more, as continuous administration of leuprolide halts the 
estrous cycle of rats at diestrus (51, the vaginal absorption 
of phenolsulfonphthalein following consecutive subcuta- 
neous injection of the analogue over a 10-day period was 
also estimated. 
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Figure 1-Plasma glucose levels after uaginol administration of insulin 
during different stages of the estrous cycle in rats. Insulin was admin- 
istered vaginally at a dose of 20 Ulrat in an oleaginous suppository 
containing 10% citric acid. T h e  glucose leuel is shown as a percentage 
against the initial level. Each point represents the mean f SE of five 
rats. Key: (0) proestrus; (@) estrus; to) metestrus; ( 8 )  diestrus. 

EXPERIMENTAL 

Animals and Materials-Mature female Sprague-Dawley rats’ (age, 
120-150 days; weighing 250-330 g) exhibiting two or more consecutive 
4-day estrous cycles were used. 

Leuprolide and insulin were of the same quality used previously (1 ,  
2), and the other chemicals were of reagent grade. 

Effect of Estrous Cycle on Vaginal Absorption of Insulin and 
Phenolsulfonphthalei-Twenty units of porcine insulin (26.29 Ulmg) 
in an oleaginous base2 containing 10% citric acid was administered vag- 
inally to proestrous, estrous, metestrous, and diestrous rats under pen- 
tobarbital (50 mg/kg) and phenobarbital (100 mglkg) anesthesia. Blood 
was collected from the tail vein 0.5,1,2,3,4, and 6 hr after the adminis- 
tration, and 30 pl of the plasma was used for the assay of glucose levels 
(2). 

Phenolsulfonphthalein was administered vaginally a t  a dose of 2 
mglkgl0.2 ml in pH 6.68.0.03 M phosphate buffer solution (isotonic) to 
rats exhibiting the four different stages of the estrous cycle. Phenolsul- 
fonphthalein in the urine collected for 6 hr by cannula was determined 
(2). 

Vaginal Absorption of Salicylic Acid a t  Various pHs in Diestrous 
and  Proestrous Rats-Salicylic acid dissolved at  1% in 0.2 M phthal- 
ate-hydrochloric acid buffer (pH 3.491, 0.2 M phthalate-sodium hy- 
droxide buffer (pH 4.08 and 4.801,O.l M glycine-hydrochloric acid buffer 
(pH 3.53 and 4.53), and 0.03 M phosphate buffer (pH 5.73), and at 0.4% 
in 0.2 M potassium chloride-hydrochloric acid buffer (pH 2.29), was 
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Figure 2-Urinary excretion of phenolsulfonphthalein after raginal 
administration at different stages of the estrous cycle in rats. Phenol- 
su(fonphtha1ein was administered at a dose o f 2  mglkg/0.2 ml in the pH 
6.68phosphate buffersolution. Each bar represents the mean f SE of 
five rats. Key: (0) 0-3 hr; ( W  3-6 hr; ( 0 )  total. 

I Clea Japan, Inc., Tokyo. .Japan. 
\Vitepsd S55. Dynamit Nobel Aktiengesellschaft, \Vest Germany. 

PHohserved (buffer) Diestrus Proestrus 

2.29 (KC1-HClI 7.m.5) 10.4(2.5) 
3.49 (phthalate) 18.2i2.ij 
3.53 (glycine) 44.0(1.8) 
4.08 (phthalate) 32.0(2.8) 
4.53 (glycine) 55.8(5.2) 
4.80 (Dhthalate) 35.2(2.1) 

28.9i10.0) 
80.7(0.7) 
58.3i2.9) 
82.1(11.4) 
71.4(1.1) 

5.73 (phosphate) 32.1(3.5) 71.3(12.2) 

Salicylic acid was administered at a dose of 2 mg/kg/0.2 ml, except at pH 2.29 
(0.8 mg/kg/O.:! ml). Each value represents the mean f SE of three rats. 

administered vaginally a t  a dose of 0.2 ml/kg with cotton balls to diestrous 
and proestrous rats under anesthesia. Each solution was adjusted to be 
isotonic with sodium chloride. Rats were decapitated 1 hr after admin- 
istration, and the salicylic acid remaining in the vaginal tract was de- 
termined by a modified method (6). The vaginal tract was homogenized3 
in 5 ml of 0.9% NaCl solution and extracted with 8 ml of ethylene di- 
chloride after acidification by the addition of 1 ml of 6 N HCI. Six milli- 
liters of the organic layer was re-extracted with 4 ml of iron reagent [0.05% 
Fe(NO:1):r-0.0035 N HN03 solution]. Absorbance of the aqueous layer 
was determined spectrophotometrically a t  530 nm. 

Vaginal Absorption of Phenolsulfonphthalein af ter  Consecutive 
Subcutaneous Injection of Leuprolide-Leuprolide (100 pglkg) was 
administered subcutaneously once a day for 10 consecutive days to rats 
exhibiting four different stages of estrous cycle on the initial day, and the 
vaginal smear was examined during administration. Phenolsulfon- 
phthalein was administered vaginally a t  a dose of 2 mg/kg/0.2 ml in 5% 
citric acid solution (pH 3.5) with cotton balls to the pretreated animals, 
and the urinary excretion was determined (2). 

RESULTS 

Effect of Estrous Cycle on Vaginal Absorption of Insulin and  
Phenolsulfonphthalein-The plasma levels of glucose after vaginal 
administration of insulin to rats a t  different stages of the estrous cycle 
are shown as a percentage against the initial level (100%) in Fig. 1. A slight 
decrease of glucose level was observed only at  an early period during 
proestrus; whereas, a distinct decrease was obtained during estrus and 
a more remarkable decrease during metestrus and diestrus. The inte- 
grated values (mean f S E )  of decreased plasma glucose level from 0 to 
6 hr were -14.2 f 38.2% hr for proestrus, 142.1 f 94.2% hr for estrus, 364.2 
f 12.7% hr for metestrus, and 378.8 f 9.3% hr for diestrus. 

Vaginal absorption of phenolsulfonphthalein during the estrous cycle 
is shown by the urinary excretion in Fig. 2. The percentage excreted 

T 
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PH 

Figure 3-Remaining percentage of salicylic acid 1 hr after vaginal 
administration in various pH solutions to diestrous and proestrous rats 
and fraction of ionized form of the acid. Salicylic acid was administered 
at n dose o f  2 mglkgl0.2 ml in the buffer solutions, except at pH 2.29 (0.8 
mglkgIO.2 ml). Key: (0) diestrus; [(A) in glycine buffer]; (a) proestrus 
[(A) in glycrne buffer]; ( -  -) fraction o f the  ionized form. 

’ Polytron. Typ. PT10/35, Kinematira GmbH. Luzern. Switzerland. 
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Table 11-Change in Estrous Cycle of Rats during 10 Daily Subcutaneous Injections of Leuprolide 

Day 
Rat No. 1 2 3 4 5 6 7 8 9 10 11 

- b V V V V V V 
- V V V V V V 
- V V V V V V 
- V V V V V V 

1 I 111 IV V 
IV V 2 I 111 
IV V 3 I 111 

4 111 IV V V ~~~ 

V V - V V V V V V 
- V V V V V V V V 
- V V V V V V V 
- V V V V V V V 
- V V V V V V V V V 
- V V V V V V 10 V I 111 IV 

11 V I 111 IV - V V V V V V 
12 V I 111 IV - V V V V V V 

5 111 IV 
G 111 IV 
7 IV V V 
8 IV V V 
9 IV 

(I) proestrus; (111) estrus; (IV) metestrus; (V) diestrus. The analogue was administered once a day at a dose of 100 pg/kg, and the stage of estrous cycle was determined 
by an examination of vaginal smears each morning. (-) not determined. 

(mean f S E )  of dose in 6 hr after vaginal administration of phenolsul- 
fonphthalein was 31.4 f 5.3% during diestrus, 37.5 f 1.6% during met- 
estrus, 5.5 f 1.1% during estrus, and 2.4 f 0.3% during proestrus. 

The estrous cycle stage affects vaginal absorption of both insulin and 
phenolsulfonphthalein. 

Vaginal Absorption of Salicylic Acid at Various pHs in Diestrous 
and Proestrous Rats-The remaining percentage of salicylic acid 1 
hr after vaginal administration at  various pHs to diestrous and proestrous 
rats (Table I) are plotted together with the calculated fraction of the 
ionized form (pK. of the acid, 3.00) against the pH of the solution in Fig. 
3. The disappearance of the acid from the vaginal tract during diestrus 
was relatively rapid even at  pHs where most of the acid was ionized (pH 
4.08,4.80, and 5.73), and the disappearance rate increased a t  lower pH 
(pH 3.49 and 2.29). During proestrus the disappearance rate was reduced 
in nonionized form, but a t  lower pHs it approached the rate observed 
duringdiestrus. The disappearance rate of the ionized form was 66%lhr 
for diestrus and 29%/hr for proestrus. The absorption from the glycine 
buffer solutions (pH 3.53 and 4.53) was reduced during both stages. 

Vaginal Absorption of Phenolsulfonphthalein af ter  Consecutive 
Subcutaneous Injection of Leuprolide-After one normal estrous 
cvcle. all rats treated with 1euDrolide settled in the diestrous stage (Table 
Ii). N o  matter a t  which stage bf the estrous cycle the pretreatment began, 
the urinary excretion of phenolsulfonphthalein was enhanced -20% with 
less variance compared to excretion in the untreated diestrous rats, 
especially during the 3 hr immediately following vaginal administration 
(Fig. 4). 

DISCUSSION 

Vaginal absorption of insulin and phenolsulfonphthalein in rats was 
dependent on the stage of estrous cycle: absorption was poor during 
proestrus, slightly improved during estrus, and good during metestrus 
and diestrus. These results can be explained by changes in vaginal epi- 
thelium (3) as follows. The epithelium during metestrus and diestrus is 
thin and highly porous, so many leukocytes can migrate through it. 
During proestrus, the superficial layers consist of tightly bound fresh cells 
and the epithelium is a t  its thickest. During estrus, the superficial layers 
become squamous, cornified, and are exfoliated into the vaginal 
lumen. 

To estimate the absorption pathway of hydrophilic and hydrophobic 
compounds, vaginal absorption for the nonionized and ionized form of 
salicylic acid was also investigated during proestrus and diestrus. The 
disappearance of the nonionized acid from the vagina was increased 
markedly, and similar rates occurred during both stages. The disap- 
pearance of the ionized form was different: 66% of the dose in 1 hr during 
diestrus and 29% during proestrus. In a previous study (l), it was pos- 
tulated that transport through pore-like pathways, such as intercellular 
channels, rather than permeation by partition to the cell membrane 
should cause good absorption of hydrophilic compounds. Thus, the 
postulation may be supported by the fact that  the vaginal absorption of 
hydrophilic compounds highly depend on the estrous cycle stages which 
dominate the change of porosity of the membrane. The results also reveal 
the possibility of vaginal application of hydrophilic compounds during 
diestrus and metestrus. The high disappearance rate a t  lowered pHs 
during both stages possibly are caused by the increased permeation of 
the nonionized form through the cell membrane, and, in the case of sal- 
icylic acid, by the enhancing effect on the mucosal absorption of the drug 
(7). Since such an enhancing effect was not observed with phenolsul- 

fonphthalein, the vaginal absorption would be more dependent on 
transport through pore-like pathways. Thus, the apparent porosity during 
diestrus is presumed to be more than 10 times that during proestrus and 
estrus (Fig. 2). 

In addition, the correlation curve of the remaining percent of salicylic 
acid with pH during diestrus and proestrus shifted in the direction of 
higher pH than the theoretical ionized fraction uersus pH curve (Fig. 3). 
This phenomenon may be ascribed to the pH difference between bulk 
solution and the unstirred layer on the membrane or the absorption- 
enhancing effect of the acid itself. The absorption from glycine buffer 
was significantly reduced during both proestrus and diestrus. Glycine 
also reduced the ovulation-inducing activity of leuprolide applied vagi- 
nally in an oleaginous base (1). The effects may be due to the stabilizing 
activity of glycine on the epithelial membrane. 

The vaginal epithelium of a mature woman is known to change during 
the menstrual cycle, and changes of surface ultrastructure have been 
reported (4). In the follicular phase, the surface of the epithelium consists 
of a cluster of proliferated, nonkeratinized squamous cells. In the luteal 
phase, desquamation takes place on the superficial epithelial layer, 
proceeded by loosening of the intercellular grooves. After ovulation, in- 
tercellular porosity is confirmed by the observation of pore-like inter- 
cellular crevices and open intercellular connections (dissociated des- 
mosomes). Thus, a similar effect of the reproductive cycle on the vaginal 
absorption may be expected as observed in rats. The vaginal epithelium 
is also subject to change with aging (neonate, prepuberty, adult, and 
senescence), pregnancy, and hormonal disorder. These specific structural 
changes of vaginal epithelium would influence vaginal absorption, and 
must be taken into account as a significant factor in the vaginal appli- 
cation of drugs, especially of hydrophilic compounds. 

Previously, the continuous administration of leuprolide was found to 
affect the estrous cycle of rats (5). In the present study, it was confirmed 
by daily cytological examination of vaginal smears that the cycle was 
halted a t  the subsequent diestrus by consecutive treatment with the 
analogue. During the treatment, the vaginal mucosa was thin and similar 
to that of normal diestrus except that the smear contained more mucilage. 
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Figure 4-Urinary excretion of phenolsulfonphthalein after rlaginal 
administration to rats pretreated subcutaneously with leuprolide for 
10 days. Phenolsulfonphthalein was administered caginallj, at a dose 
of 2 mglkgl0.2 ml in 5 5  citric acid solution (pH 3.5) to  rats pretreated 
with 100 pglkglday of the analogue. Each bar represents the mean f 
SE of four or five (normal) rats. Key: (0) 0-3 hr; fa) 3-6 hr; ( 0 )  
total. 
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Furthermore, the vaginal absorption of phenolsulfonphthalein after the 
consecutive administration resulted in an enhanced absorption with less 
variance, regardless of the initial stage of the estrous cycle (Fig. 4). The 
better absorption supports the halt of the cycle a t  diestrus and possibly 
reveals the thinner epithelial membrane. 

In long-term therapy with vaginal application of leuprolide, the re- 
productive cycle effects would be leveled off by continuous administra- 
tion, either parenterally or vaginally, although some fluctuation in ab- 
sorption may be unavoidable a t  the initial period of administration. The 
authors’ previous proposal of the vaginal application of leuprolide as a 
rational method for long-term anticancer therapy was supported by the 
findings of the present study. 
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Abstract 0 Twelve healthy subjects received three single oral doses (250 
mg) of methaqualone alone or in combination with diphenhydramine (25 
mg). Blood samples were collected for a 48-hr period after each dose and 
analyzed for methaqualone and its major metabolite, 2-methyl-3-(2’- 
hydroxymethylphenyl)-4(3H)-quinazolinone. Peak blood concentrations 
ranging from 1.0 to 2.7 pg/ml occurred -1-2 hr after the oral dose. The 
area under the blood level-time curve, peak plasma level, and elimination 
half-life for methaqualone were not significantly different (three-way 
ANOVA, p > 0.05) when methaqualone was administered alone, in 
combination with a diphenhydramine elixir or as a commercial product 
(capsule) containing both methaqualone and diphenhydramine. Statis- 
tically significant intersubject differences in the area under the curve were 
eliminated if’ the area was corrected for subject differences in elimination. 
Blood levels of the metabolite reached an average peak of 314 ng/ml 
(+107) between 4 and 8 hr after the dose and remained elevated for the 
48-hr sampling period. The areas under the blood level time curve of the 
metabolite were not significantly different for the three treatments. Di- 
phenhydramine administered at  the dosage level used in therapeutic 
combination products did not alter the blood levels of methaqualone or 
its metabolite. In addition, no significant differences in methaqualone 
availability from the two commercial formulations tested could be de- 
tected. 

Keyphrases 0 Methaqualone-interaction study with diphenhydramine 
in humans, elimination, metabolism Diphenhydramine-interaction 
study with methaqualone in humans, elimination, metabolism Elim- 
ination-methaqualone-diphenhydramine interaction study in humans, 
metabolism 0 Metabolism-methaqualone-diphenhydramine inter- 
action study in humans, elimination 

Although the therapeutic use of the methaqualone- 
diphenhydramine combination has declined, abuse con- 
tinues to flourish (1-3). The reasons for the enhanced CNS 
effects claimed by drug abusers is not clearly under- 
stood. 

Metabolism of methaqualone by the 10,000-g superna- 
tant fraction of rat liver homogenates is inhibited in oitro 

by diphenhydramine (4). Concurrent oral administration 
of methaqualone and diphenhydramine to rats increases 
the blood and brain levels of methaqualone (3), whereas 
concurrent intravenous administration has no significant 
effect (5). 

In humans, diphenhydramine has been credited with 
increasing the sedative-hypnotic effect of methaqualone 
(6), although the mechanism has not been elucidated. A 
previous study (7) compared methaqualone plasma con- 
centrations achieved after administration of two com- 
mercially available diphenhydramine-methaqualone 
combination products and three methaqualone products. 
Differences in plasma levels were noted and attributed to 
formulation factors. An earlier study (8), comparing 
plasma levels after single dose administration of com- 
mercial products containing methaqualone, methaqualone 
hydrochloride, and methaqualone plus diphenhydramine, 
is difficult to interpret since no subject appears to have 
received more than one formulation. In a subsequent study 
(9) reduction of buccal absorption was reported when 
methaqualone powder was administered with diphenhy- 
dramine powder, but there was no difference in plasma 
levels after oral administration of the combination. 

The objective of the present study was to compare, in 
healthy subjects, the concentrations of methaqualone and 
its major metabolite in blood (2-methyl-3-(2’-hydroxy- 
methylphenyl)-4(3H)-quinazolinone), after administration 
of methaqualone alone and in combination with di- 
phenhydramine. The possibility of a formulation effect was 
anticipated by including in the study design administra- 
tion of diphenhydramine-methaqualone as a commercial 
combination product and as a mixture of a methaqualone 
capsule and diphenhydramine elixir. 

176 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 2, February 1983 

0022-35491 831 0200-0 176$0 1.001 0 
@ 1983, American Pharmaceutical Association 



Furthermore, the vaginal absorption of phenolsulfonphthalein after the 
consecutive administration resulted in an enhanced absorption with less 
variance, regardless of the initial stage of the estrous cycle (Fig. 4). The 
better absorption supports the halt of the cycle a t  diestrus and possibly 
reveals the thinner epithelial membrane. 

In long-term therapy with vaginal application of leuprolide, the re- 
productive cycle effects would be leveled off by continuous administra- 
tion, either parenterally or vaginally, although some fluctuation in ab- 
sorption may be unavoidable a t  the initial period of administration. The 
authors’ previous proposal of the vaginal application of leuprolide as a 
rational method for long-term anticancer therapy was supported by the 
findings of the present study. 
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concurrent intravenous administration has no significant 
effect (5). 
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Figure 1-Gas chromatograms of extracts of blood. Key: (A) control 
blood sample with imipramine added; (B) blood from subject receiving 
methaqualone (Peak I )  with imipramine (Peak I I )  added. 

EXPERIMENTAL 

Materials-Methaqualone hydrochloride', 1-chlorobutane2, am- 
monium carbonate3, imipramine hydrochloride4, bis-(trimethylsily1)- 
trifluroacetamide with trimethylchlorosilane ( lW5, dichloromethane6, 
ethyl acetate6, and glacial acetic acid7 were obtained commercially and 
appropriate aqueous or methanolic solutions were prepared as required. 
The solvent used for extracting biological fluids was prepared by mixing 
dichloromethane with ether (11:14 v/v) (10). An acetate buffer (pH 5.2) 
was prepared by mixing 21 ml of 0.1 M acetic acid with 79 ml of 0.1 M 
sodium acetate. 
In Vitro Blood-Plasma Distribution Studies-Methaqualone hy- 

drochloride (1 pg/ml of solution in methanol) was added to Erlenmyer 
flasks in sufficient quantity to produce a final methaqualone hydro- 
chloride concentration of 1-20 pg/ml(O.87-17.5 pg/ml of methaqualone). 
The methanol was evaporated and 20 ml of bloods added. The flasks were 
coveredg and incubated10 for 2 hr (37O). Two hours had been established 
previously as sufficient time to ensure equilibration. A portion of the 
blood from each flask was centrifuged" to separate plasma. Aliquots (1 
ml) of blood and plasma were extracted and methaqualone concentrations 
were determined by GLC. Hematocrits were determinedI2 and red blood 
cell concentrations were calculated (11). 

Study Design-Twelve volunteers (4 female, 8 male) weighing be- 
tween 50.2 and 83.9 kg each and ranging in age from 21 to 38 years par- 
ticipated in the study. All subjects received a medical examination and 
a series of standard laboratory tests prior to entering the study. All 
subjects gave their written informed consent according to an approvedI3 

Each subject received a single dose each of methaqualone hydrochlo- 

1 William H. Horer (Canada) Ltd., Bramalea, Ontario, Canada. P d. T. Baker Chemical Co.. Phillipsburg, NJ. 
,j British Drug Houses (Canada) Ltd., Toronto, Ontario. Canada. 

5 Pierce Chemical Co., Rockford, Il l .  
6 Caledon Laboratories Ltd., Georgetown, Ontario, Canada. 

* Canadian Red Cross Societv Blood Bank. Saskatoon. Saskatchewan. 

protocol. 

Geigy Pharmaceuticals, Division of Ciba-Ceigy Canada Ltd., Dorval, Quebec, 
Canada. 

Fisher Scientific Co., Fair Lawn, Nd. 

Canada. 
Parafilm, American Can Co., Greenwich, Conn. 

10 Model G-76. Gvrotorv Water bath shaker, New Brunswick Scientific Co.. Inc., 
New Brunswick, Nj .  

11 Model IKC-HN-S centrifuge, Damon/IEC Division, Needharn Heights, 
Mass. 

Parsippany. NJ .  

Saskatchewan. Saskatoon, Saskatchewan. Canada. 

12 lieadacrit centrifuge, Clay Adams Division of Becton, Dickinson and Co., 

President's Committee on Ethics in Human Experimentation, University of 

k A 

I d l  4 
0 1 2 3 0 1  2 3  

MINUTES 

Figure 2-Gas chromatograms of silylated extracts of blood. Key: (A) 
control blood sample with imipramine (Peak I )  added; (B) blood from 
subject receiving methaqualone, Peak I imipramine, Peak I I  2- 
methyl-3-(2'-hydroxymethylphenyl)-4(3H)-quinazolinone. 

ride in a 250-mg capsule14, methaqualone hydrochloride capsuleI4 plus 
25 mg of diphenhydramine hydrochloride [elixirI15 and a methaqualone 
(250 mg)-diphenhydramine hydrochloride (25 mg) capsule16. The order 
of treatments was randomized according to a Latin-square design with 
a minimum period of 2 weeks between each treatment ( i e . ,  each drug 
administration). Druga were administered with water after a 12-hr fast. 
Food was not consumed until a t  least 4 hr after the drugs had been ad- 
ministered. One subject received a fourth treatment of methaqualone 
hydrochloride and 50 mg of diphenhydramine hydrochloride". 

Blood samples (7 ml) were collected's a t  0,0.5,1,2,4,8,24,32, and 48 
hr after each drug administration, and were refrigerated until extracted 
and analyzed for methaqualone concentration by GLC. For 9 of the 12 
subjects, blood samples were also analyzed for 2-methyl-3-(2'-hydroxy- 
methylphenyl)-4(3H)-quinazolinone by GLC. All samples were extracted 
within 48 hr of collection. 

A portion of the blood collected for five of the subjects, after one of the 
drug doses, was centrifuged" to separate plasma. Both plasma and blood 
samples were analyzed for methaqualone by GLC. 

GLC-mass spectrometry was performed on a GLC-mass spectrometer 
linked to a data systemlg. 

Extraction of Biological Fluids-For samples from in vitro studies, 
aliquots (1 ml) of blood and plasma were added to centrifuge tubes con- 
taining the internal standard, imipramine (4 pg), The samples were di- 
luted with distilled water (1 ml), basified (10M NaOH) and extracted?" 
twice with 1-chlorobutane (5 ml) for 1.0 min. The pooled organic layers 
were evaporatedz1 (at 85') to dryness under a flow of air. The residue was 
quantitatively transferred to glass vials (1 m1)2z using small portions of 
methanol. The methanol was evaporatedz3. The residue was dissolved 
in methanol (20 pl) and 1-2 p1 injected onto the GLC. 

l4 Mequelon capsules, 250 rng, Charles E. Frosst and Co., I'ointe Claire-Dorval, 

l5 Benadryl elixir, 12.5 mg/5 rnl, Parke-Davis and Co. Ltd., Scarborough, Ontario. 

Mandrax capsules, Roussel (Canada) Ltd., Montreal, Quebec, Canada. 
l7 Benadryl capsule, 50 mg, Parke-Davis and Co. Ltd., Scarhorough, Ontario. 

Venoiect. heDarinized, evacuated blood collection tuhes, Kirnble-Terumo. 

Quebec, Capada. 

Canada. 

Canada. 

Elkton, M-d. 

Corp., Honeyville. Calif. 
l9 Model 3300, Finnigan CC-MS and Model 2300, Incos Data System. 

2o Vortex Genie, Fisher Scientific Co., Montreal, Quebec. Canada. 
21 Thermolyne Dri-Bath, Thermolyne Corp., Dubuque. Iowa. 
22 Reacti-vials, 1 ml, Pierce Chemical Co., Rockford, Ill. 
23 Extracted at  a speed setting of 10, Evapomix, Buchler Instruments. 

NJ. 

Finnigan 

Fort Lee, 
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Table I-In Vitro Distribution of Methaqualone Between 
Plasma and  Erythrocytes 

Methaqualone Concentration, pglml 
Blood". Plasma. Ervthrocvtes b .  Blood-Plasma ~. 

C B  C P  CRAC Ratio 

1 .o 1.25 0.60 0.80 

3.0 3.30 2.52 0.91 
2.0 2.37 1.41 0.84 

4.0 4.71 2.87 
5.0 4.47 5.72 

10.0 6.20 15.1 
15.0 8.20 24.2 
20.0 9.03 34.8 

0.85 
1.12 
1.61 
1.83 
2.21 

Tab le  11-In Vivo Distribution of Methaqualone in Blood 

Time after Methaqualone Concentration, 
Administration, pg/ml Blood-Plasma 

Ratio Plasma hr Blood 

0 0 0 
0.5 0.44 f 0.46 0.47 f 0.31 0.95 f 0.036 
1 1.10 f 0.64 1.21 f 0.69 0.90 f 0.14 
2 1.18 f 0.14 1.32 f 0.22 0.90 f 0.09 
4 0.66 f 0.12 0.80 f 0.10 0.82 f 0.09 
8 0.42 f 0.09 0.50 f 0.07 0.82 f 0.05 
24 0.24 f 0.02 0.25 f 0.02 0.97 f 0.05 
32 0.21 f 0.02 0.23 f 0.02 0.92 f 0.06 
48 0.17 f 0.01 0.19 * 0.02 0.93 f 0.09 

Concentration added to blood. Calculated from ('B = C p  (1  - H )  + C R ~ C  iH), 
where the hematocrit iH) is 38.59 for concentrations of 1-4 pg/ml and 42.5% for 
concentrations of 5-20 pg/ml. 

(I Values are the mean f SD for 5 subjects (1,6,8,10, and 12) with hernatocrits 
Two of five blood and plasma of 0.45, 0.48. 0.52, 0.42, and 0.47, respectively. 

concentrations had a value of zero at 0.5 hr. 

For analysis of samples from the in uiuo study, 1-ml aliquots of blood 
or plasma were diluted with 1 ml of distilled water containing 3 pg/ml 
of imipramine hydrochloride. Ammonium carbonate (1 g) was added, and 
the samples were extracted twice with 4 ml of ether-dichloromethane 
(14:ll) for 10 minZ3. The tubes were centrifuged at 2000 rpm" for 10 min. 
The pooled organic layers were evaporated" a t  85' under a gentle flow 
of nitrogen. The residue was dissolved in 500 pl of methanol. For analysis 
of methaqualone concentrations, 2-5-pl aliquots were injected onto the 
GLC. For analysis of the methaqualone metabolite in blood the remaining 
methanol was evaporated under a flow of nitrogen. Silyl ether derivatives 
were prepared by adding ethyl acetate (300 pl dried over molecular sieves) 
and bis-(trimethylsily1)trifluoroacetamide with 1% trimethylchlorosilane 
(50 pl) to the residue in each tube. The tubes were capped and incubated21 
a t  85' for 1 hr. The solvent was evaporated under a flow of nitrogen. The 
residue was dissolved in ethyl acetate (500 pl), and 2-5-pI aliquots were 
injected onto the GLC. 

GLC Analysis-For analysis of samples from in uitro studies, a GLC24 
equipped with a flame-ionization detector was used. The chromato- 
graphic column was 1.2-m X 3.2-mm o.d. coiled, stainless-steel tubing 
packed with 3% methyl silicone coated on a high-performance diatomite 
support (80-100 mesh)25. The column was conditioned by maintaining 
the oven at  290' with low carrier gas flow for 18 hr. Operating tempera- 
tures were: injection port, 270'; column, 220'; detector, 265'. 

The nitrogen flow was 30 ml/min. Hydrogen and compressed air flow 
rates were adjusted to give maximum response. Methaqualone concen- 
trations were determined from a standard curve plotted as the peak 
height ratio (methaqualone-internal standard) against methaqualone 
concentration. 

For analysis of methaqualone and its metabolite in blood obtained 
during the in uioo study, a GLCZ6 equipped with a nitrogen-phosphorus 
detector was used. The chromatographic column was 1.2-m X 2.0-mm 
i.d. coiled-glass tubing packed with 2% methyl silicone on a high-per- 
formance diatomite support (100-120 meshP .  Operating temperatures 
were: injection and detector ports, 3 0 0 O ;  column, 240' (for methaqualone) 
or 220" (for the methaqualone metabolite). The helium flow rate was 30 
ml/min, and the hydrogen and compressed air flow rates were adjusted 
to 3 ml/min and 50 ml/min, respectively. Concentrations of methaqualone 
and i ts  metabolite were calculated from standard curves plotted as peak 
area (methaqualone) or peak height (metabolite) ratio (compound-in- 
ternal standard) against concentration. All standard curves for analysis 
of samples were prepared as extracted standard curves by adding known 
amounts of methaqualone (or metabolite) to blood and extracting the 
standards as previously described. 

Data  Analysis-Slope and intercept of standard curves were calcu- 
lated by least-squares linear regression"'. The disposition rate constant 
( p )  for methaqualone was determined by log-linear regression2' of the 
last 3-4 data points of the blood level-time curve. The biological half-life 
( t  1 ~ 2 ~ )  was calculated as 0.693/& The area under the blood level time curve 
for methaqualone ( A U C F )  and its metabolite (AUC&ei) was estimated 
using the trapezoidal rule. T o  obtain the total area under the curve for 
methaqualone (A UC,"), the area from the last sampling point to infinity 
(plasma level at  48 hr/p) was added to AUCi8. All parameters, except the 
time of peak plasma levels ( t m a x )  and f l / +  were corrected for subject 
differences in the milligram per kilogram dose (ie., by dividing by the 

24 Model 57511tl, Hewlett-Parkard. Avondale. Pa. 
25 OV-101 on Chrornosorh W, Chromatographic Specialties. Rrtxkville. Ontario. 

26 Model 5840. Hewlert-Packard. Avondale. Pa. 
Li TI-59 Programmahle Calculator. Texas Instruments Inc.. Dallas. Tex. 

Canada. 

ratio of the dose of methaqualone base to the subject's weight) (12). The 
AUC," was corrected for changes in elimination by multiplying by 0 
(AUC," /3). All parameters ( A U C f ,  AUC,", AUCtP, AUCfmet, t,,,, C,,,, 
and t 1 1 2 ~ )  were then analyzed statistically by three-way ANOVAZ8 for 
treatment, period ( i e ,  order of treatment), and subject effects; effects 
were considered significant if p 5 0.05. 

RESULTS AND DISCUSSION 

GLC analysis of blood extracts revealed a well-defined peak (I, Fig. 
1B) adequately separated from the internal standard, imipramine, (Peak 
11, Fig. 1B) and endogenous material (Fig. 1A). Peak I was identified, by 
GLC-mass spectrometry, as methaqualone. A molecular ion a t  m/z 250 
and the base peak a t  m/z  235 due to the loss of the methyl group a t  the 
2-position of the molecular ion were noted. A column temperature of 240' 
gave a relative retention time (with respect t o  imipramine) of 0.86 min 
for methaqualone. The standard curve for the GLC analysis of metha- 
qualone was linear (r2,  coefficient of determination = 0.996) over a con- 
centration range of 0.15-2.40 pg/ml. 

Chromatography of silylated blood samples revealed one major peak 
(Peak 11, Fig. 2B) not found in control blood extracts (Fig. 2A). Peak I1 
(Fig. 2B) had a relative retention time of 1.39 min with respect to the 
internal standard, imipramine (Peak I, 2B). GLC-MS confirmed that  
Peak I1 was the trimethylsilyl derivative of the monohydroxy metha- 
qualone metabolite, 2-methyl-3-(2'-hydroxymethylphenyl)-4(3H)- 
quinazolinone. Similar fragment ions to those previously reported for 
this metabolite (13, 14) were detected. The standard curve for GLC 
analysis of the metabolite was linear (rZ, coefficient of determination = 
0.99) over a concentration range of 0.06-0.96 pg/ml. Mean recoveries of 
methaqualone and the metabolite from blood were 89.4 f 6.6 (SD) and 
87.2 f 11.2%, respectively. 

While forensic studies of methaqualone overdosage tend to report 
blood levels of the drug (15-17). pharmacokinetic studies measure the 
concentration of the drug in plasma or serum (1tL20). Erythrocyte con- 
centrations at  <,% of the corresponding plasma concentration have been 
reported (9,21). Another study (22) claimed >90% of the methaqualone 
in plasma phase with little, if any, bound to the cellular elements of blood. 
In the present report, however, concentrations of methaqualone in blood 
and plasma did not differ greatly except for blood concentrations of 5 
pg/ml or greater (Table I). 

After administration of a single 250-mg dose of methaqualone to 
healthy subjects, the blood-plasma ratio of methaqualone concentrations 
ranged from 0.82 to 0.97 over the 48-hr period studied (Table 11). In uitro 
distribution studies yielded similar results for the concentration range 
of 1-4 pg/ml of blood. At higher blood concentrations, in uitro, erythro- 
cyte concentrations of methaqualone were significantly greater than 
plasma concentrations (Table I). A larger fraction free in plasma would 
not account for the changing blood-plasma ratios, since a relatively 
constant fraction (95%) of methaqualone is bound in uitro to human 
plasma proteins over the concentration range of 5-20 pg/ml plasma 
(unpublished observations). 

One may speculate that larger blood-plasma ratios result from a co- 
operative binding to erythrocytes at  higher methaqualone concentrations. 
The reasons for the apparent accumulation in erythrocytes were not in- 
vestigated. Blood and plasma concentrations appear to be approximately 
equivalent a t  the lower methaqualone concentrations encountered in 
pharmacokinetic studies. However, in overdose cases, blood and plasma 

''8 SPSS program package. University 0 1  Pi'iltsburgh. and DEC-20 computer. 
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Table 111-Comparison of Parameters for Methaqualone after Administration of a Single Oral Dose with and without 
Diphenhydramine 

Treatmentd 
Methaqualone HCl Methaqualone- 

Methaqualone plus Diphenhydramine Diphenhydramine p Value for 
Parameter HCl Capsule Elixir Capsule Subject Effect" 

AUC? pg/ml X hrb 5.29 f 0.99 5.33 f 0.97 5.22 f 0.97 <0.001 
AUC; g/ml X hrb 8.16 f 2.67 7.82 f 2.20 7.81 f 1.47 <0.001 

0" pg/mlb 0.15 f 0.03 0.16 f 0.02 0.15 f 0.03 0.06 
0.51 f 0.11 0.46 f 0.11 0.50 f 0.10 0.04 

AUC / 
Cmam pcglmlb 
t,,, hr 1.5 f 0.5 1.3 f 0.5 1.8 f 0.9 0.30 
tm hr 37.7 f 14.1 33.4 f 8.7 36.6 f 11.5 0.01 
Adt@metb.C 3.47 f 1.04 3.19 f 1.44 3.05 f 0.61 0.12 

pgfml X hr 

methaqualone base 
Doselkg, 3.26 f 0.53 3.26 f 0.53 3.74 f 0.61 

0 p values >0.05 for treatment and period effects for all parameters. * Corrected for dose-kilogram of body weight (divide all units by mg/kg). Determined for 9 of 
the 12 subjects. d Mequelon, Charles E. Frosst & Co.; Mequelon and Benadryl elixir, Puke Davis & Co. Ltd.; Mandrax, Roussel (Canada) Ltd. 

levels may not be equivalent and the difference should perhaps be con- 
sidered when evaluating a patient. For the purposes of the present in- 
vestigation, blood was chosen as the biological fluid for analysis, because 
cleaner extracts with less GLC baseline interference were obtained. 

To determine whether methaqualone blood levels differed when 
methaqualone was administered orally with diphenhydramine, blood 
was sampled over a 48-hr period in 12 healthy subjects. Data from subject 
6 are presented as representative of methaqualone blood levels achieved 
with oral administration of a single dose of methaqualone with and 
without diphenhydramine (Fig. 3). The time of blood collection (48 hr) 
was too short to obtain a pharmacokinetically accurate value for the 
elimination half-life, but the estimates for t112 were within the range 
previously reported for methaqualone (19.6-41.5 hr) (18). Peak blood 
levels ranged from 1.0-2.7 pg/ml a t  1-2 hr after oral administration 
(Table IV). The tmax and t 1/ze values were not significantly different for 
the three treatments (methaqualone HCl capsule, methaqualone HCI 
capsule plus diphenhydramine elixir, methaqualone-diphenhydramine 

HOURS 

Figure 3-Semilogarithmic plot of methaqualone blood levels for 
subject 6 after oral administration of drug. Key: (0) Methaqualone HC1 
(250 mg); (0) methaqualone HCl(250 mg) and diphenhydramine HC1 
(25 tng) elixir; (v) methaqualone diphenhydramine HCl capsule (250:25 
mg). 

capsule). All other parameters were corrected for the mg/kg dose of 
methaqualone administered. No treatment or formulation effect was 
evident for A U C f ,  AUC;, AUC; 0, or Cmax (p for treatments >0.05) 
(Table 111). The power of the statistical test was such that a difference 
of 20% would have been detected (23). Significant intersubject differences 
(p <0.05) were noted for A U C f ,  AUC;, C,,,, and t1/Zp. No significant 
intersubject differences in AUC,"B were apparent, thus suggesting the 
major factor contributing to intersubject differences in the A UC value 
for methaqualone was the elimination of the drug. 

Maximum blood levels of the methaqualone metabolite, 2-methyl- 
3(2'-hydroxymethylphenyl)-4(3H)-quinazolinone), occurred between 
4 and 8 hr after methaqualone administration and remained elevated over 
the 48-hr sampling time (Fig. 4). The average maximum metabolite level 
was 314 ng/ml f 107 (SD).  The ACJCfmet values after administration of 
methaqualone with and without diphenhydramine were not significantly 
different. 

No major differences in blood levels could be detected between the 
methaqualone HCl capsule and methaqualone-diphenhydramine HCl 
capsule formulation. Diphenhydramine administered at the dosage level 
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Figure 4-Semilogarithmic plot of 2-methyl-3-(2'-hydroxymethyl- 
phenyl)-4(3H)-quinazolinone blood levels for subject 6 after adminis- 
tration of  a methaqualone HCl(250 mg) capsule. 
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Table IV-Methaqualone Concentrations i n  Blood a at Various 
Times a f t e r  Administration of a Single Ora l  Dose with and  
without Diphenhydramine 

~ 

Treatment 
Methaqualone HCI Methaqualone- 

Timeb, Methaqualone plus Diphenhydramine Diphenhydramine 
hr HCI Capsule Elixir Capsule 

0.5 0.38 f 0.44 0.24 f 0.25 0.60 f 0.50 
1 1.39 f 0.68 1.34 f 0.53 1.54 f 0.53 
2 1.38 f 0.35 1.26 f 0.31 1.56 f 0.48 
4 0.79 f 0.23 0.81 f 0.23 0.92 f 0.35 
8 0.49 f 0.15 0.51 f 0.20 0.54 f 0.17 
24 0.24 I0.07 0.25 f 0.08 0.30 f 0.10 
32 0.21 f 0.08 0.21 f 0.08 0.26 f 0.09 
48 0.16 f 0.07 0.16 f 0.07 0.18 f 0.06 
0 Values (pglml) are the mean f SD for 12 subjects. * Means were calculated 

using the approximate time of blood collection; exact collection times were recorded 
and used for AUC and t l ~  determinations. 

used in therapeutic combination products (25 mg) did not affect blood 
levels of methaqualone or its major metabolite. 

An important consideration, in comparing the present study conducted 
in healthy humans to previous studies conducted in the rat (3), may be 
the relative doses of diphenhydramine and methaqualone hydrochloride 
administered. Although the ratio of methaqualone-diphenhydramine 
doses were similar (81 for rats and 101 for humans), the doses admin- 
istered per kilogram of body weight were higher in animal studies (40 
mg/kg for methaqualone HCI; 5 mg/kg for diphenhydramine HCI) than 
in human studies (3.7 mg/kg for methaqualone HCl and 0.4 mgkg  for 
diphenhydramine HCI). For the one subject who received a fourth dose 
of methaqualone in combination with a larger dose of diphenhydramine 
(50 mg), the t 1 / 2  for methaqualone increased and the urinary metabolite 
excretion decreased with increasing diphenhydramine dosage. While the 
AUC,” had increased, after correction for the increase in t 1/2, the AUC,”B 
had decreased with the larger diphenhydramine dosage. Thus, larger 
doses of diphenhydramine, as might be favored by drug abusers, may 
elicit a pharmacokinetic interaction. The possibility of a dose-dependent 
interaction was not specifically investigated and would require further 
study. 

This study was concerned only with investigating a pharmacokinetic 
interaction, and therefore does not preclude the possibility of a phar- 
macological interaction between methaqualone and diphenhydra- 
mine. 
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Abstract  0 Hydrochlorothiazide decomposes upon irradiation with 
near-UV light (A > 310 nm) both in methanol and aqueous solutions. In 
the photolysis the chlorine substituent is removed to be replaced by either 
-H or -OR from the solvent ROH. Hydrolysis of the thiadiazine ring 
is upon the dechlorination, The presence ofoxygen inhibits 
the decomposition, ~h~ mechanism of the photolysis is suggested to in- 
valve cation radical formation which facilitates the hydrolysis step, 5- 
Chloro-2,4-disulphonamido-aniline, the normal hydrolysis product from 

hydrochlorothiazide, is also susceptible to photolytic dechlorination by 
a similar mechanism. 

Keyphrases 0 Hydrochlorothiazide-photolytic decomposition, irra- 
diation, dechlorination, hydrolysis Decomposition, photolytic-hy- 
drochlorothiazide, irradiation, dechlorination, hydrolysis 0 Hydroly- 
sis-photolytic decomposition of hydrochlorothiazide, dechlorination, 
irradiation 

Hydrochlorothiazide [6-chloro-3,4-dihydro-1,2,4-ben- 
zothiadiazine-7-sulphonamido-l,l-dioxide] (I) is a widely 
used diuretic effective in small doses. Within a few years 

of its introduction there were reports of its implication in 
skin photosensitization (I). From oxygen uptake mea- 
surements and free radical polymerization (2), I and some 
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Table IV-Methaqualone Concentrations i n  Blood a at Various 
Times a f t e r  Administration of a Single Ora l  Dose with and  
without Diphenhydramine 

~ 

Treatment 
Methaqualone HCI Methaqualone- 

Timeb, Methaqualone plus Diphenhydramine Diphenhydramine 
hr HCI Capsule Elixir Capsule 

0.5 0.38 f 0.44 0.24 f 0.25 0.60 f 0.50 
1 1.39 f 0.68 1.34 f 0.53 1.54 f 0.53 
2 1.38 f 0.35 1.26 f 0.31 1.56 f 0.48 
4 0.79 f 0.23 0.81 f 0.23 0.92 f 0.35 
8 0.49 f 0.15 0.51 f 0.20 0.54 f 0.17 
24 0.24 I0.07 0.25 f 0.08 0.30 f 0.10 
32 0.21 f 0.08 0.21 f 0.08 0.26 f 0.09 
48 0.16 f 0.07 0.16 f 0.07 0.18 f 0.06 
0 Values (pglml) are the mean f SD for 12 subjects. * Means were calculated 

using the approximate time of blood collection; exact collection times were recorded 
and used for AUC and t l ~  determinations. 

used in therapeutic combination products (25 mg) did not affect blood 
levels of methaqualone or its major metabolite. 

An important consideration, in comparing the present study conducted 
in healthy humans to previous studies conducted in the rat (3), may be 
the relative doses of diphenhydramine and methaqualone hydrochloride 
administered. Although the ratio of methaqualone-diphenhydramine 
doses were similar (81 for rats and 101 for humans), the doses admin- 
istered per kilogram of body weight were higher in animal studies (40 
mg/kg for methaqualone HCI; 5 mg/kg for diphenhydramine HCI) than 
in human studies (3.7 mg/kg for methaqualone HCl and 0.4 mgkg  for 
diphenhydramine HCI). For the one subject who received a fourth dose 
of methaqualone in combination with a larger dose of diphenhydramine 
(50 mg), the t 1 / 2  for methaqualone increased and the urinary metabolite 
excretion decreased with increasing diphenhydramine dosage. While the 
AUC,” had increased, after correction for the increase in t 1/2, the AUC,”B 
had decreased with the larger diphenhydramine dosage. Thus, larger 
doses of diphenhydramine, as might be favored by drug abusers, may 
elicit a pharmacokinetic interaction. The possibility of a dose-dependent 
interaction was not specifically investigated and would require further 
study. 

This study was concerned only with investigating a pharmacokinetic 
interaction, and therefore does not preclude the possibility of a phar- 
macological interaction between methaqualone and diphenhydra- 
mine. 
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Abstract  0 Hydrochlorothiazide decomposes upon irradiation with 
near-UV light (A > 310 nm) both in methanol and aqueous solutions. In 
the photolysis the chlorine substituent is removed to be replaced by either 
-H or -OR from the solvent ROH. Hydrolysis of the thiadiazine ring 
is upon the dechlorination, The presence ofoxygen inhibits 
the decomposition, ~h~ mechanism of the photolysis is suggested to in- 
valve cation radical formation which facilitates the hydrolysis step, 5- 
Chloro-2,4-disulphonamido-aniline, the normal hydrolysis product from 

hydrochlorothiazide, is also susceptible to photolytic dechlorination by 
a similar mechanism. 

Keyphrases 0 Hydrochlorothiazide-photolytic decomposition, irra- 
diation, dechlorination, hydrolysis Decomposition, photolytic-hy- 
drochlorothiazide, irradiation, dechlorination, hydrolysis 0 Hydroly- 
sis-photolytic decomposition of hydrochlorothiazide, dechlorination, 
irradiation 

Hydrochlorothiazide [6-chloro-3,4-dihydro-1,2,4-ben- 
zothiadiazine-7-sulphonamido-l,l-dioxide] (I) is a widely 
used diuretic effective in small doses. Within a few years 

of its introduction there were reports of its implication in 
skin photosensitization (I). From oxygen uptake mea- 
surements and free radical polymerization (2), I and some 
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Scheme I-Pathways of photolysis of hydrochlorothiazide. 

thiazide derivatives were found to be capable of acting as 
photosensitizers by both free radical and excited singlet 
molecular oxygen mechanisms. Subsequently, it was re- 
ported (3) that the chlorine substituent in I is photola- 
bile. 

In a study to determine the mutagenic activity of a 
number of drugs, I proved to be weakly mutagenic (4). 
Mutagenicity appeared to depend on the presence of an 
aromatic chlorine substituent and required activation by 
light. This study suggests that the drugs undergo photo- 
dehalogenation, yielding a reactive form, which can dam- 
age DNA. The nature of the photolysis products of I has 
now been examined and found to involve ring opening 
(hydrolysis) as well as dechlorination. 

The chlorine substituent in 5-chloro-2,4-disulpho- 
namidoaniline 11, the normal hydrolysis product of L, has 
also been found to be photolabile. 

EXPERIMENTAL 

Materials-Hydrochlorothiazide (I)' and 5-chloro-2,4-disulpho- 
namidoaniline (11)2 were indicated to be >99% pure by high-performance 
liquid chromatography (HPLC). 
2,4-Disulphonamidoaniline (IV) and 2,4-disulphonamido-5-methox- 

yaniline (VIa) were prepared by the action of chlorosulphonic acid on 
aniline and m-anisidine, respectively, followed by hydrolysis with am- 
monium hydroxide, by analogy to a previous method (5). Colorless 
crystals, mp 233-235" for IV and 252-253" for VIa, were obtained after 
recrystallization from water. 

Cyclization of VIa with paraformaldehyde to 6-methoxy-3,4-dihy- 
dro-1,2,4-benzothiadiazine-7-sulphonamido-l,l-dioxide (referred to as 
methoxyhydrothiazide) (IIIa) was based on the method for I (6). Colorless 
crystals, mp 273-275", were obtained after recrystallization from water. 
All compounds synthesized gave the expected NMR and mass spectra. 

Trimethylanilinium hydroxide, a methylating agent for GC, was ob- 
tained as 2 M solution in methanol3. Acrylamide4 was twice recrystallized 

Ciba-Geigy, Sydney, Australia. 
A gift from Dr. J. A. Mollica, Ciba-Geigy Research and Development, Suffern, 

Pierce Chemical Cn., Rockford, Ill .  
BDH Chemicals, Poole, England. 

N.Y. 

from redistilled chloroform. All other chemicals and solvents were of 
analytical grade5. Doubly distilled water was used in aqueous systems. 

M in either methanol or water containing 5% methanol (to assist in dis- 
solution). A medium pressure mercury lamp and a glass reaction vessel 
were used as previously described (3), so that the solution was exposed 
to UV light of >310-nm wavelength. The solution was presaturated with 
nitrogen or oxygen as required by bubbling for 90 min, and the gas flow 
was maintained to stir the solution during the irradiation. The product 
mixture was sampled a t  various times and analyzed by: 

HPLC6 with a fixed-wavelength UV detector a t  254 nm and a re- 
verse-phase 10-pm column (0.4 X 25 ~ m ) ~  (mobile phase: 10% methanol 
in water); 

GC8 with hydrogen flame-ionization detector, nitrogen carrier gas, 
and phenyl methyl silicone stationary phase9. Following a previous 
method (7) the irradiated solution of I was concentrated 10-fold, and to 
100 pl was added 2.5 pl of 2 M trimethylanilinium hydroxide. Methyl- 
ation of I occurred in the heated injection port a t  290". The column and 
detector temperatures were 260" and 310", respectively; 

3. GC-chemical-ionization mass spectrometry1° using the column 
as above and methane carrier gas. 

Photopolymerization of acrylamide (0.125 M )  initiated by I, 11, IIIa, 
or chlorpromazine (8 X M) was performed using the apparatus and 
procedures described previously (2). 

Methods-A solution of I was irradiated at  a concentration of 5 X 

1. 

2. 

RESULTS AND DISCUSSION 

Photolysis of Hydrochlorothiazide in Methanol Solution-The 
photolysis of I dissolved in methanol saturated with nitrogen leads to 
dechlorination and hydrolysis of the thiadiazine ring in approximately 
equal proportions as shown in Scheme I. The quantum yield for CI- 
production was 0.18 & 0.05, as previously reported (3). Under the con- 
ditions of irradiation used, the dechlorination was complete in -6 hr, as 
determined by potentiometric titration. Other product formation is 
shown in Fig. 1 as a function of time from HPLC analysis of aliquots 
withdrawn a t  various times. For the major products the relative peak 
areas have been corrected by subsequent calibration with authentic 
samples of the compound. Confirmation of the identity of the major 

Ajax Chemicals, Sydney, Australia 
fi Altex model 330. 
7 Hewlett-Packard Model 572OA. 

Brownlee RP-8. 
100-120 mesh Gas Chrom Q. coated with 3% OV-1 packed in a 3 mm X I-rn 

silanized glass column. '" Finnigan 6110-9600 system. 
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25r Tab le  I-Rates of Photosensitized Polymerization of Acrylamide 
a t  30" 

Rate of Polymerizationo, 
Sensitizer, 

8.3 x M 
mmoles liter-' min-1 

pH 7.0 Buffer Methanol 

F "  
5 
= 5  
w 

0 
0 60 120 180 240 

MINUTES 

Figure 1-Photodegradation o f  hydrochlorothiazide (0.5 mM) i n  
oxygen-free methanol solution at 3 0 O  from HPLC analysis of aliquots 
withdrawn a t  various times. 

products was achieved by comparison of the chromatographic behavior 
of authentic samples of the hydrolysis product, 5-chloro-2,4-disulpho- 
namidoaniline (11) and the reduced and substituted derivatives of I and 
11, namely, methoxyhydrothiazide (IIIa) and 2,4-disulphonamidoaniline 
(IV). On the basis of reported photoreactions of chloroaromatic com- 
pounds in methanol (8), coupled with the hydrolysis of I, other expected 
products were hydrothiazide (V) and 5-methoxy-2,4-disulphonami- 
doaniline (VIa). The latter compound was synthesized but its HPLC 
retention did not correspond to any of the photolysis products. Com- 
pound V, however, proved difficult to synthesize. 

GC-MS analysis of trimethylanilinium hydroxide-treated samples of 
the photolysis mixture was complicated by the existence of such a large 
number of active protons in I and the photolysis products. Nevertheless, 
molecular ions corresponding to permethylated derivatives of 11, IIIa, 
IV, and V were detected. For each one the GC peak height correlated 
approximately with the amounts detected by HPLC. 

Figure 1 shows that dechlorination and hydrolysis occur simultaneously 
upon irradiation, where the concentrations of both I1 and IIIa build up 
to  a maximum level after -4 hr. Thereafter, I1 diminished as dechlori- 
nation proceeded as a secondary reaction. There was no hydrolysis de- 
tected in an unirradiated methanol solution of I after 6 hr at  30°, although 
complete hydrolysis can be achieved in -1 hr by refluxing in 1 M NaOH, 
as reported previously (9). 

Direct photolysis of I1 was also examined under the same conditions 
with the observation of dechlorination occurrence, leading predominantly 
to IV (-85%). A minor product was found, but its HPLC retention did 
not correspond to that of VIa. This correlated with the fact that VIa was 
not observed as a product from photolysis of I. In the GC-MS analysis 
of irradiated I1 a minor peak with m/z 319 was observed. This value 

0 60 120 180 240 
MINUTES 

Figure 2-Photodegradation of hydrochlorothiazide (0.5 mM) in 
oxygen-free water (containing 5 r c  methanol) at 30' from HPLC analysis 
of aliquots withdrawn at various times. 

Hydrochlorothiazide (I)  1.58 
5-Chloro-2,4-disulphonamido- 1.29 

aniline (11) 
Methoxyhydrothiazide (IIIa) 
Chlormomazine 

3.41 
5.70 

0.39 
0.32 

0.16 
0.40 

~~~ ~ 

Error in rate data f5%. 
corresponded to tetramethyl-V, suggesting that ring closure to form the 
thiadiazine ring had occurred to a small extent under irradiation. This 
assignment was confirmed by TLC separation, followed by solid-probe 
MS of the separated compounds without derivatization. That ring closure 
is a possibility comes from the observation that the hydrolysis of I is re- 
versible (9). 

When the methanol solution of I was saturated with oxygen before 
irradiation, both dechlorination and hydrolysis reactions were markedly 
inhibited. Loss of I and formation of I1 and IIIa occur a t  -one-tenth the 
rate seen in the absence of oxygen. This is in agreement with the chloride 
yields already reported (3). Similarly, when I1 was irradiated in an oxy- 
gen-saturated solution, the dechlorination was inhibited, and only 
product IV was detected. 

Photolysis of Hydrochlorothiazide in an Aqueous System-The 
solubility of I in pure water is relatively low, and the addition of 5% 
methanol was necessary to achieve the concentration of 0.5 mM used for 
the irradiation. Under these conditions and in the absence of oxygen, 
photodecomposition of I occurred a t  -50% the rate in oxygen-free 
methanol, as shown in Fig. 2. I t  should be noted that the chloride ion 
appeared a t  the same rate in both solvents (3). The product distribution 
is seen to be different, with the hydrolyzed and dechlorinated IV as the 
dominant product. A relatively minor amount of the intermediate I1 was 
found, suggesting that dechlorination of I was occurring first followed 
by rapid hydrolysis. The other significant product was suspected of being 
VIb on the basis of i t s  chromatographic retention, but samples collected 
were insufficient for direct MS confirmation. Molecular ions corre- 
sponding to permethylated compounds 11, IV, and VIb were found by 
GC-MS analysis. 

When the system was saturated with oxygen before irradiation, IV was 
the only product detected following a much slower reaction. 

When the direct photolysis of I1 was examined in the aqueous system 
in the absence of oxygen, IV and the compound suspected of being VIb 
were found in the approximate ratio of 3:l. 

Mechanism of the  Photodegradation-The dechlorination step in 
the photolysis of both I and I1 leads to either reduction (Aryl-H) or 
substitution (Aryl-OR) involving the solvent ROH, as observed for other 
chloroaromatic compounds (8,lO). Additionally, photohydrolysis of the 
thiadiazine ring of I occurs, as has been observed for some other drugs 
susceptible to alkaline hydrolysis such as pentobarbitone (11) and 
indapamide (12). 

I t  was proposed (8,13) that photoreduction and photosubstitution of 
simple chloroaromatic compounds in methanol involves the formation 
of a pair of radical ions from the triplet state. The precursor of the re- 
duction product (Aryl-H) is suggested to be a radical anion (Aryl-CP), 
while a radical cation (Aryl-Clt) is postulated as the precursor of the 
substitution product (Aryl-OR). Alternatively, flash photolysis experi- 
ments with chlorpromazine in 2-propanol(lO) led to the suggestion that 
a direct homolysis of the C C l  bond occurs from the triplet state. We have 
observed (3) that chlorpromazine is moderately active as a triplet state 
photosensitizer in methanol solution, while in aqueous solution the 
predominance of photoionization as the primary photochemical event 
with phenothiazines (14) results in a significantly lower rate for this type 
of reaction. 

Photoionization is reported for other heteroaromatic compounds not 
containing chlorine substituents e g . ,  4-hydroxybenzothiazole (15). The 
cation radical of chlorpromazine was postulated as the main initiating 
species of the photopolymerization of acrylamide following studies in 
cationic and anionic surfactants (16). 

In view of the information available on the photochemistry of chlor- 
promazine, it was used as a standard against which the reactivity of other 
drugs might be compared. Hydrochlorothiazide was found to react in the 
same manner as chlorpromazine in triplet state photosensitization (3). 
The rates of photopolymerization of acrylamide in aqueous buffer and 
methanol solutions, sensitized by I, 11, IIIa, and chlorpromazine were 
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measured, as shown in Table I. Since these four compounds have similar 
UV absorption characteristics, the rates of polymerization should provide 
an approximate indication of relative radical yields and reactivity. In 
aqueous solution the values of the rates suggest that cation radical pro- 
duction does not depend upon loss of chloride, as evidenced by the 
comparatively high rate sensitized by IIIa. However, in methanol solution 
the three compounds that lose chlorine show about the same rate of 
polymerization, a higher value than that for IIIa. 

On the basis of the above results, the primary photochemical processes 
occurring on irradiation of hydrochlorothiazide appear similar to those 
found for chlorpromazine, with photoionization predominating in 
aqueous solution and triplet state formation mainly in methanol. How- 
ever, it is possible that the polymerization technique is not an adequate 
indicator of radical ion formation in methanol where ion recombination 
or reaction with solvent may occur more readily than in water. A phe- 
nomenon that is indicative of excited state electron transfer is the 
quenching of fluorescence by an electron donor (17). We have observed 
that the fluorescence of I (50 rM in methanol) is quenched to 50% by 6 
mM triethylamine. In contrast, the fluorescence of chlorpromazine is 
unaffected (18). 

The fact that hydrolysis of I is stimulated by irradiation implies the 
formation of a cation radical in the thiadiazine ring, thereby rendering 
it more susceptible to attack by nucleophiles. This is most evident in the 
aqueous system where the expected intermediate IIIb was not detected. 
The dechlorination is presumably effected by the solvated electron 
formed in the photoionization. 

In methanol the formation of cation radicals is indicated by the pres- 
ence of significant amounts of the hydrolyzed compound 11. However it 
is not clear if the cation radicals result from photoionization or radical- 
ion-pair formation from the triplet state. Flash photolysis experiments 
are needed to clarify the primary photochemical events. However, as 
pointed out elsewhere (10, 16), i t  is believed that the formation of free 
radicals following absorption of UV radiation is the significant factor in 
the initiation of a photobiological effect. 
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Abstract A series of N-substituted hydrazines were condensed with 
various spiro[4.5] and [5.5]anhydrides and the resultant N-substituted 
azaspiranediones were evaluated for antimicrobial activity. None dis- 
played any significant activity in a variety of organisms tested. 

Previous works (1,2) have shown a wide variety of bio- 
logical effects for the azaspiro nucleus. It was of interest 
to extend this work to various 2-substituted-2-azaspiro- 
[4.5]decane-1,3-diones (I) and 3-substituted-3-azaspiro- 

Keyphrases Antimicrobial agents-potential, evaluation of various 
N-substituted azaspiranedione derivatives Azaspiranedione-evalu- 
ation of various derivatives as potential antimicrobial agents 

[5.5]undecane-2,4-diones (11) and to evaluate these hy- 
drazinoimides as potential antimicrobial agents. 

I t  has been demonstrated (3-6) that in the fused 4- 
azacholestane ring various 4-alkyl-substituted derivatives 
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measured, as shown in Table I. Since these four compounds have similar 
UV absorption characteristics, the rates of polymerization should provide 
an approximate indication of relative radical yields and reactivity. In 
aqueous solution the values of the rates suggest that cation radical pro- 
duction does not depend upon loss of chloride, as evidenced by the 
comparatively high rate sensitized by IIIa. However, in methanol solution 
the three compounds that lose chlorine show about the same rate of 
polymerization, a higher value than that for IIIa. 

On the basis of the above results, the primary photochemical processes 
occurring on irradiation of hydrochlorothiazide appear similar to those 
found for chlorpromazine, with photoionization predominating in 
aqueous solution and triplet state formation mainly in methanol. How- 
ever, it is possible that the polymerization technique is not an adequate 
indicator of radical ion formation in methanol where ion recombination 
or reaction with solvent may occur more readily than in water. A phe- 
nomenon that is indicative of excited state electron transfer is the 
quenching of fluorescence by an electron donor (17). We have observed 
that the fluorescence of I (50 rM in methanol) is quenched to 50% by 6 
mM triethylamine. In contrast, the fluorescence of chlorpromazine is 
unaffected (18). 

The fact that hydrolysis of I is stimulated by irradiation implies the 
formation of a cation radical in the thiadiazine ring, thereby rendering 
it more susceptible to attack by nucleophiles. This is most evident in the 
aqueous system where the expected intermediate IIIb was not detected. 
The dechlorination is presumably effected by the solvated electron 
formed in the photoionization. 

In methanol the formation of cation radicals is indicated by the pres- 
ence of significant amounts of the hydrolyzed compound 11. However it 
is not clear if the cation radicals result from photoionization or radical- 
ion-pair formation from the triplet state. Flash photolysis experiments 
are needed to clarify the primary photochemical events. However, as 
pointed out elsewhere (10, 16), i t  is believed that the formation of free 
radicals following absorption of UV radiation is the significant factor in 
the initiation of a photobiological effect. 
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Abstract A series of N-substituted hydrazines were condensed with 
various spiro[4.5] and [5.5]anhydrides and the resultant N-substituted 
azaspiranediones were evaluated for antimicrobial activity. None dis- 
played any significant activity in a variety of organisms tested. 

Previous works (1,2) have shown a wide variety of bio- 
logical effects for the azaspiro nucleus. It was of interest 
to extend this work to various 2-substituted-2-azaspiro- 
[4.5]decane-1,3-diones (I) and 3-substituted-3-azaspiro- 

Keyphrases Antimicrobial agents-potential, evaluation of various 
N-substituted azaspiranedione derivatives Azaspiranedione-evalu- 
ation of various derivatives as potential antimicrobial agents 

[5.5]undecane-2,4-diones (11) and to evaluate these hy- 
drazinoimides as potential antimicrobial agents. 

I t  has been demonstrated (3-6) that in the fused 4- 
azacholestane ring various 4-alkyl-substituted derivatives 
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Table 1-2-Substituted-2-azaspiro[4.5]decane-1,3-diones 

Isolation Melting Boiling Analysis, % 
ComDound R R' Yield, % Procedurea Point Point, mm Formula Calc. Found 

XI11 H H 77 D, C 144-145' **' 199-205' CsH13N02 C 64.64 64.82 
7.82 

N 8.38 8.40 

H 7.75 7.80 

(1.75) H 7.84 

XIV NH2 H 57 C 11&117' * - CgHi4NzOz C 59.30 59.59 

N 15.38 15.40 
73 C 132-133' - Ci~HzzNzOz C 67.15 67.25 

H 8.86 8.90 
X V - 0  H 

N 11.19 11.31 
64 C 151-153' - CdhnN20.1 C 61.87 61.90 

H 8.00 8.10 
XVI -0 H 

N 11.11 11.21 
XVII NH2 CH3 72 D, C 130-131' * 109-219' CioH16N202 C 61.19 61.30 

8.18 
N 14.28 14.19 

143-144' f 154-155' C15Hz4N202 C 68.13 68.31 
H 9.16 9.22 
N 10.60 10.70 

166-167' f 174-184' C I ~ H ~ ~ N Z O ~  C 63.12 63.13 
(2.25) H 8.33 8.40 

N 10.52 10.50 

(1.75) H 8.22 

(3.75) 
XVIII -0 CH3 82 D, C 

XIX - G O  CH3 79 D, C 

Legend D is distillation; C is chromatography (alumina, neutral; solvent benzene-methanol, 4: l ) .  EthanolLWater. Lit. (15) mp 145'. Hexane. Benzene. 
Methanol. 

(111, IV) possessed antimicrobial activity. Thus, it was of 
interest to determine whether this activity could be ex- 
tended to the spiro nucleus as well. 

Wo @:R 0 0 

The ketone (V)  is subjected to a Cope procedure (7) 
using ammonium acetate and acetic acid as catalysts. The 
resultant alkylidene cyanoacetic ester (VI) was obtained 
in purified form on distillation. (This ester should be used 
within several days as decomposition is noted even under 
the most careful conditions.) Addition of potassium cya- 
nide followed by acid hydrolysis produced the l-car- 
boxy-1-acetic acid derivative (VII), which was quantita- 
tively converted to the anhydride (VIII), with excess acetic 

(1) (11) anhydride. Condensation of the anhydride with substi- 
tuted hydrazines in the presence of a high-boiling solvent 
and molecular sieves followed by distillation produced the 
desired 2-substituted-2-azaspiro[4.5]decane (IX). The 
reaction sequence for the 3-azaspiro[5.5]undecane series 

N-R 

&I7 &I7 is shown in Scheme 11: 
1. CHa(CN)C02CaH5, NHa 

CH3 CH3 "* 2. HC1 

V 
(111) (IV) 

The reaction sequence for the 2-azaspiro[4.5]decane 
(CH3CO)aO - NH - HC1 R1-cccozH 

CO,H 
XI 

Rl+o 
series is shown in Scheme I: 

CHz(CN)COzCaHs 
RI+ 

AN 

V X 

R 1 ~ C - c o , C , H ,  1. KCN* <IH (CH3CO)10. @: RI@:-. 

R' 2. HCl 

VI VII 0 0 
XI1 XI11 

Scheme I1 

In this sequence, the ketone was subjected to 2.0 moles 
of ethyl cyanoacetate in the presence of anhydrous am- 
monia to yield the ammonium salt of the Guareschi imide 
(8) which was converted to the imide (X), on acidification 

Rl&o - R-NHI R' a- 
VIII IX 

Scheme I 
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\ Table 11-3-Substituted-3-azaspiro-9-methyl[ 5.5]undecane-2,4-diones '0 

Isolation Melting Boiling Analysis, % 
Compound R Yield, % Procedure' Point Point, mm Formula Calc. Found 

xx H 82 C 161-162' b.c - CiiHi7NOz C 67.65 67.75 
H 8.78 8.89 
N 7.18 7.20 

83 C 162-163' ' - CiiHisNzOz C 62.82 62.90 
H 8.63 8.73 
N 13.33 13.46 

D, C llo-lllo d 179' f ~isHzsNzOz C 69.02 69.00 
H 9.42 9.54 
N 10.07 10.00 

C 132-133' - CiaHzrNzOa C 62.24 62.20 
H 8.63 8.50 
N 10.00 10.10 

XXI NH2 

XXII -0 73 

XXIII - 0 3  82 U 

a Legend (Table I). Lit. (16): 162". Methanol. d Benzene. Hexane. Ref. 1. 

with hydrochloric acid. Sulfuric acid hydrolysis converted 
the imide into the 1,l-bisacetic acid compound (XI). Acetic 
anhydride, followed by hydrazine condensation as in the 
previous scheme, produced the anhydride (XII) and the 
3 -azaspiro [ 5.51 undecane-2,4-dione derivative (XIII), re- 
spectively. The imides were tested against a variety of 
microorganisms for antibacterial activity. 

EXPERIMENTAL 

InstrumentgMelting points were obtained using a capillary melting 
point apparatus' and are uncorrected. Observed boiling points were also 
uncorrected. IR spectra were obtained on a spectrophotometel.2 as a Nujol 
mull or neat. NMR spectra were determined on a 60-MHz spectrometes 
with tetramethylsilane as the internal reference. Elemental analyses were 
also performed4. 

Reagents-All ketones, ethyl cyanoacetate, and hydrazine5, N-ami- 
nopiperidine, and N-aminomorpholines were distilled before use. 

Ethyl a-Cyclohexylidene-a-cyanoacetate (VI, R1=H)-The 
general procedure (7) was followed using 1.0 mole of cyclohexanone and 
1.0 mole of ethyl cyanoacetate with 7.7 g of ammonium acetate and 12 
g of acetic acid in a 500-ml flask. Yield: 125 g (65%), bp 104-107' (0.25 
mm). [lit. 150-151' (9 mm) (7), 151' (12 mm) (9), 163' (15 mm) (lo), 151' 
(10 mm) (11-13)] IR (neat) 4.45~ (Sharp, CEN). 

Ethyl a-(4-Methylcyclohexylidene)-a-cyanoacetate (VI, 
R1=CHa)-Using the above procedure and the same molar quantities, 
145 g (70%) was obtained, bp 98-104' (0.7 mm) [lit. 165-168" (14 mm), 
175' (20 mm), 167' (14 mm)]. 
Cyclohexane-1-carboxy-1-acetic Acid (VII, R1=H)-Using a 

previous procedure (9) employing 0.18 mole of ester and 0.36 mole of 
potassium cyanide, after solvent removal and 16 hr of refluxing in 250 
ml of concentrated hydrochloric acid, 14 g (42%) of the acid was obtained, 
mp 132-133' (ligroin-ethyl acetate). The yield was improved to 50% by 
chilling the acid filtrate overnight and collecting the additional crude acid 
[lit. 134' (9,14), 132' (10,1511. IR(Nujo1) 5.75~ (Sharp, C=O). 
4-Methylcyclohexane-1-carboxy-1-acetic Acid (VII, R1=CH3) 

-The same method (9) was employed on the same molar quantities of 
ester and cyanide as with compound VII above. Yield: 19 g (53%) mp 
173-174' (ligroin-ethyl acetate). 

Anal.-Calc. for C10H1604: C, 59.97, H, 8.00. Found: C, 59.73, H, 
7.90. 
Cyclohexane-1-carboxy-1-acetic Acid Anhydride (VIII, 

Rl=H)-Using a previous procedure (9), from 0.05 mole of acid 8.1 g 
(90%) of anhydride was obtained, bp 112' (1.75 mm), which slowly so- 
lidified on standing, mp 57' [lit. 56' (9), 57' (1411. IR(Nujo1) 5.50~ 
(Sharp, C=O). 

Thomas-Hoover. * Beckman IR-18A. 
Varian EM 360A. 

4 Performed by the Schwarzkopf Microanalytical Laboratory, Woodside, NY 
11377. 

Eastman Chemicals. 
6 Columbia Organics, Inc. 

4-Methylcyclohexane-1-carboxy-1-acetic Acid Anhydride (VIII, 
R'=CH3)-As previously indicated, the title compound was quantita- 
tively prepared, bp 124-126' (3 mm), solidifying on standing, mp 60- 
61'. 

Anal.-Calc. for CloH1403: C 65.90; H, 7.76. Found: C, 65.90; H, 
7.64. 

The Guareschi Imide-9-methyl-1,5-dicyano-3-azaspiro[5.5]- 
undecane-2,4-dione (X, R1 =CHs)-A general procedure (16) was 
modified using 1.0 mole of ketone and 2.0 moles of ethyl cyanoacetate 
in a 1.5-liter thick-wall flask. After cooling to -5O, 400 ml of absolute 
ethanol saturated with anhydrous ammonia and cooled to -5' was added, 
the flask stoppered, taped securely, and stored at  0' for 1 week. The crude 
ammonium salt of the Guareschi imide (8,171 was filtered, washed with 
alcohol and then ether, and air dried. The product was dissolved in 1 liter 
of boiling water, filtered, and the hot solution acidified with excess con- 
centrated hydrochloric acid. The product, on cooling, was filtered, washed 
with water, and dried at 100' to give 115 g (47%), mp 217-218' (methanol) 
[lit. 217-218' (16)]. 
4-Methylcyclohexane-l,l-diacetic Acid (XI, R1 =CH+Using a 

previous procedure (16), 0.5 mole of imide, 240 ml of concentrated sulfuric 
acid, which after standing overnight a t  room temperature, was diluted 
with 225 ml of water and refluxed for 24 hr, resulting in a product, 140 
g (65%), mp 157-158' [lit. 158' (16)]. 
4-Methylcyclohexane-l,l-diacetic Acid Anhydride (XII, 

Rl=CHa)-The previous procedure produced the desired product, bp 
152-154O (1.25 mm), which solidified on standing, mp 53' [lit. bp 212' 
(20 mm), mp 53' (16)]. 

General Procedure for  the Preparation of Azaspiranediones- 
The anhydride, 0.05 mole, and the substituted hydrazine were added to 
10 ml of xylene (distilled from sodium) in a 50-ml flask containing mo- 
lecular sieves'. The mixture was stirred magnetically and refluxed for 
2-8 hr. The product precipitated on cooling overnight, and after sepa- 
ration, the residual oil was seeded and chilled. The entire residue was 
combined and either chromatographed or distilled. The distillate was 
then either chromatographed or recrystallized (Tables I and 11). As 
previously reported (2), azaspiro[5.5]undecane-2,4-diones formed un- 
stable hydrochloride salts. This was also observed with the undecanes 
synthesized in this study as well as the azaspiro[4.5]decane-1,3-diones. 

RESULTS AND DISCUSSION 

In addition to the potential antimicrobial activity of various N-sub- 
stituted azasteroids (34, adamantane spiro compounds (18,19) have 
been evaluated for antiviral activity and spirofluorene (20) and spiro- 
perimidines (21) have been tested for antineoplastic activity. Compounds 
XIV-XVI and XXI-XXIII were thus submitted for antimicrobial 
screening. The analyses were performed by the use of the Kirby-Bauer 
technique (22) with the following organisms: Escherichia coli, Staphy- 
lococcus aureus, Sarcinn lutea, Bacillus subtilis, and Pseudornonas 
aeruginosa (23). The compounds showed no activity at concentrations 
up to 100 pmlml. 

7 Molecular sieves, type 4A, Fisher Scientific Co. 
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Abstract  A modification of the USP Dissolution Apparatus 2 is pre- 
sented for use in the measurement of the release of a medicinal compound 
from a pharmaceutical gel. 

Keyphrases 0 Dissolution-apparatus for gels, modification of the USP 
Dissolution Apparatus 2 Pharmaceutical gels-dissolution apparatus, 
modification of the USP Dissolution Apparatus 2 

The in uitro test methods for measuring the dissolution 
of a medicinal compound from a table:, or a capsule are 
defined in the United States Pharmacopeia (USP) (1). 
Mathur et al. (2) appear to be the first to have reported in 
uitro dissolution testing of suspensions. It seems that 
dissolution testing of any dosage form that may restrict the 
delivery of molecules of the medicinal compound to the GI 
epithelium is advisable. 

This report presents a modification of the USP Disso- 

I t+ 4.2 cm 4 I 
S p r i n g  l o a f  

O i rh  kT0.8 cm 
I I  

2.5 ' cm I I  Circular  1 I 1 0 - m r r h  S S  
I I I  I I W i r o  

M 
0.6 cm 

Figure 1-Modification of the USP Dissolution Apparatus 2 for 
gels. 

lution Apparatus 2, that can be used to measure dissolution 
profiles from pharmaceutical gels. 

EXPERIMENTAL 
Dissolution Apparatus-A circular, 10-mesh stainless-steel cloth with 

a 9.0-cm diameter was fitted with four 2.5-cm plastic legs (diameter 0.6 
cm) so that, as it rested on the bottom of the reaction vessel, the wire cloth 
was a t  the point of curvature of the base of the vessel. Four springleaf 
clamps were affixed to the upper surface of the wire cloth to hold the glass 
dish in the center of the platform (Fig. 1). The dish was cut from a 50-ml 
beaker and had 3.9-cm i.d. and an outer height of 0.8 cm. 

A 5-g sample of the gel was weighed in the dish on an analytical balance, 
and using forceps the dish was gently lowered through the dissolution 
medium in the assembled apparatus and was inserted into the clamps. 
The time required by an experienced operator was -30 sec. With thin 
gels, the level spontaneously adjusted to the horizontal plane; with very 
viscous gels, the surface may be leveled by use of a spatula prior to 
weighing. In the gels investigated, the 5-g samples completely filled the 
dish to the rim. If a particular gel had a high density, i t  would be advisable 
to use a greater weight, which would fill the dish. The dissolution medium 
was 900 ml of distilled water or 0.1 N HC1 at 37 f 0.5'. The paddle of the 
modified USP Dissolution Apparatus 2 was centrally positioned 2.5 cm 
above the rim of the dish. The apparatus was then started. Samples were 
withdrawn by a pipet through a glass filter. Ephedrine sulfate was assayed 
using a previously described method (3). 

Dosage Forms-Tablets containing 25 mg of ephedrine sulfate was 
prepared by direct compression in a single-punch tablet machine. A 
portion of the batch was compressed to a hardness of 4 kg; the remainder 
was compressed to an 8-kg hardness. The formulation was: 

Ephedrine sulfate' 25 mg 
Microcrystalline cellulose2 190 mg 
Lactose3 382 mg 
Magnesium stearate4 3 mg 

1 USP. * Avicel PH 101. 

4 NF. 
I'SP. spray dried. 
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was a t  the point of curvature of the base of the vessel. Four springleaf 
clamps were affixed to the upper surface of the wire cloth to hold the glass 
dish in the center of the platform (Fig. 1). The dish was cut from a 50-ml 
beaker and had 3.9-cm i.d. and an outer height of 0.8 cm. 

A 5-g sample of the gel was weighed in the dish on an analytical balance, 
and using forceps the dish was gently lowered through the dissolution 
medium in the assembled apparatus and was inserted into the clamps. 
The time required by an experienced operator was -30 sec. With thin 
gels, the level spontaneously adjusted to the horizontal plane; with very 
viscous gels, the surface may be leveled by use of a spatula prior to 
weighing. In the gels investigated, the 5-g samples completely filled the 
dish to the rim. If a particular gel had a high density, i t  would be advisable 
to use a greater weight, which would fill the dish. The dissolution medium 
was 900 ml of distilled water or 0.1 N HC1 at 37 f 0.5'. The paddle of the 
modified USP Dissolution Apparatus 2 was centrally positioned 2.5 cm 
above the rim of the dish. The apparatus was then started. Samples were 
withdrawn by a pipet through a glass filter. Ephedrine sulfate was assayed 
using a previously described method (3). 

Dosage Forms-Tablets containing 25 mg of ephedrine sulfate was 
prepared by direct compression in a single-punch tablet machine. A 
portion of the batch was compressed to a hardness of 4 kg; the remainder 
was compressed to an 8-kg hardness. The formulation was: 

Ephedrine sulfate' 25 mg 
Microcrystalline cellulose2 190 mg 
Lactose3 382 mg 
Magnesium stearate4 3 mg 

1 USP. * Avicel PH 101. 

4 NF. 
I'SP. spray dried. 
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Figure 2-Comparison of percent of ephedrine sulfate released from 
tablets having a hardness of 8 kg as determined by the LISP Dissolution 
Apparatus 2 and a modification for gels at various speeds. Key: (- - -) 
USP; (6) modified for gel apparatus; (0) 12 rpm; (0) 30 rpm; ( A )  60 
rpm; (0) 100 rpm. 

The formulation of the gel used as a model was: 
Ephedrine sulfate 20 mg 
Methylcell~lose~ 200 mg 
Distilled water 4180 mg 

RESULTS AND DISCUSSION 

Gels are semisolid systems consisting of either suspensions made up 
of small inorganic particles or large organic molecules interpenetrated 
by a liquid (4). Gels with wide viscosities may be used as vehicles for a 
dissolved or a suspended medicinal compound. The wide range of 
viscosities of pharmaceutical gels limits the use of the USP dissolution 
apparatus. For example, with USP Dissolution Apparatus 1, a gel of low 
viscosity may drip from the basket assembly, and a gel of high viscosity 
will tend to clog the wire mesh. 

I t  is desirable to have an apparatus for all dosage forms that is not 
markedly different than the officially accepted dissolution apparatus. 
To compare the agitation and the dissolution profiles obtained by the 
USP Dissolution Apparatus 2 and the modification, dissolution from 
tablets of ephedrine sulfate was studied at 12,30,60, and 100 rpm in 900 
ml of distilled water. The dissolution profiles are given in Fig. 2 for tablets 
with a hardness of 8 kg. From Fig. 2, and a similar plot for tablets with 
a hardness of 4 kg, the times required for 50% ( t  112) and 66.7% (t2/3) of 
the ephedrine sulfate to dissolve from the tablets were determined and 
are listed in Table I. 

A t  60 and 100 rpm (speeds frequently utilized in official tests) there 
is no apparent difference in the dissolution profiles as obtained by the 
USP Dissolution Apparatus 2 and the modification suggested for de- 

5 USP, type 400 cps. 

100 200 300 
MINUTES 

Figure 3-Release profile of ephedrine sulfate from a methylcellulose 
gel at  various speeds. Key: (0) 12 rpm; (0) 30 rpm; (A) 60 rpm; (0 )  70 
rpm; (A) 80 rpm; (X) 90 rpm. 
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Figure 4-Influence of speed on dissolution. Key: (0) t213; (0) tl iz.  
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Figure 5-Release profile of ephedrine sulfate from a methylcellulose 
gel in water and 0.1 N HCI. Key: (- - -) water; (-) 0.1 N HCI; (0) 30rprn; 
(0) 60 rpm. 

termining the release profile from gels. Thus, a t  these speeds the factors 
contributing to dissolution are similar, and a comparison of release from 
a solid dosage form (tablet) and the release from a gel would be valid. 

The release of ephedrine sulfate from the model gel was studied at 12, 
30,60,70,80, and 90 rpm as shown in Fig. 3. At  the higher speeds, the 
agitation moves portions of the gel in a random manner so that filaments 

Table I-Comparison of Dissolution as Measured by the USP 
Dissolution Apparatus 2 and by the Apparatus Modified for a 
Gel Using Compressed Tablets Containing 25 mg of Ephedrine 
Sulfate 

t 1/2, minn t 2 / 3 ,  min” 
Speed, USP Gel USP Gel 

rpm Apparatus 2 Apparatus Apparatus 2 Apparatus 

Hardness (4 kg) 
12 9 35 15 47 
30 5 5 I 11 
60 -1 2 -1 3 

100 -1 1 -1 2 
Hardness (8 kg) 

12 10 43.5 19 59 
30 6.5 15 11 22 
60 -2 -4 -2 5 

100 2 -3 -3 4 

0 Rounded to the nearest 0.5 rnin. 

and masses of the gel may move away from the gel in the dish and at times 
become entwined around the shaft of the paddle. At lowest speeds, the 
release from the gel to the bulk of the dissolution medium is slow and 
requires an inconveniently long testing period (>4 hr). Intermediate 
speeds did not grossly disturb the gel in the dish and did not unduly 
prolong the release of the ephedrine sulfate; thus, 30 and 60 rpm appear 
to be practical speeds. The influence of speed on dissolution is shown in 
Fig. 4. 

The release of the ephedrine sulfate from the model gel was determined 
in distilled water and in 0.1 N HC1 at 30 and 60 rpm and is plotted in Fig. 
5. At  30 rpm the values of t1/2 are 135 and 80 min in water and 0.1 N HCl, 
respectively. At  60 rpm the values of t1/2 are -45 min in water and 0.1 N 
HCl. 
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Abstract 0 'H- and 'W-NMR data and spectral assignments are re- 
ported for fenobam using noise modulated gated, single frequency off 
resonance, and single frequency selective proton decoupling tech- 
niques. 

Keyphrases 0 Fenobam-'H- and 13C-NMR spectroscopic analysis 0 
'H- and 'T-NMR spectroscopy-analysis of fenobam 

Fenobam (I), N-(3-chlorophenyl)-N'-(4,5-dihydro-l- 
methyl-4-oxo-1H-imidazol-2-yl)urea monohydrate, has 
been shown to possess selective anxiolytic properties in 
animals and in clinical trials, with a mode of action dif- 
ferent from that of the benzodiazepines (1,2). 

I 

NMR parameters, especially 13C-chemical shifts, are 
being widely used to establish structure-activity rela- 
tionships. As a part of a study on psychoactive molecules, 
the 'H- and natural abundance 13C-NMR spectra of I are 
reported. Their assignments are accomplished by gated, 
single frequency off resonance, and single frequency se- 
lective proton decoupling, and by comparison with other 
structurally related compounds. 

EXPERIMENTAL 

The NMH spectra were recorded a t  room temperature from 0.3 M 
solutions of I in 2Hs-dimethyl sulfoxide in 5 mm ('H-NMR) and 10-mm 
( W-NMR) tubes'. Tetramethylsilane was used as the internal standard 
for 'H-NMR spectra, while the 13C-multiplet of the deuterated solvent 
served as the internal reference. Chemical shifts were converted to tet- 
ramethylsilane scale using: 

6 = 6 (2HG-dimethyl sulfoxide) + 39.6 ppm 

'H-NMR spectra were measured a t  80 MHz using 90' pulse, sweep 
widths of 800 and 400 Hz, and single-scan and Fourier transform. 13C- 
NMR spectra were obtained a t  20.1 MHz using 2-psec pulses (a 90' tip 
angle required a pulse width of 6.5 psec), acquisition time 0.9102 sec 
(corresponding to a sweep width of 4500 Hz), accumulation of free in- 
duction decays, and Fourier transform. No delay was given between the 
end of acquisition and the next pulse. Line broadening (0.5 Hz) was in- 
troduced in the spectrum by exponential multiplication of free induction 
decays. The decoupler was used in broad band, broad band gated, single 
frequency off resonance, and single frequency selective decoupling modes. 
Carbon-proton coupling constants were measured from undecoupled 
spectra and gated proton decoupled spectra. 

Monohydrated I was dissolved in 2Hs-dimethyl sulfoxide without 
further purification. A dehydrated sample was prepared by heating a t  
85" and 1 torr. In the final IR spectrum the water peak disappeared. This 
sample was dissolved in anhydrous 2Hs-dimethyl sulfoxide. 

RESULTS AND DISCUSSION 

Anhydrous and monohydrated fenobam show identical 'H-NMR 
spectra. A detailed interpretation of the spectrum was made in order to 

I Bruker WP 80 spectrometer equipped with a BNC 28 computer with 8K data 
memory. 

Table I-Proton Chemical Shifts and  Coupling Constants of 
Fenobam 

Protons 6" Hz 

5 4.01 - 
6 3.00 - 
7 9.52b - 
9 1O.9Ob - 
2' 7.89 - 
4' 6.99 - 
5' 7.26 - 
6' 7.53 - 

JH-z,,H-s, .- 0.25 
Jn-z,n-6, - 1.99 
JH-~ , .H-s ,  - 7.96 
JH-.I'.H-~, - 0.97 
Ju.6, u.fi, - 8.60 

Jn-z.n-4' - 2.07 

0 Parts per million from tetramethylsilane. Values may be interchanged. 

use single frequency proton decoupling for carbon assignments. The re- 
sults are presented in Table I. 

The values for the aromatic protons were obtained through iterative 
simulation2. Assignments of H-2' and H-5' are straightforward from 
spectral pattern. The peaks of the multiplet a t  7.53 ppm are appreciably 
broader than those at  6.99 ppm, indicating that the former are due to H-6' 
(ortho to nitrogen). Assuming additivity in the substituent effect on the 
aromatic protons chemical shifts and using the values r e p o d  previously 
(3) for the chlorine atom, it turns out from the above assignment that the 
ureido group has relevant deshielding effects only on the two protons, 
H-2' and H-6', which are in ortho positions. 

The broad band proton decoupled '"c spectrum consists of 11 well- 
separated peaks (Table 11). 

In the gated proton decoupled spectrum, the resonances centered at  
30.3 and 51.1 ppm appear as a quartet and a broadened triplet and are 
attributed to C-6 and C-5, respectively. The resonances centered at 117.1, 
118.1 and 121.5 ppm appear as doublets of multiplets reflecting couplings 
with two meta protons and are ascribed to C-W, C-2', and C-4', respec- 
tively. In particular, (2-4' originates a doublet of quartets (the two Jmet, 
are -6 and 8 Hz), while the doublet of 1:3:3:1 quartets associated with 
C-2' and the doublet of unresolved rnultiplets assigned to C-6' indicate 
a relevant coupling with proton 9. For C-6', there is also a significant 
coupling with H-5'. Centered at 130.3 ppm there is a doublet due to C-5'. 
These assignments are further confirmed by single frequency proton 
decoupling experiments. The resonances centered at  133.2,142.3, 157.3, 
160.8, and 171.6 ppm belong to quaternary carbons and appear, respec- 
tively, as a doublet of unresolved multiplets, another broad doublet, an 
unresolved multiplet, a slightly broadened singlet, and a triplet. 

Selective irradiation of H-2' causes the complete collapse of the mul- 
tiplet centered a t  118.1 ppm which, therefore, is unambiguously assigned 
to C-2'. As expected, all the aromatic carbon resonances are strongly af- 
fected, i .e.,  all long-range couplings collapse while the direct C-H bond 
couplings are strongly reduced in magnitude. The residual splitting de- 
creases in the order C-4' > C-5' > C-6', i .e.,  as the resonance frequency 
of the attached proton approaches the decoupling frequency (Table I). 
This observation and single frequency off resonance experiments support 
the assignment here reported for C-4', C-5', and (2-6'. Decoupling of H-2' 
has much weaker effects on the resonances at 157.3, 160.8, and 171.6 
PPm. 

However, irradiation of methylene protons transforms the triplet a t  
171.6 ppm into a sharp singlet and the unresolved multiplet at 157.3 ppm 
into a broad singlet, indicating that these resonances are due to imida- 
zolinone ring carbons C-4 and C-2, respectively, the former being coupled 
only with H-5 protons and the latter with both H-5 and methyl protons. 
Irradiation of the methyl protons confirms these assignments. Further- 

2 Bruker ITRCAL program. 
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Table II--L3C-NMR Data 

Assign- 
ment 6” 

C-2 157.3 (169.5b, 156.7c) 
C-4 171.6 (188.8b, 172.OC) 
C-5 51.1 (56.4b. 54.lC) 
C-6 30.3 (30.2b; 31.2c) 

C-1’ 142.3 
C-2’ 118.1 

C-8 160.8 

C-3’ 133.2 

C-4‘ 121.5 

C-5’ 130.3 
C-6’ 117.1 

Multiplicity 

Unresolved multiplet 
Triplet, *JCH = 5 Hz 
Triplet, ~ J C H  = 147 Hz 
Quartet, ~ J C H  = 140 Hz 
Singlet 
Broad doublet, 3 J C H  = 9 Hz 
Doublet of 1:33:1 quartets 

Doublet of unresolved multiplets, 

Doublet of uartets, ‘ J C H  = 

Doublet, ‘JCH = 163 Hz 
Doublet of unresolved multiplets, 

‘JCH = 168 Hz; ‘JcH.~, 3 
3JCH.6, U ’JCH.9 5 H Z  

’JCH N 11 HZ 
168.5 Hz, ’5 JCH N 6 and 8 Hz 

‘JCH = 165 Hz 

0 Chemical shifts in parts per million relative to tetramethylsilane. * Values of 
2-amino-1,5-dihydro-l-methyl-4H-imidazol-4- one. Values for its  corresponding 
monohydrochloride. 

more, these decouplings, apart from the collapse of C-5 and methyl carbon 
resonances, have weak effects on the aromatic carbon resonances, and 
the splittings due to small C-H couplings are still observable. 

The assignment of 142.2 and 133.2 ppm resonances was made by 
comparison with similar compounds. Assuming that the substituent ef- 
fects on the shifts of the aromatic carbons are additive and using the data 

reported previously (4) for the chlorine atom, the values calculated for 
the ureido group are very close to those determined for other aromatic 
ureas (5) and acetanilide (4). 

The chemical shifts of C-2, C-4, C-5, and C-6 are close to those of 2- 
amino-1,5-dihydro-l-methyl-4H-imidazol-4-one hydrochloride in 
2Hs-dimethyl sulfoxide (Table 11) (6). The ureido W-chemical shift 
(160.8 ppm) is nearer to urea (160.5 ppm) (7) than diphenylurea (152.7 
ppm) or di-p-anisylurea (153.0 ppm) (5). 
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Abstract A suspension of micronized prednisolone acetate was sep- 
arated into four fractions by the technique of centrifugal elutriation. Data 
showed that each fraction had a narrow particle size. The dissolution 
experiments were carried out under sink conditions of saturation 
concentration) in a dissolution apparatus with a rotating filter assembly 
and a continuous circulation of filtered fluid samples through a recording 
spectrophotometer. The dissolution profile was highly reproducible and 
substantially different for each fraction. As expected, fractions with the 
smallest and largest particles showed the fastest and slowest dissolution, 
respectively. Almost the entire dissolution profiles for four small particle 
size fractions can be satisfactorily described by the Higuchi-Hiestand 
model with the dissolution rate constant, K, in the range of 1.5-2.0 X 
10-9cmz/sec. This is -3.5 times greater than the value for K calculated 
on the basis of reported reasonable values for diffusion coefficient, den- 
sity, and solubility. 

Keyphrases 0 Dissolution-profiles for drug suspensions, prednisolone 
acetate, centrifugal elutriation 0 Drug suspensions-dissolution profiles, 
prednisolone acetate, centrifugal elutriation Prednisolone acetate- 
dissolution profiles for drug suspensions, centrifugal elutriation 

Dissolution models for multisized drug particles have 
been proposed and studied experimentally. However, few 
studies deal specifically with finely divided drug particles 
(micrometer range). There were notable exceptions (1,2) 
published more than a decade ago which showed approx- 
imate agreement between diffusional model theory and 

experimental data for micronized methylprednisolone 
particles. A more recent study (3) of the dissolution ki- 
netics of micronized steroid particles was unable to confirm 
the application of the diffusion-based law for the decay of 
particle size used in those earlier studies (1,2). To date, the 
relationship between diffusional-based dissolution theory 
for finely divided drug particles, and its experimental 
justification remains fragile. 

One of the reasons for the inability to relate the theory 
with experimental data may be the difficulties encountered 
in obtaining very small particles with known narrow par- 
ticle size distributions. The aforementioned studies used 
multisized drug particle populations in which the disso- 
lution kinetics for the largest and smallest particles may 
have differed. This possibility has been discussed (4) and 
an interpolation formula provided which mixes the dif- 
fusion kinetics for large and small particles. Therefore, the 
possibility of mixed models makes critical testing of a 
specific model difficult. With recent advances in centrif- 
ugal elutriation separation and particle size measurement 
techniques (5) in conjunction with the spin filter dissolu- 
tion apparatus, it has become possible to test the dissolu- 
tion models with more rigorously controlled experi- 
ments. 
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Table II--L3C-NMR Data 

Assign- 
ment 6” 

C-2 157.3 (169.5b, 156.7c) 
C-4 171.6 (188.8b, 172.OC) 
C-5 51.1 (56.4b. 54.lC) 
C-6 30.3 (30.2b; 31.2c) 

C-1’ 142.3 
C-2’ 118.1 

C-8 160.8 

C-3’ 133.2 

C-4‘ 121.5 

C-5’ 130.3 
C-6’ 117.1 

Multiplicity 

Unresolved multiplet 
Triplet, *JCH = 5 Hz 
Triplet, ~ J C H  = 147 Hz 
Quartet, ~ J C H  = 140 Hz 
Singlet 
Broad doublet, 3 J C H  = 9 Hz 
Doublet of 1:33:1 quartets 

Doublet of unresolved multiplets, 

Doublet of uartets, ‘ J C H  = 

Doublet, ‘JCH = 163 Hz 
Doublet of unresolved multiplets, 

‘JCH = 168 Hz; ‘JcH.~, 3 
3JCH.6, U ’JCH.9 5 H Z  

’JCH N 11 HZ 
168.5 Hz, ’5 JCH N 6 and 8 Hz 

‘JCH = 165 Hz 

0 Chemical shifts in parts per million relative to tetramethylsilane. * Values of 
2-amino-1,5-dihydro-l-methyl-4H-imidazol-4- one. Values for its  corresponding 
monohydrochloride. 

more, these decouplings, apart from the collapse of C-5 and methyl carbon 
resonances, have weak effects on the aromatic carbon resonances, and 
the splittings due to small C-H couplings are still observable. 

The assignment of 142.2 and 133.2 ppm resonances was made by 
comparison with similar compounds. Assuming that the substituent ef- 
fects on the shifts of the aromatic carbons are additive and using the data 

reported previously (4) for the chlorine atom, the values calculated for 
the ureido group are very close to those determined for other aromatic 
ureas (5) and acetanilide (4). 

The chemical shifts of C-2, C-4, C-5, and C-6 are close to those of 2- 
amino-1,5-dihydro-l-methyl-4H-imidazol-4-one hydrochloride in 
2Hs-dimethyl sulfoxide (Table 11) (6). The ureido W-chemical shift 
(160.8 ppm) is nearer to urea (160.5 ppm) (7) than diphenylurea (152.7 
ppm) or di-p-anisylurea (153.0 ppm) (5). 
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arated into four fractions by the technique of centrifugal elutriation. Data 
showed that each fraction had a narrow particle size. The dissolution 
experiments were carried out under sink conditions of saturation 
concentration) in a dissolution apparatus with a rotating filter assembly 
and a continuous circulation of filtered fluid samples through a recording 
spectrophotometer. The dissolution profile was highly reproducible and 
substantially different for each fraction. As expected, fractions with the 
smallest and largest particles showed the fastest and slowest dissolution, 
respectively. Almost the entire dissolution profiles for four small particle 
size fractions can be satisfactorily described by the Higuchi-Hiestand 
model with the dissolution rate constant, K, in the range of 1.5-2.0 X 
10-9cmz/sec. This is -3.5 times greater than the value for K calculated 
on the basis of reported reasonable values for diffusion coefficient, den- 
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Dissolution models for multisized drug particles have 
been proposed and studied experimentally. However, few 
studies deal specifically with finely divided drug particles 
(micrometer range). There were notable exceptions (1,2) 
published more than a decade ago which showed approx- 
imate agreement between diffusional model theory and 

experimental data for micronized methylprednisolone 
particles. A more recent study (3) of the dissolution ki- 
netics of micronized steroid particles was unable to confirm 
the application of the diffusion-based law for the decay of 
particle size used in those earlier studies (1,2). To date, the 
relationship between diffusional-based dissolution theory 
for finely divided drug particles, and its experimental 
justification remains fragile. 

One of the reasons for the inability to relate the theory 
with experimental data may be the difficulties encountered 
in obtaining very small particles with known narrow par- 
ticle size distributions. The aforementioned studies used 
multisized drug particle populations in which the disso- 
lution kinetics for the largest and smallest particles may 
have differed. This possibility has been discussed (4) and 
an interpolation formula provided which mixes the dif- 
fusion kinetics for large and small particles. Therefore, the 
possibility of mixed models makes critical testing of a 
specific model difficult. With recent advances in centrif- 
ugal elutriation separation and particle size measurement 
techniques (5) in conjunction with the spin filter dissolu- 
tion apparatus, it has become possible to test the dissolu- 
tion models with more rigorously controlled experi- 
ments. 
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EXPERIMENTAL 

Particle Separation-A previous study (5) demonstrated that cen- 
trifugal elutriation1V2 is capable of separating fractions of small particles 
with very narrow particle size distributions. In this study a 0.6% sus- 
pension of micronized prednisolone acetate in 0.9% sodium chloride so- 
lution presaturated with drug was separated into four fractions by the 
technique of centrifugal elutriation. Four fractions were obtained. Pump 
speeds of 30 and 52 ml/min and centrifuge speeds of 2000,1000, and 500 
rpm were utilized. 

Particle Sizing-An electronic particle sizing device3 with either a 
50- or 200-pm aperture tube was used for particle size analysis. An elec- 
trolyte solution4 presaturated with micronized prednisolone acetate was 
used as a vehicle. This multichannel instrument provides detailed in- 
formation about particle size distribution. The particles were classified 
and counted into one of 14 channels. The first two channels were not used. 
Almost all of the particles in each fraction were distributed over not more 
than three to four consecutive channels indicating a narrow particle size 
distribution. 

Dissolution-All dissolution experiments were carried out in an ap- 
paratus reported previously (6) which is well-suited for monitoring the 
dissolution of suspended particles. The rotating filter assembly used in 
this device provides a variable intensity of mild liquid agitation, and it 
also functions as an in situ nonclogging filter to allow continuous filtration 
of the dissolution fluid without removing the dissolving particles during 
the dissolution process. 

Model JEG, Beckman Instrument Co., Fullerton, Calif. 
Model J-21B, Beckman Instrument Co., Fullerton, Calif. 

a Model TAII. Coulter Electronics, Hialeah, Fla. 
Isoton. Coulter Diagnostics Inc., Hialeah, Fla. 

Procedure-A prednisolone acetate suspension was prepared and 
elutriated as described, and then a measured sample of each fraction was 
dissolved in water for 24 hr and assayed. The concentrations thus ob- 
tained were utilized in adjusting the suspension concentration of each 
fraction so that a 5-ml sample would allow for perfect sink conditions to 
exist in the dissolution test. 

Immediately prior to dissolution testing the sample was sized elec- 
tronically as described, and within 5 min of sizing dissolution testing was 
initiated. The dissolution experiments were initiated by injecting 5 ml 
of the desired fraction of prednisolone acetate suspension in a liter of 
distilled water. The temperature was maintained at 3 7 O  and the stirring 
speed of the filter assembly was set at 600 rpm. Filtered fluid samples 
were continuously circulated through a spectrophotometeI5 and back 
into the dissolution flask a t  the rate of 100 ml/min. The absorbance at 
247 nm was continuously recorded as a function of time. The final con- 
centration of prednisolone acetate in the dissolution medium was kept 
below 10% of saturation. 

RESULTS 

Four size fractions of prednisolone acetate were obtained, sized, and 
dissolution tested. The results were then compared to the multisize form 
of the Higuchi-Hiestand model (1). Weight fraction remaining undis- 
solved, W(F),  as a function of time, t, was calculated from the dissolution 
data in the following manner. The time scale was first corrected for the 
lag time by subtracting lag time (-15 sec), and the absorbances were 
corrected by subtracting absorbance due to dilution of the saturated 
solution (5 ml of saturated solution used in the dissolution experiment). 

Cary 118, Varian Instruments, Palo Alto, Calif. 
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Table I-Particle Size Distributions for  Fractions 1 and  2 with 
50-pm Aperture  Tube 

Table  11-Particle Size Distributions for Fractions 3 and 4 with 
200-pm Aperture  Tube  

Fraction of Total Volume, Fl 
Channel No. I Diameter, pm 1 2 

3 0.897 0.0310 0.0094 
4 1.130 0.0182 0.0045 
5 1.425 0.0298 0.0049 
6 1.795 0.0315 0.0052 
7 2.260 0.0408 0.0084 
8 2.845 0.0597 0.01 14 
9 3.585 0.1178 0.0218 

10 4.520 0.2214 0.0709 
11 5.695 0.2617 0.2373 
12 7.175 0.1375 0.3693 
13 9.040 0.0380 0.1915 
14 11.390 0.0083 0.0426 
15 14.350 0.0049 0.0062 
16 18.100 0.0026 0.0166 

After corrections, the absorbance at each time, A ( T ) ,  was divided by the 
maximum absorbance, A,,,, to obtain weight fraction dissolved a t  time, 
T ,  W(DT). Thus, W ( D T )  = A(T)/A,.. and [l - W ( D T ) ]  = W ( F ) ,  
weight fraction undissolved at time T. 

According to the Higuchi-Hiestand model for micronized range size, 
spherical particles dissolving under sink conditions by a diffusion con- 
trolled process the diameter, A, of a single particle a t  time T is given 

A ( T )  = (A;  - KT)”’ (Eq. 1) 

where A(T) is the diameter in centimeters a t  time T (sec); A” is the di- 
ameter a t  time zero; K is (81)C)/p, (cm2/sec); D is the diffusion coefficient 
for solute (5 X g/ 
cm3); and p is the density of solute (1.3 g/cm3)). 

The weight fraction, W ( F ) ,  of a particle remaining undissolved at  time 
T is: 

(Eq. 2)  

The weight fraction, W ( F ) ,  of multisized particles remaining undis- 

(Eq. 3) 

by 

cm2/sec); C is the solubility of solute (1.5 X 

W ( F )  = A(T)”/A; = [(A;- KT)/Ai]”I’ 

solved at time T is: 

W ( F )  = [ (A& - KT)/A&]”’(Fi) 

where I is the channel number corresponding to the particle size range 
on the electronic particle size measurement instrument: A01 is the initial 
diameter of particles in the I th  channel; and Fl is the fraction of the total 
volume (weight) of particles in the I th  channel. 

The dissolution rate constant, K, in the above equation was varied to 
obtain the best fit for the dissolution profile. The calculated value for 
K would be 8DC/p = 4.6 X cm2/sec. Particle size distributions based 
on volume fraction in each channel obtained from the electronic counter 
were used to generate theoretical curves for W ( F )  as a function of 
time. 

Particle size distributions of the two small particle size fractions 
(fractions 1 and 2) are presented in Table I. These data represent an 
average of results of three experiments. Fraction 1 with the smallest 
particles has a mean particle diameter of 4.9 pm. Fraction 2 consists of 
slightly larger particles with a mean particle diameter of 7.1 pm. The 
narrowness of each fraction is noteworthy. For fraction 1, over 80% of the 
population, based on volume, is located in only 6 channels (channels 
%13), and 73% is located in only 4 channels (channels 9-12). For fraction 
2, over 90% of the population, based on volume, is located in only 5 
channels (channels 10-14), and 79% is located in only 3 channels (chan- 
nels 11-13). 

Dissolution profiles for fractions 1 and 2 are given in Fig. 1, and W ( F )  
as a function of time is plotted in this figure. Each point on these graphs 
represents an average of a t  least three experiments. 

As expected, fraction 1 with smaller particles dissolves considerably 
faster than the one with larger particles. As can be seen from Fig. 1,’ almost 
the entire dissolution profile for each of the two fractions can be satis- 
factorily described by the Higuchi-Hiestand model with the dissolution 
rate constant, K, being 1.50 X cm2/sec for 
fractions 1 and 2, respectively. This is -3.5 times larger than the cal- 
culated values for K of 4.6 X 

The particle size data for fractions 3 and 4 are shown in Table 11. The 
mean for fraction 3 is 10.6 pm and the mean for fraction 4 is 13.5 pm. The 
narrowness for each fraction is again demonstrated with 86% of the 

cm2/sec and 1.85 X 

cm2/sec. 

Fraction of Total Volume, F, 
Channel No. I Diameter. um 3 4 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

3.58 
4.52 
5.69 
7.17 
9.04 

11.39 
14.35 
18.10 
22.80 
28.70 
36.15 
45.5s 
57.40 
72.32 

0.0087 
0.0168 
0.0502 
0.1549 
0.2907 
0.2780 
0.1400 
0.0395 
0.0081 
0.0071 
0.0058 
0.0000 
0.0000 
0.0000 

0.0058 
0.0103 
0.0321 
0.0690 
0.1508 
0.2473 
0.2652 
0.1565 
0.0413 
0.0059 
0.0065 
0.0046 
0.0033 
0.0013 

population for fraction 1 found in 4 channels (channels 6-9). and 82% of 
the population for fraction 2 also found in 4 channels (channels 7-10). 

Dissolution profiles for fractions 3 and 4 are presented in Fig. 2. 
Fraction 3, as anticipated, dissolved more rapidly than fraction 4. The 
dissolution profile for each fraction could be adequately described the- 
oretically with K values of 2.0 X cmz/sec for fractions 
3 and 4, respectively. However, as with fractions 1 and 2 the K values from 
the experimental data are about four times larger than the theoretical 
value of 4.6 X cm2/sec. It has been concluded from the previous data 
that the Higuchi-Hiestand model describes a relationship between 
particle size and dissolution rate but that  the K values obtained were 
approximately four times the theoretical value. 

and 1.7 X 

DISCUSSION 

It is noteworthy that the K values obtained from the dissolution pro- 
files of four distinct narrow particle size distributions of prednisolone 
acetate are very similar. This finding suggests that  particles ranging in 
average size from -5-14 pm in diameter dissolve with one mechanism 
predominating. This is in keeping with the simulated data reported (7) 
in which it was demonstrated that a narrow distribution of drug particles, 
where the smallest and largest particles in the population were 2 and 20 
pm in diameter, obeyed a single diffusional model. The suggestion that 
one mechanism predominates is further substantiated with the recog- 
nition that theory and the experimental data agree over the entire dis- 
solution profile and not just during the initial portions of the profile. 

Important to a test of this model is recognition that the shape of each 
experimental dissolution profile is very similar to the shape of the profile 
generated by the model. This observation suggests that  the model is 
physically realistic. 

While the experimental data and theory agree quite well, certain lim- 
itations must be recognized. A major finding of this study is that the 
theory cannot be used to predict actual dissolution profiles, since the 
calculated K value is -3.5-4 times greater than the theoretical one. Part 
of the discrepancy may be related to the physical-chemical data used to 
calculate the theoretical value for K. In particular, the diffusion coeffi- 
cient value is only approximate. Further, the particle size data are arti- 
ficially put into discrete distribution form by the electronic counting 
device. The resulting histogram of particle sizes may not exactly represent 
the underlying distribution. However, the K value calculated in con- 
nection with Eq. 3 is dependent on the fraction of the total weight of 
particles in any particular channel. 

As previously mentioned (2), the theory assumes that the particles are 
spheres, and a shape factor may account to some extent for the difference 
between the calculated and theoretical value for K. However, it is not 
expected that inclusion of a shape factor would correct for the magnitude 
of differences found in this study. 

One other reason for the discrepancy may be related to a fundamental 
property of the diffusion-based model. The differential equation for the 
steady-state form of the model as previously used (I) is: 

drn - -DACA 
dt a 

(Eq. 4) 

where rn is the weight of a solid particle, a is the particle radius at time 
t ,  and A is the area ( 4 ~ ~ 2 ) .  Thus, one can see the similarity between this 
expression and the commonly used form of Fick’s first law, with the 
particle radius, a ,  replacing h as the apparent diffusion layer thickness. 
If the value for the diffusion layer thickness was changed, albeit arbi- 
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Figure 2-Dissolution profiles for third and fourth prednisolone acetate fractions. Key: (0) experimental values for fraction 3, solid line calculated 
from theory with K = 2.0 X cm2/ 
set .  

cm2/sec; (0) experimental values for fraction 4,  solid line calculated from theory with K = 1.7 X 

trarily, then the value for K calculated from the experimental data set 
could easily be rationalized. Unfortunately, an arbitrarily chosen pro- 
portionality constant does not provide any mechanistic insight. 

The fact that the calculated value for K is greater than the theoretical 
one poses a question as to whether or not the diffusion layer thickness 
for small particles is a function of stirring. While this relationship is not 
predicted from convective diffusion theory for particles in the size range 
in this study (7), experimental verification of the actual hydrodynamic 
effects remains untested. 

In summary, excellent correlation exists between a diffusion-based 
dissolution model and the experimental dissolution profiles for four 
narrow distributions of prednisolone acetate particles. I t  is noteworthy 
that the correlation exists over the entire dissolution profile. Similar rate 
constants, K ,  were used to fit the dissolution profile for each prednisolone 
acetate fraction, indicating a similar dissolution mechanism for each 
particle size distribution. The rate constants used to fit the experimental 

data are -3-4 times greater than the theoretical rate constant calculated 
using independently determined or calculated values for the solute dif- 
fusion coefficient, solubility, and density. 
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Abstract  0 A high-performance liquid chromatographic method for 
determining the concentration of mononitroglycerins and dinitroglycerins 
in the commonly used pharmaceutical raw material nitroglycerin (10% 
w/w) on lactose USP is presented. A coefficient of variation of <5% for 
the partially nitrated glycerins was achieved over the range examined 
(0-4.0 pg/mg). Thirteen lots of raw material were examined and found 
to contain a total of <0.13% w/w partially nitrated glycerins. A variable 
wavelength detector (A = 218 nm) and a microphenyl column were em- 
ployed. The mobile phase was acetonitrile-water (36:64) pumped at 2 
ml/min. The internal standard was isosorbide dinitrate. Total analysis 
time was 12 min. 

Keyphrases a High-performance liquid chromatography-assay for 
partially nitrated glycerins in nitroglycerin 0 Nitroglycerin-high-per- 
formance liquid chromatographic assay for partially nitrated glycerins 

Glycerin-partially nitrated, high-performance liquid chromato- 
graphic assay for nitroglycerin 

Nitroglycerin has been used orally and topically for 
many years for the treatment of angina pectoris. Recently, 
research has led to several new indications for nitroglyc- 
erin, all of which take advantage of the benefits of intra- 
venous administration (1-3). The increase in the use of 
intravenous administration of nitroglycerin has prompted 
the FDA to seek additional data on the stability and purity 
of the raw materials used in the manufacture of drugs. To 
supply this data, a rapid and accurate assay for the par- 
tially nitrated glycerins (1,2-dinitroglycerin, 1,3-dinitro- 
glycerin, 1 -mononitroglycerin, and 2-mononitroglycerin) 
in nitroglycerin is needed. 

BACKGROUND 

Nitroglycerin is the triester of nitric acid and glycerol and is synthesized 
from glycerol and nitric acid using sulfuric acid as a catalyst. The addition 
of the nitro groups presumably proceeds in a stepwise manner. Metab- 
olism and the nonexplosive chemical degradation occur by an opposite 
process-a stepwise loss of nitro groups. Partial completion of any of 
these processes would result in the contamination of nitroglycerin with 
partially nitrated glycerins (Scheme I). 

Another potential source of partially nitrated glycerins in nitroglycerin 
is contamination. Most of the nitroglycerin made is intended for use as 
explosives. Pharmaceutical nitroglycerin is a small proportion of the 
production. Several explosive mixtures contain significant quantities of 
partially nitrated glycerins by design, and since they are made by the 
same manufacturer as the nitroglycerin intended for pharmaceutical use, 
the potential for cross contamination exists. 

There are two widely used colorimetric methods for quantitating ni- 
troglycerin which can be made stability indicating (4,5). One is the basis 
for compendia1 monographs (4). However, the colorimetric methods and 
a published kinetic assay (6) do not allow the direct quantitation of 
partially nitrated glycerins. 

Gas chromatographic (GC) and high-performance liquid chromato- 
graphic (HPLC) methods offer the potential to quantitate the partially 
nitrated glycerins in nitroglycerin. However, all GC methods require a 
tedious extraction into an organic phase (7-13), and only two have been 
employed for dosage-form types of solutions (7,13), while the rest were 
designed for blood level assays. The HPLC methods are faster since they 

do not employ an extraction step (14-17). Of all the chromatographic 
methods only four demonstrate the potential quantitation of partially 
nitrated glycerins (12-15) and none specifically do so. 

A sensitive HPLC method is described here that specifically allows the 
rapid direct quantitation of partially nitrated glycerins in nitroglycerin 
raw materials. 

EXPERIMENTAL 

Materials-Nitroglycerin' (10% w/w on lactose, USP) and isosorbide 
dinitrate2 (25% w/w on lactose) were used as received. 1,2-Dinitroglycerin 
(10% w/w on lactose), 1,3-dinitroglycerin (10% w/w on lactose), 1- 
mononitroglycerin, and 2-mononitroglycerin were synthesized using 
literature methods (18). All standards were calibrated by the USP 
phenoldisulfonic acid assay for nitroglycerin (19). Glass-distilled aceto- 
nitrile and methanol were used for all procedures3. Purified water was 
further purified4 prior to use. 

Instrumentation-The liquid chromatographic system consisted of 
a solvent pumping system5, an automatic fixed-loop sample injector6, 
a variable wavelength detector7, and a 10-mv recordefi. A 30 cm X 3.9-mm 
column packed with alkylphenyl-bonded silica gel9 (10 pm), a detector 
wavelength of 218 nm (AUFS = 0.05), and a chart speed of 20 c m h r  were 
employed. Sample injections of 100 p1 were used. 

Mobile Phase-Approximately 1 liter of mobile phase was prepared 
fresh daily by thoroughly mixing 360 ml of acetonitrile and 640 ml of 
water. The mobile phase was always filtered through a 0.5-pm filter" prior 
to use. The mobile phase was pumped at a constant rate of 2 ml/min 
which yielded a pressure of <2000 psi. 

Standard Curve-Stock standard solutions were prepared by 
transferring an accurately weighed sample of partially nitrated glycerin 
equivalent to 25 mg of active ingredient to a 50-ml volumetric flask. They 
were then dissolved in 5 ml of alcohol (USP) and brought to volume with 
water. 

Working standard concentrations of -20,10,5, and 2.5 pg/ml in both 
a mononitroglycerin and a dinitroglycerin were prepared from the stock 
standards by diluting in water 2-mononitroglycerin (or l-mononitrog- 
lycerin) stock standard solution and 1.2-dinitroglycerin (or 1,3-dinitro- 
glycerin) stock standard solution. 

An accurately weighed sample of isosorbide dinitrate (25% w/w on 
lactose) of 500 mg was placed into a 250-ml volumetric flask, dissolved 
in 25 ml of alcohol and swirled for 5 min. It was brought to volume with 
water and mixed well. Ten milliliters of this solution was diluted to  100 
ml to yield a final concentration of 50 pg/ml. 

An accurately weighed sample of nitroglycerin (10% w/w on lactose), 
equivalent to 50 mg of active ingredient, was placed in a 100-ml volu- 
metric flask, dissolved in 10 ml of alcohol, and brought to volume with 
water. 

To 1.0 ml of each standard or sample was added 500 p1 of isosorbide 
dinitrate (50 pg/ml) internal standard. Each solution was vortexed'O for 
5 sec and chromatographed. Peak heights for the partially nitrated 
glycerins and isosorbide dinitrate were measured manually. The peak 
areas were measured by a laboratory data system". The peak area ratios 

* ICI Americas, Wilmineton. Del. * Napp Chemicals, Inc.,-Lodi, N.J. 
Burdick and Jackson, Muskegon, Mich.. or J. T. Baker, Phillipsburg, N.J. 
Millipore Corp.. Bedford, Mass. 
System 2/2. Perkin-Elmer Corp., Norwalk, Conn. 
Model 420 Perkin-Elmer Corp., Norwalk, Conn. 
LC-55B. Perkin-Elmer Corp., Norwalk, Conn. 
Model 023, Perkin-Elmer Corp., Norwalk, Conn. 
pBondapak Phenyl. Waters Associates, Milford, Mass. 

Model 3354, Hewlett-Packard Corp., Avondale, Pa. 
lo Vortex Genie Mixer, American Scientific Products. McGaw Park, Ill. 
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Scheme I 

were then plotted uersus concentration to yield a calibration curve. 
Identical results were obtained using peak height ratios. 

RESULTS AND DISCUSSION 

The direct quantitation of the partially nitrated glycerins in nitro- 
glycerin (10% w/w on lactose) is reported for the first time. It is based on 
a modification of an HPLC procedure for nitroglycerin which has been 
used successfully for over 3 years on almost 10,OOO samples (14). Alcohol 
has been used to speed the dissolution of the various nitrates but is not 
required. 

This procedure does not resolve the dinitroglycerins from one another, 
nor does it resolve the mononitroglycerins from one another. For the 
purpose of quantitating partially nitrated glycerins in nitroglycerin raw 
material the resolution of the isomers is unnecessary. It was demonstrated 
that not only do the pairs of isomers coelute, but they yield superim- 
posable calibration lines. Thus, i t  is simpler and more practical to 
quantitate the isomers employing only one mononitroglycerin and one 
dinitroglycerin standard. Chromatograms illustrating the obtainable 
separations are shown in Fig. 1. 

The described procedure, using 1 ml of sample or standard and 0.5 ml 
of internal standard, allows an accurate assay of partially nitrated glyc- 

A 

-I- 
- 

B 

- I l l l b  
0 3 6 9  0 3 6 9 1 2  

Figure 1-A-Typical chromatogram of a partially nitrated glycerin 
standard. Combined partially nitrated glycerin concentration equal 
to 4 . 6 %  w/w in raw material. Key: (1) mononitroglycerinspeak of 14.15 
pg/ml; (2) dinitroglycerins peak of 16.40 pglml; (3) isosorbide dinitrate. 
B-Typical chromatogram of a nitroglycerin on lactose raw material 
sample. No mononitroglycerins detected. Key: (2) dinitroglycerins peak 
of -0.1 % w/w in raw material; (3) isosorbide dinitrate; (4) trinitrogly- 
cerin. 

Table  I-Levels of Partially Nitrated Glycerins a 

Mononitroglycerins, Dinitroglycerins, 
% w/w in '70 w/w in 

Lot SamDleb Samole 

A 
B 
C 
D 
E 
F 
G 
H 

0.12 
0.10 
0.10 
0.11 
0.11 
0.08 
0.09 
0.09 

I 0 0.08 
J 0 0.08 
K 0 0.07 
L 0 0.09 
M 0 0.09 

Thirteen lots of nitroglycerin (10% w/w on lactose), raw material in percent. * 0 = < 0.001%. 

erins over the concentration range commonly encountered in nitroglyc- 
erin raw materials (0.0-4.0 pg/mg). It is possible to detect the partially 
nitrated glycerins down to a level of 0.02 pg/mg by using the maximum 
detector sensitivity of AUFS 0.002. Even greater sensitivities are theo- 
retically achievable using greater sample sizes or an extraction, but were 
not required for this study. 

Accuracy and Precision-Four replicate, partially nitrated glycerin 
standards (20, 10,5, and 2.5 pglml) were chromatographed. A correlation 
coefficient of >0.99 was consistently obtained for both partially nitrated 
glycerins, as was a coefficient of variation of <3% for the dinitroglycerins 
and 5% for the mononitroglycerins. Finally, accuracy for the mono- and 
dinitroglycerins of >95 and 98%, respectively, were found. 

Applicability-The method has been applied to nitroglycerin in al- 
cohol, nitroglycerin in propylene glycol (USP), and nitroglycerin (10% 
w/w on lactose). The practicality of the method was demonstrated by the 
analysis of 13 lots of nitroglycerin triturate (Table I). In all instances the 
level of mononitroglycerins was zero. Under the conditions of the ex- 
periment this was equivalent to <0.05 pg/ml in the assay solution or 
0.001% w/w in the raw material. The dinitroglycerins were present at 
levels of <0.15% (w/w) in all samples, even after storage at  room tem- 
perature for 4 years. 
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Abstract  The separation and simultaneous determination, by high- 
performance liquid chromatography, of acetaminophen ( I ) ,  guaifenesin 
(11). pseudoephedrine hydrochloride (III), and pholcodine (IV), together 
with a series of parabens (methyl to butyl, V-VIII) in a cough mixture, 
has been demonstrated using a chemically bonded octadecylsilane sta- 
tionary phase with a mobile phase of methanol-water-acetic acid (45: 
552)  containing the ion-pairing agent octanesulfonic acid. Retention 
volumes for the active ingredients were 3.8 ml, 5.4 ml, 9.4 ml, and 15.6 
ml for compounds I-IV, respectively. Corrected retention volumes for 
the parabens 15.4 ml for methyl (V), 9.6 ml for ethyl (VI). 18.5 ml for 
propyl (VII), and 37.9 ml for butyl (VIII)] showed an exponential rela- 
tionship with chain length of the esterifying alcohols. Excipients did not 
interfere with the estimation of any of the compounds, hence pretreat- 
ment of the sample was unnecessary. Average recoveries of the active 
ingredients and of the parabens from laboratory prepared samples were 
essentially 100% of theoretical with standard deviations of 1.7,0.3, 1.5, 
0.3,0.3, 3.3.0.7, and 2.7% for I-VIII, respectively. 

Keyphrases 0 Acetaminophen-simultaneous determination of guai- 
fenesin, pseudoephedrine, pholcodine, and paraben preservatives in 
cough mixture by high-performance liquid chromatography o Pseudo- 
ephedrine-simultaneous determination of acetaminophen, guaifenesin, 
pholcodine, and paraben in preservatives in cough mixture by high- 
performance liquid chromatography Paraben-simultaneous deter- 
mination of acetaminophen, guaifenesin, pseudoephedrine, and phol- 
codine in preservatives in cough mixture by high-performance liquid 
chromatography 0 High-performance liquid chromatography-simul- 
taneous determination of acetaminophen, guaifenesin, pseudoephedrine, 
pholcodine, and paraben preservatives in cough mixture 

High-performance liquid chromatography (HPLC) has 
become a powerful tool for the analysis of pharmaceutical 
products. Mixtures used for the treatment of coughs and 
colds may be complexes containing several active ingre- 
dients including a decongestant, an antihistamine, fre- 
quently an analgesic, preservatives, dyes, and flavors. The 
active materials cover a range of structures with widely 
varying polarities and include both acidic and basic com- 
pounds. 

A number of conventional methods have been applied 
to the present series. Pholcodine has been estimated by UV 
spectrophotometry following separation by TLC and col- 
orimetry (1,2). Pseudoephedrine and acetaminophen have 
been determined spectrophotometrically (3, 4) and by 
GLC (-56). Guaifenesin has been determined in pharma- 
ceutical preparations by GLC (7,8). The parabens may be 

assayed by GLC (9) or by UV spectroscopy following 
sample clean-up by column chromatography (10). 

Spectrophotometric, GLC, or methods requiring TLC 
separation when applied to samples such as cough mix- 
tures can be lengthy and/or subject to interferences by the 
matrix of the sample, and they are generally not suitable 
for simultaneous assay. The simultaneous assay of the 
drugs and preservatives described in this report cannot be 
achieved by any of the techniques mentioned here. 

The application of HPLC procedures to various com- 
binations of drugs and parabens has been reported (11-19), 
and some attention has been given to the effect of carbon 
chain length of the alkylsulfonic acid ion-pairing agents 
on retention times of several drugs (20,21). The effect of 
chain length on resolution of mixtures of materials with 
varying polarity was tested, and a procedure was developed 
by which eight components, four active materials and four 
preservatives, may be determined with one injection. 

EXPERIMENTAL 

Materials-All active ingredients and paraben preservatives were of 
BP  quality except guaifenesin which conformed to BPC standard. All 
were used without further purification. 

Mobile Phase-The mobile phase, methanol1-water-glacial acetic 
acid (45:55:2) containing 0.005 M octanesulfonic acid2, was filtered 
through a 0.45-pm filter1. The flow rate was 2.5 ml/min. 

Instrumentation-The liquid chromatograph consisted of a constant 
flow pump4, a low-pressure injectd,  a dual channel absorbance detectorfi 
set at  254 and 280 nm, and a 30-cm X 4-mm i.d. octadecylsilane column7. 
Outputs from the 280-H and 254-nm9 channels were quantitated. Separate 
monitoring a t  254 nm was required for pseudoephedrine which is not 
detected on the 280-nm channel. 

Standard Solutions-The stock solution of analytes in methanol 
contained 25.00,5.00,5.00,0.75,0.61,0.20,0.33, and 0.20 mg/ml of I-VIII, 
respectively. Aliquots (2,3,4,5,6,  and 7 ml) of this solution were diluted 
tu 100 ml with water and filtered through a 0.45-pn filterlo. A calibration 

Methanol BDH. redistilled in glass. 
PIC 9 8 ,  Waters Associates, Milford, Mass. 
Millipore Type FH organic. 
Model 6 W A .  Waters Associates, Milford, Mass. 
Model U6K, Waters Associates, Milford, Mass. 
Model 440. Waters Associates, Milford, Mass. 

Data Module, Waters Associates, Milford, Mass. 
Varian CDS I11 integrator. 

lo Millipore Type HA aqueous. 

’ p-Bondapak C-18, Waters Associates, Milford, Mass. 
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(18) I. Dunstan, J. V. Griffths, and S. A. Harvey, J. Chem. Soc.. 1965, 
1319. 
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XV,” US. Pharmacopeial Convention, Inc., Rockville, Md., 1980, p. 
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Table I-Percent Recovery of Compounds I-IV from Prepared 
Mixtures 

Table  11-Percent Recovery of Compounds V-VIII from 
Prepared Mixtures 

Amount 
added as Pseudo- 

Percent of Acetamino- Guaifen- ephedrine Pholco- 
Theoret- phen esin Hydrochlo- dine 

ical (1) (11) ride (111) (IV) 

80 103.8 98.5 96.4 100.0 
100 99.7 98.5 98.7 99.3 
120 100.9 99.1 99.9 99.9 
Mean 101.5 98.7 98.3 99.7 
SD 2.1 0.3 1.8 0.4 

curve for each compound was prepared from triplicate, 2O-pl injections 
of these solutions. 

Quantitation of t he  Actives and  Preservatives in Synthetic and  
Commercial Cough Mixtures-For the determination of recoveries, 
small laboratory batches of a cough mixture were prepared containing 
80,100, and 120% of the theoretical amount of each of the active ingre- 
dients and the four parabens: 500.0,100.0, 30.0, 15.0,13.4,4.0,6.6, and 
4.0 mg of I-VIII/20 ml, respectively. 

A control sample containing all ingredients except the actives and 
parabens was also prepared. Sample analysis was carried out by diluting 
5-100 ml with water and filtering through a 0.45-pm filter. 

Duplicate, 2 0 - 4  injections were made of each filtered sample solution 
and the results were calculated by reference to a standard containing the 
theoretical sample concentration. The response of the standard was de- 
termined by making four replicate injections, two before and two after 
the samples were run. 

Commercial mixtures were assayed by diluting 5-100 ml with water, 
filtering with a 0.45-pm filter, and injecting 20 pl. The results were cal- 
culated by reference to a single standard containing the theoretical 
sample level of actives and preservatives. 

RESULTS 

A typical chromatogram from a cough syrup prepared with the four 
actives and the four preservatives is shown in Fig. 1. Detector response 
was linear for all eight compounds between 40 and 14w0 of the theoretical 
sample level. Deviations of points from linearity for compounds I-VIII 
were 53.9%. 

PreDaration of the control s amde  (i.e., without I-VIII) permitted 
checking on the possibility of the presence of interfering peaks. The re- 
sults of the recoveries, shown in Tables I and 11, indicate satisfactory 
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Figure 1-High-performance liquid chromatogram of a cough prepa- 
ration. Peaks I-Vlll are acetaminophen, guuifenesin, pseudoephedrine 
hydrochloride, pholcodine, methyl-butyl paraben, respectively. 

Amount 
added as Methyl Ethyl Propyl Butyl 

Percent of Paraben Paraben Paraben Paraben 
Theoretical (V) (VI) W I )  (VIII)  

80 99.3 103.1 99.4 105.0 
100 99.3 98.0 100.2 100.0 
120 99.9 104.2 98.5 104.2 
Mean 99.5 101.8 99.4 103.1 
SD 0.3 3.3 0.9 2.7 

method precision and accuracy, the highest standard deviation for the 
recovery of any one compound being 3.3% and the average recoveries lor 
all eight compounds lying within the range of 98.3-103.1%. 

A result emerging coincidentally from this work was the determination 
of the structure-retention volume relationship for the parabens. A plot 
of corrected retention volume versus chain length of the esterifying al- 
cohol shows the exponential type relationship which reduces to a semilog 
linear plot (Fig. 2). 

The overall accuracy was evaluated by making a single injection of each 
of nine commercial preparations of known composition and calculating 
the results by comparison with nine replicate injections of a single stan- 
dard solution (Table 111). 

DISCUSSION 

The simultaneous analysis of this group of compounds presented 
several problems. The difference in polarity between I and VIII rendered 
separation of I-VI difficult, if VII and VIII were to be eluted within a 
reasonable time. The large differences in detector response and con- 
centration between acetaminophen and the other components restricted 
the amount of sample that could be injected without overloading the 
detector on both channels. Even a t  the concentration described, maxi- 
mum absorbance of acetaminophen on the 280-nm channel approaches 
2.0. However, this concentration was necessary in order to obtain quan- 
tifiable peaks for pseudoephedrine and pholcodine. Difficulties were 
encountered because there were three classes of compounds [acidic (I), 
basic (111, IV) and nonpolar (11, V-VIII)] undergoing analysis simulta- 
neously. Ideally, two types of chromatography would be required to 
achieve the desired separation: reverse-phase with ion-pairing reagents 
for acidic and basic compounds and ordinary reverse-phase for nonpolar 
compounds. An alkylsulfonic acid was added to the mobile phase to ob- 
tain retention and separation of the two basic compounds (111 and IV) 
present in the mixture. The acetaminophen elutes close to the solvent 
front but does not suffer from interference by coeluting impurities from 
the sample matrix. 

I I I I 
1 2 3 4 

Figure 2-Carbon chain length of esterifying alcohol of parabens. 
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Table 111-Typical Assay Results of Commercial Preparat ions 

Pseudoephedrine 

Sample" (1) (11) (111) (IV) (VI) (VII) 
Acetaminophen Guaifenesin Hydrochloride Pholcodine Methyl Paraben Propyl Paraben 

1 100.0 100.1 100.3 100.0 101.5 101.2 
2 102.4 98.8 99.2 98.3 100.0 101.8 
3 98.9 98.5 101.0 99.5 100.5 97.3 
4 100.0 97.0 98.2 101.1 97.7 98.5 

Mean 
Recovery 

100.fi 98.1 100.0 100.6 99.2 99.9 
SD' 1.5 1.6 1.5 2.3 1.8 2.1 

Recoveries expressed as percent of theoretical. * Calculated from nine replicates. Standard deviations of a single determination calculated from nine replicates. 

Initially hexanesulfonic acid" was chosen with a water-methanol ratio 
of 70:30, but this resulted not only in a long retention time for VIII, as 
its retention is not dependent on the ion-pairing agent, but also gave a 
poor separation of 111 and V. By using octanesulfonic acid as the ion- 
pairing agent and changing the water-methanol-acetic acid ratio of the 
mobile phase to 55:452, a satisfactory separation was achieved. Addition 
of acetic acid reduced tailing of 111 and peak broadening of IV. 

The analytical results demonstrate the ability of ion-pair reverse-phase 
HPLC to simultaneously assay four actives and four paraben preserva- 
tives. A particular advantage of the method is the minimum time required 
for sample preparation and analysis of the complete separation requiring 
only 18 min. The method has been successfully used on a routine basis 
for over 6 months. Special column clean-up procedures have not been 
required during this time and no significant loss of column performance 
has been observed. 
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ates, N-(2-dialkylaminoethyl)benzo[b]thiophene-3-carboxamides, 2- 
dialkylaminoethyl benzo[ b] thiophene-3-carbamates, and substituted 
ureas with benzo[b]thiophene moiety, were prepared and tested for local 
anesthetic, anticholinergic, and antihistaminic activities. Several of the 
compounds showed significant activity 
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Many of the clinically active local anesthetics are di- 
alkylaminoalkyl esters and dialkylaminoalkylamides of 
carboxylic acids (I). Some dialkylaminoalkylesters of 2- 

or 3-benzo[b] thiophenecarboxylic acid have been reported 
to have hypotensive, antiviral, and antifungal activities (2), 
as have some benzo[b]thiophene-2-carboxamides (3). It 
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and antihistaminic activity 0 Anesthetics, local-synthesis and phar- 
macological activity of benzo[ b] thiophene-3-carboxylic acid derivatives 
0 Anticholinergics-synthesis and pharmacological activity of ben- 
ZO[ b] thiophene-3-carboxylic acid derivatives Antihistamines-syn- 
thesis and pharmacological activity of benzo[b] thiophene-3-carboxylic 
acid derivatives 

Many of the clinically active local anesthetics are di- 
alkylaminoalkyl esters and dialkylaminoalkylamides of 
carboxylic acids (I). Some dialkylaminoalkylesters of 2- 

or 3-benzo[b] thiophenecarboxylic acid have been reported 
to have hypotensive, antiviral, and antifungal activities (2), 
as have some benzo[b]thiophene-2-carboxamides (3). It 
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Table  I-Physical Constants of 2-Diaikylaminoethyl Benzo[ b]thiophene-3-carboxylates 

Yield, Melting Analysis, % 
Compound R1 RP R3 % Point" Formula Calc. Found 

85 131-132" Cl:3H1&1N0&3 C 54.64 54.58 IIIa H CH3 CH3 

IIIb H C2H.s CZH5 90 151-152' C I ~ H ~ O C ~ N O ~ S  C 57.42 57.35 

H 5.60 5.76 
N 4.90 5.08 

H 6.38 6.19 
N 4.47 4.65 

IIIC H n-C4Hg n-C4H9 80 101-102° ClgH2&1N02S C 61.71 61.90 
H 7.58 7.76 
N 3.79 3.96 

CHzCtiHs 80 194-195" CIgH2&1NOzS C 63.07 62.91 
H 5.53 5.35 
N 3.87 4.05 

IIIe H -(CH2-CHz)20 70 198-1990 C I~H~&INO:$ C 54.96 55.09 
H 5.50 5.75 
N 4.27 4.45 

70 170-17 1 ' C15HzoClN02S C 57.42 57.26 
H 6.38 6.57 

IIIf CH3 CH3 CH3 

N 4.47 4.65 

IIId H CH3 

0 All compounds were crystallized as hydrochlorides and the recrystallization solvent was ethanol-ethyl acetate. b IR, NMR, and mass spectra of all compounds were 
consistent with the structural assignment. 

Table  11-Physical Constants of N-(2-Dialkylaminoethyl)benzo[ b]thiophene-3-carboxamides 

Yield, Melting Analysis, % 
Compound R % Pointn Formulab Calc. Found 

IVa CH3 70. 134-135O C13H17ClN20S c 54.83 54.95 
6.05 H 5.98 

N 9.84 9.98 
IVb CZH5 65 78-79' C15HZiClNzOS C 57.60 57.76 

H 6.72 6.91 
N 8.96 8.79 

IVC -(CHz)zO(CHz)2- 75 176-177O Cdi&lNzOzS  C 55.13 55.01 
H 5.82 5.95 
N 8.58 8.73 

V 70 235-236O C14H17ClNzOS C 56.66 56.49 
H 5.73 5.54 
N 9.44 9.62 

All compounds were crystallized as hydrochlorides and the recrystallization solvent was ethanol-ethyl acetate. IR, NMR, and mass spectra of all compounds were 
consistent with the structural assignment. 

has been demonstrated that some dialkylaminoalkylesters 
and dialkylaminoalkylamides of benzo[b] thiophene-2- 
carboxylic acid have local anesthetic activity (4). Recently, 
antibacterial and antifungal activities of alkyl and poly- 
halophenyl esters of benzo[b] thiophene-3-carbamic acid 
have been reported (5). 

In a continuing effort to find a potent pharmacologically 
active compound with low toxicity (6), a series of dialk- 
ylaminoethyl benzo[b]thiophene-3-carboxylates, N-(2 -  
dialkylaminoethyl)benzo[b]thiophene-3-carboxamide, 2- 
dialkylaminoethyl benzo[b]thiophene-3-carbamates, and 
substituted ureas with the benzo[b]thiophene moiety were 
prepared and the efficacy was determined. 

DISCUSSION 

Chemistry-Dialkylaminoethyl benzo[b]thiophene-3-carboxylates 
were synthesized using readily available benzo[ b] thiophene-3-carboxylic 
acid (I) (5). Reaction of I with thionyl chloride and the subsequent re- 
action of the acyl halide with dialkylaminoethanol gave the desired 
compound 111 (Scheme I). 

Ben201 b]thiophene-3-carboxamide derivatives (IV or V )  were obtained 
through the reaction of benzo[b]thiophene-3-carbonyl chloride (11) with 
2-dialkylarninoethylamine or N-methylpiperazine (Scheme I). 

2-Dialkylaminoethyl benzo[b]thiophene-3-carbamates (VII) were 
prepared through the reaction of benzo[b]thiophene-3-carboxazide (VI) 
(5) with 2-dialkylaminoethanol (Scheme 11). 

Substituted weas with the benzo[b]thiophene moiety (VIII or IX) were 
obtained through the reaction of VI with a dialkylarninoalkylamine or 
N-methylpiperazine (Scheme 11). 

The physical data for the prepared compounds are summarized in 
Tables I-IV. 

I II 

m 

7 
\R 

CONHCH,CH,N 
HzNCH*CH, dR QJ-J 

rv 
1 1 +  or - or 

'R 

0 

H N 3 - m  " I P  wc- 
V 

Scheme I 
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Table 111-Physical Constants of 2-Dialkylaminoethyl Benzo[ blthiophene-3-carbamates 

Compound K1 R" 
Yield, Melting 

R3 %, Point a Formula" 
Analysis, '70 

Calc. Found 
~ 

VIIa H CHs CHa 78 174-1'75O Cl3HI7ClN202S c 51.91 52.10 
H 5.66 5.47 
N 9.32 9.51 

VIIb H C2Hs C2Hs 75 155- 156' C I ~ H ~ I C I N ~ O ~ S  c 54.79 54.96 
H 6.39 6.58 
N 8.52 8.71 

VIIc H n-C4Hg n -CJHg 70 140-141' C19H2gCINzOzS C 59.30 59.15 
H 7.54 7.36 
N 7.28 7.11 

VIId H -(CHz-CH2)20 75 161-162' CisH igClN203S C 52.55 52.73 
H 5.55 5.71 
N 8.18 8.06 

CHa 80 194- 195' C I ~ H Z I C ~ N ~ O ~ S  C 54.79 54.61 
H 6.39 6.54 
N 8.52 8.34 

VIIe CH3 CH3 

0 All compounds were crystallized as hydrochlorides and the recrystallization solvent was ethanol-ethyl acetate. IR, NMR, and mass spectra of all compounds were 
consistent with the structural assignments. 

Pharmacological Assay-The compounds listed in Tables I-IV were 
screened for surface anesthetic, anticholinergic, and antihistaminic ac- 
tivities. For surface anesthetic activity, a rabbit conjunctival sac was kept 
filled with the aqueous solution of the hydrochloric salt of the compounds 
for 60 sec. The cornea was tested once every minute, and the duration 
of anesthesia was followed for 18 min. Lidocaine hydrochloride was used 
for comparison. The results are presented in Table V. 

Compounds IIIe, IIlf, IVb, and VlIId were the most potent. The LDm 
values of compounds IIIe, Ill/, and IVb in mice, estimated by the moving 
average method (7), were 424.7 (395.9455.6), 274.2 (255.2-294.83, and 
179.5 (158.3-204.2) mg/kg, respectively, when injected intraperitoneally. 

VII 

NHCONH+CH~);;--N' 

'R2 

m 
n = 2,3 

o r  

0 

NH-C- II C N - C € 1 3  

M 
Scheme I1 

Apart from transient irritation, no conjunctival intolerance or corneal 
opalescene was observed 24 and 48 hr and 1 week after drug applica- 
tion. 

Anticholinergic and antihistaminic activities were tested on isolated 
guinea pig ileum. The results are presented in Table V. 

Compounds IIIa, HI/, IVb, VIIc, and VIIId were the most potent as 
anticholinergics; and compounds IIIa, V, VIIc, and VIIId were the most 
potent as antihistamines. 

EXPERIMENTALL 
Benzo[ b]thiophene-3-carbonyl Chloride (11)-A mixture of the 

acid, I (17.8 g, 0.1 mole), and thionyl chloride (35 ml) was refluxed for 4 
hr. Excess thionyl chloride was removed under reduced pressure, and the 
residue was fractionated to give 17.7 g (90%) of the desired compound, 
bp 149-150'; 4 mm Hg [lit. (11) bp 296-298", 758 mm Hg]. 

Anal.-Calc. for C~HSCIOS: C, 54.96; H, 2.54. Found: C, 55.07; H, 
2.39. 

2-Dimethylaminoethyl Benzo[b]thiophene-3-carboxylate 
(1IIa)-A solution of 2-dimethylaminoethanol (0.89 g, 0.01 mole) and 
I1 (1.965 g, 0.01 mole) in 20 ml of dry benzene was refluxed for 4 hr. The 
solvent was evaporated, and the residue was crystallized from ethanol- 
ethyl acetate to give IIIa (2.43 g, 8874, mp 131-132'; IR (potassium 
bromide): 1710 and 1195 (ester) cm-'; NMR (deuterochloroform, as free 
base): 8.67 (m, lH, H4), 8.43 (s, lH,  Hz). 7.90 (m, IH, aromatic), 7.50 (m, 
2H, aromatic), 4.47 (t, 2H, OCHz), 2.73 (t, 2H, CHzN), and 2.33 (s, 6H, 
NCH3) ppm; mlz 249. 

Compounds IIIb-f were prepared similarly (Table I). 
N - (2 - Dimethylaminoethyl)beenzo[ b]thiophene-3-carboxamide 

(1Va)-A solution of I1 (1.965 g, 0.01 mole) and 2-dimeth- 
ylaminoethylamine (0.88 g, 0.01 mole) in 30 ml of dry benzene was re- 
fluxed for 2 hr. The solvent was evaporated and the residue was crystal- 
lized from ethanol-ethyl acetate to give IVQ (1.74 g, 70%), mp 134-135'; 
IR (potassium bromide): 3260 (NH) and 1640 (amide) cm-l; NMR 
(deuterochloroform, as free base): 8.45 (m, lH ,  H4), 7.95 (9, lH,  Hz), 7.86 
(m, lH,  aromatic), 7.45 (m, 2H, aromatic), 6.96 (bs, lH,  NH), 3.56 (q, 2H, 
CONCHz), 2.46 (q, 2H, CHzN), and 1.26 (s, 6H, NCH3) ppm; m h  248. 

Compounds IVb, IVc, and V were prepared similarly (Table 11). 
2-Dimethylaminoethyl Benzo[ blthiophene-3-carbamate 

(VI1a)-A solution of benzo[b]thiophene-3-carboxazide (VI, 2.03 g, 0.01 
mole) (5) in 20 ml of dry benzene was refluxed for 2 hr, 2-dimethylami- 
noethanol (0.89 g, 0.01 mole) was added, and reflux was continued for an 
additional 2 hr. The solvent was evaporated and the residue was crys- 
tallized as a hydrochloride from ethanol-ethyl acetate to give VIIa (2.34 
g, 78%), mp 174-175'; IR (potassium bromide): 3180 (NH), 1710 (car- 
bonyl) cm-'; NMR (deuterochloroform, as free base): 8.06-7.40 (m, 6H, 
aromatic and NH), 4.42 (t, 2H, OCHz), 2.70 (t, 2H, CHzN), and 2.36 (s, 
6H, NCH3) ppm; m/z 264. 

Compounds VIIb-e were prepared similarly (Table 111). 
N1-(Dimethylaminoethyl) - NJ - (benzo[ blthiophene-3-y1)urea 

(V1IIa)-A solution of VI (2.03 g, 0.01 mole) in 20 ml of dry benzene was 
refluxed for 2 hr, 2-dimethylaminoethylamine (0.88 g, 0.01 mole) was 

Melting points were taken on a Kofler hot-stage microscope and are uncorrected. 
IR spectra were recorded using a Perkin-Elmer model 267 spectrograph. NMR 
spectra were determined using a Varian T-60 spectrometer and chemical shifts (8 )  
are in parts per million relative to internal tetramethylsilane. Mass spectra were 
recorded on a Varian MAT-311 instrument. 
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Table IV-Physical Constants of N~-(DialLyIaminoalLyI)-NJ-( benzo[ b Jthiophene-3-y1)ureas 

Yield, Melting Analysis, % 
Compound n Ri R2 % Point0 Formulab Calc. Found 

VIIIa 2 CH3 CH3 75 207-208' C13HiaClN30S C 52.09 51.95 
H 6.01 5.87 
N 14.02 14.15 

H 6.38 6.56 
N 13.40 13.25 c 56.22 56.04 VIIIC 3 C2H5 c2H5 95 209-210' CisH24CIN30S 
H 7.03 6.91 
N 12.30 12.05 

VIIId 3 n-CdH9 n-CdH9 80 179-180' CmH32ClN30S C 60.38 60.19 
H 8.05 7.87 
N 10.57 10.38 

VIIIe 2 -(CH2-CH2)20 90 222-223' Ci5HzoClN302S C 52.71 52.87 
H 5.86 6.04 

VIIIb 3 CH3 CH3 80 205-2060 CirHmCIN30S c 53.59 53.77 

N 12.30 12.14 

H 5.78 5.88 
N 13.48 13.29 

IX 75 235-236' C14HiaClN30S c 53.93 53.99 

All compounds were crystallized as hydrochlorides and the recrystallization solvent was ethanol-ethyl acetate. * IR, NMR, and mass spectra of all compounds were 
consistent with the structural assignments. 

Table V-Local Anesthetic, Anticholinergic, and Antihistaminic Activities of Benzo[ blthiophene Derivatives 

Local Anesthetic Activitya 
Concentration, Duration, Concentration, 

Compound % Potency min Ccg/ml Anticholinergicb Antihistaminicb 

IIIa 2 0.55(0.39-0.71) 6-12 1 
5 

10 
5 

10 

100 93.7 
97.2 
97.2 
21.3 

- _ _  
100 
100 
33.3 
33.3 

IIIb 

IIIC 

IIId 

IIIe 

IIJf 

0.32(0.2-0.44) 

0.0 

0.41(0.25-0.57) 

0.67(0.56-0.78) 

2-8 
30.3 

5 
10 
5 

10 

56.9 
60.8 
0.0 
0.0 

15.1 

34.1 
34.1 
49.4 
64.7 

4-8 

9-14 5 
10 
1 
5 

10 

13.9 
13.9 
4.5 

61.8 
73.1 

0.83i0.74-6.92j 
0.55(0.44-0.66) 
0.88(0.78-0.98) 

14-16 

15-18 
9-12 

15.1 
94.3 

100 
100 

IVQ 2 0.0 - 10 
IVb 1 0.54(0.43-0.65) 7-12 5 

0.61(0.50-0.72) 10-14 10 
IVC 2 0.0 - 10 
V 2 0.17(0.05-0.22) 1-5 5 

2 

0.0 0.0 
63.8 
96.6 
0.0 

18 
40.9 
0.0 

85.7 
89.6 

0.0 
0.0 
9.5 

10 
5 

10 
5 

10 

VIIQ 

VIIb 

2 

2 

0.22(0.09-0.35) 2-6 

0.13(0.04-0.22) 1-4 

26.4 
63.1 
33.3 
70.8 

.~ 

9.5 
26.5 
26.5 

VIIC 2 0.22(0.09-0.35) 3-6 1 20.4 77.8 
5 81.5 100 

10 83.3 100 
VIId 2 0.26(0.15-0.37) 4-6 5 0.0 17.1 

10 0.0 22.0 
VIIe 2 0.15(0.06-0.24) 1-5 1 10.2 0.0 

5 40.5 22.9 
10 57.3 33.7 

VIIIa 2 0.1 l(O.03-0.19) 1-4 5 14.0 13.6 
10 14.0 17.0 

VIIIb 2 0.0 - 5 0.0 9.1 
10 0.0 10.0 

VIIIC 1 0.05(0.000.10) 0-2 5 15.1 33.3 
2 0.13(0.04-0.22) 1-4 10 16.8 56.4 

VIIId 1 0.50(0.34-0.66) 6-1 1 5 73.0 97.3 
2 0.77(0.65-0.89) 11-15 

VIIIe 2 0.38(0.25-0.51) 4-8 5 21.1 0.0 
10 21.1 0.0 

2 0.36(0.23-0.49) 3-43 10 0.0 0.0 
1 0.33(0.18-0.48) 3-7 IX Lidocaine 

hydrochloride 2 O.tE(0.57-0.97) 15-16 

0 Surface anesthesia was tested according to a previously described method (8). Anesthetic potency wae,calculated forthe first 18 min (9). A potency of 1.00 indicates 
an onset of anesthesia in 1 mm and a duration of at least 18 min. b Reduction of contraction (percent) agamst acetylchollne (0.01 pg/ml) and histamme dlhydrochlorlde 
(0.01 pglml). Assay was carried out on isolated guinea pig ileum according to a previous method (10). 

xlded, and reflux was continued for an additional 3 hr. The solvent was chloroform): 8.80 (bs, lH, NH), 7.87-7.50 (m, 2H, aromatic), 7.57 (8, lH,  
svaporated, and the residue was crystallized as a hydrochloride from H2), 6.40 (ba, lH, NH), 3.37 (q, 2H, CONCH,), 2.47 (q, 2H, CHzN), and 
?thanol-ethyl acetate to give VIIIQ (2.25 g, 75%), mp 207-208'; IR (po- 2.13 (s,6H, NCHj) ppm; m/z 263. 
nssium bromide): 3300 (NH), 1685 (carbonyl) cm-'; NMR (deutero- Compounds VIIIb-e and IX were prepared similarly (Table IV). 
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Abstract The interaction of several phenothiazine neuroleptics with 
al-acid glycoprotein was investigated using circular dichroism and 
equilibrium dialysis techniques. For chlorpromazine only, one high- 
affinity binding site of the protein was found. The binding of the drug 
to this single site generated typical polyphasic extrinsic Cotton effects. 
Since several other phenothiazine neuroleptics gave qualitatively com- 
parable extrinsic Cotton effects in the presence of a,-acid glycoprotein 
and potently inhibited the binding of chlorpromazine to the single site, 
it was concluded that all phenothiazine derivatives investigated bound 
preferentially to only one common binding site of the al-acid glycoprotein 
molecule. 

Keyphrases 0 Phenothiazines-neuroleptics, binding to a common 
binding site of a1-acid glycoprotein, orosomucoid 0 Neuroleptic 
agents-binding of phenothiazines to a common binding site of crl-acid 
glycoprotein, orosomucoid al-Acid glycoproteins-binding of several 
phenothiazine neuroleptics to a common binding site, orosomucoid 0 
Orosomucoid-binding of several phenothiazine neuroleptics to a com- 
mon binding site of al-acid glycoprotein 

While for most neutral or anionic drugs the predomi- 
nating role of the albumin fraction as the major binding 
component in human blood is established, increasing ev- 
idence has been presented during recent years that this is 
not the case for several basic drugs where other proteins 
also contribute considerably to the plasma binding. Out 
of these, orosomucoid (al-acid glycoprotein) received the 
most attention because of its possible significance for the 
pharmacokinetic pattern of basic drugs (1). Thus, large 
variations in the blood levels of 01-acid glycoprotein ob- 
served in patients suffering from various disease states 
could have been responsible for similarly large variations 
of the free plasma levels of some basic drugs measured in 
the same patients (1-3). Since the average plasma levels 
of cul-acid glycoprotein are rather low, usually between 10 
and 40 pmolehter (2,3), a fairly strong drug binding to this 
protein has to be assumed if variations of its plasma levels 
were to contribute considerably to the free fraction of a 

drug. Some recent work shows that several basic drugs are 
bound very strongly to 01-acid glycoprotein (4-8). An ex- 
ample of this is the phenothiazine derivative, perazine, 
which is bound with very high affinity to mainly one site 
of the al-acid glycoprotein molecule (5-7). 

The present study reports similar findings for chlor- 
promazine. Evidence is presented that a variety of phe- 
nothiazine neuroleptics, including perazine and chlor- 
promazine, are preferentially, if not exclusively, bound to 
only one common binding site of the cul-acid glycoprotein 
molecule. 

EXPERIMENTAL 

Materials-al-Acid glycoprotein’ (orosomucoid) had an electro- 
phoretic purity >99%. (14C1Chlorpromazine2 had a specific activity of 
80 mCi/mmole and a radiochemical purity >99%. All chlorpromazine 
derivatives were gifts from the manufacturers3. All other chemicals were 
obtained from commercial suppliers. All solutions were prepared with 
deionized water. 

Circular Dichroism Measurements-Circular dichroism mea- 
surements were carried out with a ~pectropolarimeter~ calibrated with 
d-camphorsulfonic acid. All spectra were recorded in cylindrical cells with 
10-mm path length using a full-scale deflection of 0.02O 0 and a spectral 
band width of 2 nm. All measurements were made in 0.07 M phosphate 
buffer (pH 7.4). Results are expressed as molar ellipticity (IO]) calculated 
with reference to the al-acid glycoprotein concentration (25 pM). 

Equilibrium Dialysis-Binding of [14C]chlorpromazine to al-acid 
glycoprotein was determined by equilibrium dialysis using a protein 
concentration of 12.5 pM and varying concentrations of the drug. All 
solutions were prepared in 0.07 M phosphate buffer (pH 7.4); 0.9 ml of 
the protein solution was dialyzed for 16 hr in the dark against 0.9 ml of 
buffer containing [ 14C]chlorpromazine. One-milliliter dialysis cells and 

Behringwerke, Marburg, West Germany. 
Amersham Buchler, Braunschweig, West Germany. 
Perazine from Promonta, Hamburg, West Germany, promazine from Wyeth, 

Munster, West Germany; prothipendyl from Homburg, Frankfurt, West Germany; 
trifluopromazine from Heyden, Munich, West Germany; acepromazine from 
Clin-Comar. Paris, France. 

Cary 61. 
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Abstract The interaction of several phenothiazine neuroleptics with 
al-acid glycoprotein was investigated using circular dichroism and 
equilibrium dialysis techniques. For chlorpromazine only, one high- 
affinity binding site of the protein was found. The binding of the drug 
to this single site generated typical polyphasic extrinsic Cotton effects. 
Since several other phenothiazine neuroleptics gave qualitatively com- 
parable extrinsic Cotton effects in the presence of a,-acid glycoprotein 
and potently inhibited the binding of chlorpromazine to the single site, 
it was concluded that all phenothiazine derivatives investigated bound 
preferentially to only one common binding site of the al-acid glycoprotein 
molecule. 

Keyphrases 0 Phenothiazines-neuroleptics, binding to a common 
binding site of a1-acid glycoprotein, orosomucoid 0 Neuroleptic 
agents-binding of phenothiazines to a common binding site of crl-acid 
glycoprotein, orosomucoid al-Acid glycoproteins-binding of several 
phenothiazine neuroleptics to a common binding site, orosomucoid 0 
Orosomucoid-binding of several phenothiazine neuroleptics to a com- 
mon binding site of al-acid glycoprotein 

While for most neutral or anionic drugs the predomi- 
nating role of the albumin fraction as the major binding 
component in human blood is established, increasing ev- 
idence has been presented during recent years that this is 
not the case for several basic drugs where other proteins 
also contribute considerably to the plasma binding. Out 
of these, orosomucoid (al-acid glycoprotein) received the 
most attention because of its possible significance for the 
pharmacokinetic pattern of basic drugs (1). Thus, large 
variations in the blood levels of 01-acid glycoprotein ob- 
served in patients suffering from various disease states 
could have been responsible for similarly large variations 
of the free plasma levels of some basic drugs measured in 
the same patients (1-3). Since the average plasma levels 
of cul-acid glycoprotein are rather low, usually between 10 
and 40 pmolehter (2,3), a fairly strong drug binding to this 
protein has to be assumed if variations of its plasma levels 
were to contribute considerably to the free fraction of a 

drug. Some recent work shows that several basic drugs are 
bound very strongly to 01-acid glycoprotein (4-8). An ex- 
ample of this is the phenothiazine derivative, perazine, 
which is bound with very high affinity to mainly one site 
of the al-acid glycoprotein molecule (5-7). 

The present study reports similar findings for chlor- 
promazine. Evidence is presented that a variety of phe- 
nothiazine neuroleptics, including perazine and chlor- 
promazine, are preferentially, if not exclusively, bound to 
only one common binding site of the cul-acid glycoprotein 
molecule. 

EXPERIMENTAL 

Materials-al-Acid glycoprotein’ (orosomucoid) had an electro- 
phoretic purity >99%. (14C1Chlorpromazine2 had a specific activity of 
80 mCi/mmole and a radiochemical purity >99%. All chlorpromazine 
derivatives were gifts from the manufacturers3. All other chemicals were 
obtained from commercial suppliers. All solutions were prepared with 
deionized water. 

Circular Dichroism Measurements-Circular dichroism mea- 
surements were carried out with a ~pectropolarimeter~ calibrated with 
d-camphorsulfonic acid. All spectra were recorded in cylindrical cells with 
10-mm path length using a full-scale deflection of 0.02O 0 and a spectral 
band width of 2 nm. All measurements were made in 0.07 M phosphate 
buffer (pH 7.4). Results are expressed as molar ellipticity (IO]) calculated 
with reference to the al-acid glycoprotein concentration (25 pM). 

Equilibrium Dialysis-Binding of [14C]chlorpromazine to al-acid 
glycoprotein was determined by equilibrium dialysis using a protein 
concentration of 12.5 pM and varying concentrations of the drug. All 
solutions were prepared in 0.07 M phosphate buffer (pH 7.4); 0.9 ml of 
the protein solution was dialyzed for 16 hr in the dark against 0.9 ml of 
buffer containing [ 14C]chlorpromazine. One-milliliter dialysis cells and 

Behringwerke, Marburg, West Germany. 
Amersham Buchler, Braunschweig, West Germany. 
Perazine from Promonta, Hamburg, West Germany, promazine from Wyeth, 

Munster, West Germany; prothipendyl from Homburg, Frankfurt, West Germany; 
trifluopromazine from Heyden, Munich, West Germany; acepromazine from 
Clin-Comar. Paris, France. 
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Figure 1-The interaction of chlorpromazine with only one binding site of al-acid glycoprotein. (A) The relationship between the molar chlor- 
promazine-al-acid glycoprotein ratio (DP) and the intensity of the induced circular dichroism band at 255 nm ([0]25d. (B) Scatchard plot of 
the interaction of ['4C]chlorpromazine with al-acidglycoprotein; k is the association constant (2.94 X lo5); n is the number of binding sites per 
al-acid glycoprotein molecule (0.91); and r is the correlation coefficient of the calculated regression line (0.96). 
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Figure 2-Induced circular dichroism spectra of the phenothiazeine neuroleptics investigated (25 pM) in the presence of al-acid glycoprotein 
25 pM). The data are difference values, using the Cotton effects of the protein at each wauelength as blank. The data are means of two different 
uns.  Key: (A) (0) chlorpromazine; (0) promazine; (A) acepromazine; (B) (0) promazine; (0) prothipendyl; (A) perazine; (0) trifluropera- 
ine.  

:ellophane dialysis membranes5 were used. The radioactivity at both sides iments for the interaction of [14C]chlorpromazine with a1 -acid glyco- 
)f the membrane was determined by liquid scintillation spectrom- protein according to Scatchard (9) revealed a straight line with an abscissa 
!trys. intercept of 0.9, indicating that [14C]chlorpromazine binds within the 

RESULTS AND DISCUSSION 
concentration range investigated (up to a molar drug-protein ratio of 5) 
to only one site of the a1-acid glycoprotein moleculer (Fig. IB). As indi- 

Plotting the binding data obtained by the equilibrium dialysis exper- cated by the association cons&, k, -3 X 106 M - l ,  theaffinity of this 
single site for chlorpromazine is very high and within the range of the 
strongest drug interactions with human serum albumin (10-12). 

The binding of chlorpromazine to a1 -acid glycoprotein profoundly 
Union Carbide. 
Packard model 3255. 
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Table I -Structural  Requirements for the High-Affiity Binding of Phenothiazine Neuroleptics to al-Acid Glycoprotein 

R, 
I-VI 

k 
w 

[el x i@d 
Aab, DIP, MIM 

Compound Ri R2 P O  I nm 1 2 3 

\cHa 

log 

w 
19 255 +6.8 +8.3 +8.6 Promazine (I) -H ~K,-,-cH,-N/ 2.6 

Chlorpromazine (11) -c1 3.3 30 255 +6.3 +7.8 +8.2 
/a 
\a --C€L-CH:-C&--N 

Acepromazine (111) -0C-CHn 4 H : - C H : - - C H S - - N  16 260 -0.8 -1.0 -1.0 2.3 /W 
'w 

Trifluopromazine (IV) -CFa 3.4 23 - 

Perazine (V) -H 14 255 +5.2 +6.8 +7.6 

Trifluoperazine (VI) -CFr 21 263 +2.4 +3.5 +3.8 

Prothipendyl (VII) -H -C€L-:"'-" 2.2 24 253 +4.1 +4.8 +5.4 
rn 

\mH, 

a The partition coefficients P between n-octanol and buffer were taken from Refs. 14 and 16. * Increase of the percentage free (a) of l%c]chlo romazine (6.3 ph4) 
in the resence of the unlabeled neuroleptics (!26 fl). Without &placer the percentye free (a) was 9.0 f 0.9 (n = 6). Wavelength of tke induc3 circular dichroism 
band. gIntamit of the induced circular dichroi  band at varioue molar drug-protein DR) ratios. Calculated from a linear relationship between partition coefficienta 
of n-octanol andrbuffer and RM values obtained from a reverse-phase thin-layer technique, Ref. 15. 

changes the native intrinsic circular dichroism spectrum of the protein 
between 250 and 350 nm (4,13). In the difference spectrum, when the 
intrinsic Cotton effects of the protein alone have been subtracted, typical 
.polyphasic extrinsic Cotton effects can be seen (Fig. 2). For chlorpro- 
mazine, a large positive band around 255 nm and two weaker negative 
bands around 27 nm can be seen (Fig. 2). The change in intensity of all  
three bands depends on the drug-protein concentration ratio in a similar 
fashion which can be demonstrated using the data for the strong positive 
band at  255 nm (Fig. 1A). The results show that maximum induction of 
the Cotton effects occurs when the drug-protein ratio reaches 1, indi- 
cating that the induction of Cotton effecta is associated with the binding 
of chlorpromazine to only one site. 

Several other phenothiazine neuroleptics also generate extrinsic Cotton 
effects in the presence of al-acid glycoprotein which are qualitatively 
similar to those of chlorpromazine (Fig. 2). The two most pronounced 
exceptions are the presence of an additional positive band >300 nm in 
the case of acepromazine and tritluoperazine and the positive sign of the 
band of acepromazine around 270 nm, instead of the negative sign ob- 
served for all other derivatives (Fig. 2). For trifluopromezine no extrinsic 
Cotton effect3 up to a molar excess of five were observed. The extrinsic 
Cotton effects of all phenothiazine derivatives depend on the drug con- 
centration in a manner similar to that of chlorpromazine as shown for 
the positive band around 260 nm (Table I). Thus, the induced Cotton 
effects of the five chlorpromazine derivativea may also be associated with 
one preferential binding site. Moreover, the qualitatively comparable 
spectra suggest that the steric parameters of these interactions are similar 
for the drugs investigated, which might indicate that all phenothiazine 
derivatives investigated share the same high-affinity binding site with 
chlorpromazine. In agreement with these assumptions are the findings 
that all derivatives investigated inhibit the binding of [14C]chlorpro- 
mazine to the single binding site; however, there are different potencies 
(Table I). Thus, considering these observations and the findings of only 
one high-affinity binding site of perazine (5-71, the assumption of one 
common high-affinity binding site of al-acid glycoprotein for most 
phenothiazine neuroleptics is justified. 

In contrast to the rather unspecific binding of phenothiazine neuro- 
leptics to serum albumin where good correlations between hydrophobic 
character and binding have been reported (14,151 there is neither a clear 
correlation between lipophilicity (indicated by the partition coefficients 

in Table I) and the potencies of the derivatives as inhibitors of [14C]- 
chlorpromazine binding nor between lipophilicity and the intensities of 
the induced Cotton effects (Table I). Structural parameters other than 
the lipophilicity are more important. As far as it is possible with the 
limited data available at the present state, it seems that for the intensity 
of the extrinsic Cotton effecta and for the binding itself (indicated by the 
increase of the free fraction of [%]chlorpromazine) the substituent -R1 
on the phenothiazine nucleus is much more important than the aliphatic 
side chain (-Rz). This is best seen when comparing the data for 
promazine with either the data of acepromazine or trifluopromazine or 
comparing promazine with perazine. However, to draw fimal conclusions 
about the structural parameters leading to high-affinity binding and 
strong induced Cotton effects in the case of the interaction of phenothi- 
azine derivatives with a1-acid glycoprotein, more data using more de- 
rivatives are needed. 

In conclusion, the data reported indicate that for the phenothiazine 
neuroleptics investigated in this study, binding to al-acid glycoprotein 
is mediated mainly by only one common high-affmity binding site of the 
protein. 
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Abstract 0 The complexation of procainamide with hydroxide-con- 
taining compounds, ethanol, fructose, glucose, glycerin, lactose, maltose, 
propylene glycol, sorbitol, and sucrose, have been studied. Procainamide 
formed a complex with glucose, lactose, and maltose, all of which contain 
a hemiacetal group, whereas fructose and sucrose do not. The percent 
of complex formed was dependent on the p H  of the solution, with an 
optimum range of -4-5.2. As with glucose, the percent of complex formed 
was directly related to the concentration of lactose in the solution. In dry 
mixtures, procainamide did not form a complex with glucose or lactose. 
The complex formed with lactose or maltose could be completely reversed 
by adding hydrochloric acid. A similar observation with glucose was re- 
ported earlier. In the optimum pH range, equilibrium was established 
in -24 hr, and the process of complexation followed the equation for 
reversible reactions. 

Keyphrases 0 Complexation-procainamide with hydroxide-containing 
compounds 0 Procainamide-complexation with hydroxide-containing 
compounds 0 Hydroxide-containing compounds-complexation with 
procainamide 

An earlier report (1) reviewed the literature concerning 
stability and complexation problems of procainamide in 
the presence of glucose. The report also presented the re- 
sults of a study on the complexation of procainamide with 
glucose. (These two compounds are often mixed in hospi- 
tals for intravenous infusion for the treatment of cardio- 
vascular diseases.) 

Since procainamide oral dosage forms also are used 
widely, the formation of complex with some of the excip- 
ients seemed possible. The present report investigated the 
formation of procainamide complexes with hydroxide- 
containing compounds, ethanol, fructose, glucose, glycerin, 
lactose, maltose, propylene glycol, sorbitol, and sucrose. 

EXPERIMENTAL 

Materials-All chemicals and reagents were USP, NF, or ACS grade 
and were used as received. Procainamide hydrochloride’ (I) was used 
without further purification. 

A high-performance liquid chromatograph*, equipped with a multiple 
wavelength detector?, a recorder4 and digital integrator5, was used. 

A semipolar columnfi (30 cm long X 4-mm i.d.) consisting of a mono- 

’ Supplied by E. R. Squibb & Sons, Princeton, N.J. 
Waters ALC 202 equipped with U6K universal injector, Milford, Mass. 
Schoeffel SF770, Westwood, N.J. 
Ornniscribe 1513-12, Houston Instruments, Austin, Tex. 
Autolab minigrator, Spectra Physics, Santa Clara, Calif‘. 

ti Waters. pBondapak/CN. 
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molecular layer of cyanopropylsilane permanently bonded to silica gel 
was used. 

Chromatographic Conditions-The mobile phase was 40% (v/v) 
acetonitrile in water containing 0.02 M ammonium acetate (pH -7)7, and 
the flow rate was 2.0 ml/min. The detector was set at 280 nm (the wave- 
length of maximum absorption), the sensitivity was 0.04, the temperature 
was ambient, and the chart speed was 30.5 cm/hr. 

Methods-The stock solutions of procainamide hydrochloride (1.0 
mg/ml) and the internal standard, methapyrilene hydrochloride (5.0 
mg/ml) in water, were prepared fresh daily. A standard solution was 
prepared by transferring a 1.5-ml quantity of the stock solution of I and 
a 4.0-ml quantity of the stock solution of methapyrilene hydrochloride 
(11) to a 100-ml volumetric flask and then diluting with water to 
volume. 

! 

I 

0 
wd 
2 Cc 
P 
15 2: 
I 
0 
V 
LL 
0 
k 
Zi 
w 
V 
LT 
w a 

1 

r H  
Figure 1-A plot of pH versuspercent of complex formed. Each solution 
contained 0.2 M lactose. 0.5 mglml procainamide, and 0.2 M KHzP04. 
Solution of pH 1.4 was buffered with -1  N HC1. A similar plot was ob- 
tained with glucose. 

Beckman Zeromatic (SS-3) pH meter. 

Journal of Pharmaceutical Sciences I 205 
Vol. 72, No. 2, February 1983 



(10) J. Koch-Weser and E. M. Sellers, N. Engl. J .  Med., 294,311 and 
526 (1976). 

ACKNOWLEDGMENTS 

(11) W. E. Muller and U. Wollert, Pharmacology, 19,59 (1979). 
(12) U. Kragh-Hansen, Pharmacol. Rev. ,  33,17 (1981). 
(13) B. Jirgenssons, Biochim. Biophys. Acta, 434,58 (1976). 
(14) H. Glaser and J. Krieglstein, Naunyn-Schrniedebergsgs Arch. 

(15) A. Hulshoff and J. P. Perrin, J.  Med. Chem., 20,430 (1977). 

This study was supported by a grant of the Deutsche Forschungs- 
gemeinschaft and a fellowship grant of the Alexander von Humboldt- 
Stiftung. 

The excellent technical assistance of A. Stillbauer is gratefully ac- 
knowledged. 

Pharmacol., 265,321 (1970). 

Complexation of Procainamide with 
Hydroxide-Containing Compounds 

V. DAS GUPTA 
Received September 18, 1981, from the Unioersity of Houston, College of Pharmacy, Houston, TX 77030. 
2, 1982. 

Accepted for publication April 

Abstract 0 The complexation of procainamide with hydroxide-con- 
taining compounds, ethanol, fructose, glucose, glycerin, lactose, maltose, 
propylene glycol, sorbitol, and sucrose, have been studied. Procainamide 
formed a complex with glucose, lactose, and maltose, all of which contain 
a hemiacetal group, whereas fructose and sucrose do not. The percent 
of complex formed was dependent on the p H  of the solution, with an 
optimum range of -4-5.2. As with glucose, the percent of complex formed 
was directly related to the concentration of lactose in the solution. In dry 
mixtures, procainamide did not form a complex with glucose or lactose. 
The complex formed with lactose or maltose could be completely reversed 
by adding hydrochloric acid. A similar observation with glucose was re- 
ported earlier. In the optimum pH range, equilibrium was established 
in -24 hr, and the process of complexation followed the equation for 
reversible reactions. 
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An earlier report (1) reviewed the literature concerning 
stability and complexation problems of procainamide in 
the presence of glucose. The report also presented the re- 
sults of a study on the complexation of procainamide with 
glucose. (These two compounds are often mixed in hospi- 
tals for intravenous infusion for the treatment of cardio- 
vascular diseases.) 

Since procainamide oral dosage forms also are used 
widely, the formation of complex with some of the excip- 
ients seemed possible. The present report investigated the 
formation of procainamide complexes with hydroxide- 
containing compounds, ethanol, fructose, glucose, glycerin, 
lactose, maltose, propylene glycol, sorbitol, and sucrose. 

EXPERIMENTAL 

Materials-All chemicals and reagents were USP, NF, or ACS grade 
and were used as received. Procainamide hydrochloride’ (I) was used 
without further purification. 

A high-performance liquid chromatograph*, equipped with a multiple 
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molecular layer of cyanopropylsilane permanently bonded to silica gel 
was used. 

Chromatographic Conditions-The mobile phase was 40% (v/v) 
acetonitrile in water containing 0.02 M ammonium acetate (pH -7)7, and 
the flow rate was 2.0 ml/min. The detector was set at 280 nm (the wave- 
length of maximum absorption), the sensitivity was 0.04, the temperature 
was ambient, and the chart speed was 30.5 cm/hr. 

Methods-The stock solutions of procainamide hydrochloride (1.0 
mg/ml) and the internal standard, methapyrilene hydrochloride (5.0 
mg/ml) in water, were prepared fresh daily. A standard solution was 
prepared by transferring a 1.5-ml quantity of the stock solution of I and 
a 4.0-ml quantity of the stock solution of methapyrilene hydrochloride 
(11) to a 100-ml volumetric flask and then diluting with water to 
volume. 
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Figure 1-A plot of pH versuspercent of complex formed. Each solution 
contained 0.2 M lactose. 0.5 mglml procainamide, and 0.2 M KHzP04. 
Solution of pH 1.4 was buffered with -1  N HC1. A similar plot was ob- 
tained with glucose. 
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Table I-List of Procainamide Aqueous Solutions Prepared 

Solution 
Number 

Other Ingredientsa 
If Any 

(Final Concentration) 
pH Initial pH After Percent Retained 

(+0.1) 1 Day After 1 Day 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

0.5 M Ethanol 
0.5 M Glucose 
0.5 M Glycerin 
0.5 M Lactose 
0.5 M Propylene Glycol 
0.5 M Sorbitol 
0.5 M Sucrose 
0.2 M Ethanolb 
0.2 M Glucose 
0.2 M Glycerinb 
0.2 M Lactoseb 
0.2 M Lactose 
0.2 M Propyleneb glycol 
0.2 M Sorbitol: 
0.2 M Sucrose 
0.2 M Lactose and 0.5 M KH2P04 
0.025 M Lactose 
0.05 M Lactose 
0.075 M Lactose' 
0.1 M LactoseC 
0.1 M Lactosed 
0.2 M Lactosed 
0.3 M Lactosed 
0.4 M Lactosed 
0.2 M Lactose and enough -1 N HCl 
0.2 M Lactose and enough -1 N HCI 
0.2 M Lactosed 
0.2 M Lactosed 
0.2 M Lactosed 
0.2 M Lactosed.P 
0.2 M Lactosed 
0.2 M Lactosed 
0.2 M Lactosed 
0.2 M Glucosed 
0.2 M Glucosed 

6.0 
6.1 
6.0 
4.2 
6.0 
6.2 
5.1 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.5 
4.5 
4.5 
4.5 
4.4 
4.4 
4.4 
4.4 
1.0 
1.4 
1.9 
2.9 
4.0 
4.0 
5.2 
6.1 
7.3 
3.0 
4.2 

6.3 
6.2 
6.2 
4.1 
6.2 
6.3 
5.2 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.5 
4.5 
4.5 
4.5 
4.4 
4.4 
4.4 
4.4 
1.0 
1.4 
1.9 
2.9 
4.0 
4.0 
5.2 
6.1 
7.3 
3.0 
4.2 

98.2 
90.3 
97.1 
32.8 
99.1 
97.4 
98.6 

100.3 
45.3 

101.0 
42.6 
42.4 
99.1 
99.7 
98.9 
42.4 
88.3 
76.2 
67.4 
60.8 
59.8 
41.7 
31.4 
25.1 

100.5 
97.7 
85.1 
55.0 
42.6 
42.9 
42.8 
62.4 
88.8 
59.0 
43.2 ~- ~ 

36 0.2 M G1ucosed,e 4.2 4.2 42.4 
37 0.2 M Glucosed 4.4 4.4 42.7 
38 0.2 M Glucosed 5.4 5.4 46.2 
39 0.2 M Glucosed 6.2 6.2 71.7 
40 0.2 M Glucosed 7.6 7.6 95.9 
41 0.1 M Fructosed 4.4 4.4 99.7 
42 0.1 M Maltosed 4.4 4.4 59.1 

All solutions contained 0.5 rng/rnl of procainamide exce t solutions 1-7. which contained 1.0 rn /ml b Each solution also contained 0.05% of sodium edetate and 0.5 
M KHzPO4 as buffering agent except solution 12, which diinot contain sodium edetate. Each sofution also contained 0.1 M KHzPO,. Each solution also contained 
0.2 M KHzPO4. In solutions 27-40, enough hydrochloric acid (-1 N) or NaOH (-1 N) was added to adjust the pH. More solutions of different pH values in both lactose 
and glucose were studied (Fig. 1). e The solution also contained 0.1 M KCl to study the effect of ionic strength. 

Table 11-Assay Results of Dry Mixtures and some Selected Solutions 

Storage 
duration, 

hr 96 12 
Solution Number" 

17 18 19 20 
Dry Mixture With 

Glucose Lactose 
~ 

- 99.8 99.5 - - - 0 99.7 100.4 
1 73.3 70.5 
2 58.4 56.8 
4 46.4 46.2 
6 43.8 42.2 - - - - 
24 42.7 41.7 88.3 76.2 67.4 60.8 99.5 98.9 

144 42.3 41.8 84.4 76.8 67.4 60.2 - - 

- - - - - - 
- - - - - - 
- - - - - - 
- - 

0 See Table I. Without sodium edetate. 

All solutions prepared for the investigations of procainamide complexes 
are reported in Table 1. All were prepared using a simple solution method. 
The solutions were assayed, transferred to amber-colored bottles8, and 
stored at  room temperature (24 f 1'). They were assayed after appro- 
priate intervals, and pH values were also determined. 
All solutions were diluted with water to contain 15.0 pg/ml of I (based 

on the label claim) and 200.0 pg/ml of I1 (internal standard). 
A 20.0-pl aliquot of the assay solution was injected into the chroma- 

tograph using the described conditions. For comparison, an identical 
volume of the standard solution was injected after the assay solution 
eluted. 

Brockway Glass Co., Brockway, Pa. 

Calculations-The results were calculated using: 

0, x 100 = Percent of the label claim (Eq. 1) 
(Ph) ,  

where (Ph),  is the ratio of the peak heights of procainamide and 
methapyrilene of the assay solution and (Ph), is that of the standard 
solution of identical concentrations. 

Other  Experiments-A 1.5-ml quantity of 1-day-old solution in 0.2 
M lactose (solution 12 in Table I) or in 0.1 M maltose (solution 42 in Table 
I) was mixed with 1.5 ml of -5 N HCl. The mixture was allowed to stand 
for -15 min, then 4.0 of the stock solution of the internal standard was 
added, the mixture brought to volume (100.0 ml) with water, and as- 
sayed. 
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Figure 2-A plot of lactose concentration (moledliter) versus percent 
of complex formed. 

A 25.0-mg quantity of procainamide was mixed thoroughly with either 
1.8 g of glucose or 3.6 g of lactose; the dry mixtures were allowed to stand 
overnight and assayed. 

The solutions containing 0.2 M glucoseflactose, 0.2 M KHzP04, and 
0.5 mg/ml of procainamide were prepared and assayed at appropriate 
intervals up to 144 hr. 

RESULTS AND DISCUSSION 

The results indicate (Table I) that procainamide forms complexes with 
glucose, lactose (solutions 1-15, Table I), and maltose (solution 42 in 
Table I). The other hydroxide-containing compounds, ethanol, fructose, 
glycerin, propylene glycol, sorbitol, and sucrose, did not form complexes 
with procainamide (Table I). Therefore, it  appears that a hemiacetal 
group is necessary for the formation of a complex. This group is present 
only in glucose, lactose, and maltose and not in other hydroxide-con- 
taining compounds. 

The percent of procainamide complexed with lactose (as with glucose) 
was dependent on the initial pH value of the solution (solutions 25-40, 
Table I). For both glucose and lactose, the optimum pH range for the 
formation of complex appears to be -45.2 (Fig. 1). The percent of 
complex formed with lactose and maltose were similar (solutions 21 and 
42, Table I). 

In a biologically useful pH range (7.3-7.5), the formation of complex 
was low (solutions 33 and 40, Table I). For example, only 11.2% of pro- 
cainamide was complexed with lactose at pH 7.3, whereas almost 57% 
complexed between pH 4 and 5.2. Similar results were obtained with 
glucose. 

1 I I I I 
38 0.984 0.988 0.992 0.996 

MOLE FRACTION OF LACTOSF 
Figure 3-A plot of lactose concentration (mole fraction) versus percent 
of complex formed. 

Initially, when solution 2 in Table I was compared with solution 4, the 
percent of complex formed with lactose appeared much higher than with 
glucose. Nevertheless, in buffered solutions of identical pH (solutions 
9 and 11, Table I), the difference was negligible. 

The formation of complex was not affected by the addition of sodium 
edetate (solutions 11 and 12, Table I) or potassium chloride (solutions 
29 and 30 and 35 and 36, Table I). As in glucose, the percent of complex 
formed was directly related to the concentration of lactose in the solution. 
At lower concentrations, molar concentrations of lactose were related and 
higher concentration mole fractions were related (Figs. 2 and 3): The 
formation of the complex could be completely reversed by adding hy- 
drochloric acid (a similar observation was reported earlier with glucose). 
For example, solution 12 in Table I had only 42.4% of free procainamide 
after 24 hr of storage. On treatment with hydrochloric acid (Other Er- 
periments), the concentration of free procainamide was 100.3%. 

When solutions 17-20 (Table I) were reassayed after 6 days, there was 
only slight change in the concentration of free procainamide in solution 
17 (Table 11). In others, no significant change was noted (Table 11). In 
solutions 9 and 12, the equilibrium was established in -24 hr (Table 11). 
The process of complexation followed the equation of reversible reactions 
as explained previously (1) for glucose. 

In dry mixtures (Other Experiments), procainamide did not form a 
complex with glucose or lactose (Table 11). Apparently, water is necessary 
for the formation of the complex. 
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COMMUNICA TIONS 

Correlation between Dissolution and 
Disintegration in Dissolution Apparatuses 

Keyphrases Diasolution-disintegration, mathematical model linking 
dissolution and disintegration 0 Disintegration-dissolution, mathe- 
matical model linking dissolution and distintegration 

To the Editor: 
El-Yazigi (1) in a recent article has proposed a model 

that links dissolution and disintegration in a dissolution 
apparatus. In deriving a convenient mathematical pre- 
sentation mode, he assumes that the rate of appearance 
of dissolved material (A , )  is proportional to the mass of 
undissolved particles ( A p ) :  

where t is time and k ,  is a dissolution rate constant (ob- 
viously in units of reciprocal time). He correctly cautions 
that this is not necessarily correct. The reason for using the 
mass dependence (k,A, in Eq. 1) rather than a surface 
dependence: 

(Eq. 2) 

in which r is a shape factor (2), is presumably a mathe- 
matical convenience. It is an interesting approach, and it 
is the intent of this communication to compare the con- 
clusion of El-Yazigi with those of previous investigators 
(3,4). In the latter case the conditions of Eq. 2 and sink 
conditions were employed (i.e., a cube root law was as- 
sumed) for the dissolution of drug from particles. The 
equations arrived at were for a basket apparatus, but a 
similar approach with similar conclusions can be arrived 
at for the simpler paddle apparatus. 

The equations in the previous report (1) predict a bi- 
phasic exponential decay of undissolved mass, where the 
exponential term in the later phase depends on k,. Several 
previously published treatments (3-6) have dealt with this 
problem. Carstensen et a1. (3,4) predicted (and demon- 
strated experimentally) that the undissolved mass should 
decay in a biphasic manner in the (often encountered) 
particular cases where disintegration (kd in reciprocal time 
units) is rate determining. The latter phase is an expo- 
nential decay, but with the exponent dependent on kd, i.e., 
being a function of disintegration. This, however, is not 
universally applicable and only holds if the disintegration 
is rate limiting. A similar model has been developed (5) 
using (and demonstrating) a cube root dissolution model 
for the powder in a tablet, and for an established dissolu- 
tion curve the disintegration curve was back calculated (6). 
This latter approach was found to be of a power expo- 
nential type [exp(-tbla), where a and b are Weibull con- 
stants]. Other reports supporting surface dependent 
models have appeared in the literature (7). 

In any event, the approach (1) is interesting and contains 
some supporting data which allow for some comparisons. 
Eq. 11 of Ref. 1 states: 

DTcalc = 6 - 0.693Ikd (Eq. 3) 

where DTdc is the calculated disintegration time obtained 
from the exponent of the initial phase of the dissolution 
plot. It is, as shown, based on the assumption that 1.56% 
of the tablet weight remaining (6 half-lives) constitutes 
complete disintegration. This is as good a conservative 
termination point as any, but it should be pointed out that 
there is nothing magical about it, and that, for instance, 
five half-lives would have been a good estimate as well. 
From a physical point of view, it might be rational to as- 
sume that the point where the tablet has been reduced to 
the size of a granule (8) (either the one used in producing 
the tablet or the one produced by disintegration) might be 
the cutoff point. 

If, on the other hand, the number of half-lives, n, is as- 
sumed unknown than Eq. 3 takes the form: 

(Eq. 4) 
where DT stands for disintegration time. In logarithmic 
form this becomes: 

ln(DT) = In n + In 0.693 - In kd (Eq. 5) 
If this is equated to the experimentally determined dis- 
integration time (DT), then ln(DT) should be linear in In 
kd with a slope of -1. The data from Table I1 of Ref. 1 are 
repeated in this form in Table I, and ln(DT) is shown as 
a functon of In kd in Fig. 1. It  is seen that there is fair 

DT = n 0.693/kd 

Table I-Data from Table I1 of Reference 1 

In DT.,, In kd 

2.64 -1.136 
2.34 -0.774 
1.91 -0.785 
2.43 -1.008 
2.29 -0.884 
3.20 -1.595 
Slope" -1.314 
Intercept' 1.114 
Correlation -0.994 
Coefficient" 

Regression of In DT on In k. 

3.0 3.2h 
2.4 

2.2 

2.0 1 n 
I w 

1 1 I 
-1.5 -1.25 -1 -0.75 

In kd 

Figure 1-ln kd as a function of In DT.  Data from Table I1 of Ref. 1 
(Table I of this communication). 

208 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 2. February 1983 

0022-3549/83l0200-0208$0 1.00/ 0 
@ 1983, American Pharmaceutical Association 



linearity (the correlation coefficient being 0.994 as shown 
in Table I). The least-squares fit is: 

ln(DT) = -1.32 In kd + 1.114 (Eq. 6) 

Although the slope is (significantly) different from -1, it 
is of the same order of magnitude so that this fact in no way 
disproves the utility of the previous method’. From the 
intercept it can be concluded that ln(0.693n) = 1.114, Le., 
n = 3.0/0.693 = 4.4 half lives. 

It is seen that further analysis of the data (1) do not 
disprove the hypothesis put forth. Whether the model of 
El-Yazigi is more applicable than previously proposed 
models (3, 4) is a point for future experimentors to 
verify. 
(1) Adnan El-Yazigi, J. Pharm. Sci., 70,535 (1981). 
(2) T. Y-F. Lai and J. T. Carstensen, Int. J.  Pharm., 1,33 (1978). 

1 Equation 6 is approximate in the aenae that different formulations are being 
compared. 
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by ROBERT GEORGE, RONALD OKUN, and ARTHUR K. CHO. 
Annual Reviews Inc., 4139 El Camino Way, Palo Alto, CA 94306.1982. 
739 pp. 16 X 23 cm. Price $22.00 ($25.00 outside USA). 
Traditionally, the first chapter of each volume of this annual review 

has been devoted to a historical/philosophical/autobiographical topic. 
This year it is an autobiographical statement by Thomas H. Maren. 
Traditionally also, the last chapter has been reserved for Chauncey 
hake’s “Review of Reviews.” Since Leake’s death, that feature has been 
continued in a very creditable fashion by E. Leong Way, although with 
a somewhat narrower perspective. The remainder of the book consists 
of 23 reviews of the literature, which have been sorted into 13 sections 
with 1-4 chapters each. 

The sections of this year’s review are titled: Mechanisms of Action of 
Drugs and Chemicals; Perinatal Pharmacology; Antimicrobial, Antiviral, 
and Anti parasite Chemotherapy; Cardiovascular Pharmacology; Renal 
Pharmacology; Neuropharmacology and Neurochemistry; Behavioral 
and Psychopharmacology; Anesthetics, Analgesics, and Anti-lnflam- 
matory Agents; Endocrine Pharmacology; Comparative Pharmacology; 
Environmental and Industrial Pharmacology and Toxicology; Clinical 
Pharmacology and Drug Interaction; and Techniques. 

One would presume that the chapters within each section would be 
clumped together but, in actuality, they are randomly distributed among 
the chapters of other sections. Therefore, the practice of dividing the table 
of contents into sections seems to be an unnecessary gesture since the 
readers of this volume will be quite capable of grasping the general con- 
tent of each chapter from the titles themselves. 

lndividuals in the pharmaceutical sciences will find the review by H. 
H. Szeto on “Pharmacokinetics in the Ovine Maternal-Fetal Unit” to 
be of interest and the review on “Food and Drug Interactions” by C. 
Jelleff Carr to be useful but rudimental. Especially effective literature 
reviews are M. J. Antonaccio’s “Angiotensin Converting Enzyme (ACE) 
Inhibitors,” J. Torretti’s “Sympathetic Control of Renin Release,” and 
H. E. Brezenoff and R. Giuliano’s “Cardiovascular Control by Cholinergic 
Mechanisms in the Central Nervous System.” Perhaps the most pro- 
vocative review is “Neurochemical Basis of Acupuncture Analgesia” by 
J. S. Han and L. Terenius, while the most debatable offering is “Socio- 
pharmacology” by M. T. McGuire, M. J. Raleigh, and G. L. Brammer. 

This reviewer has a standing order for this series and considers it es- 
sential as a continuing education tool and as a quick reference source. The 
number of primary references per review ranges from 67 to 318 for this 

volume. Considering the current prices for technical books, this series 
is a bargain by any standard that might be applied. 

Reuiewed by Marvin H. Malone 
Physiology and Pharmacology Unit 
School of Pharmacy 
University of the Pacific 
Stockton, CA 95207 

Topics in Pharmaceutical Sciences Edited by D. D. BREIMER and 
P. SPEISER. Elsivier/North Holland Biomedical Press, Amsterdam. 
The Netherlands 1981. 535 pp. 16 X 24 cm. Price $69.74 US., 150 
Dfl. 
The book, which contains over thirty chapters, is the proceedings of 

the 41st International Congress of FIP, held in Vienna, Austria, Sept. 
1981. There chapters are divided into seven symposia which cover some 
of the major areas of thrust in the pharmaceutical sciences. The sympo- 
sium titles are: 

Advances in Pharmacokinetics; 
Pharmaceutical Aspects of Anti-Cancer Drug Treatment; 
Biopharmaceutics: Advances in Drug Delivery 
Drug Stability in uitro and in uivo; 
Analysis and Drug Metabolites in the 80s; 
Pharmaceutical Technology; 
Gene Manipulation, Cell Cultures, and Pharmaceutical Sciences. 

An author index is provided but, unfortunately, there is no subject 
index. The price is rather high for a symposium proceeding produced from 
camera-ready copy. 

Since Topics in Phurmceutical Sciences covers a very broad spectrum 
of subjects, it cannot be recommended for anyone seeking an in-depth 
discussion on any particular subject. (It averages less than 80 pages per 
symposium.) It can, however, be recommended for those who want an 
overview of the current thinking in the subjects covered. 

Reviewed by S. H. Yalkowsky 
The Upjohn Co. 
Kalamazoo, MI 49001 
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volume. Considering the current prices for technical books, this series 
is a bargain by any standard that might be applied. 

Reuiewed by Marvin H. Malone 
Physiology and Pharmacology Unit 
School of Pharmacy 
University of the Pacific 
Stockton, CA 95207 

Topics in Pharmaceutical Sciences Edited by D. D. BREIMER and 
P. SPEISER. Elsivier/North Holland Biomedical Press, Amsterdam. 
The Netherlands 1981. 535 pp. 16 X 24 cm. Price $69.74 US., 150 
Dfl. 
The book, which contains over thirty chapters, is the proceedings of 

the 41st International Congress of FIP, held in Vienna, Austria, Sept. 
1981. There chapters are divided into seven symposia which cover some 
of the major areas of thrust in the pharmaceutical sciences. The sympo- 
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Reviewed by S. H. Yalkowsky 
The Upjohn Co. 
Kalamazoo, MI 49001 
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Molecular Basis of Drug Action. Edited by THOMAS P. SINGER and 
RAUL N. ONDARZA. ElsevierMorth-Holland, New York, NY 10017. 
1981.408 pp. 16 X 24 cm. Price $55.00. 
This book contains the proceedings of the International Symposium 

on the Molecular Basis of Drug Action held in Queretaro, Mexico in Oc- 
tober 1980. The editors have dedicated the book to the memory of Dr. 
Eugene C. Jorgensen. The warmth of the picture of Gene in the front of 
the book and the clear sparkling quality of his chapter brings us poignant 
reminders of the humanistic and scientific qualities of this man. 

The book is divided into five sections; each section having three to six 
chapters. The section topics are: Drugs Against Microbial Invaders, 
Suicide Inhibitors, New Directions in Molecular Pharmacology, Ionic 
Channels and Pumps, and Mechanisms of Drug Resistance. 

The book is unusual for a symposium volume for several reasons. The 
chapters have been carefully guided and edited so that there is more than 
the usual background information found in symposia volumes. Most 
chapters are mini reviews. The tables, schemes, figures, and art work are 
well-designed and attractive. Most importantly, they enrich the infor- 
mation content of the chapter. The choice of sections and articles covers 
quite thoroughly most of the current work in this dynamic approach. The 
distinguished contributors bring together in one volume a valuable col- 
lection of articles on the molecular basis of drug action. 

The book is of such significant quality that individual drug scientists 
may want to purchase it for their libraries. It is certainly a fitting me- 
morial to Gene Jorgensen, one of the pioneers in this field. 

Reoiewed by Lemont B. Kier 
Department of Pharmaceutical 

School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, Virginia 23298 

Chemistry 

The Ikaloids. Chemistry and Physiology, Vol. 19. Founding Editor, 
R. H. F. MANSKE, Edited by R. G. A. RODRIGO. Academic Press, 
Inc., New York, NY 10003 1981.227 pp. 15 X 23 cm. Price $39.00. 
Volume 19 of The Alkaloids marks the continuation of this classic 

series, which reviews advances in alkaloid chemistry. Included in this 
volume are groups of alkaloids which have not been reviewed for over 10 
years. These new groups are Sceletium, Solanurn steroids, and phe- 
nanthroindolizidine and phenanthroquinolizidine alkaloids. 

Peter W. Jeffs has written an excellent comprehensive review of the 
Sceletium (Fam. Aizoaceae) alkaloids. The number of alkaloids from 
this genus has increased to more than 25. They fall into four structural 
classes based on four different ring systems: the mesembrine, jouber- 
tiamine, pyridine-dihydropyridone, and tortuosamine. Detailed de- 
scriptions are given of chemical and spectral methods of structure elu- 
cidation, synthetic methods, chemical transformations, and biosynthetic 
studies. 

A chapter by Helmut Ripperger and Klaus Schreiber reviews the So- 
lanum steroid alkaloids. This well-organized chapter presents work since 
1966 in tables which supplement similar s w e y s  in Volume 10. There are 
tables of the Occurrence of Solanurn glycoalkaloids and alkamines, 
composition of the glycoalkaloids, and physical constants of all the gly- 
cosides, alkamines, and their derivatives (over 500) described since 1967. 
The physical constants are arranged by tables according to the five dif- 
ferent Cn-carbon skeletons comprising the Solunum stecidal alkamines. 

The structure elucidation of new alkamines, syntheses, and chemical 
degradations are described in detail. Interest has been renewed in these 
alkaloids as a source of starting material for making hormonal steroid 
drugs. 

In another chapter Ralph C. Bick and Wannee Sinchai review all 16 
phenanthroindolizidine and two phenanthroquinolizidine alkaloids that 
are known. The phenanthroindolizidines are often called Tylophora al- 
kaloids, since they frequently occur in this genus (Fam. Asclepiadaceae). 
Spectral methods are described in separate sections with specific ex- 
amples of how the techniques are used for structure characterization. The 
chapter also features a section on the various synthetic schemes which 
have been developed for these alkaloids. The large interest in syntheses 
stems from reported biological activities of these compounds, including 
antitumor activity. 

This volume of The Alkaloids maintains the high quality of the series 
and should be added to the collections of alkaloid chemists. 

Reuiewed by Susan Tafur 
Philip Morris Research Center 
P.O. Box 26583 
Richmond, VA 23261 

The Alkaloids. Chemistry and Physiology, Volume 20. Founding 
Editor, R. H. F. MANSKE, Edited by R. G. A. RODRIGO. Academic 
Press, Inc., New York, NY 10003. 1981. 341 pp. 15 X 23 cm. Price 
$59.50. 
This 20th volume of the excellent series on advances in alkaloid 

chemistry is devoted to bisindole and eburnamine-vincamine alkaloids. 
The exacting thoroughness with which these groups of alkaloids are 
covered is characteristic of the reviews in this series. 

Geoffrey A. Cordell and J. Edwin Saxton have combined discussions 
of various bisindole alkaloids into a single review, whereas in previous 
volumes the dimeric alkaloids have been a part of more specific reviews 
on alkaloids of a particular genus or structural type. The unifying factor 
of the bisindoles lies in their containing two tryptophan-derived nuclei. 
The sections of the review are organized based on progressing biosyn- 
thetic pathways from simple tryptamine units to two monoterpenoid 
indoles. Special sections on '3C-NMR data or various synthetic schemes 
of particular groups of alkaloids are also included. References for plant 
sources and physical data of all structurally identified bisindoles are 
summarized by table. 

The other group of alkaloids covered in this volume is the eburnam- 
ine-vincamine type which is reviewed by Werner Dopke. Much of the 
recent work on these pentacyclic indole alkaloids is in the area of estab- 
lishing absolute configurations. New stereoselective syntheses have been 
achieved, especially for vincamine, which has recently been found to have 
medicinal uses. Extensive discussions on specific alkaloids are restricted 
mainly to the new alkaloids of this type which have been isolated since 
the last review in Volume 11. 

Volume 20 continues the well-organized style of this outstanding series. 
It should be of particular interest to indole alkaloid chemists and others 
who wish to have exceptional reviews of these important classes of al- 
kaloids. 

Reviewed by Susan Tafur 
Philip Morris Research Center 
P.O. Box 26583 
Richmond, VA 23261 
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EDITORIAL 

Restoring the Oracle of Science 

When the APhA member pays his or her annual membership 
dues, that member is helping to support or “buy”-among other 
benefits, services, and programs-a certain amount of repre- 
sentation in the halls of Congress and the offices of the federal 
executive agencies. Such representation includes offering advice, 
technical counsel, and scientific persuasion to those in govern- 
ment. 

We recently read an article in the Sunday magazine section of 
The Washington Post, the thesis of which is that no one in 
Washington really has “power” in the usual sense of the word. 
What they do have is “access,” and “access” translates into “in- 
fluence,” which is the true common denominator in politics as 
practiced in Washington, D.C. Consequently, the success of or- 
ganizations in the nation’s capital is largely dependent upon how 
well those organizations are able to establish access to the right 
people and, in turn, exert influence over those people via that 
access. 

In the case of APhA-as with other national health care and 
scientific membership societies-representation a t  the national 
political level is only one of several equally important purposes 
or objectives of the organization. And, within that sphere, rep- 
resentation and influence regarding scientific matters and 
technical issues constitutes an even more limited scope of activity 
and basis for APhA’s existence. 

In contrast, the geographic “next-door neighbor” to APhA on 
Constitution Avenue is the National Academy of Sciences- 
National Research Council (NAS-NRC). This venerable insti- 
tution was chartered by Congress and President Abraham Lin- 
coln in 1863 with the express purpose of serving as a, if not “the,” 
private-sector science advisory body for the federal government. 
But many things have changed over the past 120 years. 

The federal government itself has grown immensely and in that 
growth has added all sorts of technical, scientific, and research 
groups to its regulatory agencies, to the cabinet executive de- 
partments, and in the support services provided to Congress as 
the legislative wing of the United States government. For ex- 
ample, in the health area, these groups range from the Food and 
Drug Administration’s National Center for Drugs and Biologics, 
to the National Institutes of Health, to the Congressional Office 
of Technology Assessment. Moreover, a host of independent or 
quasi-independent bodies have also sprung up including the 
National Science Foundation, The Brookings Institute, the 
Carnegie Institution, the Rand Corporation, and so on. Finally, 
since approximately the end of the World War I1 era, most US. 
Presidents have recognized the value of appointing a special 
Science Advisor to the President or having a Presidential Office 
of Science Policy. 

So no longer is there any shortage of science advice and willing 
and eager science advisors on the Washington political scene. 
Indeed, they often agressively compete among and between 
themselves for attention, visibility, and the opportunity to be 
heard even if their advice may not be accepted or followed. 

All of this has spelled trouble-with a capital “T”-for the 
prestigious NAS-NRC. Its prominence and reputation went 
unchallenged for many years, and, as in the case with many 
venerable and stodgy institutions of a by-gone era, i t  was ill- 
prepared to meet the onslaught of competition from younger, 
more vigorous, and more aggressive purveyors of scientific 
counsel and technical advice. Unsurprisingly, the result is that  
NAS-NRC has gone into at  least a partial eclipse as its once 
undisputed position suddenly declined. 

Thirteen years ago, an effort to reverse this situation was 
started when Philip Handler was named NAS-NRC President. 
Although he happened to be a distinguished biochemist, that 
facet of his background was incidental to his new assignment. 
Basically, what was needed was a skilled administrator-which 
Handler generally proved to be-and his past reputation as a 
research biochemist was simply a bonus that helped him to open 
doors, gain attention, and win the respect of his scientific 
peers. 

But years of benign neglect and an activist and often hostile 
climate of operation limited what any one leader could accom- 
plish. Due to economic considerations, the NAS-NRC day-to-day 
operation was forced to undertake fee-for-service activities 
numbering in the hundreds but almost all of extremely narrow 
scope. The hundreds of committees, panels, and boards were all 
diligently studying and dissecting the trees while ignoring the 
forest. 

Science and Government Report, a Washington-based pub- 
lication that describes itself as “The Independent Bulletin of 
Science Policy,” devoted much of one of its 1982 issues to a close 
look at the NAS-NRC in an article titled “Academy of Sciences 
Stakes Out a New Role.” Editor Daniel S. Greenberg reviewed 
and analyzed what he characterized as the “institutional shaking, 
headrolling, and reorganizing that’s going on a t  the venerable 
NAS.” 

It  is Greenberg’s thesis that Handler’s successor, former 
Presidential Science Advisor Frank Press, is trying to reshape 
the Academy and to restore it to its former position “as the high 
temple of science.” Greenberg sees the new NAS president as 
having a markedly different agenda than that followed during 
the Handler era. 

“In Press’s vision of the Academy of the future, the institution 
would focus its scholarly resources on big issues and eventually 
get out of the role of job shop for any government agency that 
wants to hire its prestige. . . . Press would like to see the Academy 
revert to its early role as a staging area for science’s political in- 
terests in Washington. Lots of wheeling and dealing aimed at  
starting or stopping something on the federal scene used to go 
on a t  the Academy.” 

But the key to being able to pull off such a change is money. 
I t  was the “job shop” projects that paid the bills for the Academy 
to operate over the past generation or longer. Without the infu- 
sion of a lot of financial donations from some philanthropic 
source, there will not be the wherewithal to do what Press is de- 
scribed as trying to accomplish. 

And in a budget-tight economy, with an Administration 
looking for every place to  cut further on expenditures, the pros- 
pect of Uncle Sam becoming Santa Claus is extremely remote. 

Moreover, to date the Reagan Administration has shown little 
desire, need, or interest in tapping any outside source for the 
purpose of major shaping of science policy. 

Collectively, all of this projects a relatively dismal prognosis 
for the NAS. Academy President Press will need to muster not 
only his considerable personal administrative talents, but also 
the strong and unified support of the entire scientific community, 
if the NAS is to regain its former exalted position as the pinnacle 
of science policy. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract 0 Certain drugs that h e  eliminated partly by conjugation with 
sulfate cause appreciable depletion of endogenous inorganic sulfate in 
animals and humans. The limited availability of endogenous inorganic 
sulfate contributes to, or is responsible for, dose-dependent elimination 
kinetics and can cause pronounced time-dependent changes in the dis- 
position of drugs that are metabolized to sulfate conjugates. A compre- 
hensive characterization of the pharmacokinetics of such drugs requires, 
therefore, an interdigitation with the kinetics of endogenous inorganic 
sulfate. The latter is cleared from the body primarily by renal excretion. 
The purpose of this investigation was to determine the relationship be- 
tween the renal clearance and the serum concentration of inorganic sul- 
fate, particularly in the subnormal concentration range during acet- 
aminophen-induced sulfate depletion. Administration of acetaminophen, 
150 mg/kg iv, to adult male rats reduced their serum inorganic sulfate 
concentration from -1 mM to <0.1 mM without affecting the renal 
clearance of creatinine. The renal clearance ratio, sulfate-creatinine, 
decreased from between 0.2 and 0.3 at -1 mM serum sulfate to = 0.05 
at <0.1 mM serum sulfate concentration. When serum sulfate concen- 
tration was increased to N 1.5 mM by iv infusion of sodium sulfate, the 
sulfaMreatinine renal clearance ratio increased abruptly to N 1 without 
affecting creatinine renal clearance. Acetaminophen had no effect on the 
high renal clearance of inorganic sulfate during hypersulfatemia. The 
pronounced serum concentration dependence of sulfate renal clearance 
facilitates inorganic sulfate homeostasis. A survey of the literature in- 
dicates that the relatively low endogenous serum sulfate concentration 
(-0.3-0.4 mM) in humans (compared with dogs, rabbits, and rats) is due 
primarily to low formation rate rather than high renal clearance of in- 
organic sulfate. 

Keyphrases 0 Inorganic sulfate-renal clearance in rats, effect of 
acetaminophen-induced depletion of endogenous sulfate Renal 
clearance-inorganic sulfate in rats, effect of acetaminophen-induced 
depletion of endogenous sulfate 0 Acetaminophen-renal clearance of 
inorganic sulfate in rats, effect of induced depletion of endogenous sul- 
fate 

Conjugation with sulfate is an important biotransfor- 
mation pathway for certain phenolic drugs and for many 
endogenous compounds including certain steroids and 
biogenic amines (1). Administration of therapeutic or 
pharmacologic doses of acetaminophen or salicylamide 

results in depletion of endogenous sulfate, as reflected by 
decreased serum concentrations and urinary excretion of 
inorganic sulfate in humans and animals (2-6). This de- 
pletion of inorganic sulfate, and the consequent decrease 
in the availability of activated sulfate (3’-phosphoade- 
nosine-5’-phosphosulfate) as a cosubstrate for sulfate 
conjugation, can cause or contribute to pronounced dose 
dependency in the pharmacokinetics of drugs that are 
eliminated by conjugation with sulfate and can also cause 
the pharmacokinetics of such drugs to exhibit marked 
time-dependency (7,8). A comprehensive characterization 
of the pharmacokinetics of these drugs requires, therefore, 
mathematical models that include a description of the 
kinetics of endogenous sulfate formation and elimina- 
tion. 

Endogenous sulfate is derived primarily from oxidation 
of sulfur-containing amino acids and, partly, from inor- 
ganic sulfate contained in the diet (9-11). Thus, previous 
researchers (9) were able to demonstrate a strong corre- 
lation between the urinary excretion of sulfate and the 
dietary intake of methionine and cystine in human 
subjects. The urinary excretion of sulfate by children with 
kwashiorkor is only about one-third of normal due to their 
protein-deficient diet and the resultant reduced intake of 
sulfur-containing amino acids (10). Inorganic sulfate is 
eliminated from the body predominantly by urinary ex- 
cretion as such (12). In nonmedicated humans on a normal 
diet and with normal renal function, only -7-2096 of total 
sulfate is excreted in bound form, ie., as endogenous sul- 
fate conjugates (3,13). The ratio of bound to free sulfate 
excretion by normal rats is similar to (14) or even lower 
than in humans (3). Reduced or absent renal function is 
associated with pronounced retention of inorganic sulfate; 
there is a strong, positive correlation between the serum 
concentrations of creatinine and inorganic sulfate in hu- 
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Figure 1-Effect of an iu injection of acetaminophen (time of injection 
shown by arrow), 150 mglkg, on creatinine concentration in serum and 
urinary excretion rate, and on inorganic sulfate concentration in serum 
and urinary excretion rate in a rat. This figure shows the experimental 
design used to determine the renal clearance and renal clearance ratio 
of inorganic sulfate as a function of sulfate concentration in serum in 
the normal and subnormal serum concentration range. 

5 

tion, i .e.,  in the subnormal serum sulfate concentration 
range. 0 

EXPERIMENTAL 

Adult, male Sprague-Dawley rats (330-380 g) had a cannula implanted 
in the right jugular vein (23) and another in the urinary bladder, under 
light ether anesthesia 1 day before the experiment. The animals were kept 
unrestricted in individual plastic metabolism cages. Food and water were 
withdrawn in the morning and withheld for the duration of the experi- 
ment, which was started in the morning. 

The general experimental design is illustrated in Fig. 1. Urine was 
collected at 2-hr intervals, usually for 12 hr. Each time, the bladder was 

a . . 
0 .  . . a .  

1 I 1 I I I 

mans (15) and rats (8) with renal dysfunction. Thus, renal 
clearance is the major determinant of inorganic sulfate 
elimination kinetics. 

Studies on healthy humans and animals (dogs, rabbits, 
and rats) have shown that the renal clearance of inorganic 
sulfate is -10-3596 of glomerular filtration rate (GFR) 
under normal physiological conditions and increases to a 
rate approximately equal to GFR when serum sulfate 
concentrations are increased substantially by adminis- 
tration of sodium sulfate (15-20). This renal clearance- 
serum concentration profile is consistent with glomerular 
filtration of inorganic sulfate and partial renal tubular 
reabsorption by a capacity-limited process (19, 20). 
However, more recent studies have revealed also the 
presence of a tubular secretory process for sulfate ion in 
mammals, but it is quite clear that net reabsorption is 
predominant (21,22). To date, in uiuo investigations of 
sulfate renal clearance have been performed under con- 
ditions in which serum sulfate concentrations were in the 
physiological range or elevated by administration of in- 
organic sulfate. For considerations of the role of endoge- 
nous sulfate levels in the elimination of drugs that are 
subject to sulfate conjugation, the renal clearance of in- 
organic sulfate at subnormal serum sulfate concentrations 
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Figure %-Effect of an 8-hr infusion of sodium sulfate (start of infusion 
shown by arrow), 9.6 mglhr, on creatinine concentration in serum and 
urinary excretion rate, and on inorganic sulfate concentration in serum 
and urinary excretion rate in  a rat. The figure shows the experimental 
design used to determine the renal clearance and renal clearance ratio 
of inorganic sulfate as a function of sulfate concentration in serum in 
the normal and supernormal serum concentration range. 
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Table 11-Effect of Acetaminophen or Sodium Sulfate on Serum Concentrations and Renal Clearance of Creatinine in Rats. 
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Acetaminophen * Sodium SulfateC 
Time, Creatinine Concentration Creatinine Renal Creatinine Concentration Creatinine Renal 

0 0.67 f 0.22 3.14 f 1.22 0.55 f 0.08 3.41 f 0.84 
5 0.59 f 0.13 3.49 f 1.75 0.59 f 0.1 3 3.19 f 0.85 
7 0.63 f 0.15 3.29 f 1.35 0.59 f 0.17 3.48 f 1.26 

12 0.59 f 0.22 2.96 f 1.22 0.64 f 0.13 3.40 f 1.28 

hr in Serum, mg/100 ml Clearance, ml/min/kg in Serum, mg/100 ml Clearance, ml/min/kg 

0 Results are exmessed as mean f SD, n = l l  (for acetaminophen) or n=6 (for sodium sulfate). * 150 mgkg iv at 4 hr. 9.6 mghr was infused for 8 hr starting at the 

3 

4th hour of the experiment. 

washed with three 1 -ml portions of normal saline solution and these were 
combined with the collected urine. Blood samples were obtained at  fre- 
quent intervals, as shown in Fig. 1. After a 4-hr control period for col- 
lection of two 2-hr urine samples and two blood samples (one for creati- 
nine and the other for inorganic sulfate determination), the animals re- 
ceived an injection of acetaminophen, 150 mg/kg iv, through the cannula. 
The drug was administered as a 2.5% solution in 40% propylene glycol- 
normal saline. Blood samples (0.35 or 0.60 ml) were collected in plastic 
syringes, and serum was separated by centrifugation. To ensure that 
mainstream blood was obtained, the saline solution (without heparin) 
in the cannula and a small volume of blood were aspirated into another 
syringe before sample collection and then reinjected. One milliliter of 
normal saline solution was also injected after each blood withdrawal, to 
replace blood volume, fill the cannula, and stimulate urine flow. 

Another group of rats had an additional cannula implanted in the left 
carotid artery for sodium sulfate infusion. These animals received 9.6 
mg/hr/rat, as an isotonic solution containing 0.8% sodium sulfate and 
0.45% sodium chloride in water. The solution was infused at  a rate of 1.2 
ml/hr from the 4th to the 12th hour of the experiment. The urine and 
blood collection schedule for this experiment is shown in Fig. 3. Some rats 
received both acetaminophen and sodium sulfate, the former as an in- 
jection at 4 hr and the latter as an infusion from the 8th to the 12th 
hour. 

The concentration of inorganic sulfate in serum or urine was deter- 
mined by the turbidimetric method of Berglund and S6rbo (24) as 
modified by Krijgsheld et al. (25). The method was scaled down for gerum 
assays to a serum volume of 0.15 ml. The concentration of bound sulfate 
in urine was determined as the difference in sulfate concentrations before 
and after acid hydrolysis (diluted urine-10 N hydrochloric acid, 101, v/v, 
heated for 2 hr a t  100'). 

Creatinine concentrations in serum and urine were determined with 
a commercial kit', which is based on a modification of a previous assay 
procedure (26). 

Acetaminophen sulfate in urine was assayed by high-performance 
liquid chromatography (HPLC) based on a previous method (27,28). 

Renal clearances of inorganic sulfate and creatinine in the control 
periods were determined as excretion rate divided by serum concentra- 
tion, and were normalized for body weight. During periods of changing 
serum sulfate concentrations, (after acetaminophen injection and during 
sodium sulfate infusion), the renal clearance of inorganic sulfate was 
calculated as the amount excreted in the urine divided by the area under 
the serum concentration-time curve during the urine collection interval. 
Some of the results are reported as clearance ratio, i e . ,  the renal clearance 
of sulfate divided by the renal clearance of creatinine. 

RESULTS 

Control renal clearance determinations were made on 32 animals. The 
serum sulfate concentration was 0.89 f 0.08 mM, urinary excretion of 
inorganic sulfate averaged 0.55 f 0.26 pmolelminlkg, and renal clearance 
of inorganic sulfate was 0.64 f 0.24 ml/minkg. Serum creatinine con- 
centrations were 0.72 f 0.24 mg/dl, and creatinine clearance was 3.0 f 
1.2 ml/min/kg. The renal clearance ratio of inorganic sulfate was 0.24 f 
0.14. All of these results are mean values fSD. 

Injection of acetaminophen, 150 mg/kg, produced a rapid, pronounced, 
and persistent decline of serum concentrations and urinary excretion of 
inorganic sulfate (Fig. 1). A separate study showed that under these 
conditions, acetaminophen concentrations in plasma average -150 pg/ml 
initially and decline with an apparent half-life of -1 hr (7). 

The urinary excretion of sulfate before acetaminophen administration 
consisted mostly of inorganic (free) sulfate; <lo% of total sulfate was of 
the bound form (i.e., sulfate conjugated with endogenous substances). 

1 Creatinine Kit, No. 555-A, Sigma Chemical Co., St. Louis, Mo. 

The pronounced reduction of inorganic sulfate excretion after acetami- 
nophen administration was accompanied by a very large increase in the 
excretion rate of bound (conjugated) sulfate, mostly in the form of 
acetaminophen sulfate (Table I). 

Acetaminophen had no apparent effect on the serum concentration 
and urinary excretion rate of creatinine and, therefore, on the renal 
clearance of endogenous creatinine (Fig. 1 and Table 11). This lack of 
effect became apparent in preliminary experiments and justified a re- 
duction of serum creatinine determinations (which required an ektra 
0.25-ml of blood per sample) to four during 12 hr, to minimize blood 
volume depletion. Sulfate renal clearance ratios were, therefore, deter- 
mined on the basis of an average creatinine clearance for each animal, 
calculated by dividing the 12-hr creatinine excretion rate by the average 
of the four successive serum creatinine concentrations. 

Control experiments were performed to determine the possible effects 
of normal saline solution and propylene glycol on the renal clearances 
of creatinine and inorganic sulfate in otherwise unrnedicated rats. Seven 
rats were studied during a 4-hr control period and during 4 hr of normal 
saline infusion at a rate of 1.2 mlhr. The ratios, control-treatment, of 
individual creatinine and sulfate clearance values were 1.00 f 0.18 (SD) 
and 0.93 f 0.15, respectively. The effect of propylene glycol was deter- 
mined in an experiment identical to that described in Fig. 1 except for 
the omission of acetaminophen. The injection solution consisted of 40% 
propylene glycol in normal saline, 6 ml/kg. Again, there was no effect on 
the renal clearance of creatinine or sulfate; the control-treatment ratios 
were 0.92 f 0.15 for creatinine and 1.02 f 0.18 for sulfate renal clear- 
ance. 

Infusion of sodium sulfate caused a significant increase of serum 
concentrations and urinary excretion rates of inorganic sulfate, without 
any apparent effect on the serum concentrations and renal clearance of 
creatinine (Fig. 2 and Table 11). 

Depletion of endogenous inorganic sulfate by acetaminophen and 
supplementation by sodium sulfate administration permitted determi- 
nation of the relationship between serum concentration and renal 
clearance of sulfate over a wide concentration range (Fig. 3). To rule out 
a possible direct effect of acetaminophen on sulfate clearance ( i e . ,  an 
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FREE SULFATE IN SERUM, mM 
Figure 3-Relationship between renal Clearance and serum concen- 
tration of inorganic sulfate in two rats. One animal received acetami- 
nophen (0); the other received sodium sulfate (m). 
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Figure 4-Effect of acetaminophen on the renal clearance of inorganic sulfate a t  subnormal and supernormal serum sulfate concentrations in 
rats. Left panel: Inorganic sulfate concentrations fmean *SD) in serum of 3 rats during a 4-hr control period and after intravenous injection of 
acetaminophen at 4 hr followed by a 4-hr infusion of sodium sulfate, 9.6 mglhr, from 8 to 12 hr. Right panel: Renal clearance of inorganic sulfate 
as a function of sulfate concentration in serum, derived from the experiment shown in the left panel (e). Also shown (0) are results obtained, 
a t  selected concentration ranges, from animals who received either only acetaminophen or only sodium sulfate, or neither (mean *SD). 

effect unrelated to the acetaminophen-induced diminished serum sulfate 
concentrations), sulfate depletion following acetaminophen adminis- 
tration was reversed by infusion of sodium sulfate. The renal clearance 
of inorganic sulfate a t  elevated serum sulfate concentrations was unaf- 
fected by acetaminophen (Fig. 4). 

A summary of all renal clearance data obtained over a wide range 
(<0.1-1.5 mM) of serum sulfate concentrations is presented in Fig. 5. 
Excluded from that figure are data from two rats with some evidence of 
renal dysfunction. To facilitate the presentation of the combined results 
of experiments on 15 rats, the data were normalized with respect to cre- 
atinine clearance by being expressed as clearance ratios. The clearance 
ratio of inorganic sulfate is very low (<0.1 on the average) at serum sulfate 
concentrations <0.1 mM and increases to - 1 when serum sulfate con- 
centration is -1.5 mM. There is a very steep increase of the clearance 
ratio when serum sulfate concentration slightly exceeds 1 mM, i.e., the 
usual physiological level of inorganic sulfate in rats. In the serum con- 
centration range from <0.1 to 1 mM (i.e., during hyposulfatemia in rats), 
the renal clearance of sulfate also increases with increasing serum con- 
centration, albeit not as steeply as between serum concentrations from 

a ; I  
u1 

0 

0 
0 0  

0 

0 0  

0 0  
0 

0 

0 0  

0 

O 0  

0 :oo  
0 

0 
0 0  

Eb 
0 0 0  

1 :o 1.5 

FREE SULFATE IN SERUM, mM 

Figure 5-Renal clearance ratio of inorganic sulfate (sulfate clear- 
ance-creatinine clearance) as a function of sulfate concentration in 
serum of nine rats before and after acetaminophen injection (a) and 
six rats before and during sodium sulfate infusion (0). 

1 to 1.5 mM. The serum concentration dependence of sulfate renal 
clearance in the subnormal concentration range was established by the 
following objective criteria, applied to the group of animals that received 
acetaminophen: (a) comparison of renal clearance values a t  serum sulfate 
concentrations <0.25 mM to those at  >0.5 mM indicated the latter to 
be significantly higher (p <0.001 by paired t test), and (b) analysis of data 
for each animal separately showed a strong positive correlation between 
renal clearance and serum concentration of sulfate for every rat in the 
study ( r  > 0.85, p < 0.05). 

DISCUSSION 

Baseline data obtained during the control periods in this investigation 
are in excellent agreement with literature values. This includes serum 
inorganic sulfate concentration (11, 19, 29), urinary excretion rate of 
inorganic sulfate (3, ll), serum creatinine concentration (30), and renal 
clearance of creatinine (31) in rats. Previous researchers (14) observed 
a circadian rhythm with respect to serum concentration and urinary 
excretion rate of inorganic sulfate in rats; serum sulfate concentration 
decreased rapidly from -0.9 to -0.6 mM in the evening while sulfate 
excretion increased. Apparently, this phenomenon does not occur con- 
sistently, since the same investigators reported essentially constant serum 
sulfate concentrations in rats during a 24-hr period in another study (11). 
Experiments in this investigation were always started in the morning and 
lasted 12 hr; serum concentrations and urinary excretion of inorganic 
sulfate remained essentially constant during this time in unrnedicated 
rats. 

It appears that the renal tubular reabsorption of sulfate is coupled to 
active transport of sodium through a sodium-sulfate cotransport system 
(32, 33). Under certain conditions, administration of sodium chloride 
causes a transient decrease of serum sulfate concentrations in rats (5,25). 
The use of sodium chloride in this investigation to adjust the tonicity of 
the sodium sulfate infusion solution and, as normal saline solution, to 
replace blood volume and stimulate urine flow, had no apparent effect 
on the serum concentration and urinary excretion of endogenous inor- 
ganic sulfate. Propylene glycol, used as a solvent for acetaminophen, also 
had no effect on endogenous sulfate serum concentration and urinary 
excretion under the experimental conditions. 

Under normal physiological conditions, the renal clearance of sulfate 
is considerably below GFR even though sulfate in plasma is completely 
ultrafiltrable (34). Thus, inorganic sulfate undergoes considerable renal 
tubular reabsorption. This process is saturable, causing sulfate renal 
clearance to increase with increasing serum sulfate concentration. This 
concentration dependence is strikingly apparent in the rat when serum 
sulfate concentrations are increased by infusion of sodium sulfate (Figs. 
3 and 5). More problematical has been the search for the existence of a 
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Table 111-Interspecies Comparison of Free Sulfate Kinetics 

Humans“ Dogb Rabbitc Ratd 

Reported or assumed 70 12 2.5 0.35 
body weight, kg 

Serum-free sulfate 0.44 1.40 1.21 0.89 
concentration, mM 

Renal clearance of creatinine, 1.7 3.4 4.3 3.0 
ml/min/kg 

Renal clearance of 0.54 0.35 0.57 0.64 
sulfate, ml/min/kg 

sulfate/creatinine 

free sulfate, umoleslminlkc! 

Renal clearance ratio, 0.33 0.10 0.13 0.24 

Urinary excretion rate of 0.24 0.48 0.76 0.55 

Reference 13. b Reference 38. Reference 15. This study. 

renal tubular secretory process for sulfate. Studies in several species, 
including humans and dogs, have failed to demonstrate that renal 
clearance of sulfate can exceed GFR (18, 20, 35). While sulfate renal 
clearance ratios in the present investigation have occasionally exceeded 
unity a t  high serum sulfate concentrations (Fig. 5), these values have all 
been close to unity. Clearance ratio determinations are based on four 
measurements (sulfate and creatinine in serum and urine) and are 
therefore subject to some error. The results of our renal clearance ex- 
periments at elevated serum sulfate concentrations provide no definitive 
evidence of renal secretion of sulfate and are consistent with the expe- 
riences of other investigators who have not been able to demonstrate 
conclusively, by conventional clearance determinations in mammals, that 
inorganic sulfate is subject to renal tubular secretion (22). However, a 
renal secretory process for sulfate has been found by tubular microper- 
fusion techniques but appears to be rudimentary (21,22). In any event, 
the focus of this investigation has been on the concentration dependence 
of sulfate in the subnormal serum concentration range where the secre- 
tory process is overshadowed by the reabsorption process. 

The use of a drug to deplete endogeneous sulfate has permitted, ap- 
parently for the first time, the determination of sulfate renal clearance 
at subnormal serum sulfate concentrations. This information is important 
for the comprehensive characterization of the pharmacokinetics of drugs 
that are subject to sulfate conjugation and whose biotransformation is 
associated with a depletion of endogenous sulfate. It was found that the 
renal clearance of sulfate decreases continuously with decreasing serum 
sulfate concentrations. When endogenous sulfate is severely depleted, 
there occurs almost complete reabsorption of sulfate from the glomerular 
filtrate. Thus, the serum concentration dependence of renal sulfate 
clearance in rats facilitates sulfate homeostasis by retaining sulfate when 
this ion is depleted and by excreting it rapidly when serum concentrations 
are elevated above normal. These conclusions apply also to humans, as 
is evident from the results of an ongoing investigation*. 

There are very large species differences in serum sulfate concentrations; 
the goat and rooster have concentrations ~ 2 . 5  mM, the rat and mouse 
N 1 mM, and the monkey and humans are a t  the lower extreme with 
concentrations -0.3 mh4 (14). The two most likely reasons for these 
species differences are variations in the formation rate (or dietary intake) 
of sulfate and in the renal sulfate clearance. Volume of distribution dif- 
ferences are much less likely; sulfate ion is not protein bound and dis- 
tributes almost exclusively in extracellular space (36,37). A survey of the 
literature shows that, based on body weight, the renal clearance of sulfate 
in humans under physiological conditions is similar to that of rats, rabbits, 
and dogs (Table 111). The low serum sulfate Concentration in humans 
under these conditions suggests that their sulfate formation rate is rel- 
atively low, perhaps due to lower dietary intake of precursors. This 
conclusion is supported by the fact that the urinary excretion rate of free 
sulfate (which is a good approximation of the formation rate since tracer 
doses of ~ u l f a t e - S ~ ~  are excreted largely as such), is much less in humans 
than in the other three species (Table 111). 

2 M. E. Morris and C. Levy, to be published. 
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Abstract 0 In uitro measurements have been made of the permeability 
of frozen and reconstituted cattle skins to levamisole. Breeds used were 
Red Poll cross, Hereford/Shorthorn cross, Hereford/Santa Gatrudis cross 
(or Brahman), Friesian (or FriesiadJersey cross), and Hereford cattle 
killed in early fall, early summer, or winter. Inter- and intrabreed dif- 
ferences in skin permeability were small, but skin permeability in summer 
and fall was appreciably greater than in winter. Increases in skin tem- 
perature also increased skin permeability. The solvent properties of the 
skin toward neutral molecules appeared to be similar to those of water, 
suggesting that skin is a relatively polar barrier. 

Keyphrases 0 Levamisole-effects of breed, season, temperature, and 
-solvents on permeability, frozen and reconstituted cattle skin 0 Per- 
meability-frozen and reconstituted cattle skin, effects of breed, season, 
temperature, and solvents, levamisole 0 Skin, cattle-frozen and re- 
constituted, effects of breed, season, temperature, and solvents on per- 
meability to levamisole 

It has been shown recently (1) that the outer 1 mm of 
frozen and reconstituted skin from a Hereford calf ( ie . ,  
stratum corneum, viable epidermis, papillary layer of the 
dermis, and associated appendages) acts as a homogenous 
barrier ta the diffusion of molecules of levamisole (I). This 
observation highlights a significant difference between the 
barrier properties of cattle skin and those of similarly 
treated human skin in which the stratum corneum is the 
rate-determining barrier to diffusing molecules (2, 3). 
Consequently, it is probable that different mechanisms are 
involved in the transport of molecules across cattle and 
human skin, and different steps must be taken when for- 
mulating topical products for cattle than those taken when 
formulating topical products for humans. 

Steps that can be taken to control topical absorption of 
drugs by humans have been reviewed previously (4,5). 

The effects of breed, season, skin temperature, and 
solvents on the in uitro permeability of frozen and recon- 
stituted' cattle skin to I are reported here. 

I t  is anticipated that the results of this study will be 
directly applicable to the development of liquid dosage 
forms that are intended to promote systemic drug delivery 
[i.e., pour-ons (6)] to cattle. 

EXPERIMENTAL 

The methods used to harvest and store cattle skins were identical to 
those described earlier (1). Details of the cattle used and of the times when 
skins were harvested are in Table I. 

Materials-Compound I (mp 61'), I hydrochloride (mp 228'), poly- 
oxypropylene-15-stearyl ether, sorbitan sesquioleate, the nonaromatic 
hydrocarbon fraction, and 2-ethoxyethanol were used as received* as was 
formulation C (Table 11). All other chemicals were analytical reagents 
unless otherwise stated. Formulations are listed in Table 11. 

Measurement of Skin Permeability-The procedures, including 

Results to be puMished shortly from this laboratory establish that there are 
no significant differences at the $9~ level in the permeability of fresh, frozen, and 
reconstituted cattle skin. * ICI Australia Ltd. 

analytical methods, described previously (1,7) were employed to deter- 
mine the permeability of the skins to I. Skin penetration was followed 
for 300 min, and lag times varied from 4 min (for penetration from tolu- 
ene) to 120 min (for penetration from aqueous and alcoholic solutions). 
In two studies, measurements were made of the penetration of tritiated 
water ("20) through cattle skin. Approximately 0.5 pCi of tritiated water 
was added to either the aqueous pH 8.9 solution or the pH 6.0 solution 
of I, and 1.0 ml of the mixture was applied to the epidermal surface of the 
skin. Samples (0.2 ml) of the donor solutions were taken at  0 and 300 min, 
and samples (1.0 ml) of the receptor solutions were taken at  300 min. The 
samples were adjusted to 1 ml with water and to each was added 10 ml 
of scintillation liquid (0.4% 2,5-diphenyloxazole in toluene-tyloxopo13, 
2 1  vlv). After thorough mixing, the samples were counted on a liquid 
scintillation spectrometer4. 

The temperature of the water bath in which all experiments, except 
those carried out to study variation of permeability with temperature, 
was 37.0 f 0.1'. Thermistor measurements indicated that the tempera- 
ture of the outer surface of the skin in these experiments was 30.6 f 
0.5'. 

Statistical Analysis-Unless otherwise stated, a multiple comparison 
statistical technique previously described (8) and modified5 was used to 
analyze the experimental results. 

RESULTS AND DISCUSSION 

As a consequence of the finding (1) that the outer 1 mm of cattle skin 
behaves as an homogenous barrier to the diffusion of molecules of I, it  
follows that: 

The product of the permeability constant (k,,, cm min-') and the 
thickness of the skin specimen ( r ,  cm, i.e., k,r cmz min-1) is a constant 
for diffusion through skin specimens with thicknesses in the range of 
03-1.0 mm; 

The diffusion coefficient (D, cm2 min-l) of I in skin specimens with 
thicknesses in the range of O.Fl.0 mm can be calculated from the lag time 
for diffusion (L, min) by: 

D = r2/6L (Eq. 1) 

1. 

2. 

3. The partition coefficient (PC)  for I from the formulation into skin 
specimens with thicknesses up to 1.0 mm can be calculated from: 

PC = k,r/D (Eq. 2) 

The derivations of Eqs. 1 and 2 are discussed in a previous report 
(1). 

Values of k,r, D, and PC for penetration of I through the skins of a 
number of cattle from a single formulation and from several formulations 
are in Tables 111 and IV, respectively. The skin specimens used in all 
experiments had thicknesses in the range of 0.3-1.0 mm. 

Intra- and Interbreed Variation in Skin Permeability-Table 
I11 contains mean values of k,r, D, and PC for penetration of I through 
skins of four Hereford calves from formulation A. The calves were about 
the same age, and the skin was harvested in early fall. 

Statistical analysis of the data indicates that there was no significant 
difference at  the 1% level between the permeability of the four skins and 
suggests that intrabreed differences are likely to be small for animals with 
similar histories treated during the same season. 

Two pieces of evidence suggest that interbreed differences (involving 
mainly European breeds) in skin permeability are also likely to be small 
for animals of similar ages that are treated during the same seasons. 

Thus, the permeability of the skin of a Friesian calf to I from formu- 

3 Triton X-100. 
Packard Tri-carb $544. 
Personal Communication, B. H. Kellett, Victorian College of Pharmacy. 

210 I Journal of Pharmaceutical Sciences 
Vol. 72. No. 3, March 1983 

0022-3549/83/0300-0218$0 1.0010 
@ 1983. American Pharmaceutical Association 



Table I-Details of Cattle and Time of Skin Harvesting Table 11-Formulations 

Approx- 
Calf imate 

Num- Age, 
ber months 

115 6 
110 9-11 

109 6 8  

F1 4-6 

Time of 
Breed Harvesting 

Red Poll Cross Late August (winter) 
Hereford/Shorthorn Late August (winter) 

Hereford/Santa cross 

Friesian (or Friesian/ 

cross 

Gatrudis or 
Brahman 

Early December (early 
Jersey cross) Summer) 

16 10-12 Hereford Mid March (early fall) 
21 8 Hereford Mid March (early fall) 
29 8-10 Hereford Mid March (early fall) 
34 8-9 Hereford Mid March (early fall) 

lation A in early summer was similar (there was no significant difference 
at the 1% level) to that of skins of the four Hereford calves in early fall 
(Table 111). Similarly, the results in Table IV show that interbreed dif- 
ferences for the permeability of the winter skins of a Red Poll (No. 115), 
a Hereford/Shorthorn cross (No. 110), and a Hereford/Santa Gatrudis 
cross or Brahman (No. 109) to I from formulation A and of those of calves 
Nos. 110 and 109 to formulations B and C, aqueous pH 8.9 and 6.0 solu- 
tions, were not significant a t  the 1% level. 

Seasonal Variation-Comparison of the results in Table 111 for the 
permeability to I from formulation A of the skin of the four Hereford 
calves killed in early fall (Nos. 16,21,29, and 34) with simiIar data in 
Table IV for skins of calves killed in winter (Nos. 115,110, and 109) in- 
dicate that the skin is significantly more permeable to I in the fall than 
in the winter (a two-tailed t test on the means for each group of results 
indicated that p < 10-7). 

This result is consistent with an observation that greater blood levels 
of I were achieved in cattle following application of a pour-on in summer 
than were achieved in wintel.6. 

Furthermore, while the values of both the diffusion coefficient and 
partition coefficient for I were greater in fall skin than in winter skin (p 
< and p < lo-*, respectively), inspection of the data reveals that 
the increase in the value of the partition coefficient is much larger. The 
greater partition coefficient in fall indicates that for I fall skin is a better 
solvent than winter skin. 

The solvent properties of the skin will be discussed further after con- 
sidering the effect that different formulations and different temperatures 
have on skin permeability. 

Formulation Variation-A noticeable feature of the data in Table 
IV is that I penetrated the skins of calves 110 and 109 -30 times faster 
(p < lo-? from the aqueous pH 8.9 solution (where I existed to the extent 
of 90% as a neutral molecule7) than from the aqueous pH 6.0 solution 
(where I existed to the extent of 99% as a cation). 

To test whether the pH value of aqueous buffers affected the intrinsic 
permeability of the skin, experiments were conducted using aqueous 
solutions of I buffered at  pH 8.9 and 6.0 and containing tritiated water. 
Measurements were made of the rate a t  which both tritiated water and 
I penetrated the skin from each formulation. The results in Table V in- 
dicate that the percent of the applied amount of tritiated water pene- 
trating the skin in 300 min was essentially the same at pH 8.9 and 6.0. This 
result is consistent with the conclusion that the variation of pH values 
from 8.9 to 6.0 does not significantly alter the intrinsic permeability of 
the cattle skin. In the same experiments, the percent of the applied dose 
of I that penetrated the skin in 300 min was - 10 times higher than the 
pH 8.9 buffer than from the pH 6.0 buffer. 

The data in Table IV indicate that whereas the value of the diffusion 
coefficient for I in cattle skin is essentially the same from aqueous pH 
8.9 and 6.0 solutions (differences are not significant at the 1% levels), the 
value of the partition coefficient of I from pH 8.9 solution into the skin 
is >10 times that from the pH 6.0 solution ( p  < 10-2). 

This result suggests that the skin has similar solvent properties to water 
for neutral molecules for I but is an inferior solvent for I cations. 

Comparison of the data in Table IV for penetration of neutral mole- 
cules of I through the skins of calves Nos. 110 and 109 from formulations 
A (largely 2-ethoxyethanol), B (largely 2-ethoxyethanol), and C (largely 
2-propanol) and water indicates that for I the skin permeability is greatest 

6 Personal Communication, D. Taylor, 1.C.I. Limited, United Kingdom. 
The pK. value of I is 7.94 at 37' (7). 

Designation % WIV I Formulation 

Aaueous DH 8.9 solution 0.85 I HCl 1% 
Borate Buffer to 100% 
Final pH 8.9 

PhosDhate Buffer to 100% 
Aqueous pH 6.0 solution 0.85 I HCl 1% 

F i n d  pH 6.0 

Water 20% 
Dimethyl Sulfoxide to 100% 

Toluene to 100% 

Poloxypropylene-15-stearyl ether 12% 
Nonaromatic Hydrocarbons 15% 
2-Ethoxyethanol to 100% 

Sorbitan Sesquioleate 10% 
Nonaromatic Hydrocarbons 20% 
2-Ethoxyethanol to 100% 

Spindle Oil 10% 
Isopropanol to 100% 

80% Dimethyl sulfoxide 1 I 1% 

Toluene 0.85 I toO.85% 

Formulation Aa  10 110% 

Formulation B 10 110% 

Formulation Cn 10 110% 

Bayer. 

from water. Also, while the values of the diffusion coefficient for I from 
each of the above formulations are similar, the value of the partition 
coefficient for I into the skin is significantly greater from water than from 
the organic solvents ( p  < 10-2). 

Table IV also includes data for the penetration of neutral molecules 
of I through the skin of calf No. 109 from 80% dimethyl sulfoxide (in 
water) and from toluene. These results differ from those from the other 
formulations studied, in that the values of the diffusion coefficients of 
I in the skin were significantly larger ( p  < lo-*) when 80% dimethyl 
sulfoxide and toluene were used as solvents. These results arose because 
the lag times for diffusion from these solvents were much less than those 
from aqueous pH 8.9 solution, aqueous pH 6.0 solution, or from formu- 
lations A, B, and C. 

In the case of penetration from 80% dimethyl sulfoxide, the value of 
k,r was six times less than that from aqueous pH 8.9 solution, although 
the value of the diffusion coefficient in the former system was 8.6 times 
larger. The determining factor in this case was the fact that the value of 
the partition coefficient of I between the aqueous pH 8.9 solution and 
skin was 4 0  times that between 80% dimethyl sulfoxide and skin. 

The value of kpr for penetration from toluene was comparable to that 
from aqueous pH 8.9 solutions at  the 1% level. In this case, although the 
partition coefficient of I from toluene into skin was 0.06 that from aqueous 
pH 8.9 solution, the value of the diffusion coefficient in the former case 
was 18.7 times that in the latter. 

These results are difficult to explain a t  the present time, but it is 
probable that they arise because dimethyl sulfoxide and toluene dissolve 
away or displace certain components of the skin and thereby change its 
permeability characteristics. It is known (9) that the application of ether 
removes a significant proportion of the lipid and stratum corneum from 
cattle skin. 

An important conclusion that can be drawn from these observations 
is that dimethyl sulfoxide may not be a universal promoter of penetration 
of neutral molecules through cattle skin to the same extent as it is for 
humaq skin penetration (10,ll). I t  has previously been shown (7) that 
dimethyl sulfoxide impedes rather than promotes the absorption of I 
through sheep skin. 

Table 111-Comparative Data a for Penetration of I from 
Formulation A through Hereford and Friesian Skins 

Partition 
Calf Formu- 1O6kPr (fSD) 106D (&SD) Coefficient 

16 A 17.8(4.5) 17(4) 1.13(0.42) 
21 A 15.7(2.1) 28(3) 0.58(0.14) 
29 A 20.8(7.2) 21(8) l.lg(0.79) 
34 A 19.6(5.5) 196) 1.12(0.60) 
F1 A 24.0(3.7) 236) l.OS(0.35) 

0 Mean values of k r D and PC from at least four experiments with skin sample 
thicknesses between 6.; d d  1 pm, tugether with standard deviations (SD). * Calves 
16,21,29, and 34 harvested in early fall. Calf F1 harvested in early summer. 

Number lation cm2 min-l cm2 m i x 1  (&D) 
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Table IV-Comparative Data for Penetration of I from a Variety of Solvents through Winter Skin of Three Breeds of Cattle 

Calf 
Number Formulation 

Partition Coefficient 
106kpr (&SD) 10fiD (*SD) (* SD) 

cm* min-1 cm2 min-1 cm2 min-l 

115 
110 
109 
110 
109 
110 
109 
110 
109 
110 
109 
109 
109 

A 
A 
A 
B 
B 
C 
C 
Aqueous pH 8.9 solution 
Aqueous pH 8.9 solution 
Aqueous pH 6.0 solution 
Aqueous pH 6.0 solution 
80% Dimethyl Sulfoxideb 
Toluene 

1 A(0.2) 
2.0(0.01) 
lB(0.5) 
2.3(0.4) 
1.2(0.3) 
0.8(0.2) 
0.6(0.1) 

11.3(3.6) 
10.2(3.1) 
0.4(0.1) 
0.3(0.1) 
1.6 

13.1(1.1) 

0.15(0.05) 
0.22(0.09) 
0.18(0.10) 
0.25(0.10) 
O.ll(0.02) 
0.07(0.04) 
0.05(0.03) 
0.79(0.24) 
l.lO(0.47) 
0.04(0.05) 
0.06(0.06) 
0.02 
0.07 

0 As described in Table I. * Only one experiment was performed. 

Table V-Relative Rates of Penetration of I and Tritiated Water 
through the Skin of Calf No. 115 at 37" 

Applied Dose 
Applied Dose of Tritiated 

of I Water 
Penetrating Penetrating 
in 300 min, % in 300 min, % 

Formulation (1) (2) (1)/(2) 

Aqueous pH 8.9 solution + 1.6 2.6 0.6 
tritiated water 

Aqueous pH 8.9 solution + 1.7 1.3 1.3 
tritiated water 

tritiated water 

tritiated water 

Aqueous pH 6.0 solution + 0.1 2.1 0.05 

Aqueous pH 6.0 solution + 0.2 2.0 0.08 

Temperature Variation-Table VI contains values of k,r, diffusion 
coefficient (D), and partition coefficient (PC)  for penetration of I from 
formulation A through the skin of calf No. F1 at  different tempera- 
tures. 

As expected for a diffusional process, the rate of penetration, as re- 
flected in the value of kpr ,  increased with an increase in temperature. 
(Differences between values of k,r at the two lower temperatures and 
at  the two higher temperatures were not significant at the 5% level, but 
k,r values a t  the higher temperatures were greater than those a t  lower 
temperatures.) 

This result is important when taken in conjunction with the observa- 
tion that the permeability of animal skin in early fall (and presumably 
summer) is greater than that in winter. Hence, the higher ambient tem- 
peratures that are likely to exist in fall as compared with winter are likely 
to contribute to very much greater permeability in fall (and summer) as 
compared with winter. 

The complexity of the effect of temperature on skin permeability is 
highlighted by the fact that at both the 1 and 5% level there was no sig- 
nificant difference in values of D and PC as the skin temperature was 
raised from 24.1 to 32.7'. 

Diffusion Model and Solvent Properties of Cattle Skin-It was 
postulated (1) that the major mechanism by which I, and presumably 
other neutral molecules, is transported across cattle skin involves dif- 
fusion into and down the hair follicles and into their associated sweat and 
sebaceous ducts to a capillary bed, at which point they enter the blood. 
It was also suggested (1) that the emulsified sebum [which is expelled 
from the common sweat and sebaceous ducts into the infundibulae of the 

hair follicles and which seeps up through the outer layers of the stratum 
cornem and down the hair follicle (12)) has a profound influence on skin 
permeability. 

A potentially useful model for cattle skin penetration involves the 
following steps: 

1. Drug molecules rapidly partition from applied topical formulations 
into the emulsified sebum which is associated with the skin. The partition 
coefficient for this step is the PC value calculated from in uitro diffusion 
experiments. 

Drug molecules diffuse through the emulsified sebum and even- 
tually pass down the hair follicles and reach the capillary beds where they 
pass into the blood. The parameter ( D )  that is calculated from in uitro 
experiments would be the diffusion coefficient for this process. 
Results to date indicate that the value of D is not significantly affected 

by solvents such as water, 2-ethoxyethanol, and 2-propanol, but is af- 
fected by toluene and 80% dimethyl sulfoxide. It was suggested earlier 
that those latter solvents might modify the diffusion barrier (the emul- 
sion) by dissolving or displacing a component. 

A rationalization of the solvent properties of emulsified sebum, and 
consequently of values of PC, can be achieved by considering those fea- 
tures that determine what is a good or a poor solvent for I. 

Table VII contains values of the partition coefficients for neutral 
molecules of I from aqueous pH 8.9 solution into liquid paraffin, toluene, 
and dimethyl sulfoxide. These results indicate that I is less soluble in 
water than in each of the other solvents, but that a complex relationship 
exists between the solubility of I and the polarity (dielectric constant 4 
or solubility parameter (6) of the solvent. For the purposes of these 
comparisons, liquid paraffin has been assigned the same values of t  and 
6 that are possessed by n-hexane (1.89 at  20' and 7.3 hr (13), respec- 
tively). 

Hence, although the solubility of I in liquid paraffin, toluene, and di- 
methyl sulfoxide increases as both the dielectFic constant increases [1.89 
a t  20" (13), 2.38 at  25' (13), and 45 (14)] and the solubility parameter 
increases [7.3 H, 8.9 H, 12.0 H (13)], it is least soluble in water, the solvent 
with the highest dielectric constant [78.54 a t  25' (13)] and solubility 
parameter [23.4 H (13)]. It appears that specific dipole-dipole or other 
solvent-solute interactions are of at. least equal importance to polarity 
in determining the solubility of I in a given solvent. 

The PC values in Table IV that relate to partitioning of I between 
various solvents and the barrier (i.e., the emulsion) suggest that the latter 
has similar solvent properties to water toward I, but that it is poorer than 
the alcohol-based solvents in formulations A, B, and C as well as toluene 
or 80% dimethyl sulfoxide. The results also show that while the barrier 
has similar solvent properties to water toward neutral molecules of I, it 
is a poorer solvent than water toward cations. 

2. 

, 

Table VI-Effect of Temperature on the  Permeability of Cattle Skin a to  I from Formulation A 

Bath Skin No. 106kpr, 1@D, Partition 
Temperature Temperature Experiments cm2 min-1 cm2 min-1 Coefficient 

25.0' 
30.0" 
37.0" 
40.0" 

24.1"(0.2) 
27.3"(0.5) 
30.6"(0.5) 
32.7'(0.5) 

6 
5 

11 
2 

8.2( 1.7) 
13.2(3.1) 
24.0(3.7) 
22.6(1.1) 

0.59(0.29) 
O.gO(0.39) 
1.09(0.35) 
1.19t0.40) 

~~ ~~ ~ ~ 

a The skin was from the dorsal region of calf F1. * The temperature of the skin was measured periodically using a thermistor. 
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Table VIJ-Partition Coefficients for I at 37’ 

Partition 
Coefficient (PC) ,  

Solvent 2 Solvent 1 W D )  
~ ~ 

Liquid paraffin aqueous pH 8.9 solution 2.3(0.6) 
Toluene aqueous pH 8.9 solution 5.2(2.1) 
Dimethyl aqueous pH 8.9 solution 14.4c 

sulfoxide 
a PC = [I] solvent 2/[I] solvent 1. b Data are from Ref. 7. c Calculated by dividing 

PC from aqueous pH 8.9 solution into liquid paraffin (2.3) by PC from dimethyl 
sulfoxide into liquid paraffin (0.16). 

The results in Tables I11 and IV reveal that the solvent properties of 
the skin toward I increase in the fall as compared with winter. 

The complex nature of the solubility of I does not allow simplistic 
statements to be made. However, it is very likely that changes in the 
composition of the emulsified sebum, perhaps even phase changes, led 
to the observed changes in permeability. 

There appears to be very little difference between the skin permea- 
bilities of European breeds of cattle at any particular time, and intrabreed 
differences are small. 

Because the permeability of cattle skin appears to be 10 times greater 
in early fall as compared with winter and to increase with increasing 
temperature, it can be predicted that the skin permeability of cattle in 
the field in mid-summer will be substantially higher than that in mid- 
winter. Cattle skin is a relatively polar solvent with properties similar to 
water towards neutral organic molecules. Consequently, water or poorer 
solvents than water for particular drugs should be selected for topical 
formulations in preference to better solvents than water in order to 
maximize the rate of drug penetration. 

Studies aimed at characterizing the solvent properties of domestic 
animal skins are currently underway. 
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Abstract 0 A specific stability-indicating reverse-phase high-perfor- 
mance liquid chromatographic analytical method has been developed 
to quantitate the antimicrobial preservatives methylparaben, propyl- 
paraben, butylparaben, sorbic acid, and benzoic acid in aseries of typical 
pharmaceutical formulations. The mobile phase of this system is a 
water-acetonitrile mixture, modified by various acids and buffers. The 
proportions of water and acetonitrile as well as the type and amounts of 
modifiers are varied in order to achieve optimum chromatography. This 
method has been used successfully to quantitate preservatives in solu- 
tions, suspensions, creams, lotions, and ointments, and can be readily 
adapted to routine automated assays, either for routine product evalu- 
ation or stability programs. 

Keyphrases 0 Preservatives, antimicrobial-determination in phar- 
maceutical formulations using reverse-phase liquid chromatography 0 
Reverse-phase liquid chromatography-determination of antimicrobial 
preservatives in pharmaceutical formulations 

Antimicrobial preservatives are materials added to 
formulations to protect the product from microbial con- 
tamination. A given preservative material can be used in 

a wide variety of products and also may be used in com- 
binations with other preservatives. Separate testing 
methods for each productpreservative combination would 
not make efficient use of laboratory resources if the tests 
are to be performed frequently; thus a method which is 
generally applicable is desirable. However, the analytical 
methods should be specific to ensure that decomposition 
products and impurities are not inadvertently measured. 
Regulatory agencies have also shown interest in specific 
test methods for preservatives (1,2). The challenge for the 
methods developer is to come up with a method that 
satisfies both criteria of assay efficiency and specificity. 

It is currently of interest within the pharmaceutical 
industry to assure that specific, stability-indicating, and 
validated testing methods are available for antimicrobial 
preservatives. This study reports the development of a 
reverse-phase high-performance liquid chromatographic 
(HPLC) assay system that, with minor modifications in 
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Table VIJ-Partition Coefficients for I at 37’ 

Partition 
Coefficient (PC) ,  

Solvent 2 Solvent 1 W D )  
~ ~ 

Liquid paraffin aqueous pH 8.9 solution 2.3(0.6) 
Toluene aqueous pH 8.9 solution 5.2(2.1) 
Dimethyl aqueous pH 8.9 solution 14.4c 

sulfoxide 
a PC = [I] solvent 2/[I] solvent 1. b Data are from Ref. 7. c Calculated by dividing 

PC from aqueous pH 8.9 solution into liquid paraffin (2.3) by PC from dimethyl 
sulfoxide into liquid paraffin (0.16). 

The results in Tables I11 and IV reveal that the solvent properties of 
the skin toward I increase in the fall as compared with winter. 

The complex nature of the solubility of I does not allow simplistic 
statements to be made. However, it is very likely that changes in the 
composition of the emulsified sebum, perhaps even phase changes, led 
to the observed changes in permeability. 

There appears to be very little difference between the skin permea- 
bilities of European breeds of cattle at any particular time, and intrabreed 
differences are small. 

Because the permeability of cattle skin appears to be 10 times greater 
in early fall as compared with winter and to increase with increasing 
temperature, it can be predicted that the skin permeability of cattle in 
the field in mid-summer will be substantially higher than that in mid- 
winter. Cattle skin is a relatively polar solvent with properties similar to 
water towards neutral organic molecules. Consequently, water or poorer 
solvents than water for particular drugs should be selected for topical 
formulations in preference to better solvents than water in order to 
maximize the rate of drug penetration. 

Studies aimed at characterizing the solvent properties of domestic 
animal skins are currently underway. 
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water-acetonitrile mixture, modified by various acids and buffers. The 
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a wide variety of products and also may be used in com- 
binations with other preservatives. Separate testing 
methods for each productpreservative combination would 
not make efficient use of laboratory resources if the tests 
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methods should be specific to ensure that decomposition 
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Regulatory agencies have also shown interest in specific 
test methods for preservatives (1,2). The challenge for the 
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Table I-Data for the Preservative Assays for  Pharmaceutical Products Containing Only the Parabens as Preservatives 

Concentration 
Product Preser- Internal Mobile Average Range 

RSD, % Validated Type vatives Standard Phase Recovery, % 

Ointment (5) Methylbaraben Calusterone 
Butylparaben 

Cream A (2) Methylparaben Calusterone 
Butylparaben 

Cream B (1) Methylparaben Calusterone 
Butyiphaben 

Cream C (2) Methylparaben Calusterone 
Butylparaben 

Lotion (2) Methylparaben Calusterone 
Butylparaben 

Sterile Methylparaben Butylparaben 
Suspension D (1) Propyl araben 
Fluid E (1) Meth ykaraben Butylparaben 
Sterile Methylparaben Butylparaben 
Suspension F (1 ) Propyl araben 
Fluid G (1) Methykaraben Ethylparaben 

Propylparaben 
Number of products in parentheses. 

the mobile phase, is capable of quantitating the preser- 
vatives methylparaben, propylparaben, butylparaben, 
sorbic acid, and benzoic acid in a wide range of pharma- 
ceutical formulations. 

BACKGROUND 

Validation criteria have been developed for the potency assays for 
pharmaceutically active ingredients (3). This system was used as the 
starting point for the criteria that would be applied to the preservative 
assays. However, it  was realized that in several important aspects, 
quantitating preservatives is significantly different from quantitating 
the active pharmaceutical ingredient, and that consideration of these 
aspects will influence the criteria used to judge the validity of the test 
method. If appropriate criteria are established before development work 
begins, it should be possible for both the developer and the ultimate user 
of the testing methods to utilize their resources as effectively as possible. 
These aspects will now be considered in more detail. 

Preservatives are neither pharmacologically active, nor are they inert 
formulation excipients. They are, however, considered essential ingre- 
dients because they are active in maintaining product integrity (1). 

Efficiency in a Routine Environment-A completely new testing 
method may be required for a new product, or even for an old drug in a 
new formulation, to satisfy requirements for potency or impurity quan- 
titation methods. A given preservative material may, however, be used 
in a wide range of products and typea of formulations. To have a different 
testing method for each different Occurrence of the preservative would 
not be very efficient for laboratory operations but would allow the flex- 
ibility of developing a highly precise, accurate assay method. However, 
the highest laboratory efficiency would be gained if only one automated 
assay system were needed for all products containing the given preser- 
vative, but accuracy and precision would suffer, considering the wide 
variety of samples to be processed. An automated system is not available 
for preservatives, and the most reasonable compromise would involve 
a minimum number of testing methods with assay variabilities between 

Table 11-Data for the Preservative Assays for  Pharmaceutical 
Products Containing Sorbic Acid and the Parabens as 
Preservatives 

Concentration 

Product Preser- Average Validated, 
5 P e  vatives Recovery, 70 RSD, % mg/ml 

Suspension H Sorbic Acid 100.1 0.5 0.5-2.0 

Solution J (2) Sorbic ic id  98.8 0.8 0.L2.0 
(2)b Methyl araben 100.7 1.0 1.0-4.0 

. .  
Methylparaben 99.3 0.7 0.3-1.5 
Pro ylparaben 99.8 1.1 0.1-0.4 

Cream K (1) Sorgic Acid 99.4 0.5 l.w.o 

a The mobile hase used was mobile phase 2; the internal standard was ethyl- 
paraben. * NumLr of products in parenth-. 

1 
1A 

100.3 
100.0 
100.5 
100.1 
98.0 
99.8 ~. . 

100.9 
101.7 
98.7 
99.7 
98.3 

102.7 
99.8 
99.6 
99.3 

1B 100.2 
98.1 

1.4 
1.4 
1.2 
1.2 
1.2 
1.8 
1.3 
1.5 
0.8 
1.0 
1.0 
1.5 
1 .o 
1.8 

0.1-0.3 mg/g 
0.9-2.7 mg/g 
0.5-2.0 mg/ 
2.0-6.0 m g i  
0.5-2.0 mg/ 
2.0-6.0 m g i  
2.0-6.0 mg/ 
1.5-4.5 m g i  
1.0-3.0 mg/ 
1.5-4.5 m g 4  
0.8-3.2 mg/ml 
0.09-0.36 mg/ml 
0.5-2.0 mg/ml 
0.4-1.6 mdml 

1.3 0.04-0.18k /ml 
1.4 0.35-1.5 mgyml 
1.3 0.10-0.5 mg/ml 

the two extremes, and with only minimal detrimental effects on efficiency. 
The method reported here is an example of such a system. 

Preservative Concentrations-Preservatives are generally formu- 
lated a t  concentrations of 1 mg/ml, which can be as much as two orders 
of magnitude less than the active ingredient. This can put preservatives 
in the sample a t  the approximate levels of impurities or degradation 
products. This can cause problems of interferences from these extra 
materials leading to poor reproducibility and/or assay bias. 

Variation with Time-Degradation Products-The concentration 
of preservatives may decrease over the shelf-life of a product at a rate 
faster than that of the drug itself. The analytical testing method must 
be validated well below the usual preservative concentration to quantitate 
these amounts, and must be specific for degradation products. (Although 
in most cases it is not known what contribution, if any, to the preservative 
capacity of the system could be made by these compounds.) To quantitate 
these lower levels demands analytical methods that are accurate, linear, 
and which have acceptable slope and intercept values (ideally one and 
zero, respectively, within experimental error for plots of amounts added 
versus amounts recovered). 

Assay Variability-For a drug in a product, the lowest acceptable 
concentration is frequently specified by a compendial limit. For preser- 
vatives, the lowest acceptable concentration is stated implicitly as the 
minimum amount which will allow the formulation to pass preservative 
efficacy tests. Because of the nature of these microbiological tests, this 
concentration cannot be accurately specified. The analytical method 
which measures that concentration need not be any more accurate than 
required by the normal variability of the microbial tests. Since the 
coefficient of variation of liquid chromatographic analytical methods of 
the type used here is less than the variability of the microbial tests, liquid 
chromatographic methods are more than suitable for this purpose. 

The approach used in the development of these analytical methods 
was to start with a water-acetonitrile binary system and add other 
modifiers as neceSSafy to achieve satisfactory chromatography. However, 
any mobile phase not otherwise modified was made to contain 2% acetic 
acid to be in agreement with the mobile phase previously suggested for 
quantitating parabend. In all cases reported here, satisfactory chroma- 
tography could be achieved by adjusting the water-acetonitrile ratio 
and/or the buffer-pH combinations. 

EXPERIMENTAL 

The equipment used in these studies included standard HPLC 
pumping systems2, injectol3, columns4, and UV detectors5. Sample in- 
jections were made by an autosampler system6, which also actuated the 
injector valve (4). Solvent' flow rates were typically 2 ml/min, and in- 

* Unpublished communication, Analytical Research Department, Pharma- 

* Milton-Roy minipump; Waters model 6000A pump. 
Rheodyne model 7126. ' Waters C-18 pBonda ak. 
Waters Model 440; $C model 1203. 

6 The Upjohn Co. 
Burdick and Jackson. 

ceutical Products Division, Abbott Laboratories, North Chicago, Ill. 
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Figure 1-Chromatogram of a mixture of methylparaben (A), ethyl- 
paraben (B), propylparben (C), and butylparaben (0) using mobile 
phase 1. The solvent front is indicated by the arrow. The mixture was 
prepared by dissolving 7 mg of methylparaben, 13 mg of ethylparaben, 
15 mg of propylparaben, and 7 mg of butylparaben in 100 ml of mobile 
phase. 

jection volumes were 10 pl. Quantitation was performed by measuring 
peak heights. The mobile phase compositions referenced later in the text 
by number are: 1, water-acetonitrile-glacial acetic acid (58402); lA,  
water-acetonitrile (7030) 0.2 M ammonium acetate, pH 7.2; lB, 
water-acetonitrile (65:35) 0.01 M ammonium dihydrogen phosphate, pH 
2.2 with concentrated phosphoric acid; and 2, water-acetonitrile (7030) 
0.01 M potassium acetate, pH 5.4 with glacial acetic acid. 

Recovery Studies-For each product type a sample was prepared 
containing all ingredients (including active ingredients) in their proper 
proportion except for the preservatives. Reference standard preservative 
material was then added to portions of the sample in amounts ranging 
from 50 to 150% of the normal preservative concentration. These spiked 
samples were quantitated against the reference standard to determine 
recovery and linearity for the analytical method. Replicate assay results 
on several production lots were pooled to determine the relative standard 
deviation (RSD). All analytical methods reported here showed acceptable 
linearity and have a slope of 1.00 within experimental error for plots of 
amounts recovered versus amount added. Tables 1-111 list the product 
type, number of individual products within each type, preservatives, 
internal standard used, mobile phase, average recovery as a percentage 
of the amount added, RSD calculated for the method, and range of con- 
centrations validated. All recoveries and RSDs satisfied the validation 
criteria. 

Sample Preparation for Products Containing Only Parabens 
(Table 1)-Ointments-The four ointment products8 studied make use 

* Cortaid, Neo-Cortef, Mycitracin, Neo-Oxylone. 
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Figure 2-Chromatogram of a production lot of fluid product J using 
mobile phase 2. The peaks are: (A) Solvent front and excipients, (B) 
sorbic acid, (C) methylparaben, (0) ethylparaben, and (E)  propylpar- 
aben. 

of a typical hydrocarbon ointment base. This base would not dissolve in 
any solvents that were compatible with the mobile phase. Quantitative 
recovery was achieved by extraction into dimethylformamide. A 10.0-ml 
volume of this solvent was added to 1.0 g of ointment and 20.0 ml of the 
internal standard in a water-acetonitrile solution. The mixture was 
shaken in a hot water shaker bath at  50' and then centrifuged. The un- 
dissolved base congealed at the top and an aliquot of the clear lower layer 
was assayed. 

Creams-The three cream product types9 (five products) were all 
variations of typical oil-in-water emulsions. A measure of 0.5 g of each 
cream was added to 100.0 ml of tetrahydrofuran and 5.0 ml of the internal 
standard in a water-acetonitrile solution. The samples were shaken for 
15 min and then chromatographed. 

Lotions-The two lotions1° were very similar to the cream formula- 
tions. The sample preparation was the same as for the cream prod- 
ucts. 

Sterile Product-Sterile suspension D1l (1.0 ml) was diluted with 30 
ml of water containing the internal standard, mixed, centrifuged to re- 
move the undissolved drug, and chromatographed. 

Nonsterile Fluid-The fluid formulation El2 was an oral antibiotic 
suspension. One milliliter of this fluid was added to 30.0 ml of an acidified 
(acetic acid) acetonitrile-water solution of the internal standard to in- 
crease solubility and prevent the formation of an emulsion. The sample 
was then mixed, centrifuged, and chromatographed. 

Sample Preparation for Products Containing Sorbic Acid and 
Parabens (Table 11)-One milliliter of fluid samples H and JI3 was 
added to 30.0 ml of a solution of the internal standard in mobile phase, 
mixed, and chromatographed. Cream product K14 (1.0 g) was dissolved 
in 100 ml of tetrahydrofuran. Five milliliters of this solution was added 
to 5.0 ml of internal standard in mobile phase, mixed, and chromato- 
graphed. 

RESULTS AND DISCUSSION 

Products Containing Parabens Only-Methyl, propyl, and butyl 
paraben can occur in these products either singly or in pairs. Ethyl par- 

e (Cream A) Cortaid, oxylone; (Cream B) Neo-Cortef; (Cream C) Neo-Medrol. 
medrol. 

Cortaid, Neo-Cortef. 
Depo-Provera. 

12 Panmycin syrup. 
l3 Kaopectate, Kaopectate concentrate. 
l4 Florone. 
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Table 111-Data for the Preservative Assays for Pharmaceutical 
Products Containing Benzoic Acid as the Preservative 

Concentration 
Range 

Product Standard Phase Recovery, o/u 7c mg/ml 
Internal Mobile Average RSD, Validated, 

Fluid L Ethylparahen 1B 100.1 0.5 0.52.0 
Fluid M Ethylparahen 1B 100.3 0.7 0.5-2.0 

ahen was not used as a preservative in the formulations studied and, thus, 
could serve as an internal standard. Figure 1 shows a chromatogram ob- 
tained by injecting a solution of these four materials dissolved in mobile 
phase 1. Excellent resolution was obtained between all four materials. 
The primary degradation product of all of these compounds was p -  
hydroxyhenzoic acid, which eluted with the solvent front under these 
conditions. The total chromatographic time was -10 min. 

As previously suggested', the majority of the products containing only 
parahens as the preservative could be chromatographed using this mobile 
phase. The sample preparations were described earlier. The products 
successfully chromatographed by this method are creams, ointments, 
lotions, and sterile solutions and suspensions. The products are grouped 
in Table I by product type, where a product type is a group of products 
of essentially idengcal composition except for the active ingredient. 

Products Requiring Different Mobile Phases-Two products 
containing only parabens as preservatives could not be chromatographed 
successfully by this system: a sterile penicillin suspension (F) and an oral 
tetracycline suspension (G). In both cases the active ingredient interfered 
with the preservatives. For the penicillin product it was found that the 
acidic mobile phase produced decomposition products which could not 
be adequately separated from the preservatives. By reducing the aceto- 
nitrile concentration and buffering mobile phase IA at  an apparent pH 
of 7.2, decompition could be avoided and all components were resolved. 
The sample preparation was identical to that for sterile suspension D. 

For the oral tetracycline product (fluid G )  it was found that the drug 
eluted as a broad, tailing peak with mobile phase 1. Lowering the pH 
narrowed the peak and moved it toward the solvent front. At  pH 2.3 the 
tetracycline tail no longer interfered in the quantitation of the methyl 
paraben. Below pH 2.2. however, no improvement in peak shape was seen. 
Mobile phase IB was developed with the adjustment to an apparent pH 
of 2.2 with concentrated phosphoric acid. The sample was prepared by 
adding 1.0 ml of the fluid to 1.0 ml of a 0.2 M NHdH2PO4 solution ad- 
justed to pH 1.6. This solution was then diluted with 20.0 ml of an ac- 
etonitrile-water solution containing the internal standard. The sample 
was then mixed and chromatographed. 

Recovery data for both products are included in Table I. 
Products Containing Sorbic Acid With or Without Parabens- 

Several products were evaluated which use sorbic acid, either alone or 
in combination with methylparaben or methyl- and propylparaben. When 
these samples were chromatographed using mobile phase 1, the sorbic 
acid and methylparahen coeluted. Since it is well known that the reten- 
tion times of weak acids are dependent on the pH of the system, it was 
decided to adjust the pH in an attempt to achieve optimum resolution. 
An acetic acid-acetate buffer at pH 5.4 was found to give the best chro- 
matography and to separate all formulation excipients as well as p -  
hydroxybenzoic acid. The mobile phase used was mobile phase 2. The 
apparent pH was adjusted to 5.4 with acetic acid. This system allowed 
the use of ethylparaben as the internal standard. Products included 
suspensions (H), solutions (J), and a cream (K). 

The results are listed in Table 11. All recoveries and RSDs satisfy the 
validation criteria. Figure 2 shows a chromatogram of the solution product 
(J) and indicates the separation achieved between the three preservatives 
(sorhic acid, methylparaben, and propylparahen) and the internal 
standard (ethylparahen). The total chromatographic time was 8 min. 

Benzoic Acid-Benzoic acid is used in two fluid products15 (L and 
M). Mobile phase 1 was not able to resolve all excipients from the benzoic 
acid peak. Adopting the same approach as for sorhic acid, it  was found 
that changing the pH could improve peak resolution. Optimum separa- 
tion was achieved at  pH values of -2.5. Since this value was close to the 
pH used for mobile phase IB, that system was tried. Mobile phase 1B did 
resolve the components sufficiently, and this offered the opportunity to 
consolidate several products on one analytical system, which would im- 
prove laboratory efficiency. The samples were prepared by diluting 1.0 
ml of the fluids in 20.0 ml of an acetonitrile-water internal standard so- 
lution and chromatographing. The results are shown in Table 111. 

This paper has reported on a reverse-phase HPLC method which has 
been used successfully to quantitate antimicrobial preservatives in typical 
pharmaceutical formulations. The mobile phase used was basically an 
acetonitrile-water mixture, with various modifiers added as necessary 
to optimize the chromatography. This method was used successfully on 
five preservative materials: methylparahen, propylparaben, butylpara- 
ben, sorbic acid, and benzoic acid. This system can be easily adapted for 
automated sample analysis. 
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Abstract Immobilization of urokinase, a plasminogen activator, was 
carried out to determine the effect of spacer length used on the immo- 
bilized enzyme activity. The enzyme was covalently coupled to agarose 
gel, both directly to the matrix and also uia interposing different lengths 
of spacer groups. The specific activity of immobilized urokinase increased 
as the spacer length (n') increased to a certain length and tended to de- 
crease thereafter. The maximal activity was shown when the value of n' 
was 7 for the agarose-NH-(CH2),-CO-NH-(CH&-CO-NH-urokinase 
series. The coupling yield of the enzyme activity was from 33 to 68% de- 
pending on various forms of immobilized urokinase. The immobilized 
urokinase was characterized with regard to pH, temperature, storage, 
and thermal stabilities. 

Keyphrases Urokinase-immobilization on agarose matrices, effect 
on spacer length, enzyme activity 0 Agarose-immobilization of uroki- 
nase on matrices, effect of spacer length, enzyme activity 0 Immobili- 
zation-urokinase on agarose matrices, effect of spacer length, enzyme 
activity 

Urokinase, a plasminogen activator, has been used for 
the treatment of thrombosis and/or vascular obstruction. 
For the purpose of thrombolytic therapy the immobiliza- 
tion of urokinase was attempted ( a )  to increase the in uiuo 
half life, (b) to obtain local fibrinolytic activity for 
thromboembolic disorders, and (c) to  develop anti- 
thrombogenic materials (1-6). Previous results suggested 
the potential clinical application of the immobilized uro- 
kinase (2-6). 

Urokinase has been immobilized (1, 2) onto agarose 
matrices using the cyanogen bromide activation technique. 
Polyamide has been used as a matrix for the immobiliza- 
tion of urokinase (3,5,6) and other studies have utilized 
polyamide, polyester, polyvinyl chloride, polyurethane, 
and polydimethyl siloxane for this purpose (4,6). The re- 
sults demonstrated that the immobilized urokinase acti- 
vated plasminogen. In a previous study streptokinase, a 
metabolic product of P-hemolytic Streptococci was im- 
mobilized for this purpose (7). 

Steric considerations in the immobilization of bioactive 
agents appear to be important. It has been reported that 
urokinase immobilized onto a polyethyleneimine copoly- 
mer uia a nitrophthalic acid spacer group showed better 
fibrinolytic activity than urokinase immobilized directly 
onto polyamide (4). Recently, researchers (8) immobilized 
heparin on polymers using different spacer group lengths. 
When immobilized, heparin activity increases rapidly, 
beginning with 8 carbon diaminoalkane spacer groups. In 
this work, the immobilization of urokinase onto an agarose 
surface was carried out by varying the spacer length be- 
tween the enzyme and substrate. 

EXPERIMENTAL 

Materials-Crude urokinase was prepared from fresh human urine 
and human Cohn fraction 111'. Crude urokinase, adsorbed onto silica gel, 

1 Korea Green Cross Carp., Seoul, Korea. 

was extracted with 30% ethanol followed by dialysis and freeze-drying. 
Human plasminogen was purified from human Cohn fraction 111 ac- 
cording to a previous method (9) by using a lysyl-agarwe affinity column. 
Human plasmin was prepared by eluting plasminogen into the column 
containing immobilized urokinase. One hundred mililiters of plasminogen 
solution, consisting of 0.5 CTA2 unitdm1 of 0.1 M tromethamine hy- 
drochloride buffer (pH 7.5), was passed through the column at a flow rate 
of 0.3 ml/min. The eluted plasmin was used for the standard curve cali- 
bration of the urokinase assay. Bovine serum albumin, a-casein, a-ami- 
nobutyric acid, c-aminocaproic acid, and w-aminocaprylic acid3 were used 
as received. .Glycine, N-hydroxysuccinimide, /3-alanine4, l-cyclohexyl- 
3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (I), and 1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride5 (11) were 
used as received. Agarose beads (1II)G were used as the substrate for 
urokinase immobilization. (All other reagents were commercially avail- 
able reagent grades.) 

Urokinase Immobilization-Direct Coupling of Urokinase on the 
Matrix--Compound III was activated with cyanogen bromide according 
to a previously described procedure (11). A 10-ml slurry of washed 111, 
consisting of equal volumes of the gel and water, was added to 10 ml of 
2 M sodium carbonate and gently mixed. One gram of cyanogen bromide 
in 0.5 ml of acetonitrile was then added, and the slurry was stirred for 2 
min. The cyanogen bromide-activated beads were then collected by fil- 
tration on a glass filter and washed successively with 100 ml each of cold 
0.1 M sodium bicarbonate and 0.1 M sodium borate buffer. 

To 10 ml of an activated slurry of I11 was added 50 mg of urokinase 
(1500 CTA units) in 20 mlO.1 M sodium borate buffer (pH 7.5) containing 
0.05 M HCl and 50 mM CaC12, which was then gently swirled overnight 
a t  4'. The beads were collected on a coarse glass filter and washed with 
300 ml each of cold water, 0.5 M NaCI, 2 M urea, and 0.1 M sodium borate 
buffer. 

Coupling of Diaminoalkanes to Cyanogen Bromide-Activated III -  
Ten milliliters of activated 111, prepared as previously described, was 
suspended in 10 ml of cold 0.1 M sodium bicarbonate, pH 9.0, and mixed 
with 10 ml of the various 1 M a,o-diaminoalkane solutions which had 
been previously adjusted to pH 9.0 with 6 N HCl. The coupling was car- 
ried out overnight at 4O by stirring with a synchronized stirrer. After the 
reaction was completed, I11 was again sequentially washed with cold 
water, 0.1 M NaHC03, 0.05 M NaOH, water, 0.1 M CH&OOH, and 
water. 

Coupling of Urokinase to w-Aminoalkyl-Ill with I and 11-Ten mil- 
liliters of each of the above aminoalkyl-I11 beads was suspended in 10 ml 
of 0.1 M borate buffer solution, pH 7.5, containing 40 mg of I or I1 and 
50 mg of urokinase (1500 CTA units). The reaction was continued over- 
night a t  4'. Compound I11 was filtered and thoroughly washed with cold 
water, 0.5 M NaCl, and 2 M urea. The final immobilized urokinase was 
stored in 0.9% NaCl solution at 4' until use. 

Coupling of Aminoalkyl Carboxylic Acids to Cyanogen Bromide- 
Activated Ill-Aminoalkyl carboxylic acid-coupled 111 was prepared 
according to the procedure for diaminoalkane coupling described above. 
Ten milliliters of the various 1 M aminoalkyl carboxylic acids was added 
to 10 ml of cyanogen bromide-activated 111. The other procedures were 
similar to those described for diaminoalkane coupling. 

Coupling of Urokinase to Carboxylic Alkyl-Ill with N-hydroxysuc- 
cinimide-The w-carboxylic alkyl-111 beads were activated with N- 
hydroxysuccinimide according to previous procedures (12,13). 

Ten milliliters of each washed carboxylic alkyl-111, which was prepared 
as previously described, was washed with anhydrous dioxane extensively 
to obtain anhydrous conditions. Compound 111 was suspended in dioxane 
to make a total volume of 30 ml. The N-hydroxysuccinimide, 346 mg, was 

* As defined by the Committee on Thrombolytic Agents from Ref. 10. 

5 Pierce Chemical Co., Rockford, IL 61105. 
6 Sepharose 4B, Pharmacia Fine Chemicals, Piscataway, NJ 08854. 

Sigma Chemical Co., St. Louis, MO 63178. 
Aldrich Chemical Co., Inc., Milwaukee, WI 53233. 

002235491831 0300-0225$0 1.001 0 
@ 1983, American pharmaceutical Association 

Journal of Pharmaceutical Sciences I 225 
Vol. 72, No. 3, March 1983 



Table I-Comparative Results of Various Immobilized 
Urokinases on 111 

Spacer Activity, CTA Specific Activity, 
length, units/ml, wet CTA unitdmg, 

n' gel bound urokinase 

Direct-coupled 0 56 14.4 
urokinase (III- 
urokinase) 

C(=O)-NH-uro- 
kinase 
n = 2  3 49 33.6 
n = R  4 52 37.0 

III-NH-(CHz),- 

. -  .~ 

n = 5  6 112 45.0 
n = 7  8 89 31.6 

III-NH-(CHz),- 
C(=O)-NH- 
(CHz)+J*)- 

NH-urokinase 
n = 2  6 78 
n = 3  7 102 

56.2 
64.0 

n = 5  9 93 42.4 
n = 7  11 84 41.4 

added to the gel suspension to obtain 0.1 M concentration, an equal molar 
quantity of dicyclohexylcarbodie was then added and the suspension 
was stirred gently for 70 min a t  room temperature. Activated 111 was 
washed with dioxane, followed by washing with methanol and dioxane. 
After drying the gels briefly in air, slightly moist cakes of the activated 
gels were subjected to coupling. Each gel was added rapidly to 10 ml of 
0.1 M sodium borate buffer, pH 7.5, which contained 50 mg of urokinase. 
After stirring for 8 hr a t  4 O ,  750 mg of glycine was added to react any re- 
maining N-hydroxysuccinimide-activated spacer groups. After 2 hr, the 
gels were sequentially washed with cold deionized water, 2 M urea, and 
0.5 M NaCl. 

Coupling of 6- Alanine to Carboxylic Alkyl-III-j3-Alanine-coupling 
reaction was conducted for 8 hr as described in the previously mentioned 
experiment. j3-Alanine (890 mg) was mixed with 10 ml of each N-hy- 
droxysuccinimide-activated alkyl-111. 

Coupling of Urokinase to @-Alanine-Linked III-Ten milliliters of 
each j3-alanine-linked 111 was activated with N-hydroxysuccinimide as 
previously described. Urokinase (10 mg) was coupled to 2 ml of each 
j3-alanine-linked 111. 

Determination of Urokinase Bound to 111-To determine the 
amount of the immobilized urokinase on IIF the amino acid content was 
determined by an auto amino acid analyzer after the immobilized urok- 
inase, on the various gel matrices, was hydrolyzed with 6 N HCl (13). 
Soluble urokinase was also subjected to amino acid determination for 
reference purposes. 

One milliliter of packed gel volume of the various immobilized uroki- 
n w  gels was filtered on a glass filter and washed thoroughly with distilled 
water, followed by amino acid hydrolysis with 2 ml of 6 N HCl in a sealed 
tube at  110" for 24 hr. After hydrolysis, the hydrogen chloride was neu- 
tralized with 0.1 M sodium citrate, and the amino acid solutions were 
concentrated by rotoevaporatization. The amounts of amino acids were 
determined with a fully automated amino acid analyzer7. With a com- 
parison to soluble urokinase, the amount of urokinase bound to the var- 
ious gels was calculated based on quantities of alanine, lysine, and argi- 
nine. 

Procedures for Enzyme Activity Assays-The activities of uroki- 
nase, plasminogen, and plasmin were determined by the caseinolytic 
assay method (10). Thirty CTA units of urokinase was used in the ex- 
periment. The activity of the immobilized urokinase was also determined 
by the same methods, constantly stirring the immobilized enzyme with 
the incubation mixture using a water-immersed magnetic stirrer. Protein 
concentrations were determined according to a previous method (14) 
using bovine serum albumin as a standard. The medium in which the 
immobilized enzyme was stored was assayed and showed no urokinase 
activity due to possible leakage. . 

RESULTS 

Immobilization of Urokinase-To minimize steric hinderance for 
improved plasminogen accessibility to the coupled urokinase, various 
immobilized systems were prepared interposing different spacer group 

Reckman Model 118-BL, Mountain View, CA 94043. 
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SPACER LENGTH, n' 
Figure 1-Effect of spacer length on the activity of the immobilized 
urokinase. The length of spacer is represented by n'corresponding to: 
[-(CH2),-C(=O)-] for III-NH-(CH2),--C(=O) NH-urokinase 
series and [-(CH&,-C(=O)-NH- (CH2)2-C(=0)-] for III- 
NH-(CH2),-C(=O)-NH-(CH2)z-C(=O)-NH-urokinase se- 
ries, respectiuely; (@-a) 111-NH-(CHz),-C(=O)-NH-uroki- 
m e  series; ( 0 . .  . 0) III-NH-(CH2),-C(=O)-NH-(CH2)2- 
NH-urokinase series. 

lengths between 111 and the immobilized urokinase, as described. The 
results are summarized in Table I. 

In the III-NH-(CH~),-C(==O)-NH-urokinase series, the activity 
of immobilized urokinase increased as the length of spacer increased up 
to n = 5 (n' = 6). However, the highest activity was observed when n = 
3 (n' = 7) in the III-NH-(CH&,-C(=O)-NH-(CHZ)~- 
C(=O)-NH-urokinase series. Above n = 3 (n' = 7) the activity de- 
creased. 

In immobilized urokinase activity experiments where it was immo- 
bilized onto diaminoalkane-derivatized 111 through carboxylic groups 
on the enzyme, it was found that the immobilized urokinase retained no 
activity. The loss in activity was found to be due to urokinase cross-liking 
by the carhodiimides during the immobilization step, resulting in the 
complete loss of enzyme activity. 

The directly coupled urokinase (n' = 0) showed higher immobilization 
yields than those for III-NH-(CHz)n-C(=O)-NH-urokinase, when 
n' = 3 or 4. However, the enzymatic activity was much lower for the di- 
rectly coupled urokinase relative to spacer arm mediated immobilized 
urokinase. 

Figure 1 illustrates the effects of increasing spacer length (n') between 
the matrix and enzyme on the activities of the immobilized urokinase. 
The activity per milligram of bound enzyme was calculated from the data 
obtained by amino acid analysis of the immobilized urokinase. The en- 
zymatic activity increased as spacer lengths extended to a certain length 
and tended to decrease thereafter. The maximum enzymatic activity was 
observed when n' = 7 for the III-NH-(CH2),-C(=O)-NH- 
(CH&-C(=O)-NH-urokinase series. 

Properties of the Immobilized Urokinase-Properties of the im- 
mobilized urokinase in terms of activity uersus pH and temperature and 
the thermal stability were measured for 111-urokinase and III- 
(CHz)5-C(=O)-NH-urokinase (n' = 6). Figure 2 illustrates the pH 
effects on the activity of urokinase in solution and the immobilized uro- 
kinase. The optimum pH of the soluble urokinase and 111-urokinase was 
between 7.5 and 8.0, while III-(CH2)5-C(=O)-NH-urokinase was 
most active over a pH range from 7.5 to 9.0. 

The effect of temperature on the activity of the immobilized urokinase 
was compared with that of the solution. The result indicated that the 
optimal temperature was 40" for both enzymes (Fig. 3). 

Figure 4 shows the retention of the activity of immobilized urokinase 
in 0.9% NaCl solution at 4O. Both urokinase solution and III-NH- 
(CHzk-C(=O)-NH-urokinase are stable in these storage conditions 
for 10 days without loss of activity, while 111-urokinase (direct coupled 
urokinase) lost almost 40% of its original activity within 10 days. The 
urokinase immobilized with aminoalkane carboxylic acid spacer groups 
maintained well over 90% activity even after 60 days. 

After heat treatment at 70" for 30 min, the urokinase solution lost 
activity completely, while III-NH-(CH2)5-C(=O)-NH-urokinase 
retained 45% of its  activity by the same treatment. 
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PH 
Figure 2-Effects of pH on the actiuity of soluble and immobilized 
urokinase at 40’. Key: (0-0) soluble urokinase; (@-@) direct coupled 
urokinase (III-urokinase); (v-V) III-NH-(CHds--C(=O)- 
NH-urokinase. 

DISCUSSION 

Urokinase has been immobilized onto various matrices, and the results 
suggest a potential clinical use for thrombolytic therapy (2-6). Among 
them, polyamide, polyesters, and polyurethane-immobilized urokinase 
are useful clinically (3-6). Nevertheless, it can be said that an immobilized 
urokinase may experience steric hindrance from the polymer matrix. This 
has been postulated previously (4), where the polyamide-spacer-uro- 
kinase showed better fibrinolytic activity than the directly coupled 
polyamide-urokinase. 

We first immobilized urokinase onto aminoalkyl-111 which was pre- 
pared by a previously described method (13,15). Unfortunately, unlike 
pronase (13), aminoalkyl-111-urokinase and III-NH-(CHZ)~- 
NH-C(=O)-urokinase retained <5% of the initial urokinase enzymatic 
activity. It appears that urokinase was inactivated due to cross-linking 
by the carbodiimide I or 11, which was used as a condensing agent in the 
immobilization step. We tested the inactivation of urokinase by treating 
free urokinase in solution with I or I1 in the presence or absence of ami- 
noalkyl-111. In either case it was shown that urokinase retained no ac- 
tivity, whereas pronase activity remained when treated in a similar 
way. 

Interposing spacer lengths (n’) from 0 to 11, we have observed that the 
enzymatic activity of the immobilized urokinase increased as the spacer 
length (n’) increased to a certain length, and tended to decrease thereafter 
(Table I, Fig. 1). 

For a series of III-NH-(CH2),-NH-C(=O)-urokinase, the 
highest activity was observed when r? = 6 (6.4 A), while n’ = 7 (9 A) for 
a series of III-NH-(CHZ),-NH-C(=O)-(CHZ)~--C(=O)-NH- 
urokinase resulted in maximum activity. Alternatively, direct attachment 

A 

I I 
d 

10 20 30 40 50 
TEMPERATURE 

Figure 3-Effects of temperature on the activity of soluble and im- 
mobilized urokinase (pH 8.5). Key: (0-0) soluble urokinase; (@-@I 
direct coupled urokinase (III-urokinase); (V-V) III-NH-(CHds 
--C(=O)-NH-urokinase. 

2 4 6 s 10 
DAYS 

Figure 4-Storage stability of soluble and immobilized urokinase. Key: 
(0-0) soluble urokinase; (@-@) direct coupled urokinase (III-uro- 
kinase); (v-V) III-NH-(CH2)~-C(=O)-NH-urokinase. 

of urokinase to the matrix resulted in lower activity for plasminogen as 
shown in Table I. Differences of maximum enzymatic activity for the 
above two series of spacer arms are not clear and may be due to the dif- 
ferent microenvironment of the hydrophilic polymers. An additional 
group from 8-alanine provides a more hydrophilic environment which 
may introduce better accessibility of plasminogen to the immobilized 
urokinase. 

As previously suggested (16), the dramatic effects associated with in- 
creasing the spacer length may in part be explained by relief of steric 
restrictions imposed by the matrix and in part by the increased flexibility 
and mobility of the urokinase as it protrudes further into the solvent 
phase. Plasminogen could then approach more readily the immobilized 
urokinase. This flexibility and folding of the spacer could also account 
for an apparent decrease in urokinase activity observed when the spacer 
lengths (n’) >6 or 7 were interposed between the matrix and urokinase 
bond. This decreasing trend may be caused by the increased hydropho- 
bicity of the spacer arms and/or rapid folding within immobilized uro- 
kinase by cohesive interactions. 

The critical role of the matrix in the determination of accessibility of 
the coupled molecules to interacting macromolecule has been especially 
emphasized for affinity chromatography (15-17). A previous study (15) 
reported that a spacer length from 4 to 8 of interposed methylene groups 
(5-10 A) elicited a substantial increase in enzyme binding affinities for 
kinases and pyrimidine nucleojide-dependent dehydrogenases with in- 
soluble derivatives of adenosine triphosphate and nicotinamide adenine 
dinucleotide. 

In conclusion, steric considerations appeared to be important in uro- 
kinase immobilization and maximum enzymatic activity was observed 
when the length of the spacer group was in the region of 6.4-9.0 A. 

The optimum pH with regard to the activity of soluble urokinase and 
111-urokinase was between 7.5 and 8.5. However, III-NH-(CH&- 
C(==O)-NH-urokinase showed maximum activity over a pH range from 
7.5 to 9.0 (Fig. 2). The unchanged maximum activity for immobilized 
urokinase over the alkaline pH range may be due to unreacted carboxylic 
groups from aminoalkyl carboxylic spacers, which could neutralize the 
alkaline pH at the solvent-immobilized urokinase interface. 

After heat treatment at 70’ for 30 min, III-NH-(CH~)~- 
C(=O)-NH-urokinase retained activity. Activities of the soluble uro- 
kinase and 111-NH-(CHz)5-C(=O)-NH-urokinase proved to be 
stable during storage in 0.9% NaCl at  4O, whereas 111-urokinase was un- 
stable under the same conditions (Fig. 4). 

Since urokinase immobilized on matrices such as polyamide, polyester, 
and polyurethane had a proven antithrombotic action in uiuo, steric 
problems in urokinase immobilization should be considered to improve 
immobilized urokinase activity with in uiuo systems. 
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Abstract 0 The self-association of insulin monomers into oligomers and 
macromolecular aggregates leads to complications in the administration 
of insulin, both in conventional administration and in the development 
of long-term insulin delivery systems. These problems are aggravated 
by the tendency of insulin to adsorb onto the surface of solution con- 
tainers and infusion devices. Furthermore, with insulin infusion devices, 
shear rates can be generated which can accelerate the self-association and 
surface adsorption processes. The effects of urea on shear-induced insulin 
self-association and surface adsorption were investigated. It was found 
that the addition of a certain concentration range of urea to insulin so- 
lutions greatly reduces both insulin self-association and surface ad- 
sorption. Circular dichroic studies established that these concentrations 
of urea also preserve insulin conformation under high shear rates, where 
conformations are altered without urea. Higher urea concentrations lead 
to insulin denaturation and accelerated'self-association. 

Keyphrases 0 Insulin-prevention of self-association and surface ad- 
sorption, circular dichroism 0 Adsorption, surface-insulin, prevention 
of self-association Self-association-insulin, prevention of surface 
adsorption 

The self-association of insulin molecules into dimers, 
tetramers, hexamers, and macromolecular aggregates has 
been studied by numerous groups, and in general, is a 
multiparameter process dependent upon insulin concen- 
tration, pH, solvent composition, ionic strength, and sol- 
vent dielectric properties (1-3). This self-association 
process leads to complications in the administration of 
insulin for the control of diabetes, both in the conventional 
administration and in the development of long-term in- 
sulin delivery systems. These problems are further com- 
plicated by the tendency for insulin to adsorb onto the 
surfaces of insulin solution containers and infusion devices, 
perhaps by mechanisms similar to those inducing aggre- 
gation. 

Investigations have attempted to overcome the self- 
association and surface adsorption phenomena by the 
addition of various agents to the insulin preparations. 
These additives include various organic solvents (l), au- 

tologous serum (2), and amino acids (3). This report fo- 
cuses on the effects of additives on insulin conformation, 
self-association, and adsorption onto various polymeric 
surfaces. In addition to the effects on insulin aggregation 
caused by the additives, the effects of shear stresses on 
macromolecular aggregation were studied. Depending on 
the infusion device, substantial shear rates can be devel- 
oped during insulin infusions which can influence insulin 
self-association and macromolecular aggregation and limit 
the effective duration of such devices. These effects must 
also be considered in the development of insulin delivery 
systems. 

This report studies the effects of additives on the insulin 
conformation-self-association process under constant 
shear, solvent pH, and ionic strength. The adsorption of 
insulin onto various polymers was also studied under the 
above conditions as a prerequisite to the development of 
a diffusion controlled, self-regulating insulin delivery 
system presently under development. 

EXPERIMENTAL 

Reagents-Bovine zinc-insulin1 was used without further treatment. 
This insulin preparation had an activity of 25.5 IU/mg. Gentamicin sul- 
fate' was used at a concentration of 25 pg/ml in all insulin aggregation 
and polymer adsorption studies to prevent bacterial growth. A pH 8.0 
phosphate-buffered saline, containing 0.0945 M Na2HP04, 0.0055 M 
KHzPOd, and 0.015 M NaC1, was used as the buffer solution in all studies. 
Hydroxyethyl rnethacrylate2 was polymerized with azobisisobutyroni- 
trile3. Poly(dimethyl~iloxane)~ was cured with 0.5% (w/w) stannous oc- 
toate. Cellulose sheets were obtained from a hemodialy~er~ and soxhlet 
extracted for 24 hr, with double-distilled water. A segmental poly(ure- 
thane ether) copolymer6, was dissolved in dimethylformarnide and cast 

I Sigma Chemical Co., St. Louis, MO 63178. 
Polyscience, Inc., Warrington. P A  18976. 
Aldrich Chemical Co., Milwaukee, WI 53201. ' Silastic 382, Dow Corning Corp.. Midland, MI 48640. 
Lundia major hemodialyzer, Gambro Inc., Newport News, VA 23605. 
Biomer. Ethicon, Somerville, NJ 08876. 
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Abstract 0 The self-association of insulin monomers into oligomers and 
macromolecular aggregates leads to complications in the administration 
of insulin, both in conventional administration and in the development 
of long-term insulin delivery systems. These problems are aggravated 
by the tendency of insulin to adsorb onto the surface of solution con- 
tainers and infusion devices. Furthermore, with insulin infusion devices, 
shear rates can be generated which can accelerate the self-association and 
surface adsorption processes. The effects of urea on shear-induced insulin 
self-association and surface adsorption were investigated. It was found 
that the addition of a certain concentration range of urea to insulin so- 
lutions greatly reduces both insulin self-association and surface ad- 
sorption. Circular dichroic studies established that these concentrations 
of urea also preserve insulin conformation under high shear rates, where 
conformations are altered without urea. Higher urea concentrations lead 
to insulin denaturation and accelerated'self-association. 

Keyphrases 0 Insulin-prevention of self-association and surface ad- 
sorption, circular dichroism 0 Adsorption, surface-insulin, prevention 
of self-association Self-association-insulin, prevention of surface 
adsorption 

The self-association of insulin molecules into dimers, 
tetramers, hexamers, and macromolecular aggregates has 
been studied by numerous groups, and in general, is a 
multiparameter process dependent upon insulin concen- 
tration, pH, solvent composition, ionic strength, and sol- 
vent dielectric properties (1-3). This self-association 
process leads to complications in the administration of 
insulin for the control of diabetes, both in the conventional 
administration and in the development of long-term in- 
sulin delivery systems. These problems are further com- 
plicated by the tendency for insulin to adsorb onto the 
surfaces of insulin solution containers and infusion devices, 
perhaps by mechanisms similar to those inducing aggre- 
gation. 

Investigations have attempted to overcome the self- 
association and surface adsorption phenomena by the 
addition of various agents to the insulin preparations. 
These additives include various organic solvents (l), au- 

tologous serum (2), and amino acids (3). This report fo- 
cuses on the effects of additives on insulin conformation, 
self-association, and adsorption onto various polymeric 
surfaces. In addition to the effects on insulin aggregation 
caused by the additives, the effects of shear stresses on 
macromolecular aggregation were studied. Depending on 
the infusion device, substantial shear rates can be devel- 
oped during insulin infusions which can influence insulin 
self-association and macromolecular aggregation and limit 
the effective duration of such devices. These effects must 
also be considered in the development of insulin delivery 
systems. 

This report studies the effects of additives on the insulin 
conformation-self-association process under constant 
shear, solvent pH, and ionic strength. The adsorption of 
insulin onto various polymers was also studied under the 
above conditions as a prerequisite to the development of 
a diffusion controlled, self-regulating insulin delivery 
system presently under development. 

EXPERIMENTAL 

Reagents-Bovine zinc-insulin1 was used without further treatment. 
This insulin preparation had an activity of 25.5 IU/mg. Gentamicin sul- 
fate' was used at a concentration of 25 pg/ml in all insulin aggregation 
and polymer adsorption studies to prevent bacterial growth. A pH 8.0 
phosphate-buffered saline, containing 0.0945 M Na2HP04, 0.0055 M 
KHzPOd, and 0.015 M NaC1, was used as the buffer solution in all studies. 
Hydroxyethyl rnethacrylate2 was polymerized with azobisisobutyroni- 
trile3. Poly(dimethyl~iloxane)~ was cured with 0.5% (w/w) stannous oc- 
toate. Cellulose sheets were obtained from a hemodialy~er~ and soxhlet 
extracted for 24 hr, with double-distilled water. A segmental poly(ure- 
thane ether) copolymer6, was dissolved in dimethylformarnide and cast 

I Sigma Chemical Co., St. Louis, MO 63178. 
Polyscience, Inc., Warrington. P A  18976. 
Aldrich Chemical Co., Milwaukee, WI 53201. ' Silastic 382, Dow Corning Corp.. Midland, MI 48640. 
Lundia major hemodialyzer, Gambro Inc., Newport News, VA 23605. 
Biomer. Ethicon, Somerville, NJ 08876. 
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0.4 mg/rnl Figure 1-Circular dichroic spectra of in- 
sulin a t  various concentrations. 

into sheets. The above polymers were used in insulin adsorption 
studies. 

Circular Dichroic (CD) Studies-All CD spectra were obtained with 
a CD spectrophotometer7 at  25O. Mean residue ellipticities, [o], = 

OAMO/C.I (where O A  is the observed ellipticity at wavelength A, Mo is the 
mean residue molecular weight for insulin (112 g/residue), C is the insulin 
concentration in grams per milliliter, and 1 is the pathlength in centi- 
meters) were calculated for the various wavelengths and insulin con- 
centrations. 

Effects of Shear on Insulin Self-Association and Adsorption-To 7 JASCO model 40A, Japan Spectroscopy Co., Tokyo, Japan. 
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lyrine, 0.01 M 

evaluate the effecrs of shear on insulin macromolecular aggregation, 
100-ml portions of various concentrations of insulin were stirred at  1550 
rpm with a mechanical stirrer. This stirring velocity was selected because 
i t  represents an extreme case for shears that could be developed with 
infusion devices, and because these conditions will be utilized in current 
insulin-polymer diffusion experiments for the development of the self- 
regulating insulin delivery system previously described. Periodic samples 
were withdrawn and visibly evaluated for macroaggregation. Approxi- 
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L h  time = 0 
urea, 0.5 mgfml 

Figure 3-Effects of additives on changes of the circular dichroic 
spectra of insulin subjected to high shear rates. All insulin concen- 
trations were set a t  0.1 mglml. 

mately 1-cm2 disks of poly(hydroxyethy1 methacrylate), cellulose, 
poly(dirnethylsiloxane), and poly(urethane ether) were placed in the 
above insulin solutions and withdrawn after 7 days. These polymer 
samples were vacuum dried, gold coated, and a scanning electron mi- 
croscopys of the resultant polymer surfaces was conducted. 

8 Cambridge Stereo Scan Mark IIA, Cambridge, England. 
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Table I-The Effect of Additives on Insulin Aggregation Time a 

Concentration Time for 
Additive of Additive Aggregation 

No Additive 
Lysine 
Lysine 
t I* 

I* 
irrea 
Urea 
Urea 
Urea 
Urea 

- 
0.01 M 
0.002 M 
0.005 M 
0.005 M 
0.5 mg/ml 
1.0 mg/ml 
2.0 mg/ml 
3.0 mg/ml 
5.0 mg/ml 

2-3 days 
3-4 days 
3-4 days 

2-3 days 
3-4 days 

7 days 
7 days 
7 days 

3-4 days 

a Insulin concentration set at 0.1 rng/rnl in all cases. EDTA (I). 

Effects of Additives on Insulin Self-Association and Adsorption 
Under High Shear-The effects of various concentrations of lysine', 
urea', and disodium edetate (1)' on insulin circular dichroism, macro- 
molecular aggregation, and adsorption on polymer surfaces were evalu- 
ated under high shear conditions as described. 

RESULTS AND DISCUSSION 

The CD spectra of insulin at various concentrations is presented in Fig. 
1, where mean residue ellipticity, [O]x in deg cm2/dmol X is plotted 
versus wavelength. At  an insulin concentration of 5 mg/ml, negative 
maxima were observed at  245,262, and 283 nm, the trough at  262 nm 
having been assigned to phenylalanine at  B24 and/or B25 residues, while 
the trough at 283 nm was assigned to tyrosine at  B26 (4). 

Two negative maxima at  -245 and 270 nm were observed between 1.0 
and 0.4 mg/ml. The trough at  -270 nm was assigned to tyrosine and 
phenylalanine aromatic residues in the B23-28 region of the antiparallel 
P-structure formed between insulin monomers in insulin aggregated 
states. Attenuation of this band has been associated with disaggregation 
of insulin (5), while strengthening of the band is associated with condi- 
tions that enhance insulin aggregation (6). The optical activity of the 
aromatic residues contributing to this band is, therefore, dependent upon 
the state of insulin self-association. As insulin concentration decreased, 
the strength of this band progressively decreased indicating reduced 
insulin self-association. A t  0.2 mg/ml the 270-nm trough was greatly di- 
minished and a negative maxima a t  -225 nm was the dominant band. 
This trough was the predominant feature of the insulin CD spectra for 
0.2,0.1, and 0.01 rng/ml insulin concentration. The appearance of this 
trough at  -225 nm was assigned to the antiparallel 8-structure of insulin 
dimers (7). This band was the predominant feature of the insulin dimer. 
Furthermore, this peak was not attenuated upon dilution from 0.2 to 0.01 
mg/ml, suggesting that insulin dimers are the prominent species in that 
concentration range. At an insulin conce?tration of 0.02 mg/ml, mean 
residue ellipticity at 225 nm decreased and the trough was broadened, 
demonstrating negative ellipticity at -210 nm. Negative ellipticity a t  
-210 nm has long been associated with an a-helical structure. The at- 
tenuation of negative ellipticity at 225 nm combined with the appearance 

Figure 5-Insulin adsorbed onto the segmental polyfurethane ether) 
copolymer under high shear, 600 X. 

of negative ellipticity at 210 nm suggests that insulin dimers are less 
prevalent at this concentration. 

Results from the data reported here and studies by others (4,7) suggest 
that the -225- and 270-nm bands provide an indication of insulin self- 
association. When mean residue ellipticity is plotted uersus insulin 
concentration, Figure 2, it is evident that the -225-nm band is the more 
sensitive indicator of insulin self-association, insulin self-association into 
dimers, tetramers, hexamers, etc., in turn having previously been cor- 
related by others with insulin concentration (4,8). 

Using insulin CD as the indicator of insulin self-association, the effects 
of various additives on insulin self-association under high shear rate 
conditions were evaluated. These results are presented in Fig. 3, where 
the lighter tracing represents the CD spectra a t  time 0 and the darker 
tracing represents the CD spectra for the same insulin solution at the 
indicated time. The insulin concentration was set at 0.1 mg/ml for all 
spectra presented. At a urea concentration of 2.0 mg/ml, no changes in 
the 225-nm peak were observed even after 7 days under high shear rate 
conditions. Changes in the CD spectra were observed for higher and lower 
concentrations of urea at  -4 days providing spectra similar to aggregated 
insulin without additives. Interestingly, the small trough at 270-nm 
disappears under high shear rates indicating a loss in optical activity for 
the B23-28 aromatic residues. 

Table I summarizes the effects of additives on shear-induced insulin 
macromolecular aggregation, all data obtained at an insulin concentration 
of 0.1 mg/ml where insulin dimers were the prevalent species. Macro- 
molecular aggregation was observed without additives within 2-3 days. 
The same aggregation time was observed for 0.005 M EDTA (I). The 
addition of 0.01 M lysine or a combination of 0.01 M lysine and 0.005 M 
I prolonged macromolecular aggregation of insulin by -2 days. The ad- 
dition of 0.5 mg/ml of urea produced aggregation times similar to the 
lysine-I combination; however, aggregation times were >7 days 

Figure 4-Insulin adsorbed onto silicone rubber under high shear, 
1600 X. Figure 6-lnsulin adsorbed onto cellulose under high shear, 1600 X. 
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Figure 7-Insulin adsorbed onto the segmental poly(urethane ether) 
copolymer under high shear with 2.0 mglml urea, 2100 X. 

for urea concentrations ranging from 1.0 to 3.0 mg/ml. At higher urea 
concentration, aggregation times were -4 days. 

Scanning microscopy revealed that insulin adsorption onto various 
polymer surfaces was substantially greater under high shear as compared 
with static conditions. The morphology of the adsorbed insulin was found 
also to be dependent on shear conditions. Scanning electron micrographs 
of insulin adsorbed under high shear onto poly(dimethylsiloxane), 
poly(urethane ether), and cellulose are presented in Figs. 4-6, respec- 
tively. Under high shear, insulin adsorbs onto all of the polymers evalu- 
ated as disk-like structures. Without high shear rates, such disk-like in- 
sulin adsorbates were not observed over the time frame evaluated. Under 
high shear, the morphology of the adsorbed insulin appears independent 
of the polymer nature, disk-like adsorbates were observed on all types 
of polymer surfaces. However, under static conditions the morphology 
may be dependent upon the polymer substrate. 

Concentrations of urea that prolonged insulin macromolecular 
aggregation times were found also to inhibit insulin adsorption onto 
polymer surfaces. Disk-like insulin adsorbates were not observed on the 
various polymer surfaces with the addition of 2.0 mg/ml urea under high 
shear, as shown for poly(urethane ether) in Fig. 7 as a representative 
case. 

The selhssociation of insulin molecules in solution and the adsorption 
of insulin onto container surfaces pose complications $n the adminis- 
tration of insulin. These problems are of particular importance with 
long-term insulin infusion devices where insulin crystals on the various 
surfaces of such devices have been observed by several investigators (9, 
10). With such systems, insulin can be subjected to shear rates that can 
greatly effect and potentiate this process. 

The addition of urea in a limited concentration range (i.e., 1 3  mg/ml 
of urea) inhibits both insulin self-association and surface adsorption. It 
has been suggested that the initial step in insulin self-association is the 
hydrophobic association of the B23-28 regions on insulin monomers to  
form insulin dimers which further associate into larger oligomers. Urea, 
a water structure-breaking solute, was found to greatly inhibit insulin 
self-association and surface adsorption presumably by decreasing in- 
teractions between dimen to prevent further self-association. Higher urea 
concentrations were found to denature insulin, leading to rapid macro- 
molecular aggregation times. The concentration range of urea that in- 
hibits these processes poses little to no toxicity risks and can stabilize 
insulin preparations for extended periods, both for conventional ad- 
ministration preparations and for the development of long-term insulin 
delivery systems. 
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Abstract 0 A second polymorph of spiperone. 8-[3-(p-fluorobenzoyl)- 
propyl]-l-phenyl-l,3,8-triazaspiro[4,5]decan-4-one, has been isolated 
and characterized by thermal analysis and IR spectrometry. Its structure 
was solved by X-ray diffraction analysis. The results are compared with 
those previously obtained on spiperone, the main difference being in the 
conformation of the side chain and in the nature of the hydrogen 
bonding. 

Keyphrases 0 Spiperone-polymorphs, conformational study, posaible 
consequences on interpretation of pharmacological activity 0 Pharma- 
cological activity-conformational study of two polymorphs of spiperone, 
possible consequences of interpretation 0 Polymorphs-spiperone, 
conformational study, possible consequences on interpretation of 
pharmacologicalactivity 

Complete data about the crystal structure and solid- 
state molecular conformation of different polymorphs of 
the same drug are rarely available. The main reason lies 

in the difficulty in obtaining single crystals of good quality 
from the different polymorphs. Studies of drug polymor- 
phism are generally restricted to determination of IR 
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Figure 7-Insulin adsorbed onto the segmental poly(urethane ether) 
copolymer under high shear with 2.0 mglml urea, 2100 X. 

for urea concentrations ranging from 1.0 to 3.0 mg/ml. At higher urea 
concentration, aggregation times were -4 days. 

Scanning microscopy revealed that insulin adsorption onto various 
polymer surfaces was substantially greater under high shear as compared 
with static conditions. The morphology of the adsorbed insulin was found 
also to be dependent on shear conditions. Scanning electron micrographs 
of insulin adsorbed under high shear onto poly(dimethylsiloxane), 
poly(urethane ether), and cellulose are presented in Figs. 4-6, respec- 
tively. Under high shear, insulin adsorbs onto all of the polymers evalu- 
ated as disk-like structures. Without high shear rates, such disk-like in- 
sulin adsorbates were not observed over the time frame evaluated. Under 
high shear, the morphology of the adsorbed insulin appears independent 
of the polymer nature, disk-like adsorbates were observed on all types 
of polymer surfaces. However, under static conditions the morphology 
may be dependent upon the polymer substrate. 

Concentrations of urea that prolonged insulin macromolecular 
aggregation times were found also to inhibit insulin adsorption onto 
polymer surfaces. Disk-like insulin adsorbates were not observed on the 
various polymer surfaces with the addition of 2.0 mg/ml urea under high 
shear, as shown for poly(urethane ether) in Fig. 7 as a representative 
case. 

The selhssociation of insulin molecules in solution and the adsorption 
of insulin onto container surfaces pose complications $n the adminis- 
tration of insulin. These problems are of particular importance with 
long-term insulin infusion devices where insulin crystals on the various 
surfaces of such devices have been observed by several investigators (9, 
10). With such systems, insulin can be subjected to shear rates that can 
greatly effect and potentiate this process. 

The addition of urea in a limited concentration range (i.e., 1 3  mg/ml 
of urea) inhibits both insulin self-association and surface adsorption. It 
has been suggested that the initial step in insulin self-association is the 
hydrophobic association of the B23-28 regions on insulin monomers to  
form insulin dimers which further associate into larger oligomers. Urea, 
a water structure-breaking solute, was found to greatly inhibit insulin 
self-association and surface adsorption presumably by decreasing in- 
teractions between dimen to prevent further self-association. Higher urea 
concentrations were found to denature insulin, leading to rapid macro- 
molecular aggregation times. The concentration range of urea that in- 
hibits these processes poses little to no toxicity risks and can stabilize 
insulin preparations for extended periods, both for conventional ad- 
ministration preparations and for the development of long-term insulin 
delivery systems. 
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Abstract 0 A second polymorph of spiperone. 8-[3-(p-fluorobenzoyl)- 
propyl]-l-phenyl-l,3,8-triazaspiro[4,5]decan-4-one, has been isolated 
and characterized by thermal analysis and IR spectrometry. Its structure 
was solved by X-ray diffraction analysis. The results are compared with 
those previously obtained on spiperone, the main difference being in the 
conformation of the side chain and in the nature of the hydrogen 
bonding. 
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Complete data about the crystal structure and solid- 
state molecular conformation of different polymorphs of 
the same drug are rarely available. The main reason lies 

in the difficulty in obtaining single crystals of good quality 
from the different polymorphs. Studies of drug polymor- 
phism are generally restricted to determination of IR 
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U17) Cl161 

C(24 
Figure 1-Chemical structure and atom numbering of spiperone. 

Table I-Crystal Data of Spiperone I and  I1 

Form I Form IIa 

Molecular formula CmH26FN302 ~ z ~ H z ~ F N ~ O Z  
Molecular weight 395.46 395.46 
Space group P21/a P2dC 
System Monoclinic Monoclinic 
Unit cell dimensions, A or degrees 

a 12.722 18.571 
b 7.510 6.072 

; 
Unit cell volume. A3 

21.910 20.681 
95.08 118.69 

2085.1 2045.7 
Number of formula 
Unit per cell = Z 4 4 

spectra and thermal properties, determination of disso- 
lution characteristics, and recording of X-ray powder 
diffraction spectra (1-3). 

Many crystal and molecular structures of neuroleptics 
belonging to the family of butyrophenones have been 
published, without reference to possible polymorphism 
(4-13). Among those was the crystal structure of spip- 
eronel (Fig. l), one of the most potent neuroleptic drugs 
(5). The structure of spiperone is mainly characterized by 
its unique conformation of the side chain and is often used 
as reference in studies of the structure-activity relation- 
ship for testing the conformational resemblance of neu- 
roleptics to dopamine (14,15). 

This paper characterizes the crystal structure of a second 
polymorph of spiperone, compares this polymorph with 
the known structure, and discusses the possible conse- 
quences on the interpretation of the pharmacological ac- 
tivity. 

a Data from ref. 5. 

EXPERIMENTAL 

IR Spectrometryz-IR spectra were recorded in potassium bromide 
pellets (0.5%, w/w). 

X-Ray Diffraction3-The intensities of 2551 reflections were mea- 
sured on a four-circle diffractometer by the w-scan technique up to 20 
= 44'. Incident radiation was graphite-monochromatized MoKa: X = 
0.7107 A. Only 921 reflections with I > 2.5u(I) were considered as ob- 
served and retained for the resolution and refinement of the structure. 
The structure was solved by direct methods using the MULTAN 80 
computer system4. The refinement was carried out by the SHELX 765 
program with anisotropic thermal parameters. The positions of the hy- 
drogen atoms were calculated by SHELX. The final conventional R index 
was 0.079. For crystal data see Table I. 

Janssen Pharmaceutica, Beerse, Belgium, U.S. Patent no. 3,155,669 (1964 J. 
Ph.). * Perkin-Elmer model 580 IR soectroohotometer. 

Enraf Nonius CAD-4 four-circle diffractometer. ' P. Main, S. J. Fiske, S. E. Hull, L. Lessinger, M. M. Woolfson, G. Germain, and 
J. P. Declerca (1980). MULTAN 80. A svstem of comouter orograms for the auto- 
matic solution of crystal structures from X-ray diffraction data. universities of York 
(England) and Louvain-la-Nueve (Belgium). 

6 G. M. Sheldrick, SHELX 76, Program for crystal structure determination, 
University of Cambridge, England, 1976. 
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Figure 2-IR spectrum of polymorph I. 
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Figure 3-ZR spectrum of polymorph 11. 

Table 11-Atomic Coordinates ( X  lo4) and B, Values (Az) 

8679 
9766 

10380 
9800 

10176 
8643 
8258 
8090 
7382 
7830 
8001 
7172 
6326 
6078 
5101 
4559 
4732 
3831 
3469 
3970 
3546 
4817 
5229 
7875 
8103 
7321 
6266 
6012 
6788 

515 
-79 
1076 
2318 
3445 
2087 
3742 
5339 
4909 
3462 
1773 
6560 
6434 
8242 
8185 
6812 
9765 
9648 

11124 
12651 
14138 
12836 
11402 
-278 

-1620 
-2400 
-1925 
-655 

172 

(15) 6455 (5) 
(18) 6412 (7) 
(15) 6820 (6) 
(21) 7086 (7) 
(14) 7424 (5) 
(15) 6871 (6) 

6496 (6) 

(22) 8133 (8) 
(19) 8416 (8) 
(28) 8722 (9) 
iiSj 8718 (8) 
(25) 9016 (7) 
(29) 9370 (8) 
(36) 9628 (9) 

9586 (9) 

(21) 8973 (6) 
(18) 6066 (6) 
(18) 5611 (6) 
(19) 5321 (6) 
(22) 5343 (7) 
(22) 5731 (7) 
(18) 6091 16) 

4.26 
4.38 
4.98 
4.10 
6.16 
3.11 
4.16 
4.36 
4.08 

4.02 
5.75 
7.22 
6.68 
7.13 

11.62 
5.50 
7.22 
7.17 
8.22 

14.73 
8.14 
5.14 
3.94 
3.87 
5.59 
5.76 
5.67 
4.58 

3.88 

. .  . .  . .  

Thermal Analysis6-Thermal behavior was studied on a differential 
scanning calorimeter at  a heating rate of 5'/min. Temperatures of fusion 
were measured a t  the onset point of each peak. 

Preparation of Crystals7-Good quality crystals were obtained by 
slow evaporation a t  60' of n-heptane (form I) and by slow evaporation 
at  60" of 2-propanol (form 11). 

RESULTS AND DISCUSSION 

Two polymorphs of the title compound were isolated and characterized 
by differential scanning calorimetry. Form I8 melted a t  209.8' (heat of 
fusion: 52.3 kJ/mole), whereas form 11 melted at 207.0" (heat offusion 
51.8 kJ/mole). These two forms showed an equivalent stability at  room 

Perkin-Elmer DSC-model2. 
Spiperone, Janssen Pharmaceutica, Beerse, Belgium. 

8Polymorphs are numbered I and 11 in decreasing order of their melting 
points. 
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Table 111-Interatomic Distances. A Table VSelected Torsion Angles. Degrees 

ci~i)-~ii) 1.404 (14) 
1.426 i i4j  
1.353 (15) 
1.197 (14) 
1.515 (16) 
1.545 (14) 
1.490 (14) 
1.543 (15) 
1.421 (13) 
1.484 (13) 
1.505 (15) 
1.533 (15) 
1.462 (18) 
1.536 (18) 
1.465 (21) 
1.240 (17) 
1.448 (20) 
1.441 (20) 
1.389 (18) 
1.345 (22) 
1.319 124) 

C(9) -N@) 
C( ll)-N(8) 
C(lO)-C(9) 
C(12)-C(ll) 
C(13)-C( 12) 
C(14)-C( 13) 
012) -C1141 
c(i5)-ciiij 
C (16) -C ( 15) 
C(20)-C( 15) 
C117)-C(16) 
ciiaj-cii7j  
F(1) -C(18) 

C(20)-C(19) 
C(19)-C( 18) 

a i.366 iiij 
1.390 (23) 
1.344 (17) 
1.367 (15) ci22j-ci2i j 

C(26)-C(21) 
C(23)-C(22) 
C(24)-C(23) 
C(25)-C(24) 

i.430 iisj 
1.343 (16) 
1.394 (18) 
1.337 (18) 

cizsi-ci25j 1.357 (16) 

Table IV-Bond Angles, Degrees 
111.8 (1.5) 
121.0 (1.9) 
120.1 (1.8) 
118.9 (1.8) 
119.6 (2.0) 

C(14)-C(13)-C(12) 
O(2) -C(14)-C(13) 
C(15)--C(14)-C(13) 
C(15)-C(14)-0(2) 
C(16~-C1151-C(14) 

111.0 (1.0) 
118.3 (1.1) 

C(21)-N(1) -C(5) 
N(3) -C(2) -NU) 
C(4) -N(3) -C(2) 
O(1) -C(4) -N(3) 
C(5) -C(4) -N(3) 
C(5) -C(4) -ow 
C(4) -C(5) -NO) 
C(6) -C(5) -N(1) 
C(6) -C(5) -C(4) 

C(lO)-C(5) -C(6) 
C(7) -C(6) -C(5) 

C(lO)-C(5) -N(1) 
C(lO)-C(5) -C(4) 

N(8) -C(7) -C(6) 
C(9) -N(8) -C(7) 
C(ll)-N(8) -C(7) 
C(ll)-N(8) -C(9) 
C(lO)-C(9) -NW 
C(9) -C(lO)-C(5) 
C(l2)-C(ll)-N(8) 
C(13)-C(l2)-C(ll) 

130.2 (1.1) 
104.1 (1.0) 
113.6 i i . i j  
123.5 (1.3) 
109.8 (1.2) 

C(2Oj-cii5j-cii4 j 121.8 (1.8) 
C(2O)-C(15)-C(16) 118.6 (1.6) 
C(17)-C(16)-C(15) 119.7 (1.9) 
C118)-C(17)-C(16) 

126.7 (1.4) 
101.5 (1.0) 120.0 (2.3) 
109.7 (1.0) 
109.1 (1.0) 
113.3 (0.9) 

~i 1) ' -ciis j-c( 17) 
C( 19)-C( 18)-C( 17) 
C(l9)-C(l8)-F(l) 
C(2O)-C(19)-C( 18) 
C(19)-C(20)-C(15) 
C( 22)-C( 2 1)-N( 1) 
C(26)-C(21)-N(l) 
C (26)-C( 2 1)-C(22) 
C(23)-C(22)-C(21) 
C(24)-C(23)-C(22) 122.3 (1.5) 
C(25)-C(24)-C(23) 119.5 (1.51 
C(26)-C(25)-C(24) 
C(25)-C(26)-C(21) 

118.3 (2.0) 
122.0 (2.1) 
119.0 (2.4) 
120.4 (1.8) 
118.9 (1.5) 
120.5 11.3) 

111.2 (1.0) 
111.6 (1.1) 
111.1 (1.1) 
111.5 (1.0) 
110.0 (1.0) 
108.9 (1.0) 
111.5 (1.0) 
110.7 (1.0) 
113.2 (1.0) 
116.2 (1.2) 
112.2 (1.4) 

122.1 ii.3j 
117.2 (1.2) 
119.8 (1.3) 1 

Figure 5-Molecular conformation of spiperone Z and 11. 

ii9.5 (1.5) 
121.7 (1.4) Unit cell parameters of form I1 corresponded to those published earlier 

(5), while the crystal lattice of form I was different (Table I). Complete 
crystal structure of form I was thus determined and compared with that 
of form I1 (Tables 11-V, Fig. 4). 

The main difference between the molecular conformation of the 
polymorphs was found to be in the conformation of the side chain. Form 
I was shown to have the same side-chain conformation as aceperone", 
azaperone12 I, benperidol13 I, moperone14 I, I11 (R1838)15919-I, pipam- 
perone'6, IV (R1616 hydroch1oride)'7J9, haloperidol hydrobromide'*, 

lo S. Motherwell and W. Clegg, PLUTO, University of Cambridge, England, 
1978. 

11 Aceperone4 - [4-(acetamidomethyl) -4- phenylpiperidino]-4'-fluorobuty- 
rophenone. Belgian Patent no. 606,849 (1961). Janssen Pharmaceutica 

Azaperone-l-(4-fluorophenyl)-4-(4-(2-p~idinyl)~l-piper~inyl]-l-bu~one. 
US. Patent no. 2,979,508 (1961), Janssen Pbarmaceutica. 

I3 Benperidol-l-l1-[3 - (p-fluorobenzoyl)propyl] -4- piperidoll-2-benzimida- 
zolinone. Belgian Patent no. 626,307 (1963). Janssen Pbarmaceutica. 

14 Moperone4 '  - fluoro -4- (4 - hydroxy-4-p-tolylpiperidino)butyrophenone, 
British Patent no. 881,893 (1961), Janssen Pharmaceutica. 

R 1838--4-(4 - hydroxy -4- phenyl -1- piperidinyl)-l-(4-fluorophenyl)-l- 
butanone. 

16 Pipamperone-l'-[4-(4 - fluorophenyl) -4- oxobutyll-[1,4' - bipiperidinel-4'- 
carboxarnide. Belgian Patent no. 610,830 (1962). Janssen Pharmaceutica. 

l7 R 1616 hydrochloride-4 - f - (4-fluorophenyl) -4- hydroxy-1-piperidinyl] 
- 1 - (4-fluorop hen yl ) - 1 - butanone ydrochloride. 

Is Haloperidol hydrobromide-4-[4 - (4 - chlorophenyl)-4-hydroxy -1- piperi- 
dingl] -1- (4-fluorophenyl)-l-butanone hydrobromide. 

1 Names to be published. 

Figure 4-Stereoscopic view of crystal packing of spiperone I 'O. 

temperature, in the presence of water, and under high pressure required 
for preparation of potassium bromide pellets. 

The IR spectrum in the solid state of form I corresponded to that ob- 
tained from the commercial product9 (Figs. 2 and 3) and was different 
from that of form 11. 

9 Janssen Pharmaceutica specification report number 598 (760317). 
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Table VI-Intermolecular Bond Characteristics * of Spiperone I and I1 

Hydrogen Bonding Other Short Intermolecular Contacts 
Distance, A Position Contact Position Distance, A Contact 

Spiperone I 

Spiperone I1 * 
2.81 
2.81 
2.87 
2.87 

C(20)-0(1) -2(0,2,0) 3.39 
F-C(l7) 210.0.21 3.28 

C(23)-C(2) ' 2(i ;i;gj 3.36 
0(2)-C(13) 2(0,0,1) 3.30 
0(1)-C(23) -2(0.1.0) 3.33 

F-C(26) - 1 (o:iiol 3.26 
a Hydrogens are not positioned. * Calculated from ref. 5 data. 

moperone hydrobromide (4,6,7,9,11,12,14,15) (Fig. 5). The side-chain 
conformation of form I1 was found to be different from the compounds 
described above. 

This modification of the conformation between the two polymorphs 
of spiperone is not surprising since PCILO (16) calculations have showed 
the possible existence of five isoenergetic minima for the propyl chain 
of butyrophenones (5,14-17). The piperidine ring of form I is in the usual 
chair form encountered in most butyrophenones. 

The angle between the mean plane of the piperidine and phenyl rings, 
and the corresponding torsion angles, are nearly identical in the two 
polymorphs (Table V). This fact may be explained by the coplanarity 
of the phenyl and five-membered rings that are attached by a C(sh)- 
N(sp3) single bond with lengths of 1.404 8, (I) and 1.394 8, (II), respec- 
tively (18). As a result the rotation of the phenyl ring is not allowed. The 
PCILO potential energy curve of the phenyl ring-containing moiety of 
spiperone leads to an identical interpretation (15, 17). Experimental 
values of torsion angles of spiperone I fall in the same minimum of the 
PCILO curve as those of spiperone 11, thus confirming the existence of 
a potential barrier. 

The two polymorphs differ entirely from one another in the nature and 
the force of hydrogen bonding. Indeed, in form II, each molecule is bonded 
to another by two hydrogen bonds, "(3) to O(l)], and the crystal is made 
up of dimers which are held together by packing forces only (5). On the 
other hand, in form I only one type of hydrogen bond, "(3) to N(8)] 
contributes to the building of a polymeric lattice (Table VI). Differences 
between intermolecular bonding of the two forms are visible in JR spectra. 
In form I, the stretching of the NH-N polymeric bond appears in the 
3000-3100 cm-l region as a broad peak, whereas the narrow bands ob- 
served at 3190 and 3110 cm-I in form I1 indicate that the NH vibrator 
included has a more localized bond, such as a dimeric structure. Never- 
theless, the shift of the C=O(l) vibration frequency (1705 cm-') is not 
visible because the N(3)H to O(1)C hydrogen bond taken individually 
is not very strong; intensity of the corresponding absorption band is only 
increased. 

The two polymorphs of spiperone exhibit different crystal structures. 
Their molecular conformation and intermolecular bonds in solid state 
differ entirely. 

The study of molecular conformation of the two polymorphs confirms 
the flexibility of the side chain of butyrophenone derivatives claimed 
previously by PCILO calculations (15,17). Moreover, existence of two 
conformations of the side chain for the same compound proves defini- 
tively that this conformation is not influenced by the nature of the phenyl 
ring-containing moiety and by the substituents on that ring. 

Several authors have attempted to explain the high level of activity 
of spiperone by relatively high local concentrations in brain regions, 

caused by dimerization in uiuo, considering that spiperone preferentially 
forms dimers (14). The structure of form I proves that a stable nondi- 
merized form of spiperone can exist with a high probability of occur- 
rence. 
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Abstract 0 A procedure of direct injection of whole plasma for the 
analysis of theophylline by an automated multidimensional high-per- 
formance liquid chromatographic (HPLC) technique is described. The 
procedure requires as little as 30 pl of plasma sample and has a linear 
range of 0.25-30 pg/ml. Unknown plasma samples, after the addition of 
internal standard, are directly injected into the HPLC system. The 
chromatographic procedure is fully automated, thus the attention and 
time required from the analyst is reduced to a minimum. About 70 
samples can be analyzed per day with -3 hr of analyst time. 

Keyphrases 0 Theophylline-analysis by automated multidimensional 
high-performance liquid chromatography involving direct plasma in- 
jection 0 High-performance liquid chromatography-automated mul- 
tidimensional analysis of theophylline involving direct plasma injection 
0 Direct plasma injection-analysis of theophylline by automated 
multidimensional high-performance liquid chromatography 

Multidimensional high-performance liquid chroma- 
tography (HPLC) has been in use for quite some time. 
However, the majority of the applications do not involve 
the direct injection of plasma samples (1-5). 

The purpose of the present investigation was to test the 
concept of analyzing drugs in plasma by the multidi- 
mensional column chromatography technique and to de- 
termine if the technique could be completely automated. 
The test compound in this case was theophylline. After the 
investigation was completed, an abstract outlining the 
feasibility of the concept for theophylline was published 
(6). In the present report, the successful application of a 
fully automated multidimensional HPLC technique for 
the routine analysis of theophylline is described. 

BACKGROUND 
Monitoring plasma levels of drugs in clinical management of patients 

or studying pharmacokinetic parameters for a marketed or developmental 
drug both require the quantitative determination of the drug in biological 
fluids, most often in plasma. Generally used procedures require the 
separation of the drug from the plasma proteins by a solvent extraction 
or protein precipitation technique prior to quantitation. With the recently 
available gel permeation columns designed to separate water soluble 
polymers, it is possible to employ a gel permeation column in place of the 
normal extraction procedure for the purpose of separating the drug from 
the plasma proteins. Thus, a coupled-column or multidimensional column 
chromatography technique can be used. In this technique, the drug is f i t  
separated from the plasma proteins on a gel permeation column based 
on molecular size difference, then the drug is selectively transferred uia 
a switching valve onto a reverse-phase column where, on the basis of 
partition characteristics, it is further separated from any endogenous 
material with a similar range of molecular weight. The first step elimi- 
nates the plasma proteins, and the second step separates and quantitates 
small molecular weight substances. 

EXPERIMENTAL 
Reagents and Apparatus-The tetrahydrofuran was distilled in 

glass', and the methanol was suitable for liquid chromatographic use2. 
~~ 

1 Burdick-Jackson. * Omnisolv. MCB. 

All chemicals were analytical reagent grade. All HPLC analyses were 
performed using a liquid chromatograph equipped with two solvent de- 
livery systems3, an automatic liquid sampler4, and a detectoP with a 
280-nm filter. Peak heights were measured by an integratofi. The two 
columns used were a gel permeation column7 and a 25-cm X 4.6-mm i.d. 
reverse-phase column8. A 4-port switching valve with air actuatorg was 
placed in line, and the valve switching was controlled by the integrator 
through an external relay. The integrator was programmed to turn the 
valve at a certain time during each sample run. Figure 1 shows the ar- 
rangement of apparatus. 

Standard Solutions-Standard solutions of theophylline and /3-hy- 
droxyethyl theophylline1° were prepared by diluting 400-pg/ml stock 
solutions of each compound. Concentrations used were 0.3,0.6,1.8,4.2, 
9.0, 18.0, and 36.0 pg of theophylline/ml for the theophylline standard 
and 8.0 pg of 6-hydroxyethyl theophylline/ml for the internal standard. 
All solutions were made in 0.05 M sodium phosphate buffer, pH 7.0, and 
were kept refrigerated. 

Mobile Phase-Mobile phase A consisted of 0.05 M sodium phosphate 
buffer, pH 7.0. The phosphate buffer was prepared from 0.1 M dihasic 
sodium phosphate and 0.1 M monobasic sodium phmphate. Mobile phase 
B was prepared by mixing 70 ml of methanol, 10 ml of tetrahydrofuran, 
92 ml of 0.1 M sodium acetate buffer pH 5.0, and 828 ml of distilled water. 
The final composition was methanol-tetrahydrofuran-O.01 M sodium 
acetate buffer pH 5.0 (7:1:92, v/v/v). This mobile phase was reported 
previously for the analysis of theophylline by HPLC (7). The mobile 

Normal Conflguratlon was?. 
,r 

I I 

RP ColUKNl Guord 
Compuling UV Column 
Integrolor Dltecmr 

Sultchlng Conflguratlon 
Waste 

Gei Rrmeaflon 
Column 

RP Column Guard 
Column 

Figure 1-Column switching flow diagrams. 

Model 6000, Waters Associates. 
Model 710A. Waters Associates. 
Model 440. Waters Associates. 
Model 4100, Spectra-Physics. 
1-125, Waters Associates. 
Ultrasphere-ODS, Altex, Inc. 
Helical Drive Air Actuator, Valco Instruments Co. 

'O Pierce Chemical Company. 
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Figure 2-Separation of theophylline from human plasma proteins 
on the gel permeation column. 

phases were filtered through a membrane filterll (pore size 0.45 pm) and 
deoxygenated prior to use. 

Sample Preparation and Injection-Plasma, internal standard, and 
phosphate buffer (0.05 M, pH 7.0) were mixed in the ratio 302525 (v/ 
v/v). The minimum volume of plasma used was 30 pl. Eight theophylline 
standards were prepared by mixing blank plasma, internal standard, and 
the theophylline standard in the same ratio as above. The standard 
concentrations were 0,0.25,0.5,1.5,3.5,7.5,15, and 30 pg/ml plasma. To 
prevent overloading the gel permeation column, no more than 53 ~1 of 
the mixture (equal to 20 pl plasma) was injected into the liquid chro- 
matograph. If duplicate injections are desired, the volumes for mixing 
should be doubled. 

At  0 min, the valve was positioned so that mobile phase A flowed 
through the gel permeation column to the waste. Simultaneously, mobile 
phase B flowed through the reverse-phase column to the UV detector. 
The sample was injected onto the gel permeation column which separated 
the plasma proteins from the lower molecular weight materials, including 
theophylline. A t  the beginning of the theophylline peak the valve was 
switched so that effluent from the gel permeation column was directed 
onto the reverse-phase column. Mobile phase B then flowed directly to 
waste. The theophylline was concentrated at  the head of the reverse- 
phase column by the aqueous mobile phase A. A t  2 min after the 
switching, the valve was turned back to the original position. Mobile 
phase B was then flowing through the reverse-phase column where fur- 
ther separation of theophylline and the other lower molecular weight 
materials occurred. Actual switching times can vary by f0.4 min, de- 
pending upon the retention time of theophylline on different gel per- 
meation columns. 

Method of Calculation-The construction of a standard curve, and 
subsequent calibration of unknown samples with the standard curve, was 
fully automated and was performed by a computing integrator. The in- 
tegrator collected the peak height ratios (theophylline-internal standard) 
from the standards during a run, and the slope (A) and intercept (B) for 
the least-squares line between the peak height ratios (x-axis) and the 
theophylline concentrations (y-axis) were determined. The slope and 

11 Millipore Corp. 

Thwphylllm 
+ Intomd Stmdard 

0 2 4 6 8 1 0 1 2 1 4 1 6  
MINUTES 

Figure 3-Determination of theophylline in human plasma by a mul- 
tidimensional technique. 

intercept were automatically entered into the integrator's memory. For 
the unknown samples, the integrator determined the peak height ratio 
for each sample, retrieved the slope and intercept from the memory, and 
calculated the theophylline concentration in the following manner: 
theophylline concentration = peak height ratio X A + B. The final result 
of each unknown is reported in micrograms per milliliter. 

RESULTS AND DISCUSSION 

Determination of Valve-Switching Time-The purpose of the 
multidimensional technique was to separate the plasma proteins from 
the drug. This was accomplished through the switching valve. Thus, the 
time and duration that the valve is switched become a critical part of the 
overall procedure. An early switch will result in the transfer of plasma 
proteins onto the reverse-phase column and the rapid deterioration of 
that column. A late switch will result in the loss of the drug to waste. The 
duration of the time the valve was in the switching configuration con- 
trolled the quantitative transfer of the drug onto the reverse-phase col- 
umn. For each drug studied and each gel permeation column used, the 
time and duration of the valve switching were predetermined. Figure 2 
shows a set of typical chromatographic profiles of the gel permeation 
column alone. The majority of the UV-absorptive materials were eluted 
before 6 min. The theophylline started eluting at  6.3 min and peaked at 
6.5 min; thus 6 rnin after the injection was chosen as the switching time 
of the valve. The peaks a t  6.7 and 6.9 min from the blank plasma were 
also transferred onto the reverse-phase column, but were separated from 
theophylline and the internal standard and constitute no interference 
with the assay. Based on experimental results for theophylline, it was 
found that if the valve remained in the switching configuration for at least 
2 min, a quantitative transfer of theophylline onto the reverse-phase 
column resulted. 

Separation-The separation of theophylline and internal standard 
from endogenous materials in the plasma by the multidimensional 
technique is shown in Fig. 3. Baseline separation was achieved between 
theophylline and the internal standard. The retention times were 14.3 
and 15.1 min, respectively, under the experimental conditions. There were 

Journal of Pharmaceutical Sciences / 237 
Vol. 72, No. 3, March 1983 



Table I-Intraday Precision and Accuracy 

Sample 
Concentration", Mean f SD, Relative 

P g h l  Ccg/ml RSD, % Error, % 

0.38 0.35 f 0.01 2.9 -9.2 
2.5 2.48 f 0.05 2.0 1.0 

11.3 11.35 f 0.26 2.3 0.4 
22.5 22.75 f 0.70 3.1 1.1 

a Four samples were used at each concentration. 

two major peaks from the plasma which were also transferred onto the 
reverse-phase column during the switch; their retention times were 12 
and 12.8 min, respectively, and constituted no interference with theo- 
phylline and the internal standard. The results clearly indicated that for 
theophylline, adaptation of an existing HPLC separation (7) to the 
multidimensional technique presented no chromatographic problems. 

The application of the multidimensional technique did not prolong 
the elution time in comparison with the reported retention times of 
theophylline and the internal standard with the use of the same mobile 
phase and the same reverse-phase column alone; 15 and 17.5 min were 
reported for theophylline and the internal standard, respectively (7). The 
reason that this elution process with a rather long elution time was chosen 
for the multidimensional technique was that the procedure provided 
better specificity than most of the other HPLC methods for theophylline. 
The caffeine metabolite, 1,7-dimethylxanthine, was also separated from 
theophylline. The other major peaks seen in the chromatogram were due 
to the change of pressure and mobile phase on the reverse-phase column 
at  the valve-switching step of the procedure. For repeated injections, the 
next injection was made before the last sample was completely eluted 
from the system. Under the experimental conditions, a sample was in- 
jected every 11 min. About 70 samples can be analyzed per day with -3 
hr of analyst time. This procedure is ideal for maximum utilization of the 
liquid chromatographic equipment for overnight runs with minimum 
requirement of an analyst's time for sample preparation. 

Calibration Curve and Linearity-Daily calibration curves were 
prepared by spiking blank human plasma with theophylline standards 
resulting in final concentrations of 0,0.25,1.5,3.5,7.5,15, and 30 pg/ml. 
The theophylline concentrations and the peak height ratios for theo- 
phylline and internal standard were fitted by the computing integrator 
to a straight line by the least-squares method. The mathematical repre- 
sentation of the line was y (theophylline concentration) = 0.2186~ (re- 
sponse ratio) + 0.0182. The correlation coefficient was 0.9999. A linear 
relationship was demonstrated between response and theophylline 
concentration over a range of 0.2530 pg/ml. The relationship was not 
tested beyond 30 pglml. At the 0.25 pg/ml concentration level, the re- 
sponse was 3-5 times the noise level of the system. 

Precision and Accuracy-Intraday precision and accuracy were 
established by spiking blank human plasma in quadruplicate with 
theophylline at four concentration levels: 0.38, 2.5, 11.3, and 22.5 pg/ml. 
These spiked samples were analyzed by the procedure outlined in Ex- 
perimental. The results are shown in Table I. The intraday precision, 
expressed as the relative standard deviation, was 2.9,2.0,2.3, and 3.1% 
for 0.38,2.5,11.3, and 22.5 pg/ml levels, respectively. The accuracy, ex- 
pressed as relative error, was -9.2, 1.0, 0.4, and 1.1% for the four con- 
centrations. The intraday precision and accuracy were excellent and 
certainly adequate for the monitoring of theophylline levels in clinical 
therapeutic settings and for more research-oriented pharmacokinetic 
studies. The interday precision was established by analyzing seven 
theophylline standards, 0.25,0.5,1.5,3.5,7.5,15.0, and 30.0 pg/ml plasma, 
five separate times over an 8-month period. During this time, different 

Table 11-Interdav Precision 

Sample 

Pg/ml d m l  RSD, % 
Concentrationa , Mean f SD, 

0.25 
0.5 
1.5 
3.5 
7.5 

15.0 
30.0 

0.31 f 0.04 
0.58 f 0.11 
1.52 f 0.04 
3.52 f 0.08 
7.44 f 0.18 

14.68 f 0.24 
30.16 f 0.17 

12.9 
19.0 
2.6 
2.3 
2.4 
1.6 
0.6 

a Five samples were used a t  each concentration 

Y = 0.9587~ t 0.0713 
r = 0.9933 

0 10 20 30 
REVERSE-PHASE HPLC TECHNIQUE, pglrnl 

Figure 4-Comparison of the multidimensional HPLC technique with 
an established reverse-phase HPLC method. 

theophylline standard solutions, gel permeation columns, and reverse- 
phase columns were used. The results are tabulated in Table 11. Excellent 
day-to-day reproducibility over the concentration range of 1.630.0 pg/ml 
of plasma was demonstrated with the relative standard deviation 52.6% 
in each case. At lower concentrations, 0.25 and 0.5 pg/ml of plasma, larger 
relative standard deviations were obtained. 

Comparison with Other Methods-Plasma samples were obtained 
from a local hospital. These samples were initially analyzed by the hos- 
pital using an HPLC method (81, and were reanalyzed using the multi- 
dimensional technique. Both results are presented in Fig. 4 and exhibit 
excellent correlation (slope = 0.96, r = 0.99) between methods for these 
42 samples over a concentration range of 2.9-36 p g h l .  

-L 
1 2  4 6 8 12 16 24 

0 ; "  ' ' 
0.5 

HOURS 
Figure 5-Theophylline plasma leoels in a normal healthy human 
volunteer following a single oral 500-mg dose. 
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Interferences-Dietary xanthines, theophylline and caffeine me- 
tabolites, and several drugs that could be administered with theophylline 
in a therapeutic situation, were tested for interference. The compounds 
that were tested and found not to interfere with the assay procedure are: 
acetaminophen, ampicillin, caffeine, ceforamide, cephalothin sodium, 
cephloridine, corticosterone, dilantin, 1,3-dimethyluric acid, 1,7-di- 
methylxanthine, ephedrine, hypoxanthine, isoproterenol, 1-methyluric 
acid, 3-methyluric acid, 1-methylxanthine, 3-methylxanthine, 7- 
methylxanthine, phenobarbital, theobromine, uric acid, and xanthine. 

Applicability-This method has been used in the evaluation of new 
theophylline formulations in dogs and in bioavailability studies of 
theophylline formulations in healthy human volunteers. Figure 5 is a 
typical theophylline plasma level-time profile following the oral ad- 
ministration of a 500-mg theophylline dose to a human volunteer. 

It has been demonstrated that theophylline can be efficiently analyzed 
by the automatic multidimensional HPLC technique, thus, totally 
eliminating the extraction step. With the use of a computing integrator 
(as described in this report) to automate the data reduction step, the total 
analysis of plasma theophylline has been reduced to manually mixing 
the unknown plasma sample with the internal standard solution in a small  
glass tube of the autosampler; the rest of the procedure is performed 
automatically by instruments. 
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Abstract 0 The rational design of prodrugs to improve the therapeutic 
efficacy of existing drugs would be expedited if the nature of the in uiuo 
enzymatic conditions that regenerate the drugs from their prodrugs is 
known. Using albino and pigmented rabbits as models, thii research seeks 
to delineate the esterase activities in their corneas, irises, ciliary bodies, 
and aqueous humor, which are intimately involved in the disposition of 
drugs from topical dosing. This was achieved by monitoring the hydrolysis 
kinetics of a-naphthyl acetate, both in the presence and absence of es- 
terase inhibitors, upon incubation with aqueous humor and homogenates 
of cornea, iris, and ciliary body. It was found that in both breeds of rab- 
bits, esterase activity was the highest in the iris-ciliary body followed by 
the cornea and then the aqueous humor, and that multiple esterases 
probably existed in the aqueous humor and the ocular tissues studied. 
However, the esterase activity in the cornea and iris-ciliary body of the 
pigmented rabbit was greater when compared with the albino rabbit. 
Based on these results, drugs and prodrugs containing ester linkages can 
undergo varying extents of esterase-mediated hydrolysis while per- 
meating the cornea and upon entering the aqueous humor, iris, q d  ciliary 
body. Moreover, in view of the differences in esterase activity that exist 
between the albino and pigmented rabbits, it would be necessary to 
employ both breeds of rabbits in evaluating the rate and extent to which 
ocular ester prodrugs would be converted to their parent compounds. 
Keyphrases 0 Esterase activities-adult rabbit eyes, disposition, hy- 
drolysis kinetics 0 Eyes, adult rabbits-esterase activities, disposition, 
hydrolysis kinetics 0 Disposition-esterase activities in adult rabbit eyes, 
hydrolysis kinetics 0 Kinetics, hydrolysis-esterase activities in adult 
rabbit eyes, disposition 

Until recently, there have been few reports on drug 
metabolism in the eye (1). Invariably, they are concerned 
with polycyclic aromatic compounds entering the uveal 
circulation and reaching the photoreceptor cells through 
the choriocapillaries. Because of its dual capability to 
terminate the pharmacological activities of inherently 
active drugs and to transform inactive drugs to their active 
moieties, drug metabolism in the eye is an important as- 

pect of drug action. In view of the necessarily close asso- 
ciation between esterase activities in the various segments 
of the eye and the extent of metabolic alterations of drugs 
containing ester linkages, knowledge of esterase activities 
in the eye would allow a first estimation of the clinical ef- 
ficacy of such drugs as pilocarpine, atropine, and dipive- 
frin. 

During the past 5 years, the prodrug approach (2) of 
preparing bioreversible derivatives of existing drugs has 
been successfully extended to the topical ophthalmic drug 
epinephrine (3). In principle, several other topical oph- 
thalmic drugs that are currently available should also 
benefit from this approach, since they, like epinephrine, 
contain functional groups amenable to ester prodrug 
derivatization. 

For these ester prodrugs to be useful clinically, esterase 
activity must be available in the ocular tissues to regen- 
erate the parent compounds. Several investigators (4-10) 
have evidence to support the presence of esterases pre- 
dominantly in innervated ocular tissues. They include the 
cornea, iris-ciliary body, retina, and optic nerve. However, 
the level of esterase activities in each tissue and the bio- 
chemical properties of these esterases remain to be de- 
termined. It is reasonable to expect that when such infor- 
mation is available, the rational design of ester prodrugs 
would follow. 

The first step in the eventual characterization of ester- 
ases present in the various ocular tissues of both albino and 
pigmented rabbits is the determination of esterase ac- 
tivities in their corneas, irises, ciliary bodies, and aqueous 
humor, and this is the subject of this report. The rationale 
for studying esterases in both albino and pigmented rabbit 
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epinephrine (3). In principle, several other topical oph- 
thalmic drugs that are currently available should also 
benefit from this approach, since they, like epinephrine, 
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eyes comes from an earlier observation (11) that the extent 
and rate of hydrolysis of pilocarpine to pilocarpic acid are 
one to two orders of magnitude greater in the eyes of pig- 
mented rabbits than in the eyes of albino rabbits. The 
cause underlying this apparent disparity is unclear, al- 
though it could be related to differences in the concen- 
tration, activities, or perhaps type of esterases. 

a-Naphthyl acetate was chosen as the model substrate, 
since it has been shown to be a substrate for most esterases 
(12), and because at  this stage of the study screening for 
esterase activity was of primary concern. The advantage 
offered by this substrate is that at an excitation wavelength 
of 317 nm and emission wavelength of 470 nm, it is prac- 
tically nonfluorescent when compared with its hydrolytic 
product a-naphthol. Consequently, the progress of ester- 
ase-mediated hydrolysis, and therefore esterase activity, 
can be monitored by noting the increase in fluorescence 
with time. Scheme I presents the stoichiometry of the re- 
action. 

0 
II 

0-C-CH3 
I 

OH 
I - esterase 0 + CH,COOH 

a-naphthyl acetate a-naphthol 

Recognizing that multiple esterases are likely to be 
present in each ocular tissue and in the fluid and that each 
esterase may possess its own ester substrate specificity, the 
esterase activities reported here, at  best, represent mean 
values. During preliminary investigation two other esterase 
substrates, ethyl p-aminobenzoate and dipivefrin, were 
also considered, but for a variety of reasons were found to 
be unsuitable to screen for esterase activity. 

Scheme I-Hydrolysis of a-naphthyl acetate. 

EXPERIMENTAL 

Male albino rabbits', weighing -2.4 kg, were used throughout the 
study. All chemicals were either reagent or analytical grade and were used 
as received. 

Preparation of Substrate Solutions -a-Naphthyl Acetate-A 2 
X 10-3 M solution of a-naphthyl acetate2 was prepared by first dissolving 
0.0372 g of the compound in 10 ml of 95% ethyl alcohol followed by 
dilution to 100 ml with an isotonic tromethamine buffer at pH 7.4. From 
this stock solution 1.5 X M and 5.85 X M solutions were pre- 
pared for the enzymatic hydrolysis studies. These concentrations covered 
the range of drug concentrations typically achieved in ocular tissues. 

The 10 ml of alcohol was found to be necessary to maintain the a-na- 
phthyl acetate in solution. Two other solutions, one in 15% and the other 
in 20% alcohol, were also prepared to study the effect of alcohol on es- 
terase activity. The cornea was the only tissue whose esterase activity 
showed statistically significant ( p  <0.05) reduction as the ethyl alcohol 
concentration was varied 10-20%. Nonetheless, there was a tendency 
toward reduced esterase activity in the presence of ethyl alcohol. provided 
a given concentration of ethyl alcohol inhibited esterase activity in the 
aqueous humor, cornea, iris, and ciliary body to roughly the same extent, 
a comparison of the relative esterase activities in them should still be 
valid. The remaining experiments, unless otherwise indicated, were 
conducted using a-naphthyl acetate solutions in 10% ethyl alcohol. 

L-Leucyl-8-Naphthylarnide Solutions-A solution of L-leucyl- 
P-naphthylamide2, a peptidase substrate, was selected to screen for the 
presence of peptidases and to correct for their contribution to the esterase 

1 ABC Rabbitry, Pomona, Calif. 
2 United States Biochemical, Cleveland, Ohio. 

activity observed using a-naphthyl acetate. The peptidases, cathepsins, 
have been found in the eye (13) and shown to possess esterase activity 
(14). 

M solution of L-leucyl-8-naphthylamide was prepared 
by first dissolving 0.0114 g of the compound in 10 ml of 95% ethyl alcohol 
followed by dilution to 100 ml with a 0.0612 M tromethamine buffer a t  
pH 8.2. 

Fluorescence Intensities of a-Naphthol, a-Naphthyl Acetate, 
8-Naphthylamine and L-Leucyl-8-Naphthylamide-The wave- 
lengths of maximum excitation and emission were determined for each 
compound using a spectr~photometer~ and a spectrofl~orometer~, re- 
spectively. They were found to be as follows: 

A 4.67 X 

Compound hex, nm A,,, nm 
a-naphthol 317 470 
8-naphthylamine 217.5 412 

The corresponding esters were found to be nonfluorescent a t  the 
wavelengths chosen. The fluorescence intensity varied linearily with 
a-naphthol5 concentration in the range of 10-7-10-5 M, and with &na- 
phthylamine5 concentration in the range of 6 X 10-8-5 X M. Po- 
tential interference of the fluorescence intensity of a-naphthol by 
a-naphthyl acetate was determined by spiking 1 X 10-6 M solutions of 
a-naphthyl acetate with a-naphthol (concentrations: 0.1-1 X M). 
This procedure was repeated with a 1.5 X 10-5 M L-leucyl-8-naph- 
thylamide solution to which was added 1.5 X M 8-naphthylamine. 
At  these concentrations, neither a-naphthyl acetate nor L-leucyl-@-na- 
phthylamide quenched the fluorescence due to a-naphthol and 8-na- 
phthylamine, respectively. Thus, the increase in fluorescence intensity 
in subsequent enzymatic hydrolysis experiments could only be due to 
the hydrolytic products. 

Preparation of Ocular Tissues for  Enzymatic Hydrolysis Stud- 
iegAlbino and pigmented rabbits, approximately 10 of each, were kept 
in restraining boxes in a normal upright posture. They were sacrificed 
by a rapid injection of a 30% sodium phenobarbital solution into a mar- 
ginal ear vein. After withdrawing 10 to 15 ml of blood through intracardiac 
puncture, the corneal surfaces were rinsed with saline and blotted dry. 
About 150 pl of aqueous humor was aspirated using a 27-gauge X 1.27 
cm needle attached to a 1-ml tuberculin syringe, and the cornea, iris, and 
ciliary body6 were removed in sequence using a surgical scalpel. 

Immediately following their removal, the tissues were transferred to 
homogenization vessels and the aqueous humor and blood to culture 
tubes. All were placed in an ice bath. The tissues were homogenized in 
-10 ml of ice-cold isotonic potassium chloride solution for -80 sec using 
a motor-driven tissue grinder7. The homogenate was centrifuged at 755Xg 
in a refrigerated (4') centrifugee, and the supernatant was saved for en- 
zymatic hydrolysis studies. The blood was allowed to coagulate, and the 
fibrin clot and blood cells were removed by centrifugation under the same 
conditions as for ocular tissue homogenates. The protein content of each 
supernatant was then determined using a protein-dye binding assap (15) 
with rabbit serum albumin as the standard. 

During aspiration it was possible that the aqueous humor was con- 
taminated with esterases from the cornea and the iris-ciliary body. 
However, the probability of this occurring was low. This was suggested 
by the different response to modulators of esterase activity by aqueous 
humor samples as compared with cornea and iris-ciliary body samples 
(Fig. 1). The complicating factors, of course, were that the esterases might 
not partition into the aqueous humor in exact proportion to their con- 
centrations in the tissues, and that homogenization of the tissues might 
release other enzymes or proteins which altered the esterases. 

Enzymatic Hydrolysis of Various Substrates in the Absence of 
Their Inhibitors-Prior to initiating enzymatic hydrolysis studies, the 
presence of esterases in selected ocular tissueshluids was ascertained by 
electrophoresis on 7.5% polyacrylamide gelss and staining proteins (16), 
esterases (12), and peptidases (17). 

M or 5.85 X M 
a-naphthyl acetate solution in a fluorescence cuvet was added 100 pl of 
ocular tissue supernatant, aqueous humor, or serum. After mixing, the 

a-Naphthyl Acetate-To 3 ml of a 1.5 X 

3 Cary 219 spectrophotometer, Varian Instruments, Downey, Calif. 
4 Aminco-Bowman spectrofluorometer, American Instrument Co., Silver Spring, 

Sigma Chemical Co., St. Louis, Mo. 
The iris and ciliary body were removed as one structure and hereafter will be 

Polytron, Brinkmann Instruments, Inc., Westburg, N.Y. 
Sorvall RC-5B refrigerated superspeed centrifuge, DuPont Instruments, 

Md. 

referred to  as the iris-ciliary body. 

Newtown, Conn. 
9 Bio-Rad Laboratories, Richmond, Calif. 
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Figure I-Esterase actiuity, expressed as initial hydrolytic rate, in the cornea, iris-ciliary body, and aqueous humor of albino (0)  and pigmented 
(8) rabbits. Determinations were made in the presence of various inhibitors. The data for each tissue-fluid were obtained from at least 20 eyes. 
Error bars represent standard error of the mean. Key: I ,  acetazolamide; II, physostigmine sulfate; III, neostigmine bromide; I V, isofluorophate; 
V ,  p-chloromercuribenzoate; VI, edetic acid; VII, preheating supernatants at 45'. 

fluorescence intensity was monitored at ambient temperature every 25 
sec for the first 200 sec, then every 100 sec for the next 400 sec. By 
applying suitable conversions, the initial hydrolysis rate in unitlo per 
milligram of protein was calculated from the initial slope of a plot of 
fluorescence intensity uersus time. Because no attempt was made to free 
membrane-bound esterases, the eateram activity thus determined should 
only be interpreted as that due to soluble esterases. The implicit as- 
sumption was that the fraction of soluble proteins that was esterases 
paralleled the total protein. As demonstrated by the lack of increase in 
fluorescence intensity with time in the control solution, which contained 
3 ml of a-naphthyl acetate and 100 pl of 1.17% KCl, no chemical hy- 
drolysis of a-naphthyl acetate occurred during enzymatic hydrolysis. 
Between three and four determinations were made for each ocular tissue 
or fluid of a rabbit. 

The purpose of determining esterase activity in serum was to estimate 
the contribution of esterases in the blood, which perfuses the iris and 
ciliary body, to the total activity found in the iris and ciliary body. As 
shown in Fig. 2, this amounted to -15% in the albino rabbit and -25% 
in the pigmented rabbit. 

L-Leucyl- 0-Naphthylamide-One hundred microliters of tissue su- 
pernatant, aqueous humor, or serum was incubated with 2.6 ml of an 
activator solutionll a t  45' for 5 min. After cooling the mixture to room 
temperature, 300 pl of 95% ethyl alcohol was added. Hydrolysis was ini- 
tiated by adding 100 pl of the amide solution to this mixture. The fluo- 
rescence intensity was monitored at  ambient temperature every 100 aec 
for 600 sec. By applying suitable conversions, the initial hydrolysis rate 
in unitlo per milligram of soluble proteins was calculated from the initial 
slope of a plot of fluorescence intensity uersus time. No chemical hy- 
drolysis of the amide occurred during enzymatic hydrolysis, as demon- 
strated by the lack of increase in fluorescence intensity with time in the 
control solution, which contained 3 ml of L-leucyl-j3-naphthylamide and 
100 pl of 1.17% KCl. Between three and four determinations were made 
for each ocular tissueJfluid of a rabbit. 

M 
a-naphthyl acetate solution to study the effect of heat on esterase activity. 
As shown in Fig. 1, except for the aqueous humor of the albino rabbit, the 
ocular esterase activity a t  45O was significantly lower than that at 25O, 

The preceding procedure was also repeated with a 1.5 X 

~~ ~~~ 

10 Unit is defiied as pmoles of substrate hydrolyzed per minute. 
11 The activator solution was 0.0768 M in tromethamine, 1.28 X lo-' M in 

CoClfiHfl 0.128M in S04*7H$ and 2.01 X lO-'M in MnCl It was ad'usted 
to pH 8.2 wi'th 3 N HCl.%is solution was reported by Wolff and'Resnick (18) to 
be optimal for peptidase actimty. 

suggesting that ocular esterases, like dermal esterases (19), were tem- 
perature sensitive. 

Enzymatic Hydrolysis of a-Naphthyl Acetate in the Presence of 
Inhibitors-To ensure that the observed esterase activity was due to 
true esterases, the hydrolysis of a-naphthyl acetate was conducted in the 
presence of various inhibitors. They were a~etazolamide~, a carbonic 
anhydrase inhibitor; physostigmine sulfatez, neostigmine bromidez, and 
isofluorophate12, all cholinesterase inhibitors; and p-chloromercuri- 
benzoate2 and edetic acid2, modulators of carboxylesterase and aryl es- 
terase activity. With the exception of acetazolamide, which was employed 
at  a concentration of 2 X M, the concentration of each inhibitor 
solution was 1 X M. None of these concentrations altered the fluo- 
rescence intensity due to a-naphthol. 

One hundred microliters of tissue supernatant was incubated with 2.9 
ml of an inhibitor solution for 15 min prior to initiation of hydrolysis by 
adding 100 pl of a 4.5 X M a-naphthyl acetate solution, thus gen- 
erating 1.5 X M a-naphthyl acetate solution. The fluorescence in- 
tensity was monitored as a function of time in the same manner as those 
experiments that did not involve inhibitors. This substrate concentration, 
1.5 X M, was well below the concentration where substrate inhibition 
occurred. This was demonstrated by the fact that the initial hydrolytic 
rate continued to increase as the a-naphthyl acetate concentration was 
increased to 5.85 X 10-5 M. 

RESULTS AND DISCUSSION 

The presence of esterases or esterase activity in the cornea has been 
implied by the hydrolysis of pilocarpine to pilocarpic acid (11) and by 
the conversion of the prodrugs dipivefrin (3,8,9) and pivenfrine (10,20) 
to their corresponding parent compounds. This study demonstrated this 
to be the case. As shown in Fig. 3, when a-naphthyl acetate, the model 
substrate, was incubated with aqueous humor and the supernatant de- 
rived from the cornea, iris, and ciliary body, the fluorescence intensity 
increased with time, indicating that esterase activity was present in ocular 
tissues and fluids aside from the cornea. This esterase activity can be 
derived from true esterases like acetylcholinesterase, peptidases like 
cathepsins (14) and carbonic anhydrase (21), all of which are known or 
said to be present in the eye (6,13,22). With L-leucyl-0-naphthylamide 
as the substrate, peptidase activity could only be detected in the iris- 
ciliary body of the albino rabbit, one of the few ocular tissues enriched 

l2 Calbiochem-Behring Corp., San Diego, Calif. 
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Figure 2-Esterase actioity, expressed as initial hydrolytic rate, in the serum (S),  cornea (C),  iris-ciliary body (ICB),  and aqueous humor (AH) 
of albino (0) and pigmented (0)  rabbits. All determinations were made in the absence of inhibitors. The data for each tissuelfluid were obtained 
from at least 20 eyes. Error bars represent standard error of the mean. 

in cathepsins (13). This peptidase activity was calculated to be 3.95 f 0.24 
X U/mg of proteinlo, which was -l/m of the esterase activity in the 
same tissue determined under similar incubation conditions. This result, 
which was in agreement with previous findings (23), suggests that pep- 
tidases contributed insignificantly to total esterase activity. For unknown 
reasons the iris-ciliary body of the pigmented rabbit did not hydrolyze 
L-leucyl-P-naphthylamide and on this basis was judged to be devoid of 
peptidase activity. 

Besides peptidases, carbonic anhydrase is another enzyme that pos- 
sesses esterase activity (21), and this was verified in our lab~ratory '~ by 
incubating rabbit erythrocyte carbonic anhydrase with a-naphthyl 
acetate. Based on the reduction in esterase activity when acetazolamide, 
a specific carbonic anhydrase inhibitor that has little or no effect on true 
esterases (24), was included in the incubation medium, the iris-ciliary 
body of the pigmented rabbit was the only ocular tissue of both breeds 
of rabbits in which a percentage of total esterase activity could be ascribed 
to carbonic anhydrase. This was estimated to be 24% of total esterase 
activity. 

Thus, true esterases were principally responsible for the esterase ac- 
tivity observed in the cornea, iris-ciliary body, and aqueous humor of 
albino and pigmented rabbits. Their behavior towards modulators of 
esterase activity suggested that they were a heterogeneous group of en- 
zymes, in accord with the heterogeneity known of other esterases such 
as hepatic esterases (25). For the time being, two of the possible members 
in this group could be acetylcholinesterase and pseudocholinesterase. 
Their presence was suggested by the reduction in esterase activity, seen 
in the cornea and iris-ciliary body only (Fig. l), in the presence of phy- 
sostigmine sulfate, neostigmine bromide, and isofluorophate. Because 
p-chloromercuribenzoate, an agent that acts on free sulfhydryl groups 
in a noncompetitive fashion, also altered esterase activity in the iris- 
ciliary body, and also because free sulfhydryl groups have been shown 
to be nonessential for acetylcholinesterase activity, other esterases like 
arylesterase could also be present in the iris-ciliary body. As suggested 
by the results shown in Fig. 1, at least some of the esterases present in the 

13Unpublished data. 

aqueous humor were different from those in the cornea, iris, and ciliary 
body. 

Taking the albino and pigmented rabbits as a group, the net effect of 
these esterases in the aqueous humor, cornea, iris, and ciliary body was 
to generate a rank order of esterase activity such that the activity was the 
highest in the iris-ciliary body followed by the cornea and then the 
aqueous humor. Specifically, the esterase activity in the cornea and 
aqueous humor was, respectively, 50 and 2-5% of that seen in the iris- 
ciliary body. The higher level of esterase activity in the iris and ciliary 
body may be due to the fact that these tissues are more cellular than both 
the cornea and the aqueous humor and, therefore, are more abundant 
in esterases. It may also be due to the presence of intrinsically more active 
ester- in the iris and ciliary body. Further work is needed to distinguish 
between these two possibilities as well as to identify additional ones. 
Nonetheless, the presence of esterase activity in the iris and ciliary body 
ensures that drugs containing ester linkages reaching this tissue from the 
systemic circulation will be hydrolyzed to some extent prior to distri- 
bution to the remaining ocular tissues. 

Even though the cornea is not as enzymatically active as the iris and 
ciliary body, it is still in a strategic position to determine the amount of 
intact drug ultimately reaching the internal eye from topical dosing. The 
reason is that the major pathway of drug entry into the eye following 
topical dosing is permeation through the cornea. Partly because of this 
requirement, the cornea may fortuitously appear to be the primary site 
of hydrolysis when in fact the iris and ciliary body are enzymatically more 

Table I-Michaelis-Menten Parameter Estimates for Esterases 
in  the  Cornea and Iris-Ciliary Body of Albino and Pigmented 
Rabbits 

Knl 9 V,,,, 
xi05 M 102 Unit"/mg protein 

Tissue Albino Pigmented Albino Pigmented 

Cornea 26.2 10.6 1.98 1.14 
Iris-Ciliary body 15.7 3.8 1.86 0.96 

0 Unit = pmoles of substrate hydrolyzed per minute. 
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Figure 3-Hydrolysis of a-naphthyl acetate (1.5 X M) in the supernatants of the cornea (0, O), iris-ciliary body (A, A), aqueous humor 
(0, m), and serum (0, @). The fluorescence intensity was determined a t  ambient temperature in a spectrofl~orometer~ with Xex at 31 7nm and 
Xem at  470 nm, multiplier = 0.1 and sensitivity = 40. Plot A is shown for an albino rabbit, and B for a pigmented rabbit. 

active. This would be observed for drugs like dipivefrin (9) which are 
extensively hydrolyzed during permeation through the cornea. 

The preceding discussion was presented in general terms, without 
emphasizing the possible variation of ocular esterase activity, as suggested 
previously (111, with rabbit strain. Based on the more extensive hydrolysis 
of pilocarpine to pilocarpic acid in the eye of the pigmented rabbit as 
compared with the albino rabbit, it was speculated (11) that the pig- 
mented rabbit possessed greater esterase activity in the ocular tissues. 
This study confirmed this speculation for the cornea, iris, and ciliary 
body, but not for the aqueous humor. Thus, the faster rate of pilocarpine 
hydrolysis reported for the pigmented rabbit’s cornea was more likely 
the result of greater esterase activity in the cornea rather than a fast 
permeation rate and the resultant greater accessibility of the drug to the 
esterases in the cornea. At an a-naphthyl acetate concentration of 1.5 
X M, the esterase activity in the pigmented rabbit’s cornea and 
iris-ciliary body was -2.0 and 1.6 times that in these tissues of the albino 
rabbit, respectively. However, such differences ceased to exist a t  a slightly 
higher substrate concentration of 5.85 X M, suggesting that the 
apparent differential rate of pilocarpine hydrolysis in the two breeds of 
rabbits could be a substrate concentration or dose-dependent phenom- 
enon. 

Crude estimates on the Michaelis-Menten parameters associated with 
the ocular esterases of the rabbits, presented in Table I, suggest that the 
esterases in the cornea and iri.Ciiary body of the pigmented rabbit show 
a higher affinity for the substrate than those found in the albino rabbit, 
but suffer from a lower maximum initial velocity. Conceivably, at a certain 
substrate concentration, these two factors offset one another, thereby 
giving identical initial rates of hydrolysis, and the esterase activity in the 
two breeds of rabbits would then appear to be equal. However, so long 
as the substrate concentration in a given ocular tissue is much less than 
the Michaelis-Menten constant (K,,,), not a t  all an unlikely situation, 
the pigmented rabbit will appear to have a higher esterase activity than 
the albino rabbit. 

In light of the different values obtained for the Michaelis-Menten 
parameters for the esterases in the cornea and iriiiliary body of the two 
breeds of rabbits, it is possible that several of these esterases are unique 
to either the albino or the pigmented rabbit. This is further supported 

by the manner in which the esterase activity in the ocular tissues of the 
albino and pigmented rabbits responded to modulators of esterase ac- 
tivities, as shown in Fig. 1. Thus, in the albino rabbit, a reduction in es- 
terase activity of the cornea and iris-ciliary body was observed with 
physostigmine sulfate and isofluorophate only; with the other esterase 
inhibitors, either an increase or no change in activity was observed. In 
addition, esterases which require polyvalent ions for their activity ap- 
peared to be present in the albino but absent in the pigmented rabbit. 

In summary, several esterases, probably heterogeneous with respect 
to their substrate specificities, are present in the cornea, iris, ciliary body, 
and aqueous humor of albino and pigmented rabbits. In both types of 
rabbits, the iris and ciliary body possess twice the esterase activity de- 
tected in the less cellular cornea and 20-50 times the esterase activity 
detected in the acellular aqueous humor. At the concentration of a-na- 
phthyl acetate used, the cornea and iris-ciliary body of the pigmented 
rabbit exhibit an esterase activity approximately double that in the same 
tissues of the albino rabbit. Extrapolating this observation to humans, 
it is probable that the greater drug requirement in brown-eye as compared 
to blue-eye subjects, a well-known phenomenon, can be attributed to both 
greater propensity of the drug for esterase-mediated hydrolysis and 
binding of the drug to the pigments in the iris and ciliary body. 

Studies are now underway to fractionate these esterases and to char- 
acterize them with respect to substrate specificity and stereospecificity, 
susceptibility to substrate and product inhibition, the nature of their 
catalytic sites, and the pH for optimal enzymatic action. The effect of 
chain length on the rate of ester hydrolysis catalyzed by each esterase will 
also be investigated, and this information will be combined with that on 
the effect of chain length on tissue permeation to allow the judicial se- 
lection of a prodrug that gives the desired rate of release and even site 
localization. It is hoped that in so doing the bioavailability and thera- 
peutic efficacy of drugs for such disease states as glaucoma will be im- 
proved. 
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Abstract 0 The interactions between insulin and various lipids were 
studied by monolayer penetration experiments a t  constant surface area. 
The increase in surface pressure, An, of a lipid film depended upon the 
particular lipid used and the concentration of insulin in the subphase. 
For all lipids studied, An was dependent on the initial surface pressure 
of the lipid film. Evidence of the interaction between insulin and the lipids 
was found in the ability of insulin to penetrate lipid films with initial 
pressures >I6 dyneshm. the maximum surface pressure obtained by 
insulin alone. For phospholipids, both the nonpolar and polar regions 
influenced the degree of interaction with insulin. Saturated chain leci- 
thins exhibited less penetration than phospholipids with unsaturated 
hydrocarbon chains. The net charge of the lipid was not found to be an 
important determinant of penetration; however, the structure of the polar 
group can have a dramatic effect. Insulin penetration of mixed lipid f h s  
cannot be predicted by the penetration characteristics of the pure com- 
ponents. The possible role of these interactions in determining the ge- 
ography of the insulin molecule within the liposome and its resultant 
effects on the stability is discussed. 

Keyphrases 0 Insulin-monolayer studies of interactions with lipids 
0 Monolayer studies-insulin-lipid interactions 0 Lipids-monolayer 
studies of interactions with insulin 

~ ~ ~~ 

Monolayer interactions between proteins and lipids are 
of much interest in the study of cell membrane structure 
(1,2), hormonal action (3,4), and enzyme activity (5). Early 
studies (6) established the technique of injecting a protein 
into the subphase beneath a lipid film at  constant surface 
area. Since then modifications of this procedure have been 
used in an effort to gain a more detailed understanding of 
the nature of these interactions. 

Recent attempts to  develop an oral dosage form of in- 

sulin have utilized liposomal entrapment in order to pro- 
tect the hormone from proteolytic degradation in the GI 
tract. In theory, to achieve the necessary degree of pro- 
tection, the entrapped insulin should not penetrate or 
decrease the stability of the lipid bilayer. The geography 
of the insulin molecule within the liposome should be de- 
pendent upon the degree and type of its interactions with 
the lipid components. This report investigates the inter- 
actions of insulin with cholesterol, stearylamine, and 
various phospholipids through the use of monolayer pen- 
etration studies. 

BACKGROUND 

The increase in surface pressure of a lipid film with the addition of 
protein has been termed penetration, although the exact nature of this 
phenomenon remains unclear. For example, as more protein is added to 
the subphase, the increase in surface pressure may be attributed to an 
increase in the number of protein molecules a t  the surface, enhanced 
interaction between the surface components, or protein-protein inter- 
actions just below the surface, which may alter molecular orientation at 
the surface. Although the various mechanisms cannot always be differ- 
entiated, the results of such penetration studies are still of value in de- 
termining the criteria that affect lipid-protein interactions. 

The great variation in the behavior of lipid-protein films reported in 
the literature can be ascribed to the wide range of physical properties of 
the proteins used. The unique characteristics of each protein or poly- 
peptide prevent accurate predictions of the nature and magnitude of its 
interactions with lipids. Also, relative protein penetration does not show 
consistent results based on the type of lipid involved. Therefore, it is 
necessary to individually assess the effect of insulin on films of pure lipids 
or lipid mixtures in order to better understand their interactions. 
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The increase in surface pressure, An, of a lipid film depended upon the 
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was found in the ability of insulin to penetrate lipid films with initial 
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tection, the entrapped insulin should not penetrate or 
decrease the stability of the lipid bilayer. The geography 
of the insulin molecule within the liposome should be de- 
pendent upon the degree and type of its interactions with 
the lipid components. This report investigates the inter- 
actions of insulin with cholesterol, stearylamine, and 
various phospholipids through the use of monolayer pen- 
etration studies. 

BACKGROUND 

The increase in surface pressure of a lipid film with the addition of 
protein has been termed penetration, although the exact nature of this 
phenomenon remains unclear. For example, as more protein is added to 
the subphase, the increase in surface pressure may be attributed to an 
increase in the number of protein molecules a t  the surface, enhanced 
interaction between the surface components, or protein-protein inter- 
actions just below the surface, which may alter molecular orientation at 
the surface. Although the various mechanisms cannot always be differ- 
entiated, the results of such penetration studies are still of value in de- 
termining the criteria that affect lipid-protein interactions. 

The great variation in the behavior of lipid-protein films reported in 
the literature can be ascribed to the wide range of physical properties of 
the proteins used. The unique characteristics of each protein or poly- 
peptide prevent accurate predictions of the nature and magnitude of its 
interactions with lipids. Also, relative protein penetration does not show 
consistent results based on the type of lipid involved. Therefore, it is 
necessary to individually assess the effect of insulin on films of pure lipids 
or lipid mixtures in order to better understand their interactions. 
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Figure 1-The surface pressure-concentration profile of insulin upon 
injection into 0.05 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid in 0.9% NaCl buffer, pH 7. The surface pressure was measured 30 
min after each insulin addition. A limiting or collapse pressure for in- 
sulin of 16 dyneslcm was observed. 

EXPERIMENTAL 

Phosphatidylcholine' (I) was purified on an activated alumina column. 
Cholesterol2 was purified by recrystallizing three times from ethanol 
solution. All other lipids were used as supplied2 and stored at  0'. TLC 
of all lipids revealed a single spot. 

The subphase buffer was prepared from triple-distilled water, the 
second distillation was from alkaline permanganate. An all-glass distil- 
lation apparatus was used to prevent contamination. Sodium chloride, 
reagent grade, was heated to 600' to remove organic impurities. All other 
chemicals were reagent grade. 

Research grade crystalline porcine insulin3 with an activity of 28.5 
unitslmg and containing 0.6% zinc was used. The only impurity noted 
by polyacrylamide gel electrophoresis and high-performance liquid 
chromatographic (HPLC) analysis was 1-2% monodesamido insulin. 
Stock solutions of 4.0 mglml were prepared in 0.01 N HCI and stored at 
4O. Further dilutions were prepared in 0.05 M N-2-hydroxyethylpi- 
perazine-N'-2-ethanesulfonic acid in 0.9% NaCl buffer, pH 7. The glass 
vials used for these dilutions were rinsed twice with the insulin solution 
to avoid loss of insulin due to adsorption. 

The monolayer penetration studies were a modification of previous 
studies (6). The experiments were performed at  25 f 1' on a surface 
tensiometer4 having a sensitivity of 0.04 dyneslcm, using a sandblasted 
platinum Wilhelmy plate. The subphase consisted of 90 ml of 0.05 M 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid in 0.9% NaCl 
buffer, pH 7, contained in a circular polytetrafluoroethylene dish having 
an area of 46 cm2. A polytetrafluoroethylene-coated magnetic stirrer was 
used for mixing of the subphase. The entire apparatus was enclosed to 
reduce airborne contamination. 

All lipids were spread from solutions of hexane-ethanol(9:l) in a mi- 
crometer syringe5 in amounts sufficient to produce the desired initial 
surface pressure. Each mixed lipid fiim was spread from a single solution 
in which the appropriate lipids were dissolved. The addition of the 
spreading solvent alone to a clean buffer surface produced no measurable 
change in surface tension. The dissolved lipids were stored below Oo under 
a dry nitrogen atmosphere for no longer than 5 days. 

A stationary needle with a removable glass syringe was used to deliver 
concentrated insulin solutions beneath the surface into the subphase. 
Insulin was added in 1-2-ml increments, and an equal volume of the 
subphase was discarded prior to the additions. The needle and syringe 
were rinsed three times after each addition of insulin by withdrawing and 
reinjecting 1-2 ml of the subphase. A magnetic stirrer (10 rpm) mixed 
the subphase for 15 min, and the mixture was allowed to settle for 15 min 
for the monolayer to equilibrate before recording the surface tension. 
Surface pressure changes due to insulin addition were found to be vir- 
tually complete within 30 min. 

Surface pressure (II) was calculated as the difference in surface tension 
in the absence of the film (yo = 72.3 dyneslcm) and that of the film- 
covered surface (7). The change in surface pressure (An) was calculated 
as the difference in pressure of the lipid film upon injection of insulin into 

1 Egg lecithin, Type IX-E, Sigma Chemical Co., St. Louis, Mo. 
Sigma Chemical Co., St. Louis, Mo. 

3 Lilly Research Laboratories, Indianarlis, Ind. ' Rosano Surface Tensiometer, VWR cientific. 
Agla; Wellcome Keagentn Ltd., Beckenham, U.K. 
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Figure 2-The time-dependent changes in surface pressure of phos- 
phatidic acid (11) monolayers upon the injection of insulin into the 
subphase. Each curve represents a film with an apparent initial surface 
pressure of -13 dyneslcm. The delay times that followed the spreading 
of the films before the start of the experiments are as follows: (a) no 
delay; (0) 60 min; (m) 120 min. In control studies the surface pressure 
of films of II  required 120 min to attain a stable value, which then re- 
mained constant for at least 3 hr. 

the subphase (n) and that of the film in the absence of insulin, i.e., at its 
initial surface pressure (no). 

RESULTS 

The insulin protein, although soluble in aqueous solutions, is a surface- 
active molecule denaturing at  the air-water interface to give rise to sur- 
face pressures as high as 20 dyneslcm (7). Under the conditions of these 
experiments, the surface pressure-concentration (II-C) curve of insulin 
approached a limiting or collapse pressure of 16 dyneslcm at pH 7, as seen 
in Fig. 1. This is in agreement with the collapse pressure obtained from 
the II-A isotherms in a previous study (7) for insulin at pH 7.4. 

The stability of the lipid films for the duration of the experiments (-3 
hr) was confiied by measuring the surface pressure as a function of time. 
With most of the lipids studied, a constant surface pressure was obtained 
within 15 min after spreading. However, with phosphatidic acid (II), 
phosphatidylserine (III), dipalmitoylphosphatidylcholine (VI), and 
distearoylphosphatidylcholine (W) a slow decrease in surface pressure 
was observed for 1-2 hr, followed by constant values for a t  least 3 hr 
thereafter. Recognizing this time effect is important in obtaining accurate 

.- ~~ r- 

0.3 0.6 0.9 1.2 
INSULIN, pglml 

Figure 3-The effect of the initial surface pressure of cholesterol mo- 
nolayers on the extent of insulin penetration. Initial surface pressures 
(dyneslcm) are: (H) 4.8; (X) 11.1; (0) 15.8; (e) 19.5. This set of curves 
is qualitatively similar to those of all lipids studied in these experi- 
ments. 
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Figure 4-Penetration of insulin (1.0 pglrnl) into monolayers of various lipids. Key: (A) unsaturated phospholipids: (B) phosphatidylcholine 
(I ) ;  (e) phosphatidic acid (11); (0) phosphatidylserine ( I l l ) ;  fX) phosphatidylinositol (IV); (B)  saturated lecithins: (B) dimyristoyl-(V); (X) 
dipalmitoyl-(VI); (0) distearoylphosphatidylcholine (Vll);  (C) other lipids: (B) cholesterol; (0) stearylarnine; (0) mixed lipid films: (B) phos- 
phatidylcholine-cholesterol(2:l) (VIII), (X) phosphatidylcholine-cholesterol-phosphatidic acid (4:2:1) ( IX);  (0) phosphatidylcholine-choles- 
terol-stearylamine (4:2:1) (X); (a) dipalmitoylphosphatidylcholine-cholesterol (2:l) (XI). 

results. The most dramatic pressure drop was observed with 11. Figure 
2 depicts three An-C curves for films of 11, each of which had an apparent 
initial surface pressure of -13 dyneslcm. As can be seen, if the lipid film 
is not given sufficient time to equilibrate prior to addition of insulin to 
the subphase, both the magnitude and the shape of the curve is affected. 
For example, a t  0- and 60-min delays, an initial condensation effect was 
observed (decrease in surface pressure), whereas with a 120-min delay, 
only an expansion effect (increase in surface pressure) was seen. 

Placing additional pure spreading solvent on a film of I1 after its 
pressure had stabilized resulted in virtually no pressure change after 10 
min, indicating that solvent retention in the lipid f i i  was not a problem. 
Another study (8) also reported no evidence of solvent retention with a 
hexane+thanol(91) solvent in lecithin and phosphatidylethanolamine 
films when no > 2 dyneshm. 
Two of the saturated lecithins, VI and VII, also showed a slow decrease 

in surface pressure during the first hour after spreading. With respect 
to the equilibrium-spreading pressure, n e ,  which is defined as the 
pressure at  which the monolayer is in equilibrium with the bulk lipid 
phase (91, films of both of these lipids may be considered thermody- 
namically unstable. For lecithins, it has been determined that spreading 
from the bulk phase does not occur below the gel-liquid crystal transition 
temperature ( T c ) ,  hence, n, = 0 at  temperatures below T, (10). The 
values of Tc for VI and VII are 41 and 60°, respectively (11); therefore, 
their solvent-spread films at  25' are not a t  true thermodynamic equi- 
librium. The spread films, however, do maintain a constant surface 
pressure and thus can be considered metastable (%lo), since the at- 
tainment of equilibrium (collapsing of the monolayer to the gel state) is 

a slow process and does not occur within the time frame of the experi- 
ments. 

For all lipids studied the degree of penetration or essociation of insulin 
into the monolayer, as measured by the magnitude of AII  (6), was very 
dependent on the initial surface pressure, no, as is generally expected 
with insulin (12) and other proteins (6,13-18). A greater degree of pen- 
etration was observed at lower IIo values as indicated both by the mag- 
nitude of AII and the initial slope of the An-C curves. Figure 3 shows 
a set of typical An-C curves. 

Plots of AII uersus IIo for the single component and mixed lipid films 
are shown in Fig. 4A-D. The data were obtained from An-C curves for 
the various lipids at an insulin concentration of 1.0 pglml. For all lipids, 
the changes in AII  were virtually complete a t  this concentration of in- 
sulin. It was found that the lipids fell into three distinct groups based on 
the magnitude of An. The first group (Fig. 4A, D), consisting of the un- 
saturated lipids I, In, and phosphatidylinositol (IV), and the mixed lipid 
films phosphatidylcholine-cholesterol (2:l) (VIII), phosphatidylcho- 
line-cholesterol-phosphatidic acid (42:l) (IX), and phosphatidylcho- 
line-cholesterol-stearylamine (421) (X), showed an intermediate degree 
of penetration by insulin. Their behaviors, as indicated by the dashed 
line, is included as a reference in these four plots. Cholesterol and 
stearylamine (Fig. 4C) form a second group of lipids characterized by 
enhanced penetration by insulin. The third group of lipids, those showing 
reduced or inhibited penetration, consists of the saturated lecithins 
dimyristoylphosphatidylcholine (V), VI, and VII (Fig. 4B), the unsatu- 
rated phospholipid I1 (Fig. 4A), and the mixed film of dipalmitoylphos- 
phatidylcholine-cholesterol (2:l) (XI) (Fig. 4D). In all cases, An de- 
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creases with increasing values of IIo until at a critical no value, no pres- 
sure change is observed. This value of no, where AII = 0 is termed the 
limiting II (18). For the lipids in the second group a limiting II of 19.2 
dyneshm was in close agreement with the value obtained previously (12) 
of 19 dynes/cm for phosphatidylcholiie, stearyl alcohol, and stearic acid 
monolayers. For cholesterol, however, our limiting II value of -22 
dynes/cm is lower than that of a previously derived value of 27 dyneshm 
(12). Repeated trials with cholesterol films at  pressures between 22 and 
24 dyneshm failed to show any response to insulin under our condi- 
tions. 

Insulin, which is soluble in the subphase, is able to penetrate mono- 
layers with an initial surface pressure greater than the collapse pressure 
of insulin alone (16 dynes/cm). This indicates that insulin is interacting 
in some manner with the lipids, and that the observed behavior is not 
merely competition for the surface by two different surface-active mol- 
ecules. 

The combined data for the three saturated lecithins (Fig. 4B) indicate 
a limiting II value of 17.7 dynedcm. The absence of double bonds in the 
acyl chains in these lecithins results in closer packing of their molecules 
at the air-water interface (15,19) as compared with unsaturated lecithin 
(I). As a result, insulin penetration is reduced. The temperature at which 
the experiments were performed (25”) is above the gel-liquid crystal 
transition temperature of V (T, = 23O) (ll), but is below that of VI and 
VII as previously mentioned. The influence of this parameter alone was 
not found to be of great importance in determining the degree of insulin 
penetration in this monolayer system. 

Of the three lipids (11,111, and IV) with a net negative charge, only I1 
showed decreased penetration (Fig. 4A). Since all three lipids, like I, are 
unsaturated, it is likely that the structure of the polar group, not the 
charge, is a more important determinant of penetration. The positively 
charged stearylamine films enhanced penetration by insulin, which has 
a net negative charge of pH 7; this effect may be due to electrostatic in- 
teractions. However, direct comparisons between stearylamine and lec- 
ithin films are inappropriate due to gross structural differences. 

The mixed lipid films showed some interesting behavior and, as ex- 
pected, were unique with respect to their individual components. Al- 
though cholesterol is strongly interactive with both I and VI as shown 
by monolayer studies (19,20), the addition of cholesterol to films of I did 
not change the degree of insulin penetration, whereas incorporation of 
cholesterol into films of VI significantly reduced the penetration of insulin 
into the mixed monolayer. In both negatively (IX) and positively (X) 
charged mixed films, the individual behavior of the charged lipid was not 
apparent and the films demonstrated penetration similar to that of films 
of VIII or I. 

DISCUSSION 

Previously published results on the penetration or association of var- 
ious proteins with lipid monolayers have yielded few consistent patterns 
of behavior based on the type of lipid involved. Since proteins encompass 
a wide range of physical properties including net charge, structure, and 
hydrophobicity, it is reasonable to expect that their interactions with 
lipids will be dependent on the structure and orientation of the lipid. The 
present results, which indicate decreased penetration by insulii into films 
of saturated lecithins as compared with I were also observed for a-lac- 
talbumin (14) and delipidated high-density lipoprotein (21). However, 
a previous study (22) reported that I and fully hydrogenated I showed 
identical penetration by rabbit IgG. With 0-casein (17,21) and a fraction 
of delipidated lipoprotein (17), more penetration was observed into 
saturated lecithins than into I. Cholesterol films have consistantly allowed 
greater penetration than films of I (12,13,22), which is also apparent from 
the results of the present study. 

It is widely recognized that properties of the subphase can affect the 
interactions of proteins with lipid films. Variations in pH (6,14,16,18), 
temperature (13), ionic strength (18,23), and the method of introducing 
the lipid and protein at the surface (13) all determine, in part, the changes 
in the interfacial region. 

The mechanism of protein penetration and interaction with lipid films 
remains a topic of current research. The structure of proteins in lipid films 
and bilayers is also receiving more attention as new and more powerful 
analytic methods become available. Early work (24,25) suggested that 
various proteins, including insulin, formed two distinct layers under a 
lipid film. The first layer was said to consist of fully denatured protein 
interacting by an ionic mechanism with the choline residue of lecithins, 
with penetration into the film by hydrophobic side chains of the protein 
producing a change in surface pressure. Beneath this was adsorbed a 

second layer of native protein. A monolayer study of insulin (12) stressed 
that hydrophobic interactions control penetration. However, results here 
indicate that this is not the only factor. 

Several mechanisms of monolayer and membrane interactions have 
been proposed (1,13,22,26) with proteins dependent upon the nature 
of both the lipid and protein. In these studies the role of many factors, 
including protein hydrophobicity and flexibility, lipid compressibility, 
electrostatic interactions, and water structuring about the lipid polar 
groups, are discussed. Other reports (16-18,21,27) also conclude that 
lipid-protein interactions cannot be explained on the basis of hydro- 
phobic or electrostatic mechanisms alone. The importance of lipid 
compressibility (6) has also been discussed in reports of film penetration 
experiments with 0-casein and apoprotein (17). However, the contention 
that decreased compressibility due to the incorporation of cholesterol 
in a lecithin film (2,15) should lead to decreased penetration was not 
apparent in several of the mixed films which were studied. Measurements 
of the surface concentration of proteins indicate that A l l  is not neces- 
sarily a measure of the amount of penetrating protein (22), and protein 
continues to adsorb beneath a film after a maximum in AII has been 
attained (18,27). 

Monolayer penetration experiments are a valuable tool for exploring 
the interactions between lipids and proteins and can, with limitations, 
provide insight into the interactions occurring in liposomal systems (2, 
8,16,17). We can conclude from our data that insulin is capable of some 
degree of penetration into lipid films, which can be controlled by the 
choice of lipid. Such penetration into the bilayer of a liposome may render 
the hormone susceptible to attack by proteases present in the external 
medium and also change the bilayer integrity. Saturated lecithins alone 
or in combination with cholesterol, which exhibit inhibited penetration, 
would be good candidates for liposomal delivery systems of insulin. These 
lipids would be better able to confine insulin within the aqueous com- 
partments of the liposome than lipids that allow greater penetration. 

Adsorption of insulin on the external and internal faces of the bilayer 
is also variable and can greatly affect the degree of entrapment. The in- 
cubation of liposomes in solutions of free insulin can result in the irre- 
versible binding of the protein on the vesicle surface (28). Many reports 
of oral administration (29, 30) include externally bound insulin when 
calculating entrapped insulin and the administered dose. Upon oral ad- 
ministration, such insulin would be expected to undergo rapid destruc- 
tion. 

A better understanding of the underlying insulin-lipid interactions 
may aid in the design of an effective and reliable oral insulin dosage 
form. 

REFERENCES 

(1) G. Colacicco, N.Y. Acod. Sci., 195,224 (1972). 
(2) M. C. Phillips, D. E. Grahm, and H. Hauser, Nature, 254, 154 

(3) M. S. Kafka and C. Y. C. Pak, J. Colloid Interface Sci., 41,148 

(4) R. S. Snart and N. N. Sanyal, Biochern. J., 108,369 (1968). 
(5) D. G. Dervichian and J. P. Barque, J.  Lipid Res., 20, 437 

(6) P. Doty and J. Schulman, Discuss. Faraday Soc., 6,21(1949). 
(7) J. D. Arnold and C. Y. C. Pak, J. Colloid Sci., 17,348 (1962). 
(8) M. C. Phillips and D. Chapman, Biochim. Biophys. A c ~ Q ,  163, 

(9) G. L. Gaines, “Insoluble Monolayers a t  Liquid-Gas Interfaces,” 

(10) M. C. Phillips and H. Hauser, J. Colloid Interface Sci.,  49.31 

(11) D. Chapman, R. M. Williams, and B. D. Ladbrooke, Chem. Phys. 

(12) K. S.  Birdi, J. Colloid Interface Sci., 57,228 (1976). 
(13) G. Colacicco, M. M. Rapport, and D. Shapiro, ibid., 25, 5 

(14) I. Hanssens and F. H. VanCauwelaert, Biochem. Biophys. Res. 

(15) E. D. Goddard, “Monolayers,” American Chemical Society, 

(16) H. K. Kimelberg and D. Papahadjopolous, Biochim. Biophys. 

(17) M. C. Phillips, H. Hauser, R. B. Leslie, and D. Oldani, ibid., 406, 

(18) P. J. Quinn and R. M. C. Dawson, Biochem. J., 113. 791 

(1975). 

(1972). 

(1979). 

301 (1968). 

Interscience, New York, N.Y., 1966, p. 147. 

(1974). 

Lipids, 1,445 (1967). 

(1967). 

Commun., 84,1088 (1978). 

Washington, D.C., 1975, pp. 217-230. 

Acta, 233,805 (1971). 

402 (1975). 

(1969). 

Journal of pharmaceutical Sciences I 247 
Vol. 72, No. 3, March 1983 



(19) R. A. Demel, L. L. M. Van Deenen, and B. A. Pethica, Biochim. 

(20) F. Muller-Landau and D. A. Cadenhead, Chem. Phys. Lipids, 25, 

(21) M. A. F. Davis, H. Hauser, R. B. Leslie, and M. C. Phillips, Bio- 

(22) G. Colacicco, Lipids, 5,636 (1970). 
(23) A. Khaiat and R. Miller, Biochim. Biophys. Acta, 183, 309 

(24) D. D. Eley and D. G. Hedge, J .  Colloid Sci., 11,445 (1956). 
(25) D. D. Eley and D. G. Hedge, Discuss. Faraday Soc.,  21, 221 

(26) G. Colacicco, J. Colloid Interface Sci., 29,345 (1969). 
(27) P. J. Quinn and R. M. C. Dawson, Biochem. J., 116, 671 

Biophys. Acta, 135, l l  (1967). 

315 (1979). 

chim. Biophys. Acta, 317,214 (1973). 

(1969). 

(1956). 

(1970). 

(28) B. Solomon, S. Inserpi, and I. R. Miller, Biochim. Biophys. Acta, 

(29) H. M. Pate1 and B. E. Ryman, FEES Lett., 62,60 (1976). 
(30) G. Dapergolas and G. Gregoriadis, Lancet. ii, 824 (1976). 

600,931 (1980). 

ACKNOWLEDGMENTS 

This research was supported by the Michigan Diabetes Research 
Training Center, sponsored by the NIH National Institute of Arthritis, 
Diabetes, and Digestive and Kidney Disease, Grant No. 5 P60 
AM20572. 

Dr. David L. Schwinke wishes to thank the American Foundation for 
Pharmaceutical Education for their gracious support of his graduate 
studies. The authors also wish to thank Dr. George Zogrdi for his valuable 
suggestions during the preparation of this manuscript. 

Bilirubin-Displacing Effect of Ampicillin, Indomethacin, 
Chlorpromazine, Gentamicin, and Parabens I n  Vitro and in 
Newborn Infants 

ROLF BRODERSEN *= and FINN EBBESEN * 
Received November 23,1981, from the *Department of Biochemistry, University of Aarhus, DK-8000 Aarhus C ,  and the $Department of 
Neonatology, Rigshospitalet , DK-2100 Copenhagen 9, Denmark. Accepted for publication April 30,1982. 

Abstract 0 Displacement of bilirubin bound to human serum albumin 
by ampicillin, indomethacin, chlorpromazine, gentamicin, methylpara- 
ben, and propylparaben was investigated quantitatively. Two methods 
were used in uitro: measurement of bilirubin displacement by studying 
the rate of bilirubin oxidation with hydrogen peroxide and peroxidase 
and determination of the albumin reserve for binding of bilirubin by 
observation of the dialysis rate of an added trace amount of a deputy li- 
gand monoacetyldapsone (p-acetamido-p'-aminodiphenyl sulfone). The 
latter method was also used for the determination of the albumin reserve 
in sera from treated newborn infants. The following doses were given: 
ampicillin, 100 mg/kg iv; indomethacin, 0.2 mg/kg iv; chlorpromazine 
hydrochloride, 0.7 mg/kg im; gentamicin sulfate, 2.5 mg/kg im. The 
parabens were present in injectable preparations of chlorpromazine and 
gentamicin and were therefore given in the following doses: methylpar- 
aben, 0.35 mg/kg, and propylparaben, 0.05 mg/kg. All drugs were given 
in a single dose. A few additional additives and metabolites were studied 
in uitro. Ampicillin, given to 19 infants, produced a small, significant 
decrease in plasma albumin reserve, to 82% of the pretreatment level and, 
thus, had a slight bilirubin-displacing effect, quantitatively consistent 
with a weak displacing effect measured in uitro. None of the other sub- 
stances showed any measurable displacement in uiuo, likewise in agree- 
ment with the results from in uitro studies. 

Keyphrases 0 Bilirubin-displacing effect of ampicillin, indomethacin, 
chloropromazine, gentamicin, and parabens, in uitro and in newborn 
infants 0 Ampicillin-bilirubin-displacing effects of indomethacin, 
chlorpromazine, gentamicin, and parabens, in uitro and in newborn in- 
fants n Indomethacin-bilirubin-displacing effects of ampicillin, 
chlorpromazine, gentamicin, and parabens, in uitro and in newborn in- 
fants n Chlorpromazine-bilirubin-displacing effects of ampicillin, in - 
domethacin, gentamicin, and parabens, in uitro and in newborn infants 
0 Gentamicin-bilirubin-displacing effects of ampicillin, indomethacin, 
chlorpromazine, and parabens, in uitro and in newborn infants 0 Para- 
bens-bilirubin-displacing effects of ampicillin, indomethacin, chlor- 
promazine, and gentamicin, in uitro and in newborn infants 

A few drugs, notably sulfonamides, are capable of oc- 
cupying the bilirubin-binding capacity of albumin in 
plasma, thereby increasing the risk of kernicterus in icteric 
human neonates (1,2) as well as in experimental animals 
(3). Studies of such binding interactions in vitro have in- 

dicated displacing effects of ampicillin (4), indomethacin 
(4), some antimicrobial additives (parabens and sodium 
benzoate) (4-6) and chlorpromazine (7). Gentamicin in 
itself does not interfere with binding of bilirubin to albu- 
min but is marketed with displacing additives (8). Mea- 
surement of the rate of dialysis of an added trace amount 
of monoacetyldapsone (I) into an otherwise identical 
plasma sample without this additive has recently been 
introduced as a technique for quantitative studies of oc- 
cupation of albumin by drugs (9). Compound I serves as 
a deputy ligand for bilirubin, since one molecule of I 
competes selectively with binding of one molecule of bili- 
rubin to human albumin (10). Determinations in undiluted 
sera a t  37' are possible with this technique. Drug effects 
can thus be studied quantitatively in uiuo as well as in 
uitro. 

Previous work (11,12) has shown that the concentration 
of free bilirubin in plasma may return quickly to the pre- 
treatment level after administration of a bilirubin-dis- 
placing drug. Since there are no suitable methods for 
measuring the free bilirubin concentration in undiluted 
samples of infant serum (often hemolytic) a t  body tem- 
perature, it was decided to base the present in uivo studies 
on a combination of three measurements: determinations 
of albumin, bilirubin (bound), and albumin reserve in 
serum samples obtained before giving a single dose of the 
drug and at  one point of time thereafter. The theoretical 
basis for this principle will be discussed, and the drugs 
mentioned will be tested accordingly. 

, 

EXPERIMENTAL 

Human serum albumin' was obtained in the lyophilized state with its 
natural content of fatty acids and was used as a standard in albumin and 

AB Kabi, Stockholm, Sweden. 
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Abstract 0 Displacement of bilirubin bound to human serum albumin 
by ampicillin, indomethacin, chlorpromazine, gentamicin, methylpara- 
ben, and propylparaben was investigated quantitatively. Two methods 
were used in uitro: measurement of bilirubin displacement by studying 
the rate of bilirubin oxidation with hydrogen peroxide and peroxidase 
and determination of the albumin reserve for binding of bilirubin by 
observation of the dialysis rate of an added trace amount of a deputy li- 
gand monoacetyldapsone (p-acetamido-p'-aminodiphenyl sulfone). The 
latter method was also used for the determination of the albumin reserve 
in sera from treated newborn infants. The following doses were given: 
ampicillin, 100 mg/kg iv; indomethacin, 0.2 mg/kg iv; chlorpromazine 
hydrochloride, 0.7 mg/kg im; gentamicin sulfate, 2.5 mg/kg im. The 
parabens were present in injectable preparations of chlorpromazine and 
gentamicin and were therefore given in the following doses: methylpar- 
aben, 0.35 mg/kg, and propylparaben, 0.05 mg/kg. All drugs were given 
in a single dose. A few additional additives and metabolites were studied 
in uitro. Ampicillin, given to 19 infants, produced a small, significant 
decrease in plasma albumin reserve, to 82% of the pretreatment level and, 
thus, had a slight bilirubin-displacing effect, quantitatively consistent 
with a weak displacing effect measured in uitro. None of the other sub- 
stances showed any measurable displacement in uiuo, likewise in agree- 
ment with the results from in uitro studies. 

Keyphrases 0 Bilirubin-displacing effect of ampicillin, indomethacin, 
chloropromazine, gentamicin, and parabens, in uitro and in newborn 
infants 0 Ampicillin-bilirubin-displacing effects of indomethacin, 
chlorpromazine, gentamicin, and parabens, in uitro and in newborn in- 
fants n Indomethacin-bilirubin-displacing effects of ampicillin, 
chlorpromazine, gentamicin, and parabens, in uitro and in newborn in- 
fants n Chlorpromazine-bilirubin-displacing effects of ampicillin, in - 
domethacin, gentamicin, and parabens, in uitro and in newborn infants 
0 Gentamicin-bilirubin-displacing effects of ampicillin, indomethacin, 
chlorpromazine, and parabens, in uitro and in newborn infants 0 Para- 
bens-bilirubin-displacing effects of ampicillin, indomethacin, chlor- 
promazine, and gentamicin, in uitro and in newborn infants 

A few drugs, notably sulfonamides, are capable of oc- 
cupying the bilirubin-binding capacity of albumin in 
plasma, thereby increasing the risk of kernicterus in icteric 
human neonates (1,2) as well as in experimental animals 
(3). Studies of such binding interactions in vitro have in- 

dicated displacing effects of ampicillin (4), indomethacin 
(4), some antimicrobial additives (parabens and sodium 
benzoate) (4-6) and chlorpromazine (7). Gentamicin in 
itself does not interfere with binding of bilirubin to albu- 
min but is marketed with displacing additives (8). Mea- 
surement of the rate of dialysis of an added trace amount 
of monoacetyldapsone (I) into an otherwise identical 
plasma sample without this additive has recently been 
introduced as a technique for quantitative studies of oc- 
cupation of albumin by drugs (9). Compound I serves as 
a deputy ligand for bilirubin, since one molecule of I 
competes selectively with binding of one molecule of bili- 
rubin to human albumin (10). Determinations in undiluted 
sera a t  37' are possible with this technique. Drug effects 
can thus be studied quantitatively in uiuo as well as in 
uitro. 

Previous work (11,12) has shown that the concentration 
of free bilirubin in plasma may return quickly to the pre- 
treatment level after administration of a bilirubin-dis- 
placing drug. Since there are no suitable methods for 
measuring the free bilirubin concentration in undiluted 
samples of infant serum (often hemolytic) a t  body tem- 
perature, it was decided to base the present in uivo studies 
on a combination of three measurements: determinations 
of albumin, bilirubin (bound), and albumin reserve in 
serum samples obtained before giving a single dose of the 
drug and at  one point of time thereafter. The theoretical 
basis for this principle will be discussed, and the drugs 
mentioned will be tested accordingly. 

, 

EXPERIMENTAL 

Human serum albumin' was obtained in the lyophilized state with its 
natural content of fatty acids and was used as a standard in albumin and 
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Table I-Pretreatment Data of the Patients a 

Plasma Concentrations, pM 
Reserve Albumin 

Number of Birth Gestational Age at  Unconjugated for Binding of 
Patients Weight, g Age, days Injection, days Bilirubin I Albumin 

Ampicillin 19 2100 (1300-3680) 241 (218-286) 5 (1-27) 94 (12-160) 67 (23-141) 472 (365-531) 
Indomethacin 6 1490 (810-2130) 222 (198-237) 15 (11-21) 72 (14-178) 44 (13-103) 509 (437-638) 

1 s  3230 (2630-3620) 287 (274-307) 2 (1-28) 64 (11-130) 149 (88-307) 546 (495-604) Chlorpromazine 
Meth ylparaben 

2240 (1250-3350) 243 (199-291) 5 (1-23) 74 (14-172) 128 (34-278) 515 (399-592) 
Gentamicin 
Methylpara ben 
Propylparaben 

Median; number in parentheses is the range. 

albumin reserve determinations. Bilirubin2 was purified according to a 
previous study (13). The drugs for in uitro studies were obtained com- 
mercially. The following solutions were used for injections: ampicillin3, 
1.0 g of the sodium salt was dissolved in 5 ml of sterile water. Indometh- 
win4; 20 mg dissolved in 2 ml of sterile water. Chl~rpromazine~ was ob- 
tained as an injectable solution containing 2.0 mg of chlorpromazine 
hydrochloride and 1.0 mg/ml of methylparaben. Gentamicin6 injectable 
solution contained 10 mg of gentamicin sulfate, 1.3 mg of methylparaben, 
0.2 mg of propylparaben, and 3.2 mg of sodium pyrosulfite/ml. 
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AMPICILLIN CONCENTRATION, mM 
Figure 1-Rate of oxidation of bilirubin with hydrogen peroxide and 
horseradish peroxidase in a solution containing 30 pM of human serum 
albumin and 15 pM of bilirubin as a function of varying concentrations 
of ampicillin (abscissa). The ordinates are oxidation rates relative to 
the rate without ampicillin. Sodium phosphate buffer, 66 mM, pH 7.4, 
370. 

Sigma Chemical Co., St. Louis, Mo. 
Anhypen, Gist-Brocades, Delft, Netherlands. ‘ Indometacin Dumex Ltd., Copenh en, Denmark. 
Klorpromazih DAK Laboratories, Z p n h  en, Denmark. 
Garamycin, Sihering Corp., Kenilworth, N Y  

Bilirubin-displacing effects of the drugs were studied in vitro by the 
following two techniques. The increase of free bilirubin dianion con- 
centration in pure solutions of albumin and bilirubin with the addition 
of varying concentrations of the drugs was measured by the rate of bili- 
rubin oxidation with hydrogen peroxide and horseradish peroxidase, as 
previously described (14) a t  pH 7.4,37’. None of the drugs studied in- 
hibited the peroxidase process in the absence of albumin. The amount 
of available albumin after addition of the drug was measured by the rate 
of dialysis of I, added in low concentration, into an identical volume of 
the same solution without added I (9). This method was used in its mi- 
cromodification (10) with “C-labeled I and with 2 0 4  compartment 
volumes of the dialysis chambers. One volume of 0.53 M sodium phos- 
phate buffer was added to 15 volumes of the sample to obtain a pH c l w  
to 7.4. The temperature was 37’, dialysis time was 10 min. The latter 
technique was used for studies with pure solutions of albumin as well as 
with infant serum, in both cases with drugs added in varying concen- 
trations. 

The following patients were used for investigations in vivo. Nineteen 
newborn infants suspected of having sepsis were given ampicillin, 100 
mg iv/kg of body weight. Six newborn, preterm infants with patent ductus 
arteriosus received indomethacin, 0.2 mgkg iv. Six newborns with nar- 
cotic withdrawal syndrome were given chlorpromazine hydrochloride, 
0.7 mghg im. Fourteen newborn infants suspected of having sepsis were 
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AMPICILLIN CONCENTRATION, mM 
Figure 2-Reserve albumin concentration for binding of I (ordinates), 
determined by measuring the rate of dialysis of an added trace amount 
of [“ClI through a membrane into another compartment containing 
the same sample without added I .  The sample was a solution of human 
serum albumin, 300 pM, vwying concentrations of ampicillin (abscissa). 
Buffer and temperature as in Fig. I .  
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Table 11-Displacing Effects In Vitro 

Displacing Drug Concentration 
Maximum Drug Concentration 

Peroxidase Method" Monoacetyldapsone (I) Methodb in Plismac 
PM mg/liter PM mgfliter PM mgAiter 

Ampicillin 3100 1100 4800 1700 5600 1950 
Indomethacin 30 11 350 125 11 4 
Chlorpromazine 5 1.6 1200 380 39 12 
Gentamicin >5OOo >2000 >5000 >2000 111 50 
Methyl p-hydroxybenzoate 18 2.7 1200 180 44 7 
Propyl p-hydroxybenzoate 19 3.4 350 65 5 0.9 
Sodium p -hydroxybenzoate 13 2.1 >2000 >320 44 7 
Benzyl alcohol 4000 432 20,000 
Sodium benzoate 600 90 2200 
Sodium hippurate 500 100 750 
Sulfisoxazole 52 14 450 

Concentration doubling rate of oxidation of bilirubin with H202 and peroxidase (test system contains human serum albumin, 30 pM, and bilirubin, 15 1M). b Drug 
concentration doublim rate of dialvsis of I (test svstem contains human serum albumin, 300 pM,  and I, 3 1M). Drug concentration if dose were distributed in infant's . -  
plasma volume. - 
given gentamicin sulfate, 2.5 mg/kg im. Pretreatment data of the patients 
are summarized in Table I. 

Capillary blood samples were obtained by heel prick. One sample was 
taken immediately before the administration of a single dose of the drug. 
A second sample was obtained 15 min after giving the intravenously in- 
jected drugs and 30 min after those given intramuscularly. 

Total unconjugated bilirubin was determined in serum by a modifi- 
cation (15) of a previous method (16). This method was chosen under the 
assumption that it is more specific than the diazo method. Fifty micro- 
liters of serum and 1250 pl of acetone were mixed and centrifuged, 
thereafter the absorbance of the supernatant was measured at  absorption 
maximum 454 tun7. Purified bilirubin (13), dissolved in 0.1M potassium 
cyanide in formamide (17) and added to human serum, was used for the 
standardization. The coefficient of variation of the analysis was 2% by 
duplicate determinations. 

Albumin was determined in serum by an electrophoretic method (18). 
The coefficient of variation of the analysis was 3% by duplicate deter- 
minations. 

The concentration of reserve albumin for binding of I was determined 
in serum samples from the patients as mentioned above. By triplicate 
determinations, the coefficient of variation of the analysis was 5-696, the 
intraday coefficient of variation being 65%. 
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Figure 3-Reserve albumin concentration for binding of I ,  determined 
as in Fig. 2 but in pooled infant (umbilical cord) sera with oarying 
concentrations of added ampicillin, pH 7.4,370. Albumin concentration 
in the infant serum was 500 pM, nonesterified fatty acids, 460 pM. Note 
that the albumin reserve for binding of I ,  and thereby for binding of 
bilirubin, is only 40% of the total albumin concentration and in agree- 
ment with previous findings (19). 

7 Zeisa PM2D spectrophotometer. 

Statistical analyses were performed using the t test for paired obser- 
vations. Ninety-five percent confidence limits for the true change in the 
plasma concentrations of unconjugated bilirubin, reserve albumin, and 
albumin, have been calculated from the formula: Confidence limits = F 
i t0.975 X S D / h ,  where t0.975 is the 97.5 percentile of the t distribution 
with n - 1 degrees of freedom. 

Informed consent was obtained from the mothers of all infants included 
in the study. 

RESULTS 

In Vitro Studies-All drugs and additives except gentamicin, showed 
some degree of bilirubin displacement (Table 11, Figs. 1-3). Drug con- 
centrations giving a twofold increase of oxidation rate in the peroxidase 
method, and a twofold increase of dialysis rate in the I method, are re- 
ported. In both techniques this ideally should be the concentration of 
drug needed to establish a binding equilibrium in which half of the vacant 
albumin capacity for binding of bilirubin is occupied by bound drug, 
increasing the free bilirubin concentration twofold. Major discrepancies 
are seen between the two methods and will be discussed later. 
In vivo Studies-Table 111 shows the observed changes in plasma 

concentrations of unconjugated bilirubin, reserve albumin for binding 
of I, and albumin, caused by a single injection of the four preparations 
studied. 

Ampicillin, injected intravenously in a dose of 100 mg/kg, resulted in 
a significant decrease of average reserve albumin for binding of I by 18% 
in samples taken 15 min after the injection. The plasma albumin con- 
centration remained unchanged, indicating that the decrease of reserve 
albumin was not caused by dilution of the infants' blood. It is noteworthy 
that the concentration of unconjugated bilirubin in the plasma was not 
influenced by injection of ampicillin. Individual values of reserve albumin 
concentrations for binding of I, obtained from plasma samples before and 
15 min after giving ampicillin to 19 infants, are plotted in Fig. 4. The al- 
bumin reserve after treatment ranged from 62 to 100% of pretreatment 
levels. Unconjugated bilirubin and albumin concentrations remained 
unchanged. 

The other preparations examined, indomethacin, chlorpromazine with 
methylparaben, and gentamicin with methylparaben and propylparaben, 
did not cause any change of the measured parameters. 

DISCUSSION 

Choice of Analytical Methods-Methods for the study of biliru- 
bin-displacing effects of drugs in oitro and in oivo should measure either 
the free bilirubin dianion concentration or the reserve albumin for 
binding of bilirubin. Results should be obtained in quantitative terms, 
measurements should be performed in undiluted serum or plasma and 
at  a pH and temperature the same as that of the patient. Techniques 
should be avoided in which the parameter to be measured is shifted by 
the addition of large amounts of binding dyes, by removal of bilirubin 
to agarose, or by attempted titration of albumin binding capacity with 
bilirubin, as previously discussed (20). The peroxidase method, whereby 
changes of free bilirubin dianion concentration are estimated by varia- 
tions of the rate of oxidation with hydrogen peroxide and peroxidase (14), 
can be used for in vitro studies in pure solutions of albumin in low con- 
centrations. False indications of displacement are, however, obtained 
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Table 111-Changes in the Plasma Concentrations of Unconjugated Bilirubin, Reserve Albumin for Binding of I, and Albumin After 
a Single Dose of Ampicillin, Indomethacin, Gentamicin with Additives, and Chlorpromazine with Additive 

Changes in Plasma Concentrations 
Reserve Albumin for Binding of I Albumin Unconjugated Bilirubin 

Percent f iMa Percent uM" Percent uMa 

Ampicillin -2 -2 (-7, +2) -18 -12 (-16, -8)* 0 0 (-12, +12) 
Indomethacin 0 0 (-7, +7) 0 0 (-4, +3) +1.0 +5 (-24, +33) 
Chlorpromazine 
Methylparaben 0 0 (-6, +5)  +3 +5 (-12, +23) -1.5 -8 (-21, +6) 
Gentamicin 
Methylparaben +I +1(-1, +3) -1 -1 (-6, +4) -0.6 -3 (-16, +lo) 
ProDvloaraben 

0 Mean (95% confidence limits). * p  < 0.001; all other changes are insignificant, p > 0.05. 

with certain drugs, forming free radicals on oxidation, especially with 
some derivatives of phenol and phenothiazine (5,7), as exemplified by 
the parabens and chlorpromazine. Also, due to the presence of hemo- 
globin, which has a peroxidase effect, the peroxidase method cannot be 
used in infant sera. 

An alternative approach is determination of the concentration of al- 
bumin available for binding of bilirubin. In the presence of a displacing 
drug, the albumin reserve is generally decreased in the same proportion 
as the free bilirubin concentration is increased. A trace amount of a 
deputy ligand for bilirubin, I, is added to the sample, and the binding of 
this ligand is assessed by observing its rate of dialysis into a compartment 
containing the same sample without added I. The difficulties connected 
with determination of free bilirubin are obviated. On the other hand, 
individual drugs may displace I and bilirubin to different degrees due 
to differences of allosteric effects, a difficulty avoided in the peroxidase 
method where displacement of bilirubin itself is studied. 

Results Obtained In Vitro-Table I1 shows considerable differences 
between results obtained for displacement of bilirubin with either of the 
two methods. These are explained by the above-mentioned free-radical 
effects, by possible differences of allosteric effects upon binding of bili- 
rubin and I, and by the differences of albumin concentrations. 

At  equilibrium, half of the available albumin molecules will be occupied 
by a drug at  a specific site when the concentration of free drug is equal 
to the inverse binding constant. The total drug concentration needed to 
obtain this comprises the concentrations of free drug, of drug bound to 
the specific site, and of drug bound to other sites on the albumin molecule. 
A higher albumin concentration was used in the I method than in the 
peroxidase test, and it was expected that half-saturation of the bilirubin 
site required a higher concentration of the drug in the former technique. 
The discrepancy could be avoided if equal Concentrations of albumin were 
employed. This is not practical for routine purposes, since increased 
concentrations in the peroxidase method cause increased rates of un- 
specific oxidation reactions (7), while decreased concentrations in the 
I technique resulted in poor precision due to weak binding of I. Previous 
experience with sodium benzoate and other substances has shown, 
however, that identical results may be obtained if equal concentrations 
of albumin are used in both methods (9). 

Ampicillin gave fairly consistent results in the two methods (Table 11); 
the somewhat higher concentration of ampicillin needed to occupy half 
of the albumin in the I method is explained by the higher concentration 
of albumin. The dose of ampicillin injected during the in viuo studies 
would, if it were evenly distributed in the plasma volume of the infant, 
give a slightly higher concentration, as seen in the last column of Table 
11, and would thus occupy slightly more than half of the total amount of 
circulating albumin. Due to distribution of the drug into tissues, smaller 
degrees of occupation of albumin would be expected at  15 min after the 
injection. Distribution volumes for ampicillin, calculated from literature 
data (21), range from 8 to 12 times the plasma volume. It is thus theo- 
retically conceivable that ampicillin, in a dose of 100 mg/kg iv, would 
occupy a fraction of the plasma albumin somewhere between 5 and 
50%. 

Indomethacin is bound firmly to albumin, and it seems likely that the 
higher concentration needed to occupy half of the albumin in the I 
method, when compared with the peroxidase results, can be explained 
by the higher albumin concentration in the former technique. The I 
method gave a more reliable basis for an estimate of the displacing effect 
in uivo and showed that larger amounts of indomethacin than given would 
be needed to occupy an appreciable fraction of the albumin. It was con- 
cluded that the dose of indomethacin was too small to cause any con- 
siderable bilirubin displacement. 

Chlorpromazine gave a false indication of displacement in the perox- 
idase method, as previously reported (7), and again the I method must 

be relied upon. The dose given was too small to produce a significant 
displacement. 

Gentamicin, in agreement with previous reports (81, did not occupy 
bilirubin-binding loci on the albumin molecule in any of the two tests and, 
therefore, was not expected to cause displacement. 

The parabens, and their metabolite, p-hydroxybenzoic acid, again gave 
falsely high displacements in the peroxidase method. The doses given 
were apparently too low to cause displacement. 

Benzyl alcohol and sodium benzoate are sometimes used as antimi- 
crobial additives in injection medicines, and sodium benzoate is present 
in many foods, naturally or added. These substances and their metabolite, 
sodium hippurate, must be added in fairly high concentrations in the I 
technique in order to occupy half of the albumin. Excessive doses would 
probably be needed to produce a significant displacement. This is in 
agreement with results published previously (22). 

Sulfisoxazole has been tested for comparison. Therapeutic plasma 
concentrations of this drug are in the range of -800 pM, considerably 
in excess of the concentrations needed to occupy half of the albumin in 
both techniques. Sullisoxazole should thus be capable of producing dis- 
placement in oiuo, in agreement with clinical experience (1,2). 

Procedure for Testing In Vivo-Due to shortcomings in the in oitro 
methods, as discussed above, and due to possible displacing effects of drug 
metabolites, it may be necessary sometimes to test a drug in uiuo. Some 
information can be obtained from experiments in Gunn rats, observing 
displacement by a fall of total bilirubin concentration in plasma after drug 
administration (3,23) or by damage to Purkinje cells after drug-induced 
displacement of bilirubin into the central nervous system (24). However, 
species differences of drug metabolism and of binding to albumin prevent 
final conclusions from animal experiments. The ultimate test must be 
conducted in human patients. 

100 t 
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0 50 1 00 
f l  

Figure (-Reserve albumin concentrations for binding of I in serum 
samples from Iginfants, before medication (abscissa), and 15 min after 
giving ampicillin (ordinate) by intravenous injection, dose 100 mglkg. 
pH 7 4 3 7 ' .  A full line, x = y, is shown. The regression line, stippled, 
is y = 0 . 8 7 ~  - 3 pM. The average decrease of reserve albumin concen- 
tration was 18% of the pretreatment level with 95% confidence limits, 
12 and 24%. The average decrease was significant, p < 0.001, by paired 
t test. 
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Figure &Schematic changes of reserue albumin for binding of bilirubin 
(- - - -) bilirubin bound to albumin (. - - J, and free bilirubin (- - - - - .) 
resulting from administration of a drug. A constant plasma concen- 
tration of the drug is hypothetically established during the interval of 
time from tl to tz. 

The pharmacokinetic consequences of giving a displacing drug should 
be considered before a final choice of technique for in uiuo studies is made. 
Wennberg and Rasmussen (25) have pointed out that “kernicterus may 
develop from bilirubin displaced during transient high serum concen- 
trations of a competing drug.” A theory has been worked out by Levy and 
Yacobi (11). As a consequence, the following train of events may be 
envisioned (Fig. 5). A steady state is thought to be present before the drug 
is given, with constant plasma concentrations of bound bilirubin, free 
bilirubin, and reserve albumin with a vacant capacity for binding of bi- 
lirubin. A constant concentration of the drug is established at the time 
t 1. The concentration of reserve albumin decreases immediately, since 
the binding capacity is partially occupied by the drug. This causes an 
immediate increase of free bilirubin concentration followed more slowly 
by transfer of bilirubin from plasma into tissues or to red blood cells, 
whereby the bound bilirubin concentration in plasma decreases. The 
reserve albumin increases with the decrease of bilirubin until a new steady 
state is established with the pretreatment level of free bilirubin and with 
decreased bound bilirubin and reserve albumin. 

Such changes of free and bound bilirubin have been experimentally 
verified (12) after giving sulfisoxazole to rats, in which it was found that 
the free bilirubin concentration, after a sharp, transient increase, returned 
to its pretreatment value in spite of continued infusion of the displacing 
drug. If the drug is now removed instantly (time t z ) ,  the concentration 
of reserve albumin will increase to above pretreatment level, resulting 
in a fall of free bilirubin which again will cause back-diffusion of bilirubin 
from tissues to plasma, leading to re-establishment of the original steady 
state. 

These changes have not been experimentally verified and will be less 
acute when the drug level recedes gradually. It will, however, be theo- 
retically possible to have normal or increased levels of reserve albumin 
when the drug concentration is declining. In this case, the bound bilirubin 
concentration will be below pretreatment value. 

In conclusion, if a single blood sample is obtained after giving the drug, 

as in the present study, it will be possible to observe an unchanged level, 
either of bound bilirubin or of reserve albumin, even if the drug has 
caused displacement of bilirubin. However, unchanged concentrations 
of both bilirubin and reserve albumin cannot occur at the same time if 
a displacing drug was given. The concentration of bound bilirubin8 as well 
as that of reserve albumin should be measured accordingly. In addition 
to this, determination of albumin should be done, since hemodilution by 
injection of the drug theoretically may cause low values of bound bilirubin 
and reserve albumin, imitating displacement of bilirubin. The sample 
should be obtained while the drug level is high. If all three concentrations 
(bound bilirubin, albumin, and reserve albumin), under these circum- 
stances are unchanged by the medication, it may be concluded that bi- 
lirubin displacement was not observed. 

Results Obtained In Vivo-After giving ampicillin, a small, statis- 
tically significant decrease of reserve albumin was observed (Table 111, 
Fig. 4), indicating that a fraction of the available albumin binding ca- 
pacity for bilirubin was occupied by this drug. The average occupancy 
observed, 18% and the range of individual values is in good agreement 
with those expected from the in uitro tests. 

Indomethacin, chlorpromazine, gentamicin, and the parabens did not 
cause any change of reserve albumin, total unconjugated bilirubin, or 
albumin concentrations and did not show displacing effectv in the doses 
given (Table 111). This again is consistent with expectations from in uitro 
results. 

The practical significance of the bilirubin-displacing effect of ampicillin 
may be evaluated as follows. Effective plasma concentrations of ampicillin 
are usually considered to be in the range of 120-180 pM (4040 pg/ml). 
These concentrations would cause a 3-5% increase of free bilirubin con- 
centration, as measured by the peroxidase method (Fig. l ) ,  using a low 
albumin concentration of 30 pM. The real displacement of bilirubin in 
plasma would be less. The I technique, applied to infant sera with varying 
added concentrations of ampicillin, shows that the reserve albumin 
concentrations would be decreased by 1 5 2 . 5 %  (Fig. 3), and the free bi- 
lirubin concentration would be increased by a similar percentage. This 
latter estimate seems to indicate a very small or insignificant increase 
of the risk of bilirubin encephalopathy, if weighted against the benefit 
obtained from the antibacterial effect of the drug. Somewhat higher 
degrees of displacement were seen in the present study; in one patient 
as much as 38% of available albumin for binding of I was occupied, pre- 
sumably indicating an increase of free bilirubin concentration by a per- 
centage of the same order of magnitude. In cases of threatening kernic- 
terus, when such an increase of free bilirubin concentration may be un- 
wanted, ampicillin could be given by slow injection, or by continuous 
infusion, thus avoiding significant occupation of albumin by the drug 
(26). 

In previous rat experiments (12) the plasma concentration of uncon- 
jugated bilirubin dropped acutely to a lower level in <5 min after intra- 
venous administration of a displacing drug. No change of bilirubin con- 
centration was observed in the patients, in a sample taken 15 min after 
giving ampicillin. It might appear as if this finding could be taken as ev- 
idence against a bilirubin-displacing effect of ampicillin in human infants. 
Considerations of the rate of the expected decline of plasma bilirubin 
concentration show, however, that a measurable change could not be 
anticipated within 15 min, even after administration of a drug occupying 
half of the available albumin. The rats received a continuous infusion of 
bilirubin, regulated after a larger initial dose to a continuous rate of 
100-fold that of normal bilirubin turnover in the rat, resulting in a high, 
constant concentration of unconjugated bilirubin in the plasma. The rate 
of infusion of bilirubin was 0.55 pmole/kg/min, the plasma bilirubin pool 
of the rats in the stationary state was -7 pmoles/kg, and the turnover 
time of plasma bilirubin was thus -13 min. However, in the infants, bi- 
lirubin turnover was of the order of 0.005 pmole/kg/min, and the total 
plasma bilirubin pool in the average patient was -5 pmoles/kg (total 
unconjugated plasma bilirubin concentration, 94 pM, and plasma volume, 
55 ml/kg), which gives a turnover time of -lo00 min for plasma bilirubin 
of the infants. 

If a drug that occupies half of the available albumin is given to the in- 
fant one can expect that the free bilirubin concentration is doubled and 
that the rate of bilirubin removal from the plasma is doubled. This will 
result in a decline of the bound (and total) bilirubin concentration to a 
final value of -50% of the pretreatment level. This decline would proceed 
slowly, with a rate constant of 0.001/min. In 15 min, the total bilirubin 
concentration would thus decline from 100 to 99.2 pM, an immeasurable 

8 The concentration of bound bilirubin for practical purposes is measured as that 
of total, unconjugated bilirubin, since the concentration of the free pigment is very 
low compared with the bound. 
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change. In addition, observation of such a slow change is precluded by 
the fact that the bound bilirubin concentration in these infants increases 
by an average of 2 p M h  when no treatment is given. Observation of total 
plasma bilirubin concentrations alone, in consequence, cannot be used 
for estimating bilirubin-displacing effects of drugs, given to human in- 
fants. Measurement of the albumin reserve should be the main tool for 
this purpose. As shown above, plasma bilirubin and albumin concen- 
trations should be measured in parallel. Unchanged values of all three 
parameters, observed at  a point in time when the drug concentration in 
plasma is high, constitute evidence against a bilirubin-displacing ef- 
fect. 

These results underline the necessity of using quantitative methods 
for evaluation of bilirubin-displacing effects. Drugs cannot be rated as 
displacing or nondisplacing; dosage and plasma concentrations should 
be related to the displacing effect, expressed in quantitative terms. This 
method using monoacetyldapsone (I) seems feasible for such studies in 
uitro and in oiuo. 
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Abstract 0 Based on the principles of an elementary osmotic pump, 
systems were designed to deliver indomethacin in solution at a constant 
rate, 2, to contain a total amount of drug, M,, and to deliver 80% of their 
content at time tm. To allow selection of the optimal delivery rate into 
the body, three different prototypes were prepared with respective values 
for Z ,  Mt, and tm of: 7 m g h ,  85 mg, 11 hr; 9 mghr, 85 mg, 8 hr; and 12 
mghr, 85 mg, 6 hr. These systems were found to deliver 70% of each 
system’s contents at zero-order rates. Delivery rates were independent 
of pH, method of measurement, and stirring rate. In keeping with these 
results, the systems in the GI tract of dogs delivered at the same rate as 
in oitro, which qualifies the in uitro test as a bioanalogous method pre- 
dictive of the in uioo performance of the dosage forms. Preliminary results 

in normal volunteers yielded similar urinary recoveries, while plasma 
profiles were different from each other and distinct from those following 
conventional capsules. 

Keyphrases 0 Indomethacin-design and preliminary evaluation of 
an oral osmotic delivery system, zero-order drug delivery 0 Osmotic 
pump-oral, design and preliminary evaluation, indomethacin 0 Drug 
delivery-design and preliminary evaluation of an oral osmotic delivery 
system containing indomethacin 0 Anti-inflammatory agents-indo- 
methacin, design and preliminary evaluation of an oral osmotic delivery 
system 

The concept of continuous drug delivery that maintains 
the lowest delivery rate and that will elicit a therapeutic 
effect has much appeal. Intuitively, such a situation should 
represent the most efficacious use of the drug, while pre- 
senting a minimal risk of adverse reactions. Within certain 
prescribed constraints, theoretical analyses (1,2) appear 

to favor dosing patterns that approach a constant infusion. 
However, direct experimental support for this hypothesis 
is limited (3). In part, this shortcoming may result from a 
lack of a practical way to deliver a suitable drug chronically 
and at  a constant rate. 

The recent development of an oral dosage form, based 
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change. In addition, observation of such a slow change is precluded by 
the fact that the bound bilirubin concentration in these infants increases 
by an average of 2 p M h  when no treatment is given. Observation of total 
plasma bilirubin concentrations alone, in consequence, cannot be used 
for estimating bilirubin-displacing effects of drugs, given to human in- 
fants. Measurement of the albumin reserve should be the main tool for 
this purpose. As shown above, plasma bilirubin and albumin concen- 
trations should be measured in parallel. Unchanged values of all three 
parameters, observed at  a point in time when the drug concentration in 
plasma is high, constitute evidence against a bilirubin-displacing ef- 
fect. 

These results underline the necessity of using quantitative methods 
for evaluation of bilirubin-displacing effects. Drugs cannot be rated as 
displacing or nondisplacing; dosage and plasma concentrations should 
be related to the displacing effect, expressed in quantitative terms. This 
method using monoacetyldapsone (I) seems feasible for such studies in 
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the body, three different prototypes were prepared with respective values 
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system’s contents at zero-order rates. Delivery rates were independent 
of pH, method of measurement, and stirring rate. In keeping with these 
results, the systems in the GI tract of dogs delivered at the same rate as 
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The concept of continuous drug delivery that maintains 
the lowest delivery rate and that will elicit a therapeutic 
effect has much appeal. Intuitively, such a situation should 
represent the most efficacious use of the drug, while pre- 
senting a minimal risk of adverse reactions. Within certain 
prescribed constraints, theoretical analyses (1,2) appear 

to favor dosing patterns that approach a constant infusion. 
However, direct experimental support for this hypothesis 
is limited (3). In part, this shortcoming may result from a 
lack of a practical way to deliver a suitable drug chronically 
and at  a constant rate. 

The recent development of an oral dosage form, based 
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Table I-Properties of Drug Core-Determining Shape of 
Release Rate Profile 

Table 11-Average Zero-Order Release Rate and Membrane 
Weight for  Three Lots of EOP-Indomethacin 

Property Symbol Value 

Mutual solubility of indomethacin s d  201.2 mg/ml 
sodium trihydrate 

Total osmotic pressure 
Tablet core surface area 
Membrane densitv Dm 

140 atm 
1.6 cm2 
1.3 dm1 

2 

on the principles of an elementary osmotic pump, permits 
a close approximation to zero-order drug delivery (4). The 
present report describes the design and preliminary 
evaluation of an oral osmotic delivery system containing 
indomethacin, a potent anti-inflammatory agent used 
chronically 2-4 times daily in various forms of arthritis. 
Indomethacin (I) has a relatively short biological half-life 
(-4 hr) but is well absorbed throughout the GI tract (5- 
7). 

THEORETICAL 

Delivery of any agent in solution from the elementary osmotic pump 
can be achieved a t  a rate proportional to the solubility of the agent inside 
the system (Sd) and the osmotic pressure of the formulation inside the 
system ( r t ) .  Given a tablet size with surface area, A, and given the 
membrane permeability and thickness, the desired rate can be obtained 
by incorporating into the core formulation substances that affect either 
sd or rt. Such a formulation can be called the composite core. 

Delivery of potent agents may require the incorporation of formulating 
agents to permit fabrication of a system of acceptable size. (These agents 
are also added during the formulation of conventional tablets.) If these 
agents are water soluble, system performance can be predicted from the 
knowledge of certain parameters and the theoretical considerations 
presented here. The zero-order release rate of drug, (dmdldt),, from such 
a system, assuming a negligible osmotic pressure of the environmental 
fluid, is then given by: 

(Eq. 1 )  

where k is the osmotic permeability coefficient of the membrane, A is the 
membrane area, h is the membrane thickness, and rt and s d  are as de- 
fined above. The zero-order rate will persist from time t = 0 tot = t , ,  at  
which time the solids-drug and osmotic agent-have gone into solution. 
The nonzero-order rate will decline parabolically as a function of time 
(4). 
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Figure 1-Release rate (expressed in milligrams of indomethacin) and 
cumulative amount released in vitro from EOP-indomethacin 7/85, N 
= 10. Key: (A) USP intestinal fluid (I) range (0-4 hrgastric USP; 4-18: 
intestinal USP). 

Average Rate-controlling 
System Zero-order Membrane 

Designation' Rate, mg/hr Weight, mgb 

7/85 
9/85 

12/85 

7.2 
9.6 

12 

16.9 
11.9 
8.4 

Nominal release rate (milligrams per hour)/total drug content (milli ams) 
Estimated from total solids applied and coating efficiency factor (see .&err: 

Equation 1 provides a convenient way of calculating the membrane 
permeability ( k )  for a set of systems with the same release rate. Alter- 
natively, for systems with different membrane thicknesses and release 
rates, the slope of the line of the release rate uersus the inverse of the 
membrane thickness provides a means of calculating the membrane 
permeability. Consequently, the release rate can be expressed as a 
function of membrane weight ( W), since this weight is related to mem- 
brane thickness: 

mental). 

W = pmAh (Eq. 2 )  

where pm is the membrane density, and A and h are as specified above. 
By substituting Eq. 2 into Eq. 1 ,  one obtains: 

(Eq. 3) 

The membrane permeability, therefore, can be obtained from the slope 
of the line z d  uersus 1/w. 

Equation 3 indicates the parameters to which the average zero-order 
release rate will be sensitive. These parameters are: membrane perme- 
ability ( k ) ,  tablet core surface area (A), membrane weight (W) and 
density (p,,,), total osmotic pressure (rt), and drug solubility (&). When 
a composite composition is chosen, ?rt and s d  become fixed for the 
zero-order release period. The fixed composition also determines the total 
surface area (A) of the tablet core. When the membrane is chosen and 
applied reproducibly, values for k and 1, are fixed. Therefore, when 
testing is conducted at  a constant temperature, the average zero-order 
release rate should be a function of the weight of the membrane ap- 
plied. 

To designate the zero-order release rate and total drug content of a 
system, the following convention was developed. Each system is described 
by a release rate ( x )  and total content (y) of indomethacin and designated 
as EOP-indomethacin xly. Therefore, a system designed to deliver so- 
dium indomethacin a t  7 mghr  (expressed as equivalents of indometha- 
cin-free acid) from a system that contains 85 mg total (expressed as free 

"b 8 
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Figure %-Release rate (expressed in milligrams of indomethacin) and 
cumulative amount released in vitro from EOP-indomethacin 9/85, N 
= 10. Key: (A) USPintestinal fluid (I) range (0-4 hr:gastric USP;4-18: 
intestinal USP) . 
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Figure 3-Release rate (expressed in milligrams of indomethacin) and 
Cumulative amount released in vitro from EOP-indomethacin 12/85, 
N = 10. Key: (A) USP intestinal fluid (I) range (0-4 hr: gastric USP; 
4-18: intestinal USP). 

acid) is designated EOP-indomethacin 7/85. This convention is used 
throughout the present report for three systems with different release 
rates but the same indomethacin content (85 mg) designated as EOP- 
indomethacin 7185,9185, and 12/85. 

EXPERIMENTAL 

Materials-The tablet, membrane, and laboratory reagents for these 
studies were USF, NF, or ACS grades and were used without further 
purification. Sodium indomethacin trihydrate (11) was a gift'. 

Potassium bicarbonate was selected as the osmotic driving agent be- 
cause of its high osmotic pressure and buffer capacity. In addition, when 
the dosage form operates in an acid environment, such as the stomach, 
carbon dioxide bubbles are produced that disperse the indomethacin acid 
formed. This process produces a finely dispersed drug formulation that 
readily redissolves and remains available for absorption. Details of the 
formulation are discussed elsewhere (8). 

Determination of Solubilities and Osmotic Pressures-The sol- 

L 

3 I l l l l l l l ~  

0 ov 4 8 12 16 
HOURS 

Figue 4-Experimental and theoretical release rate (expressed in 
milligrams of indomethacin) and cumulative amount released in vitro 
from EOP-indomethacin 7/85. Key: (- - -) theoretical (I) range. 
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0 4 8 12 16 
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Figure 5-Experimental and theoretical release rate (expressed in 
milligrams of indomethacin) and cumulative amount released in vitro 
from EOP-indomethacin 9/85. Key: (- - -) theoretical (I) range. 

ubility a t  37" was determined for sodium indomethacin trihydrate in the 
presence of potassium bicarbonate. Excess amounts of each material were 
added to water in glass vials; the vials were capped tightly and equili- 
brated at  37" in a water bath for 24 hr. Aliquots of the resulting solutions 
were withdrawn from the vials using a preheated syringe and 0.2-pm 
filter. The sodium indomethacin content was determined by UV analysis 
after appropriate dilution. 

Osmotic pressures of these same solutions were determined* at  37O. 
Fabrication of System-Tablet cores were compressed on a rotary 

press3 using 7.9-mm diameter, standard concave (IPT) tooling. 
The membranes were applied by an air suspension coatel"', and 

membrane densities were obtained from volume and weight measure- 
ments. 

Coated systems were dried in a forced-air oven at 50" until the residual 
solvent levels were <500 ppm. Systems were then equilibrated at ambient 
conditions to obtain the equilibrium trihydrate form of sodium indo- 
methacin. 

I- 
I r  

4 8 12 16 
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HOURS 
Figure 6-Experimental and theoretical release rate (expressed in 
milligrams of indomethacin) and cumulative amount released in vitro 
from EOP-indomethacin 12/85. Key: (- - -) theoretical (I) range. 

* Hewlett-Packard model 302B, Vapor Pressure Osmometer. 
3 Manesty D3B. 
4 Wurster. Merck Sharp & Dohme Laboratories 
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Figure 7-Relation between uleight of the membrane coating and au- 
erage release rate from the EOP-indomethacin. 

Exit ports were drilled in each system by a high-speed mechanical drill 
or by an automated laser. 

Release Rates-Differential release rates were determined by placing 
a finished system in a loose mesh bag and attaching the bag to a glass or 
plastic rod. The rod was attached to a horizontal arm connected to a 
vertically reciprocating shaker. The arms containing several systems were 
then positioned over a water bath (37") that contained several test tubes. 
Each tube contained a known amount of release rate receptor media- 
simulated gastric or intestinal fluid without enzymes with 0.2% poly- 
sorbate 20. When the shaker started, the systems were immersed in the 
release rate media and stirred vertically at an amplitude of 3 cm and 
frequency of 0.2M.5 cycle/sec. After 2 hr, the systems were removed from 
the first receptor container and moved to a second receptor; the stirring 
then was resumed. This procedure continued until the systems had been 
tested for 12 hr. Each receptor solution then was analyzed for sodium 
indomethacin content. The release rate in milligrams per hour for each 
system for each interval was determined by dividing the amount released 
in each receptor by 2 hr. The cumulative amount released was determined 
by taking the sum of the amount released by each system in each in- 
terval. 

Cumulative amounts released were measured in the USP Dissolution 
Apparatus 1 (basket) or 2 (paddle); 900 ml of simulated intestinal fluid 
without enzyme with 0.2% polysorbate 20, pre-equilibrated to 37", was 
used. For Apparatus 2, each system was placed in a loose mesh bag 
weighted with a few small glass beads. Samples were withdrawn from the 
receptor container at appropriate intervals for analysis, and the amount 
released was calculated after solution volume corrections were made. 

Average zero-order differential release rates for each system were de- 
termined by averaging the rates into and including the periods up to the 
point where 70% of the drug was released. 

After the average rate for each system was calculated, an average batch - 
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Figure 8-Average release rate from EOP-indomethacin as a function 
of the test method (SD between-system variation). 
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Figure 9-Average release rate from EOP-indomethacin as a function 
of test method (SD within-system variation). 

rate was determined using the average rates for all individual systems. 
The standard deviation obtained from this calculation was the be- 
tween-system variation. Averaging the rates for all systems in all zero- 
order intervals provided the same batch average as before but also pro- 
vided the overall standard deviation. Subtracting the variation between 
systems from the overall variation provided the variation within systems. 
This standard analysis of variance is routinely incorporated into all dif- 
ferential release rate determinations. 

Calculations were made as follows: 

standard deviation between systems = 

4' -6- 1) 
standard deviation within systems = 

standard deviation overall = 

(Eq. 4) 

(Eq. 5) 

(Es. 6) 

where S is the number of systems tested, I is the number of zero-order 
intervals, 2 is the average batch rate, Zj is the average rate for system j ,  
and N = SI. 

Cumulative Amounts Released In Vivo and In Vitr-The release 
rate performance of these systems in uitro was compared with their 
performance in uiuo using a dog model. Forty systems were individually 
weighed and marked with a number in indelible ink. The height (thick- 
ness) and diameter of each were measured. These were divided into two 
groups of 20. 

Four mongrel dogs were used after a 3-week quarantine. They were 
fasted the night before and the day of the study but were allowed water 
ad libitum. 

One system was administered orally to each dog 10,8,6,4,  and 2 hr 
before sacrifice, and the time of administration was recorded. Each dog 
was monitored each hour throughout the study, and all fecal and regur- 
gitated material was examined for the presence of a system. If one was 
found, the time of recovery was recorded, and the system was washed and 
stored for analysis. Two hours after the last administration, each dog 
received an appropriate dose of euthanasia solution5. The entire GI tract 
was removed and opened. Each system was recovered and its recovery 
location in the tract and time of recovery recorded. All fecal and intestinal 
material adhering to the systems was carefully rinsed away. Each system 
was analyzed for its residual drug content. 

Concurrent with administration to the dogs, systems were placed in 

T-61 euthanasia solution. 
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Figure 10-Cumulative amount of indomethacin released by EOP- 
indomethacin 9/85 (expressed as milligrams of indomethucin) in vitro 
and in the GI tract of dogs. Key: (0) in vivo (dog); (A) mean in vitro. 

release rate receptor medium. Each system remained in one container 
of medium for the study. All systems were attached to the vertically re- 
ciprocating shaker mechanism. At the end of the study, al l  systems were 
removed from the receptor media and each analyzed for residual drug 
content. 

Separately, 10 systems were weighed and analyzed for total drug 
content; their average fractional drug content (Q) was then determined. 
The parameter Q was then multiplied by the weight of the 20 systems 
studied in vivo and the 20 systems studied in vitro to determine the initial 
drug content of each system. By subtracting the analyzed residual amount 
from the calculated initial content, the amount of drug released for var- 
ious time intervals could be determined in uiuo (dog) and in uitro. The 
data were plotted on the same graph (amount released as a function of 
residence time) for comparison. 

Preliminary Assessment of Extent of Drug Absorption in Hu- 
mans-Two four-way crossover studies were designed to determine the 
total urinary excretion and temporal pattern of plasma indomethacin 
concentrations in healthy volunteers. Six fasting subjects received single 
doses of EOP-indomethacine 7/85,9/85,12/85 and indomethacin cap- 
s u l e ~ ~  (3 X 25 mg) in randomized crossover fashion at  weekly intervals. 
In a multiple-dose study, a total of eight doses of the four different for- 
mulations were administered at  twelve 1-hr intervals to three other 
subjects. There was a 2-week period between the first dose of each 
treatment. 

During the single-dose study, blood samples were collected at one-half 
hr preadministration and 1, 2, 4, 6, 12, and 24 hr postadministration; 
timed urine samples were collected incrementally. During the multi- 
ple-dose study, urine samples were collected over 120 hr a t  10 equal in- 
tervals. The plasma and urine samples were analyzed by HPLC (9). 

RESULTS AND DISCUSSION 

Release rate data are expressed as milligrams per hour of indomethacin 
acid, the pharmacologically active drug moiety. Release rate performance, 
however, as it relates to the physicochemical constants discussed in 
Theoretical, depends on properties of the drug salt, sodium indomethacin 
trihydrate, contained in the core (Table I). Molecular weights of indo- 
methacin and its trihydrate salt are 357.8 and 433.8, respectively. The 
solubility of indomethacin is then obtained from the solubility of its salt, 
s d ,  by dividing the solubility (Table I) by the ratio of the molecular 
weights (1.212). The content of indomethacin per system was selected 
at  85 mg, which is equivalent to 103 mg of salt. 

Table I1 lists the three dosage forms by their nominal release rate-total 
drug content and shows their actual zero-order release rates and mem- 
brane weights. 

pH Independent Release Rate In Vitm-Release rates of three 
different types of systems (Figs. 1-3) were measured by the differential 
method from which the cumulative amounts released were calculated 
and expressed as percent of total drug content. The data, with bars ex- 
pressing the range of data, were obtained from measurements in gastric 
fluid for the first 4 hr and in intestinal fluid for the remainder of the test. 
In a separate experiment, release rates of systems from the same batch 
were studied in intestinal fluid. Average release rates obtained in this 
fashion are represented by the triangle. The release rates in either gastric 
or intestinal fluid were the same. 
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Figure 11-Auerage (n = 6) indomethacin plasma profiles after single 
doses of indomethucin capsules (3 X 25 mg) and the EOP-indomethacin 
7/85,9/85, and 12/85. Key: (m) Indomethacin capsules (3 X 25 mg), (0) 
EOP-indomethacin 7/85, (A) EOP-indomethacin 9/85, (0) EOP-in- 
domethacin 12/85. 

Predictable Release Rates-The relationship between the release 
rate and membrane permeability for this type of system has been treated 
elsewhere (4). The purpose of this section, then, is not intended to prove 
the validity of Eqs. 1 and 3 but to use them as a tool to correlate the data 
of three sets of experiments on the release rate from systems 7/85,9/85, 
and 12/85 (Figs. 4-6). These three systems were coated with the same 
membrane formulation of which only the thickness and, therefore, weight 
differed. The average zero order rates (zd) of these systems can be plotted 
versus l/W, the inverse of the average membrane weight (Fig. 7). From 
the slope of the best straight line through the origin, the membrane 
permeability constant (k) is estimated to be 1.4 X 10-6 cm3/hr atm ac- 
cording to Eq. 3. 

This estimate is used to calculate the total release rate profile in Figs. 
4-6. The theoretical and actual release rates agree to within 10%. 

Release Rate Independent of Stirring Rate-The effect of stirring 
rates on the average zero-order rate was studied on a second lot of the 9/85 
system using the three different methods listed. Results are shown in Figs. 
8 and 9. Average zero-order release rates, calculated as previously de- 
scribed, are the same for lots 1 and 2 of the 9/85 system. Standard de- 
viations between and within those systems, calculated according to Eqs. 
4 and 5, are comparable (Figs. 8 and 9). A two-tailed Student’s t-test of 
these data indicated no significant differences (p > 0.1) between the two 
lots of systems in rates determined by the differential method. As seen 
from Figs. 8 and 9, the average rates obtained by the differential method 
and USP Apparatus 1 (50 rpm) (basket) and 2 (25-75 rpm) (paddle) 
demonstrate no differences in averages or in deviations from average 
values. Release rates were measured in artificial intestinal fluid containing 
0.2% polysorbate 20. 

Comparison of the average release rate for lot 2, determined by the 
differential method, to the average rates obtained from the USP Appa- 
ratus 1 (50 rpm) and 2 (25-100 rpm), showed that no significant differ- 
ences exist as determined by a Student’s t-test (p > 0.1). When the overall 
variance for lot 2 is compared to those for the USP methods, only method 
2 at  100 rpm is significantly different (p < 0.05), as determined by a 
variance ratio cf) test. That deviation was due to rupture of the membrane 
by the vigorous stirring, making the results at this stirring rate invalid. 
In all other cases, overall agreement exists between the various in uitro 
methods reported here. 

Release Rate In Vivo versus Release Rate In Vitro-The release 
rate in viuo cannot readily be measured with the differential method used 
in uitro. Cumulative amounts released in uiuo were obtained instead and 
compared (Fig. 10) with cumulative amounts released in uitro and also 
measured directly. The ranges of experimental in vitro data are indicated 
with error bars, while amounts released from individual systems in the 
GI tract of four dags are listed as separate data points. The systems 
studied were of the 9/85 type and were obtained from the batch for which 
data are given in Fig. 2. The average release rate for each separate system, 
in uitro or in uivo, which released an amount Ami in a residence time Ati 
is found as: 

Zi = Ami/Ati (Eq. 7) 
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Table 111-Mean Urinary Recovery and Renal Clearance 
(fSD) of Indomethacin Following Single Doses in Six 
Subjects 

Renal Clearance, Percent Recovered 
Treatment ml/min in Urine 

Capsules 32.4 f 14.3 
EOP-7/85 33.9 f 11.9 
EOP-9/85 35.1 f 11.4 
EOP-12/85 42.1 f 14.2 

17.3 f 12.5 
22.3 f 7.7 
23.8 f 5.9 
28.1 f 7.1 

The average zero-order rate for systems that delivered for a time period 
1 6  hr was found to be: 

In vitro: 

2 zi 
ZI = = 10.8 f 9.4% (&. 8) 12 

In vivo: 

E zi 
Zz = = 10.6 f 16% (&. 9) 12 

The in vitro and in viuo rates are equal and are not significantly different 
from the rate obtained by the differential method. 
Plasma Concentrations and Extent of Drug Absorption from Two 

Limited Studies in Ruman+Plasma profiles from the single-dose 
study illustrated the controlled-release properties of the EOP-indo- 
methacin dosage forms. Compared with the indomethacin capsules, they 
produced more constant and prolonged plasma levels (Fig. 11); renal 
clearance and total urinary recoveries of indomethacin and conjugates 
are shown in Table 111. Relative to capsules of indomethacin, which are 
known to be completely absorbed (5,7),  the bioavailability of the 7/85, 

9/86, and 12/85 systems were estimated to be 0.80, 0.84, and 0.88. re- 
spectively (10 , l l ) .  

Total 120-hr urinary recovery of indomethacin (free and conjugated) 
for the multiple-dose study was 130.2 f 26.7.139.4 f 8.9, and 147.7 i 23.1 
mg, respectively, following EOP-indomethacin 7/85,9/85, and 12/85, and 
was 128.8 f 39.1 mg following indomethacin capsules. Similar urinary 
recovery of indomethacin suggests comparable bioavailability. 

Summary-Preliminary studies in humans showed that the extent 
of absorption from EOP-indomethacin systems 7/85,9/85, and 12/85 is 
similar to that after 75 mg of indomethacin in capsules. Plasma concen- 
tration profiles are consistent with the planned differences in drug de- 
livery rate and the anticipated effects of enterohepatic circulation (5- 
7). 
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Abstract Specific, sensitive, reverse-phase high-performance liquid 
chromatographic (HPLC) assays of cocaine (I) and its hydrolysis prod- 
ucts, benzoylecgonine (11) and benzoic acid (In), have been devised with 
analytical sensitivities as low as 15 ng/ml of plasma for I using spectro- 
photometric detection at 232 nm. Cocaine can be separated from its hy- 
drolysis products by extraction at pH 7.5 with haloalkane. Benzoyl- 
ecgonine and benzoic acid can be extracted at pH 3.0 with 1-butanol. The 
evaporated residues were reconstituted in acetonitrile-water for HPLC 
assay. The assay was used to determine the stabilities of I and I1 in 
aqueous solutions, to establish log k-pH profiles at various temperatures, 
and to evaluate Arrhenius' parameters. Hydrolyses were by specific 
acid-base catalysis. Cocaine showed hydrogen and hydroxyl ion attack 
on protonated I with 40 and 90% proceeding through the benzoylecgonine 
route, respectively, as well as hydroxyl ion attack on neutral cocaine, with 
only 6% proceeding through the benzoylecgonine route. Cocaine is rela- 

tively unstable in the neutral pH range with a half-life of 5 hr in buffer 
at pH 7.25 and 40'. Similar half-lives were observed in fresh dog plasma 
at 300 and 30 pg/ml, although one study at 0.5 pg/ml indicated a doubling 
of the rate. 

Keyphrases 0 Cocaine-stability evaluation and bioanalysis, hydrolysis 
products, high-performance liquid chromatography 0 High-performance 
liquid chromatography-cocaine, benzoylecgonine, and benzoic acid in 
buffers in biological fluids 0 Stability-prediction and bioanalysis of 
cocaine and benzoylecgonine in plasma and buffers, high-performance 
liquid chromatography 0 Benzoylecgonine-hydrolysis product of co- 
caine, stability evaluation and bioanalysis by high-performance liquid 
chromatography 0 Protein binding-cocaine and its hydrolysis products, 
benzoylecgonine and benzoic acid, stability evaluation and bioanalysis, 
high-performance liquid chromatography 

Cocaine (I) is metabolized in uiuo, principally to its 
solvolytic products (1, 2), with an apparent terminal 
half-life in humans ranging between 40 and 91 min (3). 

Although available data on the stability of I in plasma in 
vitro is sparse (3), a rough estimate of the half-life in 
human plasma of 150 min at 25' can be made. 

258 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 3, March 1983 

0022-35491 831 0300-0258$0 1.001 0 
@ 1983, American Pharmaceutical Association 



Table 111-Mean Urinary Recovery and Renal Clearance 
(fSD) of Indomethacin Following Single Doses in Six 
Subjects 

Renal Clearance, Percent Recovered 
Treatment ml/min in Urine 
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EOP-9/85 35.1 f 11.4 
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The average zero-order rate for systems that delivered for a time period 
1 6  hr was found to be: 
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The in vitro and in viuo rates are equal and are not significantly different 
from the rate obtained by the differential method. 
Plasma Concentrations and Extent of Drug Absorption from Two 

Limited Studies in Ruman+Plasma profiles from the single-dose 
study illustrated the controlled-release properties of the EOP-indo- 
methacin dosage forms. Compared with the indomethacin capsules, they 
produced more constant and prolonged plasma levels (Fig. 11); renal 
clearance and total urinary recoveries of indomethacin and conjugates 
are shown in Table 111. Relative to capsules of indomethacin, which are 
known to be completely absorbed (5,7),  the bioavailability of the 7/85, 

9/86, and 12/85 systems were estimated to be 0.80, 0.84, and 0.88. re- 
spectively (10 , l l ) .  

Total 120-hr urinary recovery of indomethacin (free and conjugated) 
for the multiple-dose study was 130.2 f 26.7.139.4 f 8.9, and 147.7 i 23.1 
mg, respectively, following EOP-indomethacin 7/85,9/85, and 12/85, and 
was 128.8 f 39.1 mg following indomethacin capsules. Similar urinary 
recovery of indomethacin suggests comparable bioavailability. 

Summary-Preliminary studies in humans showed that the extent 
of absorption from EOP-indomethacin systems 7/85,9/85, and 12/85 is 
similar to that after 75 mg of indomethacin in capsules. Plasma concen- 
tration profiles are consistent with the planned differences in drug de- 
livery rate and the anticipated effects of enterohepatic circulation (5- 
7). 

REFERENCES 

(1) S. E. DeJongh and M. Wijnans, Acta Physiol. Pharmacol. 

( 2 )  A. G. M. Van Gemert and J W. Duyff, ibid., 1,256 (1950). 
(3) A. C. Wood, G. A. Glaubiger, and T. N. Chase, Lancet, i, 1391 

(4) F. Theeuwes, J.  Pharm. Sci., 64,1987 (1975). 
( 5 )  K. C. Kwan, G. 0. Breault, E. R. Umbenhauer, F. G. McMahon, 

and D. E. Duggan, J. Pharmacokinet. Biopharm., 4,225 (1976). 
(6) J. Alvan, M. Orme, L. Bertilsson, R. Ekstrand, and L. Palmer, 

Clin. Pharmacol. Ther., 18,364 (1975). 
(7) K. C. Kwan, G. 0. Breault, R. L. Davis, B. W. Lei, A. W. Czer- 

winski, G. H. Besselaar, and D. E. Duggan, J. Pharmacokinet. Biopharm., 
6,451 (1978). 

(8) P. Bonsen, P. S. Wong, F. Theeuwes, U.S. Pat. 4,265,874 
(1981). 

(9) W. F. Bayne, T. East, and D. Dye, J.  Pharm. Sci., 70, 458 
(1981). 

Neerlandica, 1,237 (1950). 

(1973). 

(10) K. C. Kwan and A. E. Till, ibid., 62,1499 (1973). 
(11) S. Hwang and K. C. Kwan, ibid., 69,77 (1980). 

Prediction of Stability in Pharmaceutical Preparations 
XX: Stability Evaluation and Bioanalysis of Cocaine and 
Benzoylecgonine by High-Performance Liquid 
Chromatography 

EDWARD R. GARRETT" and KAZIMIERZ SEYDA 
Received December 7,1981 from The Beehive, College of Pharmacy, J .  Hillis Miller Health Center, University of Florida, Gainesville, FL 
32610. Accepted for publication April 22, 1982. 

Abstract Specific, sensitive, reverse-phase high-performance liquid 
chromatographic (HPLC) assays of cocaine (I) and its hydrolysis prod- 
ucts, benzoylecgonine (11) and benzoic acid (In), have been devised with 
analytical sensitivities as low as 15 ng/ml of plasma for I using spectro- 
photometric detection at 232 nm. Cocaine can be separated from its hy- 
drolysis products by extraction at pH 7.5 with haloalkane. Benzoyl- 
ecgonine and benzoic acid can be extracted at pH 3.0 with 1-butanol. The 
evaporated residues were reconstituted in acetonitrile-water for HPLC 
assay. The assay was used to determine the stabilities of I and I1 in 
aqueous solutions, to establish log k-pH profiles at various temperatures, 
and to evaluate Arrhenius' parameters. Hydrolyses were by specific 
acid-base catalysis. Cocaine showed hydrogen and hydroxyl ion attack 
on protonated I with 40 and 90% proceeding through the benzoylecgonine 
route, respectively, as well as hydroxyl ion attack on neutral cocaine, with 
only 6% proceeding through the benzoylecgonine route. Cocaine is rela- 

tively unstable in the neutral pH range with a half-life of 5 hr in buffer 
at pH 7.25 and 40'. Similar half-lives were observed in fresh dog plasma 
at 300 and 30 pg/ml, although one study at 0.5 pg/ml indicated a doubling 
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Cocaine (I) is metabolized in uiuo, principally to its 
solvolytic products (1, 2), with an apparent terminal 
half-life in humans ranging between 40 and 91 min (3). 

Although available data on the stability of I in plasma in 
vitro is sparse (3), a rough estimate of the half-life in 
human plasma of 150 min at 25' can be made. 
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COCAINE (I) 

k i  -C6HsCOOH 1 
BENZOYLECGONINE (11) 

ka -CsHsCOOH 1 

ECGONINE METHYLESTER (IV) ECGONINE (V) 
+ + 

BENZOIC ACID (111) BENZOIC ACID (111) 
Scheme Z 

The aqueous solvolysis of 10 mg of I/ml was studied by 
assaying unchanged drug with time between pH 1 and 8.8 
(5). Cocaine was extracted with ether from 5% sodium bi- 
carbonate solutions and spectrophotometrically assayed 
after reextraction into 0.01 N HCl. The maximum stability 
was stated to be at pH 1.95 and benzoylecgonine (11) was 
claimed to be the solvolytic product (5). 

The present study develops and applies specific and 
sensitive HPLC assays of I and its solvolytic products 
(Scheme I) to kinetic studies of stability and mechanisms 
of solvolyses of both I and I1 in aqueous and biological 

fluids, and establishes complete log k-pH profiles at  sev- 
eral temperatures in preparation of systematic phar- 
macokinetic investigations of the drug and its metabolites. 
The validity of the use of basic physicochemical relations 
in predicting the stability of drugs under all conditions and 
optimizing valid assays has been demonstrated (6-9). 

An HPLC assay has been claimed to detect I and I1 at 
200 and 235 nm for -100 ng/ml from 5 ml of urine after 
selective pH extraction. A valid linear calibration curve was 
claimed to exist over a range of 05-10 pg/ml of urine, al- 
though no quantitative assays were given (10). A more 

Table I-Tvoical Statistics of HPLC Calibration Curves of I. 11. and I11 in Aaueous Solutions and Plasma * 
HPLC Procedure, 
n m  of detection 

I(254) * 

II(254)c 

II(232) 

III(254)d 

1V(232)e 
IV'(232) 

I 
11 

I11 
I 

15-111 0.88 
7-50 0.34 
6-45 0.25 
15-90 1.64 

I1 ipsi 0.77 
I11 6-37 0.55 

I 0.4-2.8 0.038 
I1 0.3-2.5 0.065 

I11 0.2-1.1 0.035 
I 4-36 1.16 

I1 3-31 0.90 
I 0.36-2.68 0.049 
I 0.05-0.40 0.0073 

m Sm 

88.6 
31.1 
32.2 
75.5 
55.2 
51.3 
4.90 
3.49 
2.07 

114.4 
63.8 
1.88 
0.282 

1.0 
0.3 
0.2 
2.1 
0.8 
1.1 
0.09 
0.13 
0.09 
5.2 
2.5 
0.05 
0.008 

b 

-4.4 
-0.4 
-1.9 
-0.3 

0.2 
-1.5 
-0.08 
-0.21 
-0.13 

0.88 
-0.25 
-0.018 
-0.0026 

Sb n 

0.8 
0.3 
0.2 
1.6 
0.7 
0.6 
0.03 
0.06 
0.04 
0.91 
0.73 
0.046 
0.0069 

6 
6 
6 
5 
5 
5 
6 
6 
6 
5 
5 
5 
5 

r 

0.9997 
0.9998 
0.9999 
0.9989 
0.9997 
0.9993 
0.9990 
0.9971 
0.9969 
0.9969 
0.9976 
0.9989 
0.9989 

a Statistica are in accordance with C g/ml) f sc PHR = (m f sm) PHR + b f sbfrom aqueous solutions (HPLC procedure I) and plasma (HPLC procedures 11-IV). 
All values are for concentrations in thekd assayed solutions except for IV' which 18 for concentrations in the orwnal plasma. The constants rn and b are the slope and 
intercept, respectively, of the regression of concentration (c, d m l )  on peak height ratio to internal standad \PHR) where sc PHR, sm. and Sb are standard errors of estimate 
(pglml) (14) of concentration on peak height ratio, of the slope (m), and of the intercept (b) .  respectively. Degradiq buffered solutions of I were diluted to one-sixth 
the original concentration before assaying in mobile phase solution. e Plasma (0.5 ml) denatured with 0.5 m! acetonltrjle and the supernatant assayed. Eva orated 
chloroform extra- of 1.0 ml of plasma were.ynstituted in 0.5 ml of aqueous acebnitde and assayed for I a t  twce the ofugnal plasma concentration. Evaporated I%utanol 
extracts of the plasma were reconstituted similarly, and I1 and I11 were assayed at twice the ori inal plasma concentratlon. As in footnoted exce t the compounds were 
6.7 times the original 2.0-ml plasma concentration. Plasma components a t  these low I1 and dconcentrations and at 232-nm detection interfereIwith their assays. 
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Figure 1-Examples of reverse-phase HPLC chromatograms at 254-nm detection with 25 p1 injected: (a) Aqueous solution containing 2.98 X 
M (48 pglml) m-toluic acid (IS) in  mobile 

phase A. (b) Heparinized plasma solution denatured (1:l) with acetonitrile in mobile phase B. The  mixture contained 1.98 X M (60 gglml) 
I ,  1.864 X M (144 pglml) o-toluic acid (IS). (c) Aqueous solution containing 
1.65 X M (40.4 pglml) a-toluic acid (IS) into 
mobile phase C. (d) Aqueous solution containing 2.475 X 10-5 M (7.5 pglml) I ,  2.33 X M (3.12 pglml) I I l ,  
and 2.968 X M (4.04 Ccglml) o-toluic acid (IS) in mobile phase C. The  dashed line is the chromatogram for the same composition with heparin 
(H). The  dotted line is the chromatogram for the same composition with citrate phosphate dextrose (CPD) solution U S P  (5 p l  in 2 ml of injected 
solution. (e) Effect of tetrabutylammonium hydroxide in mobile phase on chromatogram of I .  Aqueous solutions of 1.65 X M (50 pglml) I 
injected into mobile phases A and C, acetonitrile-O.085 M acetate buffer (25:75) (pH 3.6) without and with 0.002 M tetrabutylammonium hydroxide 
in the acetate buffer, respectively. Examples of reverse-phase HPLC chromatograms at 232 nm detection with 25 pl  injected: ( f )  Aqueous solution 

continued on next page 

M (90.4 pglml) I, 1.415 X M (42.92 pglml) 11.3.034 X lo-' M (37 pglml) I l l ,  and 3.51 7 X 

M (56.5 Ccglml) I I ,  2.044 X M (25 Ccglml) III, and 1.057 X 
M (50 pglml) I, 1.553 X M (45 pglml) II,1.703 X M (20.8 pglml) IIK, and 2.968 X 

M (7.07 pglml) II,2.555 X 
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recent paper claims an HPLC detection limit for I, 11, and 
norcocaine of 1.0 pg/ml of biological fluid from 0.5 ml of 
sample at 235 nm after extraction at  pH 9.0 and reconsti- 
tution of the evaporated organic extract in 250 pl of water 
(11). 

In a recent guide to I and metabolite analysis in biolog- 
ical material (12), it was stated that “surprisingly very few 
papers utilizing this technique for the determination of 
cocaine and its metabolites have appeared. . .” 

One of the HPLC methods presented has an analytical 
sensitivity in plasma of 15 ng/ml for I. 

EXPERIMENTAL 

Materials-The following analytical grade materials were used: co- 
caine hydrochloride’, benzoylecgonine.4Hz01, benzoic acid2, m-toluic 
acid3, o-toluic acids, glacial acetic acid2, sodium acetate2, boric acid4, 
sodium borate4, sodium chloride2, monobasic sodium phmphate4, dibasic 
sodium phosphate2, 1 M hydrochloric acid5, 1 M sodium hydroxide5, 0.4 
M tetrabutylammonium hydroxide in wateP, acetonitrile6, chloroform2, 
and l-butano14. 

Apparatus-A high-performance liquid chromatograph7 equipped 
with fixeds and variables wavelength UV detectors was used with a re- 
verse-phase pBondapak CIS column. 

HPLC Procedures-Procedure I: Kinetics in Aqueous Solution- 
The mobile phase (A) acetonitrile-0.085 M acetate buffer (2575) (pH 
3.6) with UV detection at  254 nm was used to assay degrading aqueous 
solutions of I and I1 with 4.22 X 10-4 M m-toluic acid as the internal 
standard. All reaction samples were diluted with acetonitrile and acetate 
buffer (pH 3.6) which contained the internal standard to give the same 
composition as the mobile phase, and 25 pl was injected into the chro- 
matograph. 

Procedure II: Acetonitrile Denaturation for Higher Concentrations 
of I in Plasm-Plasma (0.5 ml) was denatured with 0.5 ml of acetonitrile 
containing 2.113 X 10-4 M o-toluic acid as internal standard, with vor- 
texing after subsequent centrifugation at 3000 rpm for 10 min. A 25-pl 
aliquot of the supernatant was injected into the chromatograph with a 
mobile phase (B) of acetonitrile-0.0002 M tetrabutylammonium hy- 
droxide in 0.085 M acetate buffer (15:85) (pH 3.63) and UV detection at 
254 or 232 nm. 

Procedure III: Extraction Procedure for Higher Concentrations of 
I in Plasma-Plasma (1.0 ml) was extracted twice with 1.00 ml of chlo- 
roform. The combined organic extract was evaporated to dryness under 
nitrogen, reconstituted in 0.5 ml of acetate buffer (pH 3.6)-acetonitrile 
( 1 9 )  which contained 1.187 X M 0-toluic acid as internal standard. 
Then, 25 pl was injected into the chromatograph to assay I with a mobile 
phase (C) at 254 nm detection of acetonitrile-0.0002 M tetrabutylam- 
monium hydroxide in 0.085 M acetate buffer (2575) (pH 3.63). The ex- 
tracted plasma was adjusted to pH 3 and again extracted with 10 ml of 
1-butanol. The organic extract was evaporated to dryness under nitrogen, 
reconstituted as above, and 25 pl was injected into the chromatograph 
to assay I1 and benzoic acid (111) with mobile phase B at  254 nm detec- 
tion. 

1 NIDA, 1140 Rockville Pike, Rockville, MD 20852. 
2 Malinckrodt Chemical Works, St. Louis, MO 63160. 
3 Eastman Kodak Co., Rochester, NY 14650. 
4 J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 

Ricca Chemical Co., Arlington, TX 76012. 
6 Fisher Scientific Co., Chemical Manufacturing Division, Fair Lawn, NJ 

7 Model M-6000 A solvent delivery system and model U6K injector, Waters 
07410. 

Associates, Milford, MA 01757. 

01757. 

8 Model 440 absorbance detector, Waters Associates, Milford, MA 01757. 
9 Model 450 variable-wavelength UV detector, Waters Associates, Milford, MA 

Procedure IV: Extraction Procedure for Lower Concentrations of I 
in Plasma-Plasma (2.0 ml) was extracted with 3.0 ml of chloroform. The 
extract (2.0 ml) was evaporated to dryness under nitrogen and reconsti- 
tuted with 0.2 ml of acetonitrile-acetate buffer (1:3) (pH 3.6) mixture 
which contained 1.665 X 10-5 M p-chloroaniline as internal standard. 
A 25-p1 injection was used with mobile phase C for analysis of I at 232 nm 
detection. Once extracted, the plasma was adjusted to pH 3 and extracted 
twice with 5 ml of 1-butanol. The combined extracts were taken to dry- 
ness, reconstituted as above, and 25 p1 was assayed with mobile phase 
B for I1 and 111. A t  the low drug concentrations, extracted plasma com- 
ponents interfered with the assay of 11. All procedures used flow rates of 
2.0 ml/min which gave back pressures of 1800-2100 psi. 

Kinetics of Hydrolytic Degradation of I and 11-Acid Hydroly- 
ses-Aliquots of aqueous solutions of a drug were mixed with appropriate 
amounts of standardized concentrate to give 0.1,0.04, and 0.02 M HCl 
solutions that were 1.32 X M in I1 (Table I). 
Aliquots (1.5 ml) were put in tightly closed 10-ml vials that were placed 
in 90,80, or 70° thermostated oil baths. The vials were withdrawn peri- 
odically, ice-cooled, and 0.5 ml of the reaction mixtures was mixed with 
2.5 ml of quenching solution containing 4.22 X M m-toluic acid as 
internal standard. The rates were sufficiently slow such that the time of 
thermal equilibration did not affect the studies significantly. The 
quenching solution was an appropriate mixture of acetate buffer-ace- 
tonitrile to yield the same ultimate composition of the used mobile phase 
A in HPLC procedure I. 

Alkaline Hydrolyses-Aliquots of aqueous stock solutions of a drug 
were mixed with thermally preequilibrated appropriate sodium hydroxide 
solutions (Table I) prepared from a standardized concentrate to obtain 
2.472 X 10-3 M of I or 8.518 X loM4 M of 11. Aliquots (0.5 ml) of the 
thermostated samples were pipeted periodically into 2.5 ml of a 
quenching solution that contained acetate buffer, acetonitrile, and hy- 
drochloric acid for neutralization of excess sodium hydroxide and internal 
standard and was 4.22 X M in m-toluic acid. The HPLC procedure 
I was used for the assay. 

Solvolysis Studies at Intermediate pH-Values-Acetate (pH 
3.985.67), phosphate (pH 6.22-7.25), and borate (pH 7.72-1 1.85) buffers 
were prepared with ionic strengths of 0.1 adjusted with sodium chloride. 
The buffer solutions were preequilibrated in a constant-temperature bath 
before addition of appropriate amounts of stock solutions of I or I1 to 
obtain concentrations of 1.32 X M and 8.51 X lo-* M for I and 11, 
respectively. Aliquots (0.5 ml) were removed periodically into 2.5 ml of 
quenching solution which contained 4.22 X M m-toluic acid as in- 
ternal standard to obtain the same composition as the HPLC mobile 
phase A. HPLC Procedure I was used for the assay. 

Buffer Catalysis-Kinetic studies were conducted at  several con- 
centrations of buffers a t  a pH equal to the pK, of appropriate buffer and 
constant ionic strength 0.1 (Table I). Additional studies a t  different pH 
values and concentrations of acetate buffer were effected. No significant 
buffer catalysis was observed in any of the buffers. 

Potentiometric Determination of pK,, Values of I and II-Com- 
pound I or I1 (0.00017 mole) was dissolved in 5 ml of 0.1 M HCl, diluted 
with 20 ml of deionized water, and titrated potentiometrically with 0.1 
M NaOH. The blank solutions, without I or 11, were titrated similarly. 
The pK., values were estimated from the plots of the difference between 
the number of milliliters of titer necessary to bring both blank solutions 
and solutions containing a drug to the same pH value (13). The pK,, 
values of I were estimated a t  several temperatures by half neutralizing 
solutions of I maintained at  those temperatures and measuring the pH 
values as a function of time and extrapolating pH values back to time zero. 
This method was complicated by the 1&20 sec necessary to obtain 
electrode equilibration and the relatively fast degradation of I a t  these 
pH values and higher temperatures. 

Kinetics of Degradation of Higher Concentrations of I in 
Plasma-An aliquot (0.4 ml) of an aqueous solution of 3.3 X M I 
hydrochloride was evaporated under nitrogen to dryness, and the residue 
was mixed with 15 ml of heparinized fresh dog plasma, thermally equil- 

M in I or 8.518 X 

continued 
containing 9.075 X 10-6 M (2.75 pglml) I ,  8.54 X 10-6 M (2.6 pg/ml) 11, and 9.368 X M (1.14 pglml) III into mobile phase C. (g) Plasma obtained 
with citrate phosphate dextrose USP as anticoagulant and denatured 1:l with acetonitrile. The mixture containing 9.075 X M (2.75 pg/ml) 
I ,  8.54 X M (5.28 pglml) p-chloroaniline (IS) was injected into mobile 
phase B after denaturation (1:l) with acetonitrile. (h) Plasma (1.0 ml) with 1.087 X M I ,  and 1.192 M III was extracted 
with 2 ml of chloroform, adjusted to pH 3, and extracted with 10 ml butanol. The combined extracts were evaporated, reconstituted in 1.0 ml of 
mobile phase containing 5.94 X 10-4 M o-toluic acid (IS) and 25 p1 was injected with mobile phase B. (i) Plasma (2.0 ml) a t  0.50 pglml of I was 
extracted with 3.0 ml chloroform. An aliquot (2.0 ml) of extract was evaporated, the residue reconstituted in 0.2 ml of mobile phase, and 25 p l  of 
7.58 X 10-6 M solution (2.3 pglml) injected into mobile phase C (Procedure IV). The dashed line is for a sample treated similarly without I. The 
internal standard (IS) was 2.22 X 10-5 M p-chloroaniline in the injected sample. 

M (2.6 pglml) II, 9.368 X 10-6 M (1.14 pgfml) I l l ,  and 4.14 X 
M II ,  1.155 X 
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Table 11-Apparent Partition Coefficients for I ( f&/Cb&er) 
with Various Organic Phases 

Diethyl Methylene 
pH Ether Hexane Benzene Chloride Chloroform 

~~ 

ibrated at the body temperature of the dog (38.9') to give an 8.8 X 
M (299 pglml) or 8.8 X 10-4 M (29.9 pg/ml) solution. The residues were 
assayed with time by Procedures I1 and 111. respectively. 

Kinetics of Degradation of Lower Concentrations of I in 
Plasma-Since heparin interfered with the use of Procedure IV for the 
assay of low concentrations of cocaine, a citrate, phosphate, and dextrose 
solution USPlO was used as the anticoagulant for assays of I in plasma 
at an initial concentration of 1.471 X loy6 M (0.5 pg/ml) and 38.9' by this 
procedure. The spiked plasma was prepared in the same manner as de- 
scribed earlier. 

Kinetics of Degradation of I1 in Plasma-An aliquot (0.35 ml) of 
an acetonitrile solution of 3.105 X lo-* M II4H20 was evaporated under 
nitrogen to dryness, and the residue was mixed with 15 ml of heparinized 
fresh dog plasma to give a 7.245 X M solution. Aliquots (0.5 ml) a t  
38.9O were periodically mixed with 0.5 ml of acetonitrile supernatant to 
be assayed by Procedure 11. 

Partition Studies as Function of pH-Partition studies between 
appropriate volume ratios of water-saturated organic solvent and buffer 
solutions of various pH values were effected by shaking mixtures con- 
taining 1-HCl or 11. Higher relative volumes of organic phase were used 
at  the lower pH values of the buffer and lower volumes of organic solvent 
a t  higher pH values in the cocaine studies. Higher relative volumes of 
organic phase were used in the studies of I1 in each experiment. Aliquots 
of the separated organic phases were evaporated under nitrogen to dry- 
ness and assayed by HPLC Procedure I after reconstitution in the mobile 
phase. The aqueous phases were adjusted to the composition of the mo- 
bile phase and assayed similarly. 

Red Blood Cell-Plasma and Buffer Partitioning-Aliquots of a 
stock solution of I hydrochloride (0.02 mg/ml) were evaporated to dryness 
and reconstituted with whole blood with an hematocrit of 41.5 or with 
a red blood cell suspension in plasma-water or buffer with an hematocrit 
of 32.5 and maintained at 38.9'. After 1 and 2 hr, the vials were centri- 

3.0 

HOURS 
Figure 3-Semilogarithmic plots of I in its quenched solution against 
time for i ts  solvolysis in the labeled hydrochloric acid solutions. Cal- 
culated pH values are given in parentheses. 
fuged at 3000 rpm, and 0.5 ml of plasma or buffer layer was extracted with 
1.0 ml of chloroform. An aliquot of the chloroform (0.75 ml) was evapo- 
rated and reconstituted in 1 ml of acetonitrile-0.085 M acetate buffer 
(2575) (pH 3.6), and 25 pl was injected into mobile phase C for HPLC 
detection at 232 nm. 

Protein Binding by Ultrafiltration-Fresh ultrafiltration mem- 
brane cones" were used to filter 4 ml of plasma-water and plasma con- 
taining 1 pg/ml of I with centrifugation at  lo00 rpm. The solutions were 

3.0 t 
ch 

\ 
"\, 

\ 

0.7 P 
0 200 40C 600 

MINUTES 

Figure 2-Semilogarithmic plots of I ,  11, and III against time on I sol- 
uolysis in hydrochloric acid solutions. The curves through the data were 
calculated from the equations given in the text based on the kinetic 
constants given in the tables. The specific conditions of the kinetic study 
were for an initial concentration o/ 1.32 X ZO-3 M I at 8 0 . 1 O  i n  0.04 M 
HC1 (pH 1.48). The initial theoretical concentration of the assayed 
quenched solution was 2.21 X M in I .  Key: (0) I ;  (0) 11; (A) I l l .  

10 McGaw Blood Products, McGaw Laboratories, Division of American Hospital 
Supp ly  Corporation, Irvine, CA 92714. 

pJ \ 
0.05 1 1 1 . 1 1 1 . 1 ,  

0 6 12 18 24 

MINUTES 
Figure 4-Semilogarithmic plots of I ,  11, and III against time on I sol- 
volysis in sodium hydroxide solutions. The curves through the data were 
calculated from the equations given in the text based on the kinetic 
constants given in the tables. The specific conditions of the kinetic study 
were for an initial concentration of 2.70 X M I at  30.0° in 0.0373 
M NaOH (pH 12.25). The initial theoretical concentration of the as- 
sayed quenched solution was 4.50 X M in I. Key: (0) I; (0) 11; (A) 
I l l .  

Membrane filter cones 2100 CF 50, Amicon Co., Lexington, MA 02173. 
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Table 111-First-Order Rate Constants (k, sec-') a 

[NaOH] Temperature PHC 106k 1O6kl 105kz 106k 3 

0.0884 
0.0884 
0.0884 
0.0773 
0.0573 
0.0373 
0.0170 
0.0884 

0.100 
0.020 
0.040 
0.100 
0.020 
0.040 
0.100 

15.1 
19.6 
30.0 
30.0 
30.0 
30.0 
30.0 
39.7 

70.0 
80.0 
80.0 
80.0 
90.0 
90.0 
90.0 

13.18 208 
13.01 
12.67 

_. - 
268 
534 

12.61 451 
12.50 382 
12.33 242 
12.02 101 
12.37 984 

1.11 
1.77 
1.48 
1.11 
1.77 
1.49 
1.12 

0.161 
0.0647 
0.144 
0.319 
0.140 
0.265 
0.588 

12.5 
16.1 
32.1 

20.2 
17.0 
12.7 
59.1 

- 

0.0643 
0.0381 
0.0576 
0.128 
0.0629 
0.111 
0.223 

80.0 
96.0 
160 

195 
252 
502 

115 
92.5 
61.0 

362 
225 
87.1 

300 925 

0.126 0.0965 
0.0836 0.0467 
0.127 0.0864 
0.246 0.192 
0.165 0.0768 
0.240 0.154 
0.491 0.335 

Rete constants for overall hydrolysis of I, for hydrolysis to I1 (kl, sec-'), and to IV (k3, sec-') and for, the hydrolysis of I1 (kz, ~ c - ' )  to ecgonine in hydrochloric acid 
and sodium hydroxide solutions (Scheme I). Final compositions. Sufficient alkali wan added to neutrdze the added I hydrochloride. The pH values for [NaOH] and p] solutions were calculated from pH - K, + 1 f~.o~[NaoH] and pH = - l p [ H C l ] ,  respectively, from the pK,  valua and activity coefficients, /N.OH and 

HCI,  available in the literature (15) for t h ; B e s i g n a ~ t e m p e r a t u r a , ~ ~ ~  = 2715(1 ) + 4.87. 

filtered, and the filtrates were assayed by the described HPLC proce- 
dures. Cones pre-equilibrated by filtering 2.5 ml of 6.0 ml of phosphate 
buffer (pH 7.5) containing 1 and 2 pg/ml, respectively, of I were also used. 
The same amount of plasma with the same concentrations of I were fil- 
tered through the respective cones, and the filtrate was assayed. 

RESULTS AND DISCUSSION 

HPLC Assays-The specific HPLC assays developed for cocaine (I) 
and its solvolysis products, benzoylecgonine (11) and benzoic acid (111), 
were applied to kinetic studies of the solvolysis of I and II and to partition 
studies of these compounds. Statistics of typical calibration curve re- 
gressions are given in Table I; HPLC chromatograms are given in Fig. 
1. The analytical sensitivities (2 X sc.p,y~) of 0.S1.6 pglml (Procedure 
I, Table I; Fig. la) with UV detection at  254 nm with mobile phase A, of 
1.0-3.0 pg/ml (Procedure 11, Table I; Fig. lb) were modified to 70-120 
ng/ml by the use of a variable wavelength detector of 232 nm with a 
modified mobile phase B (Fig. lg)  or C (Fig. lf; Procedure 11, Table I) 
containing 0.0002 M tetrabutylammonium hydroxide in the 0.085 M 
acetate buffer. 

Tetrabutylammonium hydroxide in mobile phase C increased the peak 
height sensitivity of the assay of I by decreasing its retention time (Fig. 
le). A concentration of 0.0002 M tetrabutylammonium hydroxide de- 
creased the retention time of I from 6.6 to 3.2 min and 0.0004 M to 2.4 
min. The tetrabutylammonium cation blocks adsorption sites on the 
column from I and effectively lowers the retention volume of I. The peak 
heights and retention times of the acidic I1 (2.3 min) and 111 (4 min) a t  
pH 3.63 of the mobile phases, close to the pH of maximum stability of 
I and 11, were not significantly affected by the tetrabutylammonium 
hydroxide. 

Mobile phase B (Figs. lb, lg, and lh) was advantageous in the assay 
of plasma solutions, in that plasma component peaks did not interfere 
with those of I and I1 in this system as they did in mobile phases A and 
C (Fig. li). The plasma component peaks did not interfere with the co- 
caine assay using mobile phase C in the extraction HPLC procedures 111 
and IV (Fig. li), although some interferences were observed in C but not 
B at low concentrations of 11. The sequential extraction procedures of 
111 and methylecgonine (IV) permitted the selective assay of I1 in mobile 
phase B where there was no interference. 

The retention times of heparin and I were similar in mobile phases B 
and C (Fig. Id shows mobile phase C). Thus, the noninterfering citrate 
phosphate dextrose solution USP was used as the anticoagulant in plasma 
studies for the assay of low concentrations of I in mobile phase C (Fig. 
Id). In this mobile phase, the anticoagulant, citrate phosphate dextrose 
solution USP, interfered with the peak of I1 (Fig. Id) but did not interfere 
when mobile phase B was used (Fig. lh). 

The use of the developed extraction procedures with reconstitution 
into small volumes of the dried extracts gives analytical sensitivities from 
plasma of 15 ng/ml (Procedure IV and IV', Table I) for I. 

The apparent partition coefficients for I into several organic solvents 
are given in Table I1 for several pH values. All of the solvents listed 
showed potential complete extractions of I above pH 8.0. Chloroform 
appeared best suited for extraction at  plasma pH values. 

Compound 11, at  a pH of 6.32 where it exists as the zwitterion, had the 
following partition coefficients in the designated solvents: 0.4, ethyl- 
acetate-acetonitrile (1:l); 0.79, isobutyl alcohol; and 0.87, sec- butyl al- 
cohol. The partition coefficients for l-butanol at pH 7.67,6.32, and 3.89 
were 1.02 f 0.02 and were 0.30 f 0.1 for n-butyl alcohol-chlorofonn (1:3). 
The partition coefficients for chloroform and methylene dichloride ex- 
traction of II were 0.12 * 0.01 at pH 4,6,8,9, and 11. Thus, 1 -butanol was 
the most effective solvent for extraction of 11. 

These partition studies served as the basis for designing the sequential 
extraction of I and its metabolites. A primary extraction of I with limited 
amounts of chloroform at  >pH 7 would remove negligible amounts of 11, 
which could be reasonably extracted subsequently with I-butanol. At 
pH 3, I11 would be readily extracted as well. 

Kinetics of Solvolyeis of I and 11-At constant pH, I degrades by an 
apparent first-order process. Representative semilogarithmic plots of 
concentrations, C, against time are given for hydrochloric acid solutions 
(Figs. 2 and 3), sodium hydroxide solutions (Figs. 4 and 5), and buffers 
(Figs. 6 and 7), where the apparent first-order rate constants, k, were 
obtained from the slopes in accordance with 

log c = - k t  2.303 + log co 

where C and Co are the concentrations at time t and time zero, respec- 
tively. These k-values are listed in Tables 111 and IV. 

The pH values of the degrading buffer solutions were determined ex- 
perimentally a t  the temperature of the study. The pH values for hydro- 
chloric acid solutions were calculated from: 

pH = -log r[HCl] (Eq. 2) 

5 . 0 t  
i, 

( 12.67) 
1 .o 

0.6 
0 2 4 6 8 10 12 

MINUTES 

Figure 5-Semilogarithmic plots of I in its quenched solutions against 
time for its solvolysis in the labeled sodium hydroxide solution. Calcu- 
lated pH values a t  30.0' are given in parentheses. 
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Table IV-First-Order Rate Constants (k, sec-') a 

Buffer Temperature PH 105k 105kl 105k2 105k3 
- - - Borate 30.0 11.85 105 

Borate 30.0 11.38 52.7 10.5 27.0 42.2 
~~ ~. 

Borate 
Borate 
Borate 
Borate 
BorateC 
Borated 
Borate 
Borate 
Borate 
Borate 
Phosphate 
Phosphatef 
Phosphateg 
Phosphate 
Phosphate 
Phosphate 
Acetate 
Acetate 
Acetate 
Acetate 
Acetate' 
Acetate 
Acetate' 
Acetatek 
Acetate' 
Acetate' 
Acetate 
Acetatem 
Acetate" 
Acetate" 
AcetateP 

30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
70.0 
80.0 
90.0 
80.0 
80.0 
80.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 

10.33 
9.63 
9.09 
9.14 

15.6 
10.2 

10.1 
7.74 

9.53 
9.15 
7.12 
8.96 

9.15 10.2 - 
9.14 9.81 - 
8.94 
8.55 
8.15 
7.72 
7.25 
7.26 
7.27 
6.22 
6.26 
6.25 
5.23 
4.70 
4.38 
5.65 
5.65 
5.24 
4.70 
4.69 
4.69 
4.69 
4.37 
4.06 
4.05 
4.04 
4.06 

8.26 
5.83 
2.92 
1.25 
0.497 
0.500 
0.507 
4.37 

11.4 
37.1 
1.78 
0.362 
0.241 
7.37 
7.22 
3.64 
1.30 
0.985 
0.966 
0.812 
0.640 
0.293 
0.275 
0.242 
0.201 

7.43 
5.13 
2.63 
1.12 
0.447 
- 
- 

3.94 
10.2 
33.4 

1.60 

0.224 
6.34 

3.20 
1.14 

- 

- 

- 
- 
- 

0.557 
0.258 
- 
- 
- 

2.08 6.10 
0.417 1.02 
0.133 0.619 
0.150 1.11 

0.0980 0.826 
0.0400 0.700 
0.0160 0.292 
0.0054 0.125 
0.0019 

0.0833 
0.136 
0.250 
0.0540 

0.039 
0.0917 

0.0840 
0.0833 

- 
- 

- 

- 

- 
- 
- 

0.0833 
0.080 
- 
- 
- 

0.50 
- 
- 

0.43 
1.2 
3.71 
0.18 

0.017 
1.03 

0.44 
0.16 

- 

- 

- 
- 
- 

0.083 
0.035 
- 
- 
- 

a Rate constants for overall h drolysis of I, for hydrolysis to I1 (kl, sec-I) and IV (k3, sec-I) and for the hydrolysis of I11 (k2.  sec-1) to ecgonine in buffer solutions at  
0.1 ionic strength (Scheme I). $he composition of the borate buffer in the reaction mixture was 0.1 M NaHzB03 t 0.1 M HsB03. c The borate buffer in footnote b was 
diluted 1:l with 0.1 M NaC1. The borate buffer in footnote b was diluted 1:3 with 0.1 M NaCI. The composition of the phosphate buffer in the reaction mixture was 
0.017 M NaHZPO, t 0.017 M NaiHPOd t 0.033 M NaC1. The phosphate buffer of footnote e was diluted 1:l with 0.1 M NaC1.8 The phosphate buffer of footnote e 
was diluted 1:3 with 0.1 M NaCl. The composition of the acetate buffer in the reaction mixture was 0.011 M CH3COOH t 0.089 M CH3COONa t 0.011 M NaCI. 1 The 
acetate buffer of footnote h was diluted 4 1  with 0.1 M NaCI. j The composition of the acetate buffer in the reaction mixture was 0.05 M CH3COOH t 0.05 M CH3COONa 
t 0.05 M NaCI. The acetate buffer of footnote] was diluted 1:l with 0.1 M NaCl. ' The acetate buffer of footnote j was diluted 1:3 with 0.1 M NaCl. m The composition 
of the acetate buffer in the reaction mixture was 0.083 M CH3COOH t 0.017 M CHSCOONa t 0.083 M NaC1. n The acetate buffer of footnote rn was diluted 4:l with 
0.1 M NaCl. The acetate buffer of footnote rn was diluted 1:l with 0.1 M NaCI. p The acetate buffer of footnote rn was diluted 1:4 with 0.1 M NaCI. 

where (110 is the initial concentration of I and [11]' is the predicted con- 
centration of I1 on the presumption that the sole route of hydrolysis 
is: 

k 
I d  I1 + CH30H 111 + IV 

However, if IV and 111 were also products of the hydrolysis of I, the actual 
concentration of 11, would be (9,17): 

(Eq. 6) 

where 

k l / k  = [II]/[II]' (Eq. 7) 

Thus, the ratios of the observed experimental concentrations of 11, [II], 
to the concentrations generated by Eq. 5 for a given time [II]', will be 
constant, and the k 1 and k3 values can be estimated from Eqs. 7 and 4, 
respectively. 

The apparent first-order rate constant, kz,  for the hydrolysis of I1 could 
be obtained from the terminal slope of the semilogarithmic plots of its 
generation from I with time (Figs. 2,4, and 6) or from the direct kinetic 
studies of I1 (Fig. 7, Table V). 

An alternate method to deduce k l  and k2 values is to best fit Eq. 6 to 
the time-course data of experimentally determined concentrations of I1 
with appropriate adjustments of k l  and k2 as was done in Figs. 2,4, and 
6 where the curves drawn through the data were drawn in accordance with 
Eqs. 1 and 6 for I and 11, respectively. The appropriate constants are listed 
in Tables 111-V. The calculated time curve for [111] was calculated 
from: 

[III] = [I10 - [11] 

The data show that, contrary to prior implications (5), the route to I1 

The fraction through the route for II on hydrogen ion attack on pro- 
is not the only route of hydrolysis of I a t  pH >1.0. 

tonated I <pH 2.0 is 0.4 (Fig. 2 and Table 111). The fraction through this 
route for hydroxide ion attack on neutral I >pH 11.5 is only 0.06 (Fig. 4, 
Table 1111, whereas the hydroxide attack on protonated I between pH 
4 and 10 gives a fraction of 0.90 (Fig. 6, Table IV). There are intermediate 
fractions between the stated pH ranges. 
Log k-pH Profiles for I-The log k-pH profiles (6) for the overall 

hydrolysis of I (Fig. 9), the log k1-pH profiles for the hydrolysis of I 
through I1 (Fig. lo), and the log k3-pH profiles for the hydrolysis of I 
through IV and 111 (Fig. 11) are fitted in accordance with 

ki = ( k b d i  OOH [I] + (k0H)i  ~oH[IH+]  (kH)i  a H +  [IH+] (Eq. 9) 
where k i  is k ,  kl, or k3; a ~ +  and aOH- are the respective activities of the 
hydrogen and hydroxyl ions; [I] and [IH+] are the respective concentra- 
tions of neutral and protonated I; (kbH)i is the specific bimolecular rate 
constant for hydroxide ion attack on neutral I; ( k o ~ ) i  is the specific bi- 
molecular rate constant for hydroxide ion attack on protonated I; and 
( k ~ ) i  is the specific bimolecular rate constant for hydrogen ion attack 
on protonated I. 

The acid branches of the log ki-pH profiles can be fitted to: 

log ki = log ( k ~ ) i  - pH 

The alkaline branches are characterized by: 

(Eq. 10) 
to obtain estimates of ( k ~ + ) i .  

ki = (k'  O d i  f1 aOH + ( k o d i  f (IH+) a O H  (Eq. 11) 

where fI is the fraction of I concentration that is the neutral species, and 
f(IH+) is the fraction that is the protonated species. These fractions can 
be calculated from the known pH, pKb, and p K ,  values from: 

(Eq. 12) 

(Eq. 13) 
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Figure 9-Fitted and predicted log k-pH profiles for the overall hy-  
drolyses of1 at the designated temperatures. The  fits and predictio,ns 
are in accordance with: k = kHaH+ + koH m,/(K, + a ~ + ) ]  + koH 
K.K, / fKi  + aH+)] and In kj = ln  P - lo3 (AH&t)(lIT) where the 
pertinent parameters are listed in  Table VI,  AHa is in kcal/mole, aH+ 
= 10-pH and T is in degrees Kelvin. The  solid symbols are previously 
reported data (Ref. 5) for rate constants obtained at 80° plotted against 
the stated pH values for the various buffer solutions. 

where O H +  = 10-pH, Kw = 10-pKw and Kh = 10-pK.. Since Kw = O H +  
UOH-,  Eq. 11 can be modified to: 

which was used to f i t  the alkaline branches of the log ki-pH profiles of 
Figs. 9-11 with the parameters listed in Table VI. 

The potentiometrically determined p K ,  of I was 8.81 at 25'. The ap- 
parent pKb values obtained by extrapolation of the pH-values of half- 

Table V-First-Order Rate Constants (kz. sec-') from Direct 
Studies of the Hydrolysis of I1 

[NaOH] Temperature PH" 105kz 

0.0992 
0.0592 
0.0392 
0.0192 
0.0192 
0.0192 
0.0192 

0.0992 
0.0992 

LHCII 

0.0192 
Buffer 
Borate 
Borate 
Borate 
Borate 
Borate 
Borate 
Acetate 
Acetate 

30.0 
30.0 
30.0 
30.0 
40.0 
50.0 
60.0 

70.0 
80.0 
80.0 
80.0 
90.0 
90.0 
90.0 

30.0 
30.0 
30.0 
30.0 
80.0 
90.0 
90.0 
90.0 

12.71 
12.51 
12.34 
12.06 
11.76 
11.49 
11.24 

1.12 
1.12 
1.49 
1.79 
1.12 
1.50 
1.79 

9.09 
8.92 
8.94 
5.27 
4.43 

154 
113 

516 

0.126 
0.249 
0.127 
0.0836 O M  
0.256 
0.165 

1.65 
0.474 
0.190 
0.126 
45.2 
93.9 .~ 

0.883 
0.695 

a The pH-values for [NaOH] and [HCl] solutions were calculated from pH = p K ,  + log fN.oH[h'aOH] and pH = -log fHcI[HCl], respectively, from the K ,  values 
and activity coefficients, ~ N ~ O H  and f ~ c l ,  available in the literature 8 5 )  for the 
designated temperatures. 

neutralization back to time zero were 8.81 at 25', 8.70 at 30°, 8.30 at  60°, 
8.19 at  70°, 8.04 at 80°, and 7.95 at  90'. These p K i  values can be char- 
acterized by 1429( 1 /T)  + 4.02, where T is degress Kelvin but are suspect, 
since degradation of I a t  these pH-values and temperatures were fast. 
When the kinetic pKb values of best fit a t  30 and 80' were used to esti- 

PH 
Figure 10-Fitted and predicted log kl-pH profiles for the hydrolysis 
of I to I I a t  the designated temperatures. The  fits and prediction! are 
in  accordance with: kl = f i ~ ) l a H +  + &OH)] [K,I(K, + a,q+)] + ( k o d 1  
K,K,,/[(K, + aH+)aH+] and In k, = In P - 103(AH./R)(l/T) where the 
pertinent parameters are listed in  Table VI, AHH, is i n  kcallmole, aH+ 
= 10-pH and T is in  degrees Kelvin. 
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PH 
Figure 11-Fitted and predicted log krpH profiles for the hydro- 

lysos of Z to IVat the designated temperatures. The fits and predictions 
are in accordance with: k3 = (kH)@H+ + f k o ~ ) 3  IKw/fK; + a ~ + ) ]  + 
(kbH)3 KiKwI[(Ki + a ~ + ) a ~ + ]  and In kj = In P - IO3(bHfl)(I/T) 
where the pertinent parameters are listed in Table VI, AHa is in kcall 
mole, aH+ = 1 0 - p H  and T is in degrees Kelvin. 

where the respective fractions of anionic I1 (f11-1 and zwitterionic I1 (fp) 
>pH 3 are: 

a n d  

I1 - 
Scheme ZI 

mate temperature dependency, the expression was 1938(1/T) + 2.22. 
These values were used in the predicted log k-pH profiles of Figs. 9-11 
and are listed in Table VI. The kinetic pKb of 7.7 a t  80' was estimated 
from previously reported data (5) on the assumption that the given pH 
values were measured at  the temperature of the reaction. Unfortunately, 
it was not stated (5) whether or not this was true, so that the possibility 
of erroneously chosen pH values at 80" cannot be excluded. 

The apparent first-order rate constants given previously (5) for studies 
conducted at 80' and at concentrations tenfold higher than those studied 
here agreed with the predicted values (Fig. 9) in the 5-6.5 and 0-2 pH 
ranges. The values were significantly higher than the predicted values 
in the 2.5-4.5 range. It was probably due to the observed (5) enhancing 
buffer effects on rate by the citric acid-potassium citrate buffer solution 
used in the pH 2.24.8 range. No general acid-base effects were observed 
with the buffers used in these present studies. 
Log krpH Profiles for 11-The log k r p H  profiles for the solvolysis 

of I1 are given in Fig. 12 and were fitted with the estimated parameters 
given in Table V. The two pKh values for I1 (Scheme 11) at  room tem- 
perature were determined potentiometrically and were 11.75 and 2.1. In 
this case the acid branch (Q. 10) of the log k-pH profile would be for the 
attack of hydrogen ion on the protonated 11, whereas below the pKb2 of 
11.75, the alkaline branch would be for the hydroxide ion attack on the 
zwitterion. Above this value, the attack of hydroxide ion would be on the 
negatively charged compound, a n d  

k2 = (kbti)z ~ I I +  aOH + (koH)zfII* aOH (Eq. 15) 

where the pertinent charged structures are given in Scheme 11. 
Thus, the alkaline branch above pH 6 can be fitted to: 

(Eq. 18) (kbH)2 (K~P)II Kw + ( ~ O H ~ K ,  kp = 
[ ( K b h  + ~ H + ] u H +  (Kb2)11+ aH+ 

and the acid branch <pKC1 of 2.1 can be fitted to: 

k2 = ( ~ H + ) ~ I I +  aH+ (Eq. 19) 

where the fraction of protonated I1 (Scheme 11) is: 

The fact that there is a pH-independent segment of the log k r p H  
profde at pH 4-5 at the studied temperatures of 80 and 90°, indicates an 
additional functional dependency for the first-order rate constant, kp. 
This additional factor can be rationalized by an hydroxyl ion attack on 
positively charged I1 or its kinetic equivalent of water attack on the 
zwitterion (II*): 

where ( k b ~ h K ~  = (kohKb1. 
Thus, an additional dlp -pH 2-4 in the log k r p H  profile of I1 can be 
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Table VI-Parameters for the log k!-pH Profiles for the Hydrolyses of I 

Temperature 1 0 7 k ~  koH 10'kb~ 1O7(k~)1 ( k o ~ h  1@(kbH)i 1O7(k~)3 ( k o ~ ) 3  1O2(kb~)3 PKhb 

15.1 4.0 6.6 2.74 0.75 6.0 0.99 0.82 0.57 2.57 8.94 
19.6 6.0 8.8 3.70 1.4 8.4 1.34 1.29 0.78 3.48 8.84 
30.0 14.0 18.6 7.65 3.3 17.0 2.33 3.25 1.70 7.76 8.61 
39.7 30.0 34.0 15.2 8.0 29.8 4.60 8.00 3.0 14.3 8.41 
50.0 64.0 64.0 31.5 18.3 56 7.00 18.0 5.4 28.8 8.22 
60.0 130 114 58.5 41.0 98 11.9 40.5 9.5 56.5 8.04 
70.0 240 196 100 84.0 160 19.0 83.0 16.0 95.0 7.87 
80.0 450 330 170 170 280 29.0 180 26.0 163 7.71 
90.0 800 537 290 320 424 45.0 330 54.9 270 7.55 

15.1 12.3 13.0 16.9 11.8 10.6 16.8 11.8 13.1 
h P  11.52 23.30 19.14 13.05 22.47 11.64 13.03 20.05 19.17 
AHa 

As$ -35.8 -12.3 -20.6 -32.7 -14.0 -35.5 -32.7 -18.8 -20.5 

0 Log k;-pH profiles are from Figs. 9-11; the apparent first-order rate c0nstan.b (k, kl, and k ~ )  for the routes of Scheme I are in sec-1. where the given bimolecular 
(In k ~ T / k ) ] ,  the Boltzmann constant kB = 1.387 X 10-16 

erg sec, and T is 313'K. gValuea at  30 and 80" were "Ltainid from the best log k-pH fit a t  these temperatures. Values 
rate constants are in liter/mole/sec, AH, is in kcal/mole, and A S  is in entro y units (eu) where A S  = R In P 
erg/deg and the Planck constants h = 6.623 X 
at  other temperatures were calculated from p K .  = 1938(1/T) + 2.22. 

predicted (dashed l i e  in Fig. 12). This could be calculated exactly if the 
Kh, values of Eq. 20 were known at all temperatures. The total depen- 
dency would be: 

Temperature Dependency and Strategy for  Stability Predic- 
tion-Studies of this nature delineate stabilities or reaction rates a t  all 
temperatures and pH-values with a minimum of experimental effort. An 
appropriate strategy is to determine first the functional kinetic depen- 
dencies from the dependence of the apparent first-order rate constant, 
k ,  on pH at a given temperature. If this were accomplished, pH regions 
could be ascertained where the only significant reaction was due to the 
attack of one ion on only one ionic species of substrate, e.g., hydroxyl ion 
attack on protonated I with a bimolecular rate constant of ko~. Similarly, 
the kH bimolecular rate constant (Eq. 22) for hydrogen ion catalysis could 
be determined in the highly acidic pH region. 

The specific bimolecular rate constant for hydroxyl ion catalysis, k o ~ ,  
of a unique ionic substrate species can be determined readily, since: 

log kOH = log k + pKw - pH (Eq. 23) 

and k o ~  can be estimated from any k-pH pair in the region where a linear 
positive slope of unity exists in the log k-pH profile. Similarly, the bi- 
molecular rate constant for hydrogen ion catalysis, k ~ ,  of a unique ionic 
substrate species can be determined from: 

log k~ = log k + pH (Eq. 24) 

and k~ can be estimated from any k-pH pair where a linear negative slope 
of unity exists in the log k-pH profile. 

Such bimolecular rate constants, kj, which may be either k o ~ ,  k b ~ ,  or 
k ~ ,  can be related to temperature by the Arrhenius rule: 

(Eq. 25) 

where AH,, is the heat of activation (kcal/mole) and T is the absolute 
temperature (degrees Kelvin). The kj-values a t  several temperatures 
could be estimated from a single k-pH pair obtained at  a given temper- 
ature in the pH region, where only one catalytic process was extant. 
Arrhenius plots of such bimolecular rate constants for the solvolysis of 
I and I1 in accordance with &. 25 are given in Fig. 13, and the determined 
Arrhenius parameters, AHa and In P, are listed in Tables VI and VII. For 
the experimental convenience of limiting the times of kinetic studies 
without being excessively fast, Arrhenius parameters were obtained a t  
high temperatures (70-909 for hydrogen ion (kH) and hydroxyl ion 
attack on protonated I (I.H+) and at low temperatures (15-40') for hy- 
droxyl ion attack (k&) on neutral I (Figs. 9-11). Similar choices of ap- 
propriate temperatures and pH ranges were made in the studies of I1 (Fig. 
12) for appropriate calculations of bimolecular rate constants (kj) and 
subsequent estimations of their Arrhenius parameters (Fig. 13, Table 
VII). 

If pKh values were known at several temperatures, as from independent 
potentiometric titrations, the apparent first-order rate constants, k i ,  
could be calculated readily in the intermediate pH regions where several 
rate processes exist concomitantly, from expressions such as Eq. 14 for 
the solvolysis of I and Eqs. 18 and 22 for the solvolysis of 11. The respective 
bimolecular rate constants, kj, at the respective temperatures as listed 
in Tables VI and VII could be calculated from Eq. 25 using the deter- 
mined Arrhenius parameters. 

If apparent first-order rate constants were obtained in the pH region 
of transition from one rate process to another (e.g., at pH 7-11 where 
solvolytic dependencies of I change from hydroxyl ion attack on the 
protonated species to that on a neutral species as in Figs. 9-11], the p K ,  
for the dissociation of the substrate as an acid can be obtained by fitting 
the more complex dependency of the apparent first-order rate constant, 
k, on pH on Kb. In the case of I, Eq. 14 was fitted with a best-estimated 
pKb in this transition region at 30°, where k o ~  and kbH had been de- 
termined from linear segments of the log k-pH profiles from application 
of Eq. 23. 

In the case of 11, Eq. 18 could be fitted with a best-estimated Khz in the 
transition pH region where reaction dependency changes from hydroxyl 
ion attack on the zwitterion to hydroxyl ion attack on the anion of I1 if 
the (ko& and (k& values were known. Unfortunately, the high pKbz 
(11.75 at  room temperature) of the zwitterion of I1 (Scheme 111) does not 

Table VII-Parameters for the log kf-pH Profiles for the Hydrolyses of I1 

15.1 
19.6 
30.0 
39.7 
50.0 
60.0 
70.0 
80.0 _. . 

90.0 

In P 
A S  

ma 

0.68 
1.11 
3.52 
9.50 

26.0 
67.0 
150 
350 
700 
19.4 
17.39 

-24.1 

0.93 
1.50 
4.60 

13.0 
32.0 
80.3 

180 
400 
800 _.. 

18.9 
12.26 

-34.3 

2.4 
3.4 
7.4 ... 

15.2 
29.5 
57.0 

100 
202 
241 ~ ~~ 

13.8 
20.30 

-18.3 

5.53 
7.98 

12.5- 
34.7 

112 
253 
410 
750 

1300 
15.2 
21.34 

-16.2 

12.5 
12.2 
11.7 
11.3 
10.8 
10.3 
9.9 
9.6 
9.2 

14.30 
14.15 
13.83 ~~ .. 

13.56 
13.28 
13.03 
12.79 
12.57 
12.35 

The lo kz rofiles are from Fig. 12; the given bimolecular rate constants are in liter/mole/sec, AHa is in kcal/mole, A S  is in entropy units (eu) where A S  = R In 
P - (In ks%/k)l)and the Boltzmann constant ks = 1.387 X 10-16 erg/deg, and the Planck constant h = 6.623 X 10-27 erg/sec, and T is 313°K. The apparent first-order 
rate constants kz and ko are in sec-l. 
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Table VIII-Arrhenius Parameters a for Apparent First-Order Rate Constants for  Solvolysis of I Under Different Conditions 

k ki k2 k3 
Medium PH AHn In P n I n P  AHa In P n In P 

0.1 M HCl 1.11 15.9 10.00 16.5 9.97 17.2 11.65 14.6 7.68 
Phos hate 6.25 26.2 11.15 26.5 28.8 13.9 6.31 27.3 27.62 

0.0884 M 12.17 11.2 13.31 11.6 11.2 8.76 8.17 11.4 13.55 
buker 

NaOH 

0 The parameter In ki = In P - (103 Alf,JR)(l/T) where R = 1.987 cal/deg and AHn is in kcal/mole. 

permit the immediate determination of (kb& from a h e a r  segment of 
the pH profile (Fig. 12) above a pH equal to pKh2. The experimentally 
determined apparent first-order rate constants (k2) for the solvolysis of 
I1 in strong alkali were still in the region of the pKbz value. Estimates of 
both pKh2 and (kb& that were consistent with the first-order rate con- 
stants, k2 in this transition region, were made in accordance with Eq. 18 
and are given in Table VII. These pKb2 values can be characterized by 
4556(1/T) - 3.33. The pKb2 values calculated accordingly were used in 
the predicted log k r p H  profiles of Fig. 12 and are listed in Table VII. 

There is a caveat for those who wish to use these strategies in prediction 
of stabilities. Prediction at  temperatures other than those studied should 
not be made based on Arrhenius parameters (Eq. 25, Table VIII, Fig. 14) 
for studies conducted in the same buffer solutions a t  several tempera- 
tures. Comparison of apparent heats of activation for the bimolecular 
rate constants (Table VI) and the apparent first-order rate constants 
(Table VIll) shows wide discrepancies in many instances. For example, 
the estimated (kdf0)kj (kcal/mole) for the apparent first-order rate 
constants of solvolysis of I in pH 6.25 phosphate buffer were 26.2, k; 26.5, 
kl; and 27.3, ks; whereas the (A&)kj values for the bimolecular rate 
constants representative of hydroxyl ion attack on protonated I were 12.3, 
koH; 11.8, (koH)I; and 11.8, (koH)3. These latter values are typical of 
hydroxyl ion-catalyzed solvolysis of esters. 

The reason for these discrepancies are simple. Since: 

or in general: 

ki = kjaoH = kjKw/aH+ 

then: 

In k = In koH - pOH = In koH + pH - p K ,  (Eq. 27) 

Each apparent logarithm of the rate constant and that of the K ,  can 
be expressed by a relation such as Eq. 25, and therefore: 

In pk i  - (kdfn)ki/RT = In P k j  - ( A H a ) k j I R T  
+ pH - (In PK, + AEK,lRT) = In P k j  - In PK, 

+ PH - [ ( m n ) k ,  - ( m ) K , ] / R T  (Eq. 28) 

Table IX-Red Blood Cell Partitioning of I 

[I]o, Equilibration 
I.cg/ml time,min D 

Whole blood 10 60 0.754 
10 120 0.752 

Red blood cell-phosphate buffer 10 60 0.789 

10 120 0.612 
Red blood cell-Dlasma water 4 35 0.758 

(PH 7.4) 

3 35 0.902 
2 35 0.753 

Table X-Red Blood Cell Partitioning of I1 * 

D 
Red Blood Cell- 

Phosphate Buffer Red Blood Cell- 
W I O  Blood (PH 7.4) Plasma Water 

10 0.91 
5 1.18 
1 0.88 
0.5 0.85 
2.5 0.88,0.67, 

0.74 

0.88 
1.34 
0.66 
0.98 
- 

a After 25-min equilibration. 

Thus: 
h P h i  = hl p k j  - hl PK, + pH (Eq. 29) 

and entropies of activation calculated from In p h i  are pH dependent and 
are not valid estimates. Also: 

(mn)ki = ( m n ) k ,  - U K ,  (Eq. 30) 

PH 
Figure 12-Fitted and predicted log kz-pH profiles for the hydrolysis 
of I1 at the designated temperatures. The f i t s  and predictions are in 
accordance with: k2 = fiH)2aH+ [aH+/(aH+ + K q I +  ( k 4 2  [(K>l/(an+ 
+ K631+ h d 2  C K w l K z  + an+)] + &kbd2 C K a z  Kw/(Kaz + aH+ aH+)I 
and In kj = In P - 10a(AHalR)(l/T) where the pertinent parameters 
are listed in Table VII, AHa is in kcallmole, aH+ = 1 0 - P H  and T is in 
degrees Kelvin. Since the p(KJ1 = 2.1 was only estimated at room 
temperature, the given dashed segments of the profiles at other tem- 
peratures are only estimates of the dependencies. 
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Figure 14-Arrhenius plots (In ki see-' versus 1 D where T is in degrees 
Kelvin) for (0)  k. (0) kl, (A) k2, and k3 (0) rate constants a t  the la- 
beled specified conditions. 

and 250 nglml in the same fresh dog plasma by HPLC procedure IV (Fig. 
15) and showed half-lives of 1.98, 2.08, and 1.9 hr, respectively. This 
signified a more than doubling of the plasmolysis rate a t  the lower con- 
centrations of I to indicate a possible saturation of hydrolyzing enzymes 
at the higher concentrations of I. The possible increase in hydrolysis rates 
(dashed lines, Fig. 15) at high initial cocaine concentrations was con- 
firmed. 

Red Blood Cell-Plasma and -Buffer and -Plasma Water Parti- 
tioning and Protein Binding of I and 11-The assayed plasma or 
plasma water concentrations of I, [I],,, were substituted into the following 

2 4 6 8 1 0 1 2  " ' a ' " ' 

HOURS 

Figure 15-Semilogarithmic plots of Z in fresh dog plasma against time 
at 38.9" with the designated initial concentrations of I (la). The solid 
lines were drawn on the premise of first-order disappearance of I ,  al- 
though accelerating rates with time (dashed lines) are possible at the 
higher concentrations. The time course of hydrolysis of I in aqueous pH 
7.5 buffers is also given (---) for comparison. Key: (0)  250 nglml; (A) 
500 nglml; (0) 1000 nglml; (0) 30 pglml; (0) 299 pglml. 
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equation to determine the concentration of I in red blood cells 
( DJRBc): 

(Eq. 31) 
I - [IIp V( 1 - H) 

VH [IIRBC = 

where I is the amount of cocaine added to a volume (V) of blood or syn- 
thetic blood with an H fraction of this volume as red blood cells. The I- 
values used were calculated from I = where b is the amount of I 
added at t minutes before assay, and k is the apparent first-order rate 
constant of degradation of I in the system. The apparent red blood cell- 
plasma partition coefficient was D = [I]ReC/[IIp; values are given in Table 
IX. The fact that there is no significant difference among systems with 
and without plasma proteins is indicative of no significant protein binding 
of I. 

Similar studies were conducted with I1 (Table X). Although the data 
are more variable than in the m e  for I, the reasonable consistency of red 
blood cell-plasma and red blood cell-buffer or plasma water coefficients 
(D) in parallel studies a t  a given concentration of I1 ([IIIo) is indicative 
of negligible plasma protein binding of 11. 

Since I has relatively high solvolysis rates in plasma and buffers, plasma 
protein binding studies by equilibrium dialysis or ultracentrifugation 
are not applicable, since they take relatively long periods of time. An 
attempt to use ultrafiltration through filter cones (17) was not satisfac- 
tory, since I was variable and highly bound to the filter cones. When 4 
ml of plasma and 4 ml of plasma-water were filtered to the same extent 
through individual fresh cones, the percent of the filtered 1-pg/ml solu- 
tion recovered was 32 & 1% for plasma-water and 23 f 1% for plasma to 
indicate a possible plasma protein binding of 8% for I. The filter cones 
were pre-equilibrated with buffer containing the same concentrations 
of I in plasma that were to be filtered through those same cones. The 
percent concentration recovered in the filtrate in the same cone from 
buffer filtration and subsequent plasma fdtration, respectively, was 46.3 
and 54.6 at  2 pg/ml and 48.8 and 54.6 at 1 pg/ml. 

However, when the same two fdtrations in the same cone were effected 
using only buffer, the percent concentration of I recovered in the same 
cone was 43.8 and 56.2 a t  1 pg/ml and 38.8 and 61.3 at  0.5 pg/ml. This 
mimicked the situation when the second fdtration was of I-spiked plasma 
to show that the loss of I in the filtrate was due to its binding to the cones 

on successive filtrations and that it could not be assigned to plasma 
protein binding. 
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separate study on the minor epimer, establishes the C20 configuration 
of the minor epimer as S and of the major epimer as R. NMR evidence 
indicates that the average lactone rotamer for the minor epimer has the 
C22 position located on the C12 side of the steroid nucleus, whereas the 
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these are the least-hindered positions for the respective rotamers. 
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Since the discovery of dihydrodigoxigenin (I) in the 
urine of a patient requiring large doses of digoxin (1) and 
the discovery of the metabolite dihydrodigoxin (11) in the 
plasma samples of three different subjects (21, a significant 
amount of research has been carried out on the digoxin 
cardanolide metabolites that are reduced at the C20-C22 

bond. Previous studies (3,4) found 0.2-2% of the total ra- 
dioactivity in urine as I1 in seven subjects after an oral dose 
of tritiated digoxin. Excretion of 12-2096 of the digoxin 
maintenance dose as I1 in the urine of nine patients has 
also been reported (5,6). Others (7) have found an average 
of 13% (range 1-47’31) of the total glycosides in the meth- 
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mimicked the situation when the second fdtration was of I-spiked plasma 
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Since the discovery of dihydrodigoxigenin (I) in the 
urine of a patient requiring large doses of digoxin (1) and 
the discovery of the metabolite dihydrodigoxin (11) in the 
plasma samples of three different subjects (21, a significant 
amount of research has been carried out on the digoxin 
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bond. Previous studies (3,4) found 0.2-2% of the total ra- 
dioactivity in urine as I1 in seven subjects after an oral dose 
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of 13% (range 1-47’31) of the total glycosides in the meth- 

0022-3549/83/ 0300-0271$0 1.OOlO 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 271 
Vol. 72, No. 3, March 1983 



I R = H  
I1 R = digitoxose3 

ylene chloride extract of urine present as 11. Of the 50 
subjects in this study, 48 had detectable urinary levels of 
11. Urine samples of 100 patients taking oral digoxin for the 
control of heart disease were investigated more recently 
(8,9). The average percent of cardanolides present in the 
0-24-hr urine was 12% (range 2 4 2 % )  based on the total 
methylene chloride extractable cardiac glycoside content. 
Out of the 100 patients, 53 excreted >lo% while seven 
excreted >35% as the cardanolide metabolites. 

Reduction of the 20,22-unsaturated lactone ring of di- 
goxin introduces a center of asymmetry at  C20 and gener- 
ates three aspects of stereochemistry that must be inves- 
tigated in order to determine the conformation of any 
epimers of I or 11. First, the resulting saturated y-lactone 
has the P-carbon out of plane, thus creating the possibility 
of the enantiomeric pair illustrated in Fig. 1 (10,ll). Sec- 
ond, the chiral center at C20 can have either an R or S 
configuration. Finally, the overall asymmetry of the steroid 
nucleus and the likely steric hindrance to free rotation of 
the lactone ring about the C17-C20 bond results in the 
possibility of preferred rotamers for the lactone. 

Research on the C20 configuration and the lactone con- 
formation of the reduced metabolites of digoxin has been 
inhibited by the lack of methodology for effective sepa- 
ration of any epimers that may be formed either biologi- 
cally or chemically. Most of the metabolic studies (1-9,12, 
13) have utilized either TLC or GC techniques which have 
yielded only a single peak for either reference or biologi- 
cally produced I or 11. In an investigation of the crystallo- 
graphic conformation, CZO configuration, and biological 
activity of various cardanolides (14-17), a TLC procedure 
was recently reported capable of separating certain 20R 
and 20s cardanolide epimers (18). However, this method 
has not yet been applied to the epimers of I or 11. 

Since I1 is an important metabolite of digoxin, it is 
critical that the stereochemical properties of this metab- 
olite be determined. Essential to this determination is the 

H 

H 
l a  

CD(+) C D k )  
Figure 1-Perspective representation of the two stable conformations 
of the y-lactone. A positive CD spectrum is associated with conforma- 
tion (a) and a negative CD spectrum with (b). Representation (c) is 
rotated 180' about the @ carbon compared with (b) and R represents 
the steroid nucleus shown in I. 

Figure 2-Perspective representation of the relationships of the 
y-lactone to the steroid nucleus wherein the 17-20 bond is pseudo- 
equatorial, and the lactone rotamer has the oxygens oriented away from 
the methyl substituent at C13. Structure (a) has the R configuration at 
CZO, and structure (b) has the S configuration. 

identification of suitable synthetic references with known 
stereochemistry so that subsequent comparisons to bio- 
logically produced metabolites may be made. Previous 
researchers (19) hydrogenated digoxigenin and fractionally 
crystallized the product yielding two epimers. However, 
that stereochemical assignment was based only on melting 
point and optical rotation values. The purpose of the 
present investigation was to define the C ~ O  configuration 
and solution conformation of the epimers of synthetic I, 
the aglycone of 11. It was not possible to carry out a defin- 
itive study on I1 because of interference from the sugar 
moieties in the interpretation of the various spectra. 

RESULTS AND DISCUSSION 

Catalytic hydrogenation of either digoxin or digoxigenin yielded two 
components that were separable as the 3,5-dinitrobenzoyl esters on 
high-performance liquid chromatography (HPLC). The component with 
the longer retention time on a normal phase system was present in larger 
amount and is designated the major fraction. Isolation of the derivatized 
major and minor fractions of I was accomplished by collecting the HPLC 
eluate. The corresponding underivatized fractions were then obtained 
by base hydrolysis. It was also possible to isolate the major underivatized 
fraction of I by fractional crystallization, but not the minor underivatized 
fraction. These major and minor fractions were each then subjected to 
spectral analysis for information concerning the conformation of the 
lactone ring, the configuration at C~O,  and the preferred average rotamer 
of the lactone in relation to the steroid backbone. 

Lactone Conformation and CZO Configuration-Associated with 
the optically active lactone is the n - **-absorption band in the region 
of 214-219 nm. Circular dichroism studies have shown that a lactone ring 
will have a CD curve whose sign and magnitude are determined by the 
interactions within the lactone ring structure (10). Previous evidence (10, 
11,20,21) has shown that the sign of the lactone CD curve for y-lactones 
is associated with the location of the @-carbon relative to the planar lac- 
tone ring. The orientation of the plane is such that the a- and y-carbons 
and the lactone moiety form the plane, the carbonyl function faces for- 
ward, and the ring oxygen is located to the right (Fig. l a  and b). The CD 
curve is positive when the conformation of the y-lactone has the P-carbon 
above the plane and negative when the @-carbon is below the plane. 

Results of the CD study of I revealed that the underivatized major 
component had a positive CD curve ([0]218 = 136) and the underivatized 
minor component had a negative CD curve ([0]216 = -206). These results 
indicate that the /3-carbon of the lactone (C20 of I) is oriented as in Fig. 
l a  for the major component of I and as in Fig. l b  for the minor compo- 
nent. The energetically preferred position for the steroid substituent on 
the @-carbon would appear to be pseudoequatorial as shown in Fig. 1. In 
support of this viewpoint, the 22-methylene analogue of dihydrodigi- 
toxigenin has been shown by X-ray crystallographic data (16) to have the 
steroid part of the molecule in a pseudoequatorial position at Cm. If this 
is the case for dihydrodigoxigenin, then the configuration at C20 (@-carbon 
of the lactone) is 20R for the major component and 20s for the minor 
component of I. This interpretation of the spectral data with respect to 
lactone conformation and Cm configuration has been confirmed by direct 
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X-ray crystallographic determination of the structure of the minor epimer 
(22). 

Preferred Rotamer For Lactone-When either the 20R or 20s ep- 
imer of 1 is illustrated with Dreiding models and the molecule is rotated 
about the C17-C20 bond, the conformation having the least steric hin- 
drance with the CIS-methyl is that rotamer in which the lactone is ori- 
ented away from the Cls-methyl. This is illustrated for the 20R epimer 
of I in Fig. 2a. To orient the lactone away from the CIS-methyl in the 20s 
epimer it is necessary to rotate the lactone conformation shown in Fig. 
l b  by -180' to that shown in Fig. lc. The result for the dihydrodigoxi- 
genin 20s epimer is shown in Fig. 2b. 

A strategy was developed for testing the hypothesis that the two ep- 
imers of I have the lactones oriented as shown in Fig. 2. Advantage was 
taken of the fact that the tertiary 14-hydroxyl group does not form esters 
(23). Thus, esterification with 3,5-dinitrobenzoyl chloride at the 3 and 
12 positions of I yields a derivative that should have the added aromatic 
moiety at the 12 position sufficiently close to the C21 protons in the R 
epimer (Fig. 2a) to influence the NMR spectrum of these protons. For 
the S epimer (Fig. 2b) the NMR of the C22 protons should be influenced 
by their proximity to the Cl2 aromatic moiety. 

The NMR spectra of the underivatized major and minor components 
of I lacked similarity in the regions of the C21 protons (3.U.5 ppm) and 
the C22 protons (2.1-2.7 ppm, Fig. 3, spectra b and d). Differences in the 
chemical shifts occurring in these two regions were compared in the un- 
derivatized and derivatized forms of each component. A comparison of 
the NMR spectrum of the underivatized major component of I with that 
of the derivatized major component (Fig. 3, spectra b and a) reveals that 
the 3,5-dinitrobenzoate ester a t  the C12 position induces significant 
chemical shift changes in the C21 protons (underivatized major compo- 
nent of I apparent triplets at 4.00 and 4.40 ppm, derivatized major com- 
ponent at 3.76 and 4.53 ppm). However, the results are different with 
respect to the C22 protons. Overlap of the apparent triplets in the region 
of 2.2-2.5 ppm makes this segment of the NMR spectrum difficult to 
interpret, but only minor differences exist in this region when the un- 
derivatized major component of I is compared with the derivatized major 
component (suspected location of apparent triplets for C22 protons, un- 
derivatized major component a t  2.34 and 2.48 ppm, derivatized major 
component at 2.35 and 2.57 pprn). 

In comparing the NMR spectrum of the underivatized minor compo- 
nent of I with that of the derivatized minor component, the reverse effect 
was observed for the C2l and C22 protons (Fig. 3, spectra d and c). Minimal 
differences occurred in the chemical shift locations of the C2l protons 
when the underivatized minor component (4.05 and 4.35 ppm) was 
compared with the derivatized minor component (4.02 and 4.40 ppm). 
Again, the NMR spectra are difficult to interpret in the C22 region; 
however, significant differences do exist in this region between the un- 
derivatized minor component of I and the derivatized minor component 
(Fig. 3). The suspected location of the C22 protons for the underivatized 
minor component is 2.29-2.53 ppm and for the derivatized minor com- 
ponent 2.02-2.64 ppm. 

The results of the NMR studies indicate that the major and minor 
components of I are opposite rotamers a t  the C17-C20 bond. The influ- 
ence of derivatization on the chemical shift of the C21 protons of the major 
component of I but not the C22 protons confirms the predictions from 
the Dreiding model of the preferred average rotamer for the R epimer, 
as illustrated in Fig. 2a. The opposite effect of derivatization on the 
chemical shift of the C21 and C22 protons of the minor component is 
consistent with the predicted average rotamer for the S epimer, as shown 
in Fig. 2b. 

Determination of the Influence of the Isolation Procedure on the 
Spectral Observations-The major and minor components of I were 
separated by derivatization with 3,5-dinitrobenzoyl chloride, HPLC of 
the derivatives yielding separate peaks for the two components and then 
base hydrolysis of the separated components. As a control to determine 
the influence of the isolation procedure on the structure of I, the major 
component was also prepared by fractional crystallization. Attempts to 
purify the minor component by fractional crystallization were not suc- 
cessful. Comparison of the NMR spectrum of the recrystallized major 
component with the NMR of the same component isolated by derivati- 
zation, HPLC, and base hydrolysis revealed that the spectra were es- 
sentially the same. Thus, the derivatization and base hydrolysis proce- 
dures required for the isolation of the two components of I did not alter 
the starting material, dihydrodigoxigenin (I). 

Conclusion-The agreement for the minor epimer of I between the 
CD results and the results of a separate X-ray crystallography study (22) 
establishes the CZO configuration as S and the lactone conformation as 
shown in Fig. 2b. NMR evidence suggests that the average lactone ro- 

n 

Figure 3-Partial proton NMR spectrum of (a) derivatized major 
component of I (in deuterated chloroform), (b) underivatized major 
component of I (in deuterated acetone), (c) derivatized minor compo- 
nent of I (in deuterated chloroform), and (d) underivatized minor 
component of I (in deuterated acetone). The derivatizing agent was 
3,5-dinitrobenzoyl chloride. 

tamer in solution is approximately as shown in Fig. 2b for the minor ep- 
imer. The CD results for the major epimer indicate the opposite confor- 
mation of the 8-carbon in the lactone compared with the minor epimer. 
This result, together with the X-ray crystallography data for the minor 
epimer, establishes the R configuration at C20 for the major epimer. NMR 
evidence suggests that the average lactone rotamer for the major epimer 
is approximately as shown in Fig. 2a. 

EXPERIMENTAL 

Hydrogenation of Digoxigenin to  Dihydrodigoxigenin (1)-Di- 
goxigeninl (500 mg) was added to  a hydrogenation bottle containing 60 
ml of ethanol and 85 mg of platinum oxide catalyst. The digoxigenin was 
hydrogenated for 12 hr a t  30 psi. The platinum oxide was removed by 
fiitering the ethanol solution through a fritted glass filter, and the ethanol 
was evaporated under a stream of nitrogen a t  50'. 

Fractional Crystallization of I-Five hundred mg of I was recrys- 
tallized from ethyl acetate. The resulting crystals were recrystallized four 
additional times from ethyl acetate to yield 23 mg. Less than 4% con- 
tamination of the major component of I with the minor component was 
detected based on high-performance liquid chromatography (HPLC): 
mp 189-213'; NMR (CD3COCD3) integration (35.4 protons, theoretical 
36 protons) 6 4.40 (tJ = 8 Hz, 1, C~I-H), 4.00 (s, 1, C3-H), 4.00 (t, one 
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peak under the 4.00 s, J = 8 Hz, 1, C21-H), 2.26-2.65 (m, with major 
peaks at 2.26,2.34,2.39,2.46,2.65, 2, C22-H), 0.90, and 0.93 (each s, 6, 
Cls-H, and CIS-H). 

Derivatization and Liquid Chromatography of (I) to Isolate the 
Major and Minor Components-One g of I was derivatized with 3,5- 
dinitrobenzoyl chloride by taking 10-mg aliquots of I and dissolving in 
13 ml of pyridine which had been distilled and stored over sodium hy- 
droxide pellets. Next, 1.077 g of 3.5-dinitrobenzoyl chloride2 (recrystal- 
lized from petroleum ether) was added and the solution was heated for 
30 min in a water bath (50’). After the major portion of pyridine was 
removed under vacuum (SO’), 10 ml of 5% NaHC03 solution containing 
20 mg of 4-dimethylamin~pyridine~ was added to hydrolyze the excess 
derivatizing agent and 10 ml of chloroform was added to solubilize and 
extract the derivatized I. Following the removal of the aqueous phase, 
the organic phase was washed with 10 ml of 5% NaHCO3 followed by four 
30-ml washings with a 0.05 N HCI solution containing 5% NaC1. The 
chloroform solution from each aliquot was concentrated to a total of 10 
ml by evaporating the chloroform under a nitrogen stream at 50’. This 
solution was washed eight times with the acid wash to remove any residual 
pyridine, and the final volume of 2 ml was achieved by evaporation under 
nitrogen (50’). Aliquots of this solution were chromatographed by HPLC 
using a mobile phase of hexane-methylene chloride-acetonitrile (3:l:l) 
and a silica gel stationary phase3. Appropriate fractions were collected 
to isolate the derivatized major and minor components of I. Purity with 
respect to the o p p i t e  component was determined by HPLC. Derivatized 
major component of I, <1% cross-contamination from derivatized minor 
component; NMR4 (CDCb) 6 9.12-9.28 (m, with major peaks at 9.12,9.14, 
9.21, 9.23, 9.25, 9.28, 6, aromatic H), 5.49 (s, 1, C3-H), 4.88 (m, 1, 

2.25-2.76 (m, with major peaks at  2.34,2.44,2.56,2, C22-H), 1.22 (s, 3, 
Clg-H), 1.09 (8,  3, CIS-H). Derivatized minor component of I, <1% 
cross-contamination from derivatized major component; NMR (CDCl3) 
6 9.12-9.24 (m, with major peaks at 9.12,9.14,9.24,6, aromatic-H), 5.48 
(s, 1, C3-H), 4.90 (m, 1, C l F H ) ,  4.40 (t, J = 8 Hz, 1, Czl-H), 4.02 (t, 

Base Hydrolysis of the Derivatized Major and Minor Components 
of I-A mixture of chloroform (1.5 ml), methanol (13.5 ml), and 5% 
KHC03 (1.5 ml) containing either 100 mg of the derivatized major com- 
ponent of I or 131 mg of the derivatized minor component was refluxed 
for 90 min. After increasing the volume of the aqueous phase with 3 ml 
of distilled water, the aqueous phase was extracted three times with 
methylene chloride (40 ml). To ensure against opening of the lactone ring 
from the base hydrolysis procedure (24), the aqueous phase was acidified 
to -pH 2 with 0.2 N HCl. Twelve hours later the solution was adjusted 
to pH 10 with 5% KHCO3 and extracted three times with methylene 
chloride (40 ml). After combining like fractions and evaporating the 
methylene chloride, each component was crystallized from ethyl acetate. 
Purity was determined by HPLC. Major component of I (37.3 mg, 37.3% 
yield) <1% contamination from minor component; mp 235-237’; NMFt 
(CD3COCD3) integration (35.1 protons, theoretical 36 protons), 6 4.41 
(t, J = 8 Hz, 1, C21-H), 4.00 (s, 1, Cs-H), 4.00 (t, one peak under the 
4.00 s, J = 8 Hz, 1, C21-H), 2.24-2.54 (m, with major peaks at 2.24,2.34, 
2.40, 2.46, 2.48, 2.54, 2, C22-H), 0.90 and 0.93 (each s, 6, Cl-H and 
C19-H); [a18 + 20.2O (C 0.436); CD [8]21s 1365. 

Anal.-Calc. for C23Hs05: C, 70.38; H, 9.24. Found: C, 70.02; H, 
9.46. 

Minor component of I (41.6 mg, 31.8% yield), 4% contamination from 

C l p H ) ,  4.52 (t, J = 8 Hz, 1, CZl-H), 3.75 (t, J = 8 Hz, 1, C21-H), 

J = 8 Hz, 1, C21-H), 2.64 (t, J = 8 Hz, 1, C22-H), 2.02 (t, J = 8 Hz, 1, 
C22-H), 1.23 (s, 3, Cl-H), 1.10 ( ~ ~ 3 ,  Cl-H). 

2 Purum grade, Fluka A.G., Buchs, Switzerland. 
3 Partisil10, Whatman Inc., Clifton, NJ. 
4 Bruker HX-90 NMR spectrometer. 
5 Durrum-Jasco ORD-CD spectrometer. 

major component; mp 209.5-211.5’; NMR (CD3COCD3) integration (35.9 
protons, theoretical 36 protons), 6 4.35 (t, J = 8 Hz, 1, C~I-H), 4.01 (s, 
1, C3-H), 4.05 (t. J = 8 Hz, 1, CZl-H), 2.20-2.62 (m, with major peaks 
at  2.20, 2.29, 2.38, 2.45, 2.53, 2.62, 2, C z p H ) ,  0.92 (s, 6, CIS-H and 

Anal.-Calc. for C 2 & & , :  C, 70.38; H, 9.24. Found: C. 70.10; H, 
C1-H); [a]# + 17.9’ (C 0.29); CD (01216-206. 

9.38. 
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Abstract 0 A sensitive high-performance liquid chromatographic 
method for the determination of etodolac in serum was developed. The 
limit of detection was 0.2 pg/ml. The specificity of the method was 
demonstrated by the lack of response obtained with a variety of control 
sera, sera spiked with etodolac congeners, and sera obtained from rats 
treated with a variety of other drugs. 

Keyphrases Etodolac-sensitive high-performance liquid chroma- 
tographic method for determination in serum 0 High-performance liquid 
chromatography-sensitive method for the determination of etodolac 
in serum Serum specificity-sensitive high-performance liquid chro- 
matographic method for the determination of etodolac Analgesics- 
etodolac, sensitive high-performance liquid chromatographic method 
for determination in serum Anti-inflammatory agents-etodolac, 
sensitive high-performance liquid chromatographic method for deter- 
mination in serum 

Experiments in laboratory animals have demonstrated 
that etodolac [1,8-diethyl-1,3,4,9-tetrahydropyrano[3,4- 
blindole-1-acetic acid1, (I)] is a potent nonsteroidal, 
anti-inflammatory and analgesic agent (1,2). To carry out 
pharmacokinetic studies in both animals and humans, a 

I 
sensitive and reliable .analytical method was needed. 
Etodolac can be quantitated by a fluorometric method that 
has been developed for its 1-propyl congener, prodolic acid 
(3); however, because of endogenous fluorescent sub- 
stances, the limit of detection is only 2-3 pglml. Therefore, 
a specific and sensitive (0.2 pg/ml) high-performance liq- 
uid chromatographic (HPLC) method has been devel- 
oped. 

EXPERIMENTAL 

Reagents-Isopentyl alcohol2, hexane3, methanol3, and acetonitrile4 
were used as supplied. All other chemicals, monobasic potassium phos- 
phate, hydrochloric acid, phosphoric acid, and glycine, were analytical 
reagent grade. Etodolac and its 1-propyl, 1-phenyl, l,g-dimethyl, and 
6-hydroxy congeners were synthesized as described previously (4,5) as 
was [14C]etodolac (6). Drugs used for specificity studies were purchased 
from commercial sources. 

Instrumentation-The liquid chromatographic system employed 
consisted of an automatic variable-volume injectoP, a high-pressure 
pump6, a variable wavelength ~pectrophotometer~, and a recorders. 

Column Preparation-Two 250 X 4.6-mm stainless steel HPLC 

Ultradol. Ayerst Laboratories, Inc., New York, N.Y. 
2 Fluorometric grade, A & C American Chemicals. 
3 Spectrograde, A & C American Chemicals. 
4 Lichrosolv, BDH Chemicals. 

6 Altex Scientific, Inc., model 110A. 
Waters Associates, WISP model 710. 

Perkin-Elmer, model LC-55B. 
Perkin-Elmer. model 56. 

columns were employed in the experiments: Chromosorb LC-79 (ODS, 
10 pm; column A) and Spherisorblo (ODS, 5 pm; column B). Using 2- 
propanol slurries, the columns were packed at  6OOO psi with a compressed 
air pumpll. The columns were mounted with a glass water-jacket to 
provide temperature control. A t  a flow rate of 1.8 ml/min and a temper- 
ature of 50°, typical back pressures of 750 and 1680 psi were obtained for 
columns A and B, respectively. 

Extraction and Mobile Phases-For both columns, the mobile phase 
was a mixture of 0.1 M potassium phosphate (pH 6.0) and acetonitrile. 
To provide similar retention times, the concentration of acetonitrile was 
varied from 30% (column B) to 38% (column A). The extraction phase 
was prepared by mixing isopentyl alcohol and hexane in a ratio of 1:19 
(v/v). 

Standards-A stock standard of 1.0 mg/ml of etodolac was prepared 
by dissolving 10.0 mg in 1.0 ml of methanol and completing to 10.0 ml with 
distilled water. Dilute, nonextracted test-tube standards were prepared 
at  the desired concentration by appropriate dilution in 0.1 M glycine 
buffer (pH 11.0). In recovery studies and in actual analytical runs, 
working standards were prepared by diluting the stock standard in pooled 
rat, dog, or human control serum. 

Procedure-Solutions of 4.0 ml of 1.0 N HCl and 5.0 ml of isopentyl 
alcohol-heme were added to 1.0 ml of serum (or plasma) in a 15-ml 
screw-capped g l a d 2  tube. The tube was capped and agitated mechani- 
cally for 15 min. The two phases were separated by low-speed centrifu- 
gation (5 min, lo00 rpm), and 4.0 ml of the upper phase was transferred 
to a clean tube, and 1.0 ml of 0.1 M glycine buffer13 was added. The tube 
was agitated for an additional 15 min, and a 0.8-ml aliquot of the aqueous 
phase was transferred to a clean tube. Prior to injection onto the HPLC 
column, 20 pl  of 2.5 M phosphoric acid was added to partially neutralize 
the glycine buffer. With each analytical run, column performance was 
monitored by injecting test-tube standards. Control serum blanks and 
control serum, spiked with the appropriate concentration of etodolac (in 
triplicate), were carried through the method. 

Chromatographic conditions were as follows: injected sample volume, 
50-150 ph temperature, 50'; flow rate, 1.8 ml/min; mobile phase, aceto- 
nitrile-phosphate buffer (30 or 38% for colummns B or A, respectively); 
W detector settings, 226 nm and 0.05 AUFS (running at high sensitivity). 
Quantitation was based on peak height of the unknowns relative to that 
of the spiked control serum standards. 

Recovery-Human serum spiked with 1.0-10.0 and 5.0-50.0 pg/ml 
of etodolac was carried through the procedure, in triplicate, to provide 
data on the linearity and reproducibility. Recovery was based on the re- 
sponse of test-tube standards injected concurrently. Recovery from a 
variety of aqueous media, i.e., rat, dog, or human serum, and distilled 
water was also carried out on replicate samples a t  concentrations of 1.0, 
10.0, and 50.0 pg/ml. 

Sensitivity and Specificity-The specificity of the procedure was 
evaluated using three criteria: ( a )  interference due to similar chroma- 
tographic characteristics (retention times) and spectral properties (UV 
absorption at 226 nm) of endogenous constituents of serum, ( b )  the po- 
tential for interference from etodolac metabolites (or congeners), and 
( c )  interference from other drugs that may be administered concur- 
rently. 

Typical serum blanks were measured by processing replicate (10-23) 
samples of rat, dog, and human control sera through the method. 

Interference from etodolac congeners was estimated by injecting the 
pure compounds and evaluating their retention times relative to that of 
etodolac. 

9 Johns-Manville. 
lo Phase Separation Ltd. 

l2 Pyrex tube. 
l3 Due to complex formation with an impurity in some grades of glycine, etodolac 

may chromatograph as a split peak. The glycine buffer can be replaced with 0.1 M 
THAM [tris(hydroxymethyl)amino methane] (Fisher Scientific Co.) (pH 11.0). 

Haskel Eng. and Supply Co., model DST-1220. 

0022354918310300-0275$0 7.0010 
@ 1983, American Pharmaceutical Association 
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Table I-Recovery of Etodolac * from Water and Rat, Dog, and 
Human Sera 

Medium n Mean f SE 

Water 18 
Sera 

Rat 17 
Dog 18 
Human 18 

93.1 f 1.0 

86.2 f 1.7 
88.0 f 1.2 
91.5 f 2.1 

0 Six replicates of 1.0,lO.O. and 50.0 pg/ml. 

In random serum samples from rats and dogs given etodolac orally a t  
a 50-mglkg dose, etodolac concentrations were estimated by the fluoro- 
metric procedure (3) and in a second aliquot by the HPLC procedure 
(using a 5 pm Lichrosorb RP-2 column). 

In selected studies in rats and dogs (7), [14C]etodolac was administered 
orally in doses of 10 and 50 mg/kg, and total carbon 14 and unchanged 
etodolac were estimated at  0.25,0.5,1, and 3 hr postdosing. 

Interference from a concurrently administered drug, or its metabo- 
lite(s), was estimated by treating rats with a high dose of the drug, ob- 
taining a blood sample 2 hr postdosing, and processing the serum through 
the etodolac method. Interference was estimated from the response, a t  
the retention time of etodolac, compared to that of serum from saline- 
treated control rats. Drugs tested and dose administered, in milligrams 
per kilogram, were: ethacrynic acid (300), salicylic acid (400). acetomi- 
nophen (400), niacin (300), propoxyphene (60), phenobarbital (1001, 
hydrochlorothiazide (loo), tolbutamide (200), glyburide (2001, indo- 
methacin (25), phenylbutazone (200), phenytoin (loo), dicumarol(250), 
and diazepam (350). 

Stability-The stability of etodolac in serum was determined by an- 
alyzing serum samples spiked at 60.0 pglml after 1-, 3-, and 7-day storage 
at  20° or in the refrigerator at 4O. 

RESULTS AND DISCUSSION 

Chromatography-Typical liquid chromatograms of an etodolac 
standard, a control serum extract, and an extract of control serum spiked 
with etodolac are presented in Fig. 1. Using column B (250 X 4.6-mm) 
and a mobile phase of 30% acetonitrile-phosphate buffer, etodolac had 
a retention time of 5.0 min (flow rate, 1.8 ml/min). No interfering peaks 
were seen in the scan obtained with control serum. With column A a 
similar retention time is obtained if the concentration of acetonitrile is 
increased to 38%. 

The linearity in the peak height response of the detector was demon- 
strated for low (1-10 pg/ml) and high (5-50 pglml) concentrations of 
etodolac. The regression line for the low test-tube standards was: y = 
21.4~ - 1.23 ( R  = 0.9999). For the high concentration standards the re- 
gression line was: y = 4.79~ - 3.93 (R = 0.9996). 

Recovery Studies-The linearity of recovery of etodolac from pooled 
human serum was also tested at two concentration ranges. For triplicate 
samples, covering the range of 1.0-10.0 pg/ml, the recovery was inde- 
pendent of etodolac concentration. The regression line for the recovery 
was: y = 10.28~ - 0.39 ( R  = 0.9984). A t  high concentrations (5-50 pg/ml), 
linearity was maintained [regression li'ne: y = 2.57~ - 3.55 ( R  = 0.9970)]. 
In separate experiments small differences were noted when recoveries 
from rat, dog, and human sera and distilled water were evaluated at 
concentrations of 1.0, 10.0, and 50.0 pg/ml (Table I). The highest recovery 
(93.1%) was obtained with water, and with the sera recoveries varied from 
86.2 (rat) to 91.5% (humans). Over a period of 6 months to 1 year, recovery 
of etodolac from pooled human serum varied from a low of 70 to a high 
of 94% [mean f SE, 81.0 f 1.6%). The variations in day-to-day recovery 
from the same pooled serum were of the same order of magnitude as the 
differences found for various sera. 
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Figure 1-HPLC chromatograms of: (A) extract of control serum 
spiked with etodolac (5 pglml); (B) extract of human control serum; and 
(C) etodolnc standard (5 pglml), retention time (1) 5.0 min, column 5 p m  
Spherisorb ODs.  

In the course of these experiments, it became apparent that variations 
in recovery were to a large extent due to instability of the etodolac test- 
tube standards (see Stability). To ensure that the small day-to-day and 
species-to-species variations in recovery do not result in an error in the 
estimation of etodolac, in actual analytical runs, standardization is based 
on appropriate serum standards spiked and run concurrently. 

Sensitivity and Specificity-Control sera from rats ( n  = lo), dogs 
(n = 23), and humans ( n  = 17) were processed through the method and 
injected on the liquid chromatograph, operating at its highest sensitivity 
(0.05 AUFS). With the exception of one spurious sample (the apparent 
etodolac concentration was 0.7 pg/ml) none of the extracts revealed any 
UV absorption in the region of emergence of etodolac. The limit of de- 
tection of the method, consistent with baseline noise, was conservatively 
taken as 0.2 pg/ml. In contrast to the fluorometric procedure (3) with 
respect to endogenous substances, the HPLC method is specific. 

When randomly selected serum samples were analyzed by both the 
fluorometric (3) and HPLC procedures, a good correlation was found. 
The mean etodolac concentrations in dog serum were estimated as 20.8 
(fluorometric) and 18.3 pglml (HPLC). For rats the corresponding values 
were 78.7 and 80.2 pg/ml. The differences of 2.2 f 1.2 and -1.5 f 1.1 
pglml were within the limit of reproducibility of the fluorometric method. 
When higher concentrations of etodolac are being measured, the more 
rapid fluorometric procedure can be employed, as long as the values are 
corrected for the 2-3 pglml of apparent etodolac found in control sera. 

When sera from rats and dogs treated with [14C]etodolac were analyzed 
for unchanged drug and total carbon 14 (Table 11), 85-9570 of the carbon 
14 was accounted for by unchanged etodolac. In serum extracts used for 
chemical analysis, the percentage would be even higher. This explains 
why the inherently more specific HPLC method and the fluorometric 
method provide similar values. Finally, the ready separation of etodolac 
from its congeners, especially the phenolic analogue (Table III), suggests 
that the method is specific with regard to potential metabolites. 

The potential for interference from selected drugs or their metabolites 
with the HPLC method was tested as follows. Rats were given high doses 
of each drug, bled 2 hr postdosing, and the serum was processed through 
the etodolac procedure. The HPLC chromatograms were examined for 
the presence of interfering peaks. Serum from control rats served as 
reference. The sample extracts were injected on both columns A and B. 
When ethacrynic acid, niacin, propoxyphene, phenobarbital, hydro- 

Table 11-Serum Concentrations of Unchanged Etodolac * and Total Carbon 14 in Rats and Dogs Given [14C]Etodolac Orally 

Rat* Dogc 
Etodolac, Carbon 14, Etodolac, Carbon 14, 

Postdose, hr Ccg/ml d m l  Ratio pdml  Pg/ml Ratio 

0.25 17.2 
0.50 23.8 
1 .00 30.0 
3.00 23.0 
Mean 

18.0 0.96 64.0 
24.6 0.97 111.3 
30.9 0.97 141.3 
25.7 0.89 41.3 

0.95 

71.0 0.90 
121.5 0.92 
157.4 0.90 
53.5 0.75 

0.87 

a Fluorimetric analysis. n = 4, dose = 10 mg/kg po. n = 4, dose = 50 mghg PO. 
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Table 111-Relative Retention Times a of Etodolac Congeners 

Relative 
Substituents Retention 

Compound R1 Rz R3 R4 Time 

Chromosorb column; mobile phase: 38% acetonitrilc+phosphate buffer; etodolac 
retention time, 5.0 min. 

Table IV-Stability of Etodolac in Serum a 

Recovery (%) on day 
Temperature 1 3 7 

20° 100.5 f 0.5 97.6 i 0.4 100.2 f 0.5 
40 98.6 f 0.5 97.4 f 0.5 100.4 f 0.6 

Stability-When etodolac was added to pooled serum and kept for 
up to 7 days at  room temperature (20') or in the refrigerator (4O), no 
significant loss of etodolac was detected at either temperature (Table 
IV). 

Because of day-to-day variations in recovery, the stability of the 
test-tube standards and the extracted spiked control serum standards 
was also investigated. The peak height response of the test-tube standards 
(n = 12) declined from 100.0 f 1.3 to 91.5 f 1.2% in 1 hr. In contrast, the 
extracts from spiked control serum remained unchanged: 100.0 f 1.3 
versus 100.7 f 2.2%. For this reason, the test-tube standard is used only 
to adjust mobile phase concentrations when the method is being set up. 
Quantitation is based on the stable extracts from spiked control sera, and 
no recovery factor is needed. 

Application of the method-Initial studies in humans have indicated 
that activity is achieved with 100-mg etodolac doses given twice daily. 
At these doses the peak concentrations of etodolac varied between 4.0 
and 14.3 pg/ml, and the daily minima between 0.3 and 3.5 pg/ml. Thus, 
the HPLC procedure possesses the specificity and sensitivity required 
to monitor etodolac concentrations in humans. 

Pooled serum spiked with 60 Wglrnl of etodolac. 

chlorothiazide, glyburide, or diazepam were administered, no peaks were 
seen in the HPLC scans. Phenylbutazone and dicumarol produced strong 
interfering peaks with either column. With indomethacin, acetomino- 
phen, and salicylate, peaks separate from etodolac were noted, but due 
to tailing, these peaks partially overlapped the etodolac peak when in- 
jected on column A. A better separation was achieved on column B. Be- 
cause concomitant administration of salicylate or acetorninophen is likely 
to occur clinically, pooled rat serum spiked with etodolac was supple- 
mented with 50-500 pglml of salicylate or 20-250 pg/ml of acetomino- 
phen, carried through the HPLC procedure, and analyzed on column B. 
No interference could be demonstrated, nor was there any adverse effect 
on the recovery of etodolac. In the presence of coadministered drugs, 
column B is preferred. 
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Chlorobutanol (l,l,l-trichloro-2-methyl-2-propanol) BACKGROUND 
is a commonly used preservative in ophthalmic medica- 
tions. It is readily degraded by base as shown in Scheme 

A variety of analytical methods were developed for the analysis of 
chlorobutanol. Originally, analysis consisted of decomposinn chlorobu- 

I to form acetone, carbon monoxide, and chloride ion (1). 

ration from ophthalmic solutions was reported though 
porous plastic bottles and closures (2). 

tan01 by heating Win base and then analyzing for chlor-ide i&. This was 
done titrametrically (3, 4) iodometriwlly (5), gravimetrically (6), and 

determination of excess base by acid titration and degradation followed 
by an iodometric determination of acetone (8) also were used. These 

Chlorobutanol is and loss by evapo- amper0metric.y (7). Degradation using a known m o u n t  of base and 
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Table 111-Relative Retention Times a of Etodolac Congeners 

Relative 
Substituents Retention 

Compound R1 Rz R3 R4 Time 

Chromosorb column; mobile phase: 38% acetonitrilc+phosphate buffer; etodolac 
retention time, 5.0 min. 

Table IV-Stability of Etodolac in Serum a 

Recovery (%) on day 
Temperature 1 3 7 

20° 100.5 f 0.5 97.6 i 0.4 100.2 f 0.5 
40 98.6 f 0.5 97.4 f 0.5 100.4 f 0.6 

Stability-When etodolac was added to pooled serum and kept for 
up to 7 days at  room temperature (20') or in the refrigerator (4O), no 
significant loss of etodolac was detected at either temperature (Table 
IV). 

Because of day-to-day variations in recovery, the stability of the 
test-tube standards and the extracted spiked control serum standards 
was also investigated. The peak height response of the test-tube standards 
(n = 12) declined from 100.0 f 1.3 to 91.5 f 1.2% in 1 hr. In contrast, the 
extracts from spiked control serum remained unchanged: 100.0 f 1.3 
versus 100.7 f 2.2%. For this reason, the test-tube standard is used only 
to adjust mobile phase concentrations when the method is being set up. 
Quantitation is based on the stable extracts from spiked control sera, and 
no recovery factor is needed. 

Application of the method-Initial studies in humans have indicated 
that activity is achieved with 100-mg etodolac doses given twice daily. 
At these doses the peak concentrations of etodolac varied between 4.0 
and 14.3 pg/ml, and the daily minima between 0.3 and 3.5 pg/ml. Thus, 
the HPLC procedure possesses the specificity and sensitivity required 
to monitor etodolac concentrations in humans. 

Pooled serum spiked with 60 Wglrnl of etodolac. 

chlorothiazide, glyburide, or diazepam were administered, no peaks were 
seen in the HPLC scans. Phenylbutazone and dicumarol produced strong 
interfering peaks with either column. With indomethacin, acetomino- 
phen, and salicylate, peaks separate from etodolac were noted, but due 
to tailing, these peaks partially overlapped the etodolac peak when in- 
jected on column A. A better separation was achieved on column B. Be- 
cause concomitant administration of salicylate or acetorninophen is likely 
to occur clinically, pooled rat serum spiked with etodolac was supple- 
mented with 50-500 pglml of salicylate or 20-250 pg/ml of acetomino- 
phen, carried through the HPLC procedure, and analyzed on column B. 
No interference could be demonstrated, nor was there any adverse effect 
on the recovery of etodolac. In the presence of coadministered drugs, 
column B is preferred. 
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Scheme I-Potential routes for the loss of chlorobutanol (Z) from oph- 
thalmic formulations. 
methods are not specific, because they are unable to differentiate from 
excipient chloride sources such as electrolytes or other organic compounds 
which also contain chlorine. In addition, tedious sample preparation such 
as steam distillation is often required. 

Two colorimetric procedures were developed. The Fujiwara alkali- 
pyridine colorimetric reaction for chloroform has been used successfully 
to analyze for chlorobutanol (9,lO). By using 3-substituted pyridines, 
increased sensitivity to chlorobutanol was reported (11). Reaction of 
hydroxylamiie and chlorobutanol in basic solution forms a product which 
produces a colored complex with ferric ion (12). Both colorimetric reac- 
tions lack specificity, and colors are produced with a variety of organic 
moieties. 

Instrumental methods of analysis include polarography, which is 
sensitive but requires separation of chlorobutanol from excipients by 
steam distillation (13), and NMR spectrometry (141, which is difficult 
to justify for a routine analysis. IR spectrophotometry has also been used 
for samples eluted through a diatomaceous earth column to remove ex- 
cipients (15,161. Because of the high volatility of chlorobutanol, the most 
successful method of analysis has been gas chromatography (GC). Flame 
ionization detection is satisfactory with a large number of different sta- 
tionary phases (2,15,16). In one reported GC method, electron capture 
detection was used (17). 

The official USP analytical method for chlorobutanol is a GC proce- 
dure utilizing flame ionization detection, a 5% polyethylene glycol 20M 
stationary phase, and a benzaldehyde internal standard (18). However, 
attempts to analyze chlorobutanol in an experimental ointment formu- 
lation containiig an aminoglycoside using a similar GC procedure yielded 
results which slowly increased according to the length of time samples 
were allowed to stand at  room temperature before analysis. Evidence 
indicated that the benzaldehyde was slowly reacting with the vehicle, and 
the resulting variance in internal standard concentration was causing 
variance in the results. 

A high-performance liquid chromatographic (HPLC) method of 
analysis for chlorobutanol is discussed, which uses an octadecylsilane 
column with UV peak detection at  210 nm. This reversed-phase system 
was found to be satisfactory for the routine analysis of chlorobutanol in 
ophthalmic ointments and aqueous solutions. Data is included to dem- 
onstrate that the procedure gives a linear response and reproducible re- 
Table I-GC Analysis of a Chlorobutanol Vehicle Standard 
Using a Benzaldehyde Internal Standard 

Ratio of 
Chlorobutanol 

Time Left Peak Height to 
Standing Before Benzaldehyde 

Analvsis. min Peak Height Recoverv, 9bo 

0 
10 
21 
31 
40 
50 
59 
69 
78 

1.13 
1.17 
1.19 
1.22 
1.26 
1.29 
1.35 
1.37 
1.40 

100.9 
104.9 
106.1 
109.4 
112.7 
115.4 
120.6 
122.3 
125.0 

0 The vehicle standard contained 0.57 rng of chlorobutanolhl and -4.0 g of 
ointment vehicle which contained an aminoglycoside. 

Table 11-HPLC Analysis of Chlorobutanol Vehicle Standards 
Containing 4.0 g of Ointment Vehicle 

Chlorobutanol 
Chlorobutanol Chlorobutanol Concentration 
Concentration, Peak Height, Foundo, 

mg/ml cm mg/ml Recovery, % 

0.281 
0.281 
0.328 

8.70 
8.70 

10.20 
0.328 10.20 

0.281 100.0 
0.281 100.0 
0.330 100.5 
0.330 100.5 

0.375 11.50 0.372 99.1 
0.375 ii.45 0.370 98.7 
0.422 12.90 0.417 98.8 
0.422 12.90 0.417 98.8 
0.469 14.45 0.467 99.6 
0.469 14.45 0.467 99.6 

A standard containing 0.375 mg of chlorobutnnol/rnl was extracted and used 
to calculate these concentrations. 

coveries from an ointment vehicle. The actual analyses of a complete bulk 
experimental ointment formulation and an aqueous ophthalmic diluent 
are presented. The results for the aqueous diluent are compared with the 
results obtained from a GC method using a cyclohexanol internal stan- 
dard instead of benzaldehyde. 

EXPERIMENTAL 

Reagents and Solvents-Chlorobutanol hemihydrate’, USP grade, 
was used without further purification. Its absolute purity on an anhydrous 
basis was established by titration of total chloride (3), and all subsequent 
calculations were corrected using this factor. Methanolz and hexanez were 
reagent grade. 

Gas Chromatography-The gas chromatograph3 was equipped with 
a flame ionization detector and a 91.4-cm x 6.4-mm glass column packed 
with 5% polyethylene glycol 20M4 coated on 1W120 mesh diatomaceous 
earths. The temperatures of the injector, column, and detector were 140, 
80, and 250°, respectively. The gas flow rates of helium, hydrogen, and 
compressed air were 20,20, and 350 ml/min, respectively. 

Preparation of GC Ointment Samples-A sample of ointment 
equivalent to -25 mg of chlorobutanol was weighed into a 60-ml separ- 
atory funnel. After dissolving in hexane (35 ml), the cloudy solution was 
extracted with three 7-ml portions of methanol. Each time the lower 
(methanol) layer was drained into a 50-ml volumetric flask. A 1.0-ml al- 

6 C 

I I I I 

MINUTES 

m r 
0 6  0 6 0 6  

Figure 1-Typical chromatograms for chlorobutanol analysis. Key: (A) 
a methanol standard; (B) sample extracted from an ophthalmic oint- 
ment; (C) a diluted sample of an aqueous ophthalmic diluent. 

1 Stauffer Chemical Co. 
2 ‘Baker Anal d‘ Reagent, Baker Chemical Co. 

Model 402. gwlett-Packard. 
Carbowax 20M, Supelco. 
Gas Chrom Q, Supelco. 
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Table 111-HPLC Analysis of Complete Ophthalmic Samples 

Sample (Age) 

bulk ointment 
sample 
(14 days) 

bulk ointment 
Sam le 
(15 Bays! 

Aqueous diluent 
(5 months) 107.5, 107.9,107.9,107.9 

Chlorobutanol Analysis, Percent Label" 

Experimental 111.8,112.1,112.4,111.2,111.2 

Experimental 109.0,111.7,112.6,112.5,112.7 

107.8,107.8,107.8,108.3,107.8, 

a The chlorobutanol concentrations were labeled 5.0 m /g; however, since a 15% 
excess was added, the theoretical content is 115% of labek. 

iquot of a 7-mg/ml methanolic benzaldehyde solution was added, and 
the mixture was diluted to volume with methanol. A 1.0-pl injection of 
this solution was made directly into the gas chromatograph. 

High-Performance Liquid Chromatography-A liquid chroma- 
tograph, equipped with a high-pressure pump6, a variable-wavelength 
UV detector', an autoinjectols, and a strip-chart recorders was used with 
a 25-cm X 4.0-mm i.d. column packed with 10-pm octadecylsi1anel0. A 
10-cm X 2.0-mm i.d. precolumn packed with 47-pm octadecylsilanell was 
used to protect the analytical column from the absorption of ointment 
vehicle. 

Mobile Phase-Methanol (500 ml) and water (500 ml) were mixed 
and filtered through a 0.47-pm filter12 before use. 

Analysis Conditions-The mobile phase was pumped through the 
column at a flow rate of 1.8 ml/min. UV detection was at 210 nm, and the 
injection size was 100 pl. A sample was injected every 6 min. The plate 
count for the column, determined at  a chart speed of 5.08 cm/min with 
a 0.37-mg/ml chlorobutanol solution, was 3000 plates/mI3. After com- 
pletion of the analysis, methanol was pumped through the column prior 
to storage. 

Preparation of Standard Curves-The following were prepared 
using a methanolic 2.35 mg/ml of chlorobutanol stock solution: 

Chlorobutanol Standard Curve-Five aliquots, giving final concen- 
trations in the range of 0.28-0.48 mg of chlorobutanol/ml, were added 
to different 125-ml separatory funnels. Hexane (50 ml) was added and 
the methanolic layer adjusted to 15 ml with methanol-water (7525). After 
shaking, the lower (methanolic) layer was drained into a 50-ml volumetric 
flask. The mixture was extracted twice more with 15 ml of methanol- 
water (7525), and the lower layers were collected each time. The extracts 
in the volumetric flask were diluted to volume with methanol-water 
(7525), and the resulting solution was injected directly into the 
HPLC. 

Chlorobutanol Vehicle Standard Curve-The same series of aliquots 
used for the standard curve was added to different 125-ml separatory 
funnels which contained 4.0 g of ointment vehicle. The samples were 
dissolved in hexane and extracted with a methanol-water (7525) solution 
as described above. 

Preparation of Ophthalmic Ointment Samples-A sample of 
ointment equivalent to -20 mg of chlorobutanol was weighed into a 
125-ml separatory funnel. After dissolving in hexane (50 ml) the sample 
was extracted as described above. A standard was prepared by extracting 
8.0 ml of a methanolic 2.5 mg of chlorobutanol/ml stock solution in a 
similar manner. 

Preparation of Ophthalmic Aqueous Solutions-The sample was 
diluted with methanol to a final concentration of 0.5 mg of chlorobuta- 
nol/ml. A chlorobutanol standard of similar concentration was prepared 
in methanol. 

RESULTS AND DISCUSSION 

The chlorobutanol analysis of an experimental ointment formulation 
containing an aminoglycoside by gas chromatography was found to 
change if the samples were allowed to stand before being analyzed. In an 

6 Model 110 A, Altex Scientific Co. 
7 Model SF 770, Schoeffel Instruments. 

WISP 710 B, Waters Associates. 
9 Omniscribe Model A 5111-1, Houston Instruments. 

10 ODs-10 (10 pm), Bio-Rad Laboratories. 
11 Bondanak C,dCorasil(47 um). Waters Associates. 
12 Fluordpore, Millipore dorp. ' 

13 Theoretical plates per meter (N) = 1.6 (T/T,)2(loO/L), where T is the retention 
time of chlorobutanol, T, is the peak wldth of chlorobutanol measured along the 
baseline, and L is the column length in centimeters (19). 

Table JV-HPLC Analysis of Forcibly Degraded Chlorobutanol 
Vehicle Standards Containing 4.0 g of Ointment Vehicle 

Chloro- 
Chloro- butanol 

Theoretical butanol Concen- 
Chlorobutanol Peak tration 

Method of Concentration, Height, Found, Recovery, 
Degradation" mg/ml cm mg/ml %b 

Heat alone 0.3773 2.20 0.0722 19.1 
Heat + Acid 0.3773 5.00 0.1641 43.5 
Heat + Base 0.3773 4.60 0.1509 40.0 
Heat + 0.3773 2.85 0.0935 24.8 

Peroxide 
a All samples were heated at 110' overnight. b No interfering HPLC peaks were 

observed. 

attempt to isolate the problem, a vehicle standard containing 0.57 mg of 
chlorobutanol/ml was prepared and injected into a gas chromatograph 
every 10 min. The results presented in Table I show an apparent increase 
in chlorobutanol concentration with time at  room temperature. This is 
probably due to a slow removal of the benzaldehyde internal standard 
caused either by oxidation to benzoic acid or reaction with the amino- 
glycoside present. A methanol chlorobutanol standard similarly injected 
showed no increase in concentration with time. 

Since long automated runs were clearly impossible using this GC 
procedure, a reverse-phase HPLC system was developed. Using the 
HPLC conditions described under Experimental, chlorobutanol eluted 
at  -6 min, which corresponds to a capacity factor (K')  of 4.1. Typical 
chromatograms are given in Fig. 1. 

Five chlorobutanol standards prepared in methanol over the concen- 
tration range of 0.28-0.48 mg/ml were extracted with hexane, as if they 
were ointment samples, and analyzed. A least-squares regression analysis 
of these results yielded a coefficient of determination (R2) of 0.9983, a 
y-intercept of -0.24 an, a slope of 29.54 cm/mg/ml, and a standard error 
of O.O93. Five vehicle standards containing -4.0 g of ointment vehicle were 
also prepared over approximately the same concentration range and 
analyzed (Table 11). A coefficient of determination (R2) of 0.9990, a y- 
intercept of 0.19 cm, a slope of 30.28 cm/mg/ml, and a standard error of 
0.070 were calculated. These statistics indicate that the HPLC analysis 
gives a linear response, and a single point standard may be used. The 
recoveries from 10 vehicle standards containing ointment vehicle aver- 
aged 99.4 f 0.2%14. 

Two complete ophthalmic formulations were analyzed for chlorobu- 
tan01 content (Table III). One was an experimental ophthalmic ointment 
which contained an aminoglycoside, mineral oil, and petrolatum as ex- 
cipients. The other formulation was an aqueous ophthalmic diluent15 
which contained boric acid and polysorbate 80. 

The ointment was analyzed on 2 consecutive days to check assay re- 
producibility. Fourteen days after manufacture, the chlorobutanol 
analysis of five samples taken from the bulk ointment averaged 111.7 f 
0.5%~~~. On the next day, five new samples were analyzed. The reeults were 
111.7 f 1.6%14. Fifteen percent excess chlorobutanol had been added, 
80 the theoretical content was 115% of label. These data indicate that the 
HPLC assay has good day-to-day reproducibility with a standard de- 
viation for each set of samples in the range acceptable for the analysis 
of a preservative. 

Nine samples of the aqueous ophthalmic diluent were diluted with 
methanol and analyzed for chlorobutanol. Theoretical content was 115% 
of label. The results averaged 107.9 f 0.%14. These samples were also 
later analyzed using a GC method similar to the one described under 
Experimental, but utilizing a cyclohexanol internal standard instead of 
benzaldehyde and a 3% polyethylene glycol 20M stationary phase. By 
this procedure, the chlorobutanol content averaged 107.4% label, which 
is in good agreement with the HPLC results. 

Four vehicle standard samples of chlorobutanol containing -4.0 g of 
ointment vehicle were forcibly degraded to ensure that chlorobutanol 
or excipient degradation products did not interfere with the HPLC assay. 
To the first sample several drops of concentrated hydrochloric acid was 
added, to the second several drops of concentrated ammonium hydroxide 
was added, to the third several drops of 30% hydrogen peroxide was 
added, and to the fourth nothing was added. The vials were tightly capped 
and heated at  110' overnight. These samples correspond to the potential 
degradation pathways catalyzed by acid, base, oxidation, and heat. 

l4 Mean f SD. 
1s Echodide Diluent. Alcon Laboratories. 
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Degradation was observed (Table IV), but no interfering HPLC peaks 
were present. The HPLC method thus appears to be stability indi- 
cating. 

Analysis of chlorobutanol by HPLC using UV detection at 210 nm is 
a reasonable alternative to the GC methods of analysis. Several years ago, 
the HPLC analysis of ‘non-UV absorbers,’ such as chlorobutanol, was 
thought to be difficult if not impossible (20); however, modern UV de- 
tectors can readily operate at the lower wavelengths ( i . e . ,  200-220 nm), 
and the quantitation of ‘non-UV absorbers’ has now become routine. 
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Abstract The promoting effect of glyceryl esters of acetoacetic acid 
on the rectal absorption of insulin and inulin was studied. A decrease in 
the serum glucose level was observed in rabbits following the adminis- 
tration of an insulin suppository containing glyceryl-1,3-diacetoacetate 
(adjuvant 11) or 1,2-isopropylideneglycerine-3-acetoacetate (adjuvant 
IV). The promoting effects of adjuvants I1 and IV on the rectal absorption 
of insulin and inulin were suppressed by the addition of calcium and 
magnesium to the suppository. This indicates that adjuvant interaction 
with the calcium and magnesium ion located in the rectal membrane is 
involved in the enhanced absorption of insulin and inulin. Adjuvant re- 
lease from the suppository formulation in addition to adjuvant lipid 
solubility were found to be other important factors for enhanced ab- 
sorption of insulin and inulin. 

Keyphrases 0 Insulin-adjuvant effects of glyceryl esters of acetoacetic 
acid on rectal absorption, rabbits, inulin Inulin-adjuvant effects of 
glyceryl esters of acetoacetic acid on rectal absorption, rabbits, insulin 
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In a previous paper (l), the effect of enamine derivatives 
of DL-phenylglycine on the rectal absorption of insulin was 
reported. It was suggested that rectal absorption of insulin 
was enhanced due to an interaction between the enamine 
derivatives and the calcium ions in the membrane. This 

interaction caused a temporary change in the integrity of 
the membrane allowing the insulin to pass more easily 
through the barrier. The active forms of the phenylglycine 
enamines are considered to be predominantly anionic. The 
interaction of these adjuvants with calcium and magne- 
sium may be through the carboxylate moiety and/or the 
enamine moiety. 

It has been reported (2) that intravenous administration 
of acetoacetic acid enhanced the distribution of chloro- 
propamide and sulfadimetoxide to the red blood cells, 
indicating some change in erythrocyte membrane per- 
meability. In the present paper, the glyceryl esters of 
acetoacetic acid were examined as adjuvants for promoting 
the rectal absorption of insulin and inulin. The ability of 
these nonionic compounds to be released from the sup- 
pository formulations, to permeate the rectal membrane, 
and to interact with divalent metal ions was examined. 

EXPERIMENTAL 

Materials-Glyceryl esters of acetoacetic acid were routinely syn- 
thesized by adding acetoacetic acid to glycerol or 1,2-isopropylidene- 
glycerol in the presence of potassium acetoacetate (a catalyst) at 
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Degradation was observed (Table IV), but no interfering HPLC peaks 
were present. The HPLC method thus appears to be stability indi- 
cating. 

Analysis of chlorobutanol by HPLC using UV detection at 210 nm is 
a reasonable alternative to the GC methods of analysis. Several years ago, 
the HPLC analysis of ‘non-UV absorbers,’ such as chlorobutanol, was 
thought to be difficult if not impossible (20); however, modern UV de- 
tectors can readily operate at the lower wavelengths ( i . e . ,  200-220 nm), 
and the quantitation of ‘non-UV absorbers’ has now become routine. 
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Abstract The promoting effect of glyceryl esters of acetoacetic acid 
on the rectal absorption of insulin and inulin was studied. A decrease in 
the serum glucose level was observed in rabbits following the adminis- 
tration of an insulin suppository containing glyceryl-1,3-diacetoacetate 
(adjuvant 11) or 1,2-isopropylideneglycerine-3-acetoacetate (adjuvant 
IV). The promoting effects of adjuvants I1 and IV on the rectal absorption 
of insulin and inulin were suppressed by the addition of calcium and 
magnesium to the suppository. This indicates that adjuvant interaction 
with the calcium and magnesium ion located in the rectal membrane is 
involved in the enhanced absorption of insulin and inulin. Adjuvant re- 
lease from the suppository formulation in addition to adjuvant lipid 
solubility were found to be other important factors for enhanced ab- 
sorption of insulin and inulin. 
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0 Glyceryl esters-acetoacetic acid, adjuvant effects on rectal absorption 
of insulin and inulin, rabbits 

In a previous paper (l), the effect of enamine derivatives 
of DL-phenylglycine on the rectal absorption of insulin was 
reported. It was suggested that rectal absorption of insulin 
was enhanced due to an interaction between the enamine 
derivatives and the calcium ions in the membrane. This 

interaction caused a temporary change in the integrity of 
the membrane allowing the insulin to pass more easily 
through the barrier. The active forms of the phenylglycine 
enamines are considered to be predominantly anionic. The 
interaction of these adjuvants with calcium and magne- 
sium may be through the carboxylate moiety and/or the 
enamine moiety. 

It has been reported (2) that intravenous administration 
of acetoacetic acid enhanced the distribution of chloro- 
propamide and sulfadimetoxide to the red blood cells, 
indicating some change in erythrocyte membrane per- 
meability. In the present paper, the glyceryl esters of 
acetoacetic acid were examined as adjuvants for promoting 
the rectal absorption of insulin and inulin. The ability of 
these nonionic compounds to be released from the sup- 
pository formulations, to permeate the rectal membrane, 
and to interact with divalent metal ions was examined. 

EXPERIMENTAL 

Materials-Glyceryl esters of acetoacetic acid were routinely syn- 
thesized by adding acetoacetic acid to glycerol or 1,2-isopropylidene- 
glycerol in the presence of potassium acetoacetate (a catalyst) at 
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Table I-Glyceryl Esters of Acetoacetic Acid 

Physical IR, cm-' 
Adjuvants State c=o 0-H NMR, ppm 

Glyceryl-l- I b  Oil 1720,1705 3400 2.18 (s, 3H, -CH3), 3.39 (b, 
monoacetoacetate 2H, -CHzOH), 3.53 (s, 2H, 

-COCH2CO-), 4.03 (m, 2H, 

I 
I 

0 
II 

-CHzOC-), 4.30 (b, lH,'CH+H), 

4.65 (b. 2H. --OH). 
Glyceryl- 1,3- 

diacetoacetate 

Glyceryl- 1,2,3- 
triacetoacetate 

1,2-Isopropylidene 
glyceryl-3- 
acetoacetate 

IIIb 

IVC 

Oil 

Oil 

Oil 

1720,1705 

1722,1707 

1720,1709 

3450 2.01 (s,6H, A H 3  X2),  3.55 
(s,4H, -COCHzCO- X 2), 4.15 
(s, 4H, -CHzO- X 2), 4.25 

I 

(b, 2H, 6H-OH).  
I 

2.00 (s,9H, -CH3 X 3), 3.55 
( s , ~ H ,  -COCHZCO- X 3), 4.33 
(d, J = 6.OHz,4H, -CH20- x 2), 
5.30 (quintet, J = 6.0 Hz, 
IH, -CH-0-). 

1.28 (s, 3H, -CH3), 1.33 (s ,  
3H, CHa). 2.19 (s, 3H, -CH3), 
3.37 (9,2H, -COCH&O-), 3.70 
(m, 2H, H), 4.07 (s, 2H, 

I 

0 Liquid form. b Compounds I, 11, and 111 were purified by chromatographic method: silica gel (70 - 325 mesh) was the column material; a mixture of benzene and eth- 
ylacetoacetate (21) was the mobile phase. Compound IV was purified by a vacuum distillation method. 

Table 11-Suppository Formulations a 

Silicon Triglyceride Calcium Magnesium 
Adjuvant Dioxide Insulin Inulin Base, Gluconate Chloride 

Formula (50 mg) (5 mg) (3IU) (25mg) q.s. (7.5 mg) (3.5 mg) 

2 
3 

I or IV 
I1 or IV 

- 

Added onlv with adiuvant I1 
X 
X 

X x 
4 IIor IV Added onl? with adjuvant I1 X X - X 
5 I, 11,111 or IV Added only with adjuvants I1 or 111 - X X 
6 I1 or IV Added only with adjuvant I1 - X X 
7 IIor IV Added only with adjuvant I1 - X X 

- 
- - 

- x 
X - 

X indicates compounds present. 

100-llOo while stirring. The insolubles, if necessary, were removed from 
the mixture by filtration. The crude products obtained were purified by 
liquid chromatographic methods (Table I). Commercially available 
crystalline beef insulin (zinc content 0.5% w/w on dry basis, 24.5 IU/mg) 
was used throughout the experiments'. Other reagents used were of an- 
alytical grade. 

Preparation of Suppositories-Suppositories were prepared by 
combining the adjuvant, silicon dioxide2, and either insulin or inulin with 
a triglyceride suppository base3 (melted on a hot plate at 40') according 
to the formulas in Table 11. Silicon dioxide was added to the suppositories 
prepared with adjuvants I1 and 111 to disperse each adjuvant in the 
suppository base. The molten liquid was poured into disposable plastic 
molds4. The suppositories were allowed to stand for 2 hr at room tem- 
perature and were then stored in a refrigerator until used. Each sup- 
pository was slightly conical in shape with a rounded apex, measured 25 
mm in length and 7 mm in maximum diameter, and weighed -1 g. 
In Vivo Studies-Male white rabbits (2.5-3.0 kg) were fasted (with 

water available) for 16 hr prior to experimentation. One-milliliter control 
blood samples were collected from a marginal vein before the rectal ad- 
ministration of the suppository. After rectal administration of the sup- 
pository, the anus was closed with a plastic clip to prevent leakage of the 

1 Common Wealth Serum Laboratories, Australia. 
2 Aerosil200 Colloidsilica Be 
3 Witepsol H'-15, Chemishe ek, Witten, Germany. 
4 Nichii Packing Co., Ltd., Osaka, Japan. 

sa, Germany. 

rectal contents during the experiments. Blood samples were collected 
at specific time intervals for 3 hr. Each sample was frozen until assays 
of glucose and insulin were made. 
In Vitro Studies-Male Sprague-Dawley rats (250-300 g) were fasted 

(with water available) for 24 hr prior to the experiments. After decapi- 
tation and excision of the gut, the rectum and anus were washed with a 
Krebs-Ringer's solution containing 0.3% glucose (pH 7.4). The rectal 
segment was ligated at the anus, a 0.1-g liquified suppository was placed 
Table 111-Control Experiments in Rabbits without Insulin a 

Triglyceride 
~ ~~ ~~~ 

Serum Glucose Level 
as Suppository mg/100 ml, 

Base 0 0.5 1.0 1.5 2.0 2.5. hr 

+ I  108.6 127.4 113.5 120.3 117.2 114.8 
(12.6) (6.9) (14.8) (12.6) (18.3) (13.9) + I1 102.9 129.7 124.6 112.8 106.4 109.3 
(10.5) (18.9) (16.5) (5.7) (11.7) (8.4) + 111 i12.1' 119.3' ii9.5' 11'2.7' 117.1 109.7 
(7.3) (12.7) (17.1) (9.3) (12.4) (9.7) + IV 99.7 107.4 103.2 105.1 103.8 108.2 
(4.1) (8.5) (9.2) (9.3) (12.4) (6.0) 

Basealone" 102.9 135.8 127.0 119.3 120.0 109.2 
(11.4) (21.4) (16.3) (20.1) (8.5) (10.2) 

0 Each figure is the mean f standard deviation of six rabbits. * No significant 
differences in the serum glucose level resulted from suppositories administered with 
adjuvant compared to suppositories administered without adjuvant. 
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Figure 1-Changes in serum glucose levels (-) (mgl100 mi) and serum 
insulin levels (---) (plUfml) in rabbits after administration of insulin 
suppositories containing 3 IU of insulin and 50 mg of adjuvant I1 (0) 
or adjuvant IV (X). The suppositories administered were prepared 
following formulas 1 and 2 (Table 11). Each value in  the figure indicates 
the mean and standard deviation of six rabbits. 

inside, and the other end of the segment was closed by ligation. The sac 
was placed into a test tube containing 40 ml of Krebs-Ringer's solution. 
The solution was held at 37' and aerated with an oxygenxarbon dioxide 
mixture (95:5). The concentration of glycerine esters in solution was 
determined by the assay described below. 

Interaction of Clyceryl Esters with Calcium-The interaction 
of glyceryl esters with calcium was studied following a turbidimetric 
titration method previously described (3) with modifications ( I  1. 

Release of Adjuvants from Suppositories-The release of adjuvants 
from suppositories was studied using a previous method (4). A special 
apparatus5 and a membrane filter (pore size 3.0 pmI6 were used in the 
study of drug release from suppositories. 

/ 

O L  I I 
0 25 50 

CONCENTRATION OF ADJUVANT, mg 

Figure 2-Concentration effect of adjuvant I1 i n  suppositories con- 
taining 3 IUfbody of insulin. The maximum response expressed in terms 
of the maximum change inglucose level as a percent of the initial level. 
Each ualue indicates the mean and standard deviation of six rabbits. 

5 Toyama Sangyo Co., Ltd.. Japan. 
6 Type SM, Sartorius Membranefilter GmbH. Germany. 
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CONCENTRATION OF ADJUVANT, mg 
Figure 3-Concentration effect of adjuvant IV in  suppositories con- 
taining 3 IUlbody of insulin. The maximum response is expressed in 
terms of the maximum change inglucose level as a percent of the initial 
level. Each value indicates the mean and standard deviation of six 
rabbits. 
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DOSE OF INSULIN, IU 

Figure 4-Dose-response profile of insulin in rabbits administered 
suppositories containing 1.54 ZU of insulin and 50 mg of adjuvant 11. 
Response was expressed in terms of  the maximum change in glucose 
levels as a percent of the initial level. Each value indicates the mean 
and standard deviation of six rabbits. 
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DOSE OF INSULIN, I U  

Figure 5-Dose-response profile of insulin following the administration 
of suppositories containing 1.54 IU of insulin and 50 mg of the adjuvant 
IV. Response was expressed in terms of the mnximum change inglucose 
level as a percent of  the initial level. Each value indicates the mean and 
standard deviation of six rabbits. 
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Figure 6-Effect of calcium (0) and magnesium (X) on the promotive efficacy of adjuvants II or IV. Suppositories made according to formulas 
3 and 4 (Table 11) were administered at 1.0-g doses. The broken line indicates the change in serum glucose levels following the administration 
of an insulin suppository without calcium and magnesium. Each value indicates the mean and standard deviation of six rabbits. 

Assay+The serum glucose level was determined with the 0-toluidme 
boric acid method (5) with a modification using a glucose test kit7. Serum 
insulin levels of rats were determined by a radioimmunoassay method 
described previously (5) using an insulin assay kit containing an agar- 
ose-bound antibodg. Inulin was determined as previously described (6) 
with the following slight modifications. A 0 . 5 4  sample was mixed with 
1 ml of 0.1% resorcinol in 95% ethanol and 2.5 ml of 30% hydrochloric acid 
in a glass-stoppered test tube. The test tube was kept in a water bath at 
a temperature of 80 i 0.5O for 25 min. After cooling with running water 
for 3 min, the color of the solution was spectrophotometridy determined 
at 490 nm. The concentration of glyceryl esters of acetoacetic acid in 
solution was determined according to a previous method (1) as a function 
of acetoacetate. 

Adjuvants I and 111 failed to reduce the serum glucose and did not in- 
crease the serum insulin level in these experiments. Adjuvants I and 111 
also failed to enhance the rectal absorption of inulin. When 1.0-g sup- 
positories (formula 5 in Table 11) containing 25 mg of inulin/g and 50 mg 
of the adjuvant were rectally administered to rabbits, only adjuvants I1 
and IV promoted inulin absorption (Table IV). 

To  study the effect of adjuvant concentration on the serum glucose 

Table IV-Recovery of Inulin in Urine After Administration of 
Suppositories Containing 25 mg of Inulin/g and 50 mg of the 
Adjuvant at a Dose of 1.0 g of Suppository a 

Recovery of Inulin 
in Urine, % (4.0 hr)* Adjuvant 

RESULTS AND DISCUSSION 

As control experiments, 1.0-g suppositories containing glyceryl-l- 
monoacetoacetate (adjuvant I), glycerine-l,3-diacetoacetate (adjuvant 
II), glyceryl-1,2,3-triacetoacetate (adjuvant HI), or 1,2-isopropylidene 
glyceryl-3-acetoacetate (adjuvant IV) a t  doses of 100 mg were adminis- 
tered to rabbits (Tables I and 111). None of these control suppositories 
had any effect on the rabbits’ serum glucose levels. 

After rectal administration of suppositories (formulas 1 and 2 in Table 
11) containing 3 IU of insulin and only 50 mg of adjuvant, the serum 
glucose and serum insulin profiles were measured (Fig. 1). The admin- 
istration of the suppositories containing adjuvants I1 and IV caused a 
dramatic decrease in glucose levels with minimums at 60-120 min and 
60-90 min, respectively (Table I). Concomitantly, the serum insulin 
concentrations increased rapidly and reached maximum levels at 60 min 
for the suppositories containing adjuvant I1 and 30 min for adjuvant IV. 

7 Wako Pure Chemical Ind. Co., Japan. 
8 Pharmacia Co., Ltd., Japan. 

I 
I1 

111 
IV 

- 
28.5 f 1.8 

38.7 f 2.1 
- 

0 See formula 5 in Table I1 for suppository content. 
indicates the mean f standard deviation of six rabbits. 

Table V-The Effect of Calcium and Magnesium on the 
Recovery of Inulin in Urine After Administration of 1.0-g 
Suppositories a 

Each value in the table 

Recovery of Inulin in Urine, 
?6 (4.0 hr) 

Adjuvant Calcium6 Magnesium‘ 

I1 
IV 

11.6 f 2.1 
19.8 f 4.2 

6.3 f 2.4 
10.9 f 3.8 

0 Each value in the table indicates the mean f standard deviation of six rabbits. 
b See formula 6 in Table I1 for supwssitory content. c See formula 7 in Table I1 for 
suppository content. 
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Figure 7-Release of adjuvants I fa), I I  (0). III (- X -), and IV 
f - - X - -) from triglyceride base into a saline solution. 

level, 1.0-g suppositories were prepared with concentrations ranging 
between 12.5 and 50 mg of adjuvant I1 or IV and containing 3 IU of insulin 
(Figs. 2 and 3). The insulin response was expressed as the maximum 
change in glucose relative to the initial level. With increasing adjuvant 
concentration in the suppositories, the maximum change in the serum 
glucose level increased accordingly. Rectal administration of 3 IU of in- 
sulin in the presence of 50 mg of adjuvant I1 or IV caused a 50% reduction 
in rabbit serum glucose concentration. 

To study the dose-reponse profiles of insulin, 1.0-g suppositories 
containing 1.5-6.0 IU of insulin and 100 mg of adjuvant I1 were admin- 
istered to rabbits (Fig. 4). The maximum response increased asymptot- 
ically with an increase in the insulin dose. Normal glucose level recovery 
took longer with higher concentrations of insulin. Similar results were 
obtained with adjuvant IV (Fig. 5). 

In a previous paper (l), it was suggested that the absorption-promoting 
efficacy of enamine derivative was linearly related to their interacting 
ability with calcium ions located in the rectal membrane. In the present 
experiment, the addition of calcium gluconate or magnesium chloride 

/ O - O  

0 30 60 

Table VI-Interacting Ability of Glycerol Derivatives with 
Calcium at pH 10.Os 

Adjuvant Calcium gram per mole of compound 

I 0.26 
I1 0.34 

I11 0.36 
IV 0.28 

a Gram of calcium ion interacting with 1 mole of glycerol derivative; results 
represent the mean of 3 determinations. 

to suppositories markedly suppressed the promotive efficacy of adjuvants 
I1 and IV on the rectal absorption of insulin and inulin (Fig. 6 and Table 
V). The depressive effects of calcium and magnesium on the action of 
adjuvants were dramatically observed at doses shown in formulas 3,4, 
6, and 7 (Table 11). Half doses of calcium and magnesium caused only 
small changes in the serum glucose compared with doses without the ions. 
These results appear to indicate that the promotive efficacy of glyceryl 
esters as well as enamine derivatives may be partly dependent on the 
interaction of the adjuvant with calcium and magnesium ions located in 
the rectal membrane. This interaction may cause transient gaps to form 
in the membrane allowing the insulin or inulin to permeate the rectal 
membrane more readily. 

Even though the calcium binding ability of the four glyceryl esters 
was found to be similar to that of the enamine derivatives (Table VI), 
adjuvants I and 111 did not promote the rectal absorption of either insulin 
or inulin. Therefore, the promotive efficacy of adjuvants I1 and IV can 
not totally be explained by their ability to interact with calcium. To 
further explore possible absorption-enhancing mechanisms of these 
adjuvants, release of adjuvants from triglyceride base to water (main- 
tained at  37O and continually stirred with a magnetic stirring bar) was 
studied (Fig. 7). The rates of release of the adjuvants were found to be 
in the order of I ( k l  = 0.207 min-'), I1 ( k l  = 0.115 min-'), IV (kl = 0.029 
min-I), and 111 (unmeasurable) as calculated by the following equa- 
tion: 

(Eq. 1) 

where A0 is the total amount of glycerol derivative in the system, At is 
the released amount of glycerol derivative at  time t ,  V is the volume of 
the solution, and k l  is the release rate constant. 

Adjuvant 111 was inadequately released from the base owing to its poor 
water solubility. Thus, the deficiency in the promotive activity of adju- 
vant 111 may be explained by its inadequate partitioning property. 

To investigate the deficiency in the promotive activity of adjuvant I, 
permeation of adjuvants and inulin through the excised sac of the rat 
rectum was studied (Fig. 8). Permeation rates were calculated using Eq. 
2: 

X 
/ 

/ 
I 

- 
0 30 60 

2) 

MINUTES 

Figure 8-Permeation of adjuvants I (a), I1 (O),  and IV (X) with inulin through the excised sac of the rat rectum. Liquified suppositories (0.1 
g) containing 10% of one of the glycerol derivatives and 30 mg of inulinlg of suppository were used. 
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where all symbols are the same as before and k z  is the permeation rate 
constant. Adjuvant 1 (k2 = 0.42 X 10' min-I) did not readily cross the 
rectal membrane, possibly due to its strong lipophobicity. Adjuvants I1 
( k 2  = 7.29 X 102 min-') and IV (k2 = 1.91 X lo2 min-l) which are more 
lipophilic, easily permeated the rectal membrane and promoted the ab- 
sorption of inulin. 

Thus, adjuvant enhancement of rectal absorption of insulin and inulin 
appears to depend on at least three factors: adjuvants must be effectively 
released from the suppository, be able to permeate the membrane, and 
be able to interact with the calcium and magnesium ions in the mem- 
brane. 
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In recent years, log P values (P is the 1-octanol-water 
partition coefficient) have been widely used as a parameter 
of the hydrophobic property of organic compounds in 
structure-activity studies (1). Log P values of complex 
molecules often can be calculated from those of suitable 
reference molecules and ?r values, where a is defined as ax  
= log Px - log PH (Px is the coefficient value of a deriva- 
tive on which the substituent X is carried and PH is the 
coefficient value of a reference). 

As pointed out earlier, however, the ?r value varies from 
one solute system to another (2). It was suggested that the 
variation in a values of aromatic substituents in various 
disubstituted benzene systems should be rationalized in 
terms of electronic interactions between substituents when 
no significant steric interaction is involved (2). For rneta- 
and para-X substituents in disubstituted benzene systems 
of the type XCGH~Y, it was proposed that the variation in 
a relative to the value obtained for the monosubstituted 
benzene system, XCGH~H, depends on electronic inter- 

action between each of the X-substituents and the fixed 
function Y, and is formulated, in general, as: 

AT = XX/PhY - aX/phH = PWx + PxW (Eq. 1) 
where py and px are the susceptibility constants of sub- 
stituents Y and X to the solubility-modifying effects of 
substituents X and Y, respectively. 

Since interest in the use of log P values in quantitative 
structure-activity studies is growing rapidly, it is impor- 
tant to  clarify the composition of a values from various 
solute systems. The present report examines how far 
relations such as Eq. 1 can be applied in predicting a values 
for calculation of log P values. 

EXPERIMENTAL 

Solute Systems-Seventeen sets of ?r values (a total of 360 values) 
were used for the study. They were calculated from log P values of 17 
disubstituted benzene solute systems and the corresponding reference 
monosubstituted benzenes. The majority of the log P values were taken 
from earlier reports (2,3). 

Several were determined' according to the reported procedure (2). 
Other values, e.g., those for substituted benzamides (41, formanilides (5), 
acetanilides (6), and pyridines (7), are from the literature. 

General Procedure-It was assumed that the solubility-modifying 
effect of substituent X on Y, as well as that of Y on X, was due primarily 
to the variation in hydrogen bonding association of substituents with 
solvents, according to the variation in the electronic environment of 
substituents X and Y. In actual examination of the applicability of Eq. 
1, analysis was performed according to equations where ?rX/phY and 
?rX/PhH were used as dependent and independent variables, respectively. 
Although it should be close to 1, the slope of the ?rX/PhH term is not nec- 
essarily equal to 1. To avoid giving the unsubstituted solute excessive 
weight, an intercept term, c, has been included which should be close to 
0. Equation 2 is employed when the fixed substituent Y is capable of 
hydrogen bonding: 
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where all symbols are the same as before and k z  is the permeation rate 
constant. Adjuvant 1 (k2 = 0.42 X 10' min-I) did not readily cross the 
rectal membrane, possibly due to its strong lipophobicity. Adjuvants I1 
( k 2  = 7.29 X 102 min-') and IV (k2 = 1.91 X lo2 min-l) which are more 
lipophilic, easily permeated the rectal membrane and promoted the ab- 
sorption of inulin. 

Thus, adjuvant enhancement of rectal absorption of insulin and inulin 
appears to depend on at least three factors: adjuvants must be effectively 
released from the suppository, be able to permeate the membrane, and 
be able to interact with the calcium and magnesium ions in the mem- 
brane. 
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disubstituted benzene systems should be rationalized in 
terms of electronic interactions between substituents when 
no significant steric interaction is involved (2). For rneta- 
and para-X substituents in disubstituted benzene systems 
of the type XCGH~Y, it was proposed that the variation in 
a relative to the value obtained for the monosubstituted 
benzene system, XCGH~H, depends on electronic inter- 

action between each of the X-substituents and the fixed 
function Y, and is formulated, in general, as: 

AT = XX/PhY - aX/phH = PWx + PxW (Eq. 1) 
where py and px are the susceptibility constants of sub- 
stituents Y and X to the solubility-modifying effects of 
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solute systems. The present report examines how far 
relations such as Eq. 1 can be applied in predicting a values 
for calculation of log P values. 
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were used for the study. They were calculated from log P values of 17 
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monosubstituted benzenes. The majority of the log P values were taken 
from earlier reports (2,3). 
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acetanilides (6), and pyridines (7), are from the literature. 

General Procedure-It was assumed that the solubility-modifying 
effect of substituent X on Y, as well as that of Y on X, was due primarily 
to the variation in hydrogen bonding association of substituents with 
solvents, according to the variation in the electronic environment of 
substituents X and Y. In actual examination of the applicability of Eq. 
1, analysis was performed according to equations where ?rX/phY and 
?rX/PhH were used as dependent and independent variables, respectively. 
Although it should be close to 1, the slope of the ?rX/PhH term is not nec- 
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weight, an intercept term, c, has been included which should be close to 
0. Equation 2 is employed when the fixed substituent Y is capable of 
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Table I-Primary Correlations of %X/phY Using Eqs. 2 and 4 

4 COY Substituents Used Equa- 
Solute System a PY (meta) (para) C S b  rc nd for Correlation tion 

Benzoic acids 

Phenylacetic acids 

Phenoxyacetic acids 

Phenols 

Benzamides 

Anilines 

Benzyl alcohols 

Formanilides 

Acetanilides 

Benzonitriles 

Nitrobenzenes 

Acetophenones 

Anisoles 

0.964 
(0.071) 

1.038 
(0.155) 

0.935 
(0.051) 

1.028 
(0.108) 

0.999 
(0.077) 

1.020 
(0.055) 
0.937 

(0.052) 

0.977 
(0.053) 
0.989 

(0.058) 
0.882 

(0.135) 

0.920 
(0.046) 

0.886 
(0.1 11) 

0.91 1 
(0.077) 

0.499 
(0.140) 

0.317e 
(0.304) 

0.465 
(0.118) 

0.959 
(0.202) 

0.437 
(0.181) 

0.731 
(0.082) 
0.486 

(0.096) 

0.696 
(0.068) 
0.907 

(0.159) 

-0.200 
(0.109) 

0.1781 
(0.197) 

0.292 
(0.130) 

0.769 
(0.264) 

0.742 
(0.128) 

0.388 
(0.212) 

0.01 l g  
(0.125) 

0.712 
(0.244) 

0.758 
(0.132) 

0.352 
(0.235) 

-0.168 
(0.124) 

-0.021 
(0.048) 

(0.104) 

(0.068) 

-0.057 

-0.007 

0.0oO 
(0.081) 

0.028 
(0.085) 

-0.005 
(0.028) 
0.023 

(0.035) 

0.028 
(0.027) 
0.008 

(0.060) 
-0.095 
(0.153) 

0.001 
(0.047) 

0.044 
(0.084) 

0.012 
(0.082) 

0.035 

0.076 

0.065 

0.060 

0.064 

0.015 

0.046 

0.019 

0.043 

0.083 

0.053 

0.068 

0.055 

0.977 

0.987 

0.993 

0.993 

0.994 

0.999 

0.998 

0.999 

0.999 

0.987 

0.997 

0.994 

0.994 

12 

12 

24 

13 

13 

7 

11 

7 

7 

11 

20 

12 

18 

H, m-F, m-C1, m-Br, rn-I, m-CH3, 
m-CF3, p-F, p-C1, p-Br, p-I, 
P - C H ~  

H, m-F, rn-C1, m-Br, m-I, m-CH3, 
m-CF3, p-F, p-C1, p-Br, p-I, 
P - C H ~  

H, m-F, rn-C1, m-Br, m-I, m-CH3, 
m-CzH5, m-CgH,, rn-i-CsH?, 
m-C4H9, rn-t-CrHg, m-CsH5, 
m-CF3, rn-SF5, p-F, p-C1, p-Br, 

3,4-(CH)4,3,4-(CHz)3,3,4- 
p-I, p-CH3, P - I - C ~ H ~ ,  P - s - C ~ H ~ ,  

(CH2)4 
H, rn-F, m-C1, m-Br, rn-I, m-CH3, 

m-CzH5, m-CF3, p-F, p-C1, 
p-Br, p-I, p-CH3 

H, m-Br, m-C1, m-F, m-CH3, p-F, 
p-C1, p-Br, p-I, p-CH3, p-CF3, 
p-i-C3H7. p-t -CrHg 

H, m-F, m-C1, m-CH3, p-F, p-C1, 
D-CHI r --- 

H, m-Ccm-CH3, m-NOz, m-OH, 
m-NHz, P-Cl, p-CH3, p-NO2, 
p-OCH3, p-OH 

H, P-Cl, p-NO2, p-CN, p-CH3, p -  
OCH3, p-COCH3 

NOz, p-CONHz 

CHzCOOH, m-OCHzCOOH, 

OCHzCOOH, p-CONH2, p-  

H, p-F, p-Br, p-I, p-OCH3, p -  

H, m-OH, m-COOH, m- 

m-CONHZ, p-OH, p-COOH, p- 

NHCHO 
H, m-C1, rn-Br, rn-CH3, m-COOH, 

m-CHzCOOH, m-OCH2COOH, 
m-CHZOH, m-OH, rn-NH2, rn- 
CONH2, p-CI, p-CH3, p-COOH, 
p-CHzCOOH, p-OCHzCOOH, 
P-CH~OH, p-OH, p-NH2, p -  
CONH2 

H. m-OCH9COOH. m-OH. m- 
 NO^, p - d ~ ~ z ~ O ~ ~ , p - O ~ ,  p -  
NOz, p-NHCHO, m-NHz, p -  
NH~,J-CH~,  P-Cl 

H, m-C OH, rn CHEOOH, m- 
OCHeCOOH. rn-OH. m- 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

CONH~, ~ - N H ~  ~ - N H C H O ,  
m-NO2, p-COOH, p-CH&OOH, 
p-OCHzCOOH, p-OH, p -  
CONHz, p-CHzOH, p-NHCHO, 
p-NHCOCH3, p-NO2 

TWphY = a x y w  + py& + p@m) + px& @) + c; unless noted, d of the tenns except for the interce t values are justified above the 99.5% level; fi es in parentheses 
=:the 95% confi ence intervals. Standard deviation. C Correlation coefficient. d Number of points usex for correlations. e Justified at the 95% levefl  Justified at the 
93% level. 8 Justified at the 50% level. 

For cases when Y is incapable of association: 

*X/PhY = arX/F’hH -k PXUY(meta) -k PXUY(ParU) -k C (Eq. 3) 

Since the effect of Y on X is accounted for either by uy(meta) or uy- 
(para), depending on the position of X-substituents, the term pxuy in 
Eq. 1 should be separated as in Eqs. 2 and 3. Each of the pxuy terms is 
only applicable to each of the corresponding meta- and pora-substitu- 
ents. For nonhydrogen-bonding variable substituents X, the value of px 
should be taken as 0. For T values derived from a set of XC&I4Y com- 
pounds where a fmed substituent Y is capable of hydrogen-bonding while 
the variable X substituents are not, Eq. 2 can be simplified as: 

TX/F’hY = a*X/PhH -k PYuX -k c (Eq. 4) 

According to recent studies on the hydrogen-bonding effect on oil-water 
partitioning of substituted benzene derivatives, substituents such as 
hydrogen, halogen, alkyl, phenyl, trifluoromethyl (CF3), and pentaflu- 
orothio (SF5) are discriminated as nonhydrogen bonders (8). 

Values of 8 were used throughout this study. Preliminary examina- 
tions showed that UO works better than u- for u values from phenols and 
anilines. Even T values from benzoic acids and benzamides were better 
correlated by 8 than 6. Values for TX/F’hH (1) and 8 (9) used for corre- 
lations were taken from the literature. 

The values for a, py, uy (meto), uy (para), and c were determined by 
regression analysis. If the correlation is complete, uy (meta) and uy 
(para) values determined as regression coefficients of px terms should 
be equal to the respective u values of the fixed substituent Y. 

Preliminary Analysis-To carry out analyses using Eqs. 2 and 3, px 
values for hydrogen bonding variable substituents were needed. In the 
first six cases in Table I, data for only nonhydrogen bonding X substit- 
uents were fit to an equation of the form of Eq. 4 to get an approximate 
value for py for such Y substituents as carboxyl, carboxylmethyl 
(CHzCOOH), carboxylmethoxy (OCH2COOH), hydroxy, carbamoyl 
(CONHz), and amino. The assumption for the first approximation was 
that px = 0. In the next three cases in Table I, u\ values of functional 
groups such as m- and p-hydroxymethyl(CHzOH), p-formylami- 
do(NHCHO), and p-acetamido (NHCOCH3) were essentially 0 (1,9); 
hence, there was no electronic effect, for example, of hydroxymethyl on 
hydrogen bonding X substituents to affect T .  Therefore, these three 
examples, including hydrogen bonding and nonhydrogen bonding sub- 
stituents can be fit to the same type of equation as the first six. This 
provided the approximate py values altogether for nine hydrogen bonding 
Y substituents. 

For the benzonitriles, nitrobenzenes, acetophenones, and anisoles, few 
derivatives with nonhydrogen bonding X substituents have reported A 
values; therefore, in these examples, equations of the type derived for the 
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Table 11-Final Correlation of rXX/phY Using Eqs. 2 and 3 

Equa- 
Solute System a PY &m) U?b)  c S O  ro  na Substituents used for correlationb tion 

Benzoic acids 1.001 
(0.042) 

0.435 
(0.098) 

0.294 
(0.143) 

0.416 
(0.082) 

0.352 
(0.126) 

0.427 
(0.138) 

-O.15lc 
(0.138) 

0.285 
(0.170) 

-0.566 
(0.240) 

0.694 
(0.132) 
0.751 

(0.151) 

0.376 
(0.197) 

-0.193 
(0.084) 

-0.102c 
(0.096) 

-0.024 
(0.046) 

0.012 
(0.059) 

0.035 
(0.035) 

0.052 
(0.040) 

0.085 
(0.062) 

0.069 
(0.089) 

-0.048 
(0.069) 
0.018 

(0.049) 

0.050 
(0.065) 
0.037 

(0.058) 
-0.054f 
(0.029) 

0.048 

0.079 

0.076 

0.080 

0.070 

0.087 

0.059 

0.063 

0.058 

0.052 

0.052 

0.061 

0.998 

0.993 

0.996 

0.996 

0.996 

0.994 

0.990 

0.993 

0.995 

0.995 

0.997 

0.998 

22 

20 

44 

35 

24 

18 

15 

28 

13 

20 

24 

24 

~ 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

28a 

Phenylacetic acids 0.954 
(0.057) 

Phenoxyacetic acids 0.913 
(0.026) 

Phenols 0.967 0.941 
(0.040) (0.105) 

Benzamides 0.951 
(0.056) 

0.447 
(0.132) 

0.740 
(0.219) 

-0.139. 
(0.105) 

0.156c 
(0.153) 
0.272 
(0.099) 

0.281 
(0.174) 

-0.255d 
(0.259) 

Anilines 0.889 
(0.100) 

Benzonitriles 

Nitrobenzenes 

0.915 
(0.087) 
0.913 

(0.051) 

0.757 
(0.142) 
0.751 

(0.141) 

0.410 
(0.179) 

Acetophenones 

Anisoles 

Toluenes 

0.904 
(0.092) 

p-COCH3, m-OCH3 0.924 
(0.061) 
0.980 H, m-Cl,p-Cl, m-CH3g-CH3, rn- 

NOz,p-NOz, m-OC 2COOH, 
D-OCH&OOH. m-CHqCOOH. 

(0.034) 
0.998 

(0.037) P-CHBCOOH, h-COOk, P I  ~~' 

COOH, m-CHzOH, p-CHzOH, 
m-NHz,p-NHz, 

2 % I i 2 q ~ ~ c o N H 2 ,  m- 
OCONHCH3, p-OCONHCH3, 
p-COCHj 

H, m-C1, p-C1, m-CH3, p-CH3, m- 
NOz, p-NOz, rn-OH, p-OH, m- 

COOH. m-CH&OOH. D -  
NH2, P - N H ~ ,  m-COOH, p -  

Chlorobenzenes 0.966 0.394 
(0.137) 
0.269 

(0.165) 

0.430 
(0.173) 
0.750 

(0.195) 

0.469 
(0.297) 

0.370 
(0.138) 
0.2408 

(0.166) 

0.604 
(0.177) 
1.023 

(0.194) 

0.481 
(0.318) 

-0.088f 
(0.043) 

0.169f 
(0.048) 

0.037 
(0.066) 

0.066 

0.089 

0.075 

0.099 

0.079 

0.994 

0.994 

0.994 

0.992 

0.994 

24 

24 

19 

19 

41 

29 

29a 

30 
30a 

31 

(0.058) 
0.975 

(0.079) 

Pyridines 0.800 
(0.055) 
0.901 
(0.064) 

0.332 
(0.138) 

0.602 
(0.140) 

Phenyl N- 
methylcarbamates 

fiHCOCH3, y-OCH3-' ' 
H, m-F, m-C1, rn-Br, m-I, m-CH3, 

m-CzH5, rn-C3H7, m-i-CsH,, 
m-t-C4H9, m-CF3, p-F, p-C1, 
p-Br, P-I, p-CH3, P-CZHS, P- 

p-CN, p - N 8  2, rn-OCzHs, rn-0- 
i-C3H7, m-OC4H , m CHO, rn- 
COOCH3, m-CO&H;, p-OCzH5, 

D-COOCH~. ~ - 0 - i - C h $ ~  

C3H7, ~-i-C3H7, P - S - C ~ H ~ ,  p - t -  
C4H9, m-OCH3, m-CN, m-NOz, 
m-COCH3, -0CH3, JJ-COCH~, 

P - O C ~ H ~ ,  P - C O C ~ H ~  XHO, 

0.992 
(0.049) 

q p h y  = a r ~ p h ~  + pye + px&m) + pxd ) + c ' m  footnotes a-d in Table I. Those already indicated in Table I are not listed. C Justified at the 95% level. 
Justified at the 94% level. qustified at the 97.5%%el. I Justified above the 99.5% level. 8 Justified at the 9% level. 

first nine data sets of Table I were not appropriate, so hydrogen bonding 
X substituents had to be included in these cases. The electronic effect 
of substituents from Y to X should be taken into account. The p x  value 

for each of the hydrogen bonding X substituents should be identical to 
the py value for a solute system where the corresponding hydrogen 
bonding substituent was invariant. Values of py, calculated for the nine 
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Table 111-Susceptibility Constant of Relative Hydrogen 
Bonding Association with Solvents 

Y-Substituent ov Y-Substituent DY 

Nonhydrogen Amphiprotic 
bonder substituents 
CH3 c1 0 

NO2 

0 CH;?COOH 0.29(f0.14) 

COOH 0.44(f0.10) 
Hydrogen acceptor CONHa 0.45(f0.13) 

-0.14(f0.11) CH20H 0.49(&0.10) 

OCH;?COOH 0.42(f0.08) 

0 OCONHCH? 0.50(f0.14) CN 
OCH3 0.27(f0.10) NHCHO 0.70(f0.07) 
COCH3 0.16(f0.15) NH2 0.74(f0.22) 
-N= 0.33(f0.14) NHCOCHs 0.91(&0.16) 

OH 0.94(f0.11) 

hydrogen bonding Y substituents, could be substituted for either of the 
px  terms of Eq. 2 for these hydrogen bonding X substituents. The values 
of px for nonhydrogen bonding substituents was taken as 0. Performing 
the regression analysis yielded Eqs. 14-17 (Table I) with four new ap- 
proximate py values for hydrogen bonding Y substituents, nitro, cyano, 
acetyl, and methoxy. Values of u! were determined as regression coeffi- 
cients of px terms. In the case of the benzonitriles, py was essentially 0. 
The results of these primary correlations are shown as Eqs. 5-17 (Table 
I). The level of significance of all of the correlations in Table I was >99.5%, 
as determined by the F test. 

Final Regression Analysis-The 13 primary py values can now be 
substituted into Eq. 2 for the px values for hydrogen bonding X sub- 
stituents. The regression analysis was performed by including nonhy- 
drogen bonding as well as hydrogen bonding substituents. For A values 
from benzyl alcohol, formanilides, and acetanilides, it was unnecessary 
to refit, since is 0 in these examples, no matter what the px values were. 
The py values for hydrogen bonding Y substituents determined for 10 
series of A values were slightly different from the corresponding primary 
values; thus, this process was repeated by substituting newly derived py 
values into Eq. 2 for px values until constant py values were obtained. 
In the course of the calculations, px terms were found to be insignificant 
in the correlation equations for phenylacetic acids and phenoxyacetic 
acids; hence, it was possible to include hydrogen bonding X substituents 
for which the px  values were not known in the final correlations. 

Values of AX from substituted toluenes and chlorobenzenes, where the 
fixed function is nonhydrogen bonding, were analyzed by means of Eq. 
3 using self-consistent px values. Finally, A values from substituted 
phenyl N-methylcarbarnates and pyridines were applied to Eq. 2. Since 
u values of the substituent N-methylcarbamoyloxy (OCONHCH3) were 
not available and, since there is some uncertainty for u values of aza(- 
N=) function, AX values of OCONHCH3 and -N= as X substituents 
were not included in correlations, except for a few cases where the ux term 
was insignificant. In deriving Eq. 31 for those of phenyl-N-methylcar- 
bamates, the px values of alkoxyl groups were approximated by that of 
the methoxyl group and those of acyl and carbomethoxyl groups by that 
of the acetyl group. 

RESULTS 

The results for 14 sets of K values are shown in Table I1 as Eqs. 18-31. 
All the correlations and the terms other than the intercepts are justified 
>99.5% by F and t tests, unless noted. Those for A values of benzyl al- 
cohols, formanilides, and acetanilides are the same as the primary cor- 
relations, Eqs. 11-13 in Table I. Values of a and py observed in Eqs. 18-23 
of the correlations including hydrogen bonding substituents are practi- 
cally identical with those in Eqs. 5-10 for only nonhydrogen bonding X 
substituents; this seems to support the assumptions made to formulate 
Eq. 1. The effect of X on Y and Y on X are mutually independent, and 
the effects are additive in determining the variation of A values. 

As expected, the value of a,  the slope of the TX/PhH term, and the c 
value (the intercept) are close to 1 and 0, respectively, in most of the 
equations in Tables I and 11. For substituted pyridines, however, the value 
for a is considerably lower than 1 (0.80 f 0.06) in Eq. 30. The px terms 
for toluenes (Eq. 28) and the a$ term for pyridines (Eq. 30) are insignif- 
icant. For substituted toluenes (Ea. 28). chlorobenzenes (Ea. 29). and 

slightly poorer. In Eq. 28a for toluene K values, the slope of the px (para) 
term is now significant, coinciding with the authentic U’I (p-CH3) value. 
In Eq. 30a for pyridine A values, the value of a comes close to 1, the u$ 
term becomes significant, and the IT$ values estimated for the p- and 
y-aza (-N=) groups get closer to the values derived from hydrolytic 
rates of isonicotinic and nicotinic acid esters (10) and IR frequency studies 
of substituted pyridines (11). The following discussion will be made on 
the basis of final correlations: Eqs. 11-13 in Table I and Eqs. 18-27, 
2&-30a, and 31 in Table 11. 

DISCUSSION 

Intrinsic Hydrophobicity of Substituents-Although the values 
of LI are close to 1, most of the values from 17 sets of K values are slightly 
<I; the average is 0.94 f 0.03, which is attributable to the fact that the 
assumption leading to Eq. 1 is not entirely valid. After separating the 
effects due to hydrogen bond formation, the intrinsic hydrophobicity of 
substituents in disubstituted benzenes is lower than that in monosub- 
stituted benzenes. When a substituent is introduced in the monosub- 
stituted benzene ring, the extent of the iceberg formation could be slightly 
lower than that formed by the introduction into the unsubstituted ben- 
zene. 

Susceptibility in  Hydrogen Bonding Association of Fixed Sub- 
stituents to Electronic Effect of Variable Substituents, py Val- 
ues-The py values are summarized in Table 111. The sign of the p y  
values can be explained by considering the relative hydrogen bonding 
effect of substituents with solvents. For hydrogen-accepting Y substit- 
uents, such as acetyl in acetophenones where the carbonyl oxygen works 
as a hydrogen acceptor, a type of solvation such as >C=O . . . HOR (I) 
is only possible where R=H or n-C8H17 in each of the water and octanol 
phases. Water, being more acidic than 1-octanol, would effectively 
compete in this type of solvation; thus, the strongly electron-withdrawing 
substituents would not be favorable to the hydration a t  the basic group 
and raise the partition coefficient. 

For amphiprotic substituents such as hydroxyl in substituted phenols, 
there are two types of hydrogen bonding, XC6H40H . . . R-0-H (11) 
and XC6HdH-O . . . HOR (111). Octanol, being more basic and less acidic 
than water, would favor the association of type 11, whereas water would 
more effectively undergo the type 111 association. The more electron- 
withdrawing the substituent X, the more the amount of type I1 solvation 
with octanol (and the less the ratio of type 111 hydration). This effect 
results in a higher partition coefficient; therefore, regardless of whether 
the Y group is hydrogen-accepting, -donating, or amphiprotic, the elec- 
tron withdrawal of X substituents is expected to make the ?TX/PhY value 
higher than the AXphH value. The positive p values for most of the Y 
groups in Table 111 can be understood on this basis. 

For amphiprotic functions, the py value for the relative solvation effect 
seems to roughly depend on the distance between the ring and associable 
hydrogen. The higher p values are found for phenols, anilines, and ani- 
lides, while the lowest value is for phenylacetic acids. Almost identical 
p values are observed for carboxyl, carbamoyl, and hydroxymethyl 
functions where the location of the hydrogen is similar. 

The p values for hydrogen-acceptor functions are lower than what 
might be anticipated from the location of the association sites; in par- 
ticular, the value for the benzonitriles is insignificant. The low p value 
for the relative solvation effect at basic functions seems to reflect a dif- 
ference in hydrogen-donating ability smaller than that in hydrogen- 
accepting ability between water and octanol; the type I1 solvation would 
be more susceptible to the substituent effect than types I and 111. At the 
present time, no relevant rationalization can be found for the negative 
p value found for the nitro group. 

Electronic Effect of Fixed Substituents on Hydrogen Bonding 
Association of Variable Substituents, & Values-The regression 
coefficients of the px terms are compared with available authentic u$ 
values in Table IV (12). The calculated values coincide with respective 
authentic values within the 95% confidence intervals. Although the se- 
quence of magnitude of calculated uk and u: values for some pairs of 
meta- and para-substituents is reversed from that of the authentic val- 
ues, the general agreement between calculated and authentic u! values 
seems good. The correlation between these values for 30 meta- and 
para -substituents is expressed by: 

pyridines (b. 30), the e value is sign’ifimk, >99.5%. It was ex&& that 
the correlations without an intercept may reveal different features such 
as different and/or significant slope values of respective terms for these 
three sets from those of Eqs. 28-30; in fact, the deletion of the intercept 
seems to yield more reasonable results as shown in Eqs. 2%-30a, al- 
though the quality of correlations in terms of standard deviation becomes 

8 (calculated) = 
1.058(fO.O91)(r0 (authentic) - 0.019(f0.036) (Eq. 32) 

where n is 30, r is 0.971, and s is 0.081. The electronic effect of fixed 
substituents Y actually is represented by u! values and exhibited only 
toward hydrogen bondable variable substituents X. This is believed to 
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Table IV-Comparison of Calculated a$ Values with Authentic a; Constants 

Y -Substituent u’$ (authentic)’ u’4 (calc.) Y-Substituent 0% (authentida 0’4 (calc.) 

COOH 

CHzCOOH 

OCHzCOOH 

OH 

CONHz 

NH2 

NHCHO 

NHCOCH3 
CHzOH 

meta 
para 
meta 
para 
meta 
para 
meta 
para 
meta 
para 
meta 
para 
para 

para 
meta 
para 

0.37 
0.46 
0.03 

-0.05 
0.05 

-0.21 
0.04 

-0.13 
0.28 
0.36 

-0.14 
-0.38 
0 

0.03 
0 
0.05 

0.35(f0.13) 
0.43(f0.14) 

0 
0 
0 
0 
0 

-0.15(f0.14) 
0.28(f0.17) 
0.29( f0.07) 

-0.26(&0.26) 
-0.57(i0.24) 

0 

0 
0 
0 

CN meta 
para 

NO2 meta 
para 

COCH3 meta 
para 

OCH3 meta 
para 

CH3 meta 
para c1 meta 
para 

Y 
-N= P 

0.62 
0.69 
0.70 
0.82 
0.34 
0.46 
0.06 

-0.16 
-0.07 
-0.12 

0.37 
0.27 
0.62* 
0.93 * 

0.76(10.14) 
0.69(f0.13) 
0.75(10.14) 
0.75(10.15) 
0.41(f0.18) 
0.38(10.20) 

0 
-0.19(f0.08) 

0 
-o.lo(io.lo) 

0.27(f0.17) 
0.24(f0.17) 
0.75(f0.20) 
1.02(f0.19) 

0 From Ref. 9. Ref. 12. 

support the fundamental assumption leading to the present proce- 
dure. 

Prediction of Log P Values of Disubstituted Benzenes-The 
present work indicates that the variations in A values of meta- and 
para-aromatic substituents from one system to another are due primarily 
to variations in the extent of hydrogen bonding solvation of substituents. 
Practically no outliers from correlations are found using the present 
procedure. The substituent effects governing this variation, in general, 
are bidirectional. The 7r value of a certain substituent is modified not only 
by its own effect on a fixed function but also by a backward effect from 
the fixed function. These modifications depend on susceptibilities of 
substituents to relative hydrogen bond formation with solvents, and the 
susceptibility varies from one substituent to another. Thus, 7 r x p h H  values 
could be used as fixed substituent constants in predicting log P values 
of aromatic compounds as a first approximation only when aromatic 
substituents are rather insensitive to and/or not influential on the relative 
hydrogen-bonding effect. 

Had more px values been determined for hydrogen-bondable X sub- 
stituents, a large number of log P values of disubstituted aromatic com- 
pounds could have been predicted more precisely according to the present 
procedure using relations such as: 

KX/PhY = O%kX/PhH + py& + pxu? (meta or para) (Eq. 33) 

Furthermore, had the present procedure been combined with the recently 
developed method to analyze the ortho effect (13), it would have been 
possible to calculate even the log P values of ortho- disubstituted ben- 
zenes. 

The full account of this study, including theoretical considerations on 
the bidirectional Hammett relationship governing the AT values as well 
as the data and parameters used for correlations, will be published else- 
where (14). 
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Abstract A new specific and sensitive method of analysis for samples 
of benzalkonium chlorides is presented. Chemical-ionization mass 
spectroscopy has been used to identify and determine the proportions 
of various alkyl chain lengths in commercial mixtures of benzalkonium 
chlorides. This method allows the direct and simultaneous determination 
of individual benzalkonium chlorides. 

Keyphrases Benzalkonium chloride-determination by chemical- 
ionization mass spectroscopy, alkyl chain lengths 0 Chemical-ionization 
mass spectroscopy-determination of benzalkonium chloride, akyl chain 
lengths 

Benzalkonium chlorides (I) USP are a mixture of 
benzalkonium chlorides, where R = n-alkyl and n can vary 
from Clo to  CIS. The relative amounts of these different 
species greatly affects both the antimicrobial spectrum and 

r p 3  1' 
I 

C6H5CH2-N-R C1- L AH3 J 
I 

activity of the mixture (1-3). The current methods of 
identification of benzalkonium chloride solutions ac- 
cording to the USP (4), rely upon titrimetric analysis of 
total alkyl benzyldimethylammonium chloride based upon 
potassium iodate equivalents. Additionally, the ratio of the 
various n-alkyl components of benzalkonium chlorides can 
be determined by microhydrogenation followed by solvent 
extraction and GLC. The ratio of alkyl components is then 
calculated and must meet specific USP requirements. 
These requirements state that the Clz homologue must 
comprise a t  least 40% of the total benzalkonium chloride 
content and that the C14 homologue must be at  least 20%. 
Furthermore, these two homologues must comprise to- 
gether 70% of the total content. Other methods have been 
used for the determination of benzalkonium chlorides: 
ion-pairing techniques (5-8), direct titration involving 
tetraphenylboron (9) and iodate (lo), reverse-phase HPLC 
(ll), and pyrolytic GLC (12). 

The present method directly determines the chemical 
composition and alkyl chain length ratios of benzalkonium 
chloride species in commercial samples. 

EXPERIMENTAL 

Apparatus-Measurements were conducted upon a spectrometer' 
fitted with an electron-impact-chemical-ionization (EI-CI) source and 
a DS-55 data system. 

Reagents and Solvents-Individual benzalkonium chloride standards 
were prepared with R = C I - C ~ ~ ,  by a previous method (13) and charac- 
terized by spectroscopic and elemental analysis. Purity was in all cases 

Kratos MS25. 

H 
I+  
I 

W & H , +  - C~HSCH,-N-R C1- * C,H&H,N -R 

"ropilium ion [ CH, T ]  CH, 

H 
CHs I 

'N-R 
CH/+ 

M'-14 

M'-90 
Scheme I-Chemical-ionization mass fragmentation pathways for 
benzalkonium chloride ( I ) .  

>99.6%. The commercial benzalkonium chloride mixtures were obtained 
from three different manufacturers. Samples for analysis were prepared 
as millimolar solutions in methanol2. 

Assay-Standard solutions were prepared as 2 pl methanol solutions 
containing R = Cg internal standard (0.01 M) together with pure syn- 
thetic benzalkonium chloride (0.001-0.01 M) with R = CIO, CIZ, C14,.C16~ 
and CIS. Samples were applied as methanol solutions by the direct-inlet 
technique at  200O on a glass probe tip and evaporated into the chemi- 
cal-ionization plasma of ammonia gas. Evaporation profiles were deter- 

100] Mass Range 240-245 1 (R = (214) Box 1 I 

0 50 100 150 200 250 300 
SECONDS 

Mass Range 170-175 1 (R = C9)  Box 2 
80 I 

0 50 100 150 200 250 300 

Figure 1-Evaporation profiles for five repeat 2-pl  injections of an R 
= CS + C14 mixture (50:50) of benzalkonium chlorides obtained by si- 
multaneous monitoring of the M+ -90 ions. (The first peak in each 
evaporation profile is observed as a result of evaporation off  the probe 
before the heater switches in. The second peak is the main evaporation 
profile. Total ions were collected at one time by continuous scan- 
ning.) 

SECONDS 

British Drug Houses, Ltd., London, England. 
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Table I-Relative Intensities of Diagnostic Ions Obtained for a Series of Synthetic Benzalkonium Chlorides Where R = Clo to Cla 

mlz (RI) 
Diagnostic Iona R = Cs R = Clo R = Clz R = Cl4 R = cl6 R = Cia 

~~ 

M+: CCH~CH.NICHQLR+ 2621 9.1) 2761 4.6) 304( 5.4) 332( 0.41 3601 2.81 3881 4.0) ~ ~ _ " _ _ "  . . --","~~ 
M+'-14; C~H~CHZN(H)(CH~)R+ 2i8i61.3j 262i18.6 j 290i54.2j 3i8iio.ij 346i21.3j 374i3714j 
M+ -90, (CH&NHR+ 172( 19.4) 186(73.6) 214(94.5) 242(81.5) 270(91.9) 298(70.1) 
M+ -91: (CHhNR+ lll(14.7) 185( 5.1) 213(11.7) 241( 1.9) 269( 5.4) 297( 8.9) 

0 M+ is equivalent to the mass of the cation and not to the molecular weight of the salt. 

Table 11-Total Ion-Current Ratios for the M+ -90 Ions of Five Repeat Injections of Solutions of Synthetic Benzalkonium Chlorides 
(R = Cl&la) and R = Cs Internal Standard. 

Total Ion-Current Ratios Cn/Cs Internal Standard 
R Mean c v a ,  9% Mean c v ,  7% Mean c v ,  9% Mean cv, 9% 

Cl" 0.735 13.1 0.411 f7.4 0.185 f4.9 0.088 f4.2 
0.867 f3.8 0.369 f2.9 0.198 15.6 0.130 49.7 ~. . . - _ _  _. 

1.145 f2.7 0.603 f3.03 0.246 f8.5 0.117 f6.2 
0.969 f1.6 0.424 f4.7 0.179 f6.0 0.084 f4.5 
0.808 f2.1 0.312 14.3 0.137 f5.3 0.060 f9.1 
0.852 12.9 0.271 f6.1 0.107 f6.7 0.019 f9.5 

Molar Raiio CnICS 1:l 1:2 1:5 1 : lO  

Coefficient of variation. 

Table 111-Relative Intensities of M+ -90 Ions Obtained in  
Commercial Mixtures of Benzalkonium Chlorides 

Commercial Relative intensity of M+ -90 ion for R 
Mixture C9 Clo ClZ c14 cl6 ClS czo 

Sample A 0.0 0.0 3.7 5.3 48.4 100.0 0.0 
SampleB 0.0 0.0 100.0 60.0 10.6 0.0 0.0 
SampleC 0.0 7.6 100.0 23.2 6.6 0.0 0.0 

mined and total ions for diagnostic peaks collected by continuous scan- 
ning. Average ion currents for particular diagnostic peaks were deter- 
mined as ratios to that of the R = C9 internal standard. Calibration curves 
were constructed for ions of particular interest. Such calibration curves 
were used in the quantitative analysis of commercial benzalkonium 
chloride mixtures. 

RESULTS AND DISCUSSION 

The chemical-ionization mass spectra of pure benzalkonium chlorides 
have been measured, and predictable, characteristic fragmentation 
patterns affording diagnostic ions of use in structural identification were 
determined (Scheme I). Diagnostic ions were observed at  M+ -14 (loss 
of CH3 plus addition of H) and M+ -90 (loss of c6H5cI-I~ plus addition 
of H). A low-intensity peak was also observed for the benzalkonium 
cation. A common peak was found at  m h  91 due to the tropilium ion. 
Table I shows the fragmentation data for a series of pure benzalkonium 
chloride standards where R = CIO, (212, c14, c16, and CIS. From these data 
i t  was possible to determine the molecular weight of the individual 

1 0 0 4  

60 
z 
W 401 

20 

75 

9 1  

1 0 s  

100 105 

1 3 4  

I 

Table IV-Total Ion-Current Ratios for M+ -90 Ions and 
Calculated Molar Ratios of Component Benzalkonium Chlorides 
i n  Commercial Mixtures and R = CS Internal Standard 

Total 
Ion-Current 

Commercial Ratio, Molar Ratio 
Mixture R CnIG in Mixture, 9% 

Sample A ClZ 0.021 f 0.0024 2 
Cl4 0.035 f 0.0028 2 
ClC 0.350 f 0.0038 26 

1.080 f 0.0093 70 
Sample B c12 1.812 f 0.018 71 c14 0.529 f 0.020 24 

c;; 

CI6 0.121 f 0.014 4 
Samale C Cl" 0.438 f 0.0157 5 

C;, 1.119 1 0.0488 68 ~ ~~. ~ ~ ~ ~ . .  c;; 0.334 f 0.0640 
c16 0.054 f 0.0223 

._ 

23 
5 

benzalkonium chloride, since a significant M+ peak (2-10% relative in- 
tensity) in addition to medium intensity ions at  M+ -14 and M+ -90 was 
observed. The M+ -90 peak was the most intense in all the spectra ex- 
amined and was chosen for quantitative investigations. Replicate 2-pl 
analytical samples containii varying proportions of the R = & standard 
and the appropriate benzalkonium chloride were introduced into the mas 
spectrometer, and the total-ion currents for their M+ -90 ions, together 
with their peak heights, were simultaneously determined to give relative 
evaporation profiles. Evaporation profiles for all the compounds were 

1 7 2  

2 4 8  'T 
214 I 1, 2s4 

!98 

374 

326 346 , 1, 

Figure 2-Chemical-ionization mass spectrum of commercial sample A benzalkonium chloride containing C9 internal reference from mlz 75- 
400. 
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similar to one another, as illustrated in Fig. 1 for R = C14 and R = Cs in- 
ternal standard. Results were expressed as total ion-current ratios for 
R = C,,/Cs. Table I1 gives total ion-current ratios together with coeffi- 
cients of variation for repeat integrations of varying molar proportions 
of R = Cs and benzalkonium chloride standards ClwCl~.  Interestingly, 
the integral ratios R = C,/R = CS varied with alkyl chain length (Table 
11); consequently, it was necessary to construct calibration curves for each 
individual benzalkonium chloride species examined. These were con- 
structed by assay of various dilutions of test compound, spiked with in- 
ternal standard. Graphs of total ion-current ratio uersus concentration 
were linear in nature for all benzalkonium chlorides examined. 

Samples of commercial benzalkonium chloride mixtures were prepared 
as methanol solutions (1 mg/ml). Spectra were obtained for these mix- 
tures (illustrated in Fig. 2 for sample A), and the relative intensities of 
their component benzalkonium chloride species were determined (Table 
111). As can be seen, sample A contains R = (212, C14, (216, and CIS, with 
R = CIS predominating, whereas samples B and C are predominant in 
R = Clz species but are qualitatively different. Having determined the 
species content of the mixtures, quantitative measurements were carried 
out by the simultaneous monitoring of each M+ -90 ion relative to the 
M+ -90 ion of the internal standard. Concentrations of benzalkonium 
chloride species were obtained by relating total ion-current ratios (Table 
11) to those from the calibration data. From these data it can be observed 
that two of the three commercial samples comply with the USP limits, 

while the remaining sample varies quite markedly in alkyl chain com- 
positions (See Table IV). 
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The use of binary solvents for influencing solubility and 
multiphase partitioning has many potential applications 
in the pharmaceutical industry. However, maximum re- 
alization of these applications depends on the development 
of equations that enable a priori prediction of solution 
behavior in mixed solvents from a minimum number of 
additional observations. Ideally, the ability to predict a 
drug molecule’s solubility and partition coefficients based 
solely on a consideration of molecular structure is desired, 

but for more practical applications, a less fundamental 
approach must often suffice. 

The nearly ideal binary solvent (NIBS) approach de- 
veloped previously (1-6) provides a relatively simple 
method for estimating the excess partial molar properties 
of a solute, e, at infinite dilution in a binary solvent 
(components 1 and 2): 

= fi(zy), + ~ ( ~ 5 x 1 ~  - r3(xprl + xzr2)-1 z;; 
(Eq. 1) 

f y  = 1 - f: = x:rl/(xyrl + x:r2) (Eq. 2) 

in terms of a weighted mole fraction average of the prop- 
erties of the solute in the two pure solvents [(Zy)1 and 
(Zy)2] and a contribution due to the unmixing of the sol- 
vent pair by the presence of the solute. This equation leads 
to accurate predictions of solubilities (3,5-8), gas-liquid 
partition coefficients (4,9), and enthalpies of solution (1, 
2) in systems of nonspecific interactions when the 
weighting factors (ri) are approximated with molar vol- 
umes. 

A simpler approximation of equating all three weighting 
factors provides considerably poorer predictions for sys- 
tems in which the molar volumes of the components differ 
appreciably. The superiority of expressions based on molar 
volumes suggests that the relative sizes of the molecules 
are an important consideration. The use of surface areas 
as weighting factors may be revealing, since surface area 
often represents a different measure of molecular size. 
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similar to one another, as illustrated in Fig. 1 for R = C14 and R = Cs in- 
ternal standard. Results were expressed as total ion-current ratios for 
R = C,,/Cs. Table I1 gives total ion-current ratios together with coeffi- 
cients of variation for repeat integrations of varying molar proportions 
of R = Cs and benzalkonium chloride standards ClwCl~.  Interestingly, 
the integral ratios R = C,/R = CS varied with alkyl chain length (Table 
11); consequently, it was necessary to construct calibration curves for each 
individual benzalkonium chloride species examined. These were con- 
structed by assay of various dilutions of test compound, spiked with in- 
ternal standard. Graphs of total ion-current ratio uersus concentration 
were linear in nature for all benzalkonium chlorides examined. 

Samples of commercial benzalkonium chloride mixtures were prepared 
as methanol solutions (1 mg/ml). Spectra were obtained for these mix- 
tures (illustrated in Fig. 2 for sample A), and the relative intensities of 
their component benzalkonium chloride species were determined (Table 
111). As can be seen, sample A contains R = (212, C14, (216, and CIS, with 
R = CIS predominating, whereas samples B and C are predominant in 
R = Clz species but are qualitatively different. Having determined the 
species content of the mixtures, quantitative measurements were carried 
out by the simultaneous monitoring of each M+ -90 ion relative to the 
M+ -90 ion of the internal standard. Concentrations of benzalkonium 
chloride species were obtained by relating total ion-current ratios (Table 
11) to those from the calibration data. From these data it can be observed 
that two of the three commercial samples comply with the USP limits, 

while the remaining sample varies quite markedly in alkyl chain com- 
positions (See Table IV). 
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Experimental solubilities of naphthalene (10-12) and 
p-dibromobenzene (13) are available in the literature for 
several binary solvent mixtures and can be used to com- 
pare the various approximations for weighting factors. 
However, these systems encompass a narrow two-fold 
range of mole fraction solubilities. The applicability of Eq. 
1 is not very sensitive to errors in the relative magnitude 
of the weighting factors whenever the solubility of the so- 
lute is identical (or nearly identical) in both the pure sol- 
vents, but these errors become much more significant as 
the range of solubilities increases. For this reason, an- 
thracene solubilities were determined in several mixtures 
containing benzene, which cover up to a sixfold range. 

During the course of this investigation, it was noted that 
the NIBS model predicted a slight maximum solubility in 
binary solutions of cyclohexane and n-heptane. Such 
synergistic effects in simple systems are usually explained 
by solubility parameter theory in terms of the solubility 
parameter of the solute being bracketed by the solubility 
parameters of the two pure solvents (14,15). However, the 
solubility parameter of anthracene (6 = 9.9) is far greater 
than either the solubility parameters of cyclohexane (6 = 
8.2) or n-heptane (6 = 7.4). Solubility determinations of 
anthracene in this binary solvent mixture will provide an 
additional test of the basic NIBS model. 

EXPERIMENTAL 

Anthracene' was used as received. Cyclohexane2, n-heptane3, isooc- 
h e 3 ,  n-octane4, cyclooctane4, n-hexane4, and benzene5 were stored over 
molecular sieves6. Binary solvent mixtures were prepared by weight so 
that compositions could be calculated to a mole fraction of O.OOO1. 

Excess solute and solvent were placed in amber glass bottles and al- 
lowed to equilibrate in a constant-temperature bath at  25.0' for several 
days. The attainment of equilibrium was verified by repetitive mea- 
surements after several additional days and in some cases by approaching 
equilibrium from supersaturation by pre-equilibrating the solution at  
a higher temperature. Aliquots of saturated anthracene solutions were 
transferred through a coarse filter into a tared volumetric flask to de- 
termine the amount of sample and diluted quantitatively with methanol. 
Concentrations were determined spectrophotometrically7 at 356 nm. 
Experimental solubilities of anthracene in several binary solvent mixtures 
are given in Table I, with the measurements being reproducible to within 
fl%. 

RESULTS AND DISCUSSION 
The following three equations have been derived previously for solu- 

bility in binary solvent systems containing only nonspecific interac- 
tions: 

RT 1n(aflid/X$) = (1 - Xgt)z[X:(e)l + X$(Gy)z - G ]  (Eq. 3) 
RT ln(af'id/XPt) = (1 - @yt)z [&cF)l + &(C;.), 

and: 
- Vg(XPVi + X$Vz)-' m] (Eq. 4) 

in which V, is the molar volume of a pure liquid, Xi is mole fraction, di 
is volume fraction, c:! is the molar excess Gibbs free energy of the binary 
solvent relative to Raoult's law, and  

Aldrich 99.9%. 

Phillios 99 mole Dercent. 
*Phillips 99.5 weight percent. 

Aldrilh Chemicd Co. 
Fischer Scientific Co. 
Linde Type 4A. 
Cary 118 Spectrophotometer. 

Table I S o l u b i l i t y  of Anthracene in Several Binary Solvents a t  
25.0' 

Solvent(1) + Solvent (2) XP X&"te 
n-Hexane 

n-Octane 

Cyclooctane 

n-Heptane 

Is o o c tan e 

n-Hexane 

Benzene 

Benzene 

Cyclooctane 

Benzene 

Cyclohexane 

Cyclohexane 

Cyclohexane 

Cyclohexane 

Cyclohexane 

Benzene 

n-Heptane 

Cyclohexane 

Benzene 

+ Isooctane 

O.oo00 
0.1735 
0.3565 
0.4498 
0.5571 
0.7646 
1.oooO 
0.oooO 
0.1463 
0.3114 
0.3954 
0.5519 
0.7930 
1.oooO 
O.oo00 
0.1746 
0.3412 
0.4475 
0.5533 
0.7580 
1.oooO 
0.oooO 
0.1542 
0.3283 
0.4230 
0.5250 
0.7236 
1.oooO 
O.oo00 
0.1385 
0.2988 
0.3895 
0.5391 
0.7725 
Loo00 
0.0000 
0.1442 
0.3093 
0.3842 
0.4963 
0.7365 
1.oooO 
0.0000 
0.2323 
0.4637 
0.5546 
0.7103 
0.8280 
1.oo00 
0.oooO 
0.2320 
0.4380 
0.5427 
0.6357 
0.8317 
1.oooO 
O.oo00 
0.1416 
0.3045 
0.3984 
0.4935 
0.6685 
1.oooO 
0.oooO 
0.3127 
0.5398 
0.6354 
0.7209 
0.8591 
Loo00 

0.001574 
0.001572 
0.001544 
0.001515 
0.001478 
0.001398 
0.001290 
0.001574 
0.001648 
0.001717 
0.001749 
0.001774 
0.001832 
0.001850 
0.001574 

0.001824 
0.001882 
0.001989 
0.002096 
0.002258 
0.001574 
0.001608 
0.001642 
0.001640 
0.001621 
0.001605 
0.001571 
0.001574 
0.001488 
0.001407 
0.001362 
0.001283 
0.001182 
0.001087 
0.007418 
0.006274 
0.004908 
0.004317 
0.003549 
0.002242 
0.001290 
0.001571 
0.002283 
0.003375 
0.003922 
0.005022 
0.005987 
0.007418 
0.001574 
0.00 2 5 9 2 
0.003802 
0.004506 
0.005154 
0.006482 
0.007418 
0.007418 
0.006814 
0.005708 
0.00 5 2 8 2 
0.004745 
0.003740 0.002258 

0.001087 
0.001983 
0.003144 
0.003830 
0.004571 
0.005840 
0.007418 

0.001704 

Numerical values of @j can be found in the chemical literature for many 
common binary systems. For example, the thermodynamic excess 
properties of several hundred binary systems have been listed (16). The 
superscript (0) indicates that the solvent composition is calculated as if 
the solute were not present. The activity of the solid solute ( a y ) ,  relative 
to the supercooled liquid, can be calculated by: 

InapIid = - - 2 In(T,/T) (Eq. 7) AH$'YT, - T )  + ACp(Tm - T )  AC 
R T,,, T RT R 

Journal of Pharmaceutical Sciences I 293 
Vol. 72, No. 3, March 1983 



Table 11-Comparison of Predictive Equations for  the Solubilities of Naphthalene, p-Dibromobenzene, and Anthracene in Various 
Binary Solvent Mixtures at 25' 

RMS Deviationsa I%) for the . .  
Data Predictive Equations GR 
Ref. 3 4 5 8 9 Ref. Solute Solvent System 

-1.2 -1.1 +0.4 
1.4 +1.9 

+1.4 +2.8 
+0.8 +1.7 
+0.7 +3.3 
0.6 0.8 

+0.6 +0.5 
-0.8 +1.0 
0.3 +1.4 

-0.8 NA 
-1.5 NA 
0.6 +1.7 
0.6 0.6 
0.9 +1.0 

+0.7 +0.9 
-1.0 +0.5 

+0.6 
+2.2 
+1.5 
+0.6 
+2.5 
0.8 

+0.7 
+1.0 
+1.5 
NA 
NA 
0.5 

+1.0 
+1.2 
+1.5 
+1.1 
0.3 

+6.9 
+3.1 
-1.7 
1.1 

41 
42 
43 
44 
45 
28 
29 
30 
31 
45 
41 

Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
p -Dibromobenzene 
p -Dibromobenzene 
p-Dibromobenzene 
Anthracene 
Anthracene 
Anthracene 
Anthracene 
Anthracene 
Anthracene 
Anthracene 
An thracene 
Anthracene 
Anthracene 
Anthracene 
Anthracene 
Anthracene 

Benzene + Cyclohexane 
Benzene + n-Hexane 
Cyclohexane + Hexadecane 
n-Hexane + Hexadecane 
Benzene + Hexadecane 
Cyclohexane + n-Hexane 
Benzene + Toluene 
Cyclohexane + Toluene 
Cyclohexane + Ethylbenzene 
Hexadecane + Carbon tetrachloride 
Cyclohexane + Carbon tetrachloride 
n-Hexane + Hexadecane 
Cyclohexane + n-Heptane 
Cyclohexane + Cyclooctane 
Cyclohexane + Octane 
Cyclohexane + Isooctane 
Cyclohexane + n-Hexane 
Benzene + n-Heptane 
Benzene + n-Heptane 
Benzene + Cyclohexane 
Benzene + Cyclohexane 
Benzene + Carbon tetrachloride 
Benzene + n-Hexane 
Benzene + Cyclooctane 
Benzene + Isooctane 

10 
10 
11 
11 
10 

-1.4 
+2.3 
-4.0 
-6.8 
+9.2 
0.8 

+0.5 
-1.8 
-1.7 
+5.4 
-0.6 

~~ 

1.4 
+2.9 
+1.8 
+2.4 
0.6 

+0.5 
-0.9 
0.3 

+1.8 
-1.5 

11 ~~ 

10 
12 
12 
13 
13 
13 
- 

-8.5 
1.0 

+1.6 
0.6 
0.9 

44 
32 
33 -1.4 

-1.3 
+1.9 
-1.2 
+10.6 
+7.9 
-6.9 
-6.2 
-3.1 
+2.7 
1.8 

+10.5 

+0.6 
-1.2 
-1.2 
2.1 

-4.6 
-7.7 
-6.8 
-2.1 
-6.0 
-8.3 
-11.6 

34 
35 
28 
36 
37 
41 
41 

~. 

-1.1 0.3 
1.6 +5.9 

-3.8 +2.1 
-7.5 -1.8 
-6.6 1.1 
-2.0 NA 
-5.4 +2.6 
-7.7 -3.6 
-10.7 +1.8 

- 
38 
38 
- 

NA 
+3.1 

41 
42 
39 3.0 

+3.0 40 

RMS deviations (%) = (lOO/N1/z)I f [ I n ( X ~ X ~ ) ] Z ) 1 / 2 ;  the algebraic sign indicai 
j - 1  

from the molar heat of fusion (AF@) at  the normal melting point (T,) 
and the differences between the molar heat capacities of the liquid and 
solid. 

Introduction of molecular surface areas (Ai) into Eq. 1 results in the 
development of two more predictive expressions: 

RT ln(ay'idlXFt) = (1 - BYt)2[@(G41)1 + G(Gj.), 

and: 

- A ~ ( X ~ A ) A ~  + XXAz)-' Era] (Eq. 8) 

m that all deviations were of the same sign. 

for a single data point of 7.5%. This maximum deviation occurs in a sys- 
tem (benzene-n-heptane) in which conflicting values of CE have been 
reported. As shown in Table 11, deviations between predicted and ob- 
served solubilities depend to a large extent on which literature source is 
used for the solvent properties. This leads to two sets of predicted an- 
thracene solubilities that differ from each other by as much as 6%. Dis- 
crepancies in the reported values of cg were not noted for the remaining 
15 binary solvent systems. The primary advantage of Eq. 8 over expres- 
sions based on molar volumes, Eqs. 4 and 5, is its applicability to an- 
thracene solubilities in solvent mixtures containing benzene. If these 
systems are excluded from the calculations, Eqs. 4 and 5 are slightly better 
than equations based on surface areas. All five equations correctly predict 
a maximum mole fraction solubility for anthracene in cyclohexane-n- 
heptane mixtures. 

Solubility in simple binary solvents, Cyt, was described (21) as: 

CFt = KlCl+ KzCz (Eq. 10) 
and: 

Ki = (Cht)i/Cl i = 1,2 

where C is molar concentration, and C l  is the concentration in a pure 
solvent. For solutes of limited solubility, it was demonstrated (4) that Q. 
3 is equivalent to: 

XYt = X!(X$)l + XO,(X$)2 (Eq. 11) 

While Eq. 11 gives reasonable predictions for several of the anthracene 
systems studied, these predictions are off by as much as 50% for p-ben- 
zoquinone in the n-heptane+arbon tetrachloride system (8) and off by 
a factor of two for benzil in the isooctane-carbon tetrachloride system 
(7)1°. Inspection of Q. 4 reveals that the mathematical form is incapable 
of completely describing systems having either a maximum or minimum 
mole fraction solubility. Anthracene exhibits a maximum solubility in 
binary mixtures of cyclohexane and n-heptane, and a slight minimum 
solubility has been observed for iodine in binary mixtures containing 
cyclohexane and octamethylcyclotetrasiloxane (6). It has been suggested 

la For solutes having greater solubility C, = Xi/(X1 V1+ XzVz + X3Y3) and Eq. 
10 can be shown to be eauivalent to. 

(1 - Bgt)2(B!(@,")l + Bq(G{*)Z - A3(X?A1 + X8A2)-1c{i] (Eq. 9) 
depending on whether a regular solution model (Eq. 8) or a Flory- 
Huggins model (Eq. 9) is used to describe solution ideality. The use of 
these five predictive equations for solubility predictions in binary solvents 
is as follows: the quantities (G?), or (Gih), are calculated from the ex- 
perimental solubility of the solute in the pure solvents, then these 
properties are used in the appropriate equation to calculate the solubility 
as XY* or #Ft in the solvent mixture using a reiterative process. The 
quantity (1 - EL) is taken as unity in the first approximation, and con- 
vergence is rapid unless the solubility is large. A numerical example is 
presented in the Appendix illustrating the prediction of naphthalene 
solubility in a binary mixture containing n-hexane and carbon tetra- 
chloride using Eq. 4. 

The predictive abilities of these equations are compared in Table I1 
for 25 systems for which solubility data and the excess free energy of the 
binary solvent are available a t  or near the same temperature. Surface 
areas of the individual molecules were taken from tabulated values pre- 
sented in previous reports (17-20), with the exception that the surface 
area of carbon tetrachloride was provideds. In all cases, the surface areas 
exclude solvent molecules which may be located within the atomic radii. 
Table 111 lists numerical values of the surface areas and molar volumes 
used in these predictions. 

Based on surface areas as weighting factors for the excess free energy 
relative to Raoult's law, Eq. 8 is seen to be the most generally applicable 
with an overall average (RMS) deviationg of 1.7% and a maximum error 

8 The authors thank Robert S. Pearlman, University of Texas, for providing the 
surface area of carbon tetrachloride. 

RMS Deviations (%) 
- .  

This consideration d& not s&ifican&'alter the large deviationsfor thesolubilitien 
of p-benzcquinone and bend. This extended form cannot predict either a maximum 
or minimum solubility. and these values are then averaged for all of the systems listed in Table 11. 
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Table 111-Properties Used in Calculations 
- 

Component V, mVmole 71, AVrnole 

Benzene 89.41 109.5 
Carbon tetrachloride 97.08 118.7 
Cyclohexane 108.76 120.8 
Hexadecane 294.12 323.2 
n-Heptane 147.48 160.3 
n-Hexane 131.51 142.1 
Cyclooctane 134.88 148.8 
Octane 163.46 178.4 
Isooctane 166.09 163.1 
Tnliinnc! 1M.fM 126.5 - ------- 
Ethylbenzene 123.06 144.9 
Na hthalene 123.00 155.8 (ayud = 0.312) 
p-8ibromobenzene 118.00 156.6 ( u p  = 0.248) 
Anthracene 150.00 202.2 capd = 0.01049) 

(22) that the incorporation of mixed solvatas into Eq. 11 is a way to ex- 
plain maximum solubilities: 

1.3 + 2 + 1.2.3 

C,u" = KlCl+  KzCz + KfKiCiC2 (Eq. 12) 

Postulation of mixed solvates is not needed in the nearly ideal binary 
solvent model, as its predictive equations correctly predict the existence 
of the maximum anthracene solubility as well as the minimum iodine 
solubility. 

The Scatchard-Hildebrand (23) equation: 

RT ln(aF'id/Xyt) = V3(1 - $$)2 (biz - 6 ~ ) ~  (Eq. 13) 
9161 + 9262 

91+ 62 
612 = (Eq. 14) 

describes solubility in simple binary solvent mixtures in terms of the 
solubility parameters (hi) of the individual pure components. For liquids, 
the solubility parameters are available in the literature or can be deter- 
mined experimentally from the temperature dependence of vapor pres- 
sures. The solubility parameters of crystalline compounds are obtained 
indirectly from solubility measurements, and several calculaM methods 
(24-26) have been suggested recently for determining the best value of 
63. Examination of Eqs. 13 and 14 reveals that the solute should exhibit 
a maximum mole fraction solubility only when its solubility parameter 
is between the solubility parameters of the two pure solvents. Since the 
solubility parameter of anthracene (6 = 9.9) is greater than either the 
solubility parameter of cyclohexane (6 = 8.2) or n-heptane (6 = 7.4), a 
maximum anthracene solubility would not be predicted by Eq. 13. Similar 
failures of Eq. 6 have been observed for benzoic acid in cyclohexane- 
n-heptane and cyclohexane-n-hexane mixtures (5) and for anthracene 
in benzene-iodobenzene, benzene-iodoethane, cyclohexane-iodoethane, 
and cyclohexene-iodoethane mixtures (27). It was noted (5) that Eqs. 
3-5 predicted the existence of maximum benzoic acid solubilities for both 
the monomeric and dimeric treatment of monofunctional carboxylic 
acids. Because of the unavailability of binary g$ values, it was not pos- 
sible to apply the NIBS model to the anthracene solubilities listed above. 
The fact that the nearly ideal binary solvent model correctly predicts 
maximum solubilities in three of these binary solvent mixtures suggests 
its greater application. 

CONCLUSIONS 

An important consequence of this research involves earlier contentions 
that the failure of Eq. 1 may be taken as an indication of specific so- 
lute-solvent or solvent-solvent interactions. While this concept is rela- 
tively straightforward in principle, its practical applications are com- 
plicated by the various weighting factor approximations. For example, 
does the failure of Eqs. 4 and 5 to predict anthracene solubilities in binary 
solvent mixtures containing benzene indicate specific solute-solvent 
(A-T) interactions, or does the success of Eq. 8 indicate that surface areas 
provide better approximations of weighting factors in systems containing 
both a planar solute and solvent molecule. 

Unfortunately, this research does not indicate clearly whether 
weighting factors are better approximated with molar volumes or surface 
areas. From the standpoint of calculational simplicity and the ready 
availability of molar volumes, Eq. 4 is preferred, and some support for 

this form can be found in ita adaptability to the Scatchard-Hildebrand 
solubility parameter theory. Similar support for Eq. 8 (and Eq. 9) can 
be found in correlations of partition coefficients with surface areas and 
in several semi-empirical expressions developed for predicting liquid- 
vapor equilibria. However, Eq. 5 is also applicable to polymer solutions, 
and this form often is preferred, because it is more directly related to 
gasliquid chromatographic partition coefficients and to molarity-based 
equilibrium constants. 

APPENDIX 

The following example illustrates the prediction of naphthalene sol- 
ubility in a binary solvent mixture containing n-hexane and carbon tet- 
rachloride. For calculational purposes, the initial mole fraction compo- 
sition of the solvent mixture is taken to be Xp = Xie,, = 0.5000. This 
corresponds to a volume fraction of n-hexane of 6: = 0.5753. The naph- 
thalene solubilities in the pure solvents, (X$)l = 0.1168 and (X$')Z = 
0.2591 are taken from a previous report (lo), and the excess free energy 
of mixing of the solvent mixture at Xp- 0.5000,251; = 35.5 cal/mole, is 
taken from other reported data (46). 

The NIBS prediction begins by calculating the excess partial molar 
Gibbs free energy of the solute (cQ')i in the two pure solvents: 
For n-hexane: 

(cp)i = (1 - 0.1101)-2 (1.987)(298.15) h(0.312/0.1168) 
= 735.02 cal/mole 

and for carbon tetrachloride: 

(81')~ = (1 - 0.3070)-' 
(1.987)(298.15) ln(0.312/0.2591) 

= 229.2 cal/mole 

The properties in the two pure solvents are then combined with @* to 
give: 

(1.987)(298.15) ln(O.312/X~') = (1 - $p')2 [(0.5753)(735.02) 
+ (0.4247)(229.2) - (123.00)(114.30)-' (35.5)] 

In the fmt approximation (1 - hMt) = 1, and solving for the mole fraction 
solubility gives: 

X r t  = 0.1383 
The first approximation is then used to calculate (1 - @'), and this 
quantity is then used to obtain a second approximation: 

(1.987)(298.15) ln(0.312/Xyt) = (1 - 0.1483)2[(0.5753)(735.02) 
+ (0.4247)(229.2) - (123.00)(114.30)-' (35.5)] 

The second approximation of Xpt (= 0.1729) is used to calculate a new 
value of (1 - hMt), and the calculations are repeated until a constant mole 
fraction solubility is obtained. As mentioned previously, th is  convergence 
is quite rapid wless the solubility is large. 
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Abstract Transport of alprost,adil (prostaglandin El) and dinoprost 
(prostaglandin Fh) was studied in enzymatically dispersed normal and 
streptozocin-treated rat hepatocytes prepared by collagenase perfusion. 
Cell suspensions incubated at  37” were sampled at  time intervals for a 
period of 5 min and the supernatant analyzed for prostaglandins after 
centrifugation. The data analysis employed a theory and a model for 
solute transfer at the cell membrane-water interphase. Biophysical pa- 
rameters such as the effective partition and the apparent permeability 
constants were used to define the transport mechanism. The apparent 
permeability coefficient of alprostadil and dinoprost transfer through 
normal hepatocytes was calculated to be 5 X 10-3 and 3 X cm/sec 
with a mean partition coefficient of 1345 and 764 for both solutes, re- 
spectively. The permeability coefficient of alprostadil and dinoprost 
transfer through diabetic hepatocytes were 3 X 10-3 and 2 X 10-3 cm/sec 
with partition coefficient of 572 and 206, respectively. The results showed 
differences in prostaglandin transport between normal and diabetic 
hepatocytes, resulting from morphological and lipid alteration in the 
cytoplasmic membrane. 

Keyphrases 0 Prostaglandins-transport through normal and diabetic 
rat hepatocytes, alprostadil and dinoprost Alprostadil-transport 
through normal and diabetic rat hepatocytes Dinoprost-transport 
through normal and diabetic rat hepatocytes 0 Hepatocytes, rat-normal 
and diabetic, transport of alprostadil and dinoprost Permeability- 
transport of alprostadil and dinoprost through normal and diabetic rat 
hepatocytes 0 Partition coefficient-transport of alprostadil and dino- 
prost through normal and diabetic rat hepatocytes 

Multicomponent and multicompartment diffusional 
models have been used to study transport of solutes across 
biological membranes. For example, erythrocyte perme- 

ability (l), lymphocyte permeability (2), Ehrlich ascites 
tumor cell permeability (3), and Burkitt lymphoma cell 
permeability (4) have been reported. The majority of the 
studies dealt with solute transfer through blood cell com- 
ponents and tissue culture cell suspensions. However, few 
mechanistic studies were attempted on cell suspensions 
obtained by enzymatic dispersion, e.g., embryonic heart 
cells (51, adipocytes (6), and hepatocytes (7,8). 

Alprostadil (prostaglandin El) and dinoprost were 
chosen as solute models to mechanistically explain the 
transfer of acidic lipids through normal and diabetic rat 
hepatocytes. Furthermore, autoradiographic studies in 
mice have shown high concentrations of alprostadil and 
dinoprost in the liver 15 min after intravenous injection 
(9). 

The present report describes the uptake mechanism of 
alprostadil and dinoprost through enzymatically dispersed 
normal and diabetic adult rat hepatocytes. The techniques, 
methodology, and the theoretical model employed are well 
suited to  characterize interfacial barriers to interface 
transport in biological systems. 

EXPERIMENTAL 

Preparation of Rat Hepatocyte Suspensions-Suspensions of 
isolated liver parenchymal cells were prepared by a modification of a 
previously described procedure (10). Male Sprague-Dawley rats weighing 
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Abstract Transport of alprost,adil (prostaglandin El) and dinoprost 
(prostaglandin Fh) was studied in enzymatically dispersed normal and 
streptozocin-treated rat hepatocytes prepared by collagenase perfusion. 
Cell suspensions incubated at  37” were sampled at  time intervals for a 
period of 5 min and the supernatant analyzed for prostaglandins after 
centrifugation. The data analysis employed a theory and a model for 
solute transfer at the cell membrane-water interphase. Biophysical pa- 
rameters such as the effective partition and the apparent permeability 
constants were used to define the transport mechanism. The apparent 
permeability coefficient of alprostadil and dinoprost transfer through 
normal hepatocytes was calculated to be 5 X 10-3 and 3 X cm/sec 
with a mean partition coefficient of 1345 and 764 for both solutes, re- 
spectively. The permeability coefficient of alprostadil and dinoprost 
transfer through diabetic hepatocytes were 3 X 10-3 and 2 X 10-3 cm/sec 
with partition coefficient of 572 and 206, respectively. The results showed 
differences in prostaglandin transport between normal and diabetic 
hepatocytes, resulting from morphological and lipid alteration in the 
cytoplasmic membrane. 
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hepatocytes 0 Partition coefficient-transport of alprostadil and dino- 
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Multicomponent and multicompartment diffusional 
models have been used to study transport of solutes across 
biological membranes. For example, erythrocyte perme- 

ability (l), lymphocyte permeability (2), Ehrlich ascites 
tumor cell permeability (3), and Burkitt lymphoma cell 
permeability (4) have been reported. The majority of the 
studies dealt with solute transfer through blood cell com- 
ponents and tissue culture cell suspensions. However, few 
mechanistic studies were attempted on cell suspensions 
obtained by enzymatic dispersion, e.g., embryonic heart 
cells (51, adipocytes (6), and hepatocytes (7,8). 

Alprostadil (prostaglandin El) and dinoprost were 
chosen as solute models to mechanistically explain the 
transfer of acidic lipids through normal and diabetic rat 
hepatocytes. Furthermore, autoradiographic studies in 
mice have shown high concentrations of alprostadil and 
dinoprost in the liver 15 min after intravenous injection 
(9). 

The present report describes the uptake mechanism of 
alprostadil and dinoprost through enzymatically dispersed 
normal and diabetic adult rat hepatocytes. The techniques, 
methodology, and the theoretical model employed are well 
suited to  characterize interfacial barriers to interface 
transport in biological systems. 

EXPERIMENTAL 

Preparation of Rat Hepatocyte Suspensions-Suspensions of 
isolated liver parenchymal cells were prepared by a modification of a 
previously described procedure (10). Male Sprague-Dawley rats weighing 
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Figure 3-Comparison of experimental data with theory for uptake 
of alprostadil by normal hepatocytes. Key: (0) 13,169,475 cells; (@) 
27,362,137 cells; P = 5 X 

in the experiments; their livers were perfused by the same procedure 
mentioned above to obtain cells from diabetic rats. 

Determination of Mean Hepatocyte Count and Diameter-An 
automated countefi was used to determine the mean hepatocyte count 
and diameter. The instrument was precalibrated with a suspension of 
polystyrene divinyl benzene latex (16.6-flm diameter). 

The hepatocyte suspension (0.5 ml) was placed in a 200-ml solution 
of 11, and cell counts were read at thresholds 2,5,10,15,20,30,35,40,60, 
80, and 100, respectively. 

Uptake of Alprostadil and Dinoprost by Hepatocytes from Nor- 
mal and Diabetic Rats-One microcurie (-0.635 nM) of [5,6(n)-"H]- 
alprostadil or 1 pCi (-3.81 nM) or [l-14C]dinoprost7 was added to 225 
ml of a solution of I1 at  37' in a water-jacketed beaker. A 1-ml sample 
from time zero was withdrawn from the beaker into a liquid scintillation 
vial for radioactive assay in a liquid scintillation counter. Following this, 
a measured volume of hepatocyte suspension was added into the beaker 
to obtain -1.3 X lo7 or 2.6 X lo7 cells/225 ml of a solution of 11. The 
hepatocytes were kept in suspension throughout ,the experiment by 
stirring with a 120-rpm synchronous motor. At 0.5, 1-, 2-, 3-, 4-, and 
5-min intervals, 3-ml aliquots of the suspension were withdrawn and the 
cells immediately sedimented by centrifugation at 800Xg for 15 sec. 
One-milliliter samples of the supernatant solutions were assayed for their 
radioactive content. 

cmlsec; K = 1345. 

THEORETICAL 

The selected experimental method involves the dispersion of hepato- 
cytes in an isotonic aqueous phase. The following discussion describes 
a physical model with relevant interrelationships between experimental 

28 F 

Figure 1-Physical model describing uptake across hepatocyte-water 
interface. 

200-250 g and fed ad libitum were anesthetized by injection of 80 mg/kg 
ip of the sodium salt of 5-sec-butyl-5-ethyl-2-thiobarbituric acid'. The 
liver was initially perfused through the portal vein at a flow rate of 30-40 
ml/min with 200-ml heparinized Ca2+-free Krebs-Henseleit (I) solution 
to clear it of its blood supply. Perfusion was continued with 250 ml of I 
containing 0.4 mg/ml of collagenaseZ at a flow rate of 100 ml/min using 
a peristaltic pump3. Au perfusion media were aereated with 95% oxy- 
gen-5% carbon dioxide throughout the experiment. After 30 min of 
perfusion, the fibrous tunic was scraped and the hepatocytes dispersed 
by gentle motion. The cells were filtered through a course 250-pm 
nylon-mesh filter, washed and suspended into 30 ml of Ca2+- and 
Mg2+-free phosphate buffered saline (11) (pH 7.4). Hepatocyte viability 
was then estimated by the trypan blue exclusion test. 

Preparation of Diabetic Rats-Male rats were injected with 65 
mglkg iv streptozocin4 in saline acidified to pH 4.5 with 0.05 M solution 
of sodium citrate. They were fed ad libitum and checked daily for dia- 
betes by wine sugar analysis papel5 and a blood glucose test (11). Animals 
whose blood glucose levels were >250 mg/100 ml after day 7 were used 
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Figure 2-Cumulatiue size distribution for rat hepatocytes. 
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Figure I-Normalized plot, by percent uptake, of experimental data 
with theory of alprostadil by normal and diabetic hepatocytes. Key: (0) 
13,169,47<5 normal cells; P = 5 X crnlsec; K = 1345; (0) 13,450,000 
diabetic cells; P = 3 X 

MINUTES 

cmlsec; K = 572. 

ti Coulter Counter model A, Coulter Electronics. Hialeah, Fla. 
The Radiochemical Centre, Amersham, England. 

Inaction, Byk Gulden, Konstanz, West Germany. 
Type CLS 11, 140-175 U/mg, Worthington Biochemical Corporation, Freehold, 

Ministaltic pump, Manostat, New York, N.Y. 
11-9889, lot 60,273-1, Courtesy of The Upjohn Co., Kalamazoo, Mich. 
Eli Lilly Co., Indianapolis, Ind. 

N.d. 
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Figure &-Normalized plot, by percent uptake, of experimental data 
with theory of alprostadil by normal and diabetic hepatocytes. Key: (a) 
27,362,137normal celki; P = 5 X 10-3cmlsec; K = 1345; (m) 27.000,OOO 
diabetic cells; P = 3 X 

and theory which incorporates parameters physically describing the 
system. 

The model shown in Fig. 1 is similar to the one proposed previously 
(12) for rapid equilibration in the heterogeneous cytosol with no binding 
of solute molecules to components outside the cell. The model describes 
a hepatmyte of radius r, suspended in buffer I1 with C, as the intra- 
cellular solute concentration and c b  as the aqueous bulk solute concen- 
tration. The resistance to solute transport may be described as a barrier 
to transfer across the cytoplasmic membrane. It is best characterized by 
a transport coefficient (permeability coefficient, P) which can be a 
function of solute and membrane characteristics. 

A quasi-steady-state rate of uptake of solute by a cell was described 
(13) by: 

MINUTES 

cmlsec; K = 572. 

dC, - 4urzP 
dt V ,  (Eq. 1) 

where P is the apparent permeability coefficient for the interfacial re- 
sistance, K is the effective cell-water partition coefficient, and V ,  is the 
hepatocyte volume. 

From mass balance: 

Tab + TA, = Constant (Eq. 2) 

can be written where Tab and TA, are the total amounts of solute in the 
bulk phase and in the cells a t  any time t .  Therefore: 

VbCb + 4/3ur:NC, = Constant (Eq. 3) 

where Vb is the bulk volume, and N is the number of hepatocytes in the 
suspension. 

Differentiating cb and c, in Eq. 3 with respect to time and rear- 
ranging: 

2o t 
(Eq. 4) 
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Figure 6-Normalized plot, by percent uptake, of experimental data 
with theory of dinoprost by normal and diabetic hepatocytes. Key: (A) 
11,948,182 normal cells; P = 3 X cmlsec; K = 860; (v) 13,033,125 
diabetic cells; P = 2 X 

MINUTES 

cm/sec; K = 206. 
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Figure 7-Normalized plot, by percent uptake, of experimental data 
with theory of dinoprost by normal and diabetic hepatocytes. Key: (A) 
26,320,500 normal cells; P = 3 X cmlsec; K = 667; (v), 27,169,687 
diabetic cells; P = 2 X 

MINUTES 

cmlsec; K = 206. 

Equations 1 and 4 are combined to give: 

(Eq. 5) 

Equations 1,3, and 5 are used to solve for c b  as a function of time when 
Vb, K (which can be calculated from the steady-state data points and Eq. 
31, r,, P ,  and Cg (concentration of solute in bulk phase at t = 0) are known. 
These equations can be solved analytically to yield a solution of the 
form: 

c b  = Ae-Nt 4- B (Eq. 6) 

where A,  a, and B are constants and are expressed as: 

and: 

(Eq. 9) 

However, to manipulate this solution is tedious and prone to errors 
considering the expressions for A ,  a, and B, especially in situations of 
nonuniformity in size distribution of the cells (14). A more practical ap- 
proach is to resort to numerical methods using the Hamming's predic- 
tor-corrector method. The computer program calls on a subroutine which 
employs the fourth-order Runge-Kutta method to yield the starting 
values for Hamming's algorithm (15). Comparing the numerical solution 
with that obtained analytically for some of the data yielded a very close 
fit, thus, supporting the results. 

RESULTS 

Determination of Mean Hepatocyte Count and Diameter-The 
number of isolated cells per liver was -1.2 X los hepatocytes. Hepatocyte 
preparations showing 290% viable cells were used in the experiments. 

The mean hepatocyte count corresponds to threshold 17 for the cali- 
bration material polystyrene divinyl benzene latex (16.6-pm diameter). 
Figure 2 represents a plot of the number of normal oversize cells uersus 
threshold of the suspension with mean count at threshold 30. Identical 
size distribution curves were observed for hepatocytes from diabetic 
animals. A procedure similar to the one reported previously (16) was used 
to calculate the mean diameter, which was estimated to be 20 pm. 

Uptake Studies-Uptake studies of alprostadil and dinoprost by 6 
X 104 and 12 X 104 cellslml from normal and diabetic rats were attempted 
to verify that the calculated physical constants remain the same, irre- 
spective of cell number in the uptake medium. The theoretical calcula- 
tions are presented as smooth curves in Figs. 3-7 with the apparent 
permeability coefficient (P) experimentally determined as the value 
which gives the best fit to the data points. 

Uptake of Alprostadil and Dinoprost by Hepatocytes from Nor- 
mal Rats-Figure 3 compares the experimental data with theory for 
uptake of alprostadil by normal hepatocytes. A similar graph was ob- 
tained for dinoprost uptake. Steady state was observed in 5 min, and the 
effective cell-water partition coefficient was 1345 and 764 for alprostadil 
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and dinoprost, respectively. The apparent P-value for both solutes was 
in the range of 5 X 

Uptake of Alprostadil and Dinoprost by Hepatocytes from Dia- 
betic Rats-Plots similar to Fig. 3 were observed with diabetic cells. The 
effective cell-water partition coefficient was 572 for alprostadil and 206 
for dinoprost. The apparent P-value was estimated to be 3 X and 
2 x 10-3 cmhec, respectively. 

Normalized Plots of the Data-Figures 4-7 are normalized plots for 
alprostadil and dinoprost uptake by hepatocytes from normal and dia- 
betic rats at almost identical cell counts. At  steady state the percent 
uptake of alprostadil and dinoprost by normal cells was almost double 
that of cells from diabetic rats, because of differences in theK-values of 
both solutes between the two types of cells. 

and 3 X cmhec, respectively. 

DISCUSSION 

Diffusion- and Permeability-Controlled Transfer Through Cell 
Suspension Models-Solute transfer through cell suspensions is gen- 
erally controlled by two physically defined situations, namely the dif- 
fusion of the solute from bulk phase to the proximity of the cell mem- 
brane, and then the permeation of the solute through the membrane. In 
the present study, movement of solute from the bulk phase to the hepa- 
tocyte membrane interface will be contributing minimally, if any, to the 
rate of solute transport. Therefore, solute transfer through the cell 
membrane becomes rate limiting. Membrane permeation is then physi- 
cally assessed by the isolation of the apparent permeability coefficient. 
Since this coefficient is in the range of cm/sec, then the effective 
diffusivities (D) of both solutes in an -100-A thick (d,) hepatocyte 
membrane may be estimated to be in the range of cm2/sec. 
Therefore, the lag time for solute transport may be expressed by: 

(Eq. 10) 
d 2  

T = L  
D 

where T has a value of sec, a short lag time when compared with 
5 min, the time needed to reach steady state. 

Assessment of the Data-It was reported (11) that in streptozocin- 
treated rats, cell membranes have shown significant changes in sialic acid 
and cholesterol content which support the findings on concanavalin A- 
induced agglutination8 that cells from diabetic rats flocculate at a slower 
rate than those from controls. This suggests that diabetic cells, when 
compared with normal cells, are either less rich in glycoprotein receptors 
(sialic acid-rich receptors) or the receptors are arranged differently in 
the cell membrane. The data on the K-values presented here show that 
normal cells are more lipoidal than diabetic ones. For example, the ratio 
of the K-values of both prostaglandins in normal cells (1345 for alpros- 
tadil and 763 for dinoprost) is 1.76, which agrees fairly well with previous 
data (17) on the partition coefficient ratio of alprostadil and dinoprost 
~ 

8 Unpublished data. 

between n-octane and water (ratio 1.72). Furthermore, the ratio of the 
K-values of the same solutes in diabetic cells is 2.78, which agrees with 
the ratio of their partition coefficients (ratio 2.11) between 1-octanol and 
water as well. 

The initial rate of transport of alprostadil and the apparent perme- 
ability coefficients are larger in normal as compared with diabetic hep- 
atocytes (Figs. 4 and 5). This is also observed in Figs. 6 and 7 for dinoprost. 
However, alprostadil is transported faster and to a greater extent in both 
normal and diabetic cells than dinoprost (Figs. 4 and 6, Figs. 5 and 7, 
respectively). Therefore, it can be concluded that solute partitioning plays 
a prominant role in the transport mechanism, since the apparent per- 
meability coefficient is a function of the effective partition coefficient. 
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Abstract 0 Preparations of viral RNA inactivator(s) produced during 
the cupric ion-catalyzed oxidation of hydroquinone were analyzed by 
high-performance liquid chromatography (HPLC) using UV and elec- 
trochemical (EC) detectors. In addition to hydroquinone and the main 
oxidation product (p-benzoquinone), which is known not to be the in- 
activator($, the analysis showed three unidentified components (1-111). 
Partial UV absorption spectra of 1-111 were determined by HPLC with 
the UV detector set a t  various wavelengths. Components I1 and 111, but 
not I, were highly unstable in the presence of L-histidine, which is an 
excellent chelator of cupric ion and can promptly stop ongoing viral RNA 
inactivation by the inactivator(+ The product p-benzoquinone was also 
highly unstable in the presence of L-histidine; the reaction between these 
two compounds (with or without copper) resulted in a cascade of prod- 
ucts. The possibility that the inactivator(s1 is I1 or 111, or both, is dis- 
cussed. 

Keyphrases Hydroquinone-high-performance liquid chromatog- 
raphy of preparations of ribonucleic acid inactivator(s) from cupric ion 
after treatment with histidine Histidine-high-performance liquid 
chromatography of preparations of ribonucleic acid inactivator(s) from 
cupric ion and hydroquinone 0 High-performance liquid chromatogra- 
phy-preparations of ribonucleic acid inactivator(s) from cupric ion and 
hydroquinone before and after treatment with histidine 

Cupric ion and many lots of commercial reagent-grade 
phenol interact to produce a potent inactivator(s) of the 
naked RNA from poliovirions; even after redistillation, the 
purified phenol shows a strong capacity to interact with 
cupric ion to produce the RNA inactivator(s) (1,2). This 
RNA inactivator(s) can be a serious problem when phenol 
is used for the isolation of RNAs. 

However, phenol purified by steam distillation shows 
no activity, the activity being recoverable from the aqueous 
residue remaining after the steam distillation (1). The 
activity of this residue has been shown to be due, a t  least 
in part, to hydroquinone and catechol, which occur as 
impurities in the commercial reagent grade phenol (2,3). 
In addition to hydroquinone and catechol, two other 
phenols have been shown to be active: pyrogallol and or- 
cinol (2). Hydroquinone is the most active of the four 
phenols (2). 

When cupric ion and hydroquinone are mixed together 
in buffer (pH 7.3) under air, the copper-catalyzed oxida- 
tion of the hydroquinone to p -benzoquinone starts 
promptly and proceeds rapidly, and inactivator activity 
rises in parallel with the rise in p-benzoquinone concen- 
tration (4). However, as shown by direct tests, p-benzo- 
quinone is not the inactivatods), nor is cuprous ion (4). 

In the present report, preparations of inactivator(s) from 
cupric ion and hydroquinone were examined by HPLC 
using UV and EC detectors with the aim of detecting ad- 
ditional chemical species which could be candidates for the 

role of inactivatorb); three such species were found. Be- 
cause of the effect of L-histidine, an excellent chelator of 
cupric ion (9, in promptly stopping ongoing inactivation 
of RNA by the inactivator(s) (l), the effect of L-histidine 
on the stability of these three species was determined. 

EXPERIMENTAL 

Chemicals-The following chemicals were used: p-benzoquinone, 
practical grade'; cupric chloride, reagent grade2; hydroquinone, purifiedz; 
85% orthophosphoric acid, reagent grade3; potassium dihydrogen phos- 
phate, reagent grade3; L-histidine monohydrochloride monohydrate4; 
tetramethylammonium hydroxide pentahydrate5. 

Distilled water was deionized, demineralized, and then double-distilled 
in glass before use. 

The commercial hydroquinone was recrystallized twice from water 
before use. Solutions of the recrystallized hydroquinone in water were 
stored frozen under nitrogen. 

Preparation of Viral RNA Inactivator(s)-Inactivator preparations 
were made by incubating cupric chloride a t  1.11 mM and hydroquinone 
a t  2.22 mM in buffer under air a t  23O for 5 min (6). The buffer used was 
137 mM NaCl, 2.69 mM KCl, 8.15 m M  NazHP04, and 1.46 m M  KH~POI, 
pH 7.3. To obtain the UV absorption spectra, the incubation was for 20 
instead of 5 min so that higher concentrations of the unknown products 
1-111 would be obtained. 

Treatment of Inactivator Preparation with L-Histidine-Solu- 
tions of buffer containing L-histidine hydrochloride at 167 mM and with 
the pH adjusted with sodium hydroxide back to 7.3 were prepared. One 
volume of the buffer with L-histidine, at 23O, was mixed with three vol- 
umes of fresh inactivator preparation. Samples were taken immediately 
and after various periods of incubation at  23O. Controls were done in the 
same way, except that plain buffer was used instead of buffer with L- 
histidine. 

Treatment of p-Benzoquinone with L-Histidine-One volume of 
the above mentioned buffer with L-histidine, at 23O, was mixed with three 
volumes of a reference solution of 0.300 mM p-benzoquinone in buffer 
with cupric chloride at  1.11 mM or without cupric chloride. This reference 
solution had been preincubated under air a t  23' for 5 min, in simulation 
of the incubation used in preparing the viral RNA inactivator(4. Samples 
were taken immediately and 15 min after adding the L-histidine. In the 
controls, plain buffer replaced the buffer with L-histidine. 

HPLC-An isocratic HPLC system similar to that previously de- 
scribed was used (7). The fixed-volume injector'? contained a 20-pl loop. 
A 250 X 4-mm reverse-phase column packed with Lichrosorb' RP-18, 
10 p m ,  with a slurry packing technique was used. A guard column RP-18 
MPLC8 was incorporated into the system. An aqueous mobile phase 
containing 100 mM KHzP04 and 12.5 mM tetramethylammonium hy- 
droxide, pH adjusted to 3.9 using 14.7 M H3P04, was prepared using the 
triple-distilled deionized demineralized water. This mobile phase was 

Eastman Kodak Co. 
2 Fisher Chemical Co. 

Mallinckrodt Chemical Works. 
4 Mann Research Laboratories. 

Sigma Chemical Co. 
Rheodyne. ' E. Merck Laboratories. 
Brownlee Laboratories. 
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Figure 1-Chromatograms of RNA inactivator(6) before and after treatment with L-histidine. To one volume of inactivator preparation made 
using the 5-min incubation was added one-third volume of either plain buffer (control) or buffer with L-histidine (experimental). Key: A, control 
immediately injected; B, experimental injected 15 rnin after adding L-histidine; C, experimental injected 3 hr after adding L-histidine. Upper 
and lower chromatogram: responses of EC and UV (260 nm), respectively. Key: (S) solvent front; (mAU) milliabsorbance unit; (H) hydroquinone; 
(P) pbenzoquinone; 1-111, unknowns in inactivator preparation; IV-VII, unknowns appearing within 15 min after adding L-histidine. Offscale 
peaks: three H(EC) peaks and the S(UV) peak of panel B. 

filtered through a 0.2-1m porosity membrane filtere, deaerated under 
vacuum, and kept a t  40° during chromatography. The UV detector was 
set a t  260 nm and 0.05 absorbance units full scale in most experiments. 
In some experiments, as described, the UV detector was set a t  wave- 
lengths shorter or longer than 260 nm. The EC detector was set at 0.7 V 
and 100 nA full scale. 

RESULTS 

Components of Preparations of RNA Inactivator(s)-HPLC of 
RNA inactivator preparations made using the 5-min incubation of cupric 
chloride with hydroquinone showed six peaks (Fig. 1A): the solvent front 
peak, where cupric ion elutes; hydroquinone; p-benzoquinone; and three 
unidentified products (1-111). At the UV wavelength of 260 nm used for 
this chromatogram, product 111 appears as a trailing shoulder on the peak 
due to product 11; but when 230-nm UV was used, I1 and I11 were seen 
as two peaks (Fig. 2). The peak due to component I was also more obvious 
when 230-nm UV was used (Fig. 2). The peak between component I and 
hydroquinone (Fig. 2) was due to one of the Components, possibly un- 
known component XI (see below), appearing only after incubation of the 
cupric chloride and hydroquinone together for more than 5 min. Chro- 
matograms of such inactivator preparations were found to be highly re- 
producible when the same conditions for production of inactivatods), 
for separation, and for detection were used. 

Partial UV Absorption Spectra of Components I-111-Partial UV 
absorption spectra of components 1-111 were determined from chro- 
matograms of replicate inactivator preparations with the UV detector 
set at various UV wavelengths from 200 to 320 nm and are shown in Fig. 
3. 

Components Appearing upon Further Incubation of RNA Inac- 
tivator Preparations-In this study, attention was concentrated on 
components 1-111, because of their presence after incubation of cupric 

9 Millipore. 

ion with hydroquinone for only 5 min, and since previous experiments 
had shown that the production of RNA inactivator(s) from cupric ion and 
hydroquinone proceeds rapidly and without lag (4). 

When the reaction between cupric chloride and hydroquinone was 
prolonged beyond 5 min, as in the controls where one-third volume of 
plain buffer was added at  5 min and the incubation continued at  23", 
additional unknown products appeared. This result was shown by testa 
of samples that were taken after additional incubation periods of 5,15, 
30,60,180, and 420 min and analyzed by HPLC using both detectors with 
the UV detector set a t  260 nm. These chromatograms showed seven ad- 
ditional unknown products (VIII-XIV) with retention times of <1 hr. 
Referred to by the earliest time of their appearance in min after starting 
the additional incubation, by the detector(s) sensitive to them and by 
their retention times in minutes and seconds, these seven products were: 
VIII, 5UV and EC545; IX, 5UV and EC17:15; X, 15UV4:45; XI, 
15UV805; XII, 60EC4:15; XIII, 180UV14:15; XIV, 420UV41:35. 

Effects of Histidine-The addition of L-histidine to inactivator 
preparations resulted in the rapid loss of components I1 and 111 but not 
of component I (Figs. 1 and 4). The synthesis of additional component 
I was, however, greatly diminished by L-histidine. The addition of L- 
histidine had other effects, which may be grouped in two sets. 

The first set consists of effects that are connected or probably con- 
nected with the capacity of L-histidine to chelate cupric ion. One such 
effect was the very rapid formation of chelate complex(es) of cupric ion 
and L- histidine (8) (Fig. 1B); the offscale UV-absorbing peak at the 
solvent front (S) was due mainly to such complex(es), as shown by control 
chromatograms of L-histidine and cupric chloride chromatographed 
individually and after being mixed together. Another effect was the vir- 
tually immediate cessation of the oxidation of hydroquinone. A third 
effect was the blocking of the production of VIII, IX, XI, XIII, and XIV. 
Production of X was not blocked. Whether production of XI1 was blocked 
was not ascertained, due to interference from new compounds appearing 
after adding L-histidine (Fig. 1 and below). 

The second set of effects of L-histidine consists of those which were 
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Figure 2-Chromatogram of RNA inactivator prepared using 20-min 
incubation. Symbols as in Fig. 1 .  

found to be independent of the capacity of L-histidine to chelate cupric 
ion. These effects were ( d )  the rapid loss of p-benzoquinone (Figs. 1 and 
4), (e) the increase in hydroquinone (Figs. 1 and 4), and cf) the appearance 
of a cascade of new compounds including IV-VII (Figs. 1 and 5). 

Evidence of the cascade of new compounds was seen soon after the 
addition of L-histidine. Within 15 min after this addition, four new 
components, IV-VII, appeared. Components IV and V were detected by 
the EC detector and VI and VII by the UV detector (Fig. IB). The kinetics 
of production of IV-VII and the kinetics of the later decrease or disap- 
pearance of IV, VI, and VII are shown in Fig. 5. These four components 
did not appear in the controls not containing L-histidine. At  times > 15 
min after adding L-histidine, additional new compounds appeared which 
did not appear in the corresponding controls that had received only plain 
buffer. At  least four of these additional compounds are shown in Fig. lC, 
where the inactivator preparation had been incubated for 3 hr after 
adding the L-histidine. Such chromatograms are highly reproducible. 
To avoid cluttering the fwre,  these additional unknown compounds have 
not been numbered. 

That the above effects ( d ) ,  ( e ) ,  and cf) are independent of copper was 
shown by tests of the effect of L-histidine on p-benzoquinone with and 
without cupric ion. Buffer with L-histidine, or plain buffer for the con- 
trols, was added to solutions of commercial p-benzoquinone in buffer with 
and without cupric chloride; and the mixtures were analyzed either im- 
mediately or after 15 min at  23". The chromatograms showed that L- 
histidine, with or without copper, caused a rapid decrease in the con- 
centration of p-benzoquinone. In two experiments, after 15 min only 14 
and 9.3% of the starting p-benzoquinone remained when cupric chloride 
was not added; when cupric chloride was added the corresponding figures 

I I ,? T 
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Figure 3-Ahsorption spectra of products I ,  11, and I l l .  Many replicate 
inactiuator preparations were made using a 20-min instead of a 5-min 
incubation, the addition of plain buffer, and immediate sampling for 
analysis hy HPLC using the UVdetector, which was set at ZOO, 200,220, 
230,240,250,260,270,280,290,300,310, and 320 nm, respectioely, for 
the replicate preparations. For each chromatogram, peak heights in 
milliahsorhance units (rnAU) for unknown components I-III were es- 
timated. The point for component I at 200 nm was missed due to in- 
terference from the offscale soloent front. 

were 17 and 21%. In the controls where plain buffer was added, there was 
no significant change in the concentration of p-benzoquinone in 15 min 
with or without cupric chloride. In the commercial p-benzoquinone used 
there was a very small amount of hydroquinone, detectable by the EC 
detector. In 15 min after adding L-histidine, the amount of hydroquinone 
increased five- to eightfold with or without cupric chloride. In the controls 
where plain buffer was added, there was no significant change in the 
concentration of hydroquinone in 15 min without cupric chloride; but 
with cupric chloride there was, as expected, a marked reduction in the 
concentration of hydroquinone after 15 min, due to cupric ion-catalyzed 
oxidation. The chromatograms of samples taken 15 min after the addition 
of L-histidine to the p-benzoquinone with and without cupric chloride 
showed peaks virtually identical to unknown components IV-VII both 
in retention time and in detector response ratios of the UV and EC de- 
tectors. 

These experiments show that L-histidine reacts with p-benzoquinone, 
that direct or indirect products of the reaction are hydroquinone and 
unknown components IV-VII, and that copper is not necessary for this 
reaction or for the production of these five products. These effects of the 
reaction between L-histidine and p-benzoquinone can account for the 
above-described effects ( d ) ,  ( e ) ,  and ( f ) .  

DISCUSSION 

The most significant aspects of this work are that components other 
than hydroquinone and p-benzoquinone were sufficiently stable to be 
detected by HPLC in preparations of RNA inactivator(s) and that two 
of these components, I1 and 111, were unstable in the presence of L-his- 
tidine. This instability casts I1 and I11 as candidates for the role of inac- 
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Figure 4-Effect of L-histidine on six UV-absorbingpeaks from imc- 
tivator preparation. The inactivator preparation was made and the 
control and experimental additions were made as in Fig. 1. A sample 
of the control was immediately injected for analysis by HPLC, using the 
same chromatographic conditions as in Fig. 1. Incubation of control and 
experimental continued at 2 3 O ,  under air, and samples taken a t  the 
various times shown were analyzed by HPLC. Key: mAU, milliabsor- 
bance unit; S, peak a t  solvent front; I-IZI, three unknown components 
shown in Fig. 1A. (0) immediate sampling of buffer control; (0) incu- 
bated buffer control; (0) incubated histidine experimental. The arrows 
indicate offscale peaks. 

tivatorb). What connection, if any, components I1 and I11 may have with 
the free radical species a t  the one-electron oxidation step, namely, p- 
benzosemiquinone and its anion as well as the complex of this anion with 
cupric ion (9), is presently unknown. 

Another important aspect of the work is that it shows the multiplicity 
of the effects of L-histidine on RNA inactivator preparations. It appears 
that most or all of these effects can be attributed to just two properties 
of L-histidine: i ts  capacities to  chelate cupric ion and to react with p- 
benzoquinone. 

For more than a century, various aminea have been known to react with 
p-benzoquinone (10). The reaction leads successively to several products. 
For example, reaction with an aromatic amine may yield 2-arylamino- 
hydroquinone, 2,5-diarylaminohydroquinone, and from these products 
the corresponding quinones through oxidation by remaining p-benzo- 
quinone; moreover, this oxidation would in turn also yield hydroquinone. 
If the reacting amine were L-histidine, the substituent on the hydro- 
quinone and on the quinone would be relatively polar, and the substituted 
compounds would be expected to show-shorter retention times in the 
HPLC system used here than the corresponding unsubstituted com- 
pounds. Also, it would be expected that the substituted quinones would 
be detectable by the UV detector at 260 nm but probably not detectable 
by the EC detector as used here, whereas the substituted hydroquinones 
would probably be more readily detected by the EC detector. Thus, such 
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HOURS AT 23” AFTER ADDING L-HISTIDINE 
Figure 5-Kinetics of appearance and disappearance of unknown 
components IV-VII after addition of L-histidine. Inactiuator prepa- 
rations were made and L-histidine then added, as in experimentals of 
Fig. IB and C. Samples were analyzed by HPLC 5,15,30,60,180, and 
420 min later. Components W a n d  V were analyzed by EC detector, VI 
and VII by UVdetector, as in Fig. 1. mAU, milliabsorbance unit. 

a series of reactions could explain several of the observations regarding 
the reaction between p-benzoquinone imd L-histidine, namely: (a) the 
rapid production of four unknown components (IV-VII), (b) that two 
of these were detected by EC, whereas the other two were detected by 
UV, (c) the retention times of IV-VII relative to the retention times of 
hydroquinone and p-benzoquinone, and (d) the increase in hydroqui- 
none. 
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Abstract Structural juxtaposition of the 3,4,5-trimethoxyphenyl group 
in the same molecule with a piperazine or homopiperazine ring has been 
realized in a series of mescaline analogues (I-IV) as part of an investi- 
gation into the pharmacological properties of the seven-membered 
perhydro-l,4-diazepines (homopiperazines). The analogous six-mem- 
bered piperazines were synthesized and tested as reference substances 
to determine whether the seven-membered ring conveyed special prop- 
erties. A variety of pharmacological tests of action on the CNS showed 
that replacement of the amino group in mescaline by the heterocycles 
significantly alters the biological activity. In particular, both the piper- 
azine and the homopiperazine derivatives displayed sedative activity to 
about the same extent. 
Keyphrases Mescaline analogues-synthesis and action on the CNS, 
containing piperazine or homopiperazine rings 0 CNS agents-synthesis 
and action of mescaline analogues containing piperazine or homopip- 
erazine rings Piperazine rings-mescaline analogues, synthesis and 
action on the CNS Homopiperazine rings-mescaline analogues, 
synthesis and action on the CNS 

The 3,4,5-trimethoxyphenyl moiety attached to an 
amino nitrogen through a two- or three-carbon bridge is 
well known as a pharmacophoric group in drugs that pos- 
sess sedative, hypotensive, antiarrhythmic, and vasodi- 
lating properties (1). Furthermore, there are numerous 
commercial drugs containing the piperazine ring, and a few 
with the perhydro-1,4-diazepine (homopiperazine) ring. 
At  least two drugs contain both the homopiperazine ring 
and the trimethoxyphenyl group: l-methy1-4-(3,4,5-tri- 
methoxybenzoyloxy)methylhomopiperazine, an antihy- 
pertensive agent, and 1,4-bis[3-(3,4,5-trimethoxybenzo- 
yloxy)propyl] homopiperazine (dilazep), a coronary vaso- 
dilator. 

Mescaline, 2-(3,4,5-trimethoxyphenyl)ethylamine 
(3,4,5-(CH30)3C6H2CH&H2NH2], a simple trimethoxy- 
phenyl derivative, has been known as an hallucinogen and 
an agent on the CNS. The present study explored the bi- 
ological effects on the CNS of a molecule that closely jux- 
taposes the trimethoxyphenyl group with the homopip- 
erazine ring. This arrangement was obtained by replacing 
the amino group in mescaline with the homopiperazine 
ring. The piperazine analogue also was examined for 
comparison. These lines of inquiry were suggested by 
earlier investigations on the conformational (2, 3) and 
pharmacological (4) properties of homopiperazines. 

DISCUSSION 
The synthetic objective was attachment of the heterocycles, piperazine 

or homopiperazine, through a bismethylene fragment to the trimethox- 

yphenyl group. One approach attached the heterocycle to the bismeth- 
ylene carbon through one nitrogen, and the second nitrogen carried a 
methyl group (compounds I and 11, respectively). In another approach, 
both nitrogens of the heterocycles were supplied with the trimethoxy- 
phenyl substrate (compounds I11 and IV, respectively). The synthesis 
of these four molecules began with 3,4,5-trimethoxyphenylacetic acid 
[3,4,5-(CH30)3C6H&H&O2H]. 

A 
(CH30)3C6H&HZCHz-N 

UN-cH" 
I 

n 
(CH30)~Cc,HzCHzCHz-N-N-CH3 

I1 

A 
(CH~O)~C~HZCH~CHZ-~ Y-CH$H~CEHZ(CH~O)~ 

U 
I11 

n 
(CHzO)&HzCH$Hz-N N-CHzCH~C&z(CH,O)3 u 

IV 

Reduction of the corresponding methyl ester and treatment with thionyl 
chloride produced the chloride, 3,4,5-(CHsO)aC6HzCHzcH~cl, which 
was allowed to react with the cyclic amines to give the four desired 
compounds, 1-methyl-4-[2-(3,4,5-trimethoxypheny1)ethyl]perhydro- 
1,4-diazepine (I); l-methyl-4-[2-(3,4,5-trimethoxyphenyl)ethyl]piper- 
azine (11); 1,4-bis[2-(3,4,5-trimethoxyphenyl)ethyl]perhydro-l,4- 
diazepine (111); and 1,4-bis[2-(3,4,5-trimethoxyphenyl)ethyl]piperazine 
(IV). Alternatively, the ester, 3,4,5-(CHsO)3CsH&HzCOzCHs, was 
converted through the acid chloride to the amide containing the heter- 
ocycle, and the amide was reduced to the desired product. The structures 
of all products were confirmed by spectral and elemental analysis. 

The four compounds were used in nine separate tests of pharmaco- 
logical activity. In several tests, the dose level as a ratio of the LD5o was 
varied. No differences were found between the control group, which re- 
ceived doses of 0.9% NaCl, and the groups that received doses of com- 
pounds I-IV, for the following properties: body temperature, behavioral 
despair, central action of 3-(3,4-dihydroxyphenyl)-~-alanine (levodopa), 
apomorphine-induced stereotypy, or convulsant action of pentylene- 
tetrazol. None of the compounds eliminated the aggressiveness of isolated 
mice. Quantitative data for apomorphine behavior are given in Table I. 
Other negative results are omitted. Thus, these compounds do not exhibit 
activity typical of tranquilizers. 

Positive, dose-related results for three other tests are listed in Table 
I. All four tested compounds prolonged sleeping time and inhibited lo- 
comotor activity in mice. Reduction in amphetamine-induced locomotor 
stimulation was observed in mice for all four compounds, but the results 
are significant a t  the 95% level only for I and 11, which contain a single 
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Table I-Pharmacological Results on Heterocyclic Analogues of Mescaline 

Spontaneous 
Locomotor Amphetamine Apomorphine Behavior 

Dose, Activity, Hyperactivity, Hexobarhital Mean Scores (n = 6) 
LDm, Ratio of Count/30 min Counts/30 min Sleeping Time, Stereotyped 

Compound mg/kg ip LDM (n = 10) (n = 10) min (n = 10) Excitation Behavior 

0.9% NaCP 185 f 20.1 * 418 f 55 18.1 f 1.4 

0.05 175 f 19.7 421 f 52 23.0 f 2.5 
I1 660 f 172 0.1 115 f 19.0c 251 f 38' 41.4 f 4.0" 

0.05 181 f 23.2 385 f 48 28.6 f 3.0d 
0.025 17.2 f 1.6 

111 330 f 87 0.1 112 f 17.0' 310 f 54 38.4 f 2.1 
0.05 195 f 22.3 405 f 48 28.4 f 3.2d 
0.025 21.7 f 2.3 

IV 305 f 65 0.1 115 f 2O.Oc 286 f 40 36.5 f 1.6' 
0.05 184 f 22.4 398 f 47 26.8 f 2.9d 
0.025 19.0 f 2.0 

I 685 f 170h 0.1 120 f 13.3' 236 f 40' 33.7 f 2.2c 
4.0 f 0.85 7.6 1 . 4  
4.0 f 0.75 

4.2 f 0.92 

7.5 f 1.8 

6.8 f 2.4 

4.3 f 0.72 7.7 f 2.1 

4.4 f 0.81 7.4 f 2.2 

0 Control grou . b Standard error of the mean. A significant difference from the control at the 95% confidence level. d A significant difference from the control group 
at the !W% confignce level. A significant difference from the control at the 99.9% confidence level. 

trimethoxyphenyl residue. Thus, the results of these tests indicate that 
I-IV exhibit sedative activity. 

The presence of the piperazine or homopiperazine ring in place of the 
simple amino group in mescaline significantly alters the effect of the 
compound on the CNS. Within this group of compounds, there was little 
difference in sedative activity between the six- and seven-membered 
rings. Previously tested (5) homopiperazine-containing compounds, 
which were esters or amides of p-chlorobenzoic acids, did not exhibit a 
depressive effect on the CNS. Consequently, the sedative activity of I-IV 
is caused at  least in part by the presence of the 3,4,5-trimethoxyphenyl- 
ethyl moiety. Since neither mescaline nor N,N-dimethylmescaline (6) 
exhibits this behavior, it was concluded that the sedative activity requires 
both the trimethoxyphenyl group and the cyclic, tertiary amine. 

EXPERIMENTAL 
Chemistry-Melting points (uncorrected) were determined in open 

glass capillaries'. IR spectra were obtained on a scanning spectropho- 
tometer2, either as a neat thin film or as potassium bromide disks. NMR 
spectra were recorded? with respect to tetramethylsilane. Mass spectra4 
were obtained by direct injection. Microanalysis5 for carbon, hydrogen, 
and nitrogen were within 0.4% of calculated values. Piperazine, 1- 
methylpiperazine, homopiperazine, and 3,4,5-trimethoxyphenylacetic 
acid were commercially available6. 1-Methylhomopiperazine was pre- 
pared according to the literature (7). 

2 4  3,4$-Trimethoxyphenyl)ethanol-Trimethoxyphenylacetic acid6 
was converted to its ester, which was reduced according to a previous 
method (8). with a change in the ratio of lithium aluminum hydride to 
1.5 moles/mole of the methyl-3,4,5-trimethoxyphenylacetate: 76% yield, 
bp 160-164'/0.8 mm Hg. 

Anal.-Calc. for CllH1604: C, 62.25; H, 7.60. Found: C, 62.02; H, 
7.55. 

l-Chloro-2-(3,4,5-tthoxyphenyl)ethaoe - 1-Chloro-2-(3,4,5-triri- 
methoxypheny1)ethane was prepared by treatment of the alcohol with 
thionyl chloride in pyridine (8): 74% yield, bp 158-160'/0.8 mm Hg. 

Anal.-Calc. for CllH1&103: C, 57.27; H, 6.55. Found C, 57.01; H, 
6.48. 
3,4$-Trimethoxyphenylacetyl Chloride - 3,4,5-Trimethoxyphen- 

ylacetic acid6 (17.8 g, 0.15 mole) was added to a benzene solution (100 ml) 
of thionyl chloride (22.6 g, 0.1 mole). The reaction mixture was heated 
to reflux until evolution of sulfur dioxide ceased. Benzene and excess 
thionyl chloride were removed by rotary evaporation, and the residue 
was distilled to give 16.2 g (72.3%) of the product: bp 154-156'/1 mm Hg, 
mp 96-98O (from petroleum ether). 

Anal.-Calc. for CllH13C104: C, 53.99; H, 5.35. Found: C, 53.55; H, 
5.25. 

1- Methyl- 4-(3,4,5 -trimethoxyphenylacetyl)perhydro-1,4-dia- 
zepine-The acid chloride (4 g, 0.016 mole) was added dropwise with 
boiling to a benzene solution (50 ml) of 1-methylhomopiperazine (1.82 
g, 0.016 mole) and sodium carbonate (2.1 g, 0.02 mole). Stirring and 

Electrothermal Ltd., Deer Park, N.Y. * Unicam SP 200G, England. 
3 Varian EM-360 S ctrometer, Varian Associates, Palo Alto, Calif. * LKB 2091, LKB P" nstruments, Rockville, Md. 
5 Medical Academ , mi, Poland. 
6 Aldrich Chemicar Co., Milwaukee, Wis. 

heating were continued for 3 hr, and the hot reaction mixture was filtered 
from the inorganic salts. The solvent was removed hy rotary evaporation, 
and the residue was recrystallized from diethyl ether-benzene: 2.6 g, 50% 
yield, mp 111-114'; NMR (chloroform-d) 6 1.85 (m, 2H, CCHIC), 2.29 
(~,3H,NCH3),2.50 (m,4H,RNCH2),3.58 (m,6H,CONCHp),3.82 (s,9H, 
OCH:A and 6.5 (s, 2H, aromatic); IR (KBr) 3050, 1670, and 1620 
cm-1. 

And-Calc. for Cl~H26N204: C, 63.33; H, 8.13; N, 8.69. Found: C, 
63.20; H, 8.21; N, 8.90. 

l-Methyl-4-[2 -(3,4,5-trimethoxyphenyI)ethyl]perhydro- 1,4-dia- 
zepine (1)-In a dropwise fashion, l-chlor0-2-(3,4,5-trimethoxy- 
pheny1)ethane (10 g, 0.04 mole) in 75 ml of a 1:l solution of toluene- 
dimethylformamide was added to a refluxing solution of toluene (75 ml) 
and dimethylformamide (75 ml) containing I-methylhomopiperazine 
(4.5 g, 0.04 mole) and anhydrous potassium carbonate (11.04 p, 0.08 mole). 
Stirring and heating were continued for 14 hr. The inorganic salts were 
filtered, and the solvents were removed by rotary evaporation. The res- 
idue was distilled to give 6.5 g (52.7%) of the product: bp 175-190'/0.2 
mm Hg, n$? 1.5365; NMR (chloroform-d): 6 1.85 (m, 2H, CCH2C), 2.42 
(~,3H,NCH3),2.77 (m,12H,CH2),3.88 (~,9H,OCH3),6.47 (~,2H,aro-  
matic); IR (film) 3050,1620, and 1520 cm-l. 

The dihydrochloride was prepared by acidification of I in absolute 
diethyl ether with an ether solution of anhydrous hydrogen chloride: mp 
240-241'. 

And-Calc. for C17H30C12N203: C, 53.54; H, 7.93; N, 7.35. Found: C, 
53.23; H, 7.67; N, 7.20. 

Reduction of l-methy1-4-(3,4,5-trimethoxyphenylacety1)perhydro- 
1,4-diazepine with lithium aluminum hydride in tetrahydrofuran afforded 
I(45%) that was identical chemically and spectroscopically to the material 
obtained above. 

1 -Methyl-4-[2-( 3,4,5-trimethoxyphenyl)ethyl]piperazine (11) 
-Treatment of 1-chloro-2-(3,4,5-trimethoxyphenyl)ethane with pi- 
perazine6 in a manner analogous to the preparation of I produced 11: 6.3 
g, 53.5% yield, bp 17&184'/0.2 mm Hg, ng1.5335; NMR (chloroform-d): 
6 2.38 (m, 15H, CHdCHz), 3.79 (s, 9H, OCH3), and 6.38 (s, 2H, aromatic); 
IR (film) 3050, 1620, 1510, and 1150 cm-l. The dihydrochloride was 
prepared as described for I, mp 257-258' dec. 

Anal.-Calc. for C16&&12N203: C, 52.32; H, 7.68; N, 7.63. Found: C, 
52.01; H, 7.61; N, 7.45. 

1,4 - Bis[2 - (3,4,5-trimethoxyphenyl)ethyl]perhydro-1,4 -diaze- 
pine (111)-To a refluxing solution of toluene (75 ml) and dimethyl- 
formamide (75 ml) containing homopiperazine6 (1.5 g, 0.015 mole) and 
anhydrous potassium carbonate (8.26 g, 0.06 mole) was added I-chloro- 
2-(3,4,5-trimethoxyphenyl)ethane (7.0 g, 0.03 mole) in 50 ml of 1:l tolu- 
ene-dimethylformamide, in a dropwise fashion. Stirring and heating were 
continued for 14 hr. The inorganic salts were filtered, and the solvents 
were removed by rotary evaporation. The thick, oily residue (7 g, 95% 
yield) appeared by spectroscopy to be pure but failed to crystallize. It was 
purified as the hydrochloride, which was prepared as described for I: 6 
g, 75% yield, mp 198-200' (absolute methanol-diethyl ether); NMR 
(chloroform-d): 6 1.80 (m, 2H, CCH*C), 2.68 (m, 16H, CH2), 3.71 (s, 18H, 
OCH3), and 6.32 (s,4H, aromatic); IR (film of crude product) 3050,1600, 
1510, and 1130 cm-1. 

And-Calc. for C27H&120,.jN2: C, 57.75; H, 7.54; N, 4.99. Found: C, 
57.55; H, 7.34; N, 4.57. 
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1,4-Bis[2-(3,4,5-trimethoxyphenyl)ethyl]piperazine (1V)- 
Compound IV was prepared in the same manner as described for 111, but 
with piperazinefi. After evaporation of the solvents, the residue crystal- 
lized from 1:l diethyl ether-petroleum ether: 2.3 g, 32% yield, mp 120- 
122’; NMR (chloroform-d): d 2.65 (s, 16H, CHz), 3.87 (s ,  18H, OCHB), 
and 6.41 (s ,  4H, aromatic). IR (KBr) 3040,1620,1500, and 1160cm-1. The 
dihydrochloride was prepared as described for I: mp 259-260’ dec. 

Anal.-Calc. for c ,  57.03; H, 7.36; N, 5.12. Found: C, 
56.85; H, 7.23; N, 5.01. 

Pharmacology-The experiments were performed on male Swiss 
white mice ( l a 2 6  g) and male Wistar rats (150-180 9). The investigated 
compounds were administered intraperitoneially in aqueous solutions. 

The LDm values were determined by a previous method (9). 
The effect of I-IV on locomotor activity in normal and amphet- 

amine-treated mice was recorded throughout 30-min sessions in photo- 
resistant cages. The investigated compounds (administered intraperi- 
toneally) and amphetamine (5 mgkg sec) were administered 60 and 30 
min, respectively, before testing. 

The effect on the apomorphine-induced stereotypy was investigated 
in rats. Apomorphine (1.25 mg/kg sec) was injected 60 min after the tested 
compounds. 

For the effect on sleeping time in mice, hexobarbital(70 mgkg ip) was 
injected 60 min after the test compounds. 

Anticonvulsant activity was investigated by the minimal and maximal 
pentylenetetrazol shock (pentylenetetrazol, 80 and 50 mg/kg sc, re- 
spectively). The number of animals protected against clonic convulsions 
in minimal shock or tonic extensions of limbs in maximal shock was 
registered. 

The effect on behavioral despair in mice was examined by a previous 
methad (10). The compounds were injected 60 min before examina- 
tion. 

The effect on the central action of 3-(3,4-dihydroxyphenyl)-~-alanine 
(levodopa) was tested on mice by modifications of a previous method (11). 
The alanine (100 mg/kg) was injected 4 hr after pargyline (40 mg/kg po) 
and 1 hr after the investigated compounds. 

The effect on the aggressiveness of isolated (3 weeks) mice was exam- 

ined by a previous method (12). Behavior was tested at  1-hr intervals for 
4 hr. 

Rectal body temperature in mice was measured with a thermometer 
for 3 hr after administration of the test compounds. 
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Abstract D Dissolution profiles for 11 brands of phenytoin sodium 
capsules were carried out by the basket and paddle methods (USP) and 
the spin-fiter method. The results from the dissolution studies have been 
correlated with observed differences in in uiuo parameters (C, and t-). 
The dissolution by the basket method at  50 rpm in water gave a corre- 
lation >0.9. The results suggest the existence of two types of phenytoin 
sodium products on the market. 
Keyphrases 0 Phenytoin-in uitro-in uiuo correlation for sodium 
phenytoin capsules, dissolution 0 Dissolution-in uitro-in uiuo corre- 
lation for sodium phenytoin capsules In uitro-in uiuo correlation- 
sodium phenytoin capsules, dissolution 

Increasing evidence has been presented in the scientific 
literature which show correlations between the in uiuo 
performance of formulations and their in uitro dissolution 
behavior (1-3). To obtain an in uitro-in uiuo correlation 
for any product, two criteria are essential: (a) the differ- 
ences in in uiuo parameters such as AUC, tmm, Cmm, or C, 

at a time among different lots tested and ( b )  differences 
in the in uitro dissolution rates of the same products. In 
cases where differences are observed in in uiuo behavior, 
the in uitro parameter can be altered to optimize the cor- 
relation with in uiuo data. This is achieved by varying such 
parameters as dissolution methodology, dissolution me- 
dium, rate of agitation, etc. In many instances, it has been 
possible to obtain correlations with in uiuo data where a 
discriminating and reproducible in uitro test is employed 
(1-3). In uitro-in uiuo correlations can generally be 
achieved with any reproducible method provided the 
proper selection of medium and the degree of agitation are 
made so as to permit discrimination among drug products. 
The key elements are reproducibility of the method, 
proper choice of medium, and degree of agitation. 

Phenytoin is a commonly used anticonvulsant drug and 
has been classified as a drug with high risk potential with 
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1,4-Bis[2-(3,4,5-trimethoxyphenyl)ethyl]piperazine (1V)- 
Compound IV was prepared in the same manner as described for 111, but 
with piperazinefi. After evaporation of the solvents, the residue crystal- 
lized from 1:l diethyl ether-petroleum ether: 2.3 g, 32% yield, mp 120- 
122’; NMR (chloroform-d): d 2.65 (s, 16H, CHz), 3.87 (s ,  18H, OCHB), 
and 6.41 (s ,  4H, aromatic). IR (KBr) 3040,1620,1500, and 1160cm-1. The 
dihydrochloride was prepared as described for I: mp 259-260’ dec. 

Anal.-Calc. for c ,  57.03; H, 7.36; N, 5.12. Found: C, 
56.85; H, 7.23; N, 5.01. 

Pharmacology-The experiments were performed on male Swiss 
white mice ( l a 2 6  g) and male Wistar rats (150-180 9). The investigated 
compounds were administered intraperitoneially in aqueous solutions. 

The LDm values were determined by a previous method (9). 
The effect of I-IV on locomotor activity in normal and amphet- 

amine-treated mice was recorded throughout 30-min sessions in photo- 
resistant cages. The investigated compounds (administered intraperi- 
toneally) and amphetamine (5 mgkg sec) were administered 60 and 30 
min, respectively, before testing. 

The effect on the apomorphine-induced stereotypy was investigated 
in rats. Apomorphine (1.25 mg/kg sec) was injected 60 min after the tested 
compounds. 

For the effect on sleeping time in mice, hexobarbital(70 mgkg ip) was 
injected 60 min after the test compounds. 

Anticonvulsant activity was investigated by the minimal and maximal 
pentylenetetrazol shock (pentylenetetrazol, 80 and 50 mg/kg sc, re- 
spectively). The number of animals protected against clonic convulsions 
in minimal shock or tonic extensions of limbs in maximal shock was 
registered. 

The effect on behavioral despair in mice was examined by a previous 
methad (10). The compounds were injected 60 min before examina- 
tion. 

The effect on the central action of 3-(3,4-dihydroxyphenyl)-~-alanine 
(levodopa) was tested on mice by modifications of a previous method (11). 
The alanine (100 mg/kg) was injected 4 hr after pargyline (40 mg/kg po) 
and 1 hr after the investigated compounds. 

The effect on the aggressiveness of isolated (3 weeks) mice was exam- 

ined by a previous method (12). Behavior was tested at  1-hr intervals for 
4 hr. 

Rectal body temperature in mice was measured with a thermometer 
for 3 hr after administration of the test compounds. 
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Abstract D Dissolution profiles for 11 brands of phenytoin sodium 
capsules were carried out by the basket and paddle methods (USP) and 
the spin-fiter method. The results from the dissolution studies have been 
correlated with observed differences in in uiuo parameters (C, and t-). 
The dissolution by the basket method at  50 rpm in water gave a corre- 
lation >0.9. The results suggest the existence of two types of phenytoin 
sodium products on the market. 
Keyphrases 0 Phenytoin-in uitro-in uiuo correlation for sodium 
phenytoin capsules, dissolution 0 Dissolution-in uitro-in uiuo corre- 
lation for sodium phenytoin capsules In uitro-in uiuo correlation- 
sodium phenytoin capsules, dissolution 

Increasing evidence has been presented in the scientific 
literature which show correlations between the in uiuo 
performance of formulations and their in uitro dissolution 
behavior (1-3). To obtain an in uitro-in uiuo correlation 
for any product, two criteria are essential: (a) the differ- 
ences in in uiuo parameters such as AUC, tmm, Cmm, or C, 

at a time among different lots tested and ( b )  differences 
in the in uitro dissolution rates of the same products. In 
cases where differences are observed in in uiuo behavior, 
the in uitro parameter can be altered to optimize the cor- 
relation with in uiuo data. This is achieved by varying such 
parameters as dissolution methodology, dissolution me- 
dium, rate of agitation, etc. In many instances, it has been 
possible to obtain correlations with in uiuo data where a 
discriminating and reproducible in uitro test is employed 
(1-3). In uitro-in uiuo correlations can generally be 
achieved with any reproducible method provided the 
proper selection of medium and the degree of agitation are 
made so as to permit discrimination among drug products. 
The key elements are reproducibility of the method, 
proper choice of medium, and degree of agitation. 

Phenytoin is a commonly used anticonvulsant drug and 
has been classified as a drug with high risk potential with 
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Figure 1-Dissolution profile of phenytoin sodium products using 
basket method at  50 rpm in water. Key: (0) Product A; (0) Product B; 
(6) Product C; (m) Product E; (0) Product F; (m) Product H; (A) 
Project J ;  (A) Product K. 

respect to bioavailability problems (4). Because of its 
physicochemical properties, narrow therapeutic range, and 
dose-dependent kinetics, phenytoin has been identified 
as a critical drug with a potential bioavailability-bio- 
equivalence problem (5-9). Phenytoin sodium capsules are 
manufactured by several companies whose formulations 
have exhibited bioavailability-bioequivalence problems 
(4,6,9). It has been documented that phenytoin products 
of different manufacturers have pronounced influence on 
the rate and extent of absorption of the new drug resulting 
in bioinequivalence (6,9). 

A number of studies, using marketed phenytoin dosage 
forms were conducted to establish a correlation between 
the in uiuo bioavailability and in uitro dissolution pa- 
rameters. 

EXPERIMENTAL 

All dissolution studies were carried out by USP methods I and I1 as 
described in USP XX with an agitation speed of 50 rpm for both methods 
in distilled water (10) and by the spin-filter method with an agitation 
speed of 300 rpm in distilled water (1 1). All samples were analyzed using 
a spectrophotometer'. 

The studies involving human subjects were carried out after obtaining 
appropriate clearances and approval2. The study design, the analytical 
method, and the results are published elsewhere (12). 

RESULTS AND DISCUSSIONS 

The bioequivalence study was conducted in healthy volunteers using 
11 lots of marketed 100-mg phenytoin sodium capsules manufactured 
by eight different companiesJ in two groups (six products each) using the 
innovator's product4 as a reference product (12). All products were 
evaluated with respect to AUC, C,,, t,,, and plasma levels at different 
time intervals. The results of the previous study (12) show a significant 

' Beckman spectrophotometer, model 25/7, Beckman Instrument Co., Fullerton, 
Calif. * From the Risk Involving Human Subjects Committee of Food and Drug Ad- 
ministration, and equivalent committee of the University of Tennessee. 

Product A: McKesson capsules, lot no. 73697. Product B Westward capsules, 
lot no. 40981. Product C Zenith Labs capsules, lot no. 2057-40. Product D: Zenith 
Labs capsules, lot no. 2057-37A. Product E Zenith Labs capsules, lot no. 2057-35. 
Product F Parke-Davis capsules, lot no. RL288. Product G: Danbury capsules, lot 
no. 9714. Product H Danbury capsules, lot no. 9715. Product I: Xttrium Labs 
capsules, lot no. 403721A-78. Product J: Premo capsules, lot no. 8404. Product K 
Kasar Labs capsules, lot no. 280564. 

Parke-Davis. 
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Figure 2-In vitro-in vivo correlation between C,,, and percent drug 
dissolved in 30 min (slope = O M ,  r = 0.902, p < 0.001) (A); 60 min (slope 
= 0.10, r = 0.940, p < 0.001) (B). Key: (0) Product A; 6 0 )  Product B; (0) 
Product C; (8) Product E; (0) Product F; (A) Product G; (m) Product 
H; (A) Product J; (A) Product K. 

difference in rate (Cmm and tmar) and in the extent of bioavailability 
(AUC) in one group, and only a difference in C,, in the other group. The 
bioavailability of the products is defined both with respect to rate and 
extent. Because of a narrow therapeutic range and dose-dependent me- 
tabolism of phenytoin, even small changes in the rate of absorption may 
result in major changes in serum drug concentration, thus resulting in 
serious clinical consequences in some patients. Therefore, a clear dis- 
tinction must be made between slow-absorbing and fast-absorbing 
phenytoin products. 

The in vitro dissolution studies for these products were carried out 
under various conditions in order to obtain the correlation with in vivo 
data. The in vivo data obtained are invariant and are dependent on the 
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Figure 3-In vitro-in vivo correlation between t,,, and percent drug 
dissolved in 30 min by basket method at 50 rpm (slope = 0.038, r = 0.944, 
p < 0.001). Key: (0) Product A; (0) Product R; (0) Product C; (8) 
Product E; (0) Product F; (A) Product G; (m) Product H; (A) Product 
J; (A) Product K. 
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Table I-Dissolution Profile of 1 00-mg Phenytoin Sodium Capsules in Water a t  37” Using Paddle, Basket, and SJn-filter Methods 

Products 
Minutes A €3 C D E F G H I J K 

Percent of Drugb Dissolved 

Paddle Method-50 rpm-4.5 cm-900 ml 
15 4.4 24.3 98.5 96.2 58.6 13.8 22.2 19.2 
30 38.4 60.0 115.5 114.9 96.4 38.5 52.2 45.8 
45 70.1 78.9 - - 111.5 56.6 70.9 62.9 
60 87.7 90.3 - - 120.9 70.3 84.3 74.6 

Basket Method-50 rpm, 900 ml 
15 2.7 12.9 104.8 - 49.5 11.2 - 40.3 
30 18.4 58.0 111.9 - 79.8 33.4 - 83.5 
60 55.6 77.1 117.0 - 96.5 61.0 - 101.7 

Spin-filter Method-300 rDm, lo00 ml 
10 0.3 - 55.7 - 13.9 1.1 1.3 0.2 
30 29.4 - 105.0 - 103.1 28.8 95.1 87.9 
60 72.5 - 107.5 - 105.5 62.7 101.8 98.1 

8.1 28.7 
33.4 46.3 
51.2 49.7 
63.2 51.9 

6.1 80.8 
36.2 88.5 
59.0 93.6 

12.0a 50.9 
50.0 99.5 
78.9 99.6 

a 20 min. b Label claim. 

behavior of the dosage forms administered. The in oitro procedures can 
be altered such that correlations can be made between in oitro dissolution 
results and in uioo pharmacokinetic parameters. Such correlations can 
be statistically significant with respect to one or more of these in oiuo 
parameters. Occasionally, there may be a product that exhibits an 
anomalous behavior with respect to an in uitro or in uioo parameter. 

The in uitro dissolution studies were carried out by using the USP 
dissolution methods I and I1 (basket and paddle) with an agitation of 50 
rpm and by the spin-filter method with an agitation of 300 rpm in water. 
A marked difference in dissolution profiles of these products was ob- 
served, both in terms of rate of extent of dissolution in 1 hr (Fig. 1, Table 
I). The amount of drug dissolved in 30 min (basket method, 50 rpm) 
varied between 18 and 100% and between 56 and 100% in 60 min. Based 
on the dissolution characteristics, the products could be classified in two 
major groups: products that dissolved slowly and achieved only 5040% 
dissolution in 1 hr (e.g., product F, Fig. 1) and products that dissolved 
rapidly and achieved >80% dissolution in 30 min (e.g., product C, Fig. 
1). This observed difference in the dissolution profiles of the phenytoin 
sodium products manifested itself in the in oioo performance of the 
product, resulting in a significantly different rate, but not the extent of 
bioavailability. 

The correlation between Cmax and percent drug dissolved in 30 and 
60 min, and between tmax and percent drug dissolved in 30 and 60 min 
is shown in Figs. 2 and 3, respectively. Among the methods correlated, 
the basket method resulted in the best correlation (r = 0.94) followed by 
the spin-filter method ( r  = 0.836) and then the paddle method ( r  = 
0.694). 

These studies suggest that there are two types of phenytoin sodium 
products on the market. Because of the wide divergence in the dissolution 
rate of marketed phenytoin products and because of the very slow dis- 
solution characteristics of the most commonly prescribed reference 
product, it is difficult to set a single dissolution standard covering all 

products. Therefore, a more definitive study comparing the slow-dis- 
solving phenytoin sodium reference product and the fast-dissolving 
phenytoin sodium product with a phenytoin sodium solution as a refer- 
ence standard was carried out. This study will be described in a subse- 
quent report. 
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Abstract A bioequivalence study was undertaken using an oral solu- 
tion, a fast-dissolving capsule and a slow-dissolving phenytoin sodium 
capsule. The AUC, t,,, and C,,, correlated with in uitro dissolution 
data. The results of the present studies substantiate the presence of two 
types of phenytoin sodium products on the market. On the basis of these 
studies, in oitro specifications for fast- and slow-dissolving phenytoin 
sodium capsules as well as the in uiuo bioequivalence requirements for 
these two types of products are recommended. 

Keyphrases Phenytoin-in uitrc-in uiuo bioequivalence standard 
for phenytoin sodium capsules, dissolution Dissolution-in uitro-in 
oioo bioequivalence standard for phenytoin sodium capsules 0 Bio- 
equivalence-in uitro-in uiuo standard for phenytoin sodium, capsules, 
dissolution 

A good correlation between in vitro dissolution and in 
vivo parameters for phenytoin sodium (sodium salt of 
5,5-diphenylhydantoin) capsules has been established (1). 
Previous work indicated that there are two types of 
phenytoin sodium products on the market, i.e., fast and 
slow dissolving (1). It was shown that some of the marketed 
products including the innovator's phenytoin sodium 
capsules' dissolved slowly. Furthermore, the slow-dis- 
solving innovator's product achieved significantly lower 
peak concentration a t  a later time (tmax) compared with 
other faster-dissolving products used in the study. Since 
there are differences between products, bioavailability 
studies using a solution as a reference standard were ini- 
tiated. Two studies (single and multiple dose) were carried 
out using a slow-dissolving product, a fast-dissolving 
product, and a phenytoin sodium solution. The multiple- 
dose study was reported previously (2). 

EXPERIMENTAL 

lo-Vitro Dissolution Studies-The dissolution studies were carried 
out with distilled water using USP method I (rotating basket method) 
as described in USP XX with an agitation speed of 50 rpm (3). 

I I 
20 40 60 80 100 

PERCENT DISSOLVED 
Figure 1-In vitro-in vivo correlations between the percent drug dis- 
soloed in 30 min by the basket method at  50 rpm and AUC (r = 1.00) and 
C,,, fr = 0.98) for products A, B, and C. Key: (0) AUC: (A) C,,,. 

Using a randomized Latin-square design, the single-dose study was 
carried out in 15 healthy volunteers employing the following phenytoin 
sodium products: a fast-dissolving 100-mg phenytoin sodium capsule 
(product A); a slow-dissolving 100-mg phenytoin sodium capsule (product 
B); and a 100-mg phenytoin sodium solution (product C)2.3. Blood and 
saliva samples were collected over a period of 32 hr and analyzed by the 
published GC method with minor modifications (4). 

The multiple-dose study was carried out in 24 epileptic patients using 
a fast-dissolving 100-mg phenytoin sodium capsule (product D), a 
slow-dissolving 100-mg phenytoin sodium capsule (product E), and a 
100-mg phenytoin sodium solution (product F)4,5 on a regimen of three 
doses per day for a 2-week period (2). Blood samples were collected and 
analyzed by a previous high-performance liquid chromatographic method 
(5). 

RESULTS AND DISCUSSION 

The evaluation of the data from the earlier single-dose study suggested 
that the reference phenytoin sodium product commonly used was slow 
dissolving and gave lower peak plasma concentrations (4). The C,,, for 
this product was 0.93 pg/ml compared to C,,, values of 1.06-1.44 pg/ml 
for other products (4). 

Table I summarizes the various pharmacokinetic parameters obtained 
in this single-dose study. Statistical analysis of the data indicates a sig- 
nificant difference in AUC, C,.,, and tm, for the three products tested. 
The use of a phenytoin sodium solution resulted in a higher C,,,, higher 
AUC, and shorter t,, than the fast-dissolving capsule which, in turn, 
was higher and faster than the slow-dissolving capsule. The relative 
bioavailability of the slow-dissolving product was 73% compared with 
the solution and 80% compared with fast-dissolving product. As expected, 
these data correlate very well (r = 1.00 for AUC, and r = 0.98 for C,,) 
with the dissolution data (Fig. 1, Table I). The correlation between values 
of Cmax, tmax, and the percent dissolved in 30 min by the basket method 
is shown in Fig. 1. 

The results from the multiple-dose study summarized in Table I1 
support the results of the single-dose study. The analysis of the steady- 
state blood level data from the multiple-dose study showed a significant 
difference in CmaX and AUC values achieved with fast- and slow-dis- 
solving products. The fast-dissolving phenytoin sodium product (D) and 
the phenytoin sodium solution resulted in significantly higher steady- 
state plasma levels when compared with the slow-dissolving phenytoin 
sodium product (El. The fast-dissolving product (D) was equivalent to 
the solution in C,, and AUC. Comparison of the Cmin values revealed 
little, if any, difference in the three products tested. However, in 40% of 
the patients, therapeutically significant differences in plasma levels (> 
f25%) were observed. In some instances plasma level differences of >5 
pg/ml were observed (2,6). These data substantiate the premise that the 
rate of dissolution is an important contributing factor in determining the 
rate of absorption and bioavailability of the product. The details of this 
study will be published elsewhere. 
la Vitro Dissolution Studies-The dissolution studies for products6 

Product A, Zenith capsules, lot no. 2057-35; product B, Parke-Davis capsule, 
lot no. RL288; and product C, Phenytoin sodium solution, Parke-Davis, lot no. 
RxX42884. The  100-mg phenytoin sodium solution was specially formulated and 
su plied by Parke-Davis Co., Dept. of Clinical Investigation, Detroit, Mich. 

?Appropriate clearances and approvals from the Risk Involving Human Subjects 
Committee of the Aaencv and the Universitv of Marvland were obtained before 
initiating the studies. 

Product D, Zenith capsules, lot no. 2057-40; product E, Parke-Davis capsules, 
lot no. TB479-Rs; and product F, Phenytoin sodium solution, Parke-Davis, lot no. 
RxX4309.7. ~. ~~ 

Appropriate clearances and approvals from the Risk Involving Human Subjects 
Committee of the Agency and the equivalent committee of University of Minnesota 
were obtained before initiating the studies. 

The dissolution of product E used in the multiple-dose study was 35% in 30 min. 
62% in 60 min, and 88% in 120 min. 1 Parke-Davis. 
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Table I-Pharmacokinetic Parameters After Administering a 
Single Dose of 100-mg Phenytoin Sodium and Dissolution 
Characteristics of the Products 

In Vitro 
In Viuo Parameters0 Parameters 

A UCw32 mam t,,, % Dissolvedf 
Product udml hr udml hr 30min 60min 

A 28.77 f 6.93 2.08 f 0.56 3.00 i 1.12 80 97 
B 22.91 f 6.76 1.42 * 0.53 4.67 i 2.0 33 61 c 31.44 f 7.04 2.68f 0.84 1.20 f 0.63 100b 100 

Statistics C > B C > B  B > A  
A > B  A > B  B > C  

A > C  
Data represents mean f SD. b Assumed as 10046. Basket method, 50 rpm. 

used in these bioavailability studies were carried out by the basket 
method in water a t  50 rpm (1). The fast-dissolving product showed a 
dissolution of -80% in 30 min. The slow-dissolving product showed a 
dissolution of -35% in 30 min, 60% in 60 rnin and 85% in 120 min. 
In Vitro-Zn Vivo Correlations-A number of researchers have at- 

tempted to study the correlation between in uitro dissolution and in uiuo 
performance of phenytoin sodium products. A good correlation has been 
reported (7) for a variety of phenytoin products (including free acid, so- 
dium salt, and calcium salt in tablet or capsule dosage forms) and the 
percent drug dissolved in 30 min when the dissolution is carried out by 
the USP basket method at  150 rpm in pH 9 borate buffer. Correlations 
of 0.920 and 0.950 were observed between percent dissolved in 30 min and 
C,,, and AUC values, respectively (7). In this report, correlations of 
0.98,0.97, and 1.00 were observed between percent drug dissolved in 30 
min and C,,,, tmax, and AUC values, respectively (Table I, Fig. 1). 

Poor correlation between in uiuo and in uitro data, in spite of observed 
significant differences in AUC, C,,, and t, has also been reported (8). 
Dissolution studies were carried out by the basket method in pH 9 borate 
buffer at 120 rpm (9). The lack of correlation found by these researchers 
can be attributed to the dissolution conditions employed. However, the 
phenytoin products were found to be acceptable, but were not considered 
to be interchangeable. The in uiuo studies described here substantiate 
these findings. However, because of the differences in the dissolution 
methodologies employed, it is possible to correlate the in uitro results 
with in uiuo, thus substantiating previous work (7). 

The studies described here and in a previous report (1) have demon- 
strated a wide variance in the dissolution performance of marketed 
phenytoin sodium products which has been correlated with significant 
differences in i n  uiuo performance. Because of the critical nature of this 
drug and documented bioinequivalence of phenytoin, an approved New 
Drug Application is required before marketing a phenytoin or phenytoin 
sodium drug product. Based on dissolution data, bioavailability data from 
single-dose and multiple-dose studies, and in uitro-in uiuo correlation, 
it appears that there are two distinct types of phenytoin sodium products 
on the market, a slow-dissolving phenytoin sodium capsule (or extended 
phenytoin sodium capsule) and a fast-dissolving phenytoin sodium 
capsule (or prompt phenytoin sodium capsule). Phenytoin often is ad- 
ministered on a long-term basis. Due to its dose-dependent metabolism 
and narrow therapeutic range, even small changes in bioavailability 
profile can cause major changes in serum phenytoin concentration and 
can have serious clinical implications. Because of the differences in rate 
of drug delivery and absorption, it is possible that a patient accustomed 
to the slow-dissolving product and changed over to the fast-dissolving 
product may achieve higher, possibly toxic, blood levels. If the patient 
is accustomed to the fast-dissolving product, he or she may not achieve 
therapeutic levels when changed over to the slow-dissolving product. 
These products are not interchangeable and are therefore, not thera- 
peutically equivalent. 

Based on the information available, two separate in uitro and in uiuo 
bioequivalence requirements for the two types of phenytoin sodium 
products, fast- and slow-dissolving, can be established. The in uitro 
dissolution specifications have already been accepted by the USP. 

For fast-dissolving or prompt phenytoin sodium products, the bio- 
equivalence requirements are: 

Table 11-Steady-State Pharmacokinetic Parameters During 
Administration of 100-ma Phenvtoin Sodium Three Times a Dav 

D 
E 
F 

12.2 
10.8 
12.4 

14.0 
11.8 
14.3 

100 
86 

103 
ANOVA No difference D # E  D # E  

E f F  E # F  
D = F  D = F  

1. The test product shall be deemed to meet the in uitro bioequiva- 
lence requirement if it dissolves 2809% in 30 min, and 95% in 60 min when 
the dissolution is carried out in water using the rotating basket method 
a t  50 rpm. 

2. The test product shall be deemed to meet the in uiuo requirement 
when a satisfactory single-dose bioavailability study in humans is carried 
out comparing the test product with phenytoin sodium solution and the 
reference product. 

For slow-dissolving or extended phenytoin sodium products, the in 
uiuo bioequivalence testing will involve satisfactory human single-dose 
and multiple-dose study data. The single-dose bioavailability study 
should compare the test product with the reference product and a 
phenytoin sodium solution. The multiple-dose study should compare 
equivalent doses of the test and reference product administered once a 
day in patients. The USP labeling requirement for rapidly dissolving 
phenytoin sodium products contains the statement “not for once a day 
dosing” (10). The extended-release (slow-dissolving) phenytoin sodium 
products can be given once a day, and the prompt-release (fast-dissolving 
phenytoin sodium products are for two or three times a day dosing and 
not for once a day. 

A good correlation has been observed with in uitro dissolution and in 
uiuo bioavailability data. Based on in uitro and in uiuo data, specifications 
for fast- and slow-dissolving phenytoin sodium capsules have been es- 
tablished. These products are not interchangeable because they are not 
therapeutically equivalent. 
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Abstract The excretion of temazepam and its N-desmethyl metabo- 
lite, oxazepam, and their respective 0-conjugates was examined following 
a single intravenous dose of [14C]temazepam to two groups of bile fistula 
rats, with and without bile replenishment to the animals uia duodenal 
cannulae. During an 8-hr collection period, the two groups produced 
virtually identical bile volumes, and there were no significant differences 
between them in the amount of total radioactivity, free temazepam, or 
the identified metabolites in the bile, as determined by TLC and liquid 
scintillation counting. Elimination of the radioactive dose was rapid 
during 0-8 hr, with a half-life of -1 hr. Approximately 85-902 of the 
administered radioactivity was recovered in the bile: <1% as free tema- 
zepam, 3% as oxazepam, and -10% as their 0-conjugates. 

Keyphrases Temazepam-’4C-labeled, biliary excretion metabolites 
in the rat 0 Excretion, biliary-[14C]temazepam and its metabolites in 
the rat Metabolism-biliary excretion of [14C]temazepam in the rat 

Temazepam (7 -chloro- 1,3-dihydro- 3-hydroxy-l- 
methyl-5-phenyl-2H-l,4-benzodiazepin-2-one) is a 
benzodiazepine hypnotic agent recently introduced in the 
United States. The pharmacokinetic profile of temazepam 
in humans as well as in mice, rats, and dogs have been de- 
scribed (1). Orally administered temazepam is well ab- 
sorbed in all species studied. However, there is consider- 
able interspecies variation with respect to drug excretion 
and metabolite patterns in blood and urine. In humans, 
temazepam is completely metabolized prior to excretion, 
with 80% of the dose eliminated in the urine and 12% in the 
feces. The major metabolite is its 0-conjugate with glu- 
curonic acid, while N-desmethyl temazepam (oxazepam) 
and its 0-conjugate have also been identified. In animal 
models, particularly the rat, biliary excretion appears to 
play a more important role, with as much as 78% of the 
dose recovered in the rat feces. Therefore, the effect of 
possible enterohepatic circulation must be considered in 
the interpretation of pharmacokinetic data obtained from 
these animal species. 

[ “Cltemazepam 

Previous studies using radiolabeled drug in the rat (1) 
have shown that free temazepam and oxazepam constitute 
-40% of the radioactivity in blood, while neither these 
compounds nor their 0-conjugates appears in more than 
trace quantities in the urine. Similar information on the 
excretion of temazepam in bile is not available. Since the 
rate and extent of GI reabsorption depend in part on the 
nature of the compound excreted in the bile, the present 

study was undertaken to examine the extent of biliary 
excretion of temazepam and its known metabolites in rats 
with bile fistula, following a single intravenous dose of the 
parent compound. Furthermore, the possible effects of bile 
depletion due to bile duct cannulation on bile flow and 
biliary excretion of the drugs were also investigated. 

EXPERIMENTAL 
Animal Preparation-six male Wistar strain rats’, average weight 

-250 g, were equally divided into two groups, A and B. The bile duct of 
each rat was cannulated proximal to the liver under light ether anesthesia. 
In addition, a silicone tube2, 0.019-cm i.d., was inserted into the duo- 
denum of each rat in group A opposite the sphincter of Oddi and secured 
by ligation with a surgical silk suture. The tubings were passed subcu- 
taneously and the distal end exteriorized through a stab incision at the 
back prior to closure of the abdomen with sutures. 

The rats were housed individually in special metabolism cages with 
covers that allowed passage of the cannulae (2). The cover also served as 
a restraint for the rat, while allowing some freedom of movement inside 
the cage. 

The duodenal cannulae of the rats in group A were subsequently con- 
nected uia 0.013-cm i.d. silicone pump tubes3 to a peristaltic pump4. 
Previously collected control rat bile was pumped into these rats at a rate 
of 0.9 mlhr ,  approximately the rate of bile secretion of rats of this 
size. 

Dosing and Sample Collection-The radioactive temazepam5 (la- 
beled at  the 2-position of the benzodiazepin structure with carbon-14, 
specific activity 52.25 pCi/mg) was diluted with nonradioactive drug to 
a final specific activity of 26.13 pCi/mg. The [“Cltemazepam dose, 2 
mg/kg, was prepared as a 2.5 mg/ml solution in a phosphate buffer (pH 
7.3) containing 40% polyethylene glycol 400 and 10% ethanol. After re- 
covering from anesthesia, each rat received 0.2 d of the solutjon as a 
single, rapid injection uia the tail vein. Food and a 5% solution of glucose 
in Ringer’s solution were provided ad libitum. 

The bile of each rat was collected quantitatively at hourly intervals for 
8 hr postdosing. All bile samples were stored frozen until analyzed. 

Analysis of Radioactivity-Radioactivity was measured in a liquid 
scintillation counteP; the quench correction and efficiency of the counter 
were determined using lF-labeled hexadecane7 of known specific activity 
as an internal standard. The bile and dose preparations were assayed 
directly by counting aliquots in a scintillation cocktail consisting of 
2,5-bis-2-(5-tert-butylbenzoxazolyl) thiophene8 in toluene (8.3 g/ 
liter). 

Thin-Layer Chromatography-Free temazepam and oxazepam 
were determined by TLC on silica gel9. A 1-2 pl bile sample was applied 
to the chromatographic sheet, which was subsequently developed in ethyl 
acetate-methanol-ammonium hydroxide (154:l). Standard solutions 
obtained by adding temazepam and oxazepam to control bile were de- 
veloped concurrently, and the R/ values of these two compounds were 
determined by visualization under UV light (254 nm)lo. 

The sample strip was cut into eight 1.5-cm sections and placed indi- 

1 Royal Hart, Middletown, N.Y. * Acculab, Norwood, N.J. 
SMA Flow-Rated Pump Tubes, Technicon Instruments Corp., Tarrytown, 

N.Y. ‘ Technicon Auto-Analyzer 11 Peristaltic Pump, Technicon Instruments Corp.. 
Tarrytown, N.Y. 

Synthetic Tracer Laboratory, Sandoz, Inc., East Hanover, N.J. 
Model 2450, Packard Instrument Co., Downers Grove, Ill. 

Silica Gel 13181 with fluorescent indicator, Eastman Kodak Co., Rochester, 

Chromato-Vue, Ultra Violet Products, San Gabriel, Calif. 

’ Packard Instrument Co., Downers Grove, Ill. * BBOT, scintillation grade, Packard Instrument Co., Downers Grove, Ill. 

N.Y. 
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Table I-Mean Bile Volume and Biliary Excretion of Administered Radioactivity in Rats with (group A) and  without (group B)  Bile 
Replenishment 

Time 
Period, 

hr 
Bile Volume, ml" 

Group A Group B 
Percent of Doseb 

Grouo A Grouo B 

0- 1 
1-2 
2-3 
3-4 
4-5 
5-6 
6 7  
7-8 

0-8 

0.93 f 0.058' 0.87 f 0.21 52.4 f 8.7 43.9 f 2.5 
0.88 f 0.076 0.85 f 0.13 18.5 f 1.6 23.3 f 2.5 

10.8 f 3.6 0.82 f 0.029 0.83 f 0.15 8.0 f 1.1 
0.83 f 0.12 0.85 f 0.26 3.5 f 0.62 5.5 f 2.3 
0.83 f 0.058 0.82 f 0.25 1.8 f 0.57 2.9 f 1.7 
0.87 f 0.058 0.80 f 0.17 0.97 f 0.23 1.6 f 1.2 
0.87 f 0.12 0.70 f 0.17 0.46 f 0.11 0.93 f 0.61 
0.90 f 0.10 0.73 f 0.15 0.31 f 0.076 0.57 f 0.29 

6.9 f 0.34 6.5 f 1.5 85.9 f 7.7 89.5 f 6.2 

No significant differences between groups, p > 0.05. * No significant differences between groups, p > 0.05, except the 1-2 hr period, p < 0.05. C Standard deviation, 
n = 3. 

Table 11-Mean Biliary Excretion (0-3 h r )  of Temazepam a n d  
Some Metabolites i n  Rats  with (group A) and without (group B)  
Bile Replenishment 

Comoound 
Percent of Dose" 

G r o w  A G r o w  B . -  
Temazepam 0.5 f 0.3 0.5 f 0.2 

Oxazepam 3 f 0  3 f l  
Temazepam Conjugate 4 f 7  3 f 4  

Oxazepam Conjugate 5 f 4  7 f 4  

Total Identified ComDounds 13 f 10 12 f 9 

No significant differences between groups, p > 0.05. 

vidually in scintillation vials. The I4C-labeled drug or metabolite was 
eluted by the addition of 5 ml of methanol. The scintillation cocktail (15 
ml) was then added and the radioactivity determined by direct counting 
in a liquid scintillation counter. Thus, the radioactivity from the zones 
corresponding to temazepam and oxazepam, as well as total radioactivity 
in the bile sample, were obtained. 

Similarly, total (free plus conjugated) temazepam and oxazepam were 
determined by the above procedure after enzymatic hydrolysis of the 
glucuronate or sulfate conjugates. Aliquots (100 pl) of bile were hydro- 
lyzed by diluting with 100 p1 of pH 5.2 acetate buffer, adding an excess 
(20 pl) of a mixture of enzymes including 0-glucuronidase and sulfatase", 
and incubating at 37' for 2 hr. 

Statistical Analysis-The effects of bile depletion on bile flow and 
biliary excretion of temazepam and its metabolites were examined by 
comparing the data obtained from the two groups of rats, using the 
two-tailed t test. 

RESULTS 
The mean bile flow and biliary excretion of administered radioactivity, 

together with statistical analysis, are given in Table I. There were no 
significant differences in the volume of bile produced by the two groups 
of rats during each hourly interval. The secretion rate appeared constant 
during 0-8 hr; total bile volumes produced in this period were 6.9 and 6.5 
ml for rats with and without bile replenishment, respectively. 

In the rats with bile replenishment via duodenal cannulae (group A), 
52% of the radioactive dose was recovered in the bile in 1 hr, and the ex- 
cretion rate gradually decreased to 0.3%/hr during 7-8 hr. Total biliary 
excretion in 8 hr was 86% of the dose. Similar results were obtained from 
the rats without bile replenishment (group B); comparison by t tests 
showed no signficant differences in the biliary excretion of the two groups 
during all but one (1-2 hr) collection interval. Total 8-hr biliary excretion 
in group B was 90% of the administered radioactivity. 

Linear regression analysis of the logarithmic values of the excretion 
rates in Table I uersus the midpoint of the time periods yielded overall 
elimination rate constants of 0.73 hr-' ( r  = -0.99) for group A and 0.63 
hr-l (r = -1.00) for group B (3). These corresponded to half-lives of 1.0 
and 1.1 hr, respectively, for the rats with and without bile replenish- 
ment. 

Since nearly 80% of the dose in both groups was excreted in the bile 
during the first 3 hr postdosing, only these bile samples were analyzed 
for temazepam, oxazepam, and their conjugates. TLC analysis enabled 
separation of temazepam and oxazepam from other metabolites on the 
sheet; R, values were 0.61 for temazepam and 0.50 for oxazepam. Thus, 
the relative amounts of temazepam, oxazepam, and their conjugates in 

Glusulase, Endo Laboratories, Garden City, N.Y. 

each bile sample were calculated and, combined with the data in Table 
I, yielded the biliary excretion of each compound as a percent of the dose. 
The mean 0-3-hr cumulative excretion, together with statistical analysis, 
are shown in Table 11. 

Biliary excretion of free temazepam constituted <1% of the dose, while 
an additional 3-4% was found as temazepam conjugate. The N-desmethyl 
metabolite, oxazepam, and its conjugate in the bile accounted for 3 and 
5-7% of the dose, respectively. Thus, only 12-13% of the dose was re- 
covered in the bile as these four identified compounds. Again, there were 
no significant differences in the excretion of each compound by the two 
groups of rats. 

DISCUSSION 
Previous experiments in the rat have shown that the depletion of bile 

caused by bile duct cannulation could result in a 10- to  20-fold increase 
in bile salt synthesis and a decrease in the amount of bile excreted; these 
changes occurred within 1-2 weeks (4). The potential effects of such 
changes in the biliary excretion and recycling of drugs are well recognized, 
and sophisticated instruments have been designed for enterohepatic 
circulation studies in order to eliminate these artifacts (5). In the present 
study, however, comparison of data obtained from bile fistula rats without 
bile replenishment uersus those from the rats with duodenal cannulae 
showed no significant differences between the two groups in the rate of 
bile secretion, probably due to the relatively short collection period. Thus, 
the results would suggest that  the loss of bile has little effect on experi- 
ments of short duration (<1 day). Also, the excretion of total radioac- 
tivity, free temazepam, and the identified metabolites in the bile are 
unaffected by bile depletion. 

Results of this study confirmed the biliary route as the major excretion 
pathway of temazepam in the rat. Furthermore, although temazepam, 
oxazepam, and their 0-conjugates accounted for nearly 50% of the ra- 
dioactivity in blood ( l ) ,  they were present in much smaller proportions 
in the bile of rats. Less than 1% of the [I4C)temazepam dose was recovered 
unchanged, the rest extensively metabolized prior to rapid biliary ex- 
cretion. Nevertheless, the clinically inactive metabolites (6) may be re- 
verted, e.g., through deconjugations, to the parent compound in the GI 
tract (7) and subsequently reabsorbed, thus contributing to  the overall 
effectiveness of the temazepam dose. The demonstrated importance of 
the biliary excretion route warrants further studies to determine the 
significance of enterohepatic circulation for this drug. 
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Abstract A novel, disposable cell for microscopic determination of 
the droplet size of emulsions is described. It is made from a piece of ad- 
hesive tape in which a hole has been punched which is placed between 
a glass slide and a cover glass. This cell is easier to fill with emulsions 
thickened to reduce Brownian motion and creaming than commercial 
counting chambers, and it prevents field flow. Droplet size averages and 
distributions obtained with this cell and another counting chamber 
agreed, provided that the emulsion viscosity was -20 cp or higher. The 
sample size required to provide arithmetic mean diameters with a spec- 
ified accuracy at  a preselected confidence probability was calculated. 

Keyphrases 0 Droplet size determination-improved microscopic 
techniques for emulsions Emulsions-improved microscopic tech- 
niques for droplet size determination 

While microscopic droplet size measurements are more 
laborious than other methods for determining the various 
averages and the distribution of the droplet sizes of 
emulsions, the results are subject to less uncertainty (1). 
Experimental problems encountered in microscopic size 
determinations by direct visual measurements and by 
measurements from photomicrographs include Brownian 
motion, creaming, and field flow. 

Field flow is the motion of the entire volume of emulsion 
in the field of view in a given direction. It is caused by 
pressure exerted on the cover glass, especially from an 
immersion objective, by convection currents due to heating 
by the light source, or by evaporation of the continuous 
phase from the edge of the cover glass. 

The present report describes a novel, disposable cell for 
microscopic measurements and compares droplet size 
averages and distributions obtained with the cell and a 
counting chamber. The effect of emulsion viscosity, 
through its influence on the velocities of Brownian motion 
and creaming, on droplet size averages and distribution, 
is examined with both cells. 

The number of droplets that must be counted to obtain 
estimates for the mean diameter with a specified accuracy 
at a given confidence probability is calculated. 

EXPERIMENTAL 

Materials-The oil phase was hexadecane', and the water was double 
distilled. The surfactant, octoxynol9 NF2, a nonionic polyoxyethylated 
octylphenol, has an average of 9-10 ethylene oxide units/molecule. 
Polyvinyl alcohol3 was 99% hydrolyzed. Gelatin4 was granular, USP 
grade. 

Emulsification-Preliminary emulsification was made by adding 
33.31 g of hexadecane to a solution of 0.067 g of octoxynol9 in 66.62 g of 
water in a tall-form 200-ml beaker and agitating for 20 min with a stirrer 
equipped with two counter-rotating propellers5 at  an input of 30 V. 
Subsequently, the emulsion was given three passes through a stainless 

1 Practical grade, Eastman Organic Chemicals. 
2 Triton X-100, Rohm and Haas Co., Philadelphia, Pa. 
3 Matheson, Coleman and Bell, East Rutherford, N.J. 
4 Amend Drug and Chemical Co., Irvington, N.J. 
6 Brookfield counter-rotating mixer, Brookfield Engineering Laboratories, 

Stoughton, Mass. 

steel hand-operated homogenizer, applying maximum tension to the 
spring. The emulsion was diluted with an aqueous octoxynol9 solution 
to a final composition of 25% (w/w) hexadecane and 0.1% (w/w) octoxynol 
9, based on the weight of the water. All measurements were made on a 
single emulsion batch which had been aged for 7 months to minimize 
changes in droplet size during the 8-hr period required to make those 
measurements. 

Microscope-The binocular microscope had a l00X achromatic oil 
immersion objective and 1OX wide-field eyepieces. The eyepiece mi- 
crometer had a 5-mm scale comprising 50 divisions with each division 
measuring 0.976 pm. 

Dilution Media-The emulsion was diluted -600-fold for droplet size 
measurements. The five media employed were 0.1% octoxynol9, glycerin, 
0.1% octoxynol9 thickened with 1-2% polyvinyl alcohol, and 5% gelatin 
(2), respectively. The aqueous gelatin, warmed to 40°, was a liquid of 
medium viscosity. Emulsion drops were blended with a 600-fold excess 
of this solution under gentle agitation to avoid breaking up oil droplets 
and changing the particle size distribution. The mixture was transferred 
into the cells while warm. Once it reached room temperature, it set to a 
soft gel. 

Cells for Droplet Size Determination-Three kinds of hemacyto- 
meters and a Helber-type counting chambel.6 (H-cell) were commercial 
products. The chambers were filled by touching the edge of the cover glass 
with a capillary containing the emulsion, whereupon the liquid was drawn 
into the cell by capillary action without the aid of gravity. 

A novel cell (T-cell) was made as follows. A circular hole with a 4.76-mm 
(3/16") diameter was made with a one-hole paper punch in a piece of 
pressure-sensitive adhesive tape7. The tape was laid on a standard plain 
7.62 X 2.54-cm (3" X 1") microscope slide and flattened by running the 
edge of another slide, held in a slanted position, across it. 

The thickness of the tape was 57 f 3,60 f 1, or 62 f 4 pm when mea- 
sured with a thickness gauge in cross-section with a microscope, or flat 
by the vertical travel of the objective when the focus was moved from the 
upper surface of the tape to the upper surface of the glass slide supporting 
the tape. Aside from its thickness, the choice of adhesive tape is probably 
not important. The cover glasses had a diameter of 18 mm and a thickness 
of 0.18 f 0.02 mm. To fill the T-cell, a cover glass was placed flat on the 
slide to cover most of the hole in the tape. A small drop of diluted emul- 
sion, extruded from the tip of a glass capillary, was positioned to touch 
the edge of the cover glass directly above the uncovered portion of the 
hole. Capillarity combined with gravity caused the emulsion to fill the 
hole rapidly. The cover glass was then moved sideways so that it covered 
the hole completely, closing the cell. Excess emulsion was squeezed out 
of the cell by applying gentle pressure to the cover glass. 

Emulsion aliquots diluted with gelatin were also examined between 
a glass slide and a cover glass (S and C). The application procedure was 
to hold together two microscope slides, immerse them vertically into the 
mixture of 5% gelatin solution and emulsion held at 40°, withdrawing and 
separating the slides, and placing cover glasses on the gelatin film on the 
outer surfaces of the two slides. The purpose of holding two slides together 
was to minimize contamination of their bottom surfaces with the gelatin 
mixture. The thickness of the gelled emulsion layers between the cover 
glass and microscope slide ranged from 40 to 70 pm. 

RESULTS AND DISCUSSION 

Droplet size distributions were determined in 1-pm increments with 
five combinations of cells and dilution media. The five combinationsand 
their droplet size averages are listed in Table I. Droplet size distributions, 
represented by frequency polygons, are shown in Fig. 1. The equations 

Petroff-Hausser bacteria counter, Hausser Scientific, Philadelphia, Pa. 
Highland Brand permanent mending tape No. 6200,3/16" width, 3M Co., St. 

Paul, Minn. 
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Table I-Cells, Composition of Diluted Emulsions, and Values of Various Statistical Diameters in Micrometers 

System 
No. Cell Diluent N” D,  f SEb Du D,, 

I T 0.1% octoxynol9 
I1 T 0.1% octoxynol9 + 1-2% polyvinyl alcohol 

111 H 0.1% octoxynol9 t 1-2% polyvinyl alcohol 
IV T 5% eelatin 

226 3.56 f 0.11 4.20 4.82 
261 2.73 f 0.16 3.92 4.90 
176 2.68 f 0.14 3.64 4.59 
230 2.64 f 0.13 3.71 4.78 

V S and C 5% ielatin 200 2.58 f 0.14 3.66 4.78 

a Number of droplets, representing sum of three cell fillings. * Arithmetic mean diameter f SEM. Mean volume diameter defined by F,q. 1. Mean volume-surface 
diameter defined by Q. 2. 

used to compute the mean volume diameter D, and the mean volume- 
surface diameter D,  are (3-5): 

ZNiDp D, = - 
ZN,D: 

where Di is the diameter equal to the midpoint of the ith size range and 
Ni the number of droplets in that range. The droplets contribute to the 
arithmetic mean diameter only in proportion to the first power of their 
diameters. Therefore, the mean volume and mean volume-surface di- 
ameters are larger than the arithmetic mean diameter and, unlike it, only 
slightly affected by submicroscopic droplets. 

Creaming and Brownian motion affect microscopic droplet size mea- 
surements adversely by overemphasizing the largest droplets. Since the 
velocity of creaming is proportional to the square of the droplet diameter, 
larger droplets rise considerably faster toward the cover glass and the 
focal plane than smaller droplets. Brownian motion affects especially the 
smallest droplets. It prevents creaming for droplets having a diameter 
smaller than the critical diameter given previously [(6), Q. 251. For 
hexadecane-water emulsions at  20°, this diameter is 2.24 pm for a 1-sec 
and 0.90 pm for a 100-sec time interval. In the present emulsion, 46 and 
28% of the droplets had diameters equal to or smaller than these two 
critical values, respectively. 

Another adverse effect of Brownian motion is that it makes the smaller 
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Figure 1-Frequency polygons for the particle size distributions ob- 
tained with fioe systems. Key: (0) systeml; (0) system I I ;  (v) system 
III; (a) system IV; (v) system V. 

droplets move randomly in and out of focus, causing them to be under- 
counted. The mean displacement along a given axis such as the vertical 
direction in water is 0.62 pm for droplets with diameters equal to the 
critical diameter, 2.24 pm, for an observation time of 1 sec; it is 9.8 pm 
for droplets having the critical diameter of 0.90 pm for an observation 
time of 100 sec [(6), Eq. 221. 

For comparison, the visual depth of focus of an objective with nu- 
merical aperture 1.40 at a lOOOX magnification is <0.5 pm, increasing 
with decreasing magnification and numerical aperture. The photographic 
depth of focus is less than one-quarter of that encountered in visual ob- 
servation (7). The distance travelled in random Brownian motion in 1 
sec by almost one-half of the droplets, thus, is comparable to or larger 
than the depth of focus, making it difficult to measure the smallest and 
fastest moving droplets. 

Cells and Dilution Media-Glycerin, the diluting and thickening 
medium of choice (1,8), could not be used because its refractive index 
was too close to that of hexadecane. A 69% glycerin content is required 
to increase the viscosity of water to 20 cp, which constitutes about the 
lowest useful level. The refractive index of that medium differs from that 
of hexadecane by only 0.015 unit, rendering the hexadecane droplets 
indistinct. The dilute aqueous polymer media were viscous enough to 
reduce or eliminate Brownian motion and creaming while changing the 
refractive index of water only slightly. 

System I gave considerably larger mean diameter values than the other 
four systems (Table I) and a distinctly different droplet size distribution 
(Fig. 1). The remaining four frequency polygons are practically iden- 
tical. 

Comparison of the five arithmetic mean diameters by the variance ratio 
or F-test (9,lO) showed that the null hypothesis did not apply; the cal- 
culated F-value was larger than the critical value for the l% level. How- 
ever, the F-value obtained by comparing the arithmetic mean diameters 
of systems 11-V was smaller than the critical F-value for the 25% level. 
System I produced a significantly larger arithmetic mean diameter while 
the differences between the other four values were not statistically sig- 
nificant. This discrepancy is ascribed to the combination of Brownian 
motion and creaming in the nonthickened medium. 

The velocities of Brownian motion and of creaming are inversely pro- 
portional to the one-half and first powers of the viscosity of the contin- 
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Figure 2-Number of droplets, N, to be counted for the experimental 
arithmetic mean diameter to lie within fL, the 95% confidence interval, 
of the true arithmetic mean diameter, d,. The parameter L is expressed 
as percent of the 2.642-pm value of d,. 
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uous phase, respectively (6). The agreement of systems I1 and 111 thick- 
ened with polyvinyl alcohol to -20 cp with IV and V, thickened with 
gelatin to a gel, supports the conclusion that a 20-cp viscosity reduces 
Brownian motion and creaming sufficiently for microscopic droplet size 
determinations of fine emulsions. A viscosity of 10 cp was insufficient. 

The S and C cell could not be used with a polyvinyl alcohol-thickened 
emulsion because of field flow. While the S and C cell was used success- 
fully with a gelatin-gelled emulsion, the variation in the thickness of the 
emulsion layer and the occasionally observed distorted droplets were 
disadvantages not met with the T-cell. Hemacytometers could not be 
used. The depth of their cells, 4 . 1  mm, plus the thickness of their cover 
glasses, 0.4-0.6 mm, exceeded the working distance of the immersion 
objective and made focusing impossible. Furthermore, the ruling is a t  
the bottom of the cells while the hexadecane droplets rose slowly, except 
in the gelatin medium. 

The H-cell was only 0.02-mm deep and its cover glass 0.2-mm thick, 
so that it could be used with the immersion objective. Disadvantages of 
the H-cell were the long times required for filling it with viscous emulsions 
thickened with polyvinyl alcohol or gelatin and for cleaning. The T-cell 
could be filled faster, because the opening between the cover glass and 
tape hole could readily be increased for viscous emulsions while the 
clearance of the H-cell was narrow and constant. Being easy and inex- 
pensive to make and disposable were added advantages of the T-cell. 
Moreover, i t  eliminated field flow even in nonthickened emulsions be- 
cause it prevented evaporation of water, and the pressure exerted by the 
immersion objective on the cover glass was borne by the tape and the glass 
slide. 

Sample Size-Since most emulsions have broad droplet size distri- 
butions, many investigators count several thousand droplets per sample 
to obtain reliable average droplet sizes (11-13). The number of droplets 
that must be counted to obtain estimates of the mean diameter with a 
predetermined accuracy is discussed. 

The true arithmetic mean diameter, d,, is the diameter that would be 
obtained if all droplets of the entire emulsion batch were measured. The 
confidence probability that the experimental arithmetic mean diameter 
of the sample, D,, lies within a specified percentage limit or interval, L ,  
of d,, i.e., the probability that D, is correct within fL, is calculated for 
a sample size of N = 200 droplets. 

Since the differences between the average droplet sizes measured with 
systems 11-V were not statistically significant, the four sets of data, 
comprising a total of 767 droplets, were pooled. The overall D,, 2.642 pm, 
is assumed to equal d,. The standard deviation for the measurement of 
a single diameter, computed from the values of 767 droplets, 1.956 pm, 
is assumed to be equal to the standard deviation of the entire emulsion 
batch. 

The pertinent expression is then (14): 

2.642 - 1 . 9 5 6 Z I n  I D, 5 2.642 + 1 . 9 5 6 Z I n  (Eq. 3) 

and the specified limit is (14): 

L = 1.956ZIrN (Eq. 4) 

The value of Z corresponding to any given confidence probability is found 
in a table of cumulative normal frequency distribution. 

The use of such a table is predicated on an emulsion with a normal 
droplet size distribution. A plot of cumulative percent frequency for the 
pooled droplet size data of systems 11-V versus diameter on normal 
probability graph paper was approximately linear, as were plots for the 
distributions of the four individual systems. 

If the specified limit L is 10% of d, or 0.264 pm, Z = 1.91 for N = 200. 
This Z-value corresponds to a 94% confidence probability that the ex- 
perimental D, lies within f10% of d,. The confidence probability that 
D, lies within &15% of d, is 99.6%. 

In the opposite approach, the confidence probability is set at 95%. The 
number of droplets that must be counted so that the experimental 
arithmetic mean diameter lies inside the 95% confidence interval of the 
true arithmetic mean diameter is calculated by Eq. 4 , s  a function of the 
size of that interval. The value of Z is 1.96. In Fig. 2, the number of 
droplets to be counted is plotted against the two-tailed 95% confidence 
limit expressed as percent of the 2.642-pm value of the true arithmetic 
mean diameter. This plot begins to level off in the vicinity of L z 10% N 
1 200 droplets. It shows that the increased accuracy gained by counting 
>400 droplets is marginal. 
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Abstract The ability of ethylene glycol; glycerin; polyethylene glycols 
200, 400, and 6000; polysorbate SO; and lactose dispersed in silicone 
rubber, to promote water sorption into the polymer was investigated in 
water and in isotonic (pH 7.4) phosphate buffer. Polyethylene glycols 
200 and 400, lactose, and, especially, glycerin were effective water carriers. 
Marked differences in the kinetics of rubber swelling were observed, 
depending on the carrier. The swelling patterns relative to ethylene glycol, 
glycerin, and polyethylene glycol 200 showed a maximum due to signif- 
icant leaching of these additives from the polymer. Steady swelling de- 
grees were afforded by polyethylene glycols 400 and 6000 and by poly- 
sorbate 80. The interdependent processes of polymer imbibition and 
carrier release were speeded up without altering their kinetic patterns 
by increasing the initial surface-volume ratio of the devices. A propor- 
tionality resulted between maximal swelling and initial carrier concen- 
tration, although the swelling patterns were substantially unaffected by 
this variable. 

Keyphrases Silicone rubber-effect of different water-soluble ad- 
ditives on water sorption Sorption-water, effect of different water- 
soluble additives on water sorption into silicone rubber Water-soluble 
additives-effect on water sorption into silicone rubber 0 Swelling be- 
havior-effect of different water-soluble additives on water sorption into 
silicone rubber 

The advantages offered by the use of silicone rubber 
matrices as long-acting drug delivery systems are manifest 
in the literature (1-9). A number of water-soluble sub- 
stances recently have been shown to promote water sorp- 
tion into silicone rubber pellets containing morphine sul- 
fate, thereby enhancing both in uitro and in uiuo release 
of this drug (2,3). In view of their potential use for control 
of drug release, other hydrophilic materials should be in- 
vestigated with regard to their suitability to be dispersed 
in silicone rubber and to act as water carriers. 

The present work is concerned with a study of the 
swelling behavior of silicone rubber devices containing 
different water-soluble additives: ethylene glycol; glycerin; 
polyethylene glycols 200, 400, and 6000; polysorbate 80; 
and lactose. 

EXPERIMENTAL 

MaterialsPolydimethylsiloxane elastomer and silica fder'; stannous 
octoate2; ethylene glycol3; glycerin3; polyethylene glycols 200,400, and 
6O0O4; polysorbate 805; monobasic sodium phosphate3; and dibasic so- 
dium phosphate3 were used as received. Lactose3 was passed through a 
140-mesh screen prior to use. 

Preparation of Devices-The additive (ethylene glycol, glycerin, 
lactose, polyethylene glycol 200 or 400, or polysorbate 80) or a solution 
of the additive in chloroform (polyethylene glycol 6000) was dispersed 
in polydimethylsiloxane elastomer in the desired proportion by levigating 
for -3 min. Five-gram amounts of the mixture generally were used. 
Stannous octoate catalyst (1 drop, -20 mg; or 2 drops with polyethylene 
glycol 200) was levigated into 1 g of the above dispersion for 4 . 5  min 
(after evaporation of chloroform in the case of polyethylene glycol 6000). 

1 Silastic 382 medical grade elastomer, Dow Corning Corp., Midland, Mich. 

3 Carlo Erba S.p.A., Milano, Italy. 
4 Merck-Schuchardt, Munchen, West Germany. 
5 Tween 80, Atlas Chemie GmhH, Essen, West Germany. 

Catalyst M, Dow Corning Corp., Midland, Mich. 

The mixture then was added rapidly to a plastic mold, pressed with a 
plastic plate into a sheet of uniform thickness (0.2 or 0.05 cm), and allowed 
to cure overnight a t  room temperature. A cylinder (0.5-cm diameter, 
0.2-cm thick) or a disk (1-cm diameter, 0.05-cm thick) was cut from the 
polymerized sheet and immediately used for the swelling experiments. 
The cylinders or the disks had dry weights which were between 46.2 and 
54.4 mg or 49.1 and 53.5 mg, respectively, depending on the additive and 
its concentration. 

Swelling Determinations-The sample being studied was flushed 
with distilled water and then rapidly placed between filter paper to re- 
move clinging water. Its dry weight then was determined. Next, it was 
immersed in 20 ml of phosphate buffer (0.13 N, pH 7.4), or distilled water 
which was maintained at  37'. At measured intervals, the swollen sample 
was removed from the solvent, cleared of water with filter paper, weighed 
in a weighing bottle, and quickly immersed in 20 ml of fresh solvent 
prewarmed to 37' (time zero of the next interval). Each experiment was 
run in triplicate, and the data were averaged. The range of the measured 
values was not >f5% of the mean. Shaking had practically no effect on 
the swelling kinetics. 

RESULTS AND DISCUSSION 
The swelling kinetics of silicone rubber cylinders containing 12% (w/w) 

carrier, determined in isotonic phosphate buffer (pH 7.4) or in pure water, 
is presented in Figs. 1 and 2, respectively, where the ratio of the weights 
of swollendry sample, y, defined as swelling degree, was plotted against 
time. The plots in Fig. 1 relative to ethylene glycol, glycerin, and poly- 
ethylene glycol 200 went through a maximum, thus, pointing to a change 
in the sign of the swelling pressure. Such a pattern was indicative of sig- 
nificant leaching of these substances from the silicone polymer. Much 
slower leaching, if any, of polyethylene glycols 400 and 6000 and poly- 
sorbate 80 was suggested by the respective swelling degrees which ap- 
parently attained steady equilibrium values. At any given swelling de- 
gree, a considerably higher swelling rate in pure water than in buffer was 
always observed. This was in accord with a higher osmotic pressure dif- 
ferential in the case of the pure water. 

The swelling kinetics of silicone rubber disks (1-cm diameter and 
0.05-cm thick), having the same volume and carrier concentration as the 
cylinders in Fig. 1, was followed to study the effect of varying the sur- 
face-volume ratio of the polymeric device. Disks filled with polyethylene 
glycol 6000 did not swell, and their weight decreased slightly upon hy- 

1.4 

1 .o 
0 500 1000 1500 

HOURS 
Figure 1-Data on swelling in phosphate buffer (0.13 N, pH 7.4) of 
silicone rubber cylinders (0.5-cm diameter, 0.2-cm thickness) Containing 
various water carriers (12% wlw). Key: (0) glycerin; (0) polyethylene 
glycol 200; (0) polyethylene glycol 400; (+) ethylene glycol; (A)  lactose; 
(m) polyethylene glycol 6000; (A) polysorbate 80. 
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Figure 2-Data on swelling in water of silicone rubber cylinders (0.5-cm 
diameter, 0.2-cm thickness) containing uariolls water carriers (12% 
wlw). Key: (@) glycerin; (0) polyethylene glycol 200; (0) polyethylene 
glycol 400; (*) ethylene glycol; (A) lactose; (W) polyethylene glycol 
6000; (A) polysorbate 80. 

dration. The cause of this behavior could reside in an inadequate dis- 
persion of this additive. Due to a comparatively high surface-volume 
ratio, the fraction of carrier undergoing a rapid dissolution from the disk 
surface predominated in this case over the carrier fraction in the disk core. 
The opposite occurred with the cylinders, which gave reproducible 
swelling data. The profile of they versus time plots, as well as the max- 
imal swelling degrees of disks (not reported), remained unchanged with 
respect to the corresponding properties of cylinders, although the process 
was speeded up considerably in all cases with the disks. Since swelling 
was carrier driven, a similar effect of the surface-volume ratio on the 
release process of the leachable carriers could be inferred. The relevance 
of these findings to the release of water-soluble drugs embedded in sili- 
cone rubber is apparent. 

Cylinders were used to study the effect of carrier concentration. Devices 
formulated with varying concentrations of the same additive all gave 
swelling plots similar in shape (not reported), although the magnitude 
of swelling was concentration dependent. Figure 3 shows the plots of the 
maximal swelling degree (ymax) attained in buffer by the cylinders versus 
initial carrier concentration. Concentrations substantially exceeding the 
values indicated for each carrier in Fig. 3 did not yield reproducible re- 
sults. A straight line with zero intercept was obtained with all of the ad- 
ditives studied. Such an apparent proportionality is intriguing, since the 
extent of swelling depended on numerous factors which in turn could be 
complex functions of initial carrier concentration. These are the osmotic 
activity of carrier (free or bound to the polymer through hydrogen or 
covalent bonding), the rate of carrier release from polymer, the polymer 
contractility, and the polymer plasticizing effect of the carrier. The slopes 
of the plots in Fig. 3, which can be referred to as the specific swelling 
power of the single carriers, appeared to be different for carriers of a 
similar physical and chemical nature, such as ethylene glycol and glycerin, 
or similar for additives of a different physical and chemical nature, such 
as polyethylene glycol 200 and lactose. 

The variation range of all reported data was 555%. This reproduc- 
ibility is indicative of an inherent ease in additive dispersal in polydi- 
methylsiloxane, because of the simplicity of the mixing technique. With 
the liquid additives, especially with polyethylene glycol 200, higher than 
usual catalyst concentrations were needed to crosslink the polymer. Such 
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Figure 3-Dependence of mximul swelling degree of cylinders in buffer 
on initial additive concentration. Key: (0) glycerin; (0) polyethylene 
glycol 200; (0) polyethylene glycol 400; (A) lactose; (*) ethyleneglycol; 
(m)  polyethylene glycol 6000; (A) polysorbate 80. Concentrations 
substantially exceeding the values indicated for each additioe by the 
arrows Rave nonreproducible data. 

an interference of these additives with the action of the initiator needs 
further investigation because of possibility that these compounds may 
be part of the crosslinking reaction. Shaking of the devicesolvent systems 
did not affect the swelling data, suggesting the absence of boundary layer 
effects on the swelling kinetics. 

In conclusion, polyethylene glycols 200 and 400, lactose, and especially 
glycerin were effective water carriers. Their actual role in drug release 
from silicone rubber will be assessed in future studies. 
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Abstract 0 Cyclohexanone, substituted cyclohexanones, and other 
cycloalkanones have been condensed with isatin and substituted isatins 
to give a series of new 3-hydroxy-3-substituted oxindoles. A number of 
these 3-hydroxyoxindoles possess anticonvulsant activity. 

Keyphrases Anticonvulsants-potential, condensation of isatins with 
cyclohexanone and other cyclic ketones Isatins-condensation with 
cyclohexanone and other cyclic ketones, potential anticonvulsants 
Cyclohexanones-condensation of isatins, potential antiqonvulsants 

It has been reported (1,2) that I exhibited anticonvul- 
sant activity in the maximal electroshock seizure test' with 
an ED50 of 102 mg/kg and a protective index of -4 and that 
I1 had an ED50 of 40 mg/kg and a protective index of 12 in 
that same test. The 3-hydroxyoxindole derivative, 11, was 
also active at  300 mg/kg in the pentylenetetrazol seizure 
threshold testl. Compound I11 had an ED50 of 56 with a 
protective index of 3 in the maximal electroshock seizure 
test, while IV had an ED50 of -115 and a protective index 
of -4 in both tests (2). 

Compound V was derived from isatin and cyclohexanone 
and was active in the maximal electroshock seizure (MES) 
screen (2). Dehydration to VI resulted in an increase in 

H 

I: R = H, R' = CsHs 
11: R = H, R' = CH3 

III: R = 4-Cl-7-CH3, R'  = CH3 
IV: R = 7-CHn, R' = CH3 

I 
H 

I 
H 
V : R = H  VI 

VII: R = CH3 
0 

VIII IX 

1 Anticonvulsant screenings were carried out through the Antiepileptic Drug 
Development Prwam of the NINCDS. National Institutes of Health. The standard 
screening protocol of that group waa followed. 

activity. This latter observation is in contrast to  the ob- 
servation that the dehydration products of I and I1 were 
inactive. A number of products from isatin and cyclic ke- 
tones (3) were prepared, and it was found that VII had an 
ED50 of 171 and a protective index of 8 in the MES screen 
and that VIII was active in both screens. 

The present investigation reports on the condensation 
of various alicyclic ketones with isatins to give additional 
analogs of V-VIII. 

EXPERIMENTALz 

Condensation of Isatin with Ketones-The compounds in Tables 
I-IV were prepared, as previously described (1-3,5,6), by heating on a 
steam bath a solution of the isatin and the appropriate ketone in absolute 
ethanol containing a few drops of diethylamine. 

Dehydration of 3-Hydroxyoxindoles-The compounds in Table 
V were prepared, as previously described (1,2,5), by heating the 3-hy- 
droxyoxindoles on a steam bath in acetic acid containing a small amount 
of hydrochloric acid. 

DISCUSSION 

Cyclohexanone was condensed in the presence of diethylamine with 
a variety of substituted isatins to give compounds of type V. These 
products are included in Table I. With the exception of the product de- 
rived from 4-chloro-7-methoxyisatin, none of these derivatives were as 
active as V in the MES screen. In contrast, a considerable number of these 
analogs were active in the pentylenetetrazol seizure threshold test (Met) 
screen. Worthy of particular note were those products formed from 7- 
methyl-, 4-chloro-7-methoxy-, and 6-chloro-7-methylisatin. 5-Chloro-, 
5-methyl-, and 5-nitroisatin also led to compounds active in the Met 
test. 

In view of the activity of VIII (3), a number of cycloalkanones of various 
ring sizes were condensed with isatins to give the compounds shown in 
Table 11. With the exception of a high degree of Met test activity in the 
product from 5-bromoisatin and cyclopentadecanone, none of the com- 
pounds, including several from cyclopentanone and substituted isatins, 
were as active as VIII. 

Although the products from isatin and 4-substituted cyclohexanones 
were inactive (3), compound VII had good MES activity. In view of this, 
a number of 2-substituted cyclohexanones and 3-methylcyclohexanone 
were condensed with isatins to give the products shown in Table 111. In 
the case of VII the introduction of substituents in the isatin portion of 
the molecule or replacement of the methyl by phenyl or cyclohexyl led 
to a loss of activity. A single exception is the activity of the 5-nitro ana- 
logue of VII, which is active in the Met test. Replacement of 2-methyl- 
cyclohexanone by 3-methylcyclohexanone gave an active product both 
with isatin and with 1-methylisatin. 

Although it has been reported that dehydration of I (1) and I1 (2) to 
IX causes a loss of activity, dehydration of V to VI leads to an increase 
of activity in the MES test. Unfortunately, dehydration of a number of 
analogues of V and VII resulted in a decrease or loss of activity. These 
dehydration products are shown in Table V. 

Table IV includes a number of additional examples of compounds of 
type I. None of these compounds exhibited any significant anticon- 
vulsant activity. 

This series of investigations has reported (1-3, 5,6) on the synthesis 
of a number of 3-substituted oxindoles with anticonvulsant activity. 

2 All compounds exhibited IR spectra consistent with the structures shown and 
with those previously reported (1-3). Melting points are uncorrected, and analyses 
were carried out by Spang Microanalytical Laboratory. 
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Table I-Reaction of Isatins with Cyclohexanone 

R 

Analysis, % - Calc. Anticonvulsant 
Found Activity, mg/kg* 

Substituent mpoa Formula C H N MES Met 

H 

He 

l-CsH5CHz 

5-Br 

5-C1 

5-CH3 

5-CH3O 

5-NO2 

6-C1 

7-CH3 

4-Cl-7-CHs 

4-Cl-7-CH30 

5-Cl-7-CHs 

5-CH30-6-Cl 

6-Cl-7-CH3 

198-199c 

240-241 

183-185 

218-219 

217-218 

i g a i 9 9  

162-164g 

228-230 

220-222 

196-198 

209-211 

153-154 

200-202 

240-241 

207-208 

- 

67.34 
m 
75.20 
7522 
51.87 m 
60.11 rn 
69.48 
En3 
- 

57.93 
5732 
60.11 m 
69.48 
En4 
61.37 rn 
57.38 
57x3 
61.33 m 
58.16 m 
61.33 K!n 

5.14 m 
6.31 
m 
4.35 rn 
5.04 
5x3 
6.61 m 
- 

4.86 m 
5.04 m 
6.61 m 
5.49 m 
6.23 m 
5.49 m 
5.21 m 
5.49 
523 

7.14 
7x3 
4.18 m 

4.77 m 
3.94 
332 
- 

4.52 
m 
- 

300 NAd 

- - 

NAf NAf 

NAf NAf 

NAf 100 

NAf 100 

6Wh 300 

NAf 100 

NAf NAf 

600 30 

NAf NAf 

300h 30 

NAf 600 

NAf NAf 

NAf 30 

a Recrystallized from ethanol, meltin point uncorrected, s tral data consistent with structure. * Anticonvulsant screenings were carried out through the Antiepile tic 
Drug Development Program, National fnstitutes of Health. Re standard screening protocol of the group was followed. Described in ref. 2. d No activity at 300 mghg. 
e Product from reaction of 2 moles of cyclohexanone with 1 mole of isatin. No activity at 600 mg/kg. 8 Reported (6) mp 168-171°. Toxic at 600 mgkg. I Met ED50 550.23; 
TDm > 900. I Analysis, sample C16H&lNO&2HF,OH. 

Table 11-Reaction of Isatin with Cyclic Ketones 

Substituent 
Ketone 
Used 

Calc. Anticonvulsant Analysis, % - 
Found Activity, mg/kgb 

mpo,a Formula C H N MES Met 

H Cyclopentanone 173-174c Ci3Hi3N03 - - - 100d 300d 

5-Br C yclopentanone 270-271 C13H1zBrN03 - - 4.52 600 300 

5-NO2 Cyclopentanone 200-201 Ci3HizNzO~i 56.52 4.38 10.14 NA' 600 

4-CI-7-OCH3 Cyclopentanone 196198 CiI)IirlClN04 56.86 4.77 4.74 NA' 300 

H 2-Ethylcyclopentanone 132-134 Ci5Hi7N03 69.48 6.61 5.40 300 NAf 

H Cycloheptanone 169-170 Ci5Hi7N03 69.48 6.61 5.40 3006 3006 

5-Br Cycloheptanone 220-221 CisHiBBrN03 53.27 4.77 4.14 NAe NAe 

5-NO2 Cycloheptanone 224-225 Ci5Hi6Nz05 59.20 5.30 9.21 NA' NA" 

4-Cl-7-OCH3 Cycloheptanone 199-200 CisHisClNOa 59.35 5.60 4.33 NA' NAe 

m 
rn ;n;i m 
5Pz-E m m 
m2-5 m m 
m m 5x3 

33x5 rn m 
5832 m m 
3K-a 572 rn 

Continued on next page 
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Table 11-Continued 

6008 6008 5-C1 Cyclopentanone 175-176 Ci3Hi2CN03 58.76 4.55 - 
rn m 

5-CH3 Cyclopentanone 2W257 CirHi5N03 68.55 6.16 - NAe 300 m m 
6-Cl-7-CH3 Cyclopentanone 206-207 CirHirClN03 60.11 5.04 5.01 300 NAe 

60.T6 5x7 m 
54.56 5.50 3.98 NAP NAP 
rn m m 

5-NO2 Cyclooctanone 147-149 C16Hd205 60.39 5.70 - 600 600 m m 
4.25 NAP NA' H Cyclododecanone 185-186 C&27N03 72.92 8.26 
;1136 m m 

74.76 9.15 3.63 NAe NA' 
m 92-5 m l-CH3 Cyclopentadecanone 1W181 c2&&03 

61.33 7.16 3.11 NAe 30" rn m m 
rn 77-2 m 

m 3x3 

5-Br Cyclooctanone 195-196 C16HleBrN03 

5-Br C yclopentadecanone 213-215 C23H32BrN03 

5-NO2 Cyclopentadecanone 233-235 CmH3zN205 66.32 7.74 6.73 NAP NA" 

4-Cl-7-OCH3 Cyclopentadecanone 223-225 CuH&lNOr 66.12 7.86 3.21 NAe NAP 

0 Recrystallid from ethanol, melting point uncorrected, spectral data consistent with structure. Anticonvulsant screenin s were carried out through the Antiepile tic 
Drug Develo ment Program, National Institutes of Health. The standard screening protocol of the group was followed. hescribed in ref. 3. MES EDw 124.4; het  
ED50 202.4, fD, 255.4. e No activity at 600 mg/kg. No activity at 300 m&g, toxic at 600 mg/kg. 8 Toxic at this dose. Repeated testing indicated that the subcutaneous 
Met activity is variable. 

Table III-Reaction of Isatins with Substituted Cyclohexanones 
OH A 

Substituent 
Ketone 
Used 

Calc. Anticonvulsant Analysis, 9o - AGctty,mg/kt' 
Found 

mPota Formula C H 

100d 6Wd H 2-Methylcyclohexanone 199-201 C16H17N03 

1-CH3 2-Methylcyclohexanone 160-162 C16HlSN03 70.30 7.01 5.12 3We NAf 

- - - 

m m 5x2 

rn 
&NO2 2-Methylcyclohexanone 236-237 Cl5Hla205 59.20 5.30 m 
4-Cl-7-CH3 2-Methylcyclohexanone 229-230 Ci6HiaCIN03 62.44 ~ 5.90 4.55 NAf NAf 

5x5 rn 
H 2-Methylcyclohexanone 187-188 CmHisN03 74.74 5.96 4.36 NAf NAf 

m m a5 
5-NO2 2-Methylcyclohexanone 235-236 Cd18N205 64.50 6.50 7.52 NAf NAf 

m m m 
5-Br 2-Cyclohexylcyclohexanone 235-236 CmH~4BrN03 59.12 5.95 3.45 NAf NAf 

m 535 m 
H 3-Methylcyclohexanone 171-172 C15Hi7N03 69.48 6.61 5.40 1008 300' 

Em8 m 5x5 
5.12 100 600' l-CH3 3-Methylcyclohexanone 167-168 CisHisNOa 
5x3 

5-Br 3-Methylcyclohexanone 219-220 CiaHlBBrNOs 53.27 4.77 - NAf NAf 

3-Methylcyclohexanone 228-229 Ci5Hi&05 59.20 5.30 - NAf NAf 

NAf 600 

- NAf 30 

5-Br 2-Methylcyclohexanone 2 2 ~ 3 0  CISHHIBB~NO~ ~ 53.27 4.77 - 

5§22 

- - 

m am 
m m 

~ 

a Recrystallid from ethanol, melting point uncorrected, spectral data cornistent with structure. * Anticonvulsant screenin were carried out through the Antiepile tic 
Drug Development Program, National Institutes of Health. The standard screenin&protocol of the group was followed (seeFable I). Described in ref. 3. MES Ebw 
171.5; TDW 1380. e Some toxicity at this dose. f No activity at 600 mg/kg. 8 MES 60 83.7; TDw 323.9. 
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Table IV-Additional Products from Acetophenone 

Analysis, % - Calc. Anticonvulsant 
.Found Activity, mg/kg* 

Substituent A1 mPova Formula C H Met 

212-213 Ci6HizC1N03 63.69 4.01 NAC 

2ia219 Ci7Hi4ClN03 64.66 4.47 600 

168-169 Ci6HizC1N03 63.69 4.01 600 

211-212 Ci'1HidJN04 61.54 4.25 600 

H 3-NOzCeH4 160-161 CieHizNz0s 61.54 3.87 600 

H 2-HOC6H4 206-208 Ci6Hi3NOa 67.84 4.63 NAc 

Em 3% 
GEi-3 m 
rn m 
rn m 
m m 
Em m 
rn m 

5-C1 C6H5 

6-Cl-7-CHs C6H5 

7-CI C6H5 

4-Cl-7-CH30 C6H5 

H 4-CF3CeH4 175-176 Ci7HizF3N03 60.90 3.61 300 

a Recrystallized from ethanol, meltin point uncorrected, s al data consistent with structure. * Anticonvulsant screenin were carried out through the Antiepileptic 
Dru Development Pro ram, Nation+&etitutes of Health. E s t a n d a r d  screening protocol of the group was followed (see g b l e  I). All compounds were inactive at  600 
m g i g  in the maximal efectroshock selzure test. C No activity a t  600 mghg. 

Table V-Dehydration of Products (Table I) from Isatins and Cyclohexanone 

k 
Calc. 

Analysis, % - Found 
R Formula 

Analysis, % - Calc. Anticonvulsant 
Found 

C H N 

Anticonvulsant 

5-Br 245-246f CdhzBrN02 54.92 3.95 - 600 NAs 
5Zm m 

5-C1 233-2341 CirHizClNOz 64.25 4.62 5.35 NAg NAg rn m m 
5-CH3 211-213 CisHi5NOz" 72.70 6.86 5.30 300 NAg m 8x2 m 

216-217 Ci4HizNz04 61.76 4.44 10.29 NAg NAg m m 
5-CH30-6-Cl 265-266 Ci5Hi4ClNOs 61.75 4.84 - NAg NAR 

m3-5 

K m  m 
Hi 190-1921' C15H15NOZi 74.66 6.27 rn m-5 - 300 300 

a Recrystallized from ethanol, meltin point uncorrected, spectral data consistent with structure. * Anticonvulsant screenings were carried out through the Antiepileptic 
Drug Development Program, National%stitutes of Health. The standard screenin protocol of the roup was followed (see Table I). c Described in ref. 2. d MES ED50 
519. TDso > 1600. e No activity a t  300 mghig. f Vc insoluble, not reqystallized. Eut washed with got solvents. 8 No activity at 600 mg/kg. h Analysis for C ~ ~ H ~ ~ N O Z  
0.5C2H50H. 1 Dehydration of isatin-2-methylcyclo~~xmone product. I Reported (7) mp 185-186". 

However, to date, no consistent structure to activity pat6m has become 
evident. 

(4) S. Pietra and G. Tacconi, Farmaco Ed. Sci., 20,891 (1965). 
(5) F. D. Popp and H. Pajouhesh, J.  Pharm. Sci., 71,1052 (1982). 
(6) F. D. Popp, J. Heterocycl. Chen., 19,589 (1982). 
(7) S. Pietra and G. Taconi, Farmoco. Ed. Sci., 16,492 (1961). REFERENCES 

(1) F. D. Popp and B. E. Donigan, J. Pharm. Sci., 68,519 (1979). 
(2) F. D. Popp, R. Parson, and B. E. Donigan, ibid., 69,1235 (1980). 
(3) F. D. Popp, R. Parson, and B. E. Donigan, J. Heterocycl. Chem., 
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COMMUNICA TIONS 

Thermal Decomposition of Aspirin: Formation 
of Linear Oligomeric Salicylate Esters 

Keyphrases 0 Decomposition, thermal-aspirin, formation of linear 
oligomeric salicylate esters 0 Aspirin-thermal decomposition, formation 
of linear oligomeric salicylate esters Salicylate esters-thermal de- 
composition of aspirin, formation of linear oligomeric salicylate esters 

To the Editor: 
Although there are numerous reports on aspirin stability 

or degradation described in terms of decreasing amounts 
of aspirin or increasing amounts of salicylic acid, few rec- 
ognize the existence of decomposition products other than 
salicylic acid, Pyrolysis of aspirin with simultaneous dis- 
tillation of products a t  300-350O (15 mm) produces cyclic 
polymers of salicylic acid, referred to as salicylides; the 
cis -disalicylide and the trisalicylide have been isolated' 
(14) .  Salicylsalicylic acid (Ia) (5) and acetylsalicylsalicylic 
acid (Ib) (6,7) have also been recognized as decomposition 
products of aspirin. Aspirin anhydride (€0, salicylsalicylic 
acid (Ia) (9), and acetylsalicylsalicylic acid (Ib) (10) have 
been detected as impurities in aspirin tablets. Presented 
here is the discovery that thermal decomposition of aspirin, 
in the solid state or in organic solution, produces not only 

I a : R = H  
Ib: R =--COCH3 

IIn: R = H, n = 1-3 
IIb: R = --COCHI, n 1-4 

Ia and b, but higher linear oligomeric salicylate esters (IIa) 
and their acetate derivatives (IIb). 

When a mixture of aspirin and magnesium carbonate2 
(2:l) was heated in the solid state a t  85O for 2 hr, a complex 
mixture was obtained3. The reverse-phase C-18 high- 
performance liquid chromatogram of this mixture showed 
components corresponding in retention time to salicylic 
acid, Ia, Ib, and several components with longer retention 
times (Fig. 1). Chromatographic separation and crystal- 
lization provided several pure compounds, three of which 
were shown to be salicylic acid, Ia, and Ib by comparison 
with authentic compounds. Compounds with longer re- 
tention times had UV spectra characteristic of salicylates. 

1 Tetra- and hexasalicylides were also isolated when salicylic acid was treated 

2 Although aspirin itself decomposes when heated, the rate is greatly accelerated 

:I A similar mixture was obtained when aspirin was heated in benzene o r  toluene 

with phosphr~rus oxychloride or when salicyloyl chloride was heated (1,2).  

by weak hahen buch as magnesium carbonate. 

with o r  without magnesium carhonate in suspension. 

0 6.6 12 23 48 
MINUTES 

Figure 1-Reversed-phase C-18 high-performance liquid chromato- 
gram of decomposed aspirin. Mobile phase: water-acetic acid-methanol 
(420:10:570); flow rate: 2.0 mllmin; detection: UV absorbance at 254 nm. 
Recorder settings (att = attenuator (2?), cs = chart speed, cm/min): (A) 
att 9, cs 0.5; (B) att 6, cs 0.2; (C) att 4, cs 0.1; (0) att 3, cs 0.1. Key (each 
compound is followed by its retention time in minutes): (1 )  aspirin, 2.19; 
(2) salicylic acid, 2.62; (3) Ib,  3.40; (4) la ,  4.88; (5) IIb (n = I ) ,  5.40; (6) 
Ila (n = I ) ,  8.26; (7) Ilb (n = 2), 10.18; (8) IIa (n = 2), 17.23; (9) IIb (n 
= 3), 19.63; (10) IIa (n = 3), 33.93; (11) IIb (n = 4) ,  39.13. 

Acetyl compounds (Ib and IIb) could be readily differen- 
tiated from free phenolic compounds (Ia and IIa) by a 
significant difference in their absorbance maxima (near 
278 nm for acetyl compounds and 309 nm for free phenols) 
in acidic or neutral aqueous alcohol and very rapid cleavage 
of the acetate esters in 0.01 N aqueous ethanolic sodium 
hydroxide, a reaction completed in 2 min at room tem- 
perature, to form the corresponding free phenolic com- 
pounds, whose absorbance maxima were near 340 nm in 
basic solution. 

Hydrolysis of the salicylate esters in 0.01 N aqueous 
ethanolic sodium hydroxide occurred over several hours, 
much slower than acetate ester hydrolysis, and eventually 
each oligomer (Ia, Ib, IIa, IIb) was completely converted 
to salicylic acid (A,,, 297 nm). This afforded a means to 
measure the equivalent weight of each compound in terms 
of the number of salicyl moieties in the molecule. This 
technique was suitable for the lower oligomers; however, 
the higher the oligomer, the closer its equivalent weight 
approaches those of its neighboring homologues, making it 
more difficult to differentiate among them. 

Like aspirin, Ia also undergoes thermal decomposition4. 
Being free of acetyl compounds, decomposed Ia was a 

The rate ot'decornposition of la is slower than that of aspirin. This is attrihuted 
to the lower reactivity 0 1  the salirylate ester relative to the acetate ester. As with 
aspirin decomposition. la decomposition is catalyzed by magnesium rarbunale. 
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much less complex mixture than decomposed aspirin, and 
its components were more easily separated. The linear 
trimer (IIa, n = 1) was isolated from decomposed Ia as a 
white crystalline solid, mp 150-152’; U V  A,, (ethanol) 
228 (t 27,200), 281 (4350), and 310 (4900) nm; IR (chloro- 
form): Ymax 1746 (strong, unassociated ester C=O 
stretching) and 1696 (strong, intramolecular hydrogen- 
bonded ester C=O stretching5 and intermolecular hy- 
drogen-bonded acid C=O stretching) cm-l; NMR (deu- 
terochloroform): 6 10.07 (s, 2H, COOH and OH, exchanged 
with deuterium), 8.43-7.87 (m, 3H, aromatic protons ortho 
to C=O), and 7.87-6.57 (m, 9H, remaining aromatic pro- 
tons) ppm. 

Anal.-Calc. for C21H1407: C, 66.67; H, 3.73. Found: C, 
66.88; H, 3.92. 

Compound IIa (n  = 1) was acetylated to provide a 
compound identical to IIb (n  = 1) isolated from decom- 
posed aspirin. Compound IIb ( n  = 1) was obtained as a 
white crystalline solid, mp 161.5-163”; UV Xmax (ethanol) 
227 (t 29,900) and 277 (4500) nm; IR (chloroform): Ymax 
1750 (strong, C=O stretching of three ester groups) and 
1703 (weak, intermolecular hydrogen-bonded acid C=O 
stretching) cm-’; NMR (deuterochloroform): 6 8.43-7.80 
(m, 4H, COOH proton, which exchanged with deuterium, 
and three aromatic protons ortho to C=O), 7.80-6.90 (m, 
9H, remaining aromatic protons), and 2.23 (s, 3H, -CHd 
PPm. 

Anal.-Calc. for C23H1608: C, 65.72; H, 3.84. Found: C, 
65.53; H, 4.03. Compound IIb (n  = 1) was also found in 
several samples of buffered aspirin tablets; it was isolated 
from one of them and identified. 

The tetramer (IIa, n = 2) was isolated from decomposed 
Ia as white crystals, mp 177-183” (dec); IR (chloroform): 
Urnax 1744 (strong, stretching of two unassociated ester 
carbonyl groups) and 1693 (strong, intramolecular hy- 
drogen-bonded ester carbonyl stretching5 and intermo- 
lecular hydrogen-bonded acid carbonyl stretching) 
cm-1. 

Anal.-Calc. for CzsHls09: C, 67.47; H, 3.64. Found: C, 
67.63; H, 3.77. 

In the aromatic region the NMR spectrum (deutero- 
chloroform) had two multiplets that were not fully resolved 
until the solution was shaken with deuterium oxide, which 
indicated that the exchangeable phenolic and carboxylic 
acid protons were obscured by aromatic proton absorp- 
tion. 

The methyl esters of Ia, Ib, trimer (IIa, n = l) ,  tetramer 
(IIa, n = 2), and acetyl-trimer (IIb, n = 1) were synthesized 
by treatment of the acids with methyl iodide; solid-liquid 
phase transfer catalysis (1 1) was used to avoid acetate or 
salicylate ester hydrolysis during methylation. IR spectra 
for each of the five methyl esters in carbon tetrachloride 
supported their structures; the following assignments were 
made for carbonyl stretching frequencies: Urnax 1735-1731 
(methyl esters), 1758-1754 (unassociated carbonyl of ester 
groups between aromatic rings), 1700-1695 (intramolec- 
ular hydrogen-bonded ester”, 1780-1779 (acetate ester) 
cm-l. The NMR spectrum (deuterochloroform) of each 
compound had a singlet near 6 3.7 (methyl ester protons) 
and two multiplets, one downfield from 6 7.8 (aromatic 

. 

5 A strong intramolecular hydrogen bond exists between the ester carbonyl on 
the terminal aromatic ring and the phenolic group orlho to it. 

protons ortho to C=O) and the other upfield from 6 7.8 
(remaining aromatic protons). In addition to these peaks, 
the spectra of the three phenolic compounds showed a 
sharp singlet near 6 10.25 (hydroxide proton, which was 
exchangeable with deuterium), and the spectra of the two 
acetyl derivatives showed a singlet at 6 2.25 (CH~COZ-). 
The integrals of each compound’s spectrum gave the 
proper ratio of protons for the assigned structures. 

Additional proof that these compounds were oligomers 
was provided by their relative retention on a reverse- 
phase C-18 high-performance liquid chromatogram. Plots 
of logarithms of capacity factors (k’) for a homologous 
series have been shown to be linear in a number of cases 
(12). A plot of log 12’ uersus number of salicyl moieties for 
each of the components in decomposed Ia was found to be 
linear6. Two linear plots were obtained for decomposed 
aspirin: one for the free phenols6, components corre- 
sponding in retention time to components in decomposed 
Ia, and one for the acetyl compounds7, the remaining 
components in the chromatogram. The linear oligomers, 
produced from aspirin a t  low temperatures as reported 
here, are undoubtedly precursors to the previously re- 
ported cyclic salicylate oligomers (1-4) produced a t  much 
higher temperatures: 

Sample analyses showed that the levels of linear sali- 
cylate oligomers were generally higher in buffered than in 
plain aspirin tablets. Subsequent experiments revealed 
that the thermal decomposition reaction was catalyzed by 
weakly basic substances, such as magnesium hydroxide or 
magnesium carbonate, compounds often used in buffered 
aspirin formulations. 
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ti Log k’ ivrsus salicyl moieties was plotted for four compounds corresponding 
to dimer (10) through pentamer (1111, n = 3 ) ;  the correlation coefficient was 
0.9994. 

7 Log k’ wrsus salicyl moieties was plotted for five compounds corresponding 
todimer (Ib)  through hexamer (116, n = 4); thecorrelation coet’ficient was0.9998. 
Each acetyl compound eluted from the C- 18 column prior to i t s  corresponding free 
phenol. 
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Biologically Reversible 
Phosphate-Protective Groups 
~ ~~ 

Keyphrases Phosphate-protective groups-biologically reversible, 
acyloxymethyl groups 0 Acyloxymethyl groups-biologically reversible 
phosphate-protective groups Chemotherapeutic agents-biologically 
reversible phosphate-protective groups, acyloxymethyl groups, as a means 
of traversing biological membranes 

To the Editor: 
The inability of nucleotides and other ionic organo- 

phosphate esters to traverse biological membranes (1,2) 
constitutes a major impediment to  the use of such com- 
pounds as chemotherapeutic agents. In an attempt to 
overcome this limitation, we have investigated the po- 
tential of acyloxymethyl groups as biologically reversible 
phosphate-protective groups. Conceivably, neutral acy- 
loxymethyl phosphotriesters' could penetrate cell mem- 
branes by passive diffusion and revert, intracellularly, to 
the parent ionic phosphate after cleavage of the acyloxy 
group by carboxylate esterase and elimination of formal- 
dehyde (Scheme I). To explore synthetic routes to bis(a- 

IV 

-HCHO 1 
" Y & R  

HO 
v 

Scheme 1 

8 
I11 

cyloxymethyl) phosphotriesters and to investigate the 
chemical properties of this class of compounds, we chose 
phenyl phosphate as a model organophosphate mo- 
noester. 

Reaction of disilver phenyl phosphate2 (VIa) with a 2.5 
mole excess of iodomethyl acetate (VIIa) (3) in anhydrous 
benzene a t  room temperature for 5 hr gave bis(acetoxy- 
methyl) phenyl phosphate3v4 (Ia) in 53% yield. Bis(piva- 
loyloxymethyl) phenyl phosphate3 (Ib) was prepared 

To the best of the authors' knowledge, such compounds have not previously 

2 Obtained from the corresponding disodium salt by reaction with silver nitrate 

3 Obtained as a viscous oil. 
4 All compounds ave satisfactory elemental analyses and exhibited spectral 

been reported. 

in water. 

characteristics (NMA, MS, IR) consistent with the assigned structures. 

similarly from (VIa) and iodomethyl pivaloate (VIIb) (3) 
in 54% yield (Scheme 11). 

Vh,  R = CsH5 
b ,  R = CsHsCH, 

1 -2Agl 

0 
II 

II 

R'COCH2O 
>&OR 

R'COCHZO 

0 
0 

0 
II + 2 ICHPCRI 

VIIU, R' = CH3 
b, R' = C(CH3)3 

VIIIa, R' = CHI; M' = H+ 
b, R' = C(CH3)s; M' = H' 
C, R' 
d, R' = C(CHj)a; M' =i c - C ~ H ~ ~ N H ~ '  

CH3; M' = c-CIHI iNH3' 

e, R' =. C(CH3)3; M' = Ag' 

Scheme I I  

Compound Ia was stable in neutral aprotic solvents (e.g., 
benzene, diethyl ether, ethyl acetate); however, in protonic 
solvents (e.g., ethanol, water, 0.05 M potassium phosphate 
buffer, pH 7.4) it was converted5 slowly ( t1/2 > 4 hr) to 
mono(acetoxymethy1) phenyl phosphate (111, R = C6H5, 
R1 = CH3). This product is presumably formed by sol- 
volysis of Ia to the hydroxymethyl intermediate6 (11, R = 
C6H5, R1 = CH3), followed by spontaneous loss of form- 
aldehyde. When incubated at 37" in 0.05 M potassium 
phosphate buffer (pH 7.4) with hog liver carboxylate es- 
terase7 (E.C. No. 3.1.1.1) (1.6 mg of protein/ml) or mouse 
plasma (50% by volume), Ia (2 mM) was rapidly degraded8 
(tll2 < 15 min), first to the mono(acetoxymethy1) analogue 

ti The solutions were analyzed b hi h-performance liquid chromatography 
(HPLC) (Waters model ALC 204). $h e f isappearance of I was monitored by re- 
verse-phase chromatography on a column of PBondapak-ClB (30 cm X 4-mm i.d., 
10 pm; Waters Assoc., Milford, Mass.) using solutions of 0.01 M potassium phos- 
phate buffer (pH 7.0)-methanol (various proportions, typically. 2550% alcohol) 
as mobile phase. The formation of 111 and V was monitored by ion-pair chroma- 
tography on pBondapak-Cls using the same buffer system as described for I except 
that tetrabutylammonium hydroxide was added to a concentration of 2 X 10-3 M, 
or by anion-exchange chromatography on a column of Partisil SAX (26 cm X 
4.6-mm i.d., 10 pm; Whatman) usin a linear gradient of 0.01-0.1 M potassium 
qhosphate buffer (pH 6.5) as eluent. t h e  flow rates ranged from 1.0 to 2.0 mumin 

he column effluents were monitored at 254 nm with a Schoeffel model 450 UV 
detector, and the concentrations of I, 111, and V were determined by comparison 
of the peak areas with those of reference standards. 

A labile intermediate was detected in some solutions by HPLC but was not 
characterized. The hydroxymethyl compound I1 (R = CBH~,  R1= CH3) is expected 
to facilely dissociate, probably by a six-membered cycllc transition state, to give 
mono(acetoxymethy1) phenyl phosphate and formaldehyde: 

7 Obtained from Sigma Chemical Co., St. Louis, Mo. 
8 A t  appropriate intervals, aliquots (100 pl) of the incubation mixtures were 

diluted with 3 volumes of methanol than agitated for 1 min on a Vortex shaker. The 
precipitated protein was separated by centrifugation at  10,OOOXg for 5 rnin, and 
the supernatants were analvzed bv HPLC as described in footnote 5. 
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(111, R = C6H5, R1 = CH3) and then to phenyl phosphate 

The bis(pivaloyloxymethy1) pho~photriester~ (Ib), by 
comparison, was much more resistant to both chemical and 
enzymatic hydrolysis. Thus, it was stable in protonic sol- 
vents and had a half-life -5 hr when incubated with 
mouse plasma under conditions identical to that described 
for Ia. Clearly, the nature of the acyl substituent has a 
marked influence on the susceptibility of bis(acy1oxym- 
ethyl) phosphotriesters to hydrolysis. 

The benzyl phosphotriesters, Ic3 and Id3, were prepared 
similarly from disilver benzyl phosphate2 (VIb). Catalytic 
hydrogenolysis of these compounds over 5% palladium- 
on-charcoal Pd-C in cyclohexane gave the corresponding 
monobasic acids, VIIIa and b which were isolated as their 
cyclohexylammonium salts, VIIIc and d. Silver bis(piva- 
loyloxymethyl) phosphate (VIIIe) was prepared from 
VIIId by successive ion-exchangeg. Reaction of VIIIe with 
benzyl bromide or methyl iodide in benzene for 5 hr a t  
room temperature gave bis(pivaloyloxymethy1) benzyl 
phosphate3 (Id) and bis(pivaloyloxymethy1) methyl 
phosphate3 (Ie), respectively, in nearly quantitative yield. 
These reactions illustrate the utility of VIIIe in the syn- 
thesis of bis(acyloxymethy1) phosphotriesters. 

Reactions of VIIIe with 5‘-deoxy-5‘-iodo-3‘-O-acetyl- 
thymidine (IXa) (4) in toluene under reflux for 5 hr gave 
bis(pivaloyloxymethy1) -3’-O-acetylthymidine-5’-phos- 
phate (Xa), 39% yield (Scheme 111). Similarly, the reaction 

(V, R = CsH5). 

R 

I R 

XO, R = CHs 
b , R = F  

Scheme 111 

of VIIIe with 2’,5-dideoxy-5’-iodo-3’-0-acetyl-5-fluo- 
rouridine’o (IXb) gave Xb (15% yield). Compound Xb 

9 Prepared on Dowex 5 0  Na+ and Dowex 50 Ag+. 
10 Prepared from 3’-0-acetyl-2’-deoxy-5-fluorouridine in 65% yield, according 

to the general procedure described previously (4). 

prevented the growth of Chinese hamster ovary cells in 
culture (5) at a concentration of 5.0 X M (5-fluoro- 
2’-deoxyuridine control, 1.0 X M ) .  

Further chemical and biological studies of these com- 
pounds are in progress. 

(1) K. C. Liebman and C. Heidelberger, J .  R i d .  Chem., 216, 823 

(2) P. M. Roll, H. Weinfeld, E. Carroll, and G. B. Brown, ibid. ,  220, 

(3) E. K. Euranto, A. Napolen, and T. Kujanpaa, Acta. Chem. Scand., 
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439 (1956). 
. -  

20,1273 (1966). 
(4) J. P. H. Verheyden and J. G. Moffatt, J .  Org. Chem., 35, 2319 
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Pharmacol., 30,2374 (1981). 
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Estimation of the Extent of Drug-Excipient 
Interactions Involving Croscarmellose Sodium 

Keyphrases 0 Croscarmellose sodium-estimation of the extent of 
drug-excipient interactions 0 Drug-excipient interactions-estimation 
of the extent involving croscarmellose sodium 0 Excipienta-eatimation 
of the extent of drug-excipient interactions involving croscarmellose 
sodium 

To the Editor: 
In a recent communication (l), a pH-dependent inter- 

action of oxymorphone derivatives with croscarmellose 
sodium, Type A, NF XV’ was identified. Any drug-ex- 
cipient interaction is potentially serious if it  has a delete- 
rious influence on the bioavailability of the drug from the 
dosage form. However, as in this case, the excipient may 
be responsible for certain dosage form properties which 
promote or a t  least ensure reproducible drug delivery. 

There is a need to be able to assess the risk which may 
be involved before advocating or indicting an excipient. 
The objectives here are to provide a means for determining 
when an interaction with the disintegrant croscarmellose 
sodium might be expected and a means for estimating the 
extent of the interaction when it occurs. 

Certain aspects of the interaction were presented in the 
previous communication (1); although, the general utility 
of these results is limited. Details were not given con- 

1 Ac-Di-Sol, FMC Corporation, Philadelphia, Pa. 
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be responsible for certain dosage form properties which 
promote or a t  least ensure reproducible drug delivery. 
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be involved before advocating or indicting an excipient. 
The objectives here are to provide a means for determining 
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Figure 1-Interaction isotherms of chlorpheniramine with croscar- 
mellose sodium in aqueous dispersion at various hydrogen ion activities 
at 25". (See Table I for  definition o f  symbols, units and experimental 
conditions.) Key: (a) pH 7; (m) pH 6; (e) pH 5; (A) pH 4; (+) pH 3. 

Table I-Identification and Definition of Experimental 
Variables 

Variable 
Units 

Experimental 
Value 

DT Total amount of drug, moles 
AT Total amount of excipient, g 
V Volume of liquid, liters 0.200 
0, Free drug concentration, molesiliter - 
r Moles of drug bound per gram of excipient - 

- 

0.100 

cerning analytical procedure, the method of altering pH, 
and the units of drug and disintegrant concentration. 
Without this information, it is not possible to estimate the 
extent of an interaction that might be expected under a 
different set of conditions. 

An effort is underway in this laboratory to characterize 
the interaction of ionized weak bases with croscarmellose 
sodium. In light of the preceding discussion, we present a 
portion of our results that they may provide a qualitative 
and quantitative guide to these interactions. Figure 1 
represents the results of a study of the interaction of 
chlorpheniramine maleate* with croscarmellose sodium 
at  varying pHs. The experimental variables are defined in 
Table I, along with the values used to generate the results 
in Fig. 1. In an effort to keep the ionic strength low, the pH 
was adjusted in each case by the dropwise addition of 0.1 
N HC1 or 0.1 N NaOH, whichever was appropriate. After 
a 24-hr equilibration period, during which the drug-ex- 

s1 
N 
2 
2 

I- 
2 
Lu 
V a 
!!J 

UNCHARGED 

1 2  3 4 5 6 7 8 9 1 0 1 1  12 
PH 

Figure 2-Croscarmellose interaction profile for a hypothetical weakly 
basic drug with pKa  = 9.0. (See text for details.) 

cipient suspension was maintained at  25O, the suspension 
was allowed to settle, and an aliquot of the supernatant was 
withdrawn with a syringe. The aliquot was freed of parti- 
cles by rapid filtration through a borosilicate microfiber 
glass depth filter pad3, and free drug concentrations were 
determined by UV spectrophotometric analysis of the 
filtrate a t  the pH-dependent wavelength of a maximum 
absorbance (261.5-264.5 nm). Free drug concentrations 
are presented in terms of molar concentration, because it 
is anticipated that these results can be extended to  weak 
bases other than chlorpheniramine. The amount of drug 
adsorbed was determined by mass balance with quanti- 
tative corrections made for the slight adsorption to the 
filter, which occurred at  high concentrations of drug. 

It appears that the interaction is of electrostatic origin, 
involving ionized croscarmellose (negatively charged, pH 
>2) and cations. Thus, any weakly basic drug in an envi- 
ronment whose pH is >2 and near or below the pK, of the 
weak base should be expected to interact with the ionized 
polymer. This generalization is presented graphically in 
Fig. 2 for a hypothetical weakly basic drug with a pK, of 
9.0. The ionization of the drug has been calculated from 
the pK, assuming ideal behavior. The ionization of the 
drug outlines the interaction region at higher pHs. The 
ionization of croscarmellose has been estimated from the 
maximum binding data (r  [max]) in Fig. 1. At pH 7, r [max] 
= 24 X moles of drug/g of excipient, and the as- 
sumption is made that this value represents the maximum 
number of binding sites available. The fraction of cros- 
carmellose ionized at any pH may be estimated by com- 
paring the number of sites at that pH to the value at  pH 
7. At pH 4, for example, r[max] = 6 X moles of drug/g 
of excipient, and the amount of croscarmellose ionized is 
estimated to be 25%. The outline of the interaction region 
at lower pHs has been generated by similar calculations. 

An independent attempt to determine the pK, of cros- 
carmellose by titration produced spurious results, possibly 
due to the competitive equilibria for binding sites involving 
sodium and hydrogen ions. The influence of sodium ions 
on binding is addressed in subsequent discussion. 

A diagram may be constructed for a drug with any pK, 
by reconstructing the drug ionization curve. The area of 
the interaction region increases the higher the pK, of the 
weak base. If the drug is a weak acid or nonelectrolyte, no 
interaction is anticipated. 

Assuming that the interaction is nonspecific, reversible, 
and can be characterized as an equilibrium relationship, 
Fig. 1 can be utilized to estimate the fraction of drug bound 

* Chlorpheniramine maleate USP. Hexaeon Laboratories, Inc., Bronx, N.Y. :' Type AP25. Millipore Corp., Bedford. Mass. 
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Figure 3-Low concentration interaction isotherms of chlorphenira- 
mine with croscarmellose sodium in aqueous dispersion at various hy- 
drogen ion activities at 25O. Dashed line defines an interaction profile 
for the following conditions: DT = 2.5 X 10-6 moles, AT = 0.005 g ,  V = 
0.100 liter. (See Table I for definition of symbols and units.) Key: (0) 
pH 7; (A) pH 6; (0 )  pH 5; (0) pH 4; (0) pH 3. 

for any combination of AT, &,,and V, as long as the pH is 
57 and the drug has a pKa 19.0. For purposes of illustra- 
tion, and because there is particular concern for low dose 
drugs, Fig. 3 presents an expanded segment of the data 
from Fig. 1. For this analysis, the following mass balance 
will be used: 

DT = ( D f ) v  -t TAT (Eq. 1) 
where the variables are defined in Table I. By rearrange- 
ment: 

DT V r = - - (0,) - 
AT AT 

(Eq. 2) 

It can be seen that r is a linear function of ( D f )  when DT, 
A T ,  and V are fixed. The intercepts of this function: 

DT 
= - V 

when r = 0 and: 
DT 
AT 

r = -  

(Eq. 3) 

when Df = 0 and/or the slope ( -V /AT)  permit construc- 
tion of a specific binding profile for any set of condi- 
tions. 

As an example, consider a tablet containing 10 mg of a 
weakly basic drug, with a pKa >9, a molecular weight of 
400, containing 5 mg of croscarmellose sodium as a disin- 
tegrant, and placed in 100 ml of liquid. 

Thus, DT = 2.5 X lom5 moles, AT = 0.005 g, and V = 
0.100 liter. The dashed line constructed in Fig. 3 from Eq. 
2 can be used to determine a pH profile for this particular 
situation. The free drug concentration at  any pH can be 
determined from the intersection of this line and the ap- 
propriate binding isotherm. At pH 7.0, for example, Df = 
21.5 X M, and therefore, -14% of the drug is 
bound. 

The success of this approach depends upon the non- 
specificity of the interaction and the validity of the binding 

I I I I I 1 
0 1 2 3 4 5 

(Na’) X 103N 

Figure 4-Effect of added sodium ion concentration on the interaction 
of chlorpheniramine with croscarrnellose sodium at pH 7.0 and 25”; DT 
= 2.06 X IO-‘moles, AT = O.IOOg, V = 0.2001iter. (See Table l fordef -  
inition of variables.) 

data in Figs. 1 and 3. While we are still investigating the 
former, a comment about the binding results can be made 
at this time: Interactions in distilled water are generally 
higher than that predicted by this method. In retrospect, 
the method of elevating pH in this study, by adding sodium 
hydroxide, was a poor approach because of the specific 
competition of binding sites for sodium. Figure 4 presents 
the results of a simple study where total drug and excipient 
concentrations were held constant, and sodium ion con- 
centration was increased by adding progressively larger 
quantities of sodium hydroxide and then adjusting the pH 
with standardized hydrochloric acid. It can be seen that 
increases in added sodium ion concentration significantly 
reduce the amount of drug bound. Thus, the data in Figs. 
1 and 2 probably underestimate the extent of binding 
which would occur at higher,pHs in the absence of added 
sodium ion or other competitive cations. On the other 
hand, the mean level of sodium ion in gastric fluid is 4.9 X 

N (2), a concentration which must substantially re- 
duce the extent of drug interaction. 

Several important questions remain which we will ad- 
dress as further progress is made, and our studies will in- 
clude in uiuo work if there is evidence of a potential in- 
fluence on bioavailability. 
(I) Y. W. Chien, P. Van Nostrand, A. R. Hurwitz, and E. G. Sharni, 

J .  Pharm. Sci., 70,709 (1981). 
(2) “Scientific Tables,” 7th ed., K. Diem and C. Lentner, Eds., Ciba- 

Geigy Limited, Bade, Switzerland. 
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Introduction to Alkaloids-A Biogenetic Approach. By GEOFFREY 
A. CORDELL. Wiley-Interscience, New York, N.Y. 1981.1055 pp. 17 
X 24 cm. Price $50.00. 
As the title implies, this introductory text uses the concept of biogenesis 

to organize a vast and heterogeneous group of natural products, the al- 
kaloids. Comprehensive coverage of alkaloids with specific chemical 
nuclei have been presented in the past in the form of edited texts and an 
edited series of volumes. These treatises are predominantly chemically 
oriented. 

Dr. Cordell's effort to cover many aspects of the various biogenetic 
classes of alkaloids was as a single author and not as an editor. He should 
be highly commended for his enthusiasm and dedication in the writing 
of this excellent work. It surely was a monumental, but necessary, task 
in an era where the alkaloid field is expanding at  such a rapid rate. 

The book consists of almost lo00 pages divided into 12 chapters. As 
would be expected, the first chapter involves background material with 
concise presentations of history, occurrence, classification, properties, 
detection, isolation, purification, structure elucidation, and pharmacology 
of the alkaloids. The second chapter focuses on alkaloid biosynthesis and 
biogenesis and establishes the organizational tenor for the remainder of 
the text. The next nine chapters deal with alkaloids derived from orni- 
thine, lysine, nicotinic acid, polyacetate, anthranilic acid, phenylalanine 
and tyrosine, tryptophan, histidine, and isoprenoid metabolism. The last 
chapter presents several very interesting miscellaneous alkaloids. The 
Appendix lists formulas for many of the useful alkaloid detecting re- 
agents. In addition to the usual subject index, the organism index provides 
additional utility to this book. 

The individual chapters are sectioned with each section comprising 
a single important alkaloid or group of related compounds derived from 
a common biosynthetic precursor. Within each section there are dis- 
cussions involving chemistry, biosynthesis, and pharmacology. In certain 
cases useful synthetic and spectral data are presented. Most sections 
conclude with a listing of selected key literature references. 

Although some scientists may be disappointed in the limited coverage 
of certain groups of alkaloids, Dr. Cordell has done a good job in keeping 
relative importance in perspective. For instance, Chapters 8 (Alkaloids 
Derived from Phenylalanine and Tyrosine) and 9 (Alkaloids Derived from 
Tryptophan) constitute over half of the book. However, these compounds 
probably deserve this degree of attention because of the great deal of 
published research on their medicinal value. This perspective and unity 
of presentation is one important advantage of a single author covering 
a broad scientific topic. 

In conclusion, this book is a useful reference for scientists interested 
in various aspects of alkaloid research. The illustrations are excellent. 
Grammatical, spelling, and chemical structure errors are minimal. The 
utility of this interesting text, however, may be limited by its price. 

William J .  Keller 
Div. of Medicinal 
Chemistry and Pharmaceutics 
Northeast Louisiana University 
Monroe, LA 71209 

Textbook of Organic Medicinal and Pharmaceutical Chemistry, 
8th Ed. Edited by ROBERT F. DOERGE. LippincdHarper, East 
Washington Square, Philadelphia, PA 19105. 1982.876 pp. 21 X 26 cm. 
Price $47.50. 
Because of its consistently high quality, the latest edition of this clas- 

sical textbook, intended for use in undergraduate courses in Medicinal 
and Pharmaceutical Chemistry, was a pleasure to review. Despite the loss 
due to death or retirement of several of the prominent contributors to 
previous editions, those remaining, together with their new collaborators, 
have written excellent chapters. The combined effort is impressive. The 
first chapter is a broad overview of medicinal chemistry. This is followed 
by an effective summary of the basic material of the discipline, such as 
how structure relates to the drug-receptor interaction, and an excellent 
exposition of the medicinal chemistry of drug metabolism. 

The anti-infectives, a specific group of therapeutical agents, is dealt 
with in the fourth chapter. Here, and in the remaining chapters, all 
treating specific groups of agents, one sees a consistent pattern of a 
thorough overview of the group under consideration and compact dis- 

cussions of the chemical and biological properties of each of the members 
of the group. 

Chapters dealing with sulfonamides, antimalarials, antibiotics, and 
antineoplastic agents are all very thorough and well written. Local an- 
esthetics and antihistamines are also treated in well-written chapters. 
Excellent reviews of analgesics and steroids are also found in this text. 

CNS depressants and stimulants and material from the Seventh 
Edition are substantially updated. Adrenergic agents and cholinergic 
agents are given highly competent treatment in subsequent chapters. 

The chapter on diuretics is impressively updated and another chapter 
takes us easily through cardiovascular agents, a potentially difficult 
group. 

Carbohydrates, proteins, and vitamins are skillfully treated. A con- 
cluding chapter effectively brings together a diverse group of agents, one 
example of which is diagnostic agents. 

Two valuable appendixes describe properties of pharmaceutical aids 
and list pKa values for a number of drugs. Finally, the index is detailed 
and should prove to be useful. 

All of the chapters of this text show signs of painstaking preparation. 
Revising and updating over the Seventh Edition is extensive. Literature 
citations are also extensive and current. Coordination between chapters 
is very good, and there is little redundancy. There is a high degree of 
consistency among the chapters in the nature of the material presented 
and the format for its presentation. A useful feature for pharmacy stu- 
dents is that pertinent chemical properties of the individual agents are 
given. 

In summary, this is a most impressive textbook, judged for complete- 
ness, cohesiveness, and balance. The authors have used care and good 
judgment in making it an appropriate textbook for undergraduate 
pharmacy students. 

Reviewed by Eugene Isaacson 
Idaho State University 
College of Pharmacy 
Pocatello, I0 83201 

Physicochemical Principles of Pharmacy. By A. T. FLORENCE and 
D. ATTWOOD, Chapman and Hall, New York, N.Y. 10017.1982.509 
pp. 15 X 23 cm. Price $29.95. 
The purpose of this book is to provide the physicochemical background 

to the design and use of pharmaceutical products. Processing technology 
is not discussed. Special problems of the various routes of administration 
and of duration of activity are presented if the mechanism is physical and 
not biological. 

An effort is made to demonstrate that often the same forces operate 
in inanimate and animate systems. The authors assume that under- 
graduates using this book will have had a standard physical chemistry 
course. Since it is aimed at undergraduates, the reference lists have been 
kept to a minimum. 

The book is divided into 11 chapters, which are entitled: Gases; 
Properties of the Solid State; Liquids; Solutions; Solubilty of Drugs in 
Liquids; Surface Chemistry; Colloidal and Coarse Lyophobic Dispersions; 
Polymeric Systems; Principles of Drug Absorption and Routes of Ad- 
ministration; Drug Interactions and Incompatibilities: a physicochemical 
viewpoint; and Chemical Stability of Drugs. 

There is an abundance of easily comprehended figures to supplement 
the text. Although examples are given, perhaps the inclusion of a greater 
number of sample calculations would have been helpful to the student. 
The chapters on principles of drug absorption and drug interactions and 
incompatibilities are especially valuable additions to a book dealing with 
physicochemical principles. This is a fine text which fulfills its pur- 
pose. 

Reviewed by Eugene L. Parrott 
College of Pharmacy 
University of Iowa 
Iowa C i t y ,  I A  52240 

328 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 3, March 1983 

0022-35491831 0300-0328$0 1.0010 
@ 1983, American Pharmaceutical Association 



BOOKS 

REVIEWS 

Introduction to Alkaloids-A Biogenetic Approach. By GEOFFREY 
A. CORDELL. Wiley-Interscience, New York, N.Y. 1981.1055 pp. 17 
X 24 cm. Price $50.00. 
As the title implies, this introductory text uses the concept of biogenesis 

to organize a vast and heterogeneous group of natural products, the al- 
kaloids. Comprehensive coverage of alkaloids with specific chemical 
nuclei have been presented in the past in the form of edited texts and an 
edited series of volumes. These treatises are predominantly chemically 
oriented. 

Dr. Cordell's effort to cover many aspects of the various biogenetic 
classes of alkaloids was as a single author and not as an editor. He should 
be highly commended for his enthusiasm and dedication in the writing 
of this excellent work. It surely was a monumental, but necessary, task 
in an era where the alkaloid field is expanding at  such a rapid rate. 

The book consists of almost lo00 pages divided into 12 chapters. As 
would be expected, the first chapter involves background material with 
concise presentations of history, occurrence, classification, properties, 
detection, isolation, purification, structure elucidation, and pharmacology 
of the alkaloids. The second chapter focuses on alkaloid biosynthesis and 
biogenesis and establishes the organizational tenor for the remainder of 
the text. The next nine chapters deal with alkaloids derived from orni- 
thine, lysine, nicotinic acid, polyacetate, anthranilic acid, phenylalanine 
and tyrosine, tryptophan, histidine, and isoprenoid metabolism. The last 
chapter presents several very interesting miscellaneous alkaloids. The 
Appendix lists formulas for many of the useful alkaloid detecting re- 
agents. In addition to the usual subject index, the organism index provides 
additional utility to this book. 

The individual chapters are sectioned with each section comprising 
a single important alkaloid or group of related compounds derived from 
a common biosynthetic precursor. Within each section there are dis- 
cussions involving chemistry, biosynthesis, and pharmacology. In certain 
cases useful synthetic and spectral data are presented. Most sections 
conclude with a listing of selected key literature references. 

Although some scientists may be disappointed in the limited coverage 
of certain groups of alkaloids, Dr. Cordell has done a good job in keeping 
relative importance in perspective. For instance, Chapters 8 (Alkaloids 
Derived from Phenylalanine and Tyrosine) and 9 (Alkaloids Derived from 
Tryptophan) constitute over half of the book. However, these compounds 
probably deserve this degree of attention because of the great deal of 
published research on their medicinal value. This perspective and unity 
of presentation is one important advantage of a single author covering 
a broad scientific topic. 

In conclusion, this book is a useful reference for scientists interested 
in various aspects of alkaloid research. The illustrations are excellent. 
Grammatical, spelling, and chemical structure errors are minimal. The 
utility of this interesting text, however, may be limited by its price. 

William J .  Keller 
Div. of Medicinal 
Chemistry and Pharmaceutics 
Northeast Louisiana University 
Monroe, LA 71209 

Textbook of Organic Medicinal and Pharmaceutical Chemistry, 
8th Ed. Edited by ROBERT F. DOERGE. LippincdHarper, East 
Washington Square, Philadelphia, PA 19105. 1982.876 pp. 21 X 26 cm. 
Price $47.50. 
Because of its consistently high quality, the latest edition of this clas- 

sical textbook, intended for use in undergraduate courses in Medicinal 
and Pharmaceutical Chemistry, was a pleasure to review. Despite the loss 
due to death or retirement of several of the prominent contributors to 
previous editions, those remaining, together with their new collaborators, 
have written excellent chapters. The combined effort is impressive. The 
first chapter is a broad overview of medicinal chemistry. This is followed 
by an effective summary of the basic material of the discipline, such as 
how structure relates to the drug-receptor interaction, and an excellent 
exposition of the medicinal chemistry of drug metabolism. 

The anti-infectives, a specific group of therapeutical agents, is dealt 
with in the fourth chapter. Here, and in the remaining chapters, all 
treating specific groups of agents, one sees a consistent pattern of a 
thorough overview of the group under consideration and compact dis- 

cussions of the chemical and biological properties of each of the members 
of the group. 

Chapters dealing with sulfonamides, antimalarials, antibiotics, and 
antineoplastic agents are all very thorough and well written. Local an- 
esthetics and antihistamines are also treated in well-written chapters. 
Excellent reviews of analgesics and steroids are also found in this text. 

CNS depressants and stimulants and material from the Seventh 
Edition are substantially updated. Adrenergic agents and cholinergic 
agents are given highly competent treatment in subsequent chapters. 

The chapter on diuretics is impressively updated and another chapter 
takes us easily through cardiovascular agents, a potentially difficult 
group. 

Carbohydrates, proteins, and vitamins are skillfully treated. A con- 
cluding chapter effectively brings together a diverse group of agents, one 
example of which is diagnostic agents. 

Two valuable appendixes describe properties of pharmaceutical aids 
and list pKa values for a number of drugs. Finally, the index is detailed 
and should prove to be useful. 

All of the chapters of this text show signs of painstaking preparation. 
Revising and updating over the Seventh Edition is extensive. Literature 
citations are also extensive and current. Coordination between chapters 
is very good, and there is little redundancy. There is a high degree of 
consistency among the chapters in the nature of the material presented 
and the format for its presentation. A useful feature for pharmacy stu- 
dents is that pertinent chemical properties of the individual agents are 
given. 

In summary, this is a most impressive textbook, judged for complete- 
ness, cohesiveness, and balance. The authors have used care and good 
judgment in making it an appropriate textbook for undergraduate 
pharmacy students. 

Reviewed by Eugene Isaacson 
Idaho State University 
College of Pharmacy 
Pocatello, I0 83201 

Physicochemical Principles of Pharmacy. By A. T. FLORENCE and 
D. ATTWOOD, Chapman and Hall, New York, N.Y. 10017.1982.509 
pp. 15 X 23 cm. Price $29.95. 
The purpose of this book is to provide the physicochemical background 

to the design and use of pharmaceutical products. Processing technology 
is not discussed. Special problems of the various routes of administration 
and of duration of activity are presented if the mechanism is physical and 
not biological. 

An effort is made to demonstrate that often the same forces operate 
in inanimate and animate systems. The authors assume that under- 
graduates using this book will have had a standard physical chemistry 
course. Since it is aimed at undergraduates, the reference lists have been 
kept to a minimum. 

The book is divided into 11 chapters, which are entitled: Gases; 
Properties of the Solid State; Liquids; Solutions; Solubilty of Drugs in 
Liquids; Surface Chemistry; Colloidal and Coarse Lyophobic Dispersions; 
Polymeric Systems; Principles of Drug Absorption and Routes of Ad- 
ministration; Drug Interactions and Incompatibilities: a physicochemical 
viewpoint; and Chemical Stability of Drugs. 

There is an abundance of easily comprehended figures to supplement 
the text. Although examples are given, perhaps the inclusion of a greater 
number of sample calculations would have been helpful to the student. 
The chapters on principles of drug absorption and drug interactions and 
incompatibilities are especially valuable additions to a book dealing with 
physicochemical principles. This is a fine text which fulfills its pur- 
pose. 

Reviewed by Eugene L. Parrott 
College of Pharmacy 
University of Iowa 
Iowa C i t y ,  I A  52240 
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Abstract 0 It was suggested previously that the very rapid catalysis of 
benzylpenicillin hydrolysis and aminolysis by zinc ion and tris(hydrox- 
ymethy1)aminomethane (tromethamine) was mediated by a ternary 
complex in which the metal ion not only held the substrate and tro- 
methamine in close proximity but also lowered the p& of a bound tro- 
methamine hydroxyl group making it a very powerful nucleophile. In this 
study the scope of this reaction was explored further by examining the 
effects of changes in substrate side chain, metal ion, and amino alcohols. 
All of the penicillins studied showed about the same rate of reaction. Of 
the other metal ions examined Cu2+ and Ni2+ showed no activity, Mn2+ 
very slight activity, and Cd2+ and Co2+ somewhat greater activity. The 
latter was the most effective of this group but was 40 times slower than 
zinc. The results with a number of amino alcohols provided additional 
evidence for the ternary complex mechanism. Studies with the methyl 
ester of benzylpenicillin indicated that the metal ion is bound to the 
antibiotic at the carboxylate site and that a different mechanism is in- 
volved in the slower catalysis observed with the ester. Some comparison 
is made with a zinc-dependent 8-lactamase. 

Keyphrases Benzylpenicillin-mechanism of hydrolysis and ami- 
nolysis, catalysis by divalent cations and amino alcohols, ternary complex 
formation Metal-ion catalysis-hydrolysis and aminolysis of benzyl 
penicillin, mechanism, ternary complex formation 

It was previously shown that zinc ion in the presence of 
tromethamine buffer in the 7-10 pH range is a very facile 
catalyst for the hydrolysis and aminolysis of benzylpeni- 
cillin (1). Evidence was offered to show that the mechanism 
of this catalysis most probably involved a ternary complex 
in which zinc ion acts as a template to bring the reach@, 
tromethamine and penicillin, together. In this complex the 
bound hydroxyl group of tromethamine can become a very 
powerful nucleophile, by virtue of a lowering of its pK, as 
a result of coordination of zinc ion, and attack the p-lactam 
carbonyl of penicillin. The resulting tromethamine ester 
then hydrolyzes to penicilloic acid or reacts with another 
molecule of tromethamine to form an amide. 

The present study was undertaken to explore the scope 
of this reaction, i.e., the activity of other metal ions and 

other ligands, as well as the effects of structural changes 
in the substrate side chain. 

EXPERIMENTAL 

Materials-Benzylpenicillid, phenethicillinl, and methicillin' were 
used as received. Methylpenicillin was prepared by acetylating B-ami- 
nopenicillanic acid as reported previously (2). The methyl ester of ben- 
zylpenicillin was prepared as follows. 

Potassium benzylpenicillin and methyl iodide were stirred in di- 
methylsulfoxide for 4 hr a t  room temperature. The mixture was diluted 
with water, extracted with ether, and then the extract was dried and the 
solvent removed in uacuo. A small volume of ethyl acetate was added to 
the resulting oil and the solution chromatographed on silica gel 602 with 
ethyl acetate as the developing solvent. The fractions containing ester 
were combined and solvent removed in uacuo. The resulting oil crystal- 
lized on trituration with n-hexane and was recrystallized twice from 
carbon tetrachloride. Its structure was confirmed by IR and NMR 
spectroscopy. 

Tromethamine was a very pure grade3; ethanolamine, diethanolamine, 
and triethanolamine were all reagent grade4; 2-amino-2-methyl-1,3- 
propanediol was recrystallized from ethanol; 2-methoxyethanolamine 
and 2-diethylaminoethanol were redistilled prior to use. 

Zinc chloride solution was prepared from reagent grade zinc metal as 
previously described (1). The other metal ions were in the form of chloride 
salts and were reagent grade. 

Imidazole was recrystallized twice from benzene and washed with 
ether. 

Kinetics-All rate measurements were carried out at 35O with the ionic 
strength brought to 0.5 by the addition of potassium chloride. The amines 
normally acted as their own buffers. In some cases where buffer capacity 
was too low, the pH was maintained constant on a radiometer pH- 
stat. 

Rate of loss of penicillin from solution was followed either by following 
the decrease in absorbance at 235 nm (3) or by sampling the reactant 
solution and assaying for residual penicillin by the method of Bundgaard 
and Ilver (4). Initial concentration of penicillin was 5 X M in the 
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Table I-Catalytic Rate Constants' for Aminolysis by 
Tromethamine and Hydrolysis of Penicillins 

Side Chain, 
Penicillin R kTb  k o d  

Benzylpenicillin @xZ- 0.032d 12.5 

12.6 Phenethicillin *- 0.039 a* 

0.0263 6.5 

0f-X 
0.0294 10.6 

6 Methicillin 

Methvl Denicillin CH.- 
~~ ~ 

0 Rste constants in M-1 rnin-'. Reactions carried out at 35', I = 0.5 with tro- 
methamine alone. c Reactions carried out at  3 1 . 5 O .  1 = 0.2 (2). d From Ref. (1) 

direct spectrophotometric method and 2.75 X lo-' M in the sampling 
method. When the methyl ester was used, the reaction mixture included 
4.5% acetonitrile to keep the ester in solution. 

Ionization ConstantgThe apparent pK, of each of the amines was 
determined at  35' and ionic strength 0.5 by potentiometric titration. 

RESULTS AND DISCUSSION 

Effect of Penicillin Side-Chain Structure -The rates of the re- 
action of several penicillins with tromethamine were measured in both 
the absence and presence of zinc ion. Table I presents the second-order 
rate constants for the aminotysis of the penicillins by tromethamine in 
the absence of zinc ion and compares these with the alkaline hydrolysis 
rate constants. It can be seen that the order of reactivity is the same in 
both cases, reflecting the relatively small effect of the side chain on the 
susceptibility of the P-lactam ring to nucleophilic attack. 

In Fig. 1 is shown the dependence on tromethamine concentration of 
the rate of loss of penicillins in the presence of zinc ion at pH 8.0. In these 
studies 3 X M zinc ion was used, and the first-order rate constants 
were corrected for rate with trornethamine alone and normalized with 
respect to zinc ion. 

It can be seen that differences in the side-chain structure exert only 
a very small effect on the rate of fi-lactam cleavage. The rates with all the 
penicillins are very rapid relative to the rate in the absence of zinc ion, 
but there is only a less than twofold difference in rate. This result would 
be expected if binding of the drug to zinc ion were at  the carboxyl group 
of the thiazolidine ring as has been proposed (5,6). To further test this 
hypothesis, rates of reaction under similar conditions were carried out 
with the methyl ester of benzylpenicillin. 

Effect of Esterification of Carboxyl Group-In the absence of zinc 
ion the methyl ester of benzylpenicillin reacts more rapidly with tro- 
methamine than the free penicillin, as shown in Fig. 2. It should be noted 
that the reaction in both cases is a t  the B-lactam carbonyl. The ester is 
more susceptible to attack a t  this point than the free penicillin, because 

I I 

0 0.02 0.04 0.06 0.08 0 : l O  
BASE CONCENTRATION, M 

Figure 1-Dependence on tromethamine concentration of rate constant 
for penicillin loss at p H  8.0. Key: (0) benzylpenicillin, (A) methicillin, 
(0) phenethicillin, (0) methylpenicillin. 

Table 11-Effect of Zinc Ion on Rate of Loss of Benzylpenicillin 
and Its Methyl Ester in Tromethamine Buffers 

Tromethamine-Base [Zn]o, 103k,b,, 
Concentration, M M min-1 

0.02 
o.io 
0.10 

0 0.526 
3 x 10-6 110 

0 2.50 
3 X 72.3 

0 2.02 
3 X 2.33 

0 9.85 
3 X 10.3 

Reactions run at pH 8.0,35", containing 4.5% acetonitrile with initial concen- 
tration of penicillin 2.75 X lo-' M .  

the negative charge on the latter tends to repel nucleophiles such ashy- 
droxyl ion (7) and tromethamine. The presence of 3 X 10-6 M zinc ion 
causes, as shown in Table 11, only a very small effect on the methyl ester 
of penicillin relative to the free penicillin. Again, if penicillin is coordi- 
nated to zinc ion at the carboxylate ion one would expect the result ob- 
tained. 

At much higher concentrations of zinc ion there is observed a signifi- 
cant effect on the loss of methyl ester of penicillin in the presence of 
tromethamine, as shown in Fig. 3. Here the rate constant is a linear 
function of zinc ion concentration up to M. The dependence of the 
rates of this reaction on tromethamine concentration is shown in Fig. 4, 
where it is compared with that of free benzylpenicillin. 

Both curves show a maximum near 0.02 M tromethamine, but there 
are significant differences in slope of the curve as well as the magnitude 
of the rates. At the maximum, the rate constant for the ester is about 1400 
times slower than that of the free penicillin. At tromethamine concen- 
trations above 0.02 M the rate constant for the free penicillin decreases 
much more rapidly than that of the ester. These results, coupled with the 
great difference in rate, indicated that the reaction with the ester involves 
a different mechanism than the reaction with penicillin. In the latter it 
was proposed that catalysis is mediated by a ternary complex, in which 
both tromethamine and penicillin are bound to a zinc ion with nucleo- 
philic attack by a tromethamine hydroxyl on the P-lactam carbonyl 
taking place within the complex. At high tromethamine concentrations 
a second tromethamine would compete with penicillin for the binding 
site of the zinc ion and reduce the reaction rate by reducing the relative 
amount of ternary complex that could be formed. Blocking of the peni- 
cillin carboxyl in the ester prevents the formation of this ternary complex, 
and, even if the ester binds to zinc it must be with a much lower affinity 
than the free acid, and the predominant species in solution would be 
chelates of tromethamine with zinc ion (ZnT and ZnTz). With the ester 
one possible mechanism suggested by the tromethamine dependence is 
a direct intermolecular nucleophilic attack by these chelates on the 
P-lactam carbonyl. When tromethamine is coordinated to zinc ion 
through the amine and one of the hydroxyl groups, the pK, of the coor- 
dinated hydroxyl group can be lowered substantially (ix., 3 or 4 units), 
but the alkoxide ion thus formed will retain the nucleophilicity of a group 
with the higher pK, (8). Thus, these groups in the chelates can become 
relatively powerful nucleophiles at a pH close to neutrality. Also, it would 
be expected that the pK, of the hydroxyl group in ZnT and ZnTn would 
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Figure 3-Dependence of observed rate constant for loss of methyl ester 
of benzylpenicillin on zinc ion. Key: (0) tromethamine base 0.1 M, (0) 
tromethamine base 0.02 M. 

not be very different, and hence the rate constants for their reaction with 
the penicillin ester would be expected to be similar. That they aie is ev- 
idenced by the tromethamine dependence shown in Fig. 4, where the 
decrease in rate at high tromethamine is relatively small. We may express 
the overall rate constant as follows: 

k~l[Zn]o = kl[ZnT1+] + k2[ZnTz1+] 

where kT is the observed rate constant corrected for the rate with tro- 
methamine alone, and [Zn]o is the stoichiometric total zinc ion concen- 
tration. Using values previously estimated for the affinity constants of 
the zinc-tromethamine chelates ( l ) ,  and assuming the pK, value for the 
two chelates are equal (pK, = 8.7), values for the rate constants were 
calculated as k l  = 220 M-1 min-1 and k2 = 120 M-1 min-1. These values 
are in the range one would expect for nucleophiles with pK, values 
-12-13 (9), which is probably in the pK, range of uncomplexed tro- 
methamine. 

It should be noted that this type of reaction probably also could occur 
with the free penicillin, but with a rate so low that it would be insignificant 
relative to that of the ternary complex pathway. 
Effects of Other Metal Ions-It was of interest to examine the effects 

of other metal ions in this system. Rates of loss of benzylpenicillin in 
solution in the presence of Cd+,  Cd2+, Mn2+, Cu2+, and Ni2+ were 
measured at pH 8, a t  constant tromethamine concentration. The results 
are shown in Fig. 5 where these are compared with Zn2+. Both Cuz+ and 
Ni2+ showed no activity at concentrations up to M. The other metal 
ions all show a linear dependence on metal ion concentration and much 
lower rates than zinc ion. 

In Fig. 6 is shown the dependence of the rate of penicillin loss on tro- 
methamine concentration in the presence of three metal ions. Here again, 
the rate constants were corrected for the rate with tromethamine alone 
and normalized with respect to metal ion concentration. While the curve 
for C d +  ion shows a maximum similar to that of zinc ion, Cd2+ ion shows 
only a plateau, and the curve for Mn2+ reveals only a steady increase in 
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Figure 4-Dependence of rate constant on tromethamine base con- 
centration at pH 8.0. Key: (0) methyl ester, f0) penicillin. 
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Figure 5-Effect of Concentration of metal ions on observed rate con- 
stant for penicillin loss at pH 8.0,0.2 M tromethamine buffer. 

rate with increasing tromethamine. Based on the mechanism proposed 
for zinc ion with benzylpenicillin, the differences in these curves might 
be thought to result from differences in the formation constants of the 
metal chelates with tromethamine. This appears to be the case particu- 
larly with Co2+, but with Cd2+ the plateau suggests a different mecha- 
nism, perhaps similar to that proposed for the reaction of zinc-tro- 
methamine chelates with penicillin methyl ester. 

The rates of loss of the methyl ester of benzylpenicillin with these metal 
ions were also measured and are reported in Table I11 as the rate constant 
at the maximum in the tromethamine dependence curve divided by the 
metal ion concentration, except in the case of Mn2+ where no maximum 
was reached. Here the rates are compared at the same tromethamine 
concentration. In all cases the rate for the penicillin is much greater than 
that of the ester but these differences decrease markedly in the order 
shown in Table 111. 

Such a result may be expected if the reaction with the free penicillin, 
as proposed a t  least with zinc and cobalt, is mediated by a ternary com- 
plex in which an appropriate conformation of tromethamine and sub- 
strate would be necessary for optimum reaction rate. If an optimum fit 
is obtained with zinc ion, then large differences would be expected with 
other ions of different size. On the other hand, with the ester, where the 
reaction may involve bimolecular nucleophilic attack by the metal che- 
late, smaller differences would be expected based more on the effect of 
the metal ion on pK, of the tromethamine hydroxyl, steric factors, etc. 
Thus, while these data are not inconsistent with the propwed mechanism, 
a good deal more information on the nature of the tromethamine com- 
plexes and the effect of pH on reaction rate would be necessary to make 
more definitive conclusions. 

In terms of this system as a potential model for the zinc-dependent 
p-lactamases, it is interesting to note that other metal ions may replace 
zinc in the enzyme with some retention of activity (10). It has been re- 
ported that replacement with Co2+ ion gives an enzyme with 12.6% of the 
activity of the zinc-containing enzyme. With Mn2+ and Cd2+ the activity 
was reduced to 6.7 and 1%, respectively. No enzymic activity was noted 
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Figure 6-Dependence of rate constants for penicillin loss on tro- 
methamine concentrations for the metal ions shown. 
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Table 111-Effect of Metal Ions on Rate of Loss of 
Benzylpenicillin and Its Methyl Ester in Tromethamine Buffer a 
at pII 8.0 

Benzylpenicillin Methyl Ester * 
Metal Relative Relative Penicillin- 
Ion k,JMo Activity k,,/Mo Activity Ester 

Ratio of 

Zn2+ 3.22X 1Oa 100 23.6 100 1360 
Co2+ 8.20 X 102 2.55 4.38 18.6 187 
Cd2+ 451 1.40 8.78 37.2 51 
Mn2+ 49.5 0.14 2.6 11.0 19 
cu2+ O C  0 0 
Ni2+ 0= 0 0 
0 Tromethamine base was 0.12 M. b Reaction solution contained 4.5% acetonitrile. 

c Up to 1 x 10-4 M metal ion. 

Table IV-Effect of Mine Structure on Reaction Rate In 
Absence and Presence of Zinc Ion 

ksmine, 9 k mdZn10 '* 
Amine p& M-' min-l M-l min-1 X 10-4 

Tromethamine 8.01 0.032 10.3 
2-Amino-2-methyl-1, 8.68 0.251 5.5 

3-propanediol 
Ethanolamine 9.21 0.833' 2.8 
Diethanolamine 8.94 0.591 7.0 
Triethanolamine 7.85 0.017 0.37 
2-Diethylaminoethanol 9.86 0.600 10.7d 
2-Methoxyethylamine 9.30 - 0 

Rate constant in absence of Zn*+. Done at pH 9. From Ref. (11). d At base 
conc. 0.069 M (no maximum observed). 

with Cu2+ and Ni2+. Thus, there is a considerable degree of similarity 
between the relative order of activity of metal ions in the enzyme and this 
model system. 

Effect of Ligand Structure-As an initial approach to determining 
the effect of ligand structure on catalytic activity, the rates of loss of 
benzylpenicillin were measured in the presence of zinc ion with several 
amino alcohols and one in which the hydroxyl group was blocked. The 
results are shown in Figs. 7 and 8 and summarized in Table IV. 

These data provide further evidence for the intermediacy of a ternary 
complex (mine-zinc ion-penicillin) in this type of reaction, as opposed 
to nucleophilic attack by amine on a metal ion-penicillin complex. If the 
latter were the predominant pathway, one would not expect to observe 
a great difference in rate between ethanolamine and methoxyethylamiie, 
since their pK., values are very close, unless the latter had a much greater 
affinity for the metal ion. One would expect however, that ethanolamine 
would show the greater affinity, because of the opportunity for a biden- 
tate complex with the free hydroxyl group. 

On the other hand, these data are entirely consistent with the ternary 
complex mechanism in which the hydroxyl of the ethanolamine, coupled 
to metal ion, is the attacking species. Methoxyethylamine cannot enter 
into a ternary complex, in which it can behave as a nucleophile, because 
of the blocked hydroxyl group. 
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Figure 8-Dependence of rate constant on concentration of 2-di- 
ethyl-aminoethanol. 

The relative values of the rate constants for tromethamine, 2-amino- 
2-methyl-l,3-prspanediol and ethanolamine also lend support to the 
ternary complex hypothesis. If the other mechanism were predominant, 
one would expect the rates to increase with increasing pK., as they do 
in the absence of metal ion. The order of reactivity, however, seems to 
be determined more by the number of hydroxyl groups available for 
biding to the metal ion (i.e., a statistical effect), which would be expected 
if the affinity for metal ion in a ternary complex was the most important 
factor involved. 

The same general effect is seen in comparing the rate constants for 
diethanolamine with ethanolamine. Though the latter has a higher pK, 
and reacts more rapidly with penicillin in the absence of zinc ion, its rate 
in the presence of zinc ion is significantly lower. Again, the rate constants 
with zinc ion are related more to the number of hydroxyl groups and this 
factor further supports the ternary complex mechanism. 

With triethanolamine two factors are of interest: the relatively low rates 
with zinc ion and the shape of the concentration-dependence curve. The 
latter may indicate that triethanolamine forms only a 1:l complex with 
zinc as it does with cupric ion (12). The plateau indicates either that the 
same species is present throughout the concentration range studied or 
that a higher complex has the same activity. The former seems more 
likely, in view of the fact that Cu2+ forms only a 1:l complex with 
triethanolamine. The inability of triethanolamine to form higher com- 
plexes is probably due to steric inhibition. The lower rate with penicillin 
may reflect the same kind of steric inhibition of formation of a ternary 
complex with substrate. 

The concentration dependence of rates with diethylaminoethanol is 
of interest, because it shows no maximum up to 0.1 M. This apparently 
results from formation of only a 1:l complex perhaps due to steric inhi- 
bition or to a relatively low affinity of the compound for zinc ion. Yet the 
rates are relatively high, and it may be of interest to further study the 
concentration and pH dependence of this reaction. This type of com- 
pound may also be of more interest as a p-lactam model, since the prod- 
uct, with a tertiary amine, should be only penicilloic acid as with the 
enzyme rather than a mixture of the acid with an amine as with primary 
amines. 

In summary, additional evidence presented here provides further 
support for the previously proposed mechanism for the catalysis of hy- 
drolysis and aminolysis of penicillin by zinc ion and tromethamine, in- 
volving a ternary complex intermediate. The relative rates of reaction 
of other metal ions substituted for zinc are in the same general order as 
in a zinc-dependent p-lactamase. Thus, this system may be a model for 
the enzyme. 
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Abstract 0 Nitroglycerin is rapidly lost from solution when incubated 
with red blood cells or whole blood. The assumption that the loss is en- 
zymatic in nature may not be true, since no major metabolite is detected 
during this incubation. Explanation on the basis of a chemical reaction 
is also difficult, since the products of the chemical hydrolysis of nitro- 
glycerin are the same as the metabolic products. After an initial rapid loss, 
nitroglycerin disappearance at 37’ follows an apparent fmt-order process 
in the concentration range of 10480 ng/ml when incubated with washed 
red blood cells suspended in normal saline solution. The half-life for the 
reaction of the apparent first-order phase varies with the initial con- 
centration and increases as the concentration increases (4 min at 10 
ng/ml, 52 min at 480 ng/ml), suggesting a mixed kinetic mechanism. 
Metabolites of nitroglycerin (1,2- and 1,3-dinitroglycerin) react similarly 
to nitroglycerin in terms of an apparent initial, fast step, a secondary 
first-order dependence, and concentration-dependent rate effects; 
however, the rate of the reaction is much slower (tl/z = 33 min at 10 
ng/ml) for the metabolite. These data suggest the possibility of a physical 
mechanism for the loss of nitroglycerin. Since the loss to red blood cells 
can be rapid, it seems that the mechanism should be delineated, and that 
the rate of disappearnce be considered in an analysis of the pharmaco- 
dynamics of the drug. 

Keyphrases 0 Kinetics-nitroglycerin loss to red blood cells Nitro- 
glycerin-rate of loss to red blood cells 1,2- and 1,3-Dinitroglycerin- 
rate of loss to red blood cells Disposition-reactivity of nitroglycerin 
and its metabolites with blood 

It has been reported that when nitroglycerin is incu- 
bated with whole blood (fresh or outdated), resuspended 
red blood cells, serum, or plasma, the drug is lost from so- 
lution by an apparent first-order process. A relatively rapid 
loss occurred in blood or resuspended cells (1-3) (t1/2 = 6 
min) and rat serum (t1/2 = 20 min) (4) with a slower loss 
occurring in plasma, t 112 = 53 (1) or 175 min (5 ) .  The rate 
of loss in the presence of erythrocytes approaches the bi- 
ological half-life of organic nitrate (1.9 min) (1). The in- 
teraction of nitroglycerin with blood cells, serum, or plasma 
has been assumed by other workers to be an enzymatic 
reaction. However, our earlier work using an assay with 
resuspended red blood cells that could detect the major 
nitroglycerin metabolites (1,2-dinitroglycerin and 1,3- 
dinitroglycerin) showed that there was no metabolite in 
the medium over the entire time course of the loss of ni- 
troglycerin (3). This observation led to the conclusion that 
the loss of nitroglycerin may not be enzymatic in nature. 
In this paper further studies are reported which probe the 
mechanism of loss of nitroglycerin when the drug is incu-. 

bated with red blood cells. Since the rate of loss of nitro- 
glycerin is rapid, it would appear that a knowledge of the 
mechanism of its loss would have significant impact on an 
analysis of the disposition kinetics of th; drug and possibly 
its physiological activity as well. 

EXPERIMENTAL 

Nitroglycerin stock solutions were prepared from an alcoholic extract 
of a 10% aqueous solution of lactose adsorbate’. The major metabolites 
of nitroglycerin, 1,2-dinitrogIycerin and 1,3-dinitroglycerin, were pre- 
pared from 2,3-dibrom~propanol~ and 1,3-dibromopropane-2-oP using 
the method of Dunstan et al. (6). The purity of the compounds was de- 
termined by high-performance liquid chromatography (HPLC) and TLC 
and the solutions standardized as reported by Yuen et 01. (7). All other 
chemicals used were obtained commercially and were reagent grade or 
better. 

An electron capture gas chromatograph4 was used with a data pro- 
cessors. The GLC assay for nitroglycerin was reported earlier (% QF-16 
on 60-80 mesh Supelcoport7) (3). The column was silanized glass 2 mm 
X 0.915 m and the temperatures of the injection port, the column, and 
the detector were 150,125, and 200’, respectively. The carrier gas was 
5% methane in argon used at  a flow rate of 21 mumin. Under these con- 
ditions the retention times were: mixture of 1,2-dinitroglycerin and 
1,3-dinitroglycerin, 3 min; nitroglycerin, 6.3 min; and internal standard 
(l-fluor0-2,4-dinitrobenzenes) 7.57 min. The system does not separate 
the two isomeric metabolites but does optimize their combined detec- 
tion. 

For the assay of 1,2- and 1,3-dinitroglycerin a method was used that 
was a slight modification of our earlier method (8). The column (silanized 
glass, 2 mm X 50 cm) consisted of 3% Carbowax 20M-TPA9 on 60-80 
mesh Supelcop~rt~. The injection port, column, and detector were at 150, 
135, and 20O0, respectively and the flow rate of the carrier gas was 20 
ml/min. Using these conditions the two metabolites could be separated 
from each other and from nitroglycerin. The approximate retention times 
in minutes were: nitroglycerin, 2.7; o-iodobenzyl alcohollo (internal 
standard), 3.4; 1,2-dinitroglycerin, 6.5; and 1,3-dinitroglycerin, 8.2. 

The concentration of nitroglycerin or its metabolite in the various 
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Eastman Kodak, lot A5A, Rochester, NY 14650. 
Eastman Kodak, lot B6C, Rochester, NY 14650. 

4 3700 Series dual column gas chromatograph, Varian Instrument Div., Palo 
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Abstract 0 Nitroglycerin is rapidly lost from solution when incubated 
with red blood cells or whole blood. The assumption that the loss is en- 
zymatic in nature may not be true, since no major metabolite is detected 
during this incubation. Explanation on the basis of a chemical reaction 
is also difficult, since the products of the chemical hydrolysis of nitro- 
glycerin are the same as the metabolic products. After an initial rapid loss, 
nitroglycerin disappearance at 37’ follows an apparent fmt-order process 
in the concentration range of 10480 ng/ml when incubated with washed 
red blood cells suspended in normal saline solution. The half-life for the 
reaction of the apparent first-order phase varies with the initial con- 
centration and increases as the concentration increases (4 min at 10 
ng/ml, 52 min at 480 ng/ml), suggesting a mixed kinetic mechanism. 
Metabolites of nitroglycerin (1,2- and 1,3-dinitroglycerin) react similarly 
to nitroglycerin in terms of an apparent initial, fast step, a secondary 
first-order dependence, and concentration-dependent rate effects; 
however, the rate of the reaction is much slower (tl/z = 33 min at 10 
ng/ml) for the metabolite. These data suggest the possibility of a physical 
mechanism for the loss of nitroglycerin. Since the loss to red blood cells 
can be rapid, it seems that the mechanism should be delineated, and that 
the rate of disappearnce be considered in an analysis of the pharmaco- 
dynamics of the drug. 
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It has been reported that when nitroglycerin is incu- 
bated with whole blood (fresh or outdated), resuspended 
red blood cells, serum, or plasma, the drug is lost from so- 
lution by an apparent first-order process. A relatively rapid 
loss occurred in blood or resuspended cells (1-3) (t1/2 = 6 
min) and rat serum (t1/2 = 20 min) (4) with a slower loss 
occurring in plasma, t 112 = 53 (1) or 175 min (5 ) .  The rate 
of loss in the presence of erythrocytes approaches the bi- 
ological half-life of organic nitrate (1.9 min) (1). The in- 
teraction of nitroglycerin with blood cells, serum, or plasma 
has been assumed by other workers to be an enzymatic 
reaction. However, our earlier work using an assay with 
resuspended red blood cells that could detect the major 
nitroglycerin metabolites (1,2-dinitroglycerin and 1,3- 
dinitroglycerin) showed that there was no metabolite in 
the medium over the entire time course of the loss of ni- 
troglycerin (3). This observation led to the conclusion that 
the loss of nitroglycerin may not be enzymatic in nature. 
In this paper further studies are reported which probe the 
mechanism of loss of nitroglycerin when the drug is incu-. 

bated with red blood cells. Since the rate of loss of nitro- 
glycerin is rapid, it would appear that a knowledge of the 
mechanism of its loss would have significant impact on an 
analysis of the disposition kinetics of th; drug and possibly 
its physiological activity as well. 

EXPERIMENTAL 

Nitroglycerin stock solutions were prepared from an alcoholic extract 
of a 10% aqueous solution of lactose adsorbate’. The major metabolites 
of nitroglycerin, 1,2-dinitrogIycerin and 1,3-dinitroglycerin, were pre- 
pared from 2,3-dibrom~propanol~ and 1,3-dibromopropane-2-oP using 
the method of Dunstan et al. (6). The purity of the compounds was de- 
termined by high-performance liquid chromatography (HPLC) and TLC 
and the solutions standardized as reported by Yuen et 01. (7). All other 
chemicals used were obtained commercially and were reagent grade or 
better. 

An electron capture gas chromatograph4 was used with a data pro- 
cessors. The GLC assay for nitroglycerin was reported earlier (% QF-16 
on 60-80 mesh Supelcoport7) (3). The column was silanized glass 2 mm 
X 0.915 m and the temperatures of the injection port, the column, and 
the detector were 150,125, and 200’, respectively. The carrier gas was 
5% methane in argon used at  a flow rate of 21 mumin. Under these con- 
ditions the retention times were: mixture of 1,2-dinitroglycerin and 
1,3-dinitroglycerin, 3 min; nitroglycerin, 6.3 min; and internal standard 
(l-fluor0-2,4-dinitrobenzenes) 7.57 min. The system does not separate 
the two isomeric metabolites but does optimize their combined detec- 
tion. 

For the assay of 1,2- and 1,3-dinitroglycerin a method was used that 
was a slight modification of our earlier method (8). The column (silanized 
glass, 2 mm X 50 cm) consisted of 3% Carbowax 20M-TPA9 on 60-80 
mesh Supelcop~rt~. The injection port, column, and detector were at 150, 
135, and 20O0, respectively and the flow rate of the carrier gas was 20 
ml/min. Using these conditions the two metabolites could be separated 
from each other and from nitroglycerin. The approximate retention times 
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Figure I-Relationship between the logarithm of the amount of ni- 
troglycerin (ng) extracted from 2 ml of several preparations initially 
a t  60 nglml and the time in minutes. The preparations used at 37" to- 
gether with their interpolated half-liues (in parentheses) were: (.) 
normal saline and protein free plasma (a); (0) plasma (130); (0) 
washed red cells diluted l / S  of normal erythrocyte count (30); (A) red 
cells a t  normal erythrocyte count (7); (0) whole blood (6.7). 

samples used (described below) was determined relative to the internal 
standard (3). Using the QF-1 chromatographic system the precision was - f8% at  1 nglml. The lower limit of nitroglycerin detection was -50 
pglml. The metabolites had a detector response of -I/* that of an equal 
amount of nitroglycerin, and the precision was flWo at 3 nglml using the 
Carbowax 20 M-TPA system. 

The loss of nitroglycerin or metabolite was followed in a number of 
different systems: whole blood, washed and resuspended red blood cells, 
plasma, protein-free plasma, and normal saline solution. The majority 
of the studies reported used resuspended cells, since the loss of nitro- 
glycerin is the same in these systems as in whole blood (1, 3), and the 
resuspended cells represent more clearly defined systems that yield 
trouble-free reference blanks. 

The various systems used in the several studies were obtained using 
approximately 100-ml portions of heparinized whole blood obtained from 
normal subjects. The blood was transferred to centrifuge tubes, centri- 
fuged at  1200 rpm a t  5" for 15 min, and then the plasma was separated 
from the cells. A portion of this plasma was used for a set of experiments. 
The remainder of the plasma was rendered protein free by ultrafiltration 
at 30 psi using a suitable membrane". The cells obtained by centrifu- 
gation were washed three times with saline solution and reconstituted 
after centrifugation to 100 ml with saline solution. The cell count in such 
preparations was measuredI2 and adjusted if necessary to a normal 
erythrocyte count (-5 X 106 cellslpl). 
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Figure 2-(A) Chromatogram for a mixture of I ,2-dinitroglycerin. I, 
and I,3-dinitroglycerin, I I ,  1 ng each; nitroglycerin, I l l  ( I  ng) and I -  
fluoro-2,4-dinitrobenzene, IS, (internal standard) using a 9% QF-1 
column. The retention times found in minutes were: I and I1 = 3; 111 = 
6.3; I S  = 7.6. (B) Chromatogram for red cell sample without drug. 

11 Model 12 Ultrafiltration Cell with PMlO Membrane, Amicon Corp., Lexington, 
MA 02173. 

Micro-Computeriled Elzone, Model APC-80XY, Particle Data, Inc.. Ehhurst. 
IL 60126. Dilution procedure for red cell count accompanies the instrument 
manual. 
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Figure 3-Relationship between the logarithm of the amount of ni- 
troglycerin (ng) extracted from 2 ml of washed red blood cells in normal 
saline and the time in minutes. The suspensions at normal erythrocyte 
count and at 37' were incubated with uarying initial concentrations of 
nitroglycerin. The concentrations used and the interpolated half-lives 
were: (A) 480 nglml, 52 min; (0) 180 nglml, 20 min; (0 )  120 nglml, 16 
min; (0) 60 nglml, 7 min; (0) 10 nglml, 4 rnin. 

In general, 2 ml of a particular preparation (whole blood, resuspended 
cells, plasma, protein-free plasma, or saline) was transferred to each of 
a series of 12-ml silanized tubes and equilibrated at 37' (-20 min). An 
aliquot (-50 pl) of a solution of nitroglycerin metabolite in normal saline 
was added to each tube to give a final concentration in each set of tubes 
of 10,20,60,120, 180, or 480 nglml. The tubes were gently stirred using 
a rotator submerged in a water bath at 37'. Periodically over a given time 
interval, a tube was removed, the internal standard was added (if nec- 
essary), and the preparation was immediately extracted twice with 3 ml 
of ethyl acetate13. Both extracts were combined and concentrated or di- 
luted for GC analysis. A portion of this solution (5 p l )  was injected into 
the gas chromatograph for determination of the nitroglycerin and/or 
metabolite concentration. 

The extraction efficiencies of nitroglycerin, 1,2-dinitroglycerin, and 
1,3-dinitroglycerin in the red cell suspensions were previously reported: 
84, 84, and 75%, respectively (3) .  The extraction efficiency for the me- 
tabolites from plasma was 81% (9). 

RESULTS AND DISCUSSION 

When nitroglycerin is incubated with whole blood or with red blood 
cells that are washed and suspended at  a normal erythrocyte level, the 
loss of nitroglycerin in either preparation is the same, and after an ap- 
parent initial rapid step, it follows an apparent first-order process. Figure 
1 shows the loss of nitroglycerin initially at 60 nglml in both whole blood 
and washed red cells. The half lives for the first-order loss are 7 min in 
whole blood and 6.7 min in red blood cells. These results are similar to 
those found by Armstrong et al. (1): 6.2 and 6.6 min, respectively, for the 
whole blood and suspended cell preparations a t  an initial nitroglycerin 
level of 50 ng/ml at  37". The rate of reaction is dependent on the number 
of cells in the system at  a constant concentration. If the initial concen- 
tration is held at 60 nglml and the concentration of cells is reduced 
threefold, the first-order half-life increases to 30 min (Fig. 1). 

In whole blood and resuspended cell systems no metabolite (or hy- 
drolysis product) accumulates in the medium. The dinitro compounds 
are the principal hydrolysis or metabolic products of nitroglycerin. This 
observation supports our earlier conclusion (3) that loss of nitroglycerin 
from whole blood and red cell systems may not be enzymatic, as assumed 
by others (1, 2). Figure 2A shows a chromatogram of a mixture of 1,2- 

l3 Baker Resi-Analyzed for pesticide analysis, d.  T. Baker Chem. Phillipsburg, 
NJ 08865. 
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Figure 4-(A) Chromatogram for a mixture of 2 ng of 1,2-dinitroglycerin 
(I ) ,  1.6 ng of 2,3-dinitroglycerin (I l ) ,  I ng of nitroglycerin (HI), and o- 
iodobenzy alcohol (IS) using a 3% Carbowax 20M-TPA column. The 
retention times found in minutes were: Z = 6.5; I1 = 8.2; I l l  = 2.7; IS = 
3.4. (B) Chromatogram for red cell sample without drug. 

dinitroglycerin (1 ng), 1,3-dinitroglycerin (1 ng), nitroglycerin (1 ng), and 
internal standard. The base line for a red cell blank containing no drug 
or metabolite is given in Fig. 2B and clearly shows no interfering mate- 
rials. If metabolites were present in the blood or red cell systems, as 
presented in Fig. 1, the assay would have detected them. 

The loss of nitroglycerin in human plasma at the same initial concen- 
tration as in whole blood or in red cell suspension follows an apparent 
first-order process (Fig. 1) without a detectable rapid initial phase. The 
reaction occurs at a much slower rate in comparison with blood studies: 
half-life 130 min at an initial concentration of 50 ng/ml at 37'. This slower 
rate in plasma was also observed by Armstrong et al. (1) who reported 
a half-life of 53 min and by Maier et al. (5) who reported a half-life of 175 
min. The latter group used a slightly diluted sample. The decomposition 
of nitroglycerin in plasma may be associated with its interaction with 
protein, since protein-free plasma and normal saline solution containing 
the same initial concentration of nitroglycerin show no drug loss (Fig. 1). 
It is not possible to unequivocally state that the loss of nitroglycerin in 
plasma does not result in dinitroglycerin formation. The levels of 1,2- 
dinitroglycerin or 1,3-dinitroglycerin that would be expected over a 1-hr 
period would not be detected with any certainty. The reason for this is 
that the detector sensitivity for the dinitro compounds is about one-half 
that of nitroglycerin (8). The interaction of nitroglycerin with sulfhydryl 
groups (e.g., on protein) oia a nonenzymatic process would generate 
denitrated compounds. This is a possibility since the nitroxyl groups of 
nitroglycerin should be good leaving groups. In support of this possible 
reactivity, Needleman reported that the interaction of nitroglycerin with 
sulfhydryl groups leads to the same products in the presence or absence 
of enzyme (10). 

The effect of various initial concentrations of nitroglycerin on drug loss 
following its incubation with a constant level of red blood cells at 37' is 
given in Fig. 3. The loss of nitroglycerin initially at 10,60,120,180, and 
480 ng/ml follows a terminal first-order process a t  all concentrations. At 
concentrations 5180 ng/ml an initial fast reaction phase is suggested. The 
first-order half-life increases as the initial concentration increases. The 
apparent half-lives as determined by graphical interpolation are: 4 min 
at 10 ng/ml, 7 rnin at 60 ng/ml, 16 rnin at 120 ng/ml, 20 min at 180 ng/ml, 
and 52 min at 480 ng/ml. Therapeutic levels of nitroglycerin are believed 
to be in the range of 1.2-11.1 ng/ml ( l l ) ,  and thus the interaction of the 
drug with red blood cells should probably be a factor to be considered in 
an analysis of nitroglycerin pharmacokinetics or pharmacodynamics. 

At each of the several concentrations of nitroglycerin used in the studies 
summarized in Fig. 3, no metabolite or hydrolysis product of nitroglycerin 
accumulated in the medium. This led to the question of whether or not 
any denitrated products formed and, having reacted very rapidly with 
cells, did not accumulate in the medium. To get an answer to this ques- 
tion, the kinetics of the loss of the dinitro compounds to red blood cells 
was undertaken. The assay method utilizing a 3% Carbowax 2OM-TPA 
column and an ethyl acetate extraction provided a method for accurate 
separation and determination of both dinitro isomers. Figure 4A shows 
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Figure 5-Relationship between the logarithm of the amount of ni- 
troglycerin metabolite extracted from 2 ml of red cell suspensions at 
normal erythrocyte count and time in minutes. The suspensions at 370 
were incubated with wrying initial concentrations of metabolite. The 
concentrations of the metabolite (I = I,2-dinitroglycerin; I1 = 1,3-di- 
nitroglycerin) used, and the interpolated half-lives were: (0) I I ,  480 
nglml, 228 min; (0) II ,  180 nglml, 141 min.; (A) I ,  60ng/ml,51 min; (w) 
II,60 nglml, 40 rnin; (a) I I , I O  nglml, 33 min. 

the chromatogram for a mixture of nitroglycerin, o-iodobenzylalcohol 
(internal standard), and the two isomeric dinitroglycerins. The amounts 
of components injected were: 1 ng nitroglycerin, 2 ng 1,2-dinitroglycerin, 
and 1.6 ng 1,3-dinitroglycerin. Figure 4B showing the chromatogram for 
a red cell system with no drug or metabolite added indicates that no in- 
terfering materials are extracted. The amount of metabolite extracted 
from samples incubated at  a constant level of red cells in normal saline 
at 37' at various times is presented in Fig. 5. After a possible initial phase, 
the loss of metabolite followed an apparent first-order process at each 
level of 1,3-dinitroglycerin studied and the single level of 1,2-dinitro- 
glycerin used. The half-lives for the 1,3-isomer interpolated from the plots 
increased as the initial concentration increased: at 10 ng/ml, 33 min; at 
60 ng/ml, 40 min; at 180 ng/ml, 141 min; and at  480 ng/ml, 228 min. Al- 
though the same trend is found for the dependence of half-life on initial 
concentration as for nitroglycerin, the reaction at comparable concen- 
trations is much slower for the dinitro compound. This suggests that if 
nitroglycerin loss results in the formation of metabolites released to the 
medium, the metabolites should have been detected. Figure 5 also shows 
that the first-order rate of loss of the 1,2-isomer is about the same as the 
1,3-isomer. When both are initially present a t  60 ng/ml, the half-life in- 
terpolated for 1,2-dinitroglycerin is 51 min and that for 1,3-dinitroglycerin 
is 40 min. Therefore, even if one isomer were preferred in the denitration 
of nitroglycerin, it would have been detected in the loss of the drug in- 
cubated with red blood cells. It would also seem that whatever the 
mechanism of loss of nitroglycerin to red blood cell is, the loss of me- 
tabolite may follow a similar mechanism since the same general kinetic 
behavior is found for it. 

Although the mechanism of loss of nitroglycerin incubated with 
erythrocytes is not known, based on the observations presented here and 
elsewhere (3,12) it appears that the loss of nitroglycerin to red blood cells 
need not be enzymatic in nature, although the possibility is not entirely 
eliminated. This evidence is primarily the absence of metabolite in the 
medium following the loss of nitroglycerin, and the inactivity toward 
nitroglycerin of the glutathione transferase isolated from erythrocytes 
as reported by Marcus et al. (12). The erythrocyte enzyme designated 
as the p form is quite different from the most active 6 form found in the 
liver or indeed different from any of the liver forms, a - f  (12). The un- 
usual rate dependence (Fig. 3) and the absence of metabolite or hydrolysis 
product suggest that the loss could be physical in nature. It would appear 
that a mixed kinetic process or processes occur when intervening steps 
involve slow and fast kinetic states. The mechanism (or mechanisms) of 
nitroglycerin loss in blood should be established since its elucidation will 
not only impinge on valid pharmacodynamic analysis but even impinge 
on factors such as obtaining meaningful blood level determinations. 
Studies are currently being undertaken to explore an adsorptiodab- 
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sorption mechanism. No particular mechanism is concluded, nor has an 
enzymatic mechanism been conclusively eliminated. If the interaction 
with red cells is physical in nature, it is possible that interaction with other 
biotissues can be quite significant and that what has been found with red 
blood ceb is only one of many important interactive phenomena. Indeed, 
McNiff et al. have recently suggested that the target tissue (blood vessels) 
for nitroglycerin might have a higher concentration of drug than found 
in plasma (13). Furthermore, Armstrong et al. conclude that the intact 
nitroglycerin molecule is essential for initiation of relaxation based on 
dose-response curves of nitroglycerin effects on phenylephrine-contracted 
canine dorsal pedal arteries and medial saphenous veins (14). These 
workers found that relaxation occurred without the release of detectable 
amounts of metabolites into the incubation medium. 
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Abstract  0 Solubilization rate and phase equilibrium studies were 
conducted for cholesterol in aqueous sodium oleate solutions. The com- 
ponents interacted to form a lamellar liquid crystalline phase, and this 
phenomenon was investigated as a potential method for cholesterol 
gallstone dissolution. Phase equilibria data for cholesterol-sodium ole- 
ate-water showed that the mesophase contained approximately equi- 
molar amounts of cholesterol and oleate with large amounts of water. The 
cholesterol solubilization rate from a static pellet in sodium oleate solu- 
tions was much faster than dissolution in sodium cholate solutions and 
was independent of oleate concentration from 2.5 to 10%. In these ex- 
periments, the medium became a cloudy disperson of liquid crystalline 
phase in the micellar solutions. The rate-limiting step in the solubilization 
process appears to be dispersion of fragments from the liquid crystalline 
layer on the cholesterol surface. This hypothesis was consistent with the 
kinetic effects of viscosity, stirring rate, and oleate concentration. By 
converting cholesterol to a liquid crystalline phase, the solubilization 
process avoids the limitations of micellar solubility and interfacial re- 
sistance which control cholesterol dissolution in bile salt-containing 
media. 

Keyphrases Cholesterol-solubilization in fatty acid salt solutions, 
dissolution in bile salt solutions, potential method for gallstone disso- 
lution Solubilization-cholesterol in fatty acid salt solutions, bile salt 
solutions, potential method for gallstone dissolution 

Cholecystectomy is the primary method for elimination 
of gallstones, which are composed primarily of cholesterol. 
In -5% of cases, because of size or location, some stones in 
the ductal system cannot be removed using physical ex- 
traction techniques and are retained (1). A number of 
approaches have been tried for in situ dissolution of 
common bile duct stones using solvents such as ether and 

chloroform and solutions of bile salts or heparin (2). Recent 
clinical studies have shown that infusion of monooctanoin 
(glyceryl monooctanoate), an excellent solvent for cho- 
lesterol in uitro (3), dissolves common duct stones in 
50-7076 of patients, although treatment for 2-3 weeks is 
required (4 ,5) .  The solution is infused into the bile duct 
via a T-tube drain in postcholecystectomy patients or 
through a nasobiliary tube inserted using a duodenos- 
cope. 

This paper reports initial investigations toward devel- 
opment of liquid crystal solubilization as a method for 
cholesterol gallstone dissolution. Ekwall et al. (6, 7) re- 
ported the formation of liquid crystalline droplets on the 
surface of cholesterol monohydrate crystals suspended in 
fatty acid salt solutions. Longer chain-length salts inter- 
acted more strongly with cholesterol than did shorter ones. 
In the present study, the rate of solubilization of choles- 
terol was much faster than simple dissolution in sodium 
cholate solutions. The cholesterol was present in the me- 
dium primarily in the form of droplets of liquid crystalline 
phase dispersed in the micellar solution. 

EXPERIMENTAL 

Phase Equilibria-Mixtures of cholesterol (1.611.8%), sodium oleate 
(1.2-14.8%), and water were weighed into glass ampules. The ampules 
were flushed with nitrogen, sealed, warmed to 80' in a water bath, cooled 
to room temperatures (22-24'1, and then allowed to stand for 3 weeks 
with periodic shaking. A sample of the contents of each ampule was ob- 
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sorption mechanism. No particular mechanism is concluded, nor has an 
enzymatic mechanism been conclusively eliminated. If the interaction 
with red cells is physical in nature, it is possible that interaction with other 
biotissues can be quite significant and that what has been found with red 
blood ceb is only one of many important interactive phenomena. Indeed, 
McNiff et al. have recently suggested that the target tissue (blood vessels) 
for nitroglycerin might have a higher concentration of drug than found 
in plasma (13). Furthermore, Armstrong et al. conclude that the intact 
nitroglycerin molecule is essential for initiation of relaxation based on 
dose-response curves of nitroglycerin effects on phenylephrine-contracted 
canine dorsal pedal arteries and medial saphenous veins (14). These 
workers found that relaxation occurred without the release of detectable 
amounts of metabolites into the incubation medium. 
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phase dispersed in the micellar solution. 
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(1.2-14.8%), and water were weighed into glass ampules. The ampules 
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Figure 1-Liquid crystal solubilization of cholesterol monohydrate in 
a 5% sodium oleate solution. Key: (A) 5-10 sec after mixing (bar = 100 
prn), (B) after 1 rnin, (C) after 5 min, and (0) after 10 rnin. 

served on a polarizing microscope', and the remaining material was 
centrifuged2 at  22-25' for 18 hr a t  25,OOOXg. The phases were carefully 
separated using a syringe, checked microscopically for homogeneity, and 
analyzed by high-performance liquid chromatography (HPLC). 

Solubilization Rate-Pellets of cholesterol monohydrate were 
compressed in a 1.27-cm diameter die with a laboratory press3. The pel- 
let-die was placed in the bottom of a vessel containing 300 ml of medium 
thermostated at  37'. A flat-faced paddle and constant-speed stirreil 
agitated the medium at the desired rate. Samples were periodically re- 
moved, extracted with ether, and assayed by HPLC. 

HPLC-An HPLC method was developed for direct separation of 
cholesterol4eic acid mixtures using a CIS columns. The compounds were 
detected at 205 nm6 due to the weakly absorbing UV chromophores 
present. Quantitation was by peak height measurement. To obtain ade- 
quate retention of oleic acid, mobile phases previously reported for 
cholesterol, 100% acetonitrile (8) or W50 isopropyl alcohol-acetonitrile 
(9), were modified. Optimum separation was obtained with 3:97 metha- 
nol-acetonitrile at 1.5 ml/min. Oleic acid eluted as a doublet at 3.0 and 
3.6 min followed by cholesterol at 9 min. 

Samples of cholesterol-sodium oleate mixtures from equilibrium or 
solubilization rate experiments containing 5-50 mg of the components 
were weighed accurately in a screw-cap tube and 2 ml of 0.5 M citric acid 
was added. The resulting oily emulsion was then extracted with 10 ml 
of ether. The ether phase was appropriately diluted with acetonitrile, and 
this solution was analyzed by HPLC. Preliminary studies indicated that 
both components were quantitatively extracted by this procedure. 
Standards containing both compounds were prepared in ether, diluted 
with acetonitrile, and injected periodically for peak height standardiza- 
tion. 

Microscopy-Samples of the phases in the equilibrium study and 
from the pellet surface during solubilization were examined by polarizing 

1 Zetopan, Reichert. 
2 Beckman 52-21. 
3 Carver. 

5 Waters Associates. 
6 Varian Varichrome. 

Hanson Research Corp. 

I I I I 
2 4 6 8 

HOURS 

Figure 2-Cholesterol solubilization in sodium oleate solutions at 370, 
150 rpm. The line for 2.5-10% data has slope = 25 X lo-' rng cm-2 
sec-1 and zero intercept. The slope for the 1% oleate data is 16 X 
mgcm-2sec-1. Percent oleate key: (0) 1.0%, (0) 2.5%, (a) 5.0%, (m) 
7.5%, and (0) 10%. 
light microscopy. Based on the classifications of Rosevear (lo), the liquid 
crystalliie phase appears to be of the lamellar (or neat soap) type. 

Materials-Cholesterol USP', oleic acids, and lauric acid7 were ob- 
tained commercially. Chromatographic solvents were HPLC grade and 
the source did not affect the assay. 

Cholesterol was recrystallized from 10% aqueous acetone which gave 
the monohydrate. Problems in removal of ethanol were encountered after 
recrystallization from 95% ethanol. The vacuum-drying conditions 
needed to remove residual ethanol lowered the water content to -1% 
(Karl Fischer titration) and presumably formed anhydrous cholesterol, 
which did not readily revert to the monohydrate in the presence of water 
(11). Using the acetonswater method, the solvent evaporated (air-drying 
for 0 .61 hr at ambient temperature and humidity), and the water content 
was near the theoretical value for the monohydrate (4.4% water). 

Sodium oleate and sodium laurate were prepared in ethanol from the 
respective acids by neutralization with 25% sodium methoxide in meth- 
anolg. The end point was confirmed with bromothymol blue and the 
solventa were removed using a rotary evaporator. Purity of the sodium 
oleate was checked by HPLC comparison with oleic acid. 

RESULTS AND DISCUSSION 

Phase Equilibria-Figure 1 is a photomicrograph of the liquid crys- 
talline phase forming on the surface of crystalline cholesterol monohy- 
drate. The mesophase forms rapidly upon contact with sodium oleate 
solutions, and smaller crystals are solubilized on the microscope slide 
within a few minutes. In a separate experiment, a coarse suspension of 
300 mg of cholesterol with 300 mg/lO ml sodium oleate solution was sol- 
ubilized within 24 hr at  room temperature with occasional shaking. 

7 Sigma Chemical Co. 
8 Fisher purified grade. 
9 Aldrich Chemical Co. 
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Table I-Preliminary Phase Equilibrium Data for  CholesterolSodium Oleate-Water at 22" 

Phase Composition 
Original Mixture (w/w) Phases Isotropic Liquid Crystalline Molar Ratio 

Cholesterol, Oleate, Present a t  Cholesterol, Oleate, Cholesterol, Oleate, Cholesterol- 
% 9% Equilibrium" % % % % Oleate" 

1.6 14.8 I + L  1.6 7.9 19.6 14.6 1.01 
1.6 4.9 I + L  0.16 2.8 10.2 10.6 0.72 
1.6 1.2 I + ( L + V ) + C  0.36 1.4 3.8 4.2 0.68 
3.2 14.5 I + L  2.3 5.9 26.3 16.3 1.21 
3.2 4.8 I + L  0.43 2.1 9.6 8.7 0.83 
3.2 1.2 I + (L + V) + c 0.02 0.59 3.2 3.1 0.78 
6.2 14.1 I + L  1.3 5.8 18.8 13.0 1.09 
6.2 4.7 L + C  (Phase Absent) 6.9 4.0 1.30 
6.2 1.2 L + C  (Phase Absent) 4.1 1.8 1.71 
11.8 13.2 I + L  0.59 2.6 9.1 7.5 0.91 
11.8 4.4 L + C  (Phase Absent) 9.0 5.6 1.21 

Abbreviations: (I) Isotropi'c micellar solution, (L) Liquid crystalline phase, (V) Vesicles, and (C) Cholesterol monohydrate crystals, b In the liquid crystalline 
phase. 

These observations are consistent with previous work on the interaction 
between fatty acid salt solutions and cholesterol (6). The minimum 
concentration at which the mesophase was observed decreased as fatty 
acid chain length increased from Cs to CIS. For sodium oleate, the me- 
sophase formed at  concentrations as low as 3 X M; for sodium 
nonanoate, it was present only at concentrations >0.14 M. This stronger 
interaction of cholesterol with longer chain-length compounds was not 
observed in solubility studies in homologous normal alkanok or fatty acid 
ethyl esters (3). For these solvents, cholesterol solubility was maximum 
at  a chain length of -6-7 carbon atoms. However, crystalline solvates of 
cholesterol were observed in some of the solvents which influenced the 
solubility trends. In addition, the energetic and structural requirements 
for mesophase formation in water are likely to be quite different than 
those for solvation and interaction in the nonpolar solvents. 

Preliminary phase equilibrium studies were conducted in the dilute 
solution-region for cholesterol-sodium oleate-water, as shown in Table 
I. Additional data will be necessary before the phase diagram can be 
constructed. The system viscosity increased at  higher component con- 
centrations making equilibration and phase separation more difficult. 
The phases present at equilibrium and their composition are dependent 
on the amounts of cholesterol and oleate in the original mixtures. When 
the cholesterol-oleate ratio was <1, the cholesterol was completely sol- 
ubilized, and the system consisted of isotropic micellar solution and liquid 
crystalline phase, which were readily separated by centrifugation. Vesicles 
were observed in samples with low lipid concentrations and ratios ap- 
proaching 1:l. The existence of cholesterol-oleate vesicles was reported 
by Hargreaves and Deamer (12) who investigated the potential use of 
these systems for drug delivery and as model biomembranes. In Table 
I, the liquid crystalliie phase and vesicles are considered as a single phase, 
since the two cannot be readily differentiated microscopically. The lipid 
concentrations in the isotropic solution reflect the solubilization of 
cholesterol in sodium oleate micelles but are generally lower than the 
initial amount due to presence of the mesophase or undissolved choles- 
terol. 

As shown in Table I, the relative amounts of cholesterol-oleate in the 
liquid crystalline phase ranged from 0.68 to 1.71. The lower ratios in the 
mesophase occurred with low initial concentration of lipids; the higher 
ratios were observed when the isotropic phase was absent and the me- 
sophase was saturated with cholesterol. The structure of the mesophase 
is likely to be a bilayer of alternating cholesterol and oleate molecules. 
Thus, it is not solubilization in the micellar sense in which a number of 
surfactant molecules are present for each substrate molecule. Small angle 
X-ray diffraction data would be necessary to determine the structure of 
the mesophase. 

Solubilization Rate-Cholesterol solubilization rate plots from a 
static compressed disk of cholesterol monohydrate are shown in Fig. 2. 
After a short time, the medium became a cloudy-milky fluid dispersion 
of liquid crystalline phase in the isotropic micellar solution. The amount 

Table 11-Effect of 0.9% NaCl on Cholesterol Monohydrate 
Solubilization in Sodium Oleate Solutions at 37", 150 rpm 

Rate, ~104 mg cm-* sec-' 
Oleate, % Control With 0.9% NaCl 

Table 111-Effect of Stirring Rate on Cholesterol Solubilization 
in Sodium Oleate Solutions at 37" 

Rate, Xlo4 mg cm-2 sec-' 
Oleate, % 75 rpm 150 rpm Rate Ratio 

2.5 
5 

14.7 
15.1 

23.3 1.59 
23.6 1.56 

of cholesterol solubilized, and thus the approximate amount of oleate 
precipitated as mesophase, was much less than the original oleate con- 
centrations in all cases. A single line was drawn through the data a t  
2.5-10% sodium oleate. The solubilization rate in this range was essen- 
tially independent of oleate concentration. The slower rate with 1% oleate 
may be indicative of a change in the rate-limiting step for the solubili- 
zation process. Microscopic observations confirm that the mesophase 
forms at oleate concentrations <I% (6,7). 

Least-squares analysis of individual runs showed a slight positive in- 
tercept which increased with concentration, although the terminal slopes 
were constant within experimental error. The apparently higher initial 
rates may be due to the initial dissolution of cholesterol prior to estab- 
lishment of the liquid crystalline surface layer. Early in the experiment, 
the mesophase would be expected to dissolve in the bulk medium until 
its saturation level was reached. Despite the high oleate-cholesterol ratio 
in the bulk medium, saturation apparently occurred early in the exper- 
iments, judging from the turbidity. 

Addition of electrolytes is known to increase the cholesterol dissolution 
rate in simulated bile solutions (13). In these systems, the salt decreases 
the interfacial resistance to  dissolution, a dominant factor in the disso- 
lution rate process. In sodium oleate solutions, sodium chloride decreased 
the solubilization rate of cholesterol, as shown in Table 11. The origin of 
this effect may be related to the viscosity, the nature of the micellar so- 
lution, or that of the mesophase. The viscosity of sodium oleate solutions 
with added salt was noticeably higher a t  5 and 10% oleate, although 
quantitative data were not obtained. The higher viscosity would be ex- 
pected to decrease the shear at the pellet surface. 

Since the solubilization process is physically different from dissolution, 
limited data were obtained on the effect of stirring rate (Table 111). The 
ratio of the rates a t  the two rotational speeds was similar to the square 
root dependence (1.414) predicted by the Levich equation for a diffu- 
sion-controlled process (14). This result was surprising because choles- 
terol dissolution in bile salt or bile salt-lecithin solutions is relatively 
insensitive to stirring rate. In this case, interfacial resistance to micellar 
solubilization of cholesterol is a dominant characteristic (14, 15). The 
stirring rate dependence in the present experiments probably does not 
imply that the rate process is diffusion controlled. The presence of the 
liquid crystalline surface layer and the rate independence of oleate con- 
centration also must be considered in the description of the solubiliation 
process. Experiments using a rotating disk apparatus would be required 

Table IV-Comparison of Solubilization Rate in  Sodium Oleate 
Solution with Other Media at 37" 

Rate, X104 
Solution, 5% mg cm-2 sec-1 

2.5 
5 
10 

23.3 
23.6 
23.2 

15.3 
6.8 
8.5 

Sodium oleate 
Sodium laurate 
Sodium cholate 

23.6 
28.3 
0.11 
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to quantitatively evaluate the relative importance of diffusional, inter- 
facial, and surface shear processes in this system. 

The solubilization rate of cholesterol monohydrate, prepared by re- 
crystallization from 10% water-acetone, was not sensitive to the com- 
pression load used to make the pellet. A t  loads of 1364,2045, and 3182 
kg (3000,4500, and 7000 lb, respectively) and oleate concentrations of 
2.5, 5.0, and lo%, the rate was essentially unchanged. In preliminary 
studies, however, problems were encountered with reproducibility at the 
lower pressures; therefore, 3182 kg was used as a standard compression 
load for this investigation. 

In Table IV, the solubilization rate in 5% sodium oleate is compared 
with 5% sodium laurate and 5% sodium cholate. The two fatty acid salts 
show similar solubilization rates. Previous work (6) found that the min- 
imum concentration of sodium laurate which formed a mesophase with 
cholesterol was 0.007 M, approximately 20-fold higher than the minimum 
for sodium oleate. Thus, it appears that the concentration for mesophase 
formation and solubilization rate cannot be directly correlated. The so- 
lubilization rates are clearly much faster than dissolution in micellar 
sodium cholate solutions. The sodium cholate rate is somewhat slower 
than that reported by Feld and Higuchi, 0.73 X mg cm-2 sec-l, (15) 
in 5% sodium cholate with 0.1 M phosphate buffer, pH 8.0. Buffer effeds 
(13), different assay methods, apparatus, and method of cholesterol 
monohydrate preparation are potential explanations for the difference 
in rate. The last factor was recently found to affect strongly the dissolu- 
tion rate (15). Due to these differences, further comparisons with liter- 
ature data are not likely to be meaningful. 

Solubilization Mechanism-The solubilization mechanism of cho- 
lesterol in fatty acid salt solutions is considerably different from disso- 
lution in bile salt solutions. Mesophase formation generally does not occur 
in dilute bile salt or bile salt-lecithin solutions. Formation of a liquid 
crystalline phase has been observed only with ursodeoxycholate and then 
only after several hours of contact with cholesterol (16,17). In dissolution 
studies with this bile salt, cholesterol release did not level off at the ap- 
parent micellar solubility but continued to higher values with formation 
of the mesophase. An equilibrium model was suggested whereby cho- 
lesterol could be dissolved in the micellar solution or directly incorporated 
into the mesophase (17). After several days when the micelles were sat- 
urated with cholesterol, the primary mass transport process was thought 
to proceed by liquid crystal solubilization. For sodium oleate, the meso- 
phase forms immediately (Fig. l), and the system has a lower capacity 
for micellar solubilization of cholesterol. 

A hypothetical model for cholesterol solubilization in fatty acid salt 
solutions is shown in Fig. 3. Rapid formation of a multilamellar region 
of liquid crystalline material on the crystal surface was observed micro- 
scopically. This surface layer grows by diffusion of cholesterol away from 
the crystal and diffusion of oleate and water from the bulk solution. 
Figure 1 shows that buildup of a significant surface layer under static 
conditions does not strongly inhibit solubilization of additional choles- 
terol from the crystal. Diffusion within the mesophase layer must be rapid 
in both the inner (cholesterol-rich) and outer (oleate-rich) regions. 
Scrapings from the pellet surface during the rate studies confirmed the 
presence of mesophase, even at 150 rpm. The primary mode of mass 
transfer of cholesterol to the bulk medium is thought to be by dispersion 
or shearing of liquid crystalline fragments from the surface, as shown in 
Fig. 3. These so-called myelin figures can be composed entirely of me- 
sophase (spherulites) or have an aqueous core (vesicles or tubules). After 
dispersal into the bulk solution, the fragments may either dissolve into 
the micellar solution (which would occur early in the experiment) or re- 
main in the liquid crystalline state. 

The solubilization mechanism in this system can be considered as two 
major steps: ( a )  diffusional processes involved with formation and growth 
of the liquid crystalline surface layer and ( b )  physical dispersion or 
shearing of liquid crystalline fragments into the bulk medium. The 
present data support the proposal that the second step is rate limiting 
in the 2.5-10% oleate solutions. Under these conditions, the rate of surface 
mesophase formation is assumed to be faster than its removal by stirring. 
Reasons for this proposal are: 

1. The observed relationship between stirring and solubilization rates 
(Table 111) is probably due to the effect of higher shear on the surface 
layer, increasing the dispersal rate of the mesophase into the bulk solu- 
tion. The alternate explanation of diffusional control does not seem to 
be consistent with the physical system under study. 

2. If the first step of the solubilization mechanism were rate limiting, 
a kinetic dependence on oleate concentration but independence on 
stirring rate would be expected. Both these conditions are in disagreement 
with the data. Under static conditions on the microscope, however, the 
rate of solubilization was clearly increased with increasing oleate con- 

Figure 3-Schematic diagram for the liquid crystal solubilization of 
cholesterol in sodium oleate solutions (bars represent cholesterol, angles 
represent oleate). Small arrows represent diffusion of the species within 
the mesophase layer. Large arrows indicate dispersion of surface ma- 
terial into the medium. 

centrations. Except for viscosity effects, the rate of a hydrodynamically 
controlled process (step b )  should not be dependent on oleate concen- 
tration. This assumes that the process in the surface layer occurs much 
faster than the mass transport of fragments away from the surface. The 
slower solubilization rate with 1% oleate may be indicative of a change 
from hydrodynamic to surface control. As the oleate concentration is 
reduced, the rate of step a should decrease until this process is similar 
in rate to step b. A t  this point, a crossover between the two processes 
would have to occur. 

3. The effect of salt (Table 11) may be primarily due to the higher 
viscosity of the medium rather than to significant changes in the solution 
or the mesophase. Increased viscosity would reduce the shear on the 
rate-controlling surface layer. 

4. Finally, the similarity in rates with oleate and laurate, but not 
cholate (Table IV), is consistent with a hydrodynamically controlled 
process. Laurate does not interact with cholesterol as strongly as oleate 
(6). Despite this difference in affinity, the solubilization rates were almost 
equal. This suggests a common rate-controlling step for both salts, which 
is independent of mesophase formation on the cholesterol surface. 
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Abstract The viscoelastic properties of several compacts composed 
of drugs and direct compression excipients have been measured during 
the stress unloading and postcompression phases of the tablet com- 
pression process. Measurements of applied strains and the resultant 
stresses, generated in the tablet structure under compaction, were made 
using a rotary press. The press was instrumented to measure punch and 
die wall stresses a t  normal operating speeds. The three-dimensional 
viscoelastic theory, used in data analysis, provides for the separate 
characterization of tablet behavior into i ts  dilation and distortion com- 
ponents. The tablets investigated were found to behave elastically in 
dilation, but to have both viscous and elastic contributions to their 
stress/strain relaxation in distortion. This latter behavior could be 
modeled well as a Kelvin solid. Data derived from an elastic-in-dilation, 
Kelvin-in-distortion analysis of tablets, compressed at  similar machine 
speeds hut a t  various peak pressures, were found to vary widely de- 
pending on tablet composition. Dependence of the viscous and elastic 
parameters on compression conditions was found to be predictive of 
conditions under which capping or lamination of the compact would 
occur. 

Keyphrases Viscoelastic behavior-of compacts of drugs and direct 
compression excipients 0 Tablet formulation-viscoelastic behavior of 
compacts during stress unloading and postcompression, parameters 
predictive of capping and lamination Compression-viscoelastic be- 
havior of tablets, conditions predictive of capping and lamination 

The physical properties of pharmaceutical tablets are 
of practical interest not only because they dictate manu- 
facturing methodology and determine resistance to 
physical damage in handling, but also because they can 
influence drug bioavailability through the processes of 
tablet disintegration and dissolution. These properties or 
physical parameters can be categorized roughly in terms 
of those which may be observed under either changing or 
static conditions, or both. Viscoelastic properties of solids 
can be elucidated fully only if measurements of the dy- 
namic relationships between stress and strain are made. 

BACKGROUND 

Effects of the time-dependent viscoelastic behavior of compressed 
tablets have been observed under a variety of transient conditions (14) 
and are distinguishable from the hysteretic effects, due to plastic failure, 
observed in radial versus axial pressure cycles measured under quasi- 
static or equilibrium conditions (3,7,8). 

The successful formation of a pharmaceutical tablet by the compres- 
sion of solid particulate matter depends on interparticulate bonding 
across particle-particle interfaces. The areas of virtual contact, neceSSaTy 
for bonding, are both formed and destroyed during the compressior and 
decompression phases, and possibly also during ejection from the die. 
The net area of such interparticulate contacts, during and after com- 
pression, is expected to depend on the time-dependent flow of material 
which occurs’ in conjunction with instantaneously responding elastic 
deformations. Coupling of these processes results in the viscoelastic be- 
havior observed during the compression of tablets a t  normal production 
speeds and, often, at slower speeds. The viscoelastic parameters of tablets 
and their components, therefore, are expected to be indicative of the 
relative sensitivity of tablet formation to the rates of compression and 
decompression, and the rate and nature of ejection from the die. More 
fundamentally, these parameters provide for insight into the kinetically 

controlled formation and destruction of interparticulate bonds and the 
resultant changes in internal structure which occur during and after these 
periods. 

THEORETICAL 
The temporal relationships between stress and strain which are ex- 

hibited by many materials can be described and analyzed in terms of 
viscoelastic theory and its related mathematical models. The elements 
of such models consist of springs, representing elastic behavior, and 
dashpots, corresponding to viscous flow characteristics. 

The simplest application of this theory is to fully dense materials, either 
fluids or solids, in which voids do not occur. However, the presence of 
crystal dislocations, grain boundaries, or other structural irregularities 
in such solids can have a significant effect on their mechanical properties. 
Provided the test process does not in itself change these material prop- 
erties, the viscoelastic constants determined by a given test procedure 
will be independent of the test and are true material constants. In ap- 
plications such as powder metallurgy or pharmaceutical tablets, however, 
the structure under study is not fully dense. In these cases, the nature 
of the pores, crevices, or other voids is a significant part of the structure 
and is reflected in the measured viscoelastic parameters. Thus, these 
parameters are a function of the architecture of the tablet as well as the 
characteristics of the units of which i t  is constructed. Further, both the 
nature of the architecture and the material comprising the units can be 
expected to depend on the strain versus time profile of the compaction 
process; i.e., the compression stress versus strain event as a function of 
time, together with the material constants of the tablet components 
(which are themselves likely to be dependent on the compression event), 
determine the viscoelastic parameters of the tablet proper. In the re- 
mainder of this paper when material behavior is discussed, the material 
referred to is the compact and not individual particles of its component 
substance(s). 

The theory of linear three-dimensional viscoelasticity (9,lO) permits 
the dynamics of tablet compression to be mathematically separated into 
two components: isostatic contraction/dilation and distortion at  constant 
volume. The former process occurs because the volume occupied by the 
tableted material is substantially reduced during compression and then 
increases slightly due to rebound. Because the tablet is confined radially 
by the die, the majority of this volume change occurs in the axial direction 
causing a change in the tablet height-diameter ratio, resulting in a dis- 
tortion in shape. 

Several three-dimensional viscoelastic models have been developed 
to describe the behavior of various materials in a rotary press and were 
tested against experimental stress/strain data collected during and after 
compression. Among those tested, four models were found to provide a 
good statistical fit to the data: Kelvin-in-dilation/Kelvin-in-distortion, 
elastic-in-dilation/three parameter solid-in-distortion, elastic-in-dila- 
tion/four parameter solid-in-distortion, and elastic-in-dilationKelvin- 
in-distortion. The latter was selected since i t  was the simplest model that 
fit the data. 

Three sets of equations representing this model were developed (11). 
The first two sets describe the time dependence of axial stress (uzz) and 
radial stress (uxX) during the period of stress unloading: 

uzz = A1 - A2[(rl + - (r3 sin w t  - x2)2]1/2 

where the macroconstants are defined by: 
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Table I-Viscoelastic Constants a for Unloading and Postcompression Phases of Tablet Compression * 
Visco- 
elastic Macro- 

Visco- 
elastic Macro- .~....~. 

Con- con- Peak Punch Pressure, MPa Con- con- Peak Punch Pressure, MPa 
stant stants‘ 125 208 333 stant stants‘ 125 208 333 

Q ?  

Q ?  

Q o  
Q? 

Q ?  
Q l  

nb 
Q P  
Q? 

Q? 

Q! 
91 

Q b  
Q o  
Q o  
Q? 

Q ?  
Q 1  

Q ;  
Q? 

Q!? 

Q ?  

Q !  
91 

Q? 

Q o  
Q? 

Q ?  

Q? 
Q 1  

Q ;  
Q !  
Q o  
Q? 

Q!  
91 

Mannitol 
87.1 f 4.1 
88.9 f 4.2 
1540 f 73 
1550 f 74 
3.35 f 0.11 
3.38 f 0.11 

152 f 5 
154 f 5.1 

2180 f 72 
2180 f 72 
5.09 f 0.14 
5.10 f 0.14 

Dextrose 
698 f 21 
700 f 21 

2070 f 63 
2070 f 63 
6.74 f 0.19 
6.75 f 0.19 

1260 f 19 
1270 f 20 
2920 f 45 
2920 f 45 
12.0 f 0.22 
12.1 f 0.22 

Sucrose 
859 f 24 
860 f 24 

1810 f 51 
1810 f 51 
4.23 f 0.10 
4.23 f 0.10 

1070 f 17 
1070 f 17 
2450 f 38 
2450 f 38 
6.52 f 0.14 
6.52 f 0.14 

Dextrate 
219 f 4 
221 f 4 

1160 f 43 
1160 f 43 
3.09 f 0.24 
3.09 f 0.24 

652 f 24 
654 f 24 

1950 f 72 
1960 f 72 
3.62 f 0.15 
3.63 f 0.15 

Starch USP 
-23.4 f 1.8d 
-21.0 f 1.6 

315 f 24 
319 f 25 

0.766 f 0.037 
0.791 f 0.038 

101 f 8.3d 
104 f 8.3 
364 f 30 
370 f 30 
1.69 f 0.087 

1.720 f 0.087 

Sulfanilamide 
698 f 17 
699 f 17 

2110 f 52 
2120 f 52 
9.08 f 0.21 
9.11 f 0.21 

204 f 6.4 
207 f 6.4 

1630 f 51 
1630 f 51 
5.54 f 0.15 
5.55 f 0.15 

714 f 12 
716 f 13 

2780 f 49 
2780 f 49 
10.1 f 0.22 
10.1 f 0.22 

1210 f 18 
1220 f 18 
3340 f 50 
3350 f 50 
10.1 f 0.19 
10.1 f 0.19 

1590 f 21 
1590 f 21 
3200 f 43 
3210 f 43 
8.84 f 0.21 
8.85 f 0.22 

761 f 16 
765 f 16 

2580 f 54 
2590 f 54 
14.0 f 0.47 
14.1 f 0.47 

-215 f 68d 
-207 f 87 
-76.7 f 24 
-61.2 f 21 
-1.42 f 0.24 
-1.34 f 0.24 

209 f 7.4 
213 f 7.5 

1950 f 69 
1960 f 69 
7.26 f 0.19 
7.32 f 0.19 

Sulfamerazine 
-374 f 40e 
-372 f 40 
1300 f 140 
1300 f 138 

0.791 f 0.057 
0.797 f 0.057 

284 f 10 
286 f 10 

2320 f 80 
2330 f 80 
4.47 f 0.20 
4.49 f 0.20 

Acetylsalicylic Acid 
-776 f 381 
-775 f 37 
3390 f 164 
3400 f 163 
3.63 f 0.11 
3.66 f 0.11 

-374 f 121 
-373 f 12 
4130 f 130 
4140 f 128 
6.26 f 0.15 
6.29 f 0.15 

Salicylamide 
-632 f 40f 
-631 f 39 
2820 f 178 
2820 f 175 
3.60 f 0.14 
3.61 f 0.14 

-252 f 5.8f 
-251 f 5.8 
4610 f 106 
4620 f 106 
7.81 f 0.14 
7.83 f 0.14 

Salicylic Acid 
-755 f 185f 
-753 f 183 
2280 f 560 
2280 f 553 
1.76 f 0.23 
1.77 f 0.23 

-245 f 8.8f 
-243 f 8.7 
3780 f 136 
3780 f 136 
7.55 f 0.20 
7.56 f 0.20 

Acetaminophen 
-425 f 33d 
-423 f 31 
2420 f 188 
2420 f 179 
2.80 f 0.13 
2.81 f 0.13 

136 f 4.7 
138 f 4.8 

4570 f 158 
4580 f 158 
8.84 f 0.22 
8.86 f 0.22 

Phenacetin 
-629 f 32dve 166 f 3.0d 
-627 f 32 
2890 f 149 
2900 i 148 
3.49 f 0.12 
3.52 f 0.12 

167 f 3.1 
3920 f 73 
3920 f 73 
10.9 f 0.18 
11.0 f 0.18 

229 f 5.5 
232 f 5.6 

2410 f 58 
2410 f 58 
3.45 f 0.11 
3.45 f 0.11 

-288 f 9.6f 
-286 f 9.4 
3710 124 
3730 f 123 
4.96 f 0.15 
5.00 f 0.14 

-117 f 2.7f 
-115 f 2.7 
4310 f 101 
4320 f 102 
7.78 f 0.15 
7.81 f 0.15 

-618 f 26f 
-613 f 25 
4060 f 173 
4070 f 169 
5.47 f 0.20 
5.51 f 0.20 

-1270 f 28d.e 
-1270 f 27 

4020 f 894 
4030 f 854 
2.85 f 0.35 
2.87 f 0.34 

-1320 f 154d.e 
-1320 f 150 

3700 f 431 
3720 f 422 
2.51 f 0.16 
2.56 f 0.16 

a Calculated from mean macroconstants derived from triplicate compressions. * Units are MF’a for band qiand MF’a sec for qi (iSE). c Macroconstants used in calculation 
of viscoelestic constants. d Weak friable tablets. Frequent capping and lamination on ejection. YOccasional capping and lamination on ejection. 

where the macroconstants are defined by: 

Bi = (1/3)[(2~: + qb) txx  + 2(qi  - qb)lzol/L] 

Bz = (2/3HqO - gb)/L 

(Eq. 6) 

(Eq. 7) 

B3 = (2/3)q;/L (Eq. 8) 

In the above equations: qb and q i  are the elastic microconstants in dis- 
tortion and dilation, respectively; q; is the viscous microconstant in 
distortion; cxx is the radial strain; to is the vertical punch displacement 
a t  separation from the tablet; w is the turret angular velocity; x2  is the 
horizontal distance between the vertical center line of the upper punch 
and the center of vertical curvature of the punch head rim; rl and r2 are 
the radii of the compression roller and punch head rim, respectively; r3 
is the radial distance between the turret and punch axes; and L is the 
tablet thickness. 

Following compression and prior to tablet ejection, the radial stress 

= [uxx(0) - GI exp(-Czt) + C1 (Eq. 9) 

can be expressed as: 

where: 

(Eq. 10) 

cz = (2qb + q01/2q; (Eq. 11) 

and the microconstants are as defined above. 

EXPERIMENTAL 

Materials-Twelve substances, including drugs and popular organic 
excipients, were chosen to represent a broad spectrum of physical prop- 
erties. Materials were selected which comprise a substantial volume 
fraction of tablets in which they appear, and whose tableting character- 
istics are generally well known. These range from brittle to plastic, from 
highly to poorly cohesive, and from highly crystalline to mixed partially 
amorphous monomers and polymers derived from natural sources. 
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Substances were dried in an oven for 14 hr a t  70° and stored over anhy- 
drous calcium sulfate prior to compression. Except for drying, all mate- 
rials were used as received and were not mixed with a lubricant or other 
substance prior to compression. Because of a tendency to cake, dextratel 
was not dried by heating. Other excipients included starch USP2, su- 
crm3, dextrose4, mannito15, and sulfanilamide6, sulfamerazine’, salicylic 
acids, salicylamide5, acetylsalicylic acid4, acetaminophen5, and phen- 
aceting. 

Methods-Details of the experimental setup and methodology have 
been reported previously (11) and are outlined here. Tablets were com- 
pressed on a rotary tablet machinelo using 9.525-mm flat-faced punches. 
Punch and die wall stresses were measured using resistance strain gauges 
during and after compression. Signals displayed on an oscilloscope were 
photographed for later analysis. Because of the difficulty in mounting 
displacement transducers, punch displacements were calculated as a 
function of time from the known mechanical geometry of the machine. 
All tablets were compressed in the same location in the instrumented die, 
at the same angular velocity (w = 2.76 rad/sec) of the die table, and at the 
same punch settings. The die wall was lubricated prior to each com- 
pression by swabbing with a 10% slurry of magnesium stearate in ethanol. 
Compressions were -70-80 msec in duration from punch contact to 
punch separation; experiments were conducted in triplicate at each of 
three peak punch pressures (125, 208, and 333 MPa). Pressures were 
adjusted by control of the fill weight of individually weighed charges. 

Numerical data obtained by electronic digitization of scope photo- 
graphs were analyzed in terms of Eqs. 1-11 using statistical regression 
programs (12, 13). Viscoelastic constants corresponding to elastic be- 
havior in dilation and to Kelvin solid behavior in distortion were calcu- 
lated from the regression coefficients in Eqs. 1 and 5. These equations 
describe punch and die stresses during the punch stress unloading phase 
of compression where the elastic contributions predominate. The viscous 
constant relating to distortion was obtained from the postcompression 
data using the exponential regression coefficient of Eq. 9, expressed as 
Eq. 11, together with previously determined elastic constants. The ra- 
tionale for this method of viscoelastic microconstant calculation from 
the regression macroconstants has been discussed previously (11). 

RESULTS AND DISCUSSION 
Within the categories of drugs and excipients studied here, there was 

a degree of correlation between overall viscoelastic behavior and chemical 
composition. With the exception of starch, the carbohydrates (mannitol, 
dextrose, sucrose, and dextrate) were found to produce hard, well-formed 
tablets. As shown in Table I, all three viscoelastic parameters were seen 
to increase with increasing peak pressure, except for dextrose. In this 
latter case, the distortional constants decreased slightly a t  a peak pressure 
of 333 MPa. These compacts showed increased internal structural 
strength with increased pressure, as reflected by their viscoelastic 
properties. This is characteristic of readily compressible materials, and 
these carbohydrates are useful as binders when included in tablet for- 
mulations. It should be noted that the higher pressures employed in these 
studies were somewhat above those normally used in production. They 
were chosen to reveal the pressure sensitivity of viscoelasticity and to 
include the range of slugging pressures. 

Before discussing starch and the remaining materials, it is necessary 
to consider the meaning of negative elastic and viscous microconstants 
in relation to internal tablet structure. Positive or negative elasticity can 
be related to the behavior of a simple spring. Consider the elastic behavior 
of a tablet in response to the confinement imposed on it by the die and 
punches. This condition corresponds to that of a spring under compres- 
sion. A normal spring, i.e., one having a positive modulus, would exert 
a decreased force on the die and punches with a decrease in its degree of 
compression. Conversely, a spring having a negative modulus would exert 
an increased force with a decrease in compression. Tablets undergoing 
unloading, following the application of the peak pressure, are springing 
back toward their final dimensions. This entails both an expansion in 
volume and a distortion in shape, since the diameter is held constant by 
the die. If, in the generation of increased voids produced by this process, 

1 Emdex; Edward Mendell Co., Inc., Carmel. N.Y. 
Sta-Rx 1500; S. E. Stanley Mfg. Co., Decatur, Ill. 
American Crystal Sugar, East Grand Forks, Minn. 
Mallinckrodt Inc., St. Louis, Mo. 
Sigma Chemical Co., St. Louis, Mo. 
Eastman Organic Chemicals, Rochester, N.Y. 
Matheson Co., Norwood, Ohio. * Fisher Scientific Co.. Fair Lawn, N.J. 
Merck & Co., Inc.. Rahway, N.J. 

10 Cotton model 216; Cherry-Burrell Corp., Park Ridge, Ill. 

sufficient interparticulate bonds are broken, internally borne stresses 
residing in elastically deformed particles will be transferred to the die 
wall. This behavior corresponds to a negative elastic modulus and reflects 
a disruption of internal structure. These constants are not solely a re- 
flection of the nature of the materials comprising the tablet, but are 
strongly influenced by the efficiency of survival of the bonded areas 
within the tablet during elastic recovery. These bonds, which are formed 
during compaction, are a consequence of molecular forces acting across 
interfaces in zones of true interparticulate contact. If sufficient plastic 
deformation occurs a t  the bonded areas (or elsewhere in the structure) 
so that the stresses developed by elastic recovery do not exceed bond 
strength, the bonds will survive. However, if the disruption is sufficient, 
the integrity of the tablet will be destroyed. 

Further, consider the case of a plastic body subjected to a shear stress 
sufficient to produce flow. In materials possessing positive coefficients 
of viscosity, an increase in the flow rate implies an increase in the applied 
stress. In such a system, the greater the rate of shear imposed, the greater 
the thrust or drag produced by the flow. Again (as seen with negative 
elasticity) an increasing breakdown of internal structure with increasing 
shear rates may be indicated. It must be emphasized that the substances 
which comprise compacts exhibiting negative viscoelastic parameters 
do not in themselves have negative elastic or viscous properties. Instead, 
it is the destruction of bonds within the structure of the tablet during 
elastic recovery that leads to such behavior. The viscoelastic constants 
reported here must be considered to reflect the behavior of the compact 
itself and are not primary constants related to the individual fully dense 
components only. This conclusion is supported further by the observed 
dependence of the viscoelastic parameters on pressure. Tablet micro- 
structure can be expected to depend on compaction forces, and changes 
in structure resulting from changes in the compression process will be 
manifested by changes in the parameters. 

Starch, as shown in Table I, exhibited all negative microconstants a t  
a peak compaction pressure of 333 MPa. This was the only material- 
pressure combination of those studied which showed this behavior; an 
intact tablet could not be made at  this pressure. A crumbled tablet also 
resulted at  125 MPa peak pressure, on ejection. Only at  the intermediate 
pressure were intact, although fragile, tablets obtained. Their weak 
character is reflected by the very low values of the microconstants. 

The sulfas are brittle crystalline materials which are noted for tab- 
let-making difficulties due to lamination and capping. Sulfanilamide 
produced intact tablets at all pressures while sulfamerazine capped and 
laminated at  125 MPa. 

Fracture and splitting of the tablets made from the salicylates was a 
common occurrence. Despite lubrication of the die and punches, die wall 
and punch face adhesion could not be avoided totally. Acetaminophen 
and phenacetin also are known for the difficulties experienced in forming 
tablets from them. Their general behavior was similar to that of the sal- 
icylates, with frequent capping and lamination. 

Although the 12 materials studied exhibited diverse viscoelastic be- 
havior, as shown by the wide range in the numerical value of their mi- 
croconstants, they may be separated into two distinct groups: those 
having negative distortional elastic moduli and those which do not. While 
all tablets in the former group did not laminate on ejection, they could 
be laminated easily with the fingernail. Moreover, all tablets which 
laminated showed negative qb values. 

The group of materials exhibiting positive microconstants, over the 
range of pressures reported, could be divided further into two categories: 
those showing increased viscoelastic parameters with increased pressure 
and those with decreasing or relatively constant parameters a t  high 
pressures. Of the materials reported, only sulfanilamide fell in the latter 
category. These materials were compressed at peak pressures above 333 
MPa to observe their tendency to laminate. Because of the danger to the 
instrumented die posed by these pressures (up to -425 MPa), a standard 
die was used, and therefore, viscoelastic data are not available. A sub- 
stantial fraction of the tablets in the second category capped and/or 
laminated, whereas this was a rare occurrence with the first four materials 
listed in Table I. The rate a t  which the compacts relax their stresses fol- 
lowing compaction can be seen from Eq. 11 to be dependent not only on 
the viscous constant but also on the elastic constants. The latter constants 
serve to drive the plastic flow and also, in conjunction with the lateral 
strain, determine the residual die wall stress. 

When tablets are ejected from the die, they are subjected to a 
transverse shearing stress a t  the point where they emerge from the die. 
This results from externally unsupported radial stresses in the portion 
of the tablet above the die face. The transverse shearing stress builds to 
a limit as progressively more of the tablet extends above the die and the 
tablet is ejected. Structural failure due to this stress, coupled with an 
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inadequate tablet shear strength, is thought to be the principal cause of 
capping and lamination, although there is some disagreement on this 
point (7). In support of this view (4), tablet formulations found to con- 
sistently laminate or cap were satisfactorily made with a press utilizing 
flexible die walls which retreat from the tablet prior to ejection. 

In any case, it is apparent that the ejection of the tablet from the die 
subjects it to significant shear stresses. It is likely, therefore, that some 
internal strutural changes occur even in tablets that survive ejection and 
appear intact. For this reason, viscoelastic microconstants, when con- 
sidered together with die wall stress, indicate the mechanical properties 
of the tablet within the die cavity and reflect the ability of the tablet to 
withstand ejection. In many, if not all, cases these parameters will not 
apply to the ejected tablet even though it has escaped gross fracture. 

Because tablets were allowed to remain in the die for an extended pe- 
riod (several minutes in many cases) before being ejected manually by 
prying up the lower punch, the ejection event was atypical and did not 
reproduce production conditions. Studies utilizing an instrumented 
ejection cam to produce normal ejections are in progress to investigate 
this and other aspects of tablet viscoelasticity. 
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Abstract 0 Recent studies indicate that elevated blood lead levels in 
children are largely a result of exposure to this metal via the oral route. 
A logical approach to decrease or prevent lead intoxication would be to 
reduce its absorption as soon as lead ingestion is known or suspected. 
Presently, however, there are no readily available products recommended 
to accomplish this goal. It was found that a phosphate-buffered, saline 
laxative reduced lead absorption over 50% in rats administered a single 
oral lead acetate dose, presumably by promoting the formation of less 
soluble lead salts. A popular phosphate-containing carbonated beverage 
also decreased lead absorption -30% after oral lead acetate or lead-based 
paint doses, possibly by decreasing solubility, dissolution rate and/or GI 
motility. It is possible that these household products, and those with 
similar ingredients, may be safely used to reduce lead absorption in hu- 
mans. 
Keyphrases 0 Lead absorption-reduction in vivo in rats by admin- 
istration of phosphate-containing products 0 Phosphate-lowering of 
blood lead levels in rats after oral administration of lead acetate or 
lead-based paint. 

Ingested lead is the major source of the body burden of lead 
for most people (1). Children are exposed to lead from 
household dust (2), paint (3), and hand-to-mouth activity 
(4). Because they absorb a greater percentage of ingested 
lead than do adults (5), children have a higher risk of lead 
intoxication. Children with pica may be prone to chronic 
and repeated lead intoxication (6). Therapeutic interven- 
tion is not initiated, however, until blood-lead concen- 

trations become elevated or symptoms of lead toxicity 
appear. It is recognized that subtle effects of lead on be- 
havior and intelligence may occur in children at levels of 
exposure which do not produce elevated blood-lead con- 
centrations or symptoms of lead intoxication (7). Pre- 
vention of lead exposure is therefore extremely important. 
Reduction of environmental lead and maintenance of 
sufficient dietary mineral intake partially achieve this 
objective. Presently there are no methods recommended 
to prevent or reduce the absorption of ingested lead. 

A logical biopharmaceutical approach to reduce the 
extent of intestinal lead absorption, and thereby lead in- 
toxication, is to decrease its solubility and dissolution rate 
in the GI tract. For some compounds, the extent of oral 
absorption is directly related to the absorption rate (8), 
which in turn may be limited by the rate of dissolution of 
the solid compound in the gut fluids (9). Dissolution rate 
is proportional to solubility, among other factors (10). 
Since the solubility products of lead phosphate and hy- 
droxide are very low (Ksp Pb3(P04)2 = 8 X 10-43, Ksp of 
Pb(0H)z = 1.2 X 10-15) (111, it is possible that products 
containing phosphate or hydroxide ions might significantly 
reduce the extent of lead absorption by promoting the 
formation of insoluble lead phosphate and hydroxide salts 
in the GI tract. Since several household products contain 
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inadequate tablet shear strength, is thought to be the principal cause of 
capping and lamination, although there is some disagreement on this 
point (7). In support of this view (4), tablet formulations found to con- 
sistently laminate or cap were satisfactorily made with a press utilizing 
flexible die walls which retreat from the tablet prior to ejection. 

In any case, it is apparent that the ejection of the tablet from the die 
subjects it to significant shear stresses. It is likely, therefore, that some 
internal strutural changes occur even in tablets that survive ejection and 
appear intact. For this reason, viscoelastic microconstants, when con- 
sidered together with die wall stress, indicate the mechanical properties 
of the tablet within the die cavity and reflect the ability of the tablet to 
withstand ejection. In many, if not all, cases these parameters will not 
apply to the ejected tablet even though it has escaped gross fracture. 

Because tablets were allowed to remain in the die for an extended pe- 
riod (several minutes in many cases) before being ejected manually by 
prying up the lower punch, the ejection event was atypical and did not 
reproduce production conditions. Studies utilizing an instrumented 
ejection cam to produce normal ejections are in progress to investigate 
this and other aspects of tablet viscoelasticity. 
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Abstract 0 Recent studies indicate that elevated blood lead levels in 
children are largely a result of exposure to this metal via the oral route. 
A logical approach to decrease or prevent lead intoxication would be to 
reduce its absorption as soon as lead ingestion is known or suspected. 
Presently, however, there are no readily available products recommended 
to accomplish this goal. It was found that a phosphate-buffered, saline 
laxative reduced lead absorption over 50% in rats administered a single 
oral lead acetate dose, presumably by promoting the formation of less 
soluble lead salts. A popular phosphate-containing carbonated beverage 
also decreased lead absorption -30% after oral lead acetate or lead-based 
paint doses, possibly by decreasing solubility, dissolution rate and/or GI 
motility. It is possible that these household products, and those with 
similar ingredients, may be safely used to reduce lead absorption in hu- 
mans. 
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Ingested lead is the major source of the body burden of lead 
for most people (1). Children are exposed to lead from 
household dust (2), paint (3), and hand-to-mouth activity 
(4). Because they absorb a greater percentage of ingested 
lead than do adults (5), children have a higher risk of lead 
intoxication. Children with pica may be prone to chronic 
and repeated lead intoxication (6). Therapeutic interven- 
tion is not initiated, however, until blood-lead concen- 

trations become elevated or symptoms of lead toxicity 
appear. It is recognized that subtle effects of lead on be- 
havior and intelligence may occur in children at levels of 
exposure which do not produce elevated blood-lead con- 
centrations or symptoms of lead intoxication (7). Pre- 
vention of lead exposure is therefore extremely important. 
Reduction of environmental lead and maintenance of 
sufficient dietary mineral intake partially achieve this 
objective. Presently there are no methods recommended 
to prevent or reduce the absorption of ingested lead. 

A logical biopharmaceutical approach to reduce the 
extent of intestinal lead absorption, and thereby lead in- 
toxication, is to decrease its solubility and dissolution rate 
in the GI tract. For some compounds, the extent of oral 
absorption is directly related to the absorption rate (8), 
which in turn may be limited by the rate of dissolution of 
the solid compound in the gut fluids (9). Dissolution rate 
is proportional to solubility, among other factors (10). 
Since the solubility products of lead phosphate and hy- 
droxide are very low (Ksp Pb3(P04)2 = 8 X 10-43, Ksp of 
Pb(0H)z = 1.2 X 10-15) (111, it is possible that products 
containing phosphate or hydroxide ions might significantly 
reduce the extent of lead absorption by promoting the 
formation of insoluble lead phosphate and hydroxide salts 
in the GI tract. Since several household products contain 

00223549/83/0400-0345$0 1.00/0 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 345 
Vol. 72, No. 4. April 1983 



Table 1-Precipitation of Lead In Vitro 

Phosphate-Lead 
Test Product" Molar Ratio 

Water - 
Carbonated beverage 0.5 
Phosphoric acid 0.5 
Laxative (1:lO 4.4 

Laxative (1:250 1.8 

Antacid - 

dilution) 

dilution) 

Lead Super- 
Remaining natant 

in Solution, ?6 pH 

100 4.56 
29 f 2' 3.8 
14 f 6 3.1 

0.17 f 0.04 5.6 

0.19 f 0.01 4.0 

4.7 f 0.3 7.4 
~~~ ~~~ ~ ~~ 

See Footnotes 1-3 for names of test products. * Samples were pooled for pH 
Data represent mean f SE of three determinations and are ex- determination. 

pressed as percentage of control. 

high contents of phosphate or hydroxide, the feasibility 
of lead absorption inhibition with these products was 
tested. 

EXPERIMENTAL 

Precipitation of Lead In Vitro-The effects of several household 
products on lead solubility were examined in preliminary in oitro ex- 
periments. The test products included a carbonated beverage', a phos- 
phoric acid solution with the same phosphate content (0.56 M) and pH 
(2.4) as the carbonated beverage, a phosphate-buffered, saline laxative2 
diluted 10-fold and 250-fold, and an antacid qontaining magnesium and 
aluminum hydroxides?. The carbonated beverage was stored in an open 
container prior to use to allow liberation of carbon dioxide. In a glass tube, 
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Figure 1-Effects of a carbonated beoerage (0) and a phosphoric acid 
solution (A) on absorption of lead after oral administration of a lead 
acetate solution, compared with control (0). Values represent mean + SE. 

Coca-Cola. 

Maalox, W. H. Rorer, Fort Washington, Pa. 
2 Phospho-Soda buffered saline laxative, C.B. Fleet Co., Lynchburg, Va. 
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Figure 2-Blood-lead concentrations in rats administered a 10 mglkg 
oral lead dose follou~ed by water (O) ,  or a phosphate-buffered saline 
laxatioe diluted I:10 lo) or 1:250 (A). Values are mean t SE. 

0.25 ml of a lead acetate solution (10 mg of Ph/ml, pH 4.5) was mixed with 
1 ml of the test product. The pH and the amount of lead remaining in the 
10o0xg supernatant solution were measured. Lead analyses were per- 
formed using atomic absorption ~pectrophotometry~. 
In Vivo Studies-After an overnight fast, male Sprague-Dawley rats" 

(200-300 g) were administered, by gastric intubation, a single lead dose 
followed immediately by 1 ml of a test prduct or control treatment. Lead 
was administered as lead acetate (10 mg of Pblml, pH 4.5) or as powdered 
lead-based paint6 suspended in 2% methylcellulose. The doses were 10 
mg of Pb/kg, when administering lead acetate, and 50 mg of Pb/kg, when 
administering the lead-based paint. The amounts of lead and test product 
administered were similar to those used in the in uitro experiment. The 
control groups were administered 1 ml of distilled water following the 
lead dose. There were 5-9 rats in each group. Blood samples were col- 
lected in heparinized glass tubes by tail clipping and milking at  2,4, and 
8 hr, and every day for 7 days postdose, and were frozen immediately. 
Whole blood lead concentrations were determined using a previously 
described atomic absorption spectrophotometric method (12). During 
the course of the experiments the animals were housed in stainless steel 
cages with wire mesh floors. 

Data Analysis-The area under the blood-lead concentration uersus 
time curve (AUC) from 0 to 7 days was calculated for each rat. This pa- 
rameter has been shown to be a good indicator of the extent of lead ah- 
sorption (13). Systemic lead clearance was assumed to be unaffected by 
these oral treatments. Differences between any two groups were tested 
for significance using the Student's t test. All data are expressed as mean 
f SE. 

RESULTS AND DISCUSSION 

Precipitation of Lead In Vitro-The effects of each test product on 
the solubility of a lead solution typical of a lead dose are shown in Table 
I. All test products precipitated lead from the solution, with greater 
precipitation at higher phosphate-lead ratios, as expected. At equal 

Perkin-Elmer 603 with HGA 2000 Controller. 
5 Blue Spruce, Altamont, N.Y. 
6 National Bureau of Standards Reference No. 1579, 11.87 f 0.04% Pb. 
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Table 11-Inhibition of Lead Absorption lo Vivo 

Cmax, AUC, Lead Absorption 
Lead Dose Test Productu N ng/ml P ng days/ml p Relative to Control, % 

a 
!- z 
W 
v 100- 
Z 
8 

~~~~~~ 

10 mg Pb/kg Lead Acetate Water 
Carbonated beverage 
Phosphoric acid 
Laxative (1:lO) 
Laxative (1:250) 
Antacid 
Water 
Carbonated beverage 

50 mg Pb/kg Lead-Based Paint 

9 843 f 6 4 h  807 f 71 * 100 
8 4 8 2 f 3 6  <0.001 581 f 5 7  <0.05 72 
6 478f  19 <0.001 5 3 3 f 3 9  <0.01 66 
6 4 3 3 f 4 7  <0.001 3 5 9 f 6 4  <0.001 44 
6 601 I 4 2  <0.02 616 f 79 NS 76 
5 6 8 5 f 7 7  <0.05 809 f 115 NS 100 
9 871 f 5 2  1095 f 98 100 
9 6 1 3 f 3 0  <0.001 7 6 9 f 6 2  <0.02 70 

0 See Footnotes 1-3 for names of test products. Data are mean f SE and were evaluated for statistical difference from the appropriate group administered water. 

phosphate content, the carbonated beverage was not as effective as 
phosphoric acid in precipitating lead. The presence of other ingredients 
in the carbonated beverage might have altered the solubility product of 
lead phosphate. 

Effects on Oral Lead Absorption-Decreased lead solubility in uitro 
was associated with an apparently decreased rate of in uiuo absorption. 
The blood-lead concentration uersus time profiles for those groups ad- 
ministered lead acetate and control, carbonated beverage, or phosphoric 
acid treatments are shown in Fig. 1. Similar results were observed fol- 
lowing the administration of the phosphate laxative (Fig. 2). Although 
absorption rates were not calculated, the time to reach the maximum 
blood-lead concentration (C,,,) was longer in each of these treatment 
groups than in the control group. The majority of rats administered 
phosphate, in either the carbonated beverage, phosphoric acid, or laxa- 
tive, reached C,,, at either 4 or 8 hr; whereas in the control group five 
rats reached C,,, a t  2 hr, four rats a t  4 hr, and none a t  8 hr. In addition 
to delaying absorption, each of these treatments resulted in a lower value 
of C,,,, as compared with the control (Table 11). The AUC, a direct index 
of the bioavailability of an oral lead dose, was significantly reduced when 
either the carbonated beverage, phosphoric acid solution, or laxative 
diluted 10-fold was administered after lead ingestion. The 250-fold di- 
luted laxative also appeared to decrease the AUC, but not signifi- 
cantly. 
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Figure  3-Blood-lead concentrations versus time profiles for control 
(0) and antacid-treated (8) rats after a I0 mglkg oral lead dose. Data 
represent mean + SE. 
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Administration of the antacid after the lead dose had n o  apparent ef- 
fect on either the blood-lead concentration uersus time profile (Fig. 31, 
C,,,, or AUC (Table 11). Although the antacid caused significant pre- 
cipitation of lead in uitro, it was ineffective in inhibiting in uiuo lead 
absorption. The reasons for this lack of effect are unclear at  present;. 

The effect of the carbonated beverage on lead absorption from a 
lead-based paint was also examined. As shown in Fig. 4, blood-lead 
concentrations were reduced by treatment with the carbonated beverage. 
The carbonated beverage again apparently decreased the rate of lead 
absorption, as indicated in the delay in the time C,,, was observed (8 hr). 
The value of C,,, was reduced as well (Table 11). The AUC was signifi- 
cantly less than that observed in control rats, which were administered 
water after the paint dose. 

The efficacies of the various treatments in reducing lead absorption 
were not predictable based on the amount of phosphate administered, 
and other effects of these treatments must be considered. Changes in 
gastric emptying rate, GI motility, solid particle size, and volume of fluid 
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Figure 4-Blood-leuel concentrations (mean + SE) in rats administered 
50 mg of Pblkg as a lead-based paint. Rats were also administiwd uialer 
(a) or a carbonated beverage (0). 

7 In a follow-up experiment, stomach acidity was measured in three rats 20 min 
after dosing with the lead solution and antacid. The stomach pH in these animals 
was elevated to 4.5.6.0, and 7.0, respectively, compared with control values of 2.%%3.0 
in animals not treated with antacid. It appears possible that the pH effect on lead 
solubility might have been compensated by other effects of the antacid, e . ~ .  , gastric 
empt.ying and GI motility, on lead absorption. 
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in the gut might also have been important. Houston and Levy reported 
that by inhibiting gastric emptying and GI motility, the same carbonated 
beverage used in this study altered the absorption rates of riboflavin and 
salicylamide (14). These effects were due to the phosphoric acid and 
carbohydrate in the carbonated beverage. In another study (15) the au- 
thors showed that propantheline bromide, an inhibitor of gastric 
emptying and GI motility, decreased the rate and extent of lead ab- 
sorption by -50%, suggesting that lead absorption is modified by 
the degree of agitation of the gut contents, among other factors. The 
phosphate-buffered, saline laxative functions as such by retaining water 
in the gut, and indirectly increases GI motility (16). Both of these actions 
could have counteracted the effect of decreased solubility on lead ab- 
sorption. 

Although abolition of lead absorption was not achieved by these 
products, the inhibitory effects are comparable to those shown for excess 
calcium and iron; administration of lead with 250-fold and 1000-fold 
molar excesses of calcium decreased lead absorption 46 and 43% re- 
spectively, in rats (17,18). Iron, a t  amounts 100-fold and 1000-fold greater 
than lead, decreased lead absorption in rats 20 and 80%. respectively 
(19). 

Since the consequences of lead intoxication are severe (20), especially 
in children, prevention of undue lead exposure is very important. The 
household products identified here have been shown to significantly re- 
duce lead absorption in rats when administered acutely. These agents 
might, therefore, also be useful in decreasing lead exposure after lead 
ingestion in humans. Their relatively nontoxic nature and easy accessi- 
bility make them attractive candidates for such use, particularly for 
children with a history of pica. Of course, the potential for use of these 
products is suggested only as an adjunct or supportive measure, and is 
not intended to replace therapeutic intervention for relief of the symp- 
toms of lead toxicity. 
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Abstract 0 A zinc-containing salt of theophylline, Zn(1I)-aminophylline, 
was synthesized and its structure determined by X-ray diffraction 

theophylline, yet provide for efficacious treatment of diseases involving 
the respiratory tract. 

techniques. The zinc ion is coordinated to two theophylline anions and 
a molecule of ethylenediamine in a tetrahedral arrangement. The solu- 
bility of the compound in water at  30” (0.047 mg/ml) is 180-fold lower 
than that of theophylline (8.40 mg/ml). The complex is relatively stable 
in the alkaline pH range, but it hydrolyzes, releasing theophylline in acidic 
environments. The rate of theophylline release is pH dependent. These 
properties are useful in formulating chewable tablets and liquid sus- 
pension dosage forms that overcome the characteristic bitter taste of 

Keyphrases  Zn(I1)-Aminophylline-structure determination by 
X-ray diffraction, release rate of theophylline, potential for use in oral 
preparation X-ray diffraction-Zn(I1)-aminophylline, release rate of 
theophylline, potential for use in oral preparations 0 Theophylline re- 
lease rate-Zn(I1)-aminophylline complex, X-ray diffraction, potential 
for use in oral preparations 

Theophylline, a naturally occurring xanthine alkaloid 
derivative, possesses potent bronchodilating properties. 
Consequently, for nearly half a century both it and its 
ethylenediamine salt, aminophylline, have been used ex- 
tensively in the treatment of diseases involving the respi- 
ratory tract (1). In particular, they have been shown to be 

efficacious in the treatment of asthma (2), exercise-induced 
bronchospasm (3), Cheyne-Stokes respiration (4), and 
chronic bronchitis/emphysema (5). 

Although the pharmacologic properties of this drug are 
beneficial for such disorders, some of its physicochemical 
properties hinder totally effective therapy. First, the 
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than lead, decreased lead absorption in rats 20 and 80%. respectively 
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Since the consequences of lead intoxication are severe (20), especially 
in children, prevention of undue lead exposure is very important. The 
household products identified here have been shown to significantly re- 
duce lead absorption in rats when administered acutely. These agents 
might, therefore, also be useful in decreasing lead exposure after lead 
ingestion in humans. Their relatively nontoxic nature and easy accessi- 
bility make them attractive candidates for such use, particularly for 
children with a history of pica. Of course, the potential for use of these 
products is suggested only as an adjunct or supportive measure, and is 
not intended to replace therapeutic intervention for relief of the symp- 
toms of lead toxicity. 
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Abstract 0 A zinc-containing salt of theophylline, Zn(1I)-aminophylline, 
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techniques. The zinc ion is coordinated to two theophylline anions and 
a molecule of ethylenediamine in a tetrahedral arrangement. The solu- 
bility of the compound in water at  30” (0.047 mg/ml) is 180-fold lower 
than that of theophylline (8.40 mg/ml). The complex is relatively stable 
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Theophylline, a naturally occurring xanthine alkaloid 
derivative, possesses potent bronchodilating properties. 
Consequently, for nearly half a century both it and its 
ethylenediamine salt, aminophylline, have been used ex- 
tensively in the treatment of diseases involving the respi- 
ratory tract (1). In particular, they have been shown to be 

efficacious in the treatment of asthma (2), exercise-induced 
bronchospasm (3), Cheyne-Stokes respiration (4), and 
chronic bronchitis/emphysema (5). 

Although the pharmacologic properties of this drug are 
beneficial for such disorders, some of its physicochemical 
properties hinder totally effective therapy. First, the 
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Table I-Positional Parameters a 

Atom x la Ylb z l c  

Table 11-Intermolecular Contacts 

Zn(I1) 0000 5604(2) 2500 
NI1) -3874(11) 5243(9) -383(6) 
C(2) -4880(12) 6247( 12) -762(7) 
Nf3) - 4 6 1 ~ 1 0 )  7302(10) - 283 (6) - - - - \ - - ,  c i i j  -3445( 11) 7676( 11 j 5oii6j 
C ( 5 )  -2500(11) 6345( 11) 843(6) 
CI6) -2666I12) 5232( 11) 

Ci8i 7814il2) 
N(9) -3081(11) 8266(10) 1037(6) 
C(1) -4189( 14) 4131( 13) -930(8) 
OI2) -5897(9) 6152(9) - 1458(5) 
C(3) -5613(14) 8360( 12) -631(8) 
O(6) -1873(9) 4292(9) 619(6) 
N(E) 1009( 11) 4192(9) 2294(6) 
C(E) 772(14) 3047( 13) 2594(8) 

0 Estimated standard deviations in parentheses (all times 104). 

aqueous solubilities of theophylline and aminophylline at 
25' are 8.33 and 200.00 mg/ml, respectively (6). Such 
solubilities lead to considerable dissolution of the com- 
pounds in human saliva. This coupled with the fact that 
xanthine derivatives impart a characteristic bitter taste 
(7), leads to palatability problems. Of special concern are 
chewable tablets and liquid preparations. Attempts to 
mask this characteristic bitter taste in the latter dosage 
form have not been highly successful (a), and this has re- 
sulted in noncompliance problems (8,9). Failure to take 
this drug as prescribed could be exacerbated further by the 
characteristics of the population most likely to be medi- 
cated with these oral dosage forms. In particular, Blackwell 
(9) has reported that noncompliance occurs most often in 
the extreme age groups: the pediatric and geriatric patient 
populations. 

Second, once ingested as a conventional tablet dosage 
form, theophylline is rapidly absorbed from the GI tract. 
This can result in a spiking effect, where theophylline 
serum concentrations rise very quickly. It is widely ac- 
cepted that serum concentrations of theophylline should 
be maintained within the range of 10-20 pg/ml to facilitate 
effective therapy and avoid side effects (10). Such rapid 

N7-2n-k'  123' 

C1 

0 6  

Figure 1-Molecular structure of Zn(II)-aminophylline as determined 
by single-crystal X-ray diffractometry. Relevant bond angles and 
lengths are indicated. 

Symmetry Operation Applied to 
Atom Atom Coordinates of Second Atom Distance 

1 + X, 1 - y, 0.5 + z 3.00(2)A 
3.12(2)8( 

N(E) O(2) 
N(E) O(6) x, Y, z 

Vf7) --Y. v. 0.5 - NiEj I . , . .  --I .I. 3.23(2)A 
N(E) N(9) 0.5 + X, y - 0.5, z 3.27(2)A 
C(8) O(2) 0.5 + x, 1.5 - Y, 0.5 + z 3.32(2)A 

absorption of theophylline can lead to serum concentra- 
tions that exceed 20 pg/ml, resulting in toxic side ef- 
fects. 

In an effort to overcome some of the problems associated 
with the use of theophylline, a zinc-aminophylline complex 
has been prepared. The preparation, molecular structure 
and physicochemical properties of this salt are dis- 
cussed. 

EXPERIMENTAL 

Preparation-Fifty grams of anhydrous theophylline' was dissolved 
in 250 ml of an ethylenediamine solution (4.2% by volume) and subse- 
quently diluted to 2.5 liters. It is important to maintain the pH of the 
solution between 8.0-9.0 to maximize the yield; it should be adjusted by 
the addition of ethylenediamine. 

After warming the solution to approximately 60°, 250 ml of a 10% 
aqueous solution of ZnS0~7H202 was added. The crystals of the zinc- 
aminophylline complex that formed were filtered and washed with cold 
water. 

The initial precipitate that was formed in the reaction vessel had a 
colloidal appearance, but slowly transformed into octahedral prisms. The 
transformation could be accelerated by heat. 

Recently, Zitzman et al. (11) used a similar procedure to prepare 
zinc(I1) complexes of theophylline with ammonia and methylamine. 

Crystal Structure Analysis-The isolated crystals were subjected 
to X-ray diffraction analysis to determine their molecular structure. They 
were found to be monoclinic, belonging to space group C 2lc based on 
systematic absences observed in the diffraction pattern of single-crystal 
crystals. The measured cell dimensions for these crystals are a = 
11.222(4), 6 = 10.550(3), c = 19.496(10) A, and p = 122.66(3) A. 

Intensity data were measured by the stationary counter-stationary 
crystal technique using balanced filters for the CuK radiation used on 
a diffractometer?. In the range of data collection (20 5 110') 1154 re- 
flections of the 1303 unique data had peak intensities significantly greater 
than background. An absorption correction, based on the anisotropy of 
transmission of the X-rays as a function of the diffractometer angle 4, 
was applied to the data as well as the usual Lorentz-polarization correc- 
tion. 

A trial structure was obtained by direct methods using the program 
MULTAN (12). The structure was refined by the Fourier and least- 
squares methods. The positions of the hydrogens could not be accurately 
assessed from difference electron density maps and were excluded from 
the refinement. The final R value (usual crystallographic reliability 
factor) was 0.11 for the observed data. The final positional parameters 
for the molecule are listed in Table I. 

Solubility-The apparent aqueous solubilities of the complex and 
theophylline were determined at  30'. An excess quantity of material was 
added to a flask containing deionized water. The flasks were then placed 
in a water bath (30') and allowed to equilibrate with agitation. Samples 
were withdrawn through a 1-pm millipore filter4 and subsequently as- 
sayed for theophylline by a high-performance liquid chromatographic 
technique (13). 

Hydrolysis of Complex-The hydrolysis of the complex was evalu- 
ated by placing 300 mg into 200 ml of a buffered solution (0.1 N HCl, pH 
0.96; 0.1 N NaOAc, pH 4.73; 0.1 N NaaP04, pH 7.39). These solutions 
were agitated by means of a magnetic stirrer and their temperature 
maintained at 25O. Filtered samples were withdrawn at regular intervals 
and assayed for theophylline spectrophotometrically at 270 nm. 

Ruger Chemical Co., Hillside, N.J. 
2 Fisher Scientific Co., Fair Lawn, N.J. 

General Electric XRD-6. 
Millipore Corp., Bedford, Mass. 
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Figure 2-Apparent hydrolysis of Zn(II)-aminophykne QS a function 
of time at various pH values. Key: (0) 1; (v) 4.8; (0) 7.4. 

Though the same batch of material was used throughout these studies, 
its particle size distribution was not determined. 

Two hundred milligrams of pure theophylline was placed in 200 ml of 
the appropriate buffer for each system. These solutions were sampled 
in tandem with the complex-buffer systems to serve as appropriate 
controls. The pH of the solution was monitored periodically throughout 
the course of these studies. 

RESULTS AND DISCUSSION 

Molecular Structure-The spatial disposition of theophylline and 
ethylenediamine around the zinc ion is shown in Fig. 1. The zinc atom 
is tetrahedrally coordinated. The distortion of the coordination angles 
from their ideal tetrahedral value of 109.5’ is to a large measure due to 
steric factors and hydrogen-bond interactions. 

Zinc is commonly found to be tetrahedrally coordinated in complexes 
with nitrogen ligands. The Zn-N distances in such complexes range from 
1.99 to 2.10 A (14-16). The more basic the nitrogen ligand the shorter the 
length; in this case the distances between theophylline and zinc are sig- 
nificantly shorter than those between ethylenediamine and zinc. 

In general, the intramolecular bonding parameters found for the 
theophylline anion are quite similar to those reported for the acidic form 
of theophylline (17-19). There is one bond which appears to undergo a 
substantial change upon dissociation of the N(7) proton. The C(9)-N(9) 
is longer in the anionic form (1.37 A) than the acidic form (range 1.31-1.33 

The theophylline moiety exhibits a small but significant degree of 
distortion from planarity. This has previously been observed for theo- 
phylline (f8,19), and a wide variety of purine compounds. In most in- 
stances the purine ring is bent above the C(4)-C(5) bond. The two rings 
comprising the purine nucleus are only slightly tilted from planarity (0.7 
A) in this structure. 

The ethylenediamine residue is in the synclinal conformation. The 
torsion angle about the ethylene bond is 53’. 

Intermolecular Bonding-The ethylenediamine nitrogen atoms, 
N(E), are in close proximity to a number of atoms (Table 11). Although 
the hydrogen atoms attached to N(E) were not clearly discernible from 

A). 

electron density maps, geometrical considerations of these short contacts 
suggest that they are hydrogen bond interactions. I t  appears that both 
hydrogen atoms on N(E) are involved in bifurcated hydrogen bonds: one 
hydrogen being shared by N(7) and O(2) and the other by N(9) and O(6). 
In addition to these intermolecular interactions, the hydrogen on C(8) 
appears to be involved in a weak hydrogen bond with O(2). This type of 
interaction has been observed in the other reported theophylline struc- 
tures (17-19). 

Apparent Hydrolysis-The hydrolysis of the Zn(11)-aminophylline 
complex was found to be strongly affected by changes in pH (Fig. 2). The 
lower the pH the faster the hydrolysis. Complete hydrolysis is accom- 
plished in <1 min at pH 1. At  pH 7.4, the apparent hydrolytic rate was 
markedly reduced. As noted in Fig. 2, after 15 min only 60% of the total 
theophylline content in the complex was released. Since this phenomenon 
is directly influenced by particle size, the hydrolytic rate could be slowed 
by increasing the particle size of the sample. 

A separate solubility experiment was conducted at  30° to determine 
the apparent aqueous solubility of the complex in relation to that of 
theophylline. It was determined that the apparent aqueous solubility of 
the complex was 0.047 mg/ml as compared with 8.40 mg/ml for theo- 
phylline. This reflects a 180-fold difference. Apparent solubility studies 
for the complex alone are impossible to conduct at pH values lower than 
8.2, due to hydrolysis. 

Figure 2 gives some insight into the usefulness of this new salt in for- 
mulating liquids and chewable tablets. At salivary pH, 6.40-8.24 for 
children (20) and 5.8-7.1 for adults (21), these profiles predict relatively 
slow release of theophylline from the complex, and consequently a sub- 
stantial reduction in the bitterness associated with theophylline 
therapy. 

Once the complex is ingested, the pH of the gastric environment is 
sufficiently low to effect rapid hydrolysis. This has been borne out in some 
preliminary human and animal bioavailability studies5. The theophylline 
plasma concentration after oral administration of the complex was 
comparable to those following dosing with anhydrous theophylline. 
However, with the use of appropriate buffering excipients, formulations 
have been designed that can control the hydrolysis rate and, therefore, 
the release rate of theophylline from the complex in the GI tract. 
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Abstract The retention behavior of cisplatin on a variety of stationary 
phases has been investigated using aqueous mobile phases modified by 
the addition of various electrolytes and methanol. Cisplatin is poorly 
retained on reverse-phase or silica columns but satisfactorily retained 
on chemically bonded or solvent-generated anion exchangers. The re- 
tention of the neutral complex on positively charged stationary phases 
is explained in terms of ion-dipole interactions and rationalized by the 
application of solvophobic theory. The use of solvent-generated anion 
exchangers for the analysis of cisplatin offers significant advantages over 
the chemically bonded system in terms of peak shape, column efficiency, 
and stability. By the use of column switching and off-line atomic ab- 
sorption, solvent-generated anion exchange high-performance liquid 
chromatography (HPLC) is applicable to the determination of cisplatin 
in urine. 

Keyphrases 0 High-performance liquid chromatography-analysis for 
cisplatin in urine, solvent-generated anion exchange, column switching 
technique 0 Cisplatin-analysis in urine, high-performance liquid 
chromatography using column-switching techniques 

The demonstrated ability of platinum complexes to 
inhibit cell division in Escherichia coli (1) has led to ex- 
tensive studies of their antitumor activity (2,3). Although 
-1300 platinum complexes have been investigated as po- 
tential anticancer agents (31, the prototype, cis-diam- 
minedichloroplatinum(I1) (cisplatin, structure I), remains 
the most widely used in the clinical setting. 

I 
Cisplatin readily undergoes nucleophilic substitution 

(4,5) with loss of chloride ion. These nucleophilic reactions 
have been implicated in its biological activity (3), bio- 
transformation (3), and chemical degradation (3, 6, 7). 
Consequently, ligand selectivity is a necessary requirement 
of any analytical procedure for cisplatin. While X-ray 
fluorescence (8) and flameless atomic absorption spec- 
trophotometry (9) provide the necessary sensitivities, these 
methods are nonselective. High-performance liquid 
chromatography (HPLC) offers the potential for good 
functional group selectivity (10); however, the poor solu- 
bility of cisplatin in nonaqueous media precludes the use 
of many conventional chromatographic techniques. Ad- 
ditionally, the UV absorptivity of cisplatin is low (t = 150 
at 301 nm), and until a sensitive platinum detector is de- 
veloped, off-line atomic absorption spectroscopy after 
separation is necessary for the determination of thera- 
peutic drug concentrations in biological fluids. HPLC 
methods involving precolumn derivatization with 
diethyldithiocarbamate provide the required sensitivity 
(11, 12); however, they respond only to total platinum 
levels. Cisplatin has been retained on and eluted intact 
from strong anion exchangers (13); however, these systems 
suffer from poor peak shape and provide only moderate 
selectivities. Furthermore, the high concentrations of 
methanol required for adequate solute retention (>60%) 

are incompatible with injections of urine and efficient use 
of reaction detectors. This report describes the chroma- 
tographic behavior of cisplatin on anion-exchange columns 
and application to its analysis in biological fluid. 

EXPERIMENTAL 

Materials-Crystalline cisplatin was obtained from the National 
Cancer Institute' and used as received. All other chemicals were of re- 
agent grade, except for the methanol which was HPLC grade2. Glass- 
distilled water was used throughout. 

High-Performance Liquid Chromatography-The liquid chro- 
matograph was comprised of a constant flow-rate pump3, an injector4 
fitted with a 20-4 loop, and a fixed wavelength5 (280 nm) UV detector. 
Six columns containing various stationary phases were used in the course 
of the study. Columns A6, B6, and C7 contained reverse-phase material, 
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Figure 1-Automated column switching system for the determination 
of cisplatin in urine utilizing columns C and E. 

* NCI, Bethesda, Md. 
Fisher Scientific Co., Fair Lawn, N.J. 
Altex model llOA, Beckman Instruments, Inc., Berkeley, Calif. ' Altex model 210, Beckman Instruments, Inc., Berkeley, Calif. 
Altex model 153, Beckman Instruments, Inc., Berkeley, Calif. 
p-Bondapak CIS (10 pm, 300 mm X 3.9-mm i.d.), Waters Associates, Milford, 

' ODS Ultrapak (10 pm, 150 mm X 4.6-mm i.d.1, Beckman Instruments, Inc., 
MW.  

Berkeley, Calif. 
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Table I-Relationship Between 7 Values of Electrolytes Added 
to  the Mobile Phase and the Capacity Ratios of Cisplatin * 

Electrolyte T b  k c  

Citrate buffer (pH 7) 3.12 3.97 
Sodium sulfate 2.73 3.22 
Sodium nitrate 1.32 0.86 
Sodium bromide 1.06 0.74 

a Mobile phase: 10-4 M hexadecyltrimethylammoniurn bromide, 0.1 M elec- 
trolyte. Stationary phase: 1.31 pmoles/m2 hexadecyltrimethylammonium bromide 
supported by column B. Temperature: 30'. Constants describing the effect of 
e!ectrolyte on the surface tension of water (Eq. 3, Ref. 21). k = ( t ,  - t o ) / b  (Eq. 
1). 

separated on column C from the endogenous material with which it 
coeluted from column E. After passing through the detector, the eluent 
fraction containing cisplatin was collected and subsequently analyzed 
for platinum content by atomic absorption. The cisplatin concentration 
was determined by comparison with calibration curves prepared by 

0 0.2 0.4 0.6 treating standard solutions of cisplatin (2-200 pg/ml) in 0.9% NaCl 
(normal saline) in an identical manner. 6 

Figure 2-The relationship between the capacity ratio of cisplatin (k) 
and the volume fraction ($I) of methanol in the mobile phase using 
various stutionary phases at 30'. Key: (A) column F, (m) column D, (0) 
column A, (0) column A plus 0.99 pmoles/m2 of M hexadecyltri- 
methylammonium bromide, and f*) column A plus 0.99 pmoles/m2 of 

M hexadecyltrimethylammonium bromide. 

columns Ds and E9 contained silica gel, and column Fl0 was a strong anion 
exchanger. Columns A, B, D, and F were obtained from commercial 
sources; columns C and E were slurry packed using standard procedures 
(14, 15). 

Solute capacity ratios ( k )  were determined in duplicate by: 

k = ( t ,  - to)/to (Eq. 1) 

using deuterium oxide as the unretained marker, where t ,  and to are the 
elution times of the solute and deuterium oxide, respectively. 

Solvent-generated anion exchangers were prepared by the adsorption 
of hexadecyltrirnethylammonium bromide onto the surfaces of columns 
A, B, C, and E. Solutions (0.5% w/v) of hexadecyltrimethylammoniurn 
bromide were pumped through the columns until a rise in baseline, at- 
tributed to equilibration of the system, was observed (16). After each 
working day (-10 hr) the columns were washed with water and then with 
successively increasing concentrations of methanol in water (up to So%), 
except column F which was regenerated according to the manufacturer's 
specifications. 

Chromatography was performed either a t  room temperature (-22') 
or at 30' in which case the column was thermostat4 by the use of a water 
jacket" and a recycling water heater12. 

For the analysis of cisplatin in urine, an automated column-switching 
system was used (Fig. 1). Columns C and E were connected in series via 
a six-port switching valve13, which was positioned so that the eluent from 
column E either could be passed to waste or transferred to column C. A 
three-port switching valve14 was positioned after the detector 90 that the 
eluent from column C either could be passed to waste or transferred to 
the fraction collector15. All chromatographic events were controlled ex- 
ternally by the use of a microprocessor16. A mobile phase of M citrate 
buffer (pH 7.0) containing M hexadecyltrimethylammonium bro- 
mide was delivered from a common reservoir by two pumps3 at a rate of 
1.0 ml/min through both columns. 

The urine samples were injected au t~mat ica l ly~~ onto column E and 
eluted to waste for 1.6 min, after which time the valve was switched and 
the fractions containing cisplatin were loaded onto column C. After 
loading column C, the valve was returned to its original configuration and 
the remaining endogenous material eluting from column E was vented 
to waste at a high flow rate (3.0 ml/min). A t  the same time, cisplatin was 

Partisil5, (5 pm, 250 mm X 4.6-mm i.d.), Whatman, Inc.. Clifton, N.J. 
Hypersil (5 pm, 50 mm X 4.6-mm i.d.), Shardon Southern, Sewickley, Pa. 
Partisil 10 SAX (10 pm. 250 mm X 4.6-mm i.d.), Whatman, Inc., Clifton, 

l1 Alltech Associates, Deerfield. Ill. 
Haake, Saddlebrook, N.J. 

l3 Rheodyne 7001, Cotati, Calif. 
Systech, Inc., New Brighton, Minn. 

i5 Model 273, Instrument Specialties, Lincoln, Nebr. 
16 SLIC 1400, Systec, Inc., New Brighton, Minn. 
i 7  WISP 710, Waters Associates, Milford. Mass. 

N.J. 

Platinum Determination-Platinum determinations were made on 
an atomic absorption spectrophotometerlS fitted with a carbon rod at- 
omizer. A constant lamp current of 10 mA was used and the platinum line 
monitored at  265.95 nm. A three-stage heating program was used: 95' 
for 45 sec (dry), 1400' for 15 sec (ash), and 2300' for 0.5 sec (atomize) with 
a ramp rate of soOo/sec. Depending on concentration 2-20-4 samples 
were injected directly onto the carbon rod. 

Clinical Urinalysis-Urine samples (10 ml) were taken from three 
patients treated with cisplatin (50 mg/m2) for ovarian cancer. Urine 
specimens were divided (providing duplicate samples), frozen rapidly, 
and stored over solid COz prior to analysis. The samples were thawed, 
sonicated for 2 min, passed through 3-pm filtersl9, and analyzed imme- 
diately. The cisplatin concentration was determined by the aforemen- 
tioned HPLC procedure, and the total platinum concentration was de- 
termined directly by atomic absorption after appropriate dilution with 
normal saline. 

RESULTS AND DISCUSSION 

The Chromatography of Cisplatin-Due to its very low solubility 
in organic solvents, the chromatography of cisplatin is limited to systems 
employing aqueous mobile phases modified by polar solvents such as 
methanol. The retention of cisplatin on various stationary phases was 
investigated using aqueous methanol mobile phases (Fig. 2). Cisplatin 
was poorly retained ( k  = 0.25, Eq. 1) on both silica (column D) and hy- 
drophobic (column A) reverse-phase columns, and its retention decreased 
slightly with an increase in methanol concentration. In contrast, cisplatin 
was significantly retained on stationary phases possessing cationic 
functionalities in the form of either chemically bonded (column F) or 
physically adsorbed (column A modified by a monolayer of hexadecyl- 
trimethylammonium bromide) quaternary ammonium groups. By the 
observation of breakthrough times (16) it was found that a monolayer 
of 0.99 pmole/m2 hexadecyltrimethylammoniurn bromide was adsorbed 
onto the hydrophobic stationary phase (column A). With a purely 
aqueous mobile phase, the stability of the modified stationary phase was 
maintained by a low concentration M) of surfactant in the 
mobile phase. The addition of methanol to the mobile phase resulted in 
displacement of some of the surfactant from the stationary phase. With 

M hexadecyltrimethylammonium bromide in the mobile phase, 
partial displacement of the adsorbed surfactant was observed when the 
methanol volume fraction q5 exceeded 0.10, and successive increases in 
methanol concentration produced further displacement. With M 
surfactant in the mobile phase no displacement of adsorbed surfactant 
was observed at 6 4 0.15. These observations indicate that the surface 
of the modified reverse-phase column consisted of a mixture of adsorbed 
surfactant and methanol, the proportions of which were determined by 
the composition of the mobile phase. 

Although cisplatin was retained on both chemically bonded and sol- 
vent-generated anion exchangers, Fig. 2 indicates that the retention 
mechanism and the influence of methanol was different in the two sys- 
tems. Initially, with a purely aqueous mobile phase, cisplatin was retained 
better on the solvent-generated anion exchanger than on the chemically 
bonded anion exchanger. Increasing the methanol concentration de- 

or 

' 8  Varian Techtron 175B. Varian Assoc., Palo Alto, Calif. 
19 Millipore Corp., Bedford, Mass. 
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Figure 3-Chromatogram of human urine spiked with 200 pglml of cisplatin on a reverse-phase column coated with 1.96 pmoleslm2 of hexade- 
cyltrimethylammonium bromide. Other chromatographic conditions were: mobile phase, M citrate buffer (pH 7.0) + 10-4 M hexadecyltri- 
methylammonium bromide; flow rate, 1.0 mllmin; and ambient temperature. Arrow indicates cisplatin peak (darkened). 
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Figure 4-Chromatogram of human urine spiked with 200 pglml of cisplatin on silica gel coated with 0.63 pmoleslm2 of hexadecyltrimethylam- 
monium bromide. Arrow indicates cisplatin peak (darkened). Other chromatographic conditions as Fig. 3. 
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Figure 5-Chromatogram of clinical urine sample containing 96 pglml 
of cisplatin using a column-switching configuration as in Fig. 1 and 
mobile phase conditions as described in Fig. 3. Arrow indicates cisplatin 
peak (darkened). 
creased retention on the former while increasing retention on the latter. 
Below 4 = 0.10, cisplatin retention on the modified reverse-phase column 
was independent of surfactant concentration in the mobile phase, which 
indicates that the contribution to retention of solute-surfactant inter- 
actions in the mobile phase was negligible. A t  higher concentrations of 
methanol, cisplatin retention was dependent on the concentration of 
hexadecyltrimethylammonium bromide in the mobile phase due to dis- 
placement of the adsorbed surfactant. However, this desorption does not 
explain the initial decrease in retention with increasing methanol con- 
centration on the modified reverse-phase column. 

The retention of cisplatin on either of the cationic stationary phases 
is explained most readily in terms of ion-dipole interactions between the 
neutral platinum complex and the positively charged stationary phase. 
The differences between the two systems may be explained in terms of 
the different environments in which these interactions occur and the 
influence of methanol on those environments. The cationic groups on 
column A are situated in an apolar, hydrophobic environment, whereas 
the quaternary ammonium groups on the chemically bonded column (F) 
are in a polar environment in close proximity to a silica backbone. In both 
systems methanol is adsorbed at  the stationary phase-mobile phase in- 
terface (17, IS), which decreases the polarity of the cationic groups of 
column F while increasing the polarity of the corresponding groups on 
column A. 

The effects of methanol may be further rationalized by the application 
of solvophobic theory. According to solvophobic theory, retention in 
HPLC systems employing aqueous mobile phases may be described 
by: 

(Es. 2) Ink = a + b +- YAA 
RT 

20 :i 0 m 60 

100 90 60 

ti 00 90 

Figure 6-Urine analysis of three patients treated with cisplatin for 
ovarian cancer, showing the amounts and concentrations of unchanged 
drug and total platinum excreted 30 min after infusion (50 mglm2 iu 
at  1 mglrnin). Key: (A) urinary concentration of total platinum and 
cisplatin pglml; (B)  ratio of cisplatin-total platinum for three pa- 
tients, %; (C) absolute amount of total platinum n and cisplatin 0 
present in the urine samples, pg; and (D) fraction of the administered 
dose excreted as total platinum and cisplatin 0, %. The doses of drug 
administered to each patient are given under each histogram in milli- 
grams of cisplatin; amounts and concentrations excreted are given in 
terms of free metal (Pt).  

which is a summation of all the possible solute-solvent-stationary phase 
interactions contributing to retention (19,20). The first term, a, is related 
to the properties of the mobile and stationary phases and is independent 
of the nature of the solute. In the present system, b may be taken as a 
measure of the ion-dipole interactions which contribute to retention. The 
third term is a measure of the hydrophobic interactions where y is the 
mobile phase surface tension and AA is the decrease in hydrophobic 
surface area on binding of the solute to the stationary phase. Since the 
chemically bonded anion exchanger has little hydrophobic character, the 
contribution of the third term is probably negligible in this system, and 
the increased retention observed with increasing methanol concentration 
arises from an increase in the contribution of b. 

In the solvent-generated system, increasing the methanol concentration 
may influence both b and the hydrophobic term (yAAIRT). The increase 
in polarity of the environment in which the interactions occur, due to the 
presence of methanol, can be expected to result in a decrease in the 
contribution of b and decreased retention. Also, the addition of methanol 
lowers the mobile phase surface tension (19), further reducing retention. 
As indicated previously, a third effect is introduced at higher methanol 
concentrations at which hexyldecyltrimethylammonium bromide is 
displaced from the column, reducing the contributions of both a and 
b. 

Solvophobic theory may be applied also to the explanation of the ef- 
fects of electrolyte on the retention of cisplatin on solvent-generated 
anion exchangers (Table I). In this study column B was used as support 
for the adsorbed surfactant. This column produced a higher uptake of 
surfactant (1.31 pmoleslm*) which resulted in a correspondingly in- 
creased retention of cisplatin. The addition of the monovalent electrolytes 
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sodium bromide and sodium nitrate (both 0.1 M )  to the mobile phase 
decreased the retention of cisplatin. Conversely, the addition of the 
polyvalent electrolytes, sodium citrate and sodium sulfate, produced a 
significant enhancement of retention. These effects may be explained 
in terms of the effect of the added salts on the mobile phase surface 
tension as described by the relationship: 

y = y o + ~ m  (Eq. 3) 

where m is the molality of the electrolyte, y o  is the surface tension of the 
pure solvent and T is a constant for the particular electrolyte. Combining 
Eqs. 2 and 3 gives a prediction of the linear relationship between In k and 
T at a fixed salt concentration: 

(70 + ~ m )  A 
RT 

Ink = a  + b + 
The relationship between In k and T (21) a t  an electrolyte concentration 
of 0.1 M for the cisplatin solvent-generated anion exchange system was 
found to be: 

In k = 0.85 T - 1.23 r = 0.998, n = 4 (Eq. 5) 

Increasing the ionic concentration of the mobile phase may also reduce 
the thermodynamic activity of the cationic stationary phase binding sites 
due to ion-ion interactions which in turn leads to a decreased contribution 
of a and b (Eq. 4) and decreased retention of cisplatin. The excellent 
linearity of Eq. 5 indicates that this latter contribution is constant for 
the different salts examined at a concentration of 0.1 M and is more than 
compensated for by the increase in mobile phase surface tension produced 
by the polyvalent electrolytes having large values of T .  

Urinalysis-The use of columns A and B was associated with short 
column lives and considerable batch-to-batch variation. Consequently, 
column C was used as the support for the cationic surfactant in the 
analysis of cisplatin in urine. This material produced a higher coverage 
of adsorbed surfactant (1.96 pmoles/m2) and a correspondingly greater 
retention of cisplatin. As a result, it was possible to use a lower concen- 
tration of citrate (low2 M) in the mobile phase and still maintain adequate 
retention of cisplatin (k = 4.68). 

Despite optimal retention of cisplatin on column C coated with hexa- 
decyltrimethylammonium bromide, the drug still coeluted with several 
endogenous urine components (Fig. 3). Additionally, a number of highly 
retained peaks were observed, resulting in long analysis times. These 
interfering compounds were not satisfactorily removed by the use of a 
silica precolumn (column E). However, it was observed that cisplatin was 
significantly retained (k = 2.83) on this precolumn and that on silica it 
coeluted with different urine components (Fig. 4). Since it has been shown 
that cisplatin was virtually unretained on silica (Fig. 2) it was concluded 
that the silica had been modified by the presence of hexadecyltri- 
methylammonium bromide and that it was behaving as a solvent-gen- 
erated anion exchanger with a different selectivity from that produced 
by adsorbing the surfactant onto a reverse-phase column. This hypothesis 
was confirmed by uptake studies which revealed significant amounts of 
surfactant (0.63 fimole/m2) adsorbed onto the silica surface. 

By the application of column-switching techniques (Fig. 1) the different 
selectivities of the two solvent-generated anion exchangers bonded to 
silica and hydrophobic supports were utilized and complete resolution 
of cisplatin from urine was achieved (Fig. 5). The system was fully au- 
tomated, under microprocessor control, and designed so that only the 
cisplatin-containing fraction which eluted from column E was transferred 
to column C. After column transfer, cisplatin was separated from the 
components with which it coeluted from the first column. The remaining 
urine components were eluted from the first column at  a higher flow rate 
(3.0 ml/min) and vented to waste. 

Due to the poor sensitivity provided by UV spectroscopy, off-line 
flameless atomic absorption was preferred for the analysis of urine con- 
taining cisplatin a t  <lo0 pg/ml. After chromatography, the fraction 
containing cisplatin was collected and determined by atomic absorption 
spectrophotometry. The platinum absorbance of the collected fraction 
AR was linear with respect to the amount of cisplatin injected (calibration 
curve prepared as described in Experimental), as defined by: 

(Eq. 7) 

and offered a detection limit of 2 pg/ml. Although the use of off-line 
atomic absorption introduces an extra step in the analysis, it provides 

Apt = 0.65 [cisplatin] + 0.001 r = 0.999, n = 6 

a specific platinum-detection system which potentiates the selectivity 
of the HPLC. 

It was found that urine samples containing cisplatin could not be sat- 
isfactorily stored in a freezer (-11O) since >3wo was lost from one sample 
over a period of 48 hr. No degradation of cisplatin was observed in urine 
stored over solid COz (- -60”) for 48 hr. The recovery of drug (50 fig/rnl) 
from urine samples stored in this manner was 101% with a relative SD 
of 3.6% (n  = 9). 

The developed methodology was applied to the analysis of the urine 
taken from three patients treated with cisplatin for ovarian cancer (Fig. 
6). The amount of unchanged cisplatin excreted was determined by 
HPLC, and total platinum concentration was determined directly by 
atomic absorption spectroscopy. There was wide variation in the con- 
centration of cisplatin found; the amounts and percentages of the total 
dose excreted unchanged were similar. The ratios of cisplatin-total 
platinum excreted varied between 75 and 95%. indicating that the pre- 
vious results (3) reporting low levels of cisplatin in urine map be due to 
degradation during storage, either in the bladder or after sample collec- 
tion, rather than extensive biotransformation. Furthermore, the presence 
of high concentrations of unchanged cisplatin in urine may be related to 
its clinical utility in the treatment of bladder cancers (3,22). 
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Abstract  0 Alprazolam underwent a facile 1,4-benzodiazepine ring- 
opening reaction in an acidic aqueous solution to form a benzophenone 
compound. The reaction was demonstrated by means of UV, IR, and 'H- 
and WNMR spectroscopy. Its reverse cyclization reaction to alprazolam 
occurred when an acidic solution was neutralized. Both the ring-opening 
and the cyclization rate constants were obtained from the overall rate 
constant measured a t  25' over a pH range of 0.5-8.0; the latter was 
measured by monitoring the UV spectral change of the reaction. Although 
the equilibrium was favored for the benzophenone compound in acidic 
solutions, it was possible to directly measure the cyclization rate a t  three 
acidic pH values by providing a sink condition for the product, alprazo- 
lam, using a biphasic reaction system. The bell-shaped cyclization rate 
pH profile was interpreted in terms of a change in the rate-determining 
step. The pH profile of the ring-opening rate showed an inflection point 
indicating a different reactivity of mono- and dicationic alprazolam. The 
apparent equilibrium between alprazolam and the benzophenone com- 
pound a t  a given pH was estimated from the rate constants for the ring- 
opening and cyclization reactions. The results agree with the apparent 
pK,, measured by a conventional UV spectrophotometry and a titration 
technique. The pK, of monocationic alprazolam, the reactive species for 
the covalent hydration, was determined from the pH dependence of the 
initial absorbance when an alprazolam solution is acidified. 

Keyphrases Alprazolam-kinetics and equilibrium of reversible 
ring-opening reaction Kinetics-alprazolam, reversible ring-opening 
reaction 0 Equilibrium-alprasolam, reversible ring-opening reaction 

The relationship between structure and chemical reac- 
tivity is an important research subject in physical organic 
chemistry. In heterolytic reactions involving nucleophilic 
reagents, an activated electrophile is often chosen as a 
model substrate and its reaction with a variety of nucleo- 
philes studied. The nucleophilicity is determined from the 
observed reaction rates, preferably in the form of linear 
free-energy relationships. Such studies are well docu- 
mented for substrates containing carbonyl groups (1-7) 
and to a lesser extent for substrates containing imino 
(C=N-) bonds (8). A systematic structural change in a 
series of analogous substrates toward a given nucleophile 
such as water has not been incorporated as commonly in 
mechanistic studies, presumably because of a limited 
choice of substrates. This practice is usually the case, 
especially when looking for a series of substrates containing 
an activated imino bond (9). 

BACKGROUND 

Analogues of 1,4-benzodiazepine provide an excellent opportunity to 
investigate the structural influence on the lability of a C=N- bond 
toward a given nucleophile, since many 1,4-benzodiazepines undergo 
nucleophilic covalent hydration across the C(5)-N(4) double bond, 
which is followed by ring opening to the corresponding benzophenone 
compounds (10-21). 

A detailed kinetic study on the reversible ring-opening reaction of al- 
prazolam (8-chloro-l-methyl-6-phenyl-4H-s -triazolo[4,3-a 1 [ 1,4] ben- 
zodiazepine)' was undertaken. In addition to the azomethine bond in the 

The numbering system is in accordance with that of Chemical Abstracts. In 
the remainder iif the present report, however, the numberingsystem of the parent 
1,4-benzodiazepine is used exclusively. 

seven-membered ring, alprazolam contains other weakly basic centers 
on the 1,2,4-triazole. The opened-ring compound carries a primary amino 
function; thus, the observed rate constant (which is the sum of the ring 
opening and the cyclization rate constants) was a composite function of 
several microscopic rate constants. The present study attempted to de- 
termine these constants separately. Comparison of these constants with 
the corresponding rate constant of other benzodiazepines may eventually 
clarify the structure-activity relationships associated with an imino 
bond. 

The facile reversibility of the ring-opening reaction required solution 
of the multiple equilibria involved. An attempt was made to solve these 
equilibria in terms of pH change through experimentally determined 
ionization constants and the apparent equilibrium between the two 
compounds engaged in the reversible reaction. 

EXPERIMENTAL 

Mater ia ls  and  Equipment-A buffer system of low ionic strength 
(0.01 M )  (22) was used throughout the kinetic study to avoid any possible 
buffer catalysis. At pH <2, the ionic strength was inevitably >0.01 M; 
however, only hydrochloric acid was present in the system. For the pH 
ranges of 2.0-3.8,4.0-6.0,6.0-7.0, and 7.0-8.5, chloroacetate, succinate, 
phosphate, and tromethamine buffers were used, respectively. The buffer 
components were analytical grade. 

A UV spectrophotometerl with a cell compartment between thermo- 
plates was used throughout the kinetic study. A constant temperature 
of 25 f 0.1' was maintained by a circulating water bath3. When UV 
scanning was necessary, a different spectr~photometer~ equipped with 
an automatic repetitive scanning device was used. Titration for pK. 
determination as well as pH measurement was done using an automatic 
t i tratos.  When continuous flow of a reaction system through a spectro- 
photometer was required, a two-piston pump with a low dead volume6 
was used for circulation. 

N M R  Studies-All spectra were reported on a 200-MHz NMR spec- 
trometer' with a magnetic field strength of 4.7 tesla. The instrument was 
operated in the F T  mode and the lock was provided by the deuterium 
signal from the solvent. 

'H-NMR spectra were run at  200 MHz a t  ambient probe temperature 
(20.5'). Typical instrument settings were: sweep width, 2600 Hz; acqui- 
sition time, 1.5 sec; data points, 8K (with zero filling); and pulse width, 
5 psec. Typically, <100 transients were needed for a good signal-to-noise 
ratio. 

W - N M R  spectra were run at  50.3 MHz a t  ambient probe temperature 
(21.5'). Typical instrument settings were: sweep width, 10,000 Hz; ac- 
quisition time, 0.720 sec; data points, 16K (with zero filling); and pulse 
width, 5 psec (330' tip angle). Typically, 20,000 transients were needed 
for a good signal-to-noise ratio. 

Samples for IH- and ':'C-NMR spectra were prepared by dissolving 
250 mg of alprazolam (-0.8 mmole) or compound C (Scheme I; -0.75 
mmole) in 2.0 ml of deuterated chloroforms. T o  this was added 158 pl of 
trifluoroacetic acidg (-2 meq) and 50 pl of deuterated water8. 

Reversible Reaction Kinetics-The overall reaction was initiated 
either by acidifying a neutral solution of alprazolam to a desired pH or 
by neutralizing an acidic solution which previously had been equilibrated 
a t  a pH close to 1.0. In the former case, -160pl of a stock solution of al- 
prazolam in methanol (-10 mg/25 ml) was injected directly into a 1.0-cm 

Gilford miidel 250 spectrophotometer. 

Zeiss model DMK-21 spectrophotometer. 
Radiometer model PHM-26 equipped with models ABU-12, TTA 60, and 

Milton Roy minipump. 
Varian model SL-200 NMR spectrometer. 

Aldrich (used as received). 

:' Lauda model R-2 waterbath. 

TTT-116. 

8 Merck Sharp and Dohme. Deuterated chloroform containing 1% tetramethyl- 
silane was passed through a silica column to eliminate trace hydrochloric acid. 

356 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 4, April 1983 

0022-3549l8310400-0356$0 1.0010 
@ 1983. American Pharmaceutical Association 



A 

L 5  SPECTROPHOTOMETER 

I t  1/16" TEFLON TUBING 

A O U E ~ U S  
BUFFER WATER BATH 

CHLOROFORM -$rb J,MXKO BEAKER 

7 

I I MAGNETIC 
STIRRER 

Figure 1-(A) Experimental setup for monitoring irreversible process of cyclization of the opened-ring compound to alprazolam. fB) A typical 
tracing of absorbance at 260 nm as a function of time: a to b, reversible overall (largely ring-opening) reaction; b to c, cyclization reaction only (al- 
prazolam is continuously extracted to chloroform layer); c to d ,  alprazolam partitioning process at given hydrodynamics. 

cell containing 3.0 ml of a given buffer. A Hamilton microsyringe (250 
pl) was used for introducing the alprazolam stock solution. After rapid 
mixing, the absorbance increase at 260 nm was continuously monitored. 
The concentration of alprazolam and methanol in the final reaction 
system was 6.2 X 

A t  pH >3.5, the absorbance change was so small that  the overall re- 
action rate constant was obtained by neutralizing an acidic solution. A 
typically acidic stock solution of alprazolam was prepared by dissolving 
-10 mg of alprazolam in 25 ml of 0.2 N HCl containing 20% (vlv) meth- 
anol. The solution was left a t  room temperature for a t  least 10 min but 
not more than 30 min prior to use. This stock solution (160 pl) was in- 
troduced into a cell containing 3.0 ml buffer a t  the desired pH. The re- 
action was then initiated by rapidly injecting 160 pl of 0.2 N NaOH. After 
mixing, the absorbance increase at 240 nm was continuously recorded. 
The concentration of alprazolam in the final reaction mixture was the 
same as in the first case; however, the methanol concentration was only 
-1.0% (v/v). The final ionic strength was no longer 0.01 M; it was calcu- 
lated to be -0.02 M. A separate series of experiments established that 
a methanol concentration of 1 5 %  (v/v) did not influence the observed 
rate constant within experimental error. 

In both of the described procedures, the pH determined a t  the end of 
the reaction was considered to be the pH maintained during the reaction. 
The observed rate constant (k&) was calculated in a conventional 
manner, i.e., from the slope of the plot of log(A, - At) versus time, where 
At is absorbance a t  a given time t and A, is that  a t  equilibrium. In gen- 
eral, excellent first-order kinetics were observed over three half-lives. 
Under extremely acidic pH, however, a small but significant deviation 
from linearity was observed after the reaction was more than 75% com- 
pleted. 

Kinetics of Irreversible Cyclization Reaction-At pH 2.41,2.75, 
and 3.35 the rate of cyclization of the opened-ring compound to alpra- 
zolam was measured by providing a sink condition for the product. Ap- 
proximately 0.7 ml of an alprazolam stock solution in methanol (-1.38 
mg/ml) was added to 50 ml of a given buffer solution which had been 
placed in a jacketed beaker at 25'. The absorbance change a t  260 nm was 
followed immediately by circulating the reaction mixture through a 
1.0-cm flow-through cell a t  a flow of -18 mllmin. After the equilibrium 
was established and kobs was obtained, 50 ml of chloroform previously 

M and 5.0% (vlv). respectively. 

A B :  R I = R z = H  
C: R1 = CHs and RI = H 
D:  Ri = RZ = CH, 

Scheme I 

saturated with the buffer solution and kept at  25' was gently added. The 
binary mixture was vigorously stirred with a magnetic stirrer while the 
aqueous upper layer was being continuously circulated through the 
spectrophotometer. 

Every &I0 min, 20 ml of the chloroform layer was replaced with fresh 
chloroform to make sure that a perfect sink condition for alprazolam was 
maintained. The decrease in UV absorption 260 nm from the aqueous 
layer was recorded continuously down to zero. To be sure that under the 
hydrodynamic conditions adoped the observed rate did not merely rep- 
resent the transport rate across the interface, the following test was made 
a t  the end of a kinetic run. The pH of the aqueous layer remaining on top 
of chloroform was readjusted to 804.5 by adding a concentrated solution 
of tromethamine. To this, -0.7 ml of the alprazolam stock solution in 
methanol was introduced and the disappearance was monitored. 
Throughout this operation, the hydrodynamics remained the same as 
previously. The experimental setup and a typical absorbance tracing are 
shown in Fig. 1. 

Determination of pK.-The pK, of the primary amino function 
present in the opened-ring compound was determined from a rapidly 
obtained titration curve. An accurately known amount of alprazolam 
between 50 and 100 mg was dissolved in 2.50 ml of methanol. T o  this, 15 

0.7 -I 

1 1 1 1 1 1 1 1 1 1  
320 300 280 260 240 

WAVELENGTH, nm 
Figure 2-UV spectral change associated with the alprazolam A 
opened-ring-compound B reaction at pH 1 .1  7 and room temperature; 
A + B = 4.02 X M; methanol, 105 (vlv); and repetitive scanning 
speed, 300 nmlmin. 
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Figure 3-lH-NMR spectrum of alprazolam in deuterochloroform, A; 
a mixture in CDCl3 of alprazolam and compound B (-1:3) which was 
formed in situ upon addition of trifluoroacetic acid and deuterated 
water, B; and compound C in CDCl3 containing TFA and D20, C. In 
samples B and C ,  the amounts of TFA and D20 added were 2.0 meq of 
alprazolam or compound C and 50 p l ,  respectively. Spectra were all 
obtained from a sample size in  the range of 250 mg. 
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Figure 4--'3C-NMR spectra of the samples described in Fig. 3. 

ml of water and 3.0 ml of 0.1 N HCI were added. The solution was left for 
a t  least 30 min, and the pH was accurately measured (2.0-2.5). Immedi- 
ately after adding 3.0 ml of 0.1 N NaOH, the solution was rapidly titrated 
with 0.1 N HCl. The starting pH was -8.5. The titration was repeated 
three times, and it took <4 min on the average to complete the titration. 
The pH observed at  half of the titration end point was taken as the pKa 
of the primary amino group of the benzophenone compound. Since less 
than 2.0 ml of the titrant was consumed a t  the titration end point, the 
concentration of alprazolam and methanol near the pKa was on the order 
of 0.01 M and 1Wo (v/v), respectively. Although the system contained as 
much as 10% methanol, precipitation was observed at -5-10 min after 
completion of titration (pH -2.75), but not during the titration. 

An attempt was made to measure the pKa of protonated alprazolam 
(the reactive species) from the pH-dependence of the initial absorbance 
at  a given wavelength immediately after acidification of a series of al- 
prazolam solutions at a given concentration. The experimental procedure 
was essentially the same as the procedure in which kob was measured. 
Into a 1.0-cm UV cell containing 3.0 ml of a given buffer, 100 p1 of an al- 
prazolam stock solution in methanol (0.719 mg/ml) was rapidly intro- 
duced through a 25O-jd Hamilton syringe. Absorbance at 310 nm was 
monitored immediately and the initial absorbance value was estimated 
from extrapolation to the time of mixing. A t  a certain pH, the ring- 
opening reaction occurred quite rapidly (i.e.,  t l / z  = 2 min at  pH 1.5). In 
such a case, the absorbance at the moment of mixing was estimated from 
the first-order kinetic plot by extrapolation to t = 0. 
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The conventional UV spectrophotometric pK, determination (23) was 
carried out by scanning a series of alprazolam solutions at  a given con- 
centration (6.13 X M) after the solutions were left a t  room tem- 
peratures for at least 30 min. The methanol concentration in these SO- 

lutions was 5.0% (v/v). Each UV scan was made against the corre- 
sponding buffer as a reference. 

RESULTS AND DISCUSSION 

System Characterization-At an early stage of drug development, 
it was found that alprazolam undergoes the reversible reaction shown 
in Scheme I; the opened-ring compound B was favored in an acidic so- 
lution and alprazolam was favored in a neutral or alkaline solution. The 
identity of the reaction was established by means of IR, UV, and 'H- and 
13C-NMR spectroscopy. 

The solid product obtained immediately after neutralizing an acidic 
solution of alprazolam contained two compounds: alprazolam and a 
compound with an IR spectrum closely resembling that of compound C 
(benzophenone C=O absorption band at 1665 cm-I). Attempts to isolate 
this second component in free form were not successful. Exhaustive 
crystallization only produced alpramlam. A simii difficulty in obtaining 
the opened-ring compound was reported previously for a related 1,4- 
benzodiazepine system (10). 

On the other hand, when an alprazolam solution was acidified, the UV 
spectrum changed continuously and rapidly with two isosbestic points 
at 246 and 274 nm (Fig. 2). A t  pH -1.0, the equilibrium UV spectrum 
(A- 262 nm and A- 239 nm) was found to be virtually identical to that 
of compound C or D (Amax 263 nm and A- 238 nm; cz63 1.01 X lo4 and 
6238 5.80 X lo3). Compounds C and D do not cyclize to form a 1,4-ben- 
zodiazapine ring. Similarly, when an acidic solution of alprazolam was 
neutralized with a concentrated sodium hydroxide solution, the UV 
spectrum slowly changed back to that of the neutral alprazolam species 
(Amm 222 nm and A. 245 nm; c222 4.27 X lo4 and (245 1.86 X lo4). 

In the 'H-NMR spectrum, the nonequivalent protons at  C-3 of al- 
prazolam appeared at 5.4 and 4.10 ppm (Fig. 3A). These doublets merged 
into a singlet a t  4.10 ppm when trifluoroacetic acid and deuterated water 
were added (Fig. 3B). In addition, the singlet a t  2.60 ppm, which corre- 
sponds to the methyl group on the triazole moiety, underwent an upfield 
shift to 2.00 ppm. The resulting 'H-NMR spectrum of the compound 
produced from alprazolam in the presence of trifluoroacetic acid and 
deuterated water closely resembled the 'H-NMR spectrum of a model 
compound C obtained under identical conditions (s at  4.35 ppm for 2H 
and s at 2.32 ppm for 3H) (Fig. 3C). 

Changes in the 13C-NMR of alprazolam (Fig. 4A) that occurred upon 
addition of trifluoroacetic acid and deuterated water provided more direct 
evidence for the reaction shown in Scheme I. A downfield shift took place 
for C-5, from 168 to 192 ppm, supporting the presence of a benzophenone 
carbonyl carbon (Fig. 4B). The upfield shift of C-3 from 46 to 34 ppm was 
also in accordance with the ring-opening reaction. As expected, the signal 
corresponding to the methyl group on the triazole moiety changed very 
little with an upfield shift of -1.5 ppm. 

Finally, the overall 13C-NMR spectrum of the reaction product was 
nearly identical to that of compound C (Fig. 4C), with the benzophenone 
carbonyl at 193 ppm, C-3 a t  34 ppm, and the triazole methyl a t  10 ppm. 
This is consistent only if the reaction product has the same benzophe- 
none-type structure as compound C. 

The reaction that alprazolam undergoes in an aqueous acidic solution 
can be further characterized based on the aforementioned spectroscopic 
data. IR and NMR (particularly 13C-NMR) data positively identify the 
reaction as that in Scheme I. The product B is favored under acidic 
conditions and A under neutral or alkaline conditions. The reaction is 
similar to the ring-opening reaction of other l,4-benzodiazepines (10- 
21). 

The presence of isosbestic points in the UV spectral change supports 
the conclusion that there were no significant side reactions, during the 
attainment of equilibrium. Under a strongly acidic condition (pH < 0.51, 
however, the isosbestic points were found to drift. The nature of this slow 
side reaction has not been established. 

The UV spectrum of alprazolam cation (A- N 274 nm; Fig. 2), which 
rapidly changes as the ring-opening reaction takes place, is different from 
that of neutral alprazolam (A, 222 nm and A, 245 nm). 

Cyclization Kinet icgThe UV spectrum of alprazolam changed very 
little when a neutral solution was acidified to pH 5 or above, indicating 
that alpramlam is the predominant species at a neutral or an allraline pH. 
The spectral change that occurred when an acidic solution was neutral- 
ized to pH >6 reflected the cyclization reaction exclusively. On the other 
hand, the rate of UV spectral change on acidification of an alprazolam 

1 

2 

I,,,,,,,,,po 
0 1 2 3 4 5 6 7 6  

PH 
Figure 5-pH Dependence of the overall alprazolam ring-opening and 
cyclization reaction rate constant (k,,bs). ring-opening reaction rate 
constant (~AB; dashed line), and cyclization rate constant &BA; dotted 
line u p  to pH 5.5 and descending solid line thereafter); all at 25". The 
rates were also expressed in  terms of half-life (right-hand side coordi- 
nate). Closed circles represent kgA determined from an irreversible B - A reaction condition. 
solution to a pH <5 reflected the rate of both the ring-opening and the 
cyclization reactions. To separately determine the cyclization rate for 
this pH range, a sink condition for the product (alprazolam) was provided 
by continuously replacing chloroform in the system. A critical assumption 
made here was that only alprazolam partitions into the chloroform layer 
in a quantitative manner. This assumption appears to have been war- 
ranted by the pK. of the primary amino function of the ring-opened 
compound in the range of 7.0 (see below); the benzophenone compound 
should exist exclusively as a cation over the pH range of the determina- 
tion. Alprazolam is extremely insoluble in water (4.1 mg/ml at  37') but 
freely soluble in chloroform, and the p& of monocation is 2.4. 

The three data points (Fig. 5) obtained from the described biphasic 
system together with the data points at pH values >5.5 resulted in a 
bell-shape pH-profile of the cyclization rate constant (Fig. 5). The cy- 
clization reaction is analogous to a Schiff-base formation reaction, the 
kinetics of which have been thoroughly studied (24). The bell-shape 
pH-profile arises from a change in the rate-determining step with the pH 
change. Under acidic conditions, formation of the carbinolamine inter- 
mediate (I in Scheme 11) is rate-controlling, since the concentration of 
kinetically reactive -NH2 is extremely low and the dehydration of I is 
facilitated by protonation of the -OH group to form an excellent leaving 
group, HzO. However, as the pH increases, approaching the pK, of the 
primary amino group, the nucleophilic attack of the -NH2 group on the 
benzophenone carbonyl group becomes faster than the dehydration of 
the carbinolamine intermediate I. 

Closely following the kinetic treatment developed by Jenck (24). the 
following expression for the overall cyclization rate constant as a function 
of [H+) was derived: 

h[H+](ki + kz[H+]) K:" 
k-1+ k-z[H+] + k3[H+] + k3[H+] K:" + [H+] keA = 

(Eq. 1) 
Definitions of KfE" and several micrcwcopic rate constants in Eq. 1 are 

shown in Scheme 11. In this treatment, the dicationic species BHi+ does 
not need to be differentiated from the monocationic species BH+ and 
that each of the rate constants can represent a kinetically equivalent 
reaction pathway; e.g., the specific acid-catalyzed -NH2 attack (kp[H+] 
process) is equivalent to HzO catalyzed I formation from BH+. 

Crude approximates of the rate constants were first obtained as de- 
scribed previously (24). These, together with the experimentally deter- 
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mined K I H  value, served as the first approximates in the final curve fit- 
ting by means of the SIMPLEX least-square computer rogram. Values 
for the individual microscopic rate constants and K$obtained using 
three data points at pH <3.4 and at 11 points at pH >5 are listed in Table 
I. The reliability of these values can be exemplified as follows: the ex- 
perimentally determined pKIH in the presence of 10% (v/v) methanol 
was 6.78 f 0.02 (n = 3), whereas that from the numerical analysis of the 
pH profile was 7.02 with a range of 6.77-7.29 at  a 95% confidence level. 
The bell-shaped curve, the dotted line up to pH 5.5 and the descending 
solid line thereafter (Fig. 5), was generated with the constants listed in 
Table I and Eq. 1. The positive deviation from a slope of +1 that one may 
expect on the log ke..-pH profile when pH decreases from 3.5 was at- 
tributed to the steady increase in concentration of the protonated ben- 
zophenone carbonyl group, which should be extremely reactive toward 
the nucleophilic attack of -NH2. This reaction pathway was implicitly 
included in the mathematical expression for k m  (24). 

Sites of Protonation on Alprazolam-Alpramlam contains four 
potentially basic nitrogens. It was challenging to determine the basicity 
ranking in an aqueous solution. In nonaqueous systems, three important 
pieces of evidence support that N-2a on the triazole ring is most basic: 

Table I-Rate and Equilibrium Constants Associated with the A 
* B Reaction at 25" 

Constants Lower Limit" UDDer Limit" 

k I = 7.32 sec-l 
k p  = 4.26 X lo3 sec-l M-1 
k - l / k 3  = 2.27 X 10-4 M 
kp /k3  = 0.343 - 

- 
- 
- 

K B H  = 9.51 X M(pKBH= 7.02) 5.13 X 10-8 

k ~ K - K i H 2 / K ~ H 2  = 1.15 X sec-l 1.02 X 10-2 
k4-K.KfH2 = 9.02 X sec-l M-l 2.67 X 

K I H 2  = 5.62 X M(pKfH2= 1.25) 3.16 X 
K I H . K A H 2  I 3.95 x 10-6 M2 c 4.89 X 

K F  = 1.66 X M ( p K F =  6.78)b - 

K'H2 = 7.84 X 10-3M(pKiH2= 2.11) - 

K I H  ='7.03 X M(pKfH= 4.15) - 
K I H  = 3.98 X M(PK;~= 2.40)* - 
K F  = 3.16 X 10-2M(pK:H2= 1.50)d - 

- 
1.71 x 10-7 

1.30 x 
2.94 x 10-4 

4.27 x 10-5 

- 

- 
1.08 x 10-1 

I 

" At a 95% confidence level. Experimental data. 
Estimated from the pKa of compound C. 

Not reliable (see the wide 
range of variation). 

(a), X-ray crystallographic study on the hydrogen bromide salt which 
was prepared from a nonaqueoG system, indicated that a proton resides 
on N-2a (25); ( b ) ,  15N-NMR spectrum of alprazolam in deuterated 
chloroform showed that N-2a undergoes a more profound upfield shift 
than any other nitrogen when trifluoroacetic acid is successively added 
to the system (26); and (c) in many chemical manipulations, N-2a proved 
to be the most nucleophilic and very likely the most basic; e.g., simple 
alkylation preferably takes place at N-2a (27). 

When the basicity of N-2a is compared with that of N-3a, the facts 
listed are in accordance with what is expected from the consideration of 
electronic effects, N-3a is linked with C(2)-CH2(3)-N(4), whereas N-2a 
is linked with C(la)-CH3. The aniline N-1 should exert an identical 
electronic effect on both nitrogens. Thus, the electron-withdrawing effect 
of the aromatic azomethine bond, C(5)=N(4), should make the proton- 
ation a t  N-3a more difficult than at  N-2a. On the other hand, N-1 is be- 
lieved to be less basic than N-4 for reasons similar to that of medazepam 
(28). The latter is very similar to alprazolam structurally; instead of a 
triazole ring, a methyl group is attached to N-1. These two considerations 
leave either N-4 or N-2a to be the most basic center on the alprazolam 
molecule in aqueous solutions. 

When alprazolam was methylated in methylene chloride a t  N-2a to 
form a quaternary ammonium compound, the UV spectrum hardly 
changed (27). Similarly, the UV spectrum of compound C, a compound 
containing a triazole ring but not a 1,4-diazepine ring, underwent a very 
small bathochromic shift of 4-5 nm when the pH of the sample solution 
was systematically changed from 4.0 to 0.3. Thus, it was apparent that 
protonation or methylation at  N-2a isassociated with little UV spectral 
change. This is perhaps because the lone-pair electrons on N-2a are not 
engaged in the aromaticity of 1,2,4-triazole. Although the opened-ring 
compound C underwent a very s m d  bathochromic shift when dissolved 
in acidic solutions, it was possible to estimate the pK, from the pH de- 
pendence of the absorbance at  280 nm. The pK, of N-2a was found to 
be 1.5 or less. 

The UV spectrum obtained immediately after acidifying an alpramlam 
solution to a pH below 0.5 shows an absorption maximum at 280 nm (Fig. 
2). Appearance of this peak, which disappears again as the ring-opening 
reaction proceeds, amounts to a bathochromic shift of as much as 35 nm 
of the shoulder peak of alprazolam a t  245 nm. The absorbance of this 
transient W spectrum at a given wavelength was extrapolated to the time 
of acidification, and its dependence on the pH to which the alprazolam 
solution was acidified yielded an apparent pK,, of 2.40 (Fig. 6). This p& 
should correspond to that of N-4, and the large bathochromic shift ob- 
served reflects the resonance interaction of the positive charge with ad- 
jacent benzene rings. 

The conclusion that N-4 should be more basic than N-2a in aqueous 
solutions is in contrast to many experimental evidences that N-2a is most 
basic in various nonaqueous environments. One possible explanation is 
based on the difference in steric hindrance that each nitrogen is subject 
to. In aqueous solutions, the proton donor is the relatively small hydro- 
nium ion. In nonaqueous systems in which N-2a was found to be more 
basic than N-4, the proton or alkyl group donors were all bulky: hydrogen 
bromide, tritluoroacetic acid, or trimethyloxonium fluoroborate (25-27). 
X-ray crystallographic data (25) indicate that N-1 and N-4 are subject 
to a higher degree of steric hindrance than the other two triazole nitro- 
gens, making them less accessible to bulky proton donors. In this context 
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Figure 6-Spectrophotometric determination of p K ,  of monocationic 
alprazolam (pK;')'and apparent equilibrium pK,.  

it should be noted that the 15N-NMR upfield shift associated with pro- 
tonation of nitrogens in alprazolam with trifluoacetic acid was ordered 
N-2a > N-3a > N-4 > N-1 (26). It is not uncommon that the usual ba- 
sicity order for a series of compounds can be completely inverted when 
bulky proton donors are used in the protonation (29). 

Kinetics of Alprazolam Ring-Opening Reaction-The pH profiles 
of the ring-opening rate constant ( ~ A B )  was obtained by subtracting ~ B A  
from the spectrophotometridy determined overall rate constant ( k o b ) .  
That is, the value of ~ A B  was calculated at  each pH where k o h  was mea- 
sured in such a way that the sum of ~ B A  and ~ A B  best accommodated a 
total of 35 experimental data points of k o b .  In this manipulation, the pH 
dependence of ~ B A  was dictated by Eq. 2. 

In deriving a mathematical expression for km in terms of hydronium 
ion concentration, it was first assumed that the carbinolamine interme- 
diate (IH+) formation is much faster than the subsequent abstraction 
of a proton to form the benzophenone compound (BH+; Scheme III) over 
the entire pH range studied. This is in accordance with the principle of 
microscopic reversibility applied to the cyclization reaction discussed 
earlier; however, it will create some error especially at a pH >4. The 
concentration of ZH+ can then be simply represented by an equilibrium 
constant, K' = ( IT) / (AT) ,  and d(BT)/dt = k r ( 1 ~ )  by definition of kq. Note 
that the only base which abstracts a proton from ZH+ is H20 and, 
therefore, this step should be pH independent. In other words, the ob- 
served pH dependence of k m  arises from the pH dependence of the ap- 
parent equilibrium constant K' in the kinetic scheme, and the equillib- 
rium concentration of the intermediate at a given pH is ultimately gov- 

Scheme III 

BH' p" 
iB 

Figure 7-Fractional concentration of various ionic species inuolved 
in the A + B reaction as a function of pH.  Open circles represent the 
total concentration of the opened-ring compound determined by a rapid 
back- titration technique. 

erned by the reactivity of different ionic species of alprazolam present 
at that particular pH. This analysis simplifies the kinetic scheme tre- 
mendously, and the following expression for ~ A B  was derived, in which 
K = (ZH+)/ (AH+) ,  a pH independent equilibrium constant. Other 
constants included in the expression are all self-explanatory from Scheme 
111: 

k4K(Kfw/KfH)[H+12 t k&Kfw[H'l (Eq. 2) 

Various constants present in the equation for k a  were obtained from 
the SIMPLEX least-squares program and are listed in Table I. The 
dashed line on Fig. 5 was generated from these values and Eq. 2. 

The presence of an inflection point on the pH profile of kAB implies 
that the AH%+ is somewhat more reactive than AH+. Protonation on the 
triazole moiety wpuld exert an electron-withdrawing inductive effect to 
make the C(5)=N(4) bond more susceptible to a nucleophilic attack at 
C-5. However, the position of the inflection point which will determine 
the kinetically measurable pKa of alprazolam is subject to a significant 
error in the present study in that the pH-profile of ~ A B  was obtained 
second hand. It was not surprising that the kinetically obtained pKtH 
(4.15) is very different from that obtained experimentally (2.40). The pK,, 
of dicationic alprazolam (pKfw = 1.25) is in a fair agreement with the 
pK, of compound C (-1.5 or below). 

Over the pH range where the ring-opening reaction takes place to 
significant extent, the rate-determining step is largely the breakdown 
of intermediate IH+, and it was not possible to isolate the reactivity of 
the N(4)=C(5) bond toward the H20 attack. This is believed to be the 
case for other l,4-benzodiazepines; however, the pH-dependence of K' 
itself should result in some interesting structure-reactivity relationships 
among them. 

Multiple Equilibria-In the context of the present discussion, the 
term "equilibrium" is defined as a state of the A == B system after 5-10 
reaction half-lives. This restricted definition is particularly important 
for strongly acidic aqueous solutions in which alprazolam and/or com- 
pound B undergoes another slow reaction which is yet to be identified. 

Equilibrium UV spectra of alprazolam at  different pH values tend to 
produce an isosbestic point at 254 nm for pH 0.5-6.0. This finding implies 
that there are only two predominant species in terms of UV absorption 
and the apparent equilibrium concentration of these two species is 
identical at pH 3.50 (i.e., equilibrium pK. = 3.50, Fig. 6). From the values 
Of kAB and k B A ,  the pH dependence of the apparent equilibrium of A = 
B can also be estimated (Fig. 7). These kinetically determined equilibrium 
constants also showed that a t  pH 3.50 the total concentrat,ion of A is equal 
to that of B. 

Fractional concentrations of different ionic species of alprazolam and 
the opened-ring compound are then determined by the pK, of the species 
involved. Since pK;" (6.80, determined from the rapidly obtained ti- 
tration curve) is much greater than 3.5, one can safely rule out the neutral 
species of the opened-ring compound as an important species a t  any pH. 
Similarly, dicationic alprazolam is also not included in the present 
analysis. The pK, of dicationic opened-ring compound (pKtH2) was 

[H+I2 + KfH[H+] t K:HKt2H k A B  = 
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assumed to be 1.5, the pK, of compound C. On the other hand, the pK. 
of protonated alprazolam was determined from the initial absorbance 
at  310 nm after a methanolic solution was diluted to a given pH (Fig. 6); 
the pKtH was 2.40. Note that at 310 nm the opened-ring compound or 
its analogue C absorbed very little UV energy (Fig. 2) and the pH de- 
pendence shown on Fig. 6 should reflect the protonation at N-4. From 
the values of equilibrium pK,, pKtH, and pK:”’, the fractional con- 
centration of important ionic species involved in the A e B equilibrium 
was calculated (Fig. 7). 

The concentration of the opened-ring compound was also estimated 
experimentally. An alprazolam solution in methanol was first acidified 
with HCl and left to attain equilibrium. The mixture was then neutralized 
with an equivalent amount of hydroxide ion and immediately back-ti- 
trated. The titration end point should represent the amount of the 
opened-ring compound which was generated from the acid treatment. 
A critical assumption was that during the neutralization and the titration 
no significant A = B reaction occurred. Since the titration end point 
occurs a t  a pH betweeen 4 and 6, alprazolam was never protonated in the 
titration. Three determinations of the total opened-ring compound by 
this rapid titration technique are shown on Fig. 7 (open circles). Since 
the titration system contained as much as 10% (v/v) methanol, the total 
concentration of the opened-ring compound recovered at  a given pH was 
expected to be much lower than in the absence of methanol. In this par- 
ticular instance, not only should the activity of water have been lower but 
the pK:”was also expected to decrease significantly to result in a dis- 
placement of pH profile for the fractional concentration of opened-ring 
compound toward lower pH. 
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ABSTRACT An approach to analyzing and interpreting kinetic data 
from stability studies using factorial designs is presented. This may be 
useful for screening purposes or as an aid in identifying significant effects 
in complex systems. A typical 2” factorial experiment is discussed, and 
methods of variance estimation and statistical testing are presented. An 
example of simulated data is used to demonstrate how typical results may 
be analyzed, as well as the potential and limitations of this design in in- 
terpretation and construction of kinetic models. 
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Factorial designs are extremely useful in a wide variety 
of experimental situations, and applications of these de- 
signs to pharmaceutical problems have appeared in the 
recent literature (1-3). Factorial designs applied to sta- 

bility studies of pharmaceuticals can be used for screening 
purposes or to help interpret complex systems. This paper 
deals with an approach to the design and statistical anal- 
ysis of such experiments. 

BACKGROUND 

A factorial experiment considers the effects of various factors (e.g., 
temperature, pH, drug concentration, buffer concentration) a t  several 
levels (e.g. ,  2 pHs, one high pH and one low pH) where results of all 
combinations of the factor levels are observed. Modifications of the 
complete factorial design may be used in situations where it is not con- 
venient or possible to do all of the combinations or trials (4). For this 
presentation, only experiments with all factors at two levels, a 2“ factorial 
design (where n is the number of factors, the effects of which are to be 
investigated), will be considered. The main effect is the difference in 
response (e.g., rate constant) caused by the change in level of a factor (pH, 
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assumed to be 1.5, the pK, of compound C. On the other hand, the pK. 
of protonated alprazolam was determined from the initial absorbance 
at  310 nm after a methanolic solution was diluted to a given pH (Fig. 6); 
the pKtH was 2.40. Note that at 310 nm the opened-ring compound or 
its analogue C absorbed very little UV energy (Fig. 2) and the pH de- 
pendence shown on Fig. 6 should reflect the protonation at N-4. From 
the values of equilibrium pK,, pKtH, and pK:”’, the fractional con- 
centration of important ionic species involved in the A e B equilibrium 
was calculated (Fig. 7). 

The concentration of the opened-ring compound was also estimated 
experimentally. An alprazolam solution in methanol was first acidified 
with HCl and left to attain equilibrium. The mixture was then neutralized 
with an equivalent amount of hydroxide ion and immediately back-ti- 
trated. The titration end point should represent the amount of the 
opened-ring compound which was generated from the acid treatment. 
A critical assumption was that during the neutralization and the titration 
no significant A = B reaction occurred. Since the titration end point 
occurs a t  a pH betweeen 4 and 6, alprazolam was never protonated in the 
titration. Three determinations of the total opened-ring compound by 
this rapid titration technique are shown on Fig. 7 (open circles). Since 
the titration system contained as much as 10% (v/v) methanol, the total 
concentration of the opened-ring compound recovered at  a given pH was 
expected to be much lower than in the absence of methanol. In this par- 
ticular instance, not only should the activity of water have been lower but 
the pK:”was also expected to decrease significantly to result in a dis- 
placement of pH profile for the fractional concentration of opened-ring 
compound toward lower pH. 
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methods of variance estimation and statistical testing are presented. An 
example of simulated data is used to demonstrate how typical results may 
be analyzed, as well as the potential and limitations of this design in in- 
terpretation and construction of kinetic models. 

Keyphrases Factorial designs-in pharmaceutical stability studies, 
kinetic models, statistical analysis Stability studies, pharmaceuti- 
cal-factorial designs, kinetic models, statistical analysis 

Factorial designs are extremely useful in a wide variety 
of experimental situations, and applications of these de- 
signs to pharmaceutical problems have appeared in the 
recent literature (1-3). Factorial designs applied to sta- 

bility studies of pharmaceuticals can be used for screening 
purposes or to help interpret complex systems. This paper 
deals with an approach to the design and statistical anal- 
ysis of such experiments. 

BACKGROUND 

A factorial experiment considers the effects of various factors (e.g., 
temperature, pH, drug concentration, buffer concentration) a t  several 
levels (e.g. ,  2 pHs, one high pH and one low pH) where results of all 
combinations of the factor levels are observed. Modifications of the 
complete factorial design may be used in situations where it is not con- 
venient or possible to do all of the combinations or trials (4). For this 
presentation, only experiments with all factors at two levels, a 2“ factorial 
design (where n is the number of factors, the effects of which are to be 
investigated), will be considered. The main effect is the difference in 
response (e.g., rate constant) caused by the change in level of a factor (pH, 
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for example) averaged over all levels of the other factors. This has 
meaning in a practical sense if the effect of pH is not dependent on the 
levels of the other factors. If the effect of pH is dependent on the level 
of another factor (buffer, for example) an interaction between pH and 
buffer is said to exist. In this case a description of the effect of the factor, 
pH, would not be complete without consideration of the buffer level. This 
concept may be extended to higher order interactions. Thus, if an AB 
interaction exists and is dependent on the level of, say, factor C, the level 
of C should be specified when describing the AB interaction. This latter 
situation describes a 3-factor ABC, interaction. 

A z3 factorial experiment with factors A, B, and C each at two levels 
consists of the following eight trials using the usual notation: (l), a, b, ab, 
c, ac, bc, abc. In this case (1) refers to all factors a t  their low level, a refers 
to the experiment with factor A at the high level and B and C at low levels, 
etc. The main effect of A is computed as l/4 [{a + ab + ac + abc) - {(I) + 
b + c + bc)]; the interaction AB is '/4 [1(1) + ab + c + abc) - {a + b + ac + bcl]; etc. Thus, the results of all experiments are used to calculate each 
main effect and interaction. 

A relatively simple method of calculating the effects, is described by 
Davies (4). 

THEORETICAL 

The usual approach to kinetic studies is to examine, one at a time, the 
factors that are thought to affect the reaction rate. In many cases this 
approach is sufficient, since either some fundamental relationship is to 
be examined, or the effect of the various factors may be fairly well un- 
derstood. One disadvantage of this experimental method is that, when 
present, interactions of factors may not be observed. Usually, little or no 
extra effort is required to uncover all possible effects by use of the factorial 
design. Factorial experiments are particularly advantageous in situations 
in which ( a )  the effects of several factors (and their interactions) are to 
be determined simultaneously in the absence of prior information, ( b )  
a relatively small preliminary screening experiment is desired to obtain 
an estimate of the magnitude of effects of various variables, (c) the effects 
of factors are determined in a complex experimental situation (e.g., many 
simultaneously varied factors), and (d )  the experimental error (e.g., assay) 
is relatively large. Statistical techniques may then be applied to test the 
significance of the main effects and interactions. 

In typical kinetic studies, effects are usually additive. Thus, the fol- 
lowing might describe a kinetic model: 

k o b  = kb[B] t kc[C] + . . . 
in which [B] and [C] might represent hydroxide ion and buffer concen- 
tration, respectively. One objective is to estimate the rate constants, kg, 
kc, etc. 

Since the usual statistical analysis is based on additivity of effects, it 
is important to consider carefully any analyses based on a model that also 
shows multiplicative relationships. For example, if ionic strength were 
a factor, the model could be of the following form: 

koba = f(A)bb [B] k c  [c] . . .I 
in which f(A) is a function of ionic strength. 

If interaction of the multiplicative factor A (e.g., ionic strength) with 
the additive factors B and C is present', the usual statistical analysis will 
be difficult, if not impossible, to interpret. In these cases, it is recom- 
mended that two separate analyses he performed, one at  each level of A. 
Then, the effects of B and C can be estimated under the experimental 
conditions, i .e.,  A constant at either the low or high level. 

If interactions with A are absent, then the usual ANOVA of the rate 
constants (suitably weighted as described below) would, in general, 
provide a valid statistical test for the significance of the BC interaction 
only. The effects of the additive factors will be confounded with the 
multiplicative effects, and the effects of the additive factors should be 
evaluated separately at each level of A. 

The factorial analysis of In k (if CV is small and the k values are suit- 
ably weighted) will result in approximately valid statistical tests for A, 
AB, AC, and ABC under the null hypothesis that AB = AC = 0 (A is as- 
sumed not to interact with the additive factors B and C). In the absence 
of these interactions, the antilog of the A effect approximates the mul- 
tiplicative effect of A (if CV is small). 

Otherwise, the usual assumptions for ANOVA are considered to hold, 
as discussed later in this paper. 

Because of the above implications, some knowledge of the functional 
relationships of the factors is helpful to come to meaningful conclusions. 
This knowledge may come from inspection of the data or from prior ex- 
perience. 

Statistical Considerations-In addition to the additivity concept 
discussed above, other assumptions inherent in the usual analysis of 
factorial experiments are that the errors are normally and independently 
distributed, and the variance (u2) is the same for each observation (ho- 
moscedasticity). In general, this latter assumption does not hold for ex- 
perimentally determined rate constants, and the treatment of the data 
needs special consideration. 

The variation or error in these studies arises from several factors, 
among which are assay error, other manipulative errors, and, possibly, 
the fact that the theoretical functional relationships such as linearity are 
not exactly satisfied. Measurement of the variance may be checked at 
several points during the study. Thus, it is useful during the assay de- 
velopment to check the assay variation at several concentrations of intact 
drug. Often the standard deviation is found to be proportional to the 
concentration of drug, i .e.,  CV is constant; (CV = S/C, where S is the 
standard deviation and C is the concentration.) If the C V is constant and 
not too large, the logarithms of the assayed concentrations will have ap- 
proximately equal variance at different concentration levels of drug (see 
Appendix). In this case the slope of the ordinary least-squares fit of the 
line, In C uersus time (first-order plot), is an unbiased estimate of the rate 
constant, k. The remainder of the discussion will be based on the as- 
sumption that the CV is constant and the reactions follow first-order 
kinetics. Certain modifications of the following analysis may be necessary 
if the kinetics are other than first order (see Appendix). 

The variance of concern is the variation of In C, u2 (which is approxi- 
mately constant). Two estimates of u2 are available: (a) an estimate of 
the variance of In C from replicates of assays of intact drug and ( b )  the 
variance estimate obtained from the least-squares line fit. If the error is 
due only to assay-related variation, these two estimates should show good 
agreement. In general, there will be sources other than assay variation 
contributing to the experimental error, and the line fitting should give 
a more realistic estimate of the variance. Another check on the error es- 
timate could be obtained from replicate runs. (A run consists of deter- 
mining the concentration as a function of time at  specified levels of the 
factors.) Each set of replicates will contribute n - 1 degrees of freedom 
(df)  to the error estimate in which n is the number of replicates. The 
details of this calculation for replicate runs (i.e.,  repeat assessments of 
k with factor levels the same) are described in the Appendix. 

Other studiesZ have shown excellent agreement of the variance estimate 
using replicates and line fitting. The line fitting approach has distinct 
advantages compared with replicates, since less runs are needed and more 
degrees of freedom for error are available. 

An independent estimate of the variance as described is particularly 
important in this type of study. Higher order interaction terms (third 
order or higher) are often assumed to be nonexistent and are used to 
obtain estimates of the error. This approach has the disadvantage of 
yielding few degrees of freedom for error and possibly making false as- 
sumptions about the existence of such interactions. Most importantly, 
the computation of an independent variance estimate enables us to cal- 
culate the significance of the effects and all interactions in a relatively 
uncomplicated manner without prior consideration of the magnitude of 
interaction terms. As previously mentioned, the usual analysis of factorial 
designs assumes the variance of the observations to he equal. Under 
conditions usually present in kinetic studies this will very rarely be the 
gase. The variance of a slope (the rate constant in this case) is u2/Z(t-- 
t )2 ,  in which t is the time at  which the sample is assayed. Since Z ( t  - t ) 2  
will, in general, be different for the different runs, the situation is one of 
variance inequality. The variance of In k is *u2/k2Z(t - t)2, if u2/k2 is 
small (see Appendix). Interestingly, if, for each run, the same number 
of equally spaced time intervals are used _that go to the same point of 
decomposition (say, 1 half-life), k 2 Z ( t  - t ) 2  will be constant, and the 
variance of the In k values will be approximately equal. This situation 
could be closely realized in practice if the approximate magnitude ofthe 
rates were known in advance. Then the usual factorial analysis of the In 
k values_could be used with the variance estimated as u2/K,  with K = 
k 2 Z ( t  - t ) 2 .  In the more realistic case, the variances are expected to differ, 
and, thus, one must approach the analysis differently. Initially, the main 
effects and interactions may be computed in the usual way (4). This is 

A is defined as not interacting if the response at high A is a constant multiple 
of the response at low a for all combinations of the additive factors, i .e . ,  a b h  = ac/c 
= abc/bc = a/(l). 2 To be reported in a subsequent publication; S. Bolton, personal data. 
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Table I-Results of Simulation Study for z3 Factorial (run in 
duplicate) Untransformed Values 

Table 11-Effects Based on Data of Simulation Study 
(Untransformed Values) 

Average Average In 
1 1 Combina- Rate Rate 

tion Constant Constant Z Z ( t  - Tb2 k W Z t  - 
~ 

1.87 0.63 0.77 0.22 
a 3.77 1.38 5.00 0.34 

(1)  

b 3.10 1.16 2.92 0.30 
ab 7.04 1.99 40.00 0.79 

C 3.07 1.20 5.00 0.50 
ac 5.35 1.72 40.00 1.36 
bc 3.67 1.40 8.62 0.60 

abc 8.04 2.11 31.25 0.47 
Average = 4.49 Total 133.56 4.58 

an appropriate unweighted average of the 2" trials. The variance of these 
effects is estimated as described below, and the usual t test is applied by 
forming the ratio: 

I effect I 
JVariance (effect) 

If t exceeds the tabulated a% value with appropriate degrees of free- 
dom, the effect is significant. Nonsignificance does not necessarily mean 
that the effect is not present, but rather that it cannot be dissociated from 
error. This is important because most factors probably will affect the rate 
to some extent. If the effect is so small that it cannot be dissociated from 
error, it would probably not be of interest from a practical standpoint. 
The variance estimates of an effect may be calculated as follows: a main 
effect or interaction is the change in the rate constant due to changes in 
the levels of a factor or combination of factors appropriately averaged 
over all runs: 

t =  

i2Zl/Z(t - t ) 2  
22n-2 52 effect = (Eq. 1) 
~ 

in which 5* is the estimated variance and l/Z(t - T ) 2  is summed over all 
2" trials or runs. 

For In rate constants: 

(Eq. 2) 

In an experiment where many factors are being investigated, it may 
be convenient to look at segments of the data in which some factors are 
kept constant, while others are allowed to vary. The same statistical 
analysis as above may he used, but the summation in Eqs. 1 and 2 will 
include only those experiments that are appropriate to that segment of 
the experiment. 

Example of Analysis-To illustrate the analysis described above, a 
hypothetical experiment was simulated with three factors, each at  two 
levels, conforming to the following model 

The levels of A, B, and C are as follows: 

Factor Low Level High Level 
A 0 0.09 

C 0.1 0.2 
B 10-3 2 x 10-3 

k,, kb ,  and k ,  were assumed to be equal to 1, 1O00, and 10, respec- 
tively. 

A constant 0.2 CV, using random normal deviates, was imposed upon 
concentration readings at arbitrary time intervals, and the rate constants 
were calculated. (Duplicate runs were made for each of the eight combi- 
nations comprising the factorial, a total of 16 runs.) It should be men- 
tioned that this error is relatively large for kinetic work; if anything, one 
should expect better results with real data. Pertinent results are shown 
in Table I. 

The average rate constants and average In rate constants were calcu- 
lated as a weighted average of the resp_ective duplicates with the weights 
being equal to Z(t  - t)2 and k2Z(t - t )2, respectively. The last two col- 
umns in Table I represent the weighting factors for computing the vari- 
ances of the effects for rate constants a;d In rate constants respectively, 
as shown in Eqs. 1 and 2; here BIZ(t - t is the sum from the two rep- 
licates. 

The variance calculated from the line fitting (16 plots of In C versus 
time) was 0.039 with 44 df. The variance calculated from the duplicate 
runs (using rate constants) was 0.060 with 8 d f .  This latter calculation 

Source Average Effect 

A 3.12 
B 1.95 

AB 
C 

AC 
BC 

~~ 

1.03 
1.09 
0.20 

-0.30 
ABC 0.01 

is described in the Appendix. The theoretical value should be 4 . 0 4  (CV 
= 0.22) and the results are within expectation, especially in view of the 
approximations involved. In this case the more dependable value of 0.039 
determined from the least-squares line fitting for the variance will be 
used. 

If the usual analysis on the untransformed rate constants is performed, 
one may expect to obtain estimates only for the BC interaction because 
of the multiplicative effects of A in the model. Table I1 shows the average 
effects based on the rate constants. The variance of an effect, calculated 
according to Eq. 1 is: 

where i2 = 0.039 and the summation includes all runs. The square root 
of the variance yields the standard deviation which, in this case, is 0.57 
[d(0.039)(133.56)/16]. The BC interaction (-0.30) is not significant at 
the 5% level (Fig. 1). Keeping the multiplicative factor (A) constant, the 
results can be examined separately at both levels of A. With A at  the low 
level, Eq. 1 is used where the summation includes readings (l), b, c, and 
bc. The SD of an effect is now 0.206. The results show that the main ef- 
fects, B and C (0.92 and 0.89, respectively) are significant and the BC 
interaction (-0.32) is not. Similarly, an analysis with A a t  the high level 
yields 0.535 SD. As before, both main effects, B and C, are significant 
(2.98 and 1.29) while, again, the interaction (-0.29) is not (Table 111). 

Analysis of the log rate constants gives information on the effect of A 
and its interactions. The calculated effects are listed in Table IV. The 
standard deviation of an effect is 0.106 (Eq. 2). d0.039(4.58)/16. 

The main effect of A is significant, and in the absence of interaction 
the antilog estimates its effect. The antilog of 0.70 is 2.01, which is very 
close to the known effect, 2. The analysis of these results also shows that 
all interactions with A are not significant. The results for B, C, and BC 
are difficult to interpret, since the additive and multiplicative properties 
are now confused with these effects. 

Once the significant effects have been identified, it is of interest to 
estimate the rate constants associated with the different factors, which 
may be hydrogen ion concentration, buffer concentration, ionic strength, 
etc., in a real example. Also, it would be most useful to construct a kinetic 
model that can be used to predict stability under various conditions 
(different levels of the factors). The fitting of such a model, however, 
would be rather precarious in the case of a design with factors a t  only two 
levels. In this situation, responses must be assumed to be linear functions 

0 ,  
10 2 x  10 

B 

0 4  
0 

I a 

0 
0.1 0.2 

C 

0 
0 0.09 

A 

Figure 1--Plot showing lark o f  interaction of factors. Capital letters 
are factors at high levels, lower case letters are factors at low levels. For 
rxarnple. aC is factor A at low level (0) with factor C at high lruel 
(0.2,l. 
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Table 111-Effects a t  Low and Hiah Level of A Table IV-Factorial Analysis of In Rate Constants 

Source Average Effect 

A 0.70 
B 0.43 

AB 0.07 
C 0.32 

A = O  A = 0.09 
Source Average Effect Source Average Effect 

B 
C 
BC 

0.92 

-0.32 
0.89 

B 
C 

BC 

2.98 
1.29 

-0.29 

of the factor levels. If a curved response exists, a 2" design will not be 
sufficient to fit a proper model. 

The rate constant associated with a factor is the slope of the observed 
rate constant versus factor level plot (Fig. 2). For example, in the case 
of factor B, at the low level of A (the multiplicative factor), the main effect 
is 0.92. The term ke can be determined as follows: The average result a t  
the high level of B (2 X is 3.39 (13.10 + 3.67)/2), and the average 
result a t  the low level of B is 2.47 ((1.87 + 3.07)/2). The rate constant, k g ,  
is (3.39 - 2.47)/(2 X = 920. If interactions or multipli- 
cative effects are not present, the rate constants can be simply calculated. 
If interactions exist, kinetic models may not be simply and clearly de- 
scribed in a single equation, and it may be preferable to describe the 
system at each level of the interacting factors. If a multiplicative factor 
is present, one may wish to include this as part of the final model. In this 
example the observed rate constant can be expressed as: 

kobs 1OkAfi ( k g [ B ]  + kc[C]) (Eq. 3) 

- 1 X 

Since interactions are nonsignificant in this example, it is convenient to 
express the kinetics in terms of Eq. 3. 

To determine k ~ ,  proceed as described, but use the main effect of A, 
expressed as loglo: 

One way to estimate k g  to satisfy Eq. 3 is to initially estimate the main 
effect of B, taking into account the multiplicative effect of A. From Table 
11, it is seen that the main effect of B is 1.95, which is the average of the 
main effects a t  low A and high A (10.92 + 2.98)/2), as shown in Table 111. 
Since the result of increasing the level of A is to multiply the effect of B 
by 2.01 (antilog of 0.70), the effect of B can be estimated: 2.01 (B 
effectt,~) + B effectl,,~ = 3.90 (Note: 2.01 (B effectl,,~) = B 
effecthigh '4): 

(Eq. 5) 

1300 (Eq. 6) 

3.90 
3.01 

B effectlow A I - z 1.30 
1.30 

k B  
2 x 10-3 - 1 x 10-3 - 

ln m 
L" 

' W  
L7 

a: 
w > 

a 

a 

1 0 - ~  2 x 1 0 - ~  
B 

Figure 2-Plot showing calculation of effect of factor B at low level of 
/orlor A, averaged over both levels of factor C.  Slope = kB = 920. 

AC 
BC 

ABC 
-0.09 
-0.14 
0.03 

Similarly, k, = 7.24, and the model (Eq. 3) can be estimated: 

koh  = 106(1300[B] + 7.24[C]) (Eq. 7) 

For example, this equation can be used to predict the rate constant with 
the combination, abc (A = 0.09, B = 2 X 

kob = 10~(1300[2 X + 7.2[0.2]) = 8.10 (Eq. 8) 

Without multiplicative effects, a model may also be constructed based 
on multiple regression techniques. In the case of a factorial design, it is 
convenient to use transformed (coded) values of the factor levels, where 
the low level equals -1 and the high level equals +l. The transformation 
is: 

C = 0.2): 

Low Level + High Level 
2 

Factor Level - 

High Level - Low Level 
2 

For Factor B, the transformation is: 
Factor Level - 1.5 X 

0.5 x 10-3 
For transformed values (+1 or -11, in general, the coefficients for factors 
in the model are the main effects divided by 2. With the multiplicative 
factor A equal to 2.01, the coefficients are equal to the main effects di- 
vided by (1 + 2.01) = 3.01. For example, the coefficient for factor B is: 
1.95/3.01= 0.65. When coded values are used, an intercept value is usually 
calculated as the average of the rate constants, 4.49 (Table I). With the 
multiplicative factor A in the model, one can calculate the intercept as 
the average of the rate constants a t  the low level of A as follows: 
2.93 + 6.05 - Average at  low A + average at  high A - = 2.98 (Eq. 11) 

3.01 3.01 

The final equation is: 

k o h  = 1O1.O6(2.98 + 0.65[B'] + 0.36[C']) (Eq. 12) 

where B' and C' are the transformed values3, i.e., the levels are trans- 
formed to equal fl. 

APPENDIX 

( a )  Approximation to the Variance of In y-Using a Taylor series 
expansion, it can be shown that variance (In y )  = CV2 (1 + %CV2 + . . .). 
If the CV is small, variance (In y) = Cv2 = u2/y2. Obviously, the smaller 
the CV, the better the approximation. 

This result may be used to calculate the approximate variance of In 
rate constant, In k. The estimated variance of a rate constant is 22/Z(t 
- t)2. Thus, the approximate variance of In k is i 2 k / k 2  = ? / k 2 Z ( t  - 

(b) The Use of Weighting in Line Fitting and Variance Estima- 
tion-The ordinary least-squares line fitting procedure assumes equal 
variance at  each point, C. If the CV is constant, the variance (u2) is not 
constant, but depends on the value of C. However, in view of the above 
discussion, if the CV is constant, In C has approximately equal variance 
(CV2)  and the fitting of the line, In C versus time, can be computed as 
usual. The residual variance estimates CV2. 

t)2. 

Note that this equation is not exactly equivalent to the equation previously 
constructed due to differences in calculating the multiplicative effect. If the error 
and interactions are small, different ways of calculating the effect of A will be very 
close. Here, where the error is relatively large, the results are equivocal. For example, 
the effect of A can be determined as the antilog of the effect of A when analyzing 
In rate constants (2.01); as the ratio of the average results at high A compared with 
the average at low A (2.01); or aa the average, in this example, of the four ratios of 
the rate at high level with the rate at low level of A under constant conditions of the 
other factors, B and C, i .e. ,  the average of a/(l), abh, ac/c, and abclbc (2.06). 
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If the variance is constant a t  each point C, a fit of In C uersus time 
would require weighting each point proportional to the reciprocal of the 
variance, approximately C2 in the case of constant CV. With constant 
variance, a zero-order plot would require no weighting. 

From similar considerations, an estimate of u2 (equal to C V  in the case 
of constant CV and a first-order reaction) can be obtained from replicate 
determinations of the rate constant using the formula: 

Bw(k - ztc)'/(fl - 1) 
Where Ew is the weighted mean, n is the nu_mber of replications and 

w is Z(t  - 5)2. (Term w is eqgal to k2Z(t - t )2in the case of In k). A 
shortcut formula for Zw(k - k ) 2  is Zwk' - Zw(kw)*. 

An example of some calculations for the combination ab follows. The 
duplic@e determinations of the rate constants were 5.86 and 8.22, and 
Z(t  - t ) l  was 0.0125 for each d_etermination: 

(1) The weighted average, k,, = [(0.0125)5.86 + (0.0125)8.22]/(0.025 + 0.025) = 7.04 (since the weights are equal, the weighted average equals 
the ordinary arithmetic average). 

u2 (One degree of freedom) from the duplicates = [ Z w k 2  - (2) 

Bw(Ew)2]/(n - 1) = [(0.0125)(5.86)2 + (0.0125)(8.22)2 - 0.025 (7.04)2]/1 
= 0.0348 

(3) The weighted average of In k = In k ,  = [(5.86)2(0.0125) In 5.86 + (8.22)2(0.0125)1n 8.22]/[(5.86)2(0.0125) + (6.22)2(0.0125)] = 1.99 
The approximations inherent in the method should be kept in mind, 

namely the transformation to logs and the fact that observed values are 
used rather than true values in the weighting. However, if the C V  is not 
large, the reliability of any conclusions from this analysis should not be 
in doubt. 
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Abstract 0 The kinetics of reaction of the acylating agents trans-cin- 
namic anhydride and trans-cinnamoyl chloride with the hydroxy com- 
pounds n-propyl alcohol and water in the presence of N-methylimidazole 
and 4-dimethylaminopyridine were studied spectrophotometrically in 
acetonitrile solution at 25'. The acid chloride reacted uia the intermediate 
formation of the N-acyl catalyst, which underwent general base-catalyzed 
reaction with the hydroxy compound. The anhydride did not form the 
N-acyl intermediate, but instead underwent direct general base catalysis. 
In the presence of water, all systems formed the N-acyl intermediate. The 
mechanistic route followed by the system was determined by the nucle- 
ophilicity of the catalyst, the ability of the leaving group, and the polarity 
of the solvent. 

Keyphrases Cinnamoylation-hydroxy compounds in acetonitrile, 
catalyzed by N-methylimidazole and 4-dimethylaminopyridine, kinetics 

Kinetics-cinnamoylation of hydroxy compounds in acetonitrile 0 
4-Dimethylaminopyridine catalysis-cinnamoylation of hydroxy com- 
pounds, kinetics N-Methylimidazole catalysis-cinnamoylation of 
hydroxy compounds, kinetics 

Acylation is an important synthetic and analytical re- 
action. Pyridine is the classical acylation catalyst, but 
during the past decade more powerful catalysts have been 
introduced, most notably 4-dimethylaminopyridine, which 
has been used in synthesis (1-4) and analysis (5-8). More 
recently this laboratory introduced N-methylimidazole 
as an analytical acylation catalyst (9-13). 

Acylation reactions are usually carried out in non- 
aqueous solvents. Although the mechanisms of acyl 
transfer in aqueous systems have been well studied (14- 
16), the nature of these reactions in nonhydroxylic solvents 
is not yet understood. Among the features that have been 
suggested as important in determining the kinetics and 
mechanisms of these reactions are the balance between 

nucleophilic and general base catalysis, the complex nature 
of rate equations (17-19), the possibility of kinetically 
significant ion-pair formation (3, 20, 21), competing re- 
actions (22), and formation of molecular complexes (23). 
Some of these factors were addressed in a recent study on 
the kinetics of acetylation of alcohols by acetic anhydride 
and acetyl chloride, catalyzed by N-methylimidazole and 
4-dimethylaminopyridine, in acetonitrile solution (24). 

Since the cinnamoyl group, CsH&H=CHCO, is a 
powerful UV chromophore, it is an interesting analytical 
acyl group (25,26). An earlier study (27) reported the ki- 
netics of hydrolysis of trans -cinnamic anhydride and of 
its reactions with some alcohols, catalyzed by pyridine, 
4-dimethylaminopyridine, and N-methylimidazole, but 
the study was not designed to explore the detailed nature 
of the mechanism. In the present paper the reactions of 
trans -cinnamic anhydride and trans-cinnamoyl chloride 
with n-propyl alcohol and water, in acetonitrile solution, 
are described. The catalysts were N-methylimidazole and 
4-dimethylaminopyridine; the reactions were studied by 
UV spectrophotometry. 

EXPERIMENTAL 

Materials-trans-Cinnamoyl chloride' was distilled under reduced 
pressure to give colorless crystals, mp 34-35' [lit. mp 35-36O (28)]. The 
molar absorptivity a t  298 nm, in acetonitrile, was 2.42 X lo4 liter/mole 
cm. trans-Cinnamic anhydride was synthesized as previously described 
(27), mp 136-137' [lit. mp 136' (29)]. Its molar absorptivity at 294 nm 
was 4.26 X lo4 liter/mole cm. N-Methylimidazole' was distilled under 
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If the variance is constant a t  each point C, a fit of In C uersus time 
would require weighting each point proportional to the reciprocal of the 
variance, approximately C2 in the case of constant CV. With constant 
variance, a zero-order plot would require no weighting. 

From similar considerations, an estimate of u2 (equal to C V  in the case 
of constant CV and a first-order reaction) can be obtained from replicate 
determinations of the rate constant using the formula: 

Bw(k - ztc)'/(fl - 1) 
Where Ew is the weighted mean, n is the nu_mber of replications and 

w is Z(t  - 5)2. (Term w is eqgal to k2Z(t - t )2in the case of In k). A 
shortcut formula for Zw(k - k ) 2  is Zwk' - Zw(kw)*. 

An example of some calculations for the combination ab follows. The 
duplic@e determinations of the rate constants were 5.86 and 8.22, and 
Z(t  - t ) l  was 0.0125 for each d_etermination: 

(1) The weighted average, k,, = [(0.0125)5.86 + (0.0125)8.22]/(0.025 + 0.025) = 7.04 (since the weights are equal, the weighted average equals 
the ordinary arithmetic average). 

u2 (One degree of freedom) from the duplicates = [ Z w k 2  - (2) 

Bw(Ew)2]/(n - 1) = [(0.0125)(5.86)2 + (0.0125)(8.22)2 - 0.025 (7.04)2]/1 
= 0.0348 

(3) The weighted average of In k = In k ,  = [(5.86)2(0.0125) In 5.86 + (8.22)2(0.0125)1n 8.22]/[(5.86)2(0.0125) + (6.22)2(0.0125)] = 1.99 
The approximations inherent in the method should be kept in mind, 

namely the transformation to logs and the fact that observed values are 
used rather than true values in the weighting. However, if the C V  is not 
large, the reliability of any conclusions from this analysis should not be 
in doubt. 
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Abstract 0 The kinetics of reaction of the acylating agents trans-cin- 
namic anhydride and trans-cinnamoyl chloride with the hydroxy com- 
pounds n-propyl alcohol and water in the presence of N-methylimidazole 
and 4-dimethylaminopyridine were studied spectrophotometrically in 
acetonitrile solution at 25'. The acid chloride reacted uia the intermediate 
formation of the N-acyl catalyst, which underwent general base-catalyzed 
reaction with the hydroxy compound. The anhydride did not form the 
N-acyl intermediate, but instead underwent direct general base catalysis. 
In the presence of water, all systems formed the N-acyl intermediate. The 
mechanistic route followed by the system was determined by the nucle- 
ophilicity of the catalyst, the ability of the leaving group, and the polarity 
of the solvent. 

Keyphrases Cinnamoylation-hydroxy compounds in acetonitrile, 
catalyzed by N-methylimidazole and 4-dimethylaminopyridine, kinetics 

Kinetics-cinnamoylation of hydroxy compounds in acetonitrile 0 
4-Dimethylaminopyridine catalysis-cinnamoylation of hydroxy com- 
pounds, kinetics N-Methylimidazole catalysis-cinnamoylation of 
hydroxy compounds, kinetics 

Acylation is an important synthetic and analytical re- 
action. Pyridine is the classical acylation catalyst, but 
during the past decade more powerful catalysts have been 
introduced, most notably 4-dimethylaminopyridine, which 
has been used in synthesis (1-4) and analysis (5-8). More 
recently this laboratory introduced N-methylimidazole 
as an analytical acylation catalyst (9-13). 

Acylation reactions are usually carried out in non- 
aqueous solvents. Although the mechanisms of acyl 
transfer in aqueous systems have been well studied (14- 
16), the nature of these reactions in nonhydroxylic solvents 
is not yet understood. Among the features that have been 
suggested as important in determining the kinetics and 
mechanisms of these reactions are the balance between 

nucleophilic and general base catalysis, the complex nature 
of rate equations (17-19), the possibility of kinetically 
significant ion-pair formation (3, 20, 21), competing re- 
actions (22), and formation of molecular complexes (23). 
Some of these factors were addressed in a recent study on 
the kinetics of acetylation of alcohols by acetic anhydride 
and acetyl chloride, catalyzed by N-methylimidazole and 
4-dimethylaminopyridine, in acetonitrile solution (24). 

Since the cinnamoyl group, CsH&H=CHCO, is a 
powerful UV chromophore, it is an interesting analytical 
acyl group (25,26). An earlier study (27) reported the ki- 
netics of hydrolysis of trans -cinnamic anhydride and of 
its reactions with some alcohols, catalyzed by pyridine, 
4-dimethylaminopyridine, and N-methylimidazole, but 
the study was not designed to explore the detailed nature 
of the mechanism. In the present paper the reactions of 
trans -cinnamic anhydride and trans-cinnamoyl chloride 
with n-propyl alcohol and water, in acetonitrile solution, 
are described. The catalysts were N-methylimidazole and 
4-dimethylaminopyridine; the reactions were studied by 
UV spectrophotometry. 

EXPERIMENTAL 

Materials-trans-Cinnamoyl chloride' was distilled under reduced 
pressure to give colorless crystals, mp 34-35' [lit. mp 35-36O (28)]. The 
molar absorptivity a t  298 nm, in acetonitrile, was 2.42 X lo4 liter/mole 
cm. trans-Cinnamic anhydride was synthesized as previously described 
(27), mp 136-137' [lit. mp 136' (29)]. Its molar absorptivity at 294 nm 
was 4.26 X lo4 liter/mole cm. N-Methylimidazole' was distilled under 
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Figure 1 -Plot of Eq. 1 for the cinnamoyl chloride-dimethylaminopy- 
ridine-n-propyl alcohol system. Initial cinnamoyl chloride concen- 
tration was 2.71 X M and the alcohol concentrations ranged from 
0.08 to 0.61 M. 

reduced pressure, bp 55O a t  14-16 mm Hg. 4-Dimethylaminopyridine' 
was recrystallized from n-hexane, mp 113.5' [lit. 112-113' (3)]. Aceto- 
nitrile2 was spectrophotometric grade. 

Procedures-A typical kinetic run was carried out as follows. Solu- 
tions of the acylating agent, the catalyst, and the hydroxy compound were 
prepared in acetonitrile. Appropriate portions of the catalyst and hydroxy 
compound were mixed to give a volume of 4.8 ml; this solution was 
equilibrated at  2 5 O .  Reaction was initiated by adding 0.2 ml of the acyl- 
ating agent solution. The progress of the reaction was followed by re- 
cording the absorbance, a t  a wavelength suitable for the particular system, 
as a function of time3. The absorbance at  the completion of the reaction 
was measured after the lapse of a t  least 10 half-lives. In all cases the 
catalyst and hydroxy compound were in large excess to establish pseudo 
first-order conditions with respect to the acylating agent. 

For the measurement of the rate of intermediate formation in the 
cinnamic anhydride-dimethylaminopyridine system in aqueous aceto- 
nitrile, 3.5 ml of a mixture of catalyst, water, and acetonitrile was equil- 
ibrated in a 1-cm spectrophotometer cell in the thermostated cell com- 
partment. Fifty microliters of a solution of cinnamic anhydride in ace- 
tonitrile was added to the cell and the mixture was stirred. The absorb- 
ance was monitored at 350 nm; recording of the absorbance began <lo 
sec after adding the acylating agent. All data reported are a t  25.0 f 
0.10. 

- 
[Ha01 

0 4 8 

Figure 2-Plot of Eq. 2 for the hydrolysis of cinnamoyl chloride in ac- 
etonitrile with 4-dimethylaminopyridine as catalyst. Initial cinnamoyl 
chloride Concentration: 8.05 X M. Catalyst concentrations: (0) 
7.81 X M, (a) 13.02 X M. 

which largely determines the level of intermediate I+ in the system). The 
rate constants for product formation can be described as: ( k A )  the un- 
catalyzed reaction, (km) general base catalysis, ( k l )  nucleophilic reaction, 
and (kIN)  general base catalysis of the nucleophilic reaction. 

The general experimental approach was to examine the reaction 
mixture spectrophotometrically for evidence of the presence of I+. The 
kinetics were followed by observing the decrease in concentration of either 
AX or I+ on reaction with ROH. Rate constants were evaluated from 
semi-logarithmic pseudo first-order plots. Derivations for those systems 
that can be described by the same rate equations developed for the 
acetylation kinetics (24) are not presented in this paper. 

Cinnamoyl Chloride-Dimethylaminopyridine-n-Propyl Alco- 
hol-A mixture of cinnamoyl chloride and dimethylaminopyridine ex- 
hibited UV absorption at longer wavelengths than either of the solution 
components. The new spectrum is ascribed to N-cinnamoyl dimethyl 
aminopyridinium chloride. In the presence of excess catalyst, the inter- 
mediate was formed very rapidly; in the presence of excess cinnamoyl 
chloride, up to several minutes was required. Quantitative conversion 
to the intermediate was demonstrated by using various amounts of cat- 
alyst and cinnamoyl chloride. The intermediate shows Amax 350 nm, log 
em= 4.6. This system belongs to the special case k l > > >  k-1 in Scheme 
I; so, as shown previously (24), the kinetics may be described by: 

RESULTS AND DISCUSSION 

Kinetic Scheme-The reactions of acetic anhydride and acetyl 
chloride in acetonitrile, in the presence of N-methylimidazole or 4- 
dimethylaminopyridine, were previously described (24). This same ki- 
netic scheme (Scheme I) was used in the present study to analyze the 
kinetic data. 

k i  

k- i  
k ~ [ R o H l  
LAN"] CROW 

A X + N  1++x- - 
kl[ROHI 
k~"Nl [ROHI I 

Products 
Scheme I 

In Scheme I, AX represents the acylating agent (cinnamic anhydride or 
cinnamoyl chloride), N is the catalyst (N-methylimidazole or 4-di- 
methylaminopyridine), ROH is the hydroxy compound (n-propyl alcohol 
or water), X- is the leaving group (cinnamate or chloride ion), and I+ is 
the N-cinnamoylated catalyst, i.e., I or 11, where R is CsH&H=CH. 

1 
Products 

I 11 
Scheme I includes several possible kinds of kinetic behavior, dependent 

on the relative values of the rate constants (especially the ratio k l l k - 1 ,  

Burdick and .Jackson. 
Cary Model 14 spectrophotometer equipped with a thermostated cell com- 

partment. 

(Eq. 1) 

In Eq. 1, k o b  is the observed first-order rate constant and [N] is the free 
catalyst concentration. Since the intermediate is quantitatively formed, 
[N] = [N]o - [AX]o, where the subscripted quantities are initial con- 
centrations. 

Pseudo first-order behavior was observed for >3 half-lives, with re- 
actions monitored at  350 nm. The kobs values were linearly dependent 
on the n-propyl alcohol concentration at  constant "1,. Figure 1 shows 
the plot according to Eq. 1. The estimates k l  = 0.14 X M - l  sec-l (SD 

I 

1 .o I 
*0.5t / 

V - 
0.2 0.4 0.6 0 

[ROHI 
Figure 3-Plot of Eq. 3 for the cinnamic anhydride-dimethylamino- 
pyridine-n-propyl alcohol system. Catalyst concentration: 0.0125 M, 
initial anhydride concentration: 3.50 X M. 
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Figure 4-Plot of Eq. 4 for the cinnamic anhydride-dirnethylamino- 
pyridine-n-propyl alcohol system. Alcohol concentration: 0.426 M. 

2.6 X and kIN = 2.18 M-2 sec-' (SD 0.10) were obtained from this 
plot, thus k~ is not significantly different from zero. 

Cinnamoyl Chloride-N-Methylimidazole-n-Propyl Alcohol- 
This system also gave quantitative intermediate formation, with A, 
340 nm. The data were analyzed using E!q. 1, yielding kl = 5.3 X M-' 
sec-' (SD 1.6 X and  IN = 0.229 M-2 sec-l (SD 0.007). 

Cinnamoyl Chloride-Dimethylaminopyridine-Water-Since the 
intermediate was formed quantitatively in this system, the loss of in- 
termediate on reaction with water was followed at  350 nm. The water 
concentration ranged from 2.8 to 8.8 M. First-order kinetics were ob- 
served for the higher water concentrations, but significant deviations were 
seen at  low water concentrations. The pseudo first-order rate constants 
were linearly dependent on the catalyst concentration, but did not vary 
linearly with the water concentration. The dependence suggested a rate 
equation both first- and second-order in water: 

If Eq. 2 describes the system, a plot of kob$[H20] uersus [HzO] should 
be linear and, from the dependence of the intercept and slope on [N], the 
individual constants can be estimated (Fig. 2). The rate constants found 
were kl = -2.8 X  IN = 0.045 M-2 sec-' 
(SD 0.012), k y  = 7.2 X 10-5M-2 sec-1 (SD 8.1 X and k K  = 0.010 
M-3 sec-l (SD 0.001). Thus kl and k$ are not significantly different from 
zero. Scheme I requires modification for this system to include catalysis 
of the "IN" route by a molecule of water. 

The cinnamoyl chloride-N-methylimidazole-water system was also 
examined. A t  low water concentrations the kinetic behavior was similar 
to that described for dimethylaminopyridine, but a t  high water concen- 
trations serious deviations from first-order kinetics were seen. This may 
be a consequence of the formation of cinnamic anhydride in situ, as 
postulated for the analogous acetyl system (24). 

Cinnamic Anhydride-Dimethylaminopyridine-n-Propyl Alco- 
hol-The mixture of cinnamic anhydride and dimethylaminopyridine 
in acetonitrile exhibited an absorption spectrum that nearly could be 
accounted for as the sum of the spectra of the two solutes. But at high 
concentrations (-0.2 M for each solute), some absorption a t  longer 
wavelength was seen, presumably a consequence of the formation of a 
small amount of the intermediate. In this system, therefore, k1 << k-1. 
Reaction may take place uia AX, I+, or both. This kinetic system was 
described previously and (24) leads to: 

M-' sec-' (SD 3.2 X 

and 

(Eq. 3) 

Table I-Mechanisms of Cinnamoylation Reactions in 
Acetonitrile a 

Catalyst 
Leaving Group 

Chloride Cinnamate 

N-Methylimidazole Via I+ Via AX 
4-Dimethvlamino~vridine Via I+ Mainly uia AX 

Symbols as defined in Scheme I. 

sec-l (SD 0.09). Evidently this reaction occurs mainly by the general base 
 AN) route; k~ is essentially zero, as verified in the corresponding N -  
methylimidazole system. 

Cinnamic Anhydride-N-Methylimidazole-n-Propyl Alcohol- 
This system displayed the same kinetic behavior as the preceding system 
and Eqs. 3 and 4 were applied. The kinetics were first-order for >3 
half-lives. The rate constants were k l  = 0.029 X M-' sec-I (SD 0.037 
X lo+), k~ = 0.69 X and  AN = 2.16 
X 10-2 M-2 sec-' (SD 0.12 X Clearly k l  and k~ are not significantly 
different from zero. 

Cinnamic Anhydride-N-Methylimidazole-Water-On the addi- 
tion of cinnamic anhydride to a solution of N-rnethylimidazole in aqueous 
methanol, light absorption was observed at wavelengths longer than the 
spectra of the added solutes, implying that the increased polarity of the 
medium (relative to dry acetonitrile) promotes formation of the inter- 
mediate. This behavior was seen also in the corresponding acetic anhy- 
dride system (24), which was described by: 

M-' sec-' (SO 0.96 X 

where k ;  = k l  + k]"N]. k;\ = k~ +  AN"], and R' [X-]/K[N] + 
k;[HzO]/k,[N] with K = kl/k-1. As the water concentration increases, 
both K and k l  will increase and R' will decrease. At high water concen- 
trations R' approaches zero and k o h  approaches k;[HzO]: the reaction 
proceeds solely uia the intermediate. A t  extremely low water concen- 
tration, R' becomes very large and kob approaches k;\[HaO]; the reaction 
then occurs solely uia the anhydride. At  intermediate water concentra- 
tions where R' is finite, both routes may be involved. According to Eq. 
5, moreover, if R' is finite and varies during the course of a reaction, de- 
viations from first-order kinetics may he observed. 

The reaction was monitored at  340 nm. A t  low water concentrations 
(0.S2.56 M )  significant deviations from first-order kinetics were seen. 
The kob values estimated from the first half-life were linearly dependent 
on [N] and [HzO]. At high water concentrations (11.1-27.8 M ) ,  the re- 
actions were strictly first-order and kobswas directly dependent on [N]. 
The dependence on water concentration in this region, however, was not 
linear, suggesting the possible involvement of a second molecule of 
water. 

Cinnamic Anhydride-Dimethylaminopyridine-Water-This 
system showed spectral and kinetic behavior very similar to that observed 
with the N-methylimidazole system. During the very early stage after 
mixing the components, the absorbance at  350 nm (attributed to the 
intermediate) increased on a time scale accessible to measurement. At  
time zero, the concentrations [I+] and [X-] are very small, so the back- 
reaction (k-1  step) and reaction with water ( k ;  step) are negligible. Hence 
the initial rate, measured as the absorbance change per sec, is equal to 
clkl[N]o[AX]o, where €1 is the molar absorptivity of I+. Over the first 20 
sec of reaction the absorbance was a linear function of time. Experiments 
were carried out at several water concentrations, with these results: [HzO] 
5.65 M, kl46.5 M-l sec-1; [HzO] 10.9 M, kl57.5 M-' sec-'; [HzO] 16.4 
M ,  kl69.7 A4-I sec-I; [H20] 21.9 M, kl82.0 M-' sec-'; and [HzO] 27.3 
M ,  k 1 106.4 M-' sec-'. 

Catalytic Mechanisms-Table I summarizes the qualitative obser- 
vations of this study. The acid chloride reacts by forming the intermediate 

Table 11-Comparison of Rate Constants for Some Acylation 
Reactions in  Acetonitrile a t  25" 

k o h  - Acid ChlorideC AnhydrideC -- 
W H I  k A +  (&+kAN)"I (Eq. 4, Catalysta Alcohol Acyl Groupb k I N  k AN 

If [N] is held constant and [ROH] is varied, Eq. 3 is plotted; if [ROH] is NMIM n-Propyl Alcohol Acetyl 0.50 0.0403 
constant and [N] varies, Eq. 4 is used. From the slopes and intercepts the NMIM n -Propyl Alcohol Cinnamoyl 0.23 0.0216 
rate constants can be evaluated. DMAP n-Propyl Alcohol Cinnamoyl 2.18 2.18 

The reaction was followed at 320 nm, and good Fit-order kinetics were NMIM lsopropyl Acetyl 0.053 0.0041 
followed for >3 half-lives. Figures 3 and 4 show the plots according to Eqs. 
3 and 4, respectively. The Values found were: k i  = 0.096 M-' SeC-' ( S D  
0.039); k A  = 0.33 X M-' sec-' (SD 0.16 X and k~ = 2.18 M - 2  data from Ref. 24. Units are sec-I. 

1.3 0.5 DMAP lsopropyl Acetyl 
(I NMIM = N-methyIimidazole, DMAp = 4-dimethylaminopyridine. b Acetyl 
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acylammonium ion (I+ in Scheme I), whereas the anhydride does not form 
the intermediate unless the catalyst is very powerful. When the solvent 
polarity is increased by adding water, intermediate formation is favored 
even in the anhydride systems. These conclusions are identical with those 
reached in the study of acylations with acetyl chloride and acetic anhy- 
dride (24). This insensitivity of mechanistic pathway to the nature of the 
acyl group suggests that the mechanism is determined primarily by three 
factors: the catalyst nucleophilicity, the leaving group ability, and the 
solvent polarity. Increases in any of these factors will promote the for- 
mation of intermediate and the possibility of product formation through 
the kI and klN routes. That the acid anhydrides react mainly by the 
general base catalyzed (kAN) route, even in the presence of strong 
nucleophilic catalysts, has been an unexpected finding of these 
studies. 

Table I1 lists rate constants for the cinnamoylation reactions reported 
here and includes, for comparison, some data (24) on acetylation reac- 
tions. Several patterns can be seen. In comparable systems, the general 
base catalysis quantities k AN and klN are larger for 4-dimethylamino- 
pyridine than for N-methylimidazole, reflecting the greater base strength 
of the former catalyst. The acetyl substrates are two-fold more reactive 
than the corresponding cinnamoyl compounds. For a given acyl group 
and alcohol, the chloride-anhydride (kIN/kAN) ratio is >10 for N- 
methylimidazole and close to unity for 4-dimethylaminopyridine. Since 
kIN describes the reaction of the intermediate, this indicates that N- 
methylimidazole is a better leaving group than is a carboxylate, whereas 
4-dimethylaminopyridine is about as good a leaving group as a carbox- 
ylate. These relationships are not expected on the basis of the leaving 
group basicities, but they may reflect a relatively greater resonance sta- 
bilization of the N-acyl-4-dimethylarninopyridinium intermediate. 
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Abstract The kinetics of reaction of trans-cinnamic anhydride or 
trans-cinnamoyl chloride with n-propyl alcohol, catalyzed by N-meth- 
ylimidazole or 4-dimethylaminopyridine, were studied spectrophoto- 
metrically at 25” in methyl ethyl ketone, ethylene dichloride, methylene 
chloride, and toluene. The acid chloride reacted in all solvents uia the 
intermediate formation of the N-acyl catalyst, which underwent reaction 
with the alcohol catalyzed by another molecule of the base. The anhydride 
did not form the intermediate in any of the solvents, but underwent direct 
general base catalysis. The rate of the anhydride reactions was not sen- 

sitive to solvent polarity, whereas the rate of the chloride reactions tended 
to increase as the solvent polarity decreased. A kinetic analysis is given 
of the effect of ion-pair formation on the kinetics of acyl transfer in sys- 
tems where the charged N-acyl catalyst intermediate is formed. 
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Although the kinetics and mechanisms of acyl transfer 
reactions in water have been carefully studied (in large part 
because such reactions serve as models for enzyme-cata- 
lyzed reactions), acyl transfers in nonaqueous media are 

less well understood despite their great importance in 
synthesis and analysis. The relatively recent introduction 
of powerful acylation catalysts like 4-dimethylaminopyr- 
idine (1) and N-methylimidazole (2) has stimulated in- 
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acylammonium ion (I+ in Scheme I), whereas the anhydride does not form 
the intermediate unless the catalyst is very powerful. When the solvent 
polarity is increased by adding water, intermediate formation is favored 
even in the anhydride systems. These conclusions are identical with those 
reached in the study of acylations with acetyl chloride and acetic anhy- 
dride (24). This insensitivity of mechanistic pathway to the nature of the 
acyl group suggests that the mechanism is determined primarily by three 
factors: the catalyst nucleophilicity, the leaving group ability, and the 
solvent polarity. Increases in any of these factors will promote the for- 
mation of intermediate and the possibility of product formation through 
the kI and klN routes. That the acid anhydrides react mainly by the 
general base catalyzed (kAN) route, even in the presence of strong 
nucleophilic catalysts, has been an unexpected finding of these 
studies. 

Table I1 lists rate constants for the cinnamoylation reactions reported 
here and includes, for comparison, some data (24) on acetylation reac- 
tions. Several patterns can be seen. In comparable systems, the general 
base catalysis quantities k AN and klN are larger for 4-dimethylamino- 
pyridine than for N-methylimidazole, reflecting the greater base strength 
of the former catalyst. The acetyl substrates are two-fold more reactive 
than the corresponding cinnamoyl compounds. For a given acyl group 
and alcohol, the chloride-anhydride (kIN/kAN) ratio is >10 for N- 
methylimidazole and close to unity for 4-dimethylaminopyridine. Since 
kIN describes the reaction of the intermediate, this indicates that N- 
methylimidazole is a better leaving group than is a carboxylate, whereas 
4-dimethylaminopyridine is about as good a leaving group as a carbox- 
ylate. These relationships are not expected on the basis of the leaving 
group basicities, but they may reflect a relatively greater resonance sta- 
bilization of the N-acyl-4-dimethylarninopyridinium intermediate. 
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trans-cinnamoyl chloride with n-propyl alcohol, catalyzed by N-meth- 
ylimidazole or 4-dimethylaminopyridine, were studied spectrophoto- 
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chloride, and toluene. The acid chloride reacted in all solvents uia the 
intermediate formation of the N-acyl catalyst, which underwent reaction 
with the alcohol catalyzed by another molecule of the base. The anhydride 
did not form the intermediate in any of the solvents, but underwent direct 
general base catalysis. The rate of the anhydride reactions was not sen- 
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Although the kinetics and mechanisms of acyl transfer 
reactions in water have been carefully studied (in large part 
because such reactions serve as models for enzyme-cata- 
lyzed reactions), acyl transfers in nonaqueous media are 

less well understood despite their great importance in 
synthesis and analysis. The relatively recent introduction 
of powerful acylation catalysts like 4-dimethylaminopyr- 
idine (1) and N-methylimidazole (2) has stimulated in- 
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Table I-Rate Constants for the Reaction of Cinnamoyl Chloride 
with n-Propyl Alcohol at 25" 

k i ,  X lo2 
Solvent Catalvst" M-' sec-' k d M - 2  sec-' 

Methyl ethyl ketone NMIM 0.52(0.18) * 0.192(0.009) * 
Methyl ethyl ketone DMAP -0.006(0.39) 3.06(0.30) 
Ethylene dichloride NMIM 1.64(0.46) 0.70(0.07) 
Eth lene dichlorjde DMAP 0. "67) 65.1 (1.42) 
Metlyiene chloride NMIM O.SO(0.10) 0.393(0.021) 
Methylene chloride DMAP 2.5(2.0) 47.0(4.1) 
Toluene NMIM 1.7(2.5) 6.70f0.30) 

~ ~~~~~ 

0 NMIM = N-methylimidazole: DMAP = 4-dimethylaminopyridine. b Standard 
deviations in parentheses. 

vestigations of acylation reactions in nonaqueous solvents 
by several laboratories. There are features of these reac- 
tions, however, that remain obscure: one of these is the 
effect of the solvent on the mechanism and rate of the re- 
action. This is the subject of the present paper. 

There are two general routes available in an acyl transfer 
reaction when a nucleophile (base) is present. One of these 
is a direct reaction of the acylating agent with the acyl 
acceptor, either general base-catalyzed or uncatalyzed; the 
other is transfer of the acyl group from the acylating agent 
to the nucleophile to give an ionic intermediate, which then 
reacts with the acyl acceptor (in catalyzed or uncatalyzed 
reactions). Since the latter nucleophilic route presumably 
involves extensive charge separation in the transition state, 
it would be expected that high solvent polarity should 
favor this route. Thus, solvent polarity must be considered 
in any treatment of solvent kinetic effects. Unfortunately 
there is no single measure of solvent polarity applicable in 
all circumstances, so quantitative description is difficult. 
Many measures of polarity have been devised (3). Besides 
this general effect of the solvent on the mechanistic route, 
several specific rate effects have been implicated in acyl- 
ation reactions. In solvents of low dielectric constant, ionic 
dissociation is less extensive than in polar solvents and 
ionic aggregates (particularly ion-pairs) may be present, 
which may have kinetic consequences. Several workers 
have suggested that ion-pair formation between the cat- 
ionic acylated nucleophile and the anionic leaving group 
may be responsible for some unusual kinetic behavior in 
these systems (4, 5). Molecular complex formation has 
been proposed as a factor of importance in nonpolar sol- 
vents (6). An interesting observation is that acylation may 
proceed faster in nonpolar aprotic solvents than in polar 
protic solvents; this has been attributed to  the favored 
collapse of the charged intermediate to uncharged prod- 
ucts (7). The rate equations observed for acylations in 
solvents of low polarity sometimes are very complex (8). 

Earlier work in this laboratory made use of the acid 
chlorides and anhydrides of acetic and cinnamic acids as 
acylating agents, 4-dimethylaminopyridine and N- 
methylimidazole as catalysts, and acetonitrile or aqueous 
acetonitrile as solvents (9, 10). The cinnamoyl group is 
particularly useful because of its convenient spectral 
properties, which permit the sensitive observation of the 
intermediate, if present (10). In the present study the 
solvent effect on the mechanism and the rate of acylation 
of n -propyl alcohol by trans-cinnamoyl chloride or 
trans-cinnamic anhydride, catalyzed by 4-dimethylami- 
nopyridine or N-methylimidazole, has been studied in 
several solvents that are less polar than acetonitrile. 

EXPERIMENTAL 

Materials-The trans-cinnamic anhydride, trans-cinnamoyl chloride, 
4-dimethylaminopyridine, and N-methylimidazole used were as previ- 
ously described (10,ll). The solvents were of spectrophotometric grade' 
and were used as obtained. 

Procedures-Reactions were followed spectrophotometrically2 as 
described previously (10). All kinetics reported here are a t  25.0°. 

RESULTS AND DISCUSSION 

Kinetic Scheme-Earlier work (9, 10) in acetonitrile and acetoni- 
trile-water mixtures showed that Scheme I describes most of the kinetic 
observations. 

ki 

k-I  
A X + N  = I + + X -  

k ~ [ R o H l  
k ~ " N 1  [ R O W  ~I"NICROHI 
k ~ [ R o H l  I 

h o d u c t s  
Scheme I 

In this kinetic scheme, AX represents the acylating agent (cinnamic 
anhydride or cinnamoyl chloride), N is the catalyst (4-dimethylamino- 
pyridine or N-methylimidazole), X- is the leaving group (cinnamate or 
chloride ion), ROH is n-propyl alcohol, and I+ is the N-cinnamoylated 
catalyst I or 11, where R is C6H&H=CH. 

1 
Products 

0 0 
II +A 

R-C-N' N-CH, 
Ll 
I II 

Although Scheme I does not include possible ion-pair formation (this 
phenomenon is treated in the later discussion), it was found to account 
for most of the observed behavior. Reaction of AX with ROH (the "A" 
route) may occur uia uncatalyzed ( k A )  or general base-catalyzed ( k A N )  
reactions; nucleophilic reaction of AX with N to form the intermediate 
I+ may lead to reaction of I+ with ROH (the "I" route) uia uncatalyzed 
( k  1) and general base-catalyzed ( k l N )  reactions3. 

The system was examined spectrophotometrically for evidence of the 
intermediate and the kinetics were measured by following the loss of AX 
or I+ as appropriate. The initial concentrations of alcohol and catalyst 
were much larger than the acylating agent concentration and pseudo 
first-order rate constants were obtained from plots of log (At - A,) 
against time, where A represents absorbance. For most systems these 
plots were linear for >3 half-lives; exceptions are noted. Rate constants 
k A ,  k A N ,  k r ,  and k I N  were determined as described in detail elsewhere 
(9). 

Kinetics in Nonpolar Solvents-The results of these studies consist, 
in general terms, of two components: (a) demonstration of the presence 
or absence of the intermediate I+ and ( b )  evaluation of the pertinent rate 
constants in Scheme I, i .e.,  k A  and k AN if the intermediate is absent or 
k1 and  IN if I+ is present. I t  is conceivable that these assignments of rate 
constants are in error because an intermediate, though present, may not 
be on the reaction path. On the other hand, the intermediate may be 
present at undetectably low concentrations even though all of the reaction 
occurs by this route. However, the interpretation given here is the sim- 
plest one and is consistent with the observations. 

The acid chloride was studied with both catalysts; the anhydride was 
studied only with 4-dimethylaminopyridine. The anhydride-N-meth- 
ylimidazole system was not studied because earlier work (9,lO) made it  
clear that no intermediate would be detected in this system. The solvents 
used were methyl ethyl ketone, ethylene dichloride, methylene chloride, 
and toluene. 

In all solvents, the acid chloride showed evidence of intermediate 
formation, with both catalysts, with intense absorption in the 340-350 
nm region (10). The acid chloride-N-methylimidazole system gave strict 

Burdick and Jackson. 

The kl route in Scheme I is widely described as nucleophilic catalysis, but it 
should be observed that if k1< kA. diversion through this route will actual1 inhibit 
the reaction. The klN reaction can be described as general base-catalyze~nucleo- 
philic reaction. 

2 Cary 14 spectrophotometer. 
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first-order kinetics in all solvents; however, in toluene the intermediate 
salt precipitated and it was necessary to increase the concentration of 
n-DroDvl alcohol (to a t  least 0.04 M )  to solubilize the intermediate. The 

Table 11-Rate Constants for the 4-Dimethylaminopyridine- 
Catalyzed Reaction of Cinnamic Anhydride with n-Propyl 
Akoholat  25" . ." 

acid chloride-dimethylaminopyridine system gave first-order kinetics 
in ethylene dichloride and toluene (in toluene at  least 0.2 M propyl al- 
cohol was added to solubilize the intermediate). In methyl ethyl ketone 
this system showed first-order behavior for -3 half-lives and then showed 
a slight upward curvature. In methylene this system gave more compli- 
cated kinetics: the reaction became faster with time and finally, after up 
to 1 half-life, became satisfactorily first order. The values of k~ and  IN 
were obtained, for all the acid chloride systems, from the dependence of 
the observed first-order rate constants on the catalyst and alcohol con- 
centrations by methods described earlier (9, 10). The first-order rate 
constants were linearly dependent on catalyst and alcohol concentra- 
t i o n ~ ~ .  Table I lists the k~ and  IN values found for the acid chloride 
systems. Most of the k1 values are not significantly different from zero. 
A qualitative summary of the eight acid chloride systems shows: (a) 
first-order kinetics were observed in six systems, with minor deviations 
in two; (b)  in one system the rate seemed to be independent of alcohol 
concentration (this system is therefore omitted from Table I); and (c) 
in two systems anomalous dependence on catalyst concentration was 
seed. In general the kinetics appear to be fairly uncomplicated. 

In all of the anhydride systems, there was no spectral evidence of in- 
termediate formation, strict first-order kinetics were observed, and the 
first-order rate constant was linearly dependent on the initial concen- 
trations of catalyst and alcohol5. The treatment of the kinetic data (9, 
10) yields estimates of k l ,  kA, and kAN (Table 11). There appears to be 
neither high sensitivity nor direct dependence of k 1 on the solvent polarity 
[in acetonitrile (10) k l  is 0.096 M - l  sec-l], which is surprising if this as- 
signment of k 1 is correct. 

Kinetic Effects of Ion-Pairs-It was pointed out that in solvents of 
low dielectric constant, ion-pair formation is possible, and since in general 
ion-pairs and dissociated ions may have different properties, kinetic 
consequences of ion-pairing may be anticipated. To analyze this quan- 
titatively, Scheme I was modified by incorporating the ion-pair I+X- as 
shown: 

.- . 
k k  [ROH] 1 

Products Products Products 
Scheme II 

In Scheme I1 it is expected that the primed quantities have the form kA'  

In systems such as acid chlorides in the presence of strongly nucleo- 
philic catalysts, intermediate formation is essentially quantitative and 
Scheme I1 can be drawn as: 

= k~ 4- k*"N], etc. 

kr 

k - I  
1+x- . * I+ + x -  

k; [ROH] 1 k i [ R O H l  

k3 

k -3 

I 
R'COOR + NH'X- R'COOR + NH' + X- 

Scheme III 

An expression was sought for the rate of loss of reactant. The basic rate 
equation is: 

= k;[ROH][I+] + kp[ROH][I+X-] (Eq. 1) 
- d([I+X-] + [I+]) 

dt 

The ion-pair equilibrium is assumed to be much faster than the reactions 

For the dimethylaminopyridine system in toluene the rate constants were lin- 
early dependent on catalyst but independent of alcohol concentration. In methyl 
ethyl ketone the chloride4methylaminopyridine system, and in toluene the 
chloride-N-methylimidazole system, gave different intercepts at different catalyst 
concentrations when kob was plotted against alcohol concentration. This may have 
been caused by reaction with a second trace constituent, possihly water (12). 

At high alcohol concentrations the linear dependence is lost for the ethylene 
dichloride system. 

k l /  k A ,  X lo4 M-l/ 
Solvent M - l  sec-l sec-I kAN/M-2 sec-I 

Methyl ethyl ketone 0.063(0.019)a 19.0(13.3)O 1.50(0.11)n 
Ethylene dichloride 0.274(0.049) 19.0(2.0) 2.93(0.13) 
Methylene chloride 0.179(0.063) lO(40) 2.45(0.27) 
Toluene 0.198(0.028) 4(10) 3.62(0.10) 

Standard deviations in parentheses. 

with ROH, so the ion-pair dissociation constant expression (K;') is always 
satisfied. This may be expressed as: 

(Eq. 2) 

Setting [X-]/Kfix = P gives [I+X-] = P[I+], SO -d[I+X-]/dt = 
-P(d[I+]/dt), and Eq. 2 may be expressed as: 

Equating Eqs. 1 and 3 gives: 

(Eq. 3) 

(Eq. 4) 

and similarly: 

It follows from the above relationships: 

Equation 6 has a fmt-order form, with apparent first-order rate constant 
kobs given by: 

P is inversely proportional to KiX; in solvents of high dielectric constant, 
P will approach zero, whereas in low dielectric constant solvents, P will 
become very large. Under pseudo first-order conditions of large catalyst 
and alcohol concentrations, the quantity kobs will be equal to k;[ROH] 
in polar dissociating solvents, but k o h  will approach kb[ROH] in nonpolar 
nondissociating solvents. In solvents whose polarity permits the signifi- 
cant coexistence of both the ion-pair and the dissociated ions, k o b  is given 
by Eq. 7. 

There is a possible kinetic consequence of Eq. 7 that can be observed 
if P makes a finite contribution to k&. During the time course of a re- 
action, if P is a function of time, k o h  may vary detectably and deviations 
from first-order kinetics may be seen. (This is a possible cause of the 
deviations that were observed in some of the cinnamoyl chloride systems.) 
This variaton can be analyzed as follows. The ion C1- is a much weaker 
base than is N in these systems, where N represents 4-dimethylamino- 
pyridine or N-methylimidazole. Therefore, the protons produced in the 
acylation of the alcohol will be accepted predominantly by the catalyst. 
As a consequence there are two ion-pair equilibria in the solution, as 
shown in Scheme 111. The dissociation constant K!HX is defined by: 

It is instructive to write this in the logarithmic form: 

"H+l pX = pK!HX + log - 
[NH+X-] 

(Eq. 8) 

(Eq. 9) 

which is analogous to the Henderson-Hasselbalch equation for aqueous 
buffer action. That is, the concentration [X-] is established by a buffer 
consisting of the protonated catalyst. Since P in Eq. 7 is equal to 
[X-]/Ky, evidently the buffer capacity with respect to [X-] is important 
in determining the constancy of k&. This buffer capacity should be 
maximal when p X  = pKyHX, and it should increase with time since the 
total buffer cmcentration ([NH+] + [NH+X-]) increases with time. (This 
may explain why, in the cinnamoyl chloride-dimethylaminopyridine- 
methylene chloride system, the first-order plot became linear after an 
initial nonlinear portion.) Whether P increases or decreases with time 
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Table 111-Third-Order Rate Constants for the Cinnamoylation 
of n-Propyl Alcohol at 25” 

 AN k m  klN 
(anhydride, (chloride, (chloride, 

Solvent DMAP)b DMAP)* NMIM)* 

Acetonitrile‘ 35.9 2.18 2.18 0.23 
Methyl ethyl 18.5 1.50 3.06 0.19 

ketone 
Ethylene 10.4 2.93 65.1 0.70 

dichloride 
Methylene 8.9 2.45 47.0 0.39 

chloride 
Toluene 2.4 3.62 - 6.70 

0 Dielectric constant. b (Acylating agent, catalyst); units of rate constants are 
as given in Tables I and 11. Data from Ref. 10. 

depends on the ratio K2HX/KF, because as reaction occurs the species 
I+X-/I+ are replaced by NH+X-/NH+: 

Values of ion-pair dissociation constants are extremely sensitive to the 
solvent dielectric constant, with typical values (13) of 10-16-10-12 at  
dielectric constants of 2-3 and as high as 10-5 at dielectric constants near 
6. In solvents more polar than acetonitrile, ion-pair formation is probably 
kinetically negligible. In a given solvent the ratio of ion-pair dissociation 
constants for two ion-pairs is controlled largely by the effective ionic sizes. 

Solvent Effect on Rates and Mechanism-Table I11 collects  AN 
and k I N  values for the cinnamoylation of n-propyl alcohol in five solvents. 
The k AN values, describing the general base catalysis. are not very sen- 
sitive to the nature of the solvent; this is consistent with earlier data on 
alcohol acetylation by acetic anhydride catalyzed by N-methylimidazole 
(14)6. The   IN values for the acid chloride systems reveal considerable 
variation with solvent polarity, the less polar solvents tending to give 
higher rates. In solvents that are very nonpolar kIN may be influenced 
by ion-pair formation, as discussed in connection with Scheme 111; 
therefore, the kIN in Table 111 may be a composite reflecting both the 
ion-pair and the dissociated ion routes. 

6 The titrimetrically determined third-order rate constants in these acetic an- 
hydride systems (14) can be interpreted as &AN in Scheme 1. 

Since the acid chloride and the anhydride react by different mecha- 
nisms, it is dangerous to compare them. Several workers have noted that 
an anhydride appears to be more reactive than the acid chloride in non- 
polar solvents, yet (according to Table 111) kIN > km for a common 
catalyst. An explanation of these apparently contradictory observations 
(9) is that formation of the intermediate from the acid chloride consumes 
an equimolar amount of catalyst, whereas in the anhydride system this 
depletion of catalyst concentration does not occur, causing IZAN[N] in the 
anhydride system to be greater than k & J ]  is in the acid chloride 
system. 
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Abstract 0 Soft-alkylated derivatives of 6-mercaptopurine, its riboside, 
and 2-amino-6-mercaptopurine riboside have been prepared and eval- 
uated to improve the delivery of the thiopurines through the skin. The 

through the skin. Among the 6-mercaptopurine derivatives, VII  and XI 
were the most effective; they delivered 5 and 13 times, respectively, more 
6-mercaptopurine than 6-mercaptopurine itself. 

soft-alkylated derivatives were prepared by the alkylation of the 
thiopurines with acylheteroalkyl halides under neutral or basic condi- 
tions. The penetration of the derivatives through hairless mouse skin was 
measured using diffusion cells. All of the derivatives underwent extensive 
degradation during their diffusion through skin so that the parent 
thiopurine, even in the case of the ribosides, was the major product ob- 
served in the receptor phase. The pivaloyloxymethyl derivatives showed 
the greatest potential for enhancing the penetration of the thiopurines 
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methyl derivatives Hairless mouse skin-penetration of prodrugs of 
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derivatives-prodrugs of 6-thiopurines, penetration through hairless 
mouse skin 

Many high-melting drugs are insoluble in water and 
organic solvents; consequently, they have poor biphasic 
solubilities and are also poorly absorbed through biological 

membranes. The thiopurines represent one class of such 
drugs that exhibit these properties. One approach to in- 
creasing the solubilities of the thiopurines, while at the 
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Table 111-Third-Order Rate Constants for the Cinnamoylation 
of n-Propyl Alcohol at 25” 

 AN k m  klN 
(anhydride, (chloride, (chloride, 

Solvent DMAP)b DMAP)* NMIM)* 

Acetonitrile‘ 35.9 2.18 2.18 0.23 
Methyl ethyl 18.5 1.50 3.06 0.19 

ketone 
Ethylene 10.4 2.93 65.1 0.70 

dichloride 
Methylene 8.9 2.45 47.0 0.39 

chloride 
Toluene 2.4 3.62 - 6.70 

0 Dielectric constant. b (Acylating agent, catalyst); units of rate constants are 
as given in Tables I and 11. Data from Ref. 10. 

depends on the ratio K2HX/KF, because as reaction occurs the species 
I+X-/I+ are replaced by NH+X-/NH+: 

Values of ion-pair dissociation constants are extremely sensitive to the 
solvent dielectric constant, with typical values (13) of 10-16-10-12 at  
dielectric constants of 2-3 and as high as 10-5 at dielectric constants near 
6. In solvents more polar than acetonitrile, ion-pair formation is probably 
kinetically negligible. In a given solvent the ratio of ion-pair dissociation 
constants for two ion-pairs is controlled largely by the effective ionic sizes. 

Solvent Effect on Rates and Mechanism-Table I11 collects  AN 
and k I N  values for the cinnamoylation of n-propyl alcohol in five solvents. 
The k AN values, describing the general base catalysis. are not very sen- 
sitive to the nature of the solvent; this is consistent with earlier data on 
alcohol acetylation by acetic anhydride catalyzed by N-methylimidazole 
(14)6. The   IN values for the acid chloride systems reveal considerable 
variation with solvent polarity, the less polar solvents tending to give 
higher rates. In solvents that are very nonpolar kIN may be influenced 
by ion-pair formation, as discussed in connection with Scheme 111; 
therefore, the kIN in Table 111 may be a composite reflecting both the 
ion-pair and the dissociated ion routes. 

6 The titrimetrically determined third-order rate constants in these acetic an- 
hydride systems (14) can be interpreted as &AN in Scheme 1. 

Since the acid chloride and the anhydride react by different mecha- 
nisms, it is dangerous to compare them. Several workers have noted that 
an anhydride appears to be more reactive than the acid chloride in non- 
polar solvents, yet (according to Table 111) kIN > km for a common 
catalyst. An explanation of these apparently contradictory observations 
(9) is that formation of the intermediate from the acid chloride consumes 
an equimolar amount of catalyst, whereas in the anhydride system this 
depletion of catalyst concentration does not occur, causing IZAN[N] in the 
anhydride system to be greater than k & J ]  is in the acid chloride 
system. 
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Table I-Melting Point and UV Spectra of Selected Thiopurines and their Prodrugs 

Compound mP UV A,,, (log e) in Methanol 

1 
11 

IV 
Va 
Vb 
VI 

VII 
VIII 

IX 
X 

XI - _ _  
XI1 

XI11 
XIV xv 
XVI 

6-Methylthio-1-methylpurine 
6-Methylthio-3-methylpurine 
6-Methylthio-7-methylpurine 
6-Methylthio-9-methylpurine 
l-Methyl-7-benzylpurine-6-thione 
1,9-Dimethylpurine-6-thione 
3,7-Dimethylpurine-6-thione 
3,9-Dimethylpurine-6-thione 
7-Methylpurine-6-thione 
9-Methylpurine-6-thione 
3-Methylpurine-6-thione 
1-Methyl~urine-6-thione 

229 (3.88) 

87-89' 
135-137" 
193.5-195O 

Oil 
Oil 

255-256" 
221-223" 
209-21 1' 
230-231' a 

183-188' 

221-2220" 217 (4.0) 226 (sh, 3.9) 
222-223' 225 (4.19) 
273.5-274.5' 225 (4.25) 
189-190' 215 (4.07) 223 (sh, 4.0) 

218 (4.17) 226 (sh, 4.13) 
218 (3.99) 256 (3.56) 

227 (3.96) 
218 (3.93) 244 (3.85) 

236 (4.13) 

251 (3.92) 

Free base unstable 
163-165' 
212-213'f 
171-172'g 
171°h 
250' 
282-283' 
276-278' 
306-308' f 

>300'g 
>300° 
>300°h 

238 (4.05) 
220 (4.02) 
219 (4.10) 227 (sh. 4.04) 

238 (4.01) 
233 (3.98) 
246 (3.77) 
230 (4.13) 

229 (4.10) 
245 (3.96) 
234 (3.97) 

322 (4.35) 

282 (4.13) 
282 (4.13) 

287 (4.22) 296 (4.29) 
278 (4.14) 
278 (4.31) 

279 (sh, 3.96) 287 (4.03) 
326 (4.23) 

300 (3.57) 337 (4.02) 
276 (4.3) 
312 (4.0) 
309 (4.37) 
323 (4.4) 
317 (4.13) 

335 (4.36) 344 (4.42) 
307 

288 (4.13Ic 
288 (4.12) 

284 (4.12) 
283 (4.27) 
295 (sh, 3.93) 

282 (4.24) 

312 (4.23)c 
285 (sh, 4.02) 293 (4.12) 

284 (4.32) 
324 (4.27)h 
318 (4.32) 
341 (4.38) 
327 (4.24) 
328 (4.31) 
321 (4.42)b 
338 (4.51)* 
320 (4.32) 

301 (sh, 4.04)= 
292 (4.2)c 

a Aldrich Chemical Co. * U V  of neutral molecule in water (Ref. 18). B. Pullman, H. Berthod, F. Bergmann, 2. Neiman, H. Weiler-Feilchenfeld and E. D. Bergmann 
Tetrahedron 26,1483 (1970); UV of molecule in ethanol. d U V  of neutral molecule in water (Ref. 16). e Ref. 21, I E. Fischer, Ber., 31,431 (1898). 8 R. K. Robins and H. 
H. Lin, J .  Ad.  Chem. SOC., 79,490 (1957). L. Townsend and R. K. Robins, J. Org. Chem., 27,990 (1962). ' F. Bergmann, G .  Levin, A. Kalrnus, and H. Kwietny-Govrin. 
J.  Org. Chem., 26,1504 (1961); UV of neutral molecule in water. 

same time ensuring delivery of only the thiopurine, is to 
prepare prodrugs of the thiopurines. 

BACKGROUND 

Since cancer and psoriasis are both characterized by proliferation of 
cells in an uncontrolled manner, it is not surprising that a recurrent theme 
in psoriasis therapy has been the use of the latest cancer chemothera- 
peutic drugs. In fact, psoriasis has been effectively treated by the systemic 
administration of cancer chemotherapeutic agents such as methotrexate 
(l), azaribine (2), 6-mercaptopurine (3), hydroxyurea (4), and myco- 
phenolic acid (5). Unfortunately, these same agents have generally been 
found to be ineffective when applied topically. However, the real possi- 
bility exists that the systemic toxicity of such agents can be either cir- 
cumvented entirely or at least minimized, and efforts have been continued 
to find anticancer agents that are effective topically. 

Until recently, the reason for the topical ineffectiveness of many an- 
ticancer agents had not been investigated. Now, it has been found that 
the effect of topical antiproliferative drugs on epidermal DNA synthesis 
in hairless mice correlates well with the clinical effectiveness of the same 
topical agents in humans (6), but that there is little correlation between 
the clinical effectiveness of a topical agent and its ability to decrease 
epidermal DNA synthesis in essential fatty acid-(EFA) deficient mice. 
Apparently, the compromised epidermal barrier in the EFA-deficient 
mice allows some agents to penetrate the skin that are not capable of 
penetrating the skin of psoriatic patients or hairless mice. For instance, 
methotrexate, which had failed repeatedly in clinical tests as a topical 
antipsoriasis agent (7) and which was ineffective in decreasing.DNA 
synthesis in the hairless mouse, was effective in decreasing DNA synthesis 
by 30% in EFA-deficient mice. Similarly, 15% 6-mercaptopurine and 10% 
thioguanine sodium were inactive clinically in humans and in the hairless 
mouse but were active in the EFA-deficient mouse. Thus, the reason that 
a number of the topically administered anticancer agents tried have been 
found to be ineffective may be simply that they are not absorbed: they 
do not penetrate the skin in their present form. 

It is easy to see why 6-mercaptopurine and thioguanine are not well 
absorbed topically. Both purines are high-melting solids (Table I) with 
very low water or lipid solubility. On the other hand, well-absorbed topical 
drugs exhibit good water and lipid solubilities which allow their facile 
penetration through the biphasic epidermal barrier. One way to improve 
the biphasic solubilities of 6-mercaptopurine (I) and thioguanine (11) is 
to use the prodrug approach. An attractive prodrug strategy in this case 
is alkylation rather than the more routinely employed strategy of acyl- 

ation, since chemical precedent suggests that the sulfur or imidazole 
acylates that would result are too unstable to be practical. 

Inspection of the melting points and solubilities of the products ob- 
tained from the alkylation of the pyrimidine uracil shows that a corre- 
lation exists between a decrease in melting point and an increase in 
aqueous solubility (8). However, N-alkylation is normally not an easily 
reversible process in uioo, so that the biological activity profile of the 
parent compound is usually drastically changed by such a modification. 
On the other hand, in the case of uracil (8), and other amides and 
imide-like molecules (9), the formation of N-hydroxymethyl derivatives 
results not only in a decrease in the melting point and an increase in the 
water solubility of the prodrug compared with its parent, but also results 
in an easily reversible derivative. These N-hydroxymethyl derivatives 
are "soft-alkylated" prodrugs' of amides, imides, and amines: they are 
reversed by chemical hydrolysis rather than initially requiring a meta- 
bolically activating oxidation step. However, the range of physical 
properties of hydroxymethyl derivatives is limited by the relatively small 
number of aldehydes that will form the hydroxyalkyl adducts and by the 
fact that a hydroxyl group is introduced into the molecule in each case. 
Thus, with hydroxymethyl derivatives there is a limit to the concomitant 
increase in lipid solubility that is both possible and essential for efficient 
penetration of the epidermal membrane by the prodrug. This difficulty 
has been overcome by several investigators (10-14) who have acylated 
the hydroxymethyl derivative to give acyloxymethyl derivatives of the 
general formula 111. Cleavage of the acyl group by esterases gives the 
hydroxymethyl derivative that, in turn, liberates the parent amide or 
imide. The acyloxymethyl derivatives, then, are also soft-alkylated de- 
rivatives which differ from the hydroxymethyl derivatives in that they 
must first undergo enzymatic hydrolysis before undergoing chemical 
hydrolysis. 

0 il II 
R--C-NH-CH,OC-R~ - 

111 

0 0 e 'RCOH II +'RCNH-CHJIH II - R -NH* + CHFO 

* These soft-alkylated derivatives are not soft drugs, although other soft-alkylated 
com ounds are soft drugs. For example see N. Bodor. J.  Kaminski, and S. Selk, J. 
~ ~ d : c h ~ m . ,  23,469 (1980). 
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Table 11-NMR SDectra of Prodrum a of S-acylheteroalkylated derivatives of I and XVI were synthesized and 
their physical properties examined. The preliminary results of that work 
are reported here. Compound (C2)H (C8)H SCHzX NCHzX 

Va 8.77 8.55 
vb 8.90 8.57 
VI 8.83 8.30 

VII 8.80 8.23 
VIII 8.90 8.27 

IX 8.53 8.08 
X 8.50 8.23 

XI 8.71 8.01 
XI1 7.80 

5.85 (d, J = 6Hz) * 
5.85 (d, J = ~ H Z ) ~  
6.06 
6.03 6.17 
6.03 6.17 
6.06 6.40 

5.90 
5.90 

6.37,6.63 

a Chemical shifts in 6 in CDC13. Run in DMSO-d,j + CDCl3 (15). Run in 
DMSO-de. 

The advantage of this type of modification can be illustrated by the 
case of theophylline (12) in which prodrugs with increased water or lipid 
solubility or with partition coefficients of -1 were obtained by varying 
the acyl group R1 in 111 above. Selected derivatives in this series were also 
found to penetrate the epidermal barrier better than theophylline and 
to revert to theophylline in uiuo. In addition, these same derivatives were 
found to decrease the synthesis of DNA in hairless mice after their topical 
administration. Thus, it is possible to reduce the melting point and in- 
crease not only the biphasic solubility but also the ability of amide and 
imide drugs to penetrate the epidermal barrier by acyloxyalkylation. 

H 
Va 

Vb 

H 
VI 

bH20zCC(CH& 

VII 

VIII 

It is clear from the data listed in Table I that alkylation on nitrogen 
in 6-mercaptopurine does not drastically decrease the melting point of 
the 6-mercaptopurine derivative. This is probably because I and its 7- 
and 9-alkylated derivatives exist primarily in the thioamide form (15). 
On the other hand, S-alkylation drastically reduces the melting point 
of the 6-mercaptopurine derivative, either by itself or more dramatically 
in combination with N-alkylation; there are similar trends in the melting 
points of the alkylated 2-amino-6-mercaptopurine (11) series. Therefore, 
as a first step in determining whether the lack of clinical activity exhibited 
by I and I1 was due to their inability to penetrate the epidermis, a number 

RESULTS AND DISCUSSION 

There have not been any previous reports on the synthesis of S-acyl- 
heteroalkyl derivatives of heterocyclic thione amides such as I or 11. 
However, the alkylations were relatively straightforward. Representatives 
of two types of acylheteroalkyl derivatives were prepared for I. The first 
type was the S-acylaminomethyl derivative V. Compound V was prepared 
from the reaction of chloromethylbenzamide with I in dimethylsulfoxide. 
Under these conditions, alkylations of I with other alkylating agents have 
been shown to take place exclusively on sulfur (18). In addition, the ele- 
mental analysis, and the NMR and mass spectra were consistent only with 
a monoalkylated derivative. Among the possible monoalkylated deriva- 
tives, the UV spectrum (Table I) was consistent only with the S-allrylated 
derivative (compare Va with IV). 

The only unusual feature of this reaction was the formation of two 
monoalkylated products, which have been designated as Va and Vb. 
Compound Va differs significantly from Vb in its TLC, melting point, 
solubility, and UV and mass spectra. The NMR spectra (Table 11) of the 
two compounds are identical except for the difference in the position of 
the (C2)H absorptions, which is comparable to the difference exhibited 
by the (C2)H absorptions in the imidazole alkylated tautomers VII and 
VIII. The UV spectral difference between Va and Vb is also similar to 
the difference between 6-methylthio-7- and 6-methylthio-9-methylpurine 
and between VII and VIII. In each case the S6,7-disubstituted product 
exhibits a UV maximum at a longer wavelength than that of the P,9- 
disubstituted product. However, although the spectral data suggest that 
Va and Vb are simply 9-H and 7-H tautomers, the separation and isola- 
tion of the two tautomers should be impossible because the energy dif- 
ference between the 7-H (Vb) and 9-H (Va) tautomers is only about 3.5 
kcal(19). On the other hand, the 7-H tautomer can form a cyclic adduct, 
which is shown as Vb2. There is chemical precedent for the formation of 
similar cyclols from amide-amide adducts in small peptides (20). In this 
case the adduct stabilizes the less stable 7-H tautomer of V as Vb. 

Only one representative of the S-acylaminoalkyl-type derivative was 
studied in diffusion cell experiments. Although the melting pointa of both 
derivatives (Va and Vb) were lower than that of I, only the lower melting 
derivative Va was studied. Derivative Va did not enhance the diffusion 
of I through the skin (Table 111). Apparently the amide N-H group of 
this type of derivative introduces too much polarity into the derivative 
to provide much assistance to the diffusion of 6-mercaptopurine. 

The second type of acylheteroalkyl derivative of I and I1 is the pi- 
valoyloxymethyl derivative. The pivaloyloxymethyl group has been used 
previously as a protecting and reaction-steering group in some alkylation 
reactions of adenine examined by Rasmussen and Leonard (21). However, 
this is the first report of the pivaloyloxymethyl group being used as a 
protecting group for sulfur. In this study it was possible to condense I with 
chloromethyl pivalate in dimethylsulfoxide to give the monoalkylated 
derivative VI, albeit in very low yield especially compared with the good 
yields of V that were obtained above. The structure of VI followed from 
its UV and NMR spectra which were consistent with monoalkylation on 
sulfu$. Derivative VI was not tested in the diffusion cells because other, 
lower-melting representatives of this class of acylheteroalkylated I were 
more attractive candidates. 

It was also possible to prepare dialkylated derivatives of I. Compound 
I was condensed with excess chloromethyl pivalate in the presence of base 
in dichloromethane to give a mixture of dialkylated products based on 
the NMR spectrum of the crude reaction product. Although chemical 
precedent (18) suggests that the S-alkylated product is formed as an 
intermediate, such as intermediate (VI) is much more soluble in dichlo- 
romethane than I and is more available than I itself for further reactions 
with chloromethyl pivalate. Thus, VI was not obtained as a product under 
these reaction conditions even when only one equivalent of chloromethyl 
pivalate was used; instead, unreacted I and the same mixture of the di- 
alkylated products were obtained. Methyl iodide did not react with I in 
dichloromethane in the presence of triethylamine. On the other hand, 
chloromethylbenzamide did react to give two high-melting dialkylated 
products of undetermined structure. Their diffusion through skin was 
not studied because of their melting points. 

*Based on mass spectral considerations, K. B. Sloan and Alice Ng, unpublished 

The UV absorption maxima for the 1-, 3-, 7-, or 9-monomethyl derivatives are 
-_. results. 

all at much longer wavelengths (see Table 1). 
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Table 111-Diffusion of Prodrugs of Thiopurines Through Hairless Mouse Skin 

% Prodrug Remaining 

after 48 hr, f SD 

Drug in Receptor Phase 

after 48 hr, mM f SD 

Drug in Receptor Phase 

after 48 hr, mM f SD 
in Donor Phase 6-Mercaptopurine as Intact Prodrug 

Compound 

1 
Va 

VII 
IX 
XI 

XI1 
XI11 
XIV 

96.5 f 1.09 
75.1 f 3.0 
89.7 f 2.8 
61.9 f 8.8 
38.9 f 10.5 
92.5 f 6.4 
91.7 f 0.33 

2.6 x 10-3 f 4.9 x 10-4 
0.3 x 10-3 f 1.1 x 10-4 
13 x 10-3 f 2 x 10-3 

3.9 x 10-3 i 1.3 x 10-3 
33 x 10-3 i 1 x 10-2 

2.15 x 10-3 i 1.1 x 10-3 
1.5 x 10-3 f 3 x 10-4 

0 
0 

0.37 X lo-" f 1.3 X 
0.35 x 10-3 f 2.1 x 10-4 

0.2 x 10-3 f 1 x 10-4 
0 

The structures of the dipivaloyloxymethylated products were deter- 
mined by a combination of NMR and UV spectroscopy. The dialkylated 
products VII and VIII were assigned the S6,9- and S6,7-structures because 
their NMR spectra contained both SCHzO and NCH2O absorptions 
(Table II), and because their UV spectra were very similar to those of the 
corresponding S6,9- and S6,7-dimethyl derivatives of I (Table I)f the UV 
spectra are characteristic of the respective dialkyl substitution patterns 
in I. 

The dialkylated product IX was assigned the S6,3-dialkylated structure 
because its NMR spectrum contained the SCHzO and NCHzO groups 
and its UV spectrum contained a W maximum at 326 nm. The only other 
possible sulfur, nitrogen-dialkylated I candidate which exhibits similar 
UV spectral properties to IX is the S6,1-dialkylated structure. However, 
such structures are very unstable as the free base, while IX has been 
observed to be stable at room temperature for 2 years. The formation of 
IX is not surprising in view of the fact that the alkylation of I with methyl 
tosylate under neutral conditions gives S6,3-dimethylmercaptopurine 
(22). Furthermore, since the reactions between triethylamine and chlo- 
romethyl pivalate and between triethylamine and VI were found to be 
incomplete reactions, there was ample opportunity for VI, rather than 
its ion, to react with chloromethyl pivalate. 

The fourth product (X) that was isolated from the reaction mixture 
was also a dialkylated product, but its NMR spectrum lacked the SCHzO 
absorption. Therefore, it was not an SJV-dialkylated product but rather 
a N,N-dialkylated product. The various possible NJV-dialkylated 
products arise by alkylation of a S,N- dialkylated product followed by 
S-dealkylation. In the case of the 3,7- or 3,9-dialkylated products, S- 
dealkylation only takes place by thio-hydrolysis and would not occur 
spontaneously under the above reaction conditions. On the other hand, 
1,7- or 1,9-dialkylated products have been shown to form spontaneously 
from S6,1,9- and S6,1,7-trialkylated intermediates during the alkylation 
of 1-methyl-6mercaptopurine (18) with methyl iodide or benzyl chloride, 
respectively. Thus, X is probably a 1,7- or 1,9-dialkylated product based 
on its NMR and UV spectra. To check the possibility that X was formed 
from further alkylation of the major product VII, VII was allowed to react 
for 2 days with chloromethyl pivalate either in excess or with triethyl- 
amine in excess; no reaction a t  all occurred. Since the only reactions 
leading to 1,7- or 1,9-dialkylated products start with 1-alkyl-6-mercap- 
topurine, it appears likely that in addition to initial S-alkylation of I some 
small amount of 1-alkylation also takes place under these reaction con- 
ditions and ultimately leads to the formation of X. 

Compounds XI and XI1 were also prepared under basic conditions but 
in acetone using potassium carbonate as the base. The riboside hydroxyl 
groups in these cases were converted to their acetate esters to protect 
them from possible side reactions with chloromethyl pivalate. The 
structures of XI and XI1 follow from their UV and NMR spectra. The 
UV spectrum of XI is very similar to that of VII, which is characteristic 
of the S6,9-substitution pattern of dialkylated 6-mercaptopurine. Both 
XI and XI1 exhibited an absorption at  6 5.90 in their NMR spectra, which 
is characteristic of the SCHzO group. 

The results from the diffusion studies with the S-acylheteroalkyl de- 
rivatives are shown in Table 111. It is obvious that all of the S-alkylated 
prodrugs of I (except for Va) enhance the delivery of I to the receptor 
phase, and that in any comparison among prodrugs the lower melting 
prodrug is the one that produces the higher level of 6-mercaptopurine 
in the receptor phase (compare for instance VII and JX). Compounds VII, 
XI, and XI1 appear to be the most attractive candidates for screening in 
the hairless mouse model (6). 

4 The 1,9-, 1,7-, 3,7-, 3,9-, Sg,l-, and S6,3-dimeth 1 derivatives all exhibit UV 
absorption maxima at much longer wavelengths anzbetween the S6,7- and Ss,9- 
derivatives the derivative exhibiting the shorter wavelength UV maximum is the 
S6,9-dimethyl derivative. 

The results from the diffusion studies also illustrate the advantage that 
soft alkylation enjoys over the more traditional approach, i .e. ,  esterifi- 
cation, to prodrug modification of the physical chemical properties of 
drugs. The triacetyl riboside of I (XIII), although marginally more ef- 
fective than the riboside itself (XIV), is <7% as effective as the soft- 
alkylated prodrug based on the triacetylated riboside (XI). Thus, to 
significantly improve the delivery of I through the skin, it is imperative 
that the thione amide group be alkylated in a transient manner. 

The prodrugs deliver very little if any of the intact prodrug to the re- 
ceptor phase. This does not appear to be due to degradation of the pro- 
drug in the receptor phase after diffusion of the intact prodrug, because 
even the earliest samples taken of the receptor phase (3 hr) show the same 
ratio of prodrug to 6-mercaptopurine, and the prodrugs are stable a t  pH 
7.4 for that length of time (Table IV). The fact that primarily 6-mer- 
captopurine (I) and 2-amino-6-mercaptopurine (11) are found in the re- 
ceptor phase after the absorption of the alkylated forms of I, its riboside, 
and the riboside of 11, is a consequence of using fresh skin with metabolic 
systems that were still active and of the sensitivity of the nucleosides to 
nucleoside phosphorylase (23). 

In the case of XII, it was impossible to determine quantitatively the 
amount of 2-amino-6-mercaptopurine or XI1 in the receptor phase. The 
major product appeared to be 2-amino-6-mercaptopurine (II), but there 
were a number of other unidentified products also formed which inter- 
fered with its analysis. Based only on the very small amount of XI1 re- 
maining in the donor phase, it seems that XI1 is a very efficient prodrug 
form for the delivery of I1 or XVI. 

It is interesting that the S-benzamidomethyl derivative Va hydrolyzed 
completely during its diffusion through the skin. Although the stability 
of S-benzamidomethyl cysteine (24) has not been reported, S-acetami- 
domethyl cysteine is reportedly completely stable a t  pH 13 and 1 (25). 
Apparently, amidomethyl derivatives of thioamides such as I are much 
more labile than those of aliphatic thiol groups. The mechanism for the 
hydrolysis of S-acetamidomethyl or S-benzamidomethyl groups is not 
known, but it may be similar to the mechanism proposed for the hy- 
drolysis of amidomethylamines (26) which involves a unimolecular N--C 
cleavage as the rate-determining step. The relatively short t l l z  in buffer 
which increases5 with increasing methanol concentration (decreasing 
dielectric constant) suggests that such an interpretation has merit. 

Q 9 
R&--NHCH,n--Rt - d - m ~  + CH-R' @ 

Based on the solubility data in Table IV, the prodrugs that were 
completely soluble in isopropyl myristate at the concentration at which 
they were applied were the prodrugs that gave the greatest absorption. 
Thus, since flux is directly proportional to concentration of the drug in 
the applied phase (27), it is possible, and even probable, that the reason 
that I and Va were not absorbed more completely was primarily that they 
were not soluble enough in the vehicle and, hence, not available for ab- 
sorption while VII, XI, and XI1 were available. The prodrug approach 
in this case then may be considered ( a )  as a quasi-formulation approach 
to enhancing delivery which overcomes the poor solubility of the drug 
in a commonly used component of formulations or ( b )  as actually in- 
creasing the diffusivity of the prodrug in the skin. There is not enough 
information available to decide between these two explanations. However, 
this should not detract from the practical result that more I is delivered 
by using these S-acyloxymethyl prodrugs than by using I, XIII, or 
XIV. 

There does not appear to be any linear correlation between the lipo- 

K. B. Sloan and Alice Ng, unpublished results. 
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Table IV-Physicochemical Characteristics of Thiopurines and Selected Prodrugs 

Solubility, m M  log k' t 112 (hr) for Loss 
pH 7.4 Isopropyl Methanol-Water of Intact 

Comoound Buffer Mvristate Chloroform 5050 Prodrug at PH 7.4 

I 
11 

Va 
VII 
IX 
XI 

XI1 
XI11 
XIV 

0.2 

0.003 

0.02 
0.02 
7.8 

-0Q 

0.42 

0.74 
>10.0 

>10.0 
>10.0 

0.16 
0.01 

0.004 

>2.0 
>2.0 
>2.0 

-0.336 
-1.074 

0.820 
1.659 
1.142 
1.260 
0.877 
0.735 

-0.513 

0.53 

31.2 
30.3 
25.6 
196 

0 Could not be measured. 

philic index log k' (28) generated from HPLC data and the absorption 
of the prodrugs. 

Finally, from a practical point of view, since both VII and XI primarily 
deliver I, which is subsequently converted to the corresponding riboside 
phosphate by hypoxanthinequanine phosphoribosyltransferase (29) 
in uioo, and the riboside XIV cannot be converted to its  phosphate di- 
rectly, the greater cost of the starting material (XIV compared with I) 
for XI balances the greater efficiency of delivery of I by XI. Thus, de- 
pending on the relative activity of VII and XI in inhibiting DNA synthesis 
in the hairless mouse model, VII may be the more practical prodrug form 
of I in spite of the fact that it actually enhances the delivery of I less than 
XI. 

EXPERIMENTAL6 

Synthesis of 6-Benzamidomethylmercaptopurine (Va)(Vb)-To 
a dimethylsulfoxide solution (4 ml) containing 0.80 g (0.0047 mole) of 
6-mercaptopurine hydrate was added 0.90 g (0.0053 mole) of freshly 
prepared chloromethylbenzamide. The solution was stirred at room 
temperature overnight to give a suspension which was dissolved in 10 ml 
of chloroform, and then stirred with 1 ml of triethylamine for 30 min. The 
solution was diluted to 100 ml with dichloromethane and was then ex- 
tracted with 50 ml of water. The water layer was quickly separated, be- 
cause a precipitate formed in the dichloromethane layer immediately 
after the water wash. The dichloromethane suspension was filtered. The 
residue was dried to give 0.60 g (mp 205-211'. 45% yield) of Vb as white 
crystals. A 0.21-g sample of Vb was crystallized from methanol to give 
an analytical sample of Vb that was identical with the crude product by 
TLC, NMR, and IR spectroscopy 0.19 g, mp 273.5-274.5', IR (KBr) 1640 
and 1660 cm-l (s) ( ( 2 4 ) ;  TLC (silica gel, ether-methanol, 103) R, 0.52 
(6-mercaptopurine Rf 0.47); 'H NMR (DMs0-d~)  6 9.77 (t, 1, J = 6 Hz, 
N-H), 8.0-7.73 (m, 2, aromatic H), 7.7-7.33 ( s ,  3, aromatic H ) ,  5.47 (s ,  
1, imidazole N-If). 

Anal.-Calc. for C13HllNsOS: C, 54.74; H, 3.88; N, 24.56. Found: C. 
55.03; H, 3.88; N, 23.99. 

The dichloromethane filtrate from the above isolation of Vb was con- 
centrated to give a yellow wax which was crystallized from methanol and 
dichloromethane to give 0.38 g (mp 206-208', 29% yield) of Va as yellow 
crystals. A 65-mg sample of Va was recrystallized from 20 ml of chloro- 
form to give 50 mg (foamed at  150'; resolidified at 175'; mp 222-223') 
of Va as white crystals which was identical with the crude Va by TLC, 
NMR, and IR spectroscopy: IR (KBr) 1660, 1650, and 1640 cm-I (8 )  

(C=O); 'H NMR (CDCl&MSO-d6,5:1) 6 8.0-7.73 (m, 2, aromatic H) 
and 7.7-7.33 (s,  3, aromatic H). 

Anal.-Calc. for C13HllN50S-0.4 CHC13: C, 48.31, H, 3.45, N, 21.02 
Found: C, 47.97; H, 3.05; N, 20.98. 

When the chloroform solvate was heated to 200' for 2 min then cooled, 

8 TLC were run on Brinkman Polygram Sil G/UV 254; ether or ether-methanol 
mixtures. Melting points (uncorrected) were taken with a Thomas-Hoover Capillary 
apparatus. NMR spectra were recorded on a Varian T-60. IR spectra were obtained 
on a Beckman Arm Lab 4 infrared spectro hotometer. Microanalyses were obtained 
by Midwest Microlab, Ltd., Indianapolii,fnd. or by Atlantic Microlab, Atlanta Ga. 
The benzamide, chloromethyl pivalate, formaldehyde, acetyl chloride, and thionyl 
chloride were obtained from Aldrich. The 6-mercaptopurine, 6-mercaptopurine- 
9-riboside, 6-mercapto-2-aminopurine, 6-mercapto-2-aminopurine riboside, and 
6-methylmercaptopurine were obtained from Si ma. The bulk solvents were ob- 
tained from Mallinckrodt. The hairless mice d H - h r - 1 )  were obtained from the 
Temple University Skin and Cancer Hospital and the diffusion cells were obtamed 
from Kercao Engineering Consultants., Palo Alto, Calif. The HPLC system waa 
a Water Associates instrument using a Chrompack C18 column. 

the light-yellow solid (mp 215-218') that was obtained exhibited only 
one spot upon TLC analysis and the same UV spectrum as the solvate. 

And-calc. for C13HllN50S: C, 54.74; H, 3.89; N, 24.56. Found C, 
54.34; H, 3.66; N, 24.33. 
6-Pivaloyloxymethylmercaptopurine (V1))-A dimethylsulfoxide 

solution (3 ml) containing 0.85 g (0.0057 mole) of chloromethyl pivalate 
was allowed to react with 0.63 g (0.00375 mole) of 6-mercaptopurine 
hydrate at room temperature overnight. The reaction mixture was pro- 
cessed as above. However, not all of the precipitate in the reaction mixture 
was soluble in the dichloromethane, and when that suspension was fil- 
tered 0.35 g (mp >270°, 56% recovery) of 6-mercaptopurine was obtained 
as a yellow solid. After the filtration, the dichloromethane solution was 
washed with water, but a precipitate did not form in the dichloromethane 
solution as above. The residue from the dichloromethane solution was 
chromatographed on silica AR CC-7 using ether as the eluent. An oil was 
obtained which was crystallized from hexane-dichloromethane to give 
a total of 25 mg (mp 179-182', 2.5% yield, 5.7% conversion) of VI as white 
fibrous crystals: IR (KBr) 1740 cm-l (s) (C=O); 'H NMR (CDCl3) 6 1.2 
[s, 9, (CH3)3C]; TLC (silica gel, ether) R/ 0.12. The 25 rng which had been 
used for the NMR sample was recrystallized from dichloromethane- 
hexane to give 11 mg (mp 189-190') of an analytical sample of VI, which 
was identical with the crude product by IR spectroscopy and TLC. 

Anal.-Calc. for CllH14N402S: C, 49.61; H, 5.30; N, 21.04. Found: C, 
49.53; H, 5.34; N, 20.99. 

Reaction of Chloromethyl Pivalate with 6-Mercaptopurine Hy- 
drate The Preparation of VII, VIII, IX, and X-To 2.0 g (0.0118 mole) 
of 6-mercaptopurine hydrate suspended in 10 ml of dichloromethane and 
6 mi of triethylamine was added 5.28 g (0.035 mole) of chloromethyl pi- 
valate. The reaction was stirred a t  room temperature overnight to give 
a suspension which was diluted to 100 ml with dicbloromethane to give 
a clear-yellow solution. The solution was washed with water (50 rnl), 10% 
concentrated HCI (50 ml), and water (50 ml) and then was dried over 
sodium sulfate and concentrated. The residue was triturated with 50 ml 
of ether and allowed to stand overnight. The suspension was filtered to 
give 0.40 g of IX as a yellow solid. This material was recrystallized from 
dichloromethane-ether (28 ml) to give 0.35 g (mp 193.5-195.0°, 8% yield) 
of IX as yellow crystals: IR (KBr) 1735 cm-1 (8 )  (C=O); 'H NMR 
(CDCl3) 6 1.2 (s ,  18, (CH3)3C]; TLC (silica gel, ether) R/ 0.0. 

Anal.-Calc. for C17H24N404S: C, 53.66; H, 6.36; N, 14.73. Found C, 
53.68; H, 6.30; N, 14.80. 

The ether filtrate described above was chromatographed on silica AR 
CC-7 using ether as the eluent to give three fractions. The first fraction 
was crystallized from petroleum ether (bp 3742O)-heptane (2015 ml) 
to give 2.05 g (mp 87-89', 45% yield) of VII as white crystals: IR (KBr) 
1735 cm-' (9) ( C 4 ) ;  'H NMR (CDCl3) 6 1.18 [s, 18, (CH3)3C]; TLC 
(silica gel, ether) R, 0.52. 

Anal.-calc. for C17H24N404S: C, 53.66; H, 6.36; N, 14.73. Found: C, 
53.88; H, 6.51; N, 14.80. 

The second fraction was crystallized from ether to give 17 mg (mp 
135-137', 0.3% yield) of VIII as yellow crystals: IR (KBr) 1735 cm-' (s) 
(C=O); 'H NMR (CDC13) d 1.18 [s, 18, (CH3)3C]; TLC (silica gel, ether) 
R/ 0.25. 

Anal.-Calc. for C17H24N404S: C, 53.66, H, 6.36, N, 14.73. Found: C, 
53.48; H, 6.41; N, 14.67. 

The third fraction was also crystallized from ether to give 43 mg (mp 
183-188', 1% yield) of an unknown compound X IR (KBr) 1720 and 1745 
cm-I ( 8 )  (C=O); 'H NMR (CDC13) 6 1.18 [s, 18, (CH3)3C]; TLC (silica 
gel, ether) Rf 0.21. 

Anal.-Calc. for C17H24N404S: C, 53.66; H, 6.36; N, 14.73. Found C, 
53.60; H, 6.36; N, 14.69. 
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SCH*O~CC(CH& 
I 

SCH202CC(CH.J, 
I 

XI XI1 

8 

XIII: R = H; R’  = COCH, 
XIV: R = H; R‘ = H 

XVI: R = NH,; R’ = H 
XV: R = NH1; R‘ COCH, 

Preparation of 9-~-D-Ribofuranosyl-6-piva1oyloxymethyl- 
thio-9H-purine 2’,3’,5‘-triacetate (XI)-Chloromethyl pivalate (112 
mg) in acetone (10 ml) was allowed to react with sodium iodide (135 mg) 
in the dark for 40 min. The solution was decanted into a solution of 9- 
@D-ribofuranosyl-6-thio-9H-purine 2’,3’,5’-triacetate (16) (254 mg, 
0.00062 mole) in 30 ml of acetone. Potassium carbonate (1.0 g) WBS added 
to the resulting solution and the mixture was stirred in the dark. When 
the reaction was complete by TLC7, the reaction mixture was filtered and 
the filtrate was evaporated. The residue was dissolved in ethyl acetate, 
and the solution was washed with water (three times), dried over sodium 
sulfate, and the solvent removed to yield a residue (350 mg, contaminated 
with traces of pivaloyloxymethyl halides) which was dissolved in ethyl 
acetate and filtered through silica gel (12.5 9). Compound XI was obtained 
as a pale white waxy solid (296 mg 91%) and showed one spot on TLC: 
IR (neat) 1755, cm-’ ( s )  ( C 4 ) ;  ‘H NMR (CDC13)6 1.10 [S, s, (CH&C], 

CHzOAc + 4’H), 5.70 (1, m, 3’H), 6.0 (1,6,2’H), 6.25 (1, d, 1’H); TLC 
(silica gel, ethyl acetate-chloroform, 1:l) Rf 0.32; exact mass calculated 
for C22HZsN409S (mlz) 524.1575 (M+): Found, 524.1561 (mlz). 

Preparation of 9-~-~-Ribofuranosyl-2-amino-6-pivaloxymeth- 
ylthio-9H-purine 2’,3‘,5’-triacetate (XI1)-To a solution of chloro- 
methyl pivalate (106 mg) in acetone (15 ml) was added sodium iodide (130 
mg). The suspension was stirred for 35 min while protected from light. 
The supernatant was decanted from the precipitated sodium chloride 
and added to a solution of thioguanosine triacetate (16) (250 mg, 0.00059 
mole) in acetone (25 ml). Potassium carbonate (1.0 g) was added to the 
reaction mixture, stirring was continued for 69 hr, and then the suspended 
solid was filtered and washed with acetone. The filtrate was evaporated 
to dryness. The residue was dissolved in ether, and the resulting solution 
washed with water (three times), dried over sodium sulfate, and then the 
solvent was evaporated. The residue was purified by chromatography 
on silica gel (12.5 g, chlorofom-ethyl acetate l:l), to give the pivaloyl- 
oxymethyl derivative XI1 (82 mg, 57.4%) as a foam which showed one spot 
on TLC IR (film) 3380 and 3490 cm-l(s) (NH) 1738 cm-l(s) (C=O); 

5.80 (1, broad, 3’H), 5.96 (1, t, 2’H), 6.0 (1, d, 1’H); exact mass calculated 
for C2zHzgN50gSI 539.1683 (mlz): Found, 539.1680 (m/z);  TLC (silica 
gel3, ethyl acetate-chloroform, 1:l) Rf 0.32. 

Diffusion Cell Studies-Full thickness dorsal skin of 12- to 14- 
week-old female hairless mice was used. The mice were sacrificed by 
snapping the spinal cord. The excised skin was gently scrapped to remove 
fat and visceral debris and then gently secured over the diffusion cell with 
a rubber gasket. The diffusion cells themselves have been previously 
described (17). The receptor side of the cell (43 ml) was filled with pH 

2.03 (3, S, CH3C02), 2.06 (3, S, CH&02), 2.15 (3, 8, CH~COZ), 4.43 (3, 

‘H NMR (CDC13) 6 1.15 [S, S, (CH&C] 2.05 (3, S, CH&02), 2.08 (3, S, 

CH&Oz), 2.13 (3, S, CH&02), 4.41 (3, S, CH~OAC + 4’H), 5.20 (2, 9, NHz), 

Analtech silica gel GHLF. 

7.4 isotonic phosphate buffer containing 100-ppm gentamicin, which ws 
stirred magnetically. The compounds were applied as 0.01 M solutions 
or suspensions in 500 pl of isopropyl myristate to the donor side of skin. 
The cells were kept at 32’ and 1-ml samples were removed at 3,9,24, and 
48 hr; 1 ml of buffer was added to the receptor after each sample was 
withdrawn. Samples were frozen immediately after they were taken and 
stored at 0’ until analyzed. Controlled studies showed that using this 
procedure, no change in the sample composition took place during the 
cold storage time. After 48 hr the donor side was washed with 25 ml of 
methanol, and the methanol and buffer samples were analyzed for the 
prodrug and its parent drug by high-performance liquid chromatography 
(HPLC). The HPLC analysis was performed a t  25’ using mixtures of 
methanol and distilled water as the mobile phase and a flow rate of 1-2 
mllmin. The results for each compound studied are for four diffusion 
cells. 

Solubility Studies-The lipophilic indices (log k’ = log [ ( tr  - to)/to], 
where t ,  is the retention time and t o  is the elution time of solvent) for the 
prodrugs were determined by HPLC using mixtures of methanol and 
distilled water on Chrompack CIS column at  25’. There was no effect of 
pH 3-10 of the mobile phase on the retention time of the prodrugs Va, 
VII, IX, XI, and XII; of pH < 7.5 on the retention time of XIII; and of pH 
< 4 on the retention time of I and XIV. A plot of log k’ uersus percent 
methanol was linear in each case over four methanol-water concentra- 
tions. The values for log k’ are given in Table IV along with some mis- 
cellaneous solubility data. These solubilities were obtained by suspending 
an excess of the drug or prodrug in the appropriate solvent and sonicating 
the suspension for 20 min. The suspension was then quickly equilibrated 
at  37’ and centrifuged. The supernatant was then filtered, diluted with 
more of the solvent, and analyzed by HPLC using the above condi- 
tions. 

Stability Studies-The rates of degradation of the thiopurines and 
their prodrugs were determined by adding 50 pl of a 0.025 mM methanol 
solution of the compound to 10 ml of a pH 7.4 phosphate buffer solution 
at  37’. The solutions were shaken vigorously and then stirred magneti- 
cally during sampling. Samples were stored at 0’ until analyzed. Analysis 
was accomplished by HPLC using the above conditions. 
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Abstract 0 Compressed tablets were prepared from theophylline and 
hydroxypropylcellulose. Effects of the viscosity grades of the polymer, 
the mixing ratios of two polymers with different viscosity grades, and the 
polymer contents in the tablets on release patterns of theophylline were 
examined in uitro. Release rate was decreased with increasing viscosity 
designation and polymer contents in the tablets. In salivary level profiles 
of theophylline following oral administration of sustained-release tablets 
to five human volunteers, a low but sustained level was noted indicating 
sustained release of the drug from the tablets in uioo. 

Keyphrases Theophylline-hydroxypropylcellulose tablets 0 Hy- 
droxypropylcellulose-viscosity grades, mixing ratio, contents 0 Com- 
pressed tablets-sustained release in uitro, oral administration 0 Sali- 
vary levels-reverse-phase high-performance liquid chromatography 

Since most of the commercially available water-soluble 
cellulose derivatives (1) are considered to be stable against 
microbial attack and safe when ingested orally, it appeared 
to be worthwhile to evaluate them as suitable materials for 
sustained-release preparations. 

Although several studies have reported the sustained 
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Figure 1-Release profiles of theophylline from tablets prepared from 
111 mixture of theophylline (250 mg) and hydroxyproylcellulose (1:l 
mixture of low- and medium-viscosity grades) by compressing the 
drug-polymer mixture for 5 sec (O),  30 sec (A), or 120 sec (0). Aoerage 
of three determinations. 

release of drugs from compressed hydrophilic matrices 
prepared from cellulose derivatives (2-8), few have ex- 
amined the relationship between release rates in uitro and 
drug concentration profiles in body fluids (7). 

Following the examination of representative viscosity 
grade polymers of methylcellulose, sodium carboxy- 
methylcellulose, hydroxypropylmethylcellulose, and hy- 
droxypropylcellulose, hydroxypropylcellulose was selected 
for further studies, since it exhibited release patterns 
suitable for a sustained-release preparation. 

In the present study, modification of the release rate of 
theophylline from compressed hydroxypropylcellulose 
tablets was examined by changing viscosity grades of the 
polymer, mixing ratios of two polymers with different 
viscosity grades, and changing polymer contents in the 
tablets. Theophylline was used as a representative drug, 
since sustained-release formulations are desirable because 
of the short elimination half-life in humans, especially in 
children (9). To evaluate body fluid level profiles of theo- 
phylline in volunteers, saliva levels were measured, since 
correlation of serum and saliva theophylline concentra- 
tions after administration of a sustained-release prepa- 
ration has been reported (10). 

EXPERIMENTAL 

Materials-Three viscosity grades of hydroxypropylcellulose' were 
used. Theophylline (anhydrous) and 7-(2-hydroxyethyl)theophylline 
were used as supplied 2; and all other chemicals were of reagent grade. 

Preparation of Tablets-Flat-faced tablets (500 mg, 13-mm diam- 
eter, and -3-mm thickness) were prepared by compressing mixtures of 
theophylline and hydroxypropylcellulose directly under 180 kg/cm2 for 
30 sec using a potassium bromide tablet die and a hydraulic press3. 

To examine the effect of compression pressure on drug release, pres- 
sures of 60,180, or 540 kg/cm2 were applied to the drug-polymer mixture 
for 30 sec. To examine the effect of compression periods on drug release, 
a compression pressure of 180 kg/cm2 was applied to the drug-polymer 
mixture for 5,30, or 120 sec. 

Release Studies-A tablet was suspended by means of a polyethylene 
net in a 200-ml release medium in a wide-mouthed bottle. Since the re- 
lease rate of theophylline from hydroxypropylcellulose tablets is not very 
dependent on the pH values of the medium, a 0.2% NaCl solution, ad- 

* HPC-L, M, and H from Nihon Soda Co., Tokyo. Viscosity ranges of 2% aqueous 
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Abstract 0 Compressed tablets were prepared from theophylline and 
hydroxypropylcellulose. Effects of the viscosity grades of the polymer, 
the mixing ratios of two polymers with different viscosity grades, and the 
polymer contents in the tablets on release patterns of theophylline were 
examined in uitro. Release rate was decreased with increasing viscosity 
designation and polymer contents in the tablets. In salivary level profiles 
of theophylline following oral administration of sustained-release tablets 
to five human volunteers, a low but sustained level was noted indicating 
sustained release of the drug from the tablets in uioo. 
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Since most of the commercially available water-soluble 
cellulose derivatives (1) are considered to be stable against 
microbial attack and safe when ingested orally, it appeared 
to be worthwhile to evaluate them as suitable materials for 
sustained-release preparations. 

Although several studies have reported the sustained 

l O O r  

I 

0 2 4 6 8 
HOURS 

Figure 1-Release profiles of theophylline from tablets prepared from 
111 mixture of theophylline (250 mg) and hydroxyproylcellulose (1:l 
mixture of low- and medium-viscosity grades) by compressing the 
drug-polymer mixture for 5 sec (O),  30 sec (A), or 120 sec (0). Aoerage 
of three determinations. 

release of drugs from compressed hydrophilic matrices 
prepared from cellulose derivatives (2-8), few have ex- 
amined the relationship between release rates in uitro and 
drug concentration profiles in body fluids (7). 

Following the examination of representative viscosity 
grade polymers of methylcellulose, sodium carboxy- 
methylcellulose, hydroxypropylmethylcellulose, and hy- 
droxypropylcellulose, hydroxypropylcellulose was selected 
for further studies, since it exhibited release patterns 
suitable for a sustained-release preparation. 

In the present study, modification of the release rate of 
theophylline from compressed hydroxypropylcellulose 
tablets was examined by changing viscosity grades of the 
polymer, mixing ratios of two polymers with different 
viscosity grades, and changing polymer contents in the 
tablets. Theophylline was used as a representative drug, 
since sustained-release formulations are desirable because 
of the short elimination half-life in humans, especially in 
children (9). To evaluate body fluid level profiles of theo- 
phylline in volunteers, saliva levels were measured, since 
correlation of serum and saliva theophylline concentra- 
tions after administration of a sustained-release prepa- 
ration has been reported (10). 

EXPERIMENTAL 

Materials-Three viscosity grades of hydroxypropylcellulose' were 
used. Theophylline (anhydrous) and 7-(2-hydroxyethyl)theophylline 
were used as supplied 2; and all other chemicals were of reagent grade. 

Preparation of Tablets-Flat-faced tablets (500 mg, 13-mm diam- 
eter, and -3-mm thickness) were prepared by compressing mixtures of 
theophylline and hydroxypropylcellulose directly under 180 kg/cm2 for 
30 sec using a potassium bromide tablet die and a hydraulic press3. 

To examine the effect of compression pressure on drug release, pres- 
sures of 60,180, or 540 kg/cm2 were applied to the drug-polymer mixture 
for 30 sec. To examine the effect of compression periods on drug release, 
a compression pressure of 180 kg/cm2 was applied to the drug-polymer 
mixture for 5,30, or 120 sec. 

Release Studies-A tablet was suspended by means of a polyethylene 
net in a 200-ml release medium in a wide-mouthed bottle. Since the re- 
lease rate of theophylline from hydroxypropylcellulose tablets is not very 
dependent on the pH values of the medium, a 0.2% NaCl solution, ad- 
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Figure 2-Release profiles of theophylline from tablets prepared from 
I : I  mixture of theophylline (250 mg) and hydroxypropylcellulose of 
various compositions. Average of three determinations. Key: Viscosity 
grades of the polymer: (0) low; (A) medium; (w) high-viscosity grade 
polymer, and (0) (3:l) (A), I:I, and (0)  1:2 mixtures of low- and me- 
dium-viscosity grade polymers. 

justed to pH 1.2 was used as a release medium. The medium was kept at 
3 7 O  and stirred with a magnetic stirrer. At predetermined intervals, 1-ml 
portions of the medium were pipetted for the spectrophotometric de- 
termination of the theophylline concentration at 272 nm after dilution 
with 0.2 M acetate buffer, pH 5.0. 

Measurement of Salivary Levels in Human Volunteers-Five 
healthy volunteers, two males and three females (23-31 years of age), 
participated in the study. To eliminate ingestion of theophylline from 
other sources and possible formation of theophylline in vivo following 
intake of caffeine ( l l ) ,  the subjects were told to abstain from any drinks 
containing caffeine. Blank saliva samples were collected a few minutes 
before administering the preparation. After overnight fasting, a single 
250-mg dose of theophylline powder (as a fast-dissolving preparation) 
or a hydroxypropylcellulose tablet (as a sustained-release preparation) 
containing the same amount of the drug was administered, with 100-ml 
water, wrapped in a wafer sheet to eliminate possible contact of the drug 
with mucosa of the mouth. Saliva samples were collected at appropriate 
intervals up to 24 hr. A small amount (-10 mg) of citric acid, a salivary 
flow stimulant, was put on the tongue and held in the mouth for 1-2 min, 
then a 2-ml sample of the saliva was collected in a test tube and kept 
frozen until analysis. No food was taken for 4 hr postdose. A crossover 
design was used and a minimum interval of 1 week was allowed between 
trials. 

Analysis of Theophylline Levels in Saliva-Reverse-phase high- 
performance liquid chromatography for theophylline in saliva (12) was 
employed using 7-(2-hydroxyethyl)theophylline as an internal standard. 
A liquid chromatograph4 equipped with UV detector set a t  270 nm and 
a reverse-phase-type column (Zorbax ODS, 4.6 4 X 0.25 m) was used. 

RESULTS AND DISCUSSION 

Effect of Compression Pressure and Compression Period on Drug 
Release-Figure 1 shows the release patterns of theophylline from 
tablets prepared by compressing the drug-polymer mixture for various 
periods. Only a slight decrease in release rate was observed with 6- and 
24-fold increases in compression period. 

In the examination of the effect of compression pressure on release rate, 
three pressure levels covering a ninefold change in pressure were applied 
to the mixture. Release patterns (not shown) of theophylline from tablets 
thus prepared were practically superimposable. Thus, compression 
pressure and compression period are not important factors in modifying 
the release pattern of the drug. 

Effect of Viscosity Grades of the Polymer-Figure 2 shows the 
release patterns of theophylline from tablets with 250 mg of theophylline 
and 250 mg of one of three viscosity grades of hydroxypropylcellulose. 

4 Model LC-SA, Shimadzu Manufacturing Co., Kyoto. 
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Figure 3-Release profiles of theophylline from tablets prepared from 
(0) 1:1/3s ( A )  I:1 and (0 )  1.3 mixtures of theophylline (250 mg) and 
hydroxypropylcellulose (1:l mixture of low- and medium-viscosity grade 
polymers). Average of three determinations. 

The drug release rate was fast from the tablets made of the low-viscosity 
grade polymer, while the release rate was slow from tablets made of the 
polymers of medium- and high-viscosity grades. Therefore, tablets made 
from mixtures of low-viscosity grade polymer and medium-viscosity grade 
polymer in the mixing ratios, as shown in Fig. 2, were examined to obtain 
an appropriate release rate. With an increase in the contents of the me- 
dium-viscosity grade polymer, the release rate was decreased. Therefore, 
the drug release rate can be modified by changing the mixing ratio of two 
polymers with different viscosity grades depending on the required 
sustained period. 

To examine a release mechanism of theophylline from compressed 
hydrophilic tablets, the amount of the drug released was plotted (not 
shown) against square root of time according to the Higuchi equation (13). 
The lines obtained were upward curves, indicating a different release 
mechanism from that expected from the Higuchi equation for release of 
drug from solid matrices. The tablet expanded as water penetrated 
forming a layer of gel on the surface of the tablet, but it gradually eroded 
afterward. Thus the following processes are likely to operate: penetration 
of water through matrices to form a gel in the outer layer, dissolution of 
a drug in the gel, permeation of the drug through the gel, release of the 
drug from the gel to a release medium, and slow dissolution of the gelled 
polymer in the outermost layer in the release medium. 

Effect of Polymer Contents-Figure 3 shows the release patterns 
of theophylline from three tablets containing the same amount of the drug 
- 
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Figure 4-Salivary level profiles of theophylline following adminis- 
tration of 250 mg of theophylline powders (0) and 250 mg of theo- 
phylline-250 mg of hydroxypropylcellulose [ I : I  mixture of low- and 
medium-grade polymers (A) or medium-viscosity grade polymw alone 
(A)] tablets to volunteers. Average of five subjects. 
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but different amounts of the polymer. The polymer mixture used in the 
test was a 1:l mixture of the low-viscosity grade polymer and the me- 
dium-viscosity grade polymer. As expected, the drug was released from 
tablets more slowly with an increase in polymer contents; therefore, the 
release rate of the drug can be modified by changing the polymer contents 
in the tablets. 

Salivary Levels Following Oral Administration-In Fig. 4, the 
average salivary levels of theophylline following oral administration of 
two kinds of sustained-release tablets were compared with those of 
fast-dissolving powders. After the administration of the tablets, salivary 
levels were lower at  earlier hours but higher afterward compared with 
salivary levels following administration of powders. The lowest salivary 
levels observed after administration of the tablet prepared from the 
medium-viscosity grade polymer reflect a slow release rate, as shown in 
Fig. 2, demonstrating that different drug level profiles in body fluids are 
obtainable by modifying the release patterns of drug. Although it is shown 
that the rate of bioavailability is decreased with a decrease in release rate 
in uitro, the effect of release rate on the extent of bioavailability has to 
be examined by extending sampling periods to 36-48 hr. 

The present study demonstrated that the release of theophylline from 
compressed tablets prepared from hydroxypropylcellulose can be mod- 
ified by changing viscosity grades of the polymer, mixing ratios of two 
polymers with different viscosity grades, and changing polymer contents 
in the tablets. Sustained-release in uitro is reflected in drug level curves 
after oral administration of sustained-release tablets. 
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Abstract The spray pattern of an inhalation aerosol was characterized 
using photography and by observing the impaction pattern on a TLC 
plate. The aerosol plume was conical in shape, and its cross section in- 
creased with increasing distance from the actuator. Three puffs of, the 
aerosol, at a distance of 3 cm between actuator and the TLC plate, pro- 
duced a spot that had approximately the same diameter as the cross 
section of the aerosol plume at that distance from the actuator. The TLC 
technique with these parameters was selected to develop an assay char- 
acterizing the spray pattern of an inhalation aerosol because of its spec- 
ificity, simplicity, and speed. 

Keyphrases Aerosols, inhalation-spray pattern characterizations 
using photography and TLC 0 TLC-characterization of spray patterns 
for inhalation aerosols 0 Spray patterns-of inhalation aerosols, char- 
acterized by TLC and photography 

Pressurized inhalation aerosols are generally used for 
drug administration into the lower respiratory tract. Only 
a minor part of the dose administered reaches the lung 
directly (1-3). Recently, using an in uiuo radioactive 
technique, it was estimated directly that an average 8.8% 
of the administered dose was deposited in the lungs with 
80940 deposited in the mouth (4). The remainder of the drug 
(9.8%) was either exhaled or deposited in the aerosol ac- 
tuator. Various test methods for the control of aerosol 
products have been developed (5-7). These include tests 
for net contents, medication delivered per dose, particle 

size distribution, valve delivery, vapor pressure, leakage 
rate, moisture contents, and spray pattern. 

One of the important objectives in developing an aerosol 
product is to obtain the spray pattern best suited for the 
intended application. Various factors can affect the spray 
pattern. These factors are the design of the valve and the 
actuator, the pressure in the container, and its content 
composition (8,9). The spray pattern is affected by the size 
and shape of the actuator orifice as well as by the valve 
(10). Therefore, characterization of spray patterns is im- 
portant for evaluating the valve and actuator perfor- 
mances. In addition to its pattern, other tests generally 
used to characterize the spray are particle size distribution 
of the drug substance delivered and spray angle (11). 

Several methods have been devised to record and com- 
pare the spray pattern of aerosol products. One method is 
based on the impingement of the spray on a piece of paper, 
glass, silica gel, or paper that has been treated with a 
dye-talc mixture (12, 13). Photographic (14) and laser 
holographic’ methods also have been used. Miszuk et al. 
(15) recently described a technique that utilizes two or- 
thogonal video images. These methods are best suited for 
solution aerosols in which the active ingredient is dissolved 
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but different amounts of the polymer. The polymer mixture used in the 
test was a 1:l mixture of the low-viscosity grade polymer and the me- 
dium-viscosity grade polymer. As expected, the drug was released from 
tablets more slowly with an increase in polymer contents; therefore, the 
release rate of the drug can be modified by changing the polymer contents 
in the tablets. 

Salivary Levels Following Oral Administration-In Fig. 4, the 
average salivary levels of theophylline following oral administration of 
two kinds of sustained-release tablets were compared with those of 
fast-dissolving powders. After the administration of the tablets, salivary 
levels were lower at  earlier hours but higher afterward compared with 
salivary levels following administration of powders. The lowest salivary 
levels observed after administration of the tablet prepared from the 
medium-viscosity grade polymer reflect a slow release rate, as shown in 
Fig. 2, demonstrating that different drug level profiles in body fluids are 
obtainable by modifying the release patterns of drug. Although it is shown 
that the rate of bioavailability is decreased with a decrease in release rate 
in uitro, the effect of release rate on the extent of bioavailability has to 
be examined by extending sampling periods to 36-48 hr. 

The present study demonstrated that the release of theophylline from 
compressed tablets prepared from hydroxypropylcellulose can be mod- 
ified by changing viscosity grades of the polymer, mixing ratios of two 
polymers with different viscosity grades, and changing polymer contents 
in the tablets. Sustained-release in uitro is reflected in drug level curves 
after oral administration of sustained-release tablets. 
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Abstract The spray pattern of an inhalation aerosol was characterized 
using photography and by observing the impaction pattern on a TLC 
plate. The aerosol plume was conical in shape, and its cross section in- 
creased with increasing distance from the actuator. Three puffs of, the 
aerosol, at a distance of 3 cm between actuator and the TLC plate, pro- 
duced a spot that had approximately the same diameter as the cross 
section of the aerosol plume at that distance from the actuator. The TLC 
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ificity, simplicity, and speed. 
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Pressurized inhalation aerosols are generally used for 
drug administration into the lower respiratory tract. Only 
a minor part of the dose administered reaches the lung 
directly (1-3). Recently, using an in uiuo radioactive 
technique, it was estimated directly that an average 8.8% 
of the administered dose was deposited in the lungs with 
80940 deposited in the mouth (4). The remainder of the drug 
(9.8%) was either exhaled or deposited in the aerosol ac- 
tuator. Various test methods for the control of aerosol 
products have been developed (5-7). These include tests 
for net contents, medication delivered per dose, particle 

size distribution, valve delivery, vapor pressure, leakage 
rate, moisture contents, and spray pattern. 

One of the important objectives in developing an aerosol 
product is to obtain the spray pattern best suited for the 
intended application. Various factors can affect the spray 
pattern. These factors are the design of the valve and the 
actuator, the pressure in the container, and its content 
composition (8,9). The spray pattern is affected by the size 
and shape of the actuator orifice as well as by the valve 
(10). Therefore, characterization of spray patterns is im- 
portant for evaluating the valve and actuator perfor- 
mances. In addition to its pattern, other tests generally 
used to characterize the spray are particle size distribution 
of the drug substance delivered and spray angle (11). 

Several methods have been devised to record and com- 
pare the spray pattern of aerosol products. One method is 
based on the impingement of the spray on a piece of paper, 
glass, silica gel, or paper that has been treated with a 
dye-talc mixture (12, 13). Photographic (14) and laser 
holographic’ methods also have been used. Miszuk et al. 
(15) recently described a technique that utilizes two or- 
thogonal video images. These methods are best suited for 
solution aerosols in which the active ingredient is dissolved 
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Table I-Cross Sections of Aerosol Plumes a t  Various Distances 
from the Actuator 

+ TLC plate Distance 
from the 

T 
1 

Figure 1-Equipment and setup used to test the plume of corticosteroid 
aerosol by TLC method. 

in the solvent/propellant. In the case of heterogeneous 
aerosols (e.g., suspensions), a major portion of the resulting 
spray consists only of the propellants. In such cases the 
aforementioned methods, being nonselective, do not pro- 
vide sufficient information about distribution of the solid 
drug particles in various regions of the spray. The purpose 
of this study was to develop a specific method to charac- 
terize the spray pattern with respect to drug distribution 
in a plume pattern of an heterogeneous inhalation aerosol 
system. 

EXPERIMENTAL 

Materials-The aerosol formulations consisted of a suspension of 
micronized corticosteroid in a chlorofluorocarbon propellant system 
containing a surfactant. Dosage was controlled by a metered aerosol 
valve2, with a 50-pl metering chamber and stainless steel stem. The valve 
gave a metered puff of formulation upon each actuation. The actuation 
of the valve was effected by a plastic actuator2, also serving as a mouth- 
piece. 

Four actuators were selected for this study. Three of them were mod- 
ified as follows: the orifice diameter of actuator 2 was reduced to 0.483 
mm; the orifice diameter of actuator 3 was enlarged to 0.864 mm; and the 
orifice exit angle with respect to the axis of the delivery tube for actuator 
4 was changed and the orifice diameter was reduced to 0.406 mm. Actu- 
ator 1 was used as manufactured, with an orifice size of 0.533 mm. 

Photography-Photographs of the spray were taken using a camera3 
with a 127-mm lens which was loaded with black and white film4. The 
aperture was set at f/16 and the shutter speed set at 0.5 sec. A flood light5 
was used to illuminate the aerosol plume from below. The actuator and 
shutter release were coordinated manually. 

TLC Method-A plastic adapter was attached to the actuator. These 

* Riker Laboratories, Northridge, Calif. 

' Landfilm type 107, ASA 3000, Polaroid Corp., Cambridge, Maas. 
Polaroid Land Camera CU-5, Cambridge, Mass. 

Photoflood lamp G, G.E., Cleveland, Ohio. 

Actuator, Cross Section of Plume, mm 
cm Actuator 1A Actuator 1B Mean SD 

1 15 14 14 15 14 17 14.8 1.2 
17.0 1.3 2 18 18 16 17 15 18 
19.8 1.3 3 22 20 18 20 19 20 

4 25 23 23 24 22 25 23.7 1.2 
28 25 28 27.5 1.6 

6 34 31 30 33 30 33 31.8 1.7 
7 38 35 34 31 35 31 36.0 1.5 

5 30 27 27 

15 15 80 15 80 82 80 18.7 2.9 

Measurements were taken from photographs. 

were used to actuate an aerosol can to deliver a spray on a 20 X 20-cm 
silica gel TLC plate6 from a fixed distance. The resulting spot was ob- 
served and outlined under UV light. Both the long and the short diame- 
ters of the spot were measured. The equipment and setup used is di- 
agrammed in Fig. 1. 

Corticosteroid Contents-In addition to measuring the diameters 
of the spots, corticosteroid contents in the spot were also determined. This 
was accomplished by scraping the silica gel corresponding to the spot from 
the plate and transferring it quantitatively into a test tube. This was 
followed by extraction of the corticosteroid with ethanol and quantitation 
by blue tetrazolium colorimetry (16). 

Particle Size Distribution-The actuator was connected to the air 
sampler7 by a stainless steel tubular throat. The nozzle of the aerosol can 
was inserted into the actuator, and a fixed number of puffs were sprayed 
into the eight-stage air sampler. The airflow through the air sampler was 
set a t  28.5 liters/min. The acutator, throat, and the various stages were 
rinsed with ethanol. The corticoid deposited on the various stages was 
quantitated by reverse-phase high-performance liquid chromatography 
(HPLC) using an octadecylsilane column8. The mobile phase was 
water-acetonitrile (6535) containing 1% acetic acid. 

RESULTS AND DISCUSSION 

Photography-The photograph of an aerosol plume generated using 
actuator 1 (unaltered) shows that the plume is conical, symmetrical, and 
-31-33 cm in length (Fig. 2). Photographs of six sprays using two actu- 
ators (1A and B) were taken. The widths of the aerosol plumes at various 
distances from the actuator were measured from these photographs. The 
data are given in Table I, and a plot of the plume width uersus distance 
from actuator is shown in Fig. 3. 

An ideal aerosol plume is considered to be a symmetrical cone of op- 
timum apical angle to provide considerable clearance from the mouth- 
piece of the actuator (15). In addition, there should be only a few large 
particle dropouts from the spray cone (14). Actuator 1 yielded a plume 
consistent with the above criteria. However, the plumes produced by 
actuators 2,3, and 4 (modified) had one or more deviations from such an 
ideal plume (Fig. 2). The actuator with the small orifice (actuator 2) 
yielded a misty and irregular-shaped spray with considerable amounts 
of streaks (dropouts). The apical angle appeared to be large and resulted 
in inadequate clearance from the actuator nozzle. The plume yielded by 
actuator 4 had about the same characteristics as 2. In addition, there was 
a displacement of the plume from the center and more dropouts. The 
effect of actuator 3 on the plume shape was not very obvious; however, 
the plume had a slightly larger apical angle and more dropouts than the 
regular actuator. This demonstrates that photography is capable of dif- 
ferentiating some defects in the actuators. 

TLC Method-The spots effected by spraying the aerosol onto a TLC 
plate using the regular actuator (actuator 1) were circular in shape (Fig. 
4). They consisted of an inner dark area surrounded by an outer diffused 
zone. The size of the spot varied with the number of puffs sprayed and 
the distance between the TLC plate and the actuator. The average di- 
ameter of the spot as a function of the number of puffs sprayed and the 
distance from the actuator is given in Table XI, and graphical represen- 
tations are shown in Fig. 3. For any fixed distance between the TLC plate 
and the actuator, the diameter of the spot increased with increasing 
number of puffs. 

6 Analtech, Newark, Del. 
7 Andersen 2000 Inc., Atlanta, Ga. 
8 FBondapak, Waters Associates, Milford, Mass. 
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ACTUATOR 1 ACTUATOR 2 

ACTUATOR 3 ACTUATOR 4 

Figure 2-Effect of actuator orifice on the aerosol plume of corticosteroid. 

Examination of the effect of varying this target distance, however, 
yielded some interesting facts. When three or fewer puffs were used, the 
diameter of the spot decreased with increasing distance from the actuator. 
On the other hand, the use of five or more puffs resulted in larger spot 
size with increase in distance from the actuator. Assuming that the aerosol 
plume has a conical shape (as shown by photography, Fig. 2).  one would 
expect an increase in the size of the spot with increasing distance of the 
TLC plate from the actuator, irrespective of the number of puffs sprayed. 
This discrepancy could be due to the fact that photography does not 
distinguish between drug substance particles and propellant droplets 
in the plume. Thus, photography gives no indication of the drug substance 
density gradient in the aerosol plume (i.e., between the center and outer 
part). On the other hand, the TLC method directly examines drug sub- 
stance particles in the cross section of the plume, as the spot on the TLC 
plate (being the only UV absorbing species) is mainly produced by the 
drug. It is possible that the effective plume (containing the drug sub- 

stance) is really a narrow jet burst rather than an expanding conical spray. 
Thus, the drug substance might be denser, to some extent, in the center 
of the plume cross section than at its outer zone. As more puffs are 
sprayed onto the TLC plate the concentration of the drug in the outer 
zone now increases and contributes to the observable diameter of the spot. 
This is consistent with the increase in the diameter of the TLC spot with 
increasing number of puffs sprayed. 

The shapes of the spots (outlines) produced from the aerosol unit using 
four different experimental actuators are shown in Fig. 4. Using the 
regular actuator (actuator 1) a circular spot was produced. The modified 
actuators produced distinctly distorted spots. Actuator 3 with the largest 
orifice produced a slightly oval or kidney-shaped spot. Actuators 2 and 
4 gave crescent-shaped spots indicating deflection of the spray from the 
actuator nozzle due to its displacement from the center. This information 
indicates that the TLC method is equal or better than photography in 
detecting defects in the size and shape of the actuator orifice. Moreover, 

Table 11-Diameters of the TLC Spots Produced by Spraying Various Puffs of the Inhalation Aerosol a t  Various Distances from the 
Actuator 

Distance 
from the 
Actuator, Mean Diametera f SD, mm 

cm 1 Puff 2 Puffs 3 Puffs 5 Puffs 10 Puffs 

1.7 12.3 f 0.37 (6) 14.3 f 0.74 (6) 17.4 f 0.64 (6) 20.4 f 1.5 (10) 23.3 f 1.85 (10) 
2.8 11.9 f 0.50 (6) 15.38 f 1.13 (6) 17.57 f 1.61 (6) 21.6 f 1.8 (10) 
3.5 9.85 f 0.22 (6) 13.8 f 0.76 (6) 16.75 f 0.69 (6) 
3.7 11.12 f 0.88 (14) 15.0 f 1.1 (12) 17.5 f 1.25 (28) 24.3 f 1.6 (10) 29.35 f 2.17 (10) 

7.6 f 0.53 (6) 11.83 f 0.75 (6) 16.36 f 0.66 (6) 23.9 f 1.3 (10) 30.7 f 2.22 (10) 5 
6 9.54 f 0.48 (10) 12.6 f 1.46 (12) 16.3 f 1.1 (30) 24.8 f 1.8 (10) 
7.5 5.92 f 0.24 (6) 10.46 f 0.32 (6) 15.2 f 0.58 (6) 25.0 f 1.7 (10) 33.27 f 1.69 (10) 

0 The mean includes height and width for all the spots. The number of measurernenls is given in parentheses. 
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Table Ill-Effect of Distance Between the TLC Plate and 
Actuator on the Dimension and Drug Contents of the TLC Spot a 

40 

32 

E 
E 

w 
I- 24- w 
I 

0 
w 
Cl 16- 

d 

5 

a 
E 
a > 

Distance Dimensions of Spot 
from the Surface 
Actuator, Drug Recovered Diameter, Area, 

cm Mean, pg Recovery, %' mm mm2 

I- 

- 

8 -  

1.7 671 
3.7 633 
5.0 542 
6.0 538 
7.5 446 

89 17.43 238 

0 Spots produced by spraying three puffs from the aerosol unit Onto the T1.C 
plate. Mean measurements uf 3-15 spots. Based on 250 pglpuff. 

Table IV-Effect of the Number of Puffs Used on the Dimension 
and Drug Contents of the TLC Spots * 

Dimensions of Spotb 
Surface 

Number Drug Recovered Diameter, Area, 
of Puffs Mean, pg Recovery, %c mm mm2 

1 240 96 12 113 
2 425 85 13.5 143 
3 664 89 16.4 211 
5 1207 97 20.2 322 

10 2402 96 26 531 

a Spots produced by spraying various puffs from the aerosol unit onto a TLC plate 
at a distance of 3 cm from the actuator. b Mean measurements of three spots. 

Based on 250 pglpuff. 

the TLC method being specific for the drug substance itself provides 
direct information about the spray pattern of the latter rather than the 
propellant or solvent. 

Correlation of Drug Contents and Dimensions of the TLC 
Spot-The contents of the drug substance in the TLC spot produced by 
spraying three puffs of the aerosol a t  various distances between the TLC 
plate and the actuator were quantified using blue tetrmlium colorimetry. 
The data are presented in Table 111, and the correlation of the surface 
area of the spot with the drug recovered is shown in Fig. 5. The data in- 
dicate that the surface area of the spot appears to be a good indicator of 
the drug content in various sections of the observed plume. Table IV 
shows the recoveries of drug substances from TLC spots that were pro- 
duced by spraying various puffs of aerosol from a distance of 3 cm from 
the TLC plate. The recovery of the drug appears to have a reasonably 
linear correlation (Table V) with the number of puffs, as shown in Fig. 
6. Thii indicates that the drug is quantitatively deposited in the observed 
spot on the TLC plate under the conditions of the plume geometry 
test. 

Usually a portion of the drug emitted from the valve deposits on the 
inside of the actuator and is unavailable to the patient. The medication 
delivered to the patient therefore, is, the amount of drug actually available 

0 2 4 6 8 
DISTANCE, cm 

Figure 3-TLC spot size and cross section of the aerosol plume as a 
function of distance from the actuator and number of puffs  sprayed. 
Key: (0) cross section of plume by photography; diameter of the TLC 
spot using (0) one puff ,  (A) two puffs.  (m) three puffs,  (0) five puffs ,  
and (e) 10 puffs.  

at the mouthpiece of the actuator. This and other delivery characteristics 
of the regular (actuator 1) and the defective (actuators 2,3, and 4) actu- 
ators were compared utilizing an air sampler. The air sampler consisted 
of seven stages. These stages can separate the aerosol particles into seven 
fractions ranging from an 11.0 to a 0.44-pm aerodynamic diameter. This 
sampling device can be used as an in uitro model for the respiratory tract. 
As such it simulates, to a reasonable extent, the distribution and retention 
of inhaled drug particles in the human lungs. The total recovery of the 
drug, medication delivered to the patient, and percent of drug deposited 
on the actuator, the tubular throat, and various stages of the air sampler 
are presented in Table VI. The total recovery of the drug substance was 
about the same for each actuator. The percent of drug substance depos- 
ited on the actuator was considerably higher using the defective actuators; 
consequently, the amount of medication delivered to the patient was 
markedly less for these defective actuators. These results are in excellent 
agreement with those obtained using the TLC method to define the spray 
pattern. Actuators 2, 3, and 4 produced distorted spots (Fig. 4), and 
therefore, it was expected that a greater portion of the drug emitted from 
the aerosol unit in these cases would be deposited on the actuator. 

Another parameter of interest was the particle size distribution of the 
drug substance in the emitted aerosol. This is important since the indi- 

Table V-Linear Correlation of Drug Recovered from the TLC Spot with the Surface Area of the TLC Spot and the Number of Puffs 
SDrased 

Parameters Slope f 90% Intercept f 90% Standard Error Correlation 
Correlated Confidence Limits Confidence Limits of Regression Coefficient 

Drug contents and surface area of the spota 0.270 f 0.094 62.5 f 54.0 5.2 0.98260 
Drug content of the sDot and number of puffs sprayedb 244 f 0.0 -37.1 f 0.0 82.4 0.99555 

0 From data in Table 111 and Fig. 5. * From data in Table IV and Fig. 6. 

Table VI-Various Drug Delivery Parameters a of the Aerosol Unit Using Various Actuators 

Drug Substance Recovery, % b  
Throat, 

Amount Sampler Top, 
Total Delivered Stage 0 and Stages Stages 

Actuator Recovery, %c to Patient, %d Actuator Stage 1 2 and 3e 4-6f 

1 109.0 f 1.1 98.7 f 2.0 23.0 f 1.0 50.7 f 0.6 21.0 f 1.0 5.6 f 0.6 
2 105.6 f 4.0 78.0 f 4.5 37.6 f 1.1 30.3 f 2.1 25.0 f 1.0 7.0 f 0.0 
3 110.3 f 4.5 85.3 f 4.5 34.3 f 1.2 57.0 f 2.6 6.3 f 2.8 3.0 f 0.0 
4 110.3 f 6.4 90.3 f 6.6 30.6 f 1.5 46.7 i 2.3 16.6 f 1.5 6.0 f 0.0 

Average of three determinations. b Drug substance recovery on various stag- of an air sampler. Assuming 294 pgjpuff. Assuming 250 pglpuff. e Estimate to represent 
aerodynamic particle size in the range of 3.3-7.0 pm. f Estimate to represent aerodynamic particle size <3.3 pm. 
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Figure 4-Spot shapes produced by spraying from the aerosol unit on a TLC plate using the various actuators. 

vidual drug particles are destined for delivery to the lung, and efficiency 
of the bronchial delivery is dependent on the effective aerodynamic 
particle size. It was suggested that the effective aerodynamic particle size 
of drugs for delivery into the lung is <5 Nm (17). The percent of drug 
substance deposited on the various stages of air sampler is included in 
Table VI. The effective aerodynamic size of particles deposited on stages 
2-6 of the air sampler is considered to be <7 pmg. Actuator 3 delivered 
substantially fewer particles <7-pm aerodynamic size because of higher 
depositions on the throat and actuator. When actuator 2 was used a 
crescent-shaped spot was observed on the TLC plate (Fig. 4), and the 
largest amount of the drug substance was deposited on the actuator while 
the least amount was deposited on the throat. However, this did not affect 

250[ 234 
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Figure 5-Correlation of surface area and drug substance content re- 
covered from TLC spots produced by spraying three puffs from the 
aerosol unit. 

* “Particle Fractionating Sampler Bulletin 176-3” Andenen 2000 Inc., Atlanta, 
Ga. 

the amount of particles expected to reach the lungs. Actuator 4,  which 
also yielded a crescent-shaped spot on the TLC plate, showed slightly 
lower recoveries of particles <7 gm due to larger deposit on the actuator 
(compared with actuator 1) as well as on the throat stage (compared with 
actuator 2). 

CONCLUSIONS 
The TLC method for characterization of the spray pattern of inhalation 

aerosols is specific for the drug substance. Therefore, this method pro- 
vides direct information about the distribution of the drug particles in 
the spray rather than the general pattern of the propellant or solvent in 
the spray. Such information is extremely useful in cases of heterogeneous 
aerosols. In addition, the TLC method is capable of detecting defects in 
the size and shape of the actuator orifice. Thus, the TLC technique, be- 
cause of its specificity, simplicity, and speed, can be used as a good in- 
coming quality control tool to evaluate actuators and valve perfor- 
mances. 

2500 r 

NUMBER OF PUFFS 

Figure 6-Linear correlation of drug recovered from the TLC spot and 
numbers of puffs  sprayed. 
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Abstract T o  elucidate the details of the esterase activity of human 
serum albumin, the reaction of N-trans-cinnamoylimidazoles with al- 
bumin was investigated kinetically at various pHs a t  25’. The reaction 
consisted of the acylation of albumin (probably the tyrosine-411 residue) 
by the substrate and the deacylation of cinnamoyl-albumin. The acylation 
was -l&lOO-fold faster than the spontaneous hydrolysis of the substrate 
over the pH range examined. The pH profile for the deacylation rate 
constant indicated the participation of a group having a pK,, of -9.4. The 
deacylation was subjected to the effect of deuterium oxide. The elec- 
tron-withdrawing substituent facilitated the deacylation; the Hammett 
p value was 1.63. These results suggest that  the deacylation proceeded 
uia general base catalysis by this group. 

Keyphrases Albumin, human serumGsterase-like activity, acylation 
with N-trans-cinnamoylimidazoles, kinetics 0 Cinnamoylimida- 
zoles-acylation of albumin, kinetics Kinetics-acylation of albumin 
with N-trans-cinnamoylimidazoles at the tyrosine-411 residue binding 
site 

Studies involving the binding of drugs to human serum 
albumin are pharmacologically and clinically important, 
since this binding influences the in vivo distribution, 
availability, and elimination of drugs (1). Localization of 
drug binding sites on the albumin molecule and the clas- 
sification of drugs with respect to the binding sites can be 
used to predict the displacement of one drug by another 
when two or more drugs are administered concurrently (2). 
It was reported previously that albumin exhibits esterase 
activity toward phenyl esters (3,4). The active site involved 
when the substrate is p-nitrophenyl acetate was found to 
be one of the most important drug binding sites on albu- 
min, and was named the R site (5-7). The R site is located 
near the reactive tyrosine-411 residue (5,8-12). Previous 
studies (5-7) examined the inhibition of the esterase ac- 
tivity by several drugs, and led to the classification and 
identification of the various binding sites involved. 

The details of the esterase activity of albumin have not 
been described. The activity of albumin toward amide 
substrates as well as the mechanisim of the deacylation of 
the acyl-albumin are not known. Since many drugs possess 
the amide linkage, we have investigated the activity of 
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Figure 1-Periodic difference spectrum of the reaction mixture (al- 
bumin + I) versus albumin a t  pH 8.41 and 2 5 O .  The dotted line is the 
spectrum of the mixture of trans-cinnamic acid and imidazole. Key: (I) 
1.0, (2) 3.0, (3) 5.0, (4) 9.0, 65) 30, (6) 60, (7) 240, (8) 1440, and (9) 2580 
min. The initial concentrations of I and albumin are 4.00 X M and 
2.00 X M, respectively. 
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min, and was named the R site (5-7). The R site is located 
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tivity by several drugs, and led to the classification and 
identification of the various binding sites involved. 

The details of the esterase activity of albumin have not 
been described. The activity of albumin toward amide 
substrates as well as the mechanisim of the deacylation of 
the acyl-albumin are not known. Since many drugs possess 
the amide linkage, we have investigated the activity of 
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Figure 1-Periodic difference spectrum of the reaction mixture (al- 
bumin + I) versus albumin a t  pH 8.41 and 2 5 O .  The dotted line is the 
spectrum of the mixture of trans-cinnamic acid and imidazole. Key: (I) 
1.0, (2) 3.0, (3) 5.0, (4) 9.0, 65) 30, (6) 60, (7) 240, (8) 1440, and (9) 2580 
min. The initial concentrations of I and albumin are 4.00 X M and 
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Figure 2-First-order plots for the spectral changes in Fig. 1 .  At and 
A, are the absorbances at time t and at completion of the reaction, re- 
spectively. Key: (0) at 330 nm and (A) at 300 nm. 

albumin toward potential model substrates, the substi- 
tuted N-trans -cinnamoylimidazoles. The pH dependence, 
isotope effect (deuterium oxide), and substituent effects 
for both the acylation and deacylation were examined 
using spectrophotometric methods. 

EXPERIMENTAL 

Materials-Albumin1 was used after purification by the method of 
Chen (13). The molecular weight of the albumin was assumed to be 69,000 
and the concentration was determained using an extinction coefficient 
EP.6 of 0.531 at  278 nm (4). N-trans-Cinnamoylimidazole (I) was pre- 
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Figure 3-The effect of clofibric acid on the reaction rate ofsubstrate 
with albumin at pH 7.4 and 25'. Key: (0) Iand (0) V. The initial con- 
centrations of the substrate and albumin are 1.00 X M and 5.00 
X 10-5 M ,  respectively. 
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Figure 4-Plots of log kp. log ko, and log K, versus pH at 25'. Key: (0) 
log kp, (0) log ko, and (A) log K,. 
pared by the reaction of trans-cinnamoyl chloride with imidazole in 
benzene solution (14). p-Chloro- (II), m-methyl- (III), and p-methoxy- 
(IV) cinnamoylimidazoles were synthesized by the method of Bernhard 
et al. (15) from the respective cinnamic acid and imidazole using dicy- 
clohexylcarbodiimide as the catalyst. Several recrystallizations from 
cyclohexane gave material with the following melting points (I) 133-134', 
(11) 158-163', (111) 119-123", and (IV) 118-120'. Clofibric acid was 
prepared by the method of Jones et al . ,  mp 116-120' [lit. (16) mp 11% 
119'1. The pH content of the deuterium oxide2 was >99.75%. All other 
chemicals purchased were of reagent grade. 

Kinetic Procedures-The reactions of the substrates with albumin 
were carried out in the presence of an albumin concentration more than 
fourfold in excess of the substrates, so that the substrates preferentially 
reacted with the primary reactive site (3,4). The reactions were initiated 
by mixing 15 pl of the substrate in acetonitrile with 3 ml of buffered al- 
bumin solution preincubated in the spectrophotometel3 cell kept a t  25'. 
The acylation rate of albumin with I was followed at 330 nm to preclude 
interference due to the subsequent deacylation. The pseudo first-order 
rate constant was determined as described in a previous paper (3). 

The deacylation of cinnamoyl-albumin was followed a t  300 nm (Figs. 
1 and 2). Sorensen buffer (0.067 M phosphate, pH 7.0-8.0) and Kolthoff 
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Figure 5-Plots of log ka versus p H  or p 2 H  at  25'. Key: (0) in water, 
and (m) in deuterium oxide. 

* Merck & Co., Inc. 
Hitachi UV-124 Spectrophotometer. 
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buffer (0.05 M borate, pH 8.0-10.5) were used as the reaction medium. 
The ionic strength was adjusted to 0.2 M with sodium chloride. In deu- 
terium oxide, a p2H value was estimated from p2H = pH-meter reading + 0.4 (17). 

RESULTS AND DISCUSSION 

Reaction of N- trans-Cinnamoylimidazole with Albumin-The 
absorptivity changes noted during the reaction between albumin and I 
a t  pH 8.41 are shown in Fig. 1. Each spectrum is the difference between 
the reaction mixture and an equimolar albumin solution. The changes 
with time consist of a fast reaction followed by a slow one. The spectra 
eventually approach the sum of the spectra of equimolar trans-cinnamic 
acid and imidazole (represented by the dotted line). The first-order plot 
of the absorbance changes at 300 nm is obviously composed of the two 
steps (Fig. 2). The rate constant for the fast reaction obtained from the 
plot a t  330 nm is -300-fold larger than that obtained from the second 
(slow reaction) phase at  300 nm. It is probable that the fast reaction re- 
flected by the decrease in the absorbance of I is the acylation of albumin 
(formation of cinnamoyl-albumin), and the subsequent slow reaction is 
the deacylation of the cinnamoyl-albumin. 

To localize the reactive site toward I on albumin, the effect of clofibric 
acid on the acylation rate of albumin was examined. Clofibric acid was 
found previously (5-7) to bind singly at  the R site on albumin and to in- 
hibit the reaction of albumin withp-nitrophenyl acetate (V). The results 
are shown in Fig. 3. The r value in the ordinate of Fig. 3 represents the 
ratio of the rate constant in the presence of clofibric acid to that in its 
absence. The acylation of albumin is inhibited by clofibric acid, in a 
manner similar to its reaction with V. This inhibitory effect of clofibric 
acid indicates that both substrates I and V react with the same active site 
(R site, near tyrosine-411) on albumin. The tyrosine-411 residue of the 
R site, therefore, is considered to be acylated by I. 

The overall reaction of I with albumin can be represented as in Scheme 
I. In this case, I-albumin is the Michaelis-Menten-type complex between 
I and albumin and K, is the dissociation constant of the complex. The 
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Figure 6-pH dependence of k3 for the substituted cinnamoyl-albu- 
mins at  25O. Key: (0) p-chlorocinnamoyl-albumin, (A) m-methylcin- 
narnoyl-albumin, and (0) p-methoxycinnamoyl-albumin. 

fiit-order rate constants of I and I-albumin are expressed by ko and kp,  
respectively. The first-order rate constant for the deacylation of the 
cinnamoyl-albumin is given by k3. 

Acylation of Albumin with N-trans-Cinnamoylimidazole-The 
apparent first-order rate constants (kobs) for the acylation of albumin 
were measured with several concentrations of albumin. The kinetic pa- 
rameters k z  and K, for the acylation can he calculated from the intercept 
and slope of the double reciprocal plot based on the following (3): 

1 +- 
k o b  - ko (kp - ko) [albumin]~ 122 - ko 

The pH dependencies of kp, K,, and ko (for a comparison with k ~ )  are 
shown in Fig. 4. The slope of the log kz-pH profile between pH 6.5 and 
9.0 is approximately unity; a t  pH >9.5 kp becomes independent of pH. 
From this profile the pK, value of the catalytic group is estimated as -9.7. 
This pK, value supports the theory that the acylation occurs at the ty- 
rosine-411 residue of the R site, since the tyrosine-411 residue involved 
for the reaction with V has pK, of 4 . 5  (3,5,8). In addition, the absence 
of a deuterium oxide effect in the fast step also supports this theory for 
the acylation of albumin. 

The value of K, is almost independent of pH in the region examined. 
The spontaneous hydrolysis of I proceeds through the usual base catalysis 
in the alkaline region. From the comparison of ko with k 2 ,  it is obvious 
that albumin accelerates the cleavage of amide substrate I as well as ester 
substrates (3.4). 

Deacylation of Cinnamoyl-Albumins-The pH dependence of k 3  
for cinnamoyl-albumin is illustrated in Fig. 5. Up to pH -9, the log k r p H  
profile shows a slope of approximately unity. However, the rate constant 
reaches the limiting value at higher pH. This pH dependence implies the 
participation of a group having pK. of -9.4 for the deacylation. In deu- 
terium oxide the deacylation rate is about three-fourfold smaller than 
that in water, as shown in Fig. 5. This deuterium effect indicates that the 
water molecule also plays a role in the deacylation. Therefore, general 
acid or base catalysis by the group rather than nucleophilic catalysis 
predominates in the deacylation of cinnamoyl-albumin (18). 

The substituent effect for the deacylation rate was examined to dis- 
tinguish between the general acid and base catalysis. The log ks-pH 
profiles for p-chloro-, m-methyl-, and p-methoxycinnamoyl-albumins 
are shown in Fig. 6. A pH variation of 4 . 5  units seems to exist in the 
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apparent pK, of the group participating in the deacylation. This variation 
may be attributable to the perturbation of the pK, induced by the sub- 
stituted cinnamoyl group (15, 19). A plot of the logarithm of the rate 
constants in the pH-independent region (k:”’) against the Hammett u 
values gives a straight line (correlation coefficient = 0.994), as shown in 
Fig. 7. The electron-withdrawing substituent facilitates the reaction and 
the Hammett p value is 1.63. This p value suggests that  the deacylation 
proceeds uia general base catalysis rather than general acid catalysis, 
because the latter is, in general, independent of polar effects (20). The 
requirement of the limited conformation around the catalytic site is 
demonstrated by the finding that the deacylation of denatured cin- 
namoyl-albumin in 8 M urea was retarded. 

Although the acylation of albumin with I (k2) was faster than the 
spontaneous hydrolysis of I (ko), as shown in Fig. 4, the deacylation of 
the cinnamoyl-albumin ( k ~  in Fig. 5) is slower than the hydrolysis of I 
(ko in Fig. 4). The deacylation rate is related to  the molecular activity (in 
the past the term “turn over number” has been used) which gives an in- 
dication of efficiency of an enzyme (21,22). In this context, the ester- 
ase-like activity rather than the intrinsic esterase may be an appropriate 
expression for the activity of albumin toward the amide and ester sub- 
strates. 
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Abstract  0 Complex formation of a-cyclodextrin with 15 amines (in- 
cluding seven 4-substituted anilines) was studied by the potentiometric 
method, supplemented by direct UV spectrophotometry and a compet- 
itive indicator spectrophotometric method. The data were analyzed in 
terms of 1:1 and 1:2 complexes (amine-cyclodextrin ratios) and the sta- 
bility constanta Krl,, KI%, KIlb, and K l ~ b  were evaluated; the subscripts 
indicate the stoichiometry and conjugate acid-base form. For all amines 
Kllb  was greater than K l l ,  and K l %  was 0. On the basis of the relation- 
ship of complex stability to amine structure, i t  was concluded that the 
primary binding site in anilines is the 4-substituent. 

Keyphrases 0 Complex formation-of a-cyclodextrin with amines, 
determination of the stability constants and binding sites a-Cyclo- 
dextrin-complex formation with amines, determination of stability 
constants and binding sites Amines-complex formation with a-cy- 
clodextrin, determination of stability constants and binding sites 

Cycloamyloses (also called cyclodextrins) are cyclic ol- 
igomers containing six or more D-glucose units linked 1 - 
4; they are produced by the action of Bacillus macerans 
amylase on starch. The six- and seven-unit substances are 
called cyclohexaamylose (a-cyclodextrin) and cyclohep- 
taamylose (/I-cyclodextrin), respectively. These molecules 

are doughnut shaped, and their possession of a cavity of 
fixed size and shape has led to considerable interest in their 
chemical properties. The production, purification, and 
chemistry of the cycloamyloses have been reviewed (1- 
4). 

Any molecule smaller than the cavity of a cyclodextrin 
can enter the cavity and there undergo noncovalent in- 
teraction with the atoms lining and rimming the cavity. 
The resulting association product is called an inclusion 
complex. The cyclodextrin is thus a host for the smaller 
(guest) molecule. The dimensions of the a-cyclodextrin 
cavity permit the inclusion of many mono- and disubsti- 
tuted benzene derivatives. A 1:l stoichiometry is com- 
monly observed (and often assumed in experimental 
studies), but it has now been well established that 1:2 
complexes (i .e. ,  1 substrate:2 cyclodextrins) may exist in 
some systems’ (5-9). 

The present paper is one of a series that describes 

* The substrate (S) is the guest; the cyclodextrin (ligand, L) is the host. Stoi- 
chiometric ratios are given in the form SL (1:l) and SL2 (1:2). 
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apparent pK, of the group participating in the deacylation. This variation 
may be attributable to the perturbation of the pK, induced by the sub- 
stituted cinnamoyl group (15, 19). A plot of the logarithm of the rate 
constants in the pH-independent region (k:”’) against the Hammett u 
values gives a straight line (correlation coefficient = 0.994), as shown in 
Fig. 7. The electron-withdrawing substituent facilitates the reaction and 
the Hammett p value is 1.63. This p value suggests that  the deacylation 
proceeds uia general base catalysis rather than general acid catalysis, 
because the latter is, in general, independent of polar effects (20). The 
requirement of the limited conformation around the catalytic site is 
demonstrated by the finding that the deacylation of denatured cin- 
namoyl-albumin in 8 M urea was retarded. 

Although the acylation of albumin with I (k2) was faster than the 
spontaneous hydrolysis of I (ko), as shown in Fig. 4, the deacylation of 
the cinnamoyl-albumin ( k ~  in Fig. 5) is slower than the hydrolysis of I 
(ko in Fig. 4). The deacylation rate is related to  the molecular activity (in 
the past the term “turn over number” has been used) which gives an in- 
dication of efficiency of an enzyme (21,22). In this context, the ester- 
ase-like activity rather than the intrinsic esterase may be an appropriate 
expression for the activity of albumin toward the amide and ester sub- 
strates. 
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Abstract  0 Complex formation of a-cyclodextrin with 15 amines (in- 
cluding seven 4-substituted anilines) was studied by the potentiometric 
method, supplemented by direct UV spectrophotometry and a compet- 
itive indicator spectrophotometric method. The data were analyzed in 
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Cycloamyloses (also called cyclodextrins) are cyclic ol- 
igomers containing six or more D-glucose units linked 1 - 
4; they are produced by the action of Bacillus macerans 
amylase on starch. The six- and seven-unit substances are 
called cyclohexaamylose (a-cyclodextrin) and cyclohep- 
taamylose (/I-cyclodextrin), respectively. These molecules 

are doughnut shaped, and their possession of a cavity of 
fixed size and shape has led to considerable interest in their 
chemical properties. The production, purification, and 
chemistry of the cycloamyloses have been reviewed (1- 
4). 

Any molecule smaller than the cavity of a cyclodextrin 
can enter the cavity and there undergo noncovalent in- 
teraction with the atoms lining and rimming the cavity. 
The resulting association product is called an inclusion 
complex. The cyclodextrin is thus a host for the smaller 
(guest) molecule. The dimensions of the a-cyclodextrin 
cavity permit the inclusion of many mono- and disubsti- 
tuted benzene derivatives. A 1:l stoichiometry is com- 
monly observed (and often assumed in experimental 
studies), but it has now been well established that 1:2 
complexes (i .e. ,  1 substrate:2 cyclodextrins) may exist in 
some systems’ (5-9). 

The present paper is one of a series that describes 

* The substrate (S) is the guest; the cyclodextrin (ligand, L) is the host. Stoi- 
chiometric ratios are given in the form SL (1:l) and SL2 (1:2). 
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Table I-Stability Constants for a-Cyclodextrin Complexes of 
4-Substituted Anilines at 25" a 

X b  K i i b / M - l  K12dM-l  K 11,  1M-l 

2.3 (0.10) 2.1 (1.0) 0 
OCH3 6.7 (0.14) -0.5 (0.3) 0 
NH2 

CHR 57.6 (0.34) 3.91 (0.09) 37.1 (1.1) 
O d  

H 8.8 i0.12j -0.39 (0.39) 
coo- c 9.0 0 - 

251 (10.0) 0.12 (0.16) 68.6 (i.3) 
COOHc 1341 0 

451 (33.7) CN 
NO? 635 134.4) 

- 
ci 

d 
d - d 

-d - 
- 

0 Standard deviations in parentheses. * X in X-CcH4-NH2. From Ref. 9. 
d - not determined. 

measurement of stability constants for complex formation 
between a-cyclodextrin and many substrates in aqueous 
solution, with the possible presence of 1:2 complexes being 
taken into account. The interpretation of the results is 
aided and unified by a model of the complexing that de- 
scribes the substrate as a species having two possible 
binding sites (10). Most of the substrates are 1,4-disub- 
stituted benzenes and many of them are ionizable, so the 
conjugate acid and base forms constitute separate guest 
species. In this paper a series of amines was studied as 
substrates. The experimental stability constants are 
symbolized by K 1 l U ,  K 1 z a ,  Kllb, and K126, the subscripts 
denoting complex stoichiometry and the conjugate acid- 
base form of the substrate. 

Since these substrates are weak bases, the potentio- 
metric method, which has been described in detail earlier 
(9), was applied. This technique was supplemented by UV 
spectrophotometry and a competitive spectrophotometric 
indicator method (11). 

EXPERIMENTAL 

Materials-a-Cyclodextrin2 was dried a t  95O for 48 hr. The amines 
were from commercial sources3; they were purified by recrystallization 
or distillation, the melting and boiling points being in good agreement 
with literature values (12,13). 

Procedures-The potentiometric method was used as described in 
detail earlier (9), except that the m i n e  substrates were half-neutralized 
with 0.1 N HCl. The method of treating the data to obtain the stability 
constants was explained in detail. K11, for 4-toluidine was measured by 
the competitive spectrophotometric method, using methyl orange as the 
indicator. The pK, values of 4-nitroaniline and 4-cyanoaniline are 1.00 
and 1.74, respectively (14,15)-too low for these systems to be studied 
potentiometrically. Their Kllb values were measured by UV spectro- 
photometry. For both systems, 1:l stoichiometry was suggested by the 
observation of isosbestic points. 4-Nitroaniline yielded the same Kllb 
value from measurements a t  350 and 410 nm. The 4-cyanoaniline system 
was studied a t  260 nm. All results reported here are at  25.0' and 0.1 M 
ionic strength. 

RESULTS 

Seven 4-substituted anilines were studied, most of them by the po- 
tentiometric method. The stability constants found for these amines are 
given in Table I. For all systems Klz.  was 0. The conjugate acid of p -  
phenylenediamine (4-aminoaniline) has pK,1 = 2.89 and pK,2 = 6.16 
(16), so that measurement of pK,2 left the other amino group (the X in 
Table I) in its base form. KlZb is not significantly different from zero at  
the 95% level for X = NHz, OCH3, H, C1 (though for X = NH2, KlZb is 
significant at  somewhat lower confidence levels). 

Table I I -Stabi l i ty  Constants for a-Cyclodextrin Complexes of 
Amines at 25" a 

Benzvlamine 17.4 (0.35) 4.0 (0.26) 0 
Phenkthylamine 26.4 (0.17j -0.44 (0.16) 0 
Imidazole 16.3 (0.23) 0.05 (0.37) 0 
N-Methvlimidazole 13.4 (0.09) 0.81 (0.23) 0 
4-Nitroimidazole 49.8 (0.81) -0.0006 (0.16) 4.0 (0.25) 
4-tert-Butylpyridine 84.7 (6.0) 20.1 (1.8) 0 
Q u i n o 1 in e 28.6 (0.73) 0.63 (0.48) 0 
Isoquinoline 22.7 (0.95) 10.8 (0.76) 0 

0 Standard deviations in parentheses. 

was 0. Benzylamine, 4-tert-butylpyridine. and isoquinoline yielded sig- 
nificant K 1 2 b  values. The KlZb value for N-methylimidazole, though 
small, appears to be significant; however, when this system was treated 
as a Case I1 system (91, for which K 1 z b  = 0 by definition, it gave a corre- 
lation coefficient (R2)  of 1.00, compared with 0.03 for the Case I11 (finite 
K12b)  system. Therefore, it was concluded that K l 2 b  = 0 for this system, 
and, evidently, for the remaining amines in Table I14. 

DISCUSSION 

Binding Site Model-Most of the substrates studied in the present 
investigation, as well as those in earlier studies, can be viewed as sub- 
strates possessing two potential binding sites. In 1.4-disubstituted ben- 
zenes, for example, the 1 and 4 positions are the possible sites for binding 
to the cyclodextrin cavity. For such a substrate, having binding sites X 
and Y, it was shown (9) that: 

K11= K x  + K y  (Eq. 1 )  

and 

(Eq. 2) 

In these equations K11 and Klz  are the experimental stability constants 
for 1:l and 1:2 complex formation, K x  and K y  are binding constants for 
1:l complexation of the ligand at  sites X and Y, and a is a parameter that 
describes interaction between the two sites in a 1:2 complex. According 
to Eq. 1, the experimental K11 is the sum of binding site constants for 
isomeric 1:1 complexes. The 1:2 complex is formed by adding a second 
cyclodextrin to  either of the preformed 1:l complexes; according to Eq. 
2, Klz  can be zero only if a = 0 or if one of the site binding constants is 
zero. 

If the two binding sites are identical, as in a symmetrical l,4-disuh- 
stituted benzene, then K x  = K y ,  and Eqs. 1 and 2 give: 

K x  = Kill2 (Eq. 3) 

and 

a = 4Klz/Kll  (Eq. 4) 

For such a substrate, the binding site constant K x  and the interaction 
parameter a are obtainable. 

The interpretation of experimental stability constants in terms of this 
model focuses attention on the binding sites and makes use of some 
chemical assumptions to assign binding constants to binding sites. It is 
postulated that (aside from binding site size and shape factors) the pri- 
mary feature of a binding site contributing to complex stability is its 
electron density. Also favoring complex stability is the polarizability 0 1  
the binding site, whereas complexing is weakened by high site polarity. 
The net effect of these factors determines the binding site constant for 
binding in a given solvent a t  constant temperature. 

Anilines-The Kllb values in Table I show a rough trend with eler- 
tron-attracting ability by the X-substituent, indicating that the X-site 
is the principal binding site. 4-Methylaniline appears to bind anomalously 
strongly. The binding of 4-aminobenzoic acid may be enhanced by hy- 
drogen bonding. The K l l b  values are correlated by: 

Eight other aromatic or heterocyclic amines were studied potentio- log K i i b  = 1.700 0 . 0 5 R ~  (Eq. 5) 
metrically. The results are listed in Table 11. For all of these systems, K1% 

' Many of the constants in Tahles I and 11 are quite small. For such systems the 
diagnostic plots described in Ref. 9 may be ambiguous because of the considerable 
relative experimental error and the limited range of the hinding isotherm that is 

*Sigma Chemical Co., Lot Nos. 20F-0507 and 29C-0425. 
Mallinckrodt Chemical do.; Aldrich Chemical Co.; Eastman Organic Chemi- 

cats. accessible to observation. 
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Table III-Comparison of Kllb for Anilines and K I I .  for 
Phenols 

OCH3 
CH3 
H coo- 
c1 
COOH 
CN 
NO2 

6.7 
57.6 
8.8 
9.0 

251 
1341 
451 
635 

0 
0 
0 
16.6 
272 
1130 
158 
245 

a At 2 5 O .  X in X-C&-NH2 or X-CsH4-OH. c From Table 1. From Ref. 
11. 

where u is the Hammett substituent constant of X and R D  is the molar 
refraction of X-CsHs. The standard deviation is 0.39 in log Kllb .  

Kllb is larger than Kilo for all amines, a result that is consistent with 
the postulates that complex stability is enhanced by high site electron 
density and polarizability and decreased by high polarity. 
Since 4-aminoaniline is symmetrical, Eqs. 3 and 4 are applicable, giving 

Kx = 1.15 as the binding constant for the 4-amino group in thii substrate. 
Calculation of the a value with Eq. 4 does not seem justified, because of 
the large uncertainty in K12b .  

Since the X group in 4-aminoaniline is NH2, the most electron-re- 
leasing group in Table I, any other X group will be even less effective in 
increasing electron density at the aniline NH2 site. Thus the binding site 
constant for binding to the amino site should be a maximum for 4-mi-  
noaniline (for which it is 1.15 M-I) .  Since K l l b  is, by Eq. 1, the sum of 
the binding constants a t  the two sites and the binding constant a t  the 
amino site has been shown to be 1.15 or smaller, the K l l b  values in Table 
I can (except for X = NH2) be essentially completely assigned to binding 
at  the X-substituent site. 

If this assignment is correct, an interesting comparison can be made 
between Kllb  for anilines and Kl la  for the corresponding phenols, for 
it was concluded earlier (11) that Kilo for phenols can be ascribed to 
binding at the 4-substituent site5. The electronic distribution of neutral 
anilines and phenols should be similar, as shown in Schemes I and 11. 

Scheme 1 

Scheme I1  

Therefore, it is expected that Kllb for anilines should be approximately 
equal to K11. for the corresponding phenols. These quantities are com- 
pared in Table III, which shows that the agreement is reasonable in terms 
of this simple argument. 

Except for -OOC-C~HI-OH, which may bind at the hydroxy site (2). 

The stability constant K11, presumably describes binding at  the X-site, 
since the positively charged protonated amine site will on all counts 
(reduced electron density, reduced polarizability, and increased polarity) 
not be expected to undergo any complexation. That Kilo is zero for sev- 
eral systems indicates that electron density at the X-site is reduced suf- 
ficiently, in the cation, that no binding occurs even at  this site. 

Other Amines-The data in Table I1 show the general pattern K 1 l b  
> K l l a  for amines. Many structural types are represented, so interpre- 
tations of most of the results will require more extended and systematic 
variation of structures to establish correlations of structure with complex 
stability. Some obscure points, for example, are the difference in 1:2 
complex behavior for quinoline and isoquinoline and the appearance of 
a finite K 1 2 b  for benzylamine but not for aniline or ~henethylamine~. 
Some results seem reasonable, however; for example, the larger Kllb for 
4-nitroimidazole compared with imidazole suggests that the nitro group 
is the principal binding site. Moreover, this is the only compound in Table 
I1 that possesses a finite K l l a ,  probably because the powerfully elec- 
tron-withdrawing nitro group opposes the electron withdrawal by the 
protonated amine, leaving sufficient electron density a t  the binding site 
to result in significant complexation. 
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Abstract To assess how the permeability of phenol is altered by 
thermal injury, it was first necessary to have baselines of comparison on 
normal skin. Using in oitro diffusion cells and the skin of the hairless 
mouse, [14C]phenol was applied to skin in an aqueous medium with a 
reference copermeating species, [3H]methanol, and 3 7 O  permeability 
coefficients of the pair were evaluated as functions of animal age, skin 
hydration, stripping of the skin, dermis isolation, and phenol concen- 
tration. Age proved to be of little consequence to permeability over a wide 
age range. Prolonged aqueous soaking of the skins was also without much 
effect. Stripping of the skin and isolating the dermis by soaking tech- 
niques allowed assessment of individual skin strata diffusional resis- 
tances. When applied to skin in trace radiochemical concentrations, 
phenol behaved diffusionally as an alkanol with a chain length of six. But 
at concentrations >2% w/v, phenol facilitated the permeation rates of 
itself and methanol; the effect was markedly concentration sensitive and 
only fractionally reversible. Concentration studies using silicone rubber 
membranes proved that the effects on the skin were the results of de- 
stroyed barrier integrity. At 6% phenol concentration there was an es- 
sentially instantaneous, 10-fold increase in the phenol permeability 
coefficient, raising it to two-thirds that observed with fully stripped skin. 
Overall, the data suggest that the stratum corneum is proportionally 
impaired as the phenol concentration is increased. 

Keyphrases Permeation, skin-of phenol, baseline studies with 
hairless mice, effects of animal age, skin hydration, skin stripping, dermis 
isolation, and concentration Phenol-effects of animal age, skin hy- 
dration, skin stripping, dermis isolation, and concentration on skin 
permeation, baseline studies on hairless mice 

6% 

4% 

Phenol is an industrial chemical with widespread use 
and is so frequently a contaminant of industrial waste 
streams that it is designated a priority pollutant by the 
Environmental Protection Agency (1). It is used in topical 
pharmaceuticals as a microbial preservative and other 
medical uses include local antipnuitis, an anesthetic action 
which requires cutaneous penetration, and antisepsis. On 
contact, phenol apparently diffuses through skin readily; 
this has caused serious injuries in the workplace (2). Phenol 
has been associated also with untoward systemic responses 
when medicinally used and fatalities have been recorded 
in cases where its application has been over extensive areas 
of barrier-impaired skin (3). Therefore, whether the skin 
exposure occurs accidently or in therapy, diffusive passage 
of phenol through skin is of some considerable concern. 

It was suggested in a recent report that “the lipophilic 
character of solutes (phenols) and their hydrogen bonding 
capacity are the two main structural features determining 
their penetration through the human epidermis” (4). Being 
only mildly hydrophobic, phenol’s absorption was pre- 
sumed to be rate-controlled by the stratum corneum. In- 
creased phenolic permeation rates in concentrated solution 
have also been recorded and speculatively attributed to 
protein denaturation within the skin during transport (5). 
Higher phenol permeability was reported for skins dam- 
aged by either simple abrasion or burning (6). 

In previous investigations from these laboratories (7- 

lo), permeabilities of normal skin as well as burn-trau- 
matized skin (11) of the hairless mouse have been exam- 
ined using water and the n-alkanols as test permeating 
species. Three basic rate-controlling mechanisms of skin 
permeation were evident (10): ( a )  diffusion through 
aqueous pores (an aqueous shunt pathway), ( b )  diffusion 
through lipoidal components of the stratum corneum, and 
( c )  diffusion controlled by the viable strata (epidermis and 
dermis) lying beneath the horny layer. These studies are 
continued here, for the first time using a chemical with 
known serious local and systemic consequences in humans. 
The purpose of this specific study was to obtain baseline 
data for the assessment of thermal alterations on the 
permeability of phenol through skin. 

1% 0.5% 

MOUSE 1 MOUSE 2 

MOUSE 3 MOUSE 4 

MOUSE 5 MOUSE 6 

Figure 1-Illustration of the manner of excising skin sections from the 
dorsal surfaces of mice for use in phenol concentration experiments. 
The numbers indicate the phenol concentrations; each concentration 
was studied six times. 
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Figure 2-Plots of aoerage permeability coefficients of (A)  the ab- 
dominal skins, (R) the dorsal skins, and (C) the average of both sites; 
and (0) the phenol-methanol permeability ratios as a function of hy- 
dration time. The bias represent the standard deviation for each mean 
value. 

EXPERIMENTAL 

Chemicals--["H]methanoll and [14C]phenol* were diluted with saline2 
to prepare solutions for the permeation experiments. Crystalline phenol:' 
was used to prepare aqueous solutions of varying concentrations for the 
concentration-effect experiments. The final bulk chemical concentration 
of the permeating species was M or lower except where unlabeled 
phenol was added to be the expressed concentrations in the concentra- 
tion-effect studies. 

Animals-Male hairless mice of SKh-hr-l strain4 were used. They 
were provided with free access to food and water. The bedding was 
changed at least once a week. The mice were housed individually in shoe 
box-type cages to prevent them from damaging one anothers skins. 

Stripping and Dermis Isolation Procedures-Immediately fol- 
lowing sacrifice by cervical dislocation, the abdominal and the dorsal 
surfaces of mice were stripped 5, 10, or 25 times with cellophane tape5. 
The animal was secured on a table and the skin was stripped by placing 
the tape on the animal surface and moving the thumb back and forth a 
few times, with as uniform pressure as was possible (12). A fresh piece 
of the tape was used for each stripping. Dermal sections were isolated by 
placing skin in the diffusion cell and soaking it for 24 hr (13). A t  this time 
the cell was opened and the epidermis was carefully lifted from the dermis 
with a pair of forceps. The cell was then reassembled for permeation 
experiments. 

Radioisotopic Assay-Concentrations of the radiolabeled permeating 

I New Kngland Nuclear, Boston, Mass. Supplier-estimated purity >93% in each 

? 0.9% Sodium rhloride irrigation; Abhott Laboratories, North Chicago, Il l .  
:' Mallinckrodt. Inc., St. Louis. Mo. 
t Skin Cancer Hospital. Temple University. Philadelphia, Pa. 
,' Scotch Brand Cellophane Tape, 3M Co., Minneapolis, Minn. 

case. 

Table I-Permeability Coefficients of Methanol as a Function of 
Mouse Age 

P x 103 & SD, cm/hr 
Ape. Overall 
days Number of Mice Abdominal Dorsal Average0 

36 1 
92 5 

340 6 
381 1 
441 3 

2.1 2.7 2.4 
3.4 f 0.5 2.9 f 0.6 3.2 f 0.6 
2.2 f 1.0 2.7 f 0.3 2.5 f 0.8 

3.2 2.1 2.7 
1.9 f 0.8 1.6 f 0.4 1.7 f 0.6 

Average across sites. 

species were determined using a liquid scintillation counter6 and a 
commercial cocktail'. Permeation rates of both methanol and phenol were 
studied simultaneously using a technique involving dual labels. 

Diffusion Cell and Permeation Procedure-A two-chamber glass 
diffusion cell (7-9) was employed to determine the skin permeability. 
The external medium of diffusion was saline, except in the concentra- 
tion-effect studies where the donor compartment was filled with phenol 
solution of designated concentration. The half-cell contents were stirred 
a t  150 rpm, and all permeation experiments were carried out at 37O. The 
half-cell facing the stratum corneum was always the donor chamber and 
the half-cell facing the dermis was always the receiver compartment. 
Therefore, the net diffusion occurred from the stratum corneum to the 
dermis side. 

Procedure of the Hydration Effect Studies-The effect of hydra- 
tion on the skin permeability to methanol (reference solute) and phenol 
was studied for 50 hr of skin immersion in saline, using the abdominal 
and the dorsal skins obtained from each of five mice. A technique of se- 
quential experiments developed earlier (9) was employed to obtain the 
entire hydration profile on each of the LO skins. This was accomplished 
by carrying out four permeation experiments in succession on the same 
piece of the skin, with rinsing between experiments. 

Procedure for  Studying the Concentration Effects and Revers- 
ibility Using Skin and Silicone Rubber Membranes-Permeation 
of methanol and phenol was studied using phenol solutions with con- 
centrations of 0.5,1.0,2.0,4.0, and 6.0% (w/v). The receiver chamber al- 
ways contained saline. To minimize mouse-to-mouse and site-to-site 
variation, each of the five concentrations was studied in six pieces of skins 
excised from five different dorsal locations of six mice. The manner in 
which the concentrations were rotated around the sites is depicted in Fig. 
1. The permeation experiment was initiated within 0.5 hr of skin exposure 
to the phenol solution and was completed within an additional 2 hr. At  
-2.5 hr of skin contact with the phenol solutions, the donor and receiver 
chambers were evacuated and cleansed with saline using three triple 
rinsings -0.5 hr apart. A second permeation experiment was then con- 
ducted with methanol and phenol in trace radiochemical concentrations, 
using saline in both compartments. This experiment [referred to as a 
reversibility experiment (14) in the remainder of this paper] was aimed 
at  determining the extent to which the accelerating effects of phenol were 
reversible. An identical procedure was followed in assessing concentration 
effects and the reversibility of such effects using 0.0254-cm silicon rubber 
membranesn. 

Data Analysis-The data were plotted with the receiver compartment 
concentration (in cpm) as a function of time. The permeability coefficient 
was calculated from (9): 

V (dCld t )  
p=-- (Eq. 1) A AC 

where P is the permeability coefficient (cm/hr); A is the diffusional area 
(-0.6 cm"; AC is the concentration difference across the membrane, 
which was taken to be equal to the donor concentration (cpm); V is the 
half-cell volume (1.4 ml); and dC/dt  is the steady-state slope (cpm/ 
cm3/hr) of a counts (concentration) versus time plot. 

RESULTS 

Tables I and I1 contain mouse skin permeability coefficients of 
methanol and phenol, respectively, as a function of mouse age. The choice 
of the ages and the numbers of the mice per age were dependent on the 
availability of animals within the colony. 

~~~~ 

Rerknian LS 90oO. Heckman, Irvine, Calif. 
2 Aquasd. New England Nuclear, Boston. Mass. 
a Silastic Medical Grade Sheeting, Dow Corning, Midland, Mich. 
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Table 11-Permeability Coefficients of Phenol as a Function of 
Mouse Age 

P X lo? f SD, cmhr  
Age Overall 
days Number of Mice Abdominal Dorsal Average" 

Table 111-Permeability Coefficients of Methanol and Phenol 
through Stripped Skins and the Dermis 

P X lo3 f SD, cmhr  
Number of Number Methanol Phenol 
Strippings of Mice" Abdominal Dorsal Abdominal Dorsal 

36 1 19.7 21.6 20.7 
92 5 28.4 f 4.5 22.4 f 4.3 25.4 f 5.3 

124 5 17.5 f 5.1 23.2 f 5.1 20.3 f 5.7 
340 6 
381 1 
441 3 

16.0 f 5.2 20.6 f 2.2 18.3 f 4.5 
20.8 17.7 19.3 

12.6 f 2.6 12.4 f 0.8 12.5 f 1.7 

Average across sites. 

Figure 2 illustrates the mouse skin permeability coefficients of meth- 
anol and phenol, respectively, as a function of skin hydration time. The 
abdominal and the dorsal skins excised from five mice were used. The 
permeation experiments were run at 0, 10,25, and 50 hr of hydration on 
each of the skins. The animals were weighed before sacrifice and their 
weights were consistent with an expected weight-age relationship ( l ) ,  
indicating that the animals were healthy. The data are plotted to indicate 
the standard deviation about each point. Figures 2A, 2B, and 2C present 
the average abdominal, dorsal, and combined values, respectively. Figure 
2D presents the data as ratios of the permeability coefficients of phe- 
nol-methanol, a data manipulation previously shown to reduce animal- 
to-animal variability. 

Table I11 contains the permeability Coefficients of methanol and phenol 
through the abdominal and the dorsal skins stripped 5,10, or 25 times. 
Five mice were used for each experimental condition. The data are pro- 
vided in terms of the individual and mean permeability coefficients with 
standard deviations. Table 111 also contains data for dermis isolated by 
the soaking procedure (13). In this case, four permeability coefficients 
were gathered for each permeating species, two on each skin site. 

Tables IV and V contain the permeabilities of methanol and phenol 
as a function of phenol concentration in the donor chamber. Also sum- 
marized in these tables are data from the reversibility experiments where 
both compartments of the diffusion cell contained saline. At each con- 
centration, six pieces of the skin obtained from five different sites on the 
dorsal surfaces of six mice were used. The vital statistics of each animal 
are presented and individual as well as the mean permeability coeffi- 
cients, with standard deviations, are listed. From these data, a relative 
enhancement of the permeabilities of methanol and phenol was computed 
as the ratio of the mean Permeability coefficient at a given phenol con- 
centration to that a t  the trace radiochemical concentration of phenol. 
These derived data are illustrated in Figs. 3 and 4 for both the high con- 
centration and reversibility experiments. 

Table VI contains permeability coefficients of phenol and four alkanols 
(methanol, ethanol, butanol, and hexanol) through 0.0127-cm silicone 
rubber (polydimethylsiloxane) membranes. For these experiments, the 
concentrations of the permeating species were S10-4 M. Table VII 
contains permeability coefficients of methanol and phenol through 
0.0254-cm silicone rubber membranes as a function of phenol concen- 
tration. As in the case of the skin studies, results are presented for an 

r 
T 

.4 
,.*" T 

0 1 2 3 4 5 6 
PHENOL CONCENTRATION, % 

Figure 3-Plots of the mean permeability coefficients of methanol 
obtained in the concentration-effect (0) and reversibility (A) experi- 
ments. The bars represent the standard deviation for each mean 
value. 

0 5 3.4 f 0.5 2.9 f 0.6 28.4 f 4.5 22.4 f 4.3 
5 5 1 5 4 f 3 5  48.3 f 3 6  2 1 0 f 3 8  1 2 0 f 4 4  

10 5 342% 18 260 f 6 4  3 5 4 f 4 8  277 f 4 9  
25 5 3 3 9 f 5 5  291 f 3 1  3 1 8 f 6 0  2 7 5 f 2 5  

Dermis 2 4 4 5 f 8 1  395 f 5  3 3 7 f  101 301 f 13 

All mice were 90-100 days of age. 

initial experiment at the high phenol concentrations and a second re- 
versibility experiment. In the latter, permeability was also measured from 
solutions containing only trace phenol concentrations. In the initial ex- 
periments, the phenol concentrations in the donor chamber were 0.5,1.0, 
2.0, 4.0, and 6.0% w/v. A t  each concentration three different silicone 
rubber membranes were used. 

DISCUSSION 

Effect of Aging on the Permeability of Phenol-From the results 
of replicated experiments on mice of 36,92,124, and 340 days of age, the 
phenol permeability coefficient through hairless mouse skin underwent 
no appreciable change with age (Table 11). A representative value for the 
37' phenol permeability coefficient is 2 X lo-* cmhr. A 25' value for 
human skin (cadaver epidermis isolated using ammonia fumes) of 0.8 X 
10-2 cmhr  has been reported (5), and when the temperature difference 
is taken into account (activation energies for structurally similar alkanols 
run -15 kcal/mole), the human and mouse data are refnarkably sim- 
ilar. 

cmhr 
obtained at  441 days seems smaller than that found in younger animals. 
Here the value of using a copermeating-species marker with a different 
radiolabel becomes apparent, as the methanol average permeability 
coefficient a t  441 days (Table I) is also of smaller magnitude than at 
younger ages. Extensive age-influence studies with the alkanols (10) in- 
dicate the methanol permeability coefficient to be invariant from -90 
days of age to ages exceeding 441 days. Thus it is concluded that the de- 
cline in permeability coefficients a t  441 days is due more to animal 
variability than age. It is notable that phenol-methanol ratios of the mean 
permeability coefficients a t  92, 340, and 441 days are 7.9, 7.3, and 7.4, 
respectively, showing that the relative permeability of the two chemicals 
remains essentially invariant even as the skins of different age groups 
of animals evidence variability. Permeability coefficients obtained on 
single sections of skin at other ages are in general accord with the values 
from the replicated runs. Based on these data, it was decided to use mice 
-100 days old for the remainder of the study. 

When the permeability coefficients for methanol and phenol are nor- 
malized to animal mass (permeability coefficient divided by body weight), 

The average permeability coefficient for phenol of 1.25 X 

200 f 
2 : I  160 

120 
X 
a 

I I I I I I 

0 1 2 3 4 5 6 
PHENOL CONCENTRATION, % 

Figure 4-Plots of mean permeability coefficients of phenol obtained 
in the concentration-effect (0) and reversibility (A) experiments. The 
bars represent the standard deviation for each mean ilalue. 
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Table IV-Effect of Phenol Concentration on the Skin Permeability of Methanol a 

Phenol 

(Donor), Mouse 
Concentration P x 103, cmhr  

90 WIV 1 2 3 4 5 6 Mean f SD 

Concentration Effect Experiment (phenol-saline): 

0.0 1.5c 

Reversi bility Experiment (saline-saline): 

0.0 
0.5 
1.0 
2.0 
4.0 
6.0 

1.5c 
1.1(1) 1.6(5) 1.4(4) 3.2(2) 1.4(3) 1.5(5) 1.7 f 0.8 
2.4(2) 1.8(4) 0.6(5) 5.7(3) 1.9(1) 1.9(2) 2.4 f 1.7 

38.5(4) 19.7(2) 22.4(3) 62.1(5) 18.5(4) 37.7(1) 33.2 f 16.7 
115.8(5) 47.2(1) 70.4(1) 176.8(4) 95.3(2) 122.3(3) 104.6 f 45.2 

4.1(3) 2.6(3) 1.9(2) 7.5(1) 0.8(5) 4.1(4) 3.5 f 2.3 

a Number in arentheses indicates the skin location at the dorsal site ; mouse age is -117 days. Mice 1.3.4, and 5 each weighed 30.5 g; mice 
2 and 6 weighef31.5 and 30.0 g, respectively. Data were abstracted 
from ref. 9. 

the age patterns displayed in Fig. 5 are obtained. The mass-weighted 
values decline appreciably for both solutes over the initial year of age, 
in each case the fall in magnitude being approximately twofold. Thus, 
even though the skins of younger animals evidence similar mass-transfer 
coefficients as seen with older skins, the younger animals appear to be 
at  greater risk to comparable area exposures of phenol and systemic ac- 
cumulation of phenol would be seen to be inversely related to animal size. 
We believe such factors have bearing on the increased toxicity of phenol 
observed in infants (15.16). 

Effect of Anatomical Site on the Permeability of Phenol-Tables 
I and I1 contain permeability coefficients of methanol and phenol through 
the abdominal and dorsal skins. At no age is there a significant difference 
in values for the two sites and, moreover, for both permeating species the 
site of greater permeation rate changes from age to age. Therefore, it is 
concluded that within the age range studied there is no factorable site 
dependency to the permeability of these compounds. This conclusion 
is further supported by the hydration study data where permeability 
coefficients for the abdominal and dorsal skins remained unchanged 
during the full 50-hr hydration. The methanol data are consistent with 
the previous studies (10) where the permeabilities of the n-alkanols were 
shown to be site independent for animals older than -50 days. 

Influence of Hydration on the Permeability Coefficient of Phe- 
nol-Permeability coefficient values obtained for methanol and phenol 

1 2 0 r  

z 
U 
0 "I 20 

1 

I 

methanol s-----+- ...-.--.- - .-...-..____.._..____.___. +--.*.-..+ 
I I I 1 I 0 I 

0 60 120 180 240 300 360 420 
MOUSE AGE, days 

Figure 5-Plots of normalized permeability coefficients (cmlhrlg) as 
a function of mouse age for methanol and phenol. The bars represent 
the standard deviation for each normalized value. 

as a function of hydration time are plotted in Fig. 3. There is no clear 
indication that the transport rate of either permeating species is altered 
by hydration. For methanol, this observation is fully consistent with 
previously published results (9). Since the phenol permeability coefficient 
through hairless mouse skin is, a t  the outset, similar to that of hexanol 
(Table VIII) and given the structural similarity of these two 6-carbon 
hydroxy compounds, it was expected there would roughly be a doubling 
of the permeability coefficient of phenol during hydration. Phenol per- 
meability coefficients for fresh and extensively hydrated skins appear 
essentially the same, however, although the latter may be marginally 
larger. Exactly why there is increased facility of permeation for butanol, 
hexanol, and heptanol through hydration and not for the physicochem- 
ically similar phenol [the octanol-water partition coefficient of phenol 
is 29 (17) and lies between that of butanol, 7.6 (18) and hexanol, 76 (18)J 
is not understood. The aromatic compound has a larger diffusional 
cross-sectional area than the alkanols, which may be a factor limiting its 
access to presumably hydration-expanded lipoidal channels. 

Effect of Stripping and Dermis Isolation on the Permeability of 
Phenol-Stripping increases the permeability of both abdominal and 
dorsal skins to both methanol and phenol (Table 111). The permeability 
coefficients obtained tend to level off at 10 strippings. In the earlier 
studies, it required more than 10 strippings to notice a comparable effect 
(8). The difference in observations may be due to greater care securing 
adhesion of the tape to the skin in the present study. The increased 
permeation rate on total stripping is far greater for methanol than phenol, 
which reflects the fact that the stratum corneum functions lipoidally to 
these compounds, offering higher resistance to methanol, the more polar 
of the two solutes. It is also evident (Table 111) that abdominal permea- 
bilities for partially and fully stripped skins invariably exceed those of 
the dorsal surfaces even though there is no apparent difference for the 
intact skins. It appears that the abdominal stratum corneum may be more 
easily removed and further, that the permeability of the remaining ab- 
dominal strata may be intrinsically greater than that of the dorsal skin. 
The latter observation is consistent with the abdominal skin being thinner 
than the dorsal skin (10). 

The abdominal dermis isolated by the soaking technique appears to 
be more permeable than the dorsal dermis, although the data are too 
limited to draw a firm conclusion (Table 111). These data, together with 
the stripping and whole skin data, allow quantitative assessment of the 
diffusional resistances of the individual strata of the skin. The following 
equation, derived from the previously reported physical model (8, lo), 
can be used to compute the individual permeabilities of the stratum 
corneum, the viable epidermis, and the dermis: 

1 - 1  1 1 +-+- 
P W S  PSC P E P  PD 

(Eq. 2) 

where P#s, Psc, PEP, and P D  are the permeabilities of whole skin, stra- 
tum corneum, viable epidermis, and dermis, respectively. The values of 
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Table V-Effect of Phenol Concentration on Skin Permeability of Phenol a 

Phenol 

(Donor), Mouseb 
% wlv 1 2 3 4 5 6 Mean f SD 

Concentration P x 109, cmhr  

Concentration Effect Experiment (phenol-saline): 
0.0 20.3 f 5.7‘ 
0.5 18.6(1) 19.9(5) 20.9(4) 35.7(2) 18.6(3) 22.6(5) 22.7 f 6.5 
1.0 37.7(2) 25.6(4) 15.2(5) 53.6(3) 28.8(1) 23.1(2) 30.7 f 13.4 
2.0 52.4(3) 39.9(3) 33.0(2) 76.1(1) 27.4(5) 50.9(4) 46.6 f 17.4 

196.6(5) 141.6(4) 192.0(1) 165.4 f 26.2 4.0 169.8(4) 131.7(2) 160.7(3) 
6.0 182.3(5) 239.3( 1) 184.5( 1) 2 2 3.8 ( 4 ) 199.9(2) 186.4(3) 202.7 f 23.7 

Reversibility Experiment (saline-saline): 
nn 20.3 f 5.7c _.” 
0.5 
1.0 
2.0 

14.3(1) 15.0(5) 14.8 ( 4 ) 23.3(2) 16.3(3) 17.2(5) 16.8 f 3.4 
20.9(2) 14.6(4) 11.5(5) 37.2(3) 12.6(1) 19.5(2) 19.4 f 9.5 
29.9(3) 19.8(3) 13.6(2) 45.60) 17.6(5) 35.0(4) 26.9 f 12.1 

4.0 ii3.oi4j 75.6(2) 79.6(3) 141.7(5) 90.8(4) 142.5( 1) 107.2 f 30.0 
6.0 188.0(5) 139.6(1) 151.7(1) 214.8(4) 189.9(2) 201.9(3) 181.0 f 29.3 

Number in arentheses indicates the akin location at the dorsal site ; mouse age is -117 days. * Mice 1,3,4, and 5 each weighed 30.5 g; mice 
2 and 6 weighecf31.5 and 30.0 g, respectively. c Data were abstracted 
from Table 11. 

Pws and PD are direct experimental values (Tables 1-111). PEP can be 
estimated from: 

1 
l - l + -  (Es. 3) 

where P25x is the permeability coefficient of the skins stripped 25 times 
(Table 111). Results of these computations are reported in Table IX. The 
computed Psc values for methanol or phenol for either anatomical site 
are essentially the same as PWS observed experimentally. This indicates 
that the resistance offered by the whole skin is, in fact, almost entirely 
due to the stratum corneum. The PEP values are unrealistically large, 
indicating that the viable epidermis presents little resistance to the 
transport of methanol or phenol. In other words, insofar as can be told 
through estimation of difference (&. 31, the dermis offers the bulk of the 
resistance to diffusion once the stratum corneum has been removed, 
mostly because it is far thicker than the epidermis. But it is composi- 
tionally and structurally dissimilar as well, and these differences may also 
be a factor. The condition of the viable epidermis of the stripped skin is 
unknown; it is also possible that it is either damaged or partially removed 
by the repeated strippings, minimizing its apparent residual resis- 
tance. 

Comparison of Phenol and Alkanol Permeabilities in Synthetic 
Membranes-One means of placing the phenol permeability into an 
overall perspective is to compare it with that of the n-alkanols using a 
membrane that, relative to the skin, is well understood in terms of its 
diffusional properties and mechanism. Silicone rubber sheeting provides 
an essentially isotropic, hydrophobic medium ideal for such purposes. 
In this case the permeability coefficient of phenol compares favorably 
with that of butanol (Table VI). But for fresh skins, data for hexanol and 
phenol are comparable. Moreover, as previously pointed out, the octa- 
nol-water partition coefficient for phenol of 29 (17) is bracketed by those 
of butanol and hexanol(l8). These combined observations have an ele- 
mentary significance. While phenol is structurally similar to an alkanol, 
its aromatic character sets it apart in terms of intermolecular interactions 
and, where oil-water partitioning is concerned, its affinity for different 
Table VI-Comparison of Phenol and Alkanol Permeability 
Coefficient Through 0.0127-cm Silicone Rubber Sheeting 

p 2 5 X  P E P  P D  

Number of 
Compound Experiments P X lo3 f SD, cmhr 

Phenol 3 175 f 13 
Ethanol” 3 53.5 f 2 
Butanol“ 3 180 f 12 
HexanoP 3 761 f 54 
Octanol” 3 1090 f 15 

Abstracted from unpublished studies of G. L. Flynn, C. R. Behl, T .  Kurihara, 
W. Smith, J. Fox, H. Durrheim, and W. I. Higuchi, University of Michigan, College 
of Pharmacy. 

oil phases is not consistently the same as that of any particular alkanol. 
Nevertheless, since the differences in intermolecular associations in water 
immiscible phases are subtle, its distributioning behavior tends to be 
reasonably close to that of the alkanols of comparable size. From the 
standpoint of skin permeation, the lipid phase of the stratum corneum 
behaves as expected, “seeing” phenol more or less as it “sees” the 6-carbon 
alkanol, a t  least until the hydration effects set in. 

Effect of Phenol Concentration on the  Permeabilities of Meth- 
anol and Phenol Through Skin and Silicone Rubber Mem- 
branes-The hairless mouse skin permeability coefficients of methanol 
increased slowly up to the 2% level and then rapidly accelerated with 
further increases in phenol concentration (Fig. 3). The permeability 
coefficient of 0.17 cmhr  observed at  6% phenol concentration is >lo0 
times that of normal skin. However, it represents only a partial com- 
promise of the barrier function of the stratum corneum to methanol as, 
based on stripped-skin data, an upper limit of -0.28 cmhr  for the 
methanol permeability coefficient is possible (Table 111). The reversibility 
data indicate that there is some restoration of the barrier to methanol. 
Almost half of the enhancement observed at  0.5,1.0,2.0,4.0, and 6.0% 
phenol concentrations is reversible (Fig. 3). 

Phenol also accelerated its own permeability when applied in high 
concentration. As with methanol the effects are nominal to -2% phenol 
concentration and exaggerated thereafter (Fig. 4). In this case the data 
suggest an upper limit on the effect is being approached at the 6% con- 
centration. This seems reasonable as the permeability coefficient of 0.203 
c m h  at 6% phenol concentration is approaching the value of 0.275 cmhr 
noted for the stripped skin. The relative enhancement in the permeability 
at the 6% level is 10.0 and it is reversible only to 8.9. The relative en- 
hancement for fully stripped skin is -13.5. All these observations are 
consistent with the fact that the mouse skin stratum corneum is intrin- 
sically more permeable to phenol than to methanol; therefore, chemical 
Table VII-Effect of Phenol Concentration on the Permeability 
of Methanol and Phenol Through 0.0254-cm Silicone Rubber 

Mean P X lo3 f SD, cm/hr” 
Phenol Methanol Phenol 
Concen- Concen- Concen- 
tration tration Reversi- tration Reversi- 

(Donor), Effect bility Effect bility 
% wlv Experiment Experiment Experiment Experiment 

0.5 9 . 5 f  1.6 9 . 2 f  1.1 90 .0 f  3.0 83.1 f 1.4 
1.0 11.7 f 1.5 12.3 f 2.0 107.0 f 9.0 96.7 f 3.0 
2.0 13.0 + 2.4 10.7 t 2.1 85.8 f 11.4 94.1 f 14.3 
4.0 12.3 f 0.1 12.0 f 1.2 98.5 f 0.6 93.2 f 20.4 
6.0 11 .1 f0 .6  12 .7 f1 .5  99 .9 f8 .1  89 .6 f4 .6  

Overall Mean 11.5 f 1.3 11.4 f 1.4 96.4 f 8.2 91.3 f 5.3 
f SD 
All results are the average of three independent experiments. 
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Table VIII-Comparison of Phenol and Alkanol Permeability 
Coefficients Through Hairless Mouse Skin 

Table IX-Individual Permeabilities of Whole Skin, St ra tum 
Corneum, Viable Epidermis, and Dermis to Methanol and  Phenol 

P X lo3 f SD, c m h r  
Compound Unhydrated Skinsb Hydrated Skins 

~~ 

Phenol 21.5 f 3.4 24.0 f 6.1 
Methanol” 2.0 f 0.4 2.0 f 0.4 
Ethanol” 2.1 f 0.1 2.1 f 0.1 
ButanoP 5.4 f 1.1 10.8 f 2.2 
Hexanol” 19.4 f 7.8 38.8 f 15.6 
Heptanol“ 65.9 f 24.4 98.9 f 36.6 
Octanola 73.4 f 10.1 97.8 f 13.5 

Abstracted from refs. i ,9, and 11. Values obtained on  freshly mounted skin 
sections. 
impairment has a lesser effect on the permeability of phenol. It is notable 
that, at  the 0.5, 1.0, 2.0, and 4.0% concentrations where enough of the 
stratum corneum integrity remains to essentially provide sole control of 
permeation, recovery of the phenol permeability coefficient on washing 
was roughly of the same degree as observed for methanol. 

Possible Causes of the Observed Concentration Effects-In the 
previous section it was implied that the accelerating effect of phenol on 
skin permeability was due to impairment of the stratum corneum, as was 
also assumed by previous researchers (4, 5). The observation that the 
reference compound, methanol, as well as phenol experienced increased 
permeability in the present studies strongly supports this assumption. 
Moreover, the maximum enhancements for these solutes were quanti- 
tatively similar to the enhancements observed by fully stripping the 
stratum corneum from the skins. Nevertheless, it is possible to rationalize 
the data in terms of physicochemical effects such as complexation in the 
donor medium. It would be necessary for phenol to form complexes both 
with itself and methanol capable of increasing partitioning into the skin, 
thereby facilitating permeation, to explain the results. This implausible 
effect is ruled out by concentration experiments performed with silicone 
rubber membranes (Table VII). These membranes were assumed a priori 
to be chemically inert to phenol, which subsequently proved to be the 
case. When methanol and phenol permeated the synthetic membranes 
a t  concentrations used in the skin studies (0.54.0% w/v), no concentra- 
tion-induced alterations in the permeability of either solute were noted. 
Since the complexes, if formed, would likely also facilitate permeation 
of these hydrophobic films, and since no effect was observed, complex- 
ation as the basis of enhanced permeation can be discounted. I t  should 
be noted that the complete protocol of the concentration studies was 
carried out using the silicone rubber and that the reversibility experi- 
ments yielded essentially the same permeability coefficients as noted at 
high phenol concentrations. This further strengthens the conclusion that 
the acceleration of skin mass-transfer rates by phenol is unrelated to 
external factors such as molecular association. 

Significance of These Studies-Previous work (7-14) has shown that 
permeability of the hairless mouse skin to the n-alkanols to be similar 
quantitatively and qualitatively to that of the human epidermis. The 
present studies show that phenol chemically alters the mouse skin stra- 
tum corneum, leading to increased mass-transfer rates, a phenomenon 
also observed in isolated human epidermis (5). Moreover, the concen- 
tration reported as the threshold concentration for damage in the human 
skin (1.5%) is virtually the same as observed with mouse skin. And the 
magnitudes of phenol-induced increases in skin permeabilities at given 
concentrations of phenol are similar in each case. This parallelism in 
behavior indicates fundamental similarities in the biological compositions 
and the constructions of the two tissues. The implications are that the 
mechanisms of permeation of phenol and chemical denaturation by 
phenol are nearly identical in the two species. This adds to a growing body 
of information which suggests that hairless mouse and human skins are 
comparable chemical barriers and lends credibility to the use of the 
hairless mouse model for topical drug delivery research. 

As far as the concentration effects are concerned, all signs point to 
phenol having a specific ability to chemically alter the stratum corneum. 
When it does so, the partitioning dependency of the skin permeation 
process is effectively lost. This action is partially reversed when the 
phenol is rinsed out from the diffusion cell. Relatively recent evidence 
proves that there is a well-defined extracellular lipid domain in the 
stratum corneum, comprising 10% or more of its total volume (19.20). 
I t  is tempting to assign the lipid pathway across the tissue to this region. 
This would necessarily mean, for compounds like the intermediate 
chain-length alkanols (C&S) and phenol which are in the partitioning 
sensitive region, that  the path of least diffusional resistance is around 
the cellular building blocks of the horny layer. something that could only 
occur if the keratinized, intracellular contents are relatively impervious. 

P x 103, cm;hra 
Methanol Phenol 

Membrane Abdominal Dorsal Abdominal Dorsal 

Whole skin 3.2 3.2 25.4 25.4 
Stratum corneum 3.2 3.2 27.5 28.0 
Epidermis 1400 1100 5800 3200 
Dermis 450 400 340 300 

Computed from eqs. 2 and 3 and from the data given in previous tables. Epi- 
dermis and dermis data are reported to the nearest 100 and 10 unit, respec- 
t ively. 

I t  is hard to believe that phenol, even a t  6% w/v, would have significant 
effect on the lipid medium, other than perhaps just concentrating there, 
and inconceivable that it could all but wipe out the partitioning depen- 
dency of this postulated pathway. On the other hand, consistent with its 
known abilities to denature proteins, phenol may act on the keratin within 
the cellular building blocks and on the cell wall proteins as well, dena- 
turing and, perhaps in the case of the semicrystalline keratin helices, 
uncoiling them. Such effects could be partially reversible. If the suppo- 
sitions are correct that  the extracellular lipids are the partitioning 
pathway and that the destructive activity of phenol is primarily within 
the intracellular space, then phenol must act to open up an alternative 
polar shunt route across the cells. It follows that the extent to which this 
occurs is proportional to the phenolic concentration. The mechanism 
envisioned is consistent with a threshold concentration (-2.0%) for the 
effects of phenol. 

Phenol at 15% concentration is doubly dangerous since the perme- 
ability coefficient is 10-fold enhanced. The absorption rate from a 5% 
compared with a 1% solution is not just 5 times greater but rather 50 
times. This explains many of the rapid lethal poisonings detailed by 
Deichmann (2). At extremely high concentrations (>75% w/v) phenol 
is corrosive enough locally to coagulate the epidermis, retarding its self- 
absorption, so that such solutions are less toxic than 5% levels (14). 
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Abstract The safe antiseptic use of phenol over the burn-traumatized 
surface depends on knowledge of how the systemic accumulation of 
phenol is affected by burn processes. To gain insight into the underlying 
permeation phenomenon, the diffusion of phenol and a reference cwlute, 
methanol, through both scalded and branded dorsal skin sections of the 
hairless mouse was studied as a function of burn temperature using in 
uitro diffusion cells. Temperatures up to 100 and 150" were used for 
scalding and branding, respectively, using a 60-sec exposure time. Per- 
meability coefficients of the traumatized skins were assessed at  37" and 
compared with control values. Coefficients of both permeating species 
were not increased significantly by burn temperatures up to 70" applied 
either by scalding or branding, however, a t  higher temperatures exag- 
gerated increases in permeation rates were noted. A limiting increase of 
-7 times the control value was noted for phenol irrespective of the burn 
method. Permeability of methanol was altered even more dramatically 
and at  100" by scalding and 150" by branding was over 50 times the 
control rate. At 80 and 100° for methanol and at 80" for phenol, scalding 
produced larger increases in the permeability coefficients than branding. 
Since contact for 1 min at 60' is capable of producing a full-thickness 
burn injury, it is clear that eschar permeability to phenol immediately 
postburn is not related to the clinical degree of burning, but is a function 
of the thermal intensity (hotness) of the burn stimulus. Full-thickness 
wounds can be expected to have highly variable rates of systemic ab- 
sorption as a direct consequence of the wide-ranging permeability pos- 
sible for such burns, with the risks of topical application varying ac- 
cordingly. 
Keyphrases Permeability-of phenol and methanol, through burn- 
traumatized skin Phenol-permeability through burn-traumatized 
skin Methanol-permeability through burn-traumatized skin 

Survival of patients with extensive deep partial-thick- 
ness (second-degree) and full-thickness (third-degree) 
burns depends, in part, on limiting microbial colonization 
of the wound surface. Topical antiseptics are used for this 
purpose since eschar is nonvascularized and all but inac- 
cessible systematically. Virtually every known antiseptic 
chemical has been applied to burns, all too often with se- 
rious systemic consequences due to excessive transeschar 
adsorption. Phenol has proven to be one of these toxic 
agents (1,2).  

In previous studies using model permeating species 
originating from these laboratories, the permeation be- 
havior of hairless mouse skin has been shown to be altered 
in unique ways by both scalding (3,4) and branding (5,6). 
Skin permeation rates for water and the n-alkanols were 
maximally increased two- to fourfold when the skins were 
burned at  60°, irrespective of burn duration. However, 

when skins were burned for 60 sec at various temperatures, 
large increases in the permeabilities were noted beginning 
at  -80'; the effect was greater the more polar the per- 
meating species. In branding experiments, it was possible 
to use temperatures > 100' and correspondingly larger 
permeability increases were observed for sensitive com- 
pounds. These studies provided basic insights into the 
conditions for and mechanisms of thermal alteration of 
skin permeation. 

The permeability of phenol through hairless mouse skin 
in its normal state and in a stripped condition was also 
investigated in these laboratories (7). The overall behavior 
of this animal tissue to phenol was found to be similar 
quantitatively and qualitatively to the behavior reported 
for the human epidermis (8,9), including exact agreement 
on the concentration level where self-acceleration of per- 
meation rates due to chemical denaturation of the stratum 
corneum began. Since there are reports that the percuta- 
neous absorption of phenol through thermally damaged 
tissue is greatly enhanced (1, lo), the present study was 
undertaken to quantitate this clinically serious limitation 
to the topical use of phenol. Specifically, this study was 
aimed at investigating the influences of incrementally 
increased burn temperature by scalding or branding on the 
permeation of phenol through skin. 

EXPERIMENTAL 

Chemicals-[3H]methan~11 and [14C]pheno11 were diluted with 0.9% 
sodium chloride irrigation2 (saline) to prepare solutions for the perme- 
ation experiments. The final chemical concentrations of the permeating 
species in the external diffusion medium were S10-4 M. 

Animals-Male hairless mice of SKh-hr-' strain3 were used. Their 
care was as described in the preceding paper (7). 

Radioisotopic Assay-Concentrations of the radiolabeled permeating 
species were determined using a liquid scintillation countefi and a suit- 
able liquid scintillator'. Permeation of both methanol and phenol was 
studied simultaneously using a technique involving dual labels (1 1). 

Scalding Procedure-Immediately following sacrifice, the dorsal 
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Abstract The safe antiseptic use of phenol over the burn-traumatized 
surface depends on knowledge of how the systemic accumulation of 
phenol is affected by burn processes. To gain insight into the underlying 
permeation phenomenon, the diffusion of phenol and a reference cwlute, 
methanol, through both scalded and branded dorsal skin sections of the 
hairless mouse was studied as a function of burn temperature using in 
uitro diffusion cells. Temperatures up to 100 and 150" were used for 
scalding and branding, respectively, using a 60-sec exposure time. Per- 
meability coefficients of the traumatized skins were assessed at  37" and 
compared with control values. Coefficients of both permeating species 
were not increased significantly by burn temperatures up to 70" applied 
either by scalding or branding, however, a t  higher temperatures exag- 
gerated increases in permeation rates were noted. A limiting increase of 
-7 times the control value was noted for phenol irrespective of the burn 
method. Permeability of methanol was altered even more dramatically 
and at  100" by scalding and 150" by branding was over 50 times the 
control rate. At 80 and 100° for methanol and at 80" for phenol, scalding 
produced larger increases in the permeability coefficients than branding. 
Since contact for 1 min at 60' is capable of producing a full-thickness 
burn injury, it is clear that eschar permeability to phenol immediately 
postburn is not related to the clinical degree of burning, but is a function 
of the thermal intensity (hotness) of the burn stimulus. Full-thickness 
wounds can be expected to have highly variable rates of systemic ab- 
sorption as a direct consequence of the wide-ranging permeability pos- 
sible for such burns, with the risks of topical application varying ac- 
cordingly. 
Keyphrases Permeability-of phenol and methanol, through burn- 
traumatized skin Phenol-permeability through burn-traumatized 
skin Methanol-permeability through burn-traumatized skin 

Survival of patients with extensive deep partial-thick- 
ness (second-degree) and full-thickness (third-degree) 
burns depends, in part, on limiting microbial colonization 
of the wound surface. Topical antiseptics are used for this 
purpose since eschar is nonvascularized and all but inac- 
cessible systematically. Virtually every known antiseptic 
chemical has been applied to burns, all too often with se- 
rious systemic consequences due to excessive transeschar 
adsorption. Phenol has proven to be one of these toxic 
agents (1,2).  

In previous studies using model permeating species 
originating from these laboratories, the permeation be- 
havior of hairless mouse skin has been shown to be altered 
in unique ways by both scalding (3,4) and branding (5,6). 
Skin permeation rates for water and the n-alkanols were 
maximally increased two- to fourfold when the skins were 
burned at  60°, irrespective of burn duration. However, 

when skins were burned for 60 sec at various temperatures, 
large increases in the permeabilities were noted beginning 
at  -80'; the effect was greater the more polar the per- 
meating species. In branding experiments, it was possible 
to use temperatures > 100' and correspondingly larger 
permeability increases were observed for sensitive com- 
pounds. These studies provided basic insights into the 
conditions for and mechanisms of thermal alteration of 
skin permeation. 

The permeability of phenol through hairless mouse skin 
in its normal state and in a stripped condition was also 
investigated in these laboratories (7). The overall behavior 
of this animal tissue to phenol was found to be similar 
quantitatively and qualitatively to the behavior reported 
for the human epidermis (8,9), including exact agreement 
on the concentration level where self-acceleration of per- 
meation rates due to chemical denaturation of the stratum 
corneum began. Since there are reports that the percuta- 
neous absorption of phenol through thermally damaged 
tissue is greatly enhanced (1, lo), the present study was 
undertaken to quantitate this clinically serious limitation 
to the topical use of phenol. Specifically, this study was 
aimed at investigating the influences of incrementally 
increased burn temperature by scalding or branding on the 
permeation of phenol through skin. 

EXPERIMENTAL 

Chemicals-[3H]methan~11 and [14C]pheno11 were diluted with 0.9% 
sodium chloride irrigation2 (saline) to prepare solutions for the perme- 
ation experiments. The final chemical concentrations of the permeating 
species in the external diffusion medium were S10-4 M. 

Animals-Male hairless mice of SKh-hr-' strain3 were used. Their 
care was as described in the preceding paper (7). 

Radioisotopic Assay-Concentrations of the radiolabeled permeating 
species were determined using a liquid scintillation countefi and a suit- 
able liquid scintillator'. Permeation of both methanol and phenol was 
studied simultaneously using a technique involving dual labels (1 1). 

Scalding Procedure-Immediately following sacrifice, the dorsal 
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Table 1Qummarv of the 60-Sec Scaldine Data 

Mouse P X 103, cmlhr Mean 
Burn Age, Mouse S- 

Temperature,' Days 1 2 3 4 5 Mean f SD Values f SDa 

60 
70 
80 

Methanol 
- - - - 1.0 

110 1.7 2.6 2.3 3.4 - 2.5 f 0.7 1.32 0.3 
3.1 f 0.9 6.2 f 1.7 110 8.8 5.9 4.6 4.7 6.8 

27.4 f 4.6 111 52.8 52.3 48.2 70.9 49.6 54.8 f 9.2 
90 111 99.6 

100 115 94.9 

- - 37 
60 110 21.1 
70 110 54.8 
80 111 175.1 
90 111 180.8 

100 115 146.2 

41.1 f 5.8 
120.6 92.5 124.6 - 108.2 f 16.8 54.1 f 8.4 
76.9 75.7 76.4 - 82.2 f 11.6 

Phenol 
- 1.0 - - - - 

22.4 21.7 28.7 - 23.5 f 3.5 1.0 f 0.2 
38.3 32.1 28.5 39.2 38.6 f 10.1 1.7 f 0.5 

160.3 139.9 172.0 147.1 158.9 f 15.3 6.9 f 0.7 
145.6 146.8 162.4 - 158.9 f 16.5 1.0 f 0.7 
160.6 154.4 177.4 - 159.7 f 13.2 7.0 f 0.6 

a Computed by using Q. 2. The control P-values are: methanol, 1.9 X 10-3 cm/hr and phenol, 20.3 X 10-3 cmhr. These values were abstracted from Refs. 7 and 8. 

surface of each mouse was scalded by immersing it in water contained 
in a jacketed beaker (3). A desired burn temperature was achieved by 
perfusing water from a constant-temperature water bath through the 
beaker. 

Branding Procedure-The dorsal sites of the mice were burned 
immediately following sacrifice by bringing them in contact with the 
upper, polished surface of a branding device (5 ) .  The desired burn tem- 
perature was achieved by perfusing the device with hot mineral oil from 
a constant-temperature oil bath. 

Diffusion Cell and Permeation Procedure-A two-chamber glass 
diffusion cell (3-7,ll) was employed to determine the permeability of 
the skin. Mice were sacrificed by spinal cord dislocation, weighed, and 
visually examined for skin defects and hair distribution. The animals were 
selected from within a narrow age range (11Ck155 days) to minimize 
age-related effects (12). The dorsal surfaces were scalded (at temperatures 
ranging from 60 to 100') or branded (at temperatures ranging from 60 
to 150') for a 60-sec duration. Each burned skin section was excised from 
the animal and mounted in a diffusion cell, and permeation experiments 
were conducted immediately, as previously described (7). Each experi- 
ment lasted for -2 hr. This procedure ensured, insofar as possible, that 
the data would not be affected by the unavoidable hydrating conditions 
of the diffusional system (11). Three to five mice of about the same age 
were used for each compound per experimental condition. The details 
of the operation of the diffusion cell were as described previously (7). 

Data Analysis-The data were plotted as the receiver compartment 
concentration (in cpm) as a function of time. The permeability coefficient 
was computed from the quasi steady-state slope from (3-7, 11.12): 

(Eq. 1) 

where P is the permeability coefficient (cmhr); A is the diffusional area 
( 4 . 6  cm2), AC is the concentration difference across the membrane, 
which was taken to be equal to the donor concentration (cpm); V is the 
half-cell volume (1.4 ml); and dCldt is the steady-state slope (cpml 
cm3/hr) from the receiver concentration uersus time profile. The scalding 
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Figure I-Plots of scalding coefficients as a function of burn temper- 
ature for methanol (0) and phenol (A). The bars represent standard 
deoiations for each mean d u e .  

coefficients (S-values) and the branding coefficients (B-values) were 
calculated from (3,5): 

dorsal (scalded) permeability coefficient 
S-Value = (Eq. 2) dorsal (normal) permeability coefficient 

dorsal (branded) permeability coefficient 
dorsal (normal) permeability coefficient 

and 

(Eq. 3) 

The normal dorsal permeability coefficients were averages for those found 
in previous studies (11,12). 

B-Value = 

e 

RESULTS AND DISCUSSION 

Tables I and I1 contain summaries of data obtained in the scalding and 
the branding experiments, respectively. Data are tabulated separately 
for methanol and phenol, two solutes that diffused through the skin si- 
multaneously. The permeability coefficients of the normal dorsal skins 
were abstracted from previous studies (11.12). Figures 1 and 2 contain 
graphical illustrations of the burn coefficients as a function of the burn 
temperature for scalding and branding experiments, respectively. 

Factors Influencing the Experimental Course of Action-In 
previous studies (3-6) two simple methods of giving graded, reproducible 
burns were practiced: burning at 60' for varied lengths of time and 
burning for 60 sec at systematically increased temperatures. Although 
burn wounds of third-degree depth were effected a t  60' by scalding or 
branding for 1 1  min, the permeabilities of a spectrum of nonelectrolytes 
were only slightly elevated by such treatment. On the other hand, when 
scalding or branding was done at  temperatures exceeding 70°, extraor- 
dinary augmentation of the permeabilities of some solutes was obtained. 
The lower the natural permeability of a species, the greater was the effect; 
therefore, polar solutes, held back by the effectively lipid nature of the 
stratum corneum, were the most affected. 

The varied temperature-fixed burn duration experimental protocol 
yielded the optimum insight into the extent of burn enhancement of 
permeability, and it was therefore selectively used in these investigations. 
Another early observation bearing on the present study wab that burns 
given to mice immediately postsacrifice behaved the same diffusionally 
as burns applied to living animals when each was studied immediately 
postburn. Humaneness, therefore, dictated the former procedure should 
be used. Since a 60-sec burn at 60' yielded a full-thickness injury, this 
duration was considered to be more than adequate a t  higher tempera- 
tures. However, retaining the duration used for the original protocol al- 
lowed direct comparison of the behavior of phenol to that of the n-alka- 
nols. 

Influences of Scalding on the  Permeabilities of Methanol and 
Phenol-Scalding produced only marginal increases in the permeability 
coefficient for methanol up to 70' (Fig. 1). Beyond this temperature, 
systematic increases in the permeability coefficients are seen. At  the 
higher temperature the scalding coefficients for methanol are quite large, 
reaching a value of 54 at  100'. Previously an S-value of -31 was reported 
at 98" (4). The 1.7-fold difference in the quotients is more apparent than 
real. Previous quotients were computed with permeability coefficients 
of abdominal skins obtained concurrently with those of the scalded 
dorsum, a within-animal control method. In the present study, historical 
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Table 11-Summary of the  60-See Branding Data 

Mouse P x 103, c m h r  
Burn Age, Mouse Mean 

Temnerature.' Davs 1 2 3 4 5 Mean f SD B-Values f SD 

Methanol 
- 1.0 - - - - - - 37 

60 148 2.3 1.8 2.7 2.2 1.8 2.2 f 0.4 1.1 f 0.2 
80 148 41.4 30.0 31.3 27.4 28.7 31.8 f 5.6 15.9 f 2.8 
100 155 79.3 81.1 77.6 92.7 52.2 76.6 f 14.9 38.3 f 7.4 
150 155 146.0 106.5 106.6 100.6 77.6 107.5 & 24.6 53.7 f 12.3 

60 
80 
100 

148 23.9 20.7 25.1 22.3 17.8 22.0 i 2.9 1.1 <-o. 1 
148 129.4 95.0 96.6 98.9 80.9 100.1 f 17.8 5.0 f 0.9 
155 175.1 140.6 142.2 187.4 102.6 149.6 f 33.3 7.4 f 1.6 

150 155 197.4 144.8 150.1 147.0 105.4 148.9 f 32.7 7.3 f 1.6 

@ Computed by using F&. 3. The control P-values are: methanol, 1.9 X c m h  and phenol, 20.3 X cmhr. These values were abstracted from Refs. 7 and 8. 

means for the normal dorsal skin permeability coefficients were used in 
lieu of running a complete set of control skins with each experiment. 
When the same technique of computation is used with the previous data, 
a 98' S-value of -43 is obtained which is in better agreement with the 
present value of -54. It is important to note that a small, absolute vari- 
ation in the control permeability coefficient yields a large difference in 
quotients such as the S-values. To further stress this point, the absolute 
P-values of the burned skins can be compared. The dorsal permeability 
to methanol was 8.49 f 1.27 X 10V cm/hr in the earlier experiments when 
the burn temperature was 98' and the mouse age was 106 days. In the 
present study a value of 10.8 f 1.68 X cmhr was obtained when the 
burn temperature was 100' and the mouse age was 115 days. The absolute 
permeabilities can be considered approximately the same. Given the 
overall qualitative parallelism between the two studies, it can be con- 
cluded that the present results compare well with the previous results 
for methanol. 

Like methanol, increases in the permeation rate of phenol are also 
marginal up to 70' (Fig. 2). Thereafter, the permeability coefficient in- 
creases to a plateau reached within the 70-80' temperature span. A 
limiting S-value of -7.0 is observed (Table I). Qualitatively and quan- 
titatively, this behavior is comparable to the data for hexanol(4) where 
a plateau value of 6.8 was reported for burn temperatures of 80,90, and 
98. This parallel is mechanistically interesting, especially because the 
two permeating species have almost identical permeability Coefficients 
when the skin is used in its natural state of hydration (11). This is not to 
say that the permeation of the stratum corneum is the same for both. The 
permeability of hexanol through intact mouse skin doubles on long 
aqueous soaking (1 l) ,  while the permeability of phenol is little affected 
(7), indicating some fundamental differences in their abilities to cross 
the barrier layer. Hexanol and phenol do, however, exhibit nearly the 
same permeation rates through highly burn-impaired skin, which is not 
surprising given their comparable molecular weights and the aqueous 
nature of the residual functioning elements of the overall skin barrier after 
scalding. 

Permeability of Phenol and Methanol Through Branded 
Skins-Data for methanol indicate large branding coefficients at 280'. 
As in all previous studies, 60' branding was without pronounced effect. 

80 c 
w 
r: 60 v 

0 0 4 0 1  

z 
5 2 0 1  z 

T 

.x" 
BURN TEMPERATURE, deg 

Figure 2-Plots of branding coefficients as a function of burn tem- 
perature for methanol (0) and phenol (A). The bars represent standard 
deviations for each mean value. 

While no 70' data were gathered, earlier work indicates that a transition 
from marginal to exaggerated burn effects took place at  -75', which is 
not inconsistent with the present results. At a given temperature, 
branding coefficients appear consistently smaller than the scalding 
coefficients, suggesting that branding is an intrinsically less efficient 
means of damaging (presumably by denaturing the protein) the stratum 
comeum. At 80' for instance, the S-value is 27.4 f 4.6, while the B-value 
using the same method of calculation is only 15.9 f 2.8. A t  this temper- 
ature, values are significantly different ( p  < 0.05 by t test). There are 
several factors that might contribute to the scalding-branding disparity. 
In the course of scalding, the skin surface is in direct contact with the 
heated water; heat transfer should thus be more efficient than when there 
is a metal surface between the skin and the circulating thermal medium 
(branding). Additionally, moist heat may be more destructive than dry 
heat, a phenomenon that finds precedent in sterilization by autoclaving. 
Lastly, in the case of methanol, it appears that the closeness of the 100' 
S-value (54.1 and the 150' B-value (53.7) is not accidental but the con- 
sequence of the maximum possible disruption of the barrier function of 
the horny layer. 

Branding data for phenol follow a pattern similar to that seen with 
scalding except that B-values again lag in magnitude behind the S-values 
a t  a given temperature. Within the limits imposed by the temperature 
spacing, the plateau for branding is not attained until 100' opposed to 
80' for the scalding procedure. Again, the upper limit of the effects is 
nearly the same across bum methods: -7 for scalding and -7.4 for 
branding. The magnitude of the branding coefficients for phenol is only 
slightly smaller than the limiting value of 4 . 5  for hexanol seen previously 
over the temperature range of 80-150' (6). providing another interesting 
parallel in the behaviors of these alkyl and aryl6-carbon analogues. 

Lastly, it has been suggested here that the barrier properties of the 
horny layer are destroyed at the extremes of the thermal treatments. This 
is true in the sense that the normal permeation selectivity is completely 
lost. However, permeability coefficients a t  their maximum for each 
compound are only 0.10-0.15 cmhr,  while earlier data showed stratum 
corneum-stripped permeability coefficients to be 4 . 3  cmhr and isolated 
dermis permeability coefficients to be slightly higher. It is therefore 
concluded that the denatured remains of the stratum comeum still offer 
a general diffusional resistance and are approximately as impermeable 
as the rest of the skin. 

Clinical Relevance of the Phenol Studies-Presently, phenol is still 
used clinically as a local anesthetic and antipruretic, generally in whole 
percentage concentrations or in combination with other topical drugs 
(13). Its vehicles usually contain adsorptive solids and/or solvents, either 
of which reduces the thermodynamic activity of phenol below that of a 
strictly aqueous solution of the same concentration. Nevertheless, these 
topical preparations could be dangerous if used over burned tissue. A 
clinical fatality that occurred in 1949 (1) appears to be an instance where 
the worst possible combination of factors came together. A youth was 
burned by flash fue with superficial and partial-thickness burns covering 
25-3046 of his M y .  The method by which the burn was received and the 
clinical description of the fresh wound suggest that the burn was of short 
duration but very high thermal intensity: conditions which this research 
shows allows facile absorption through the skin. Although the phenol used 
for treatment was only 2% concentration in a 90% corn oil vehicle, the 
extensive area (fact) and highly permeable nature of the eschar (specu- 
lation) predisposed the patient to fatal systemic accumulation. Based 
on the work reported here, adsorption was possibly a logarithmic order 
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greater than it would be from the same application placed on normal skin. 
Given the variable but potentially high, permeability through eschar and 
the violent systemic toxicity (14), phenol should not be used for burn- 
wound antiseptics. 

Another factor is that the chemical burn effected by the highest phenol 
concentration (6% w/v) in a preceding study (7) and the thermal burns 
effected here a t  temperatures >8O0 are of comparable permeability. This 
suggests that the chemical and thermal treatments cause the same type 
of destructive alteration of the stratum comeum, albeit by vastly different 
mechanisms, resulting in a functional impairment of the same order. We 
regard this as strong evidence that the stratum corneum proteins are 
involved and denatured by extreme treatments of either kind. It is hard 
to envision a means whereby these different treatments could produce 
like effects in purely lipid domains in the stratum corneum. By either 
procedure the stratum corneum loses some or all of the ability to differ- 
entiate permeating species on the basis of polarity, depending on the 
intensity of the burn. 
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Abstract Phenytoin is a high-melting, weakly acidic, and sparingly 
water-soluble drug. Because of these physicochemical properties, phen- 
ytoin is subject to erratic bioavailability in a variety of dosage forms both 
in i ts  acidic as well as sodium salt forms. A homologous series of 3-acy- 
loxymethyl derivatives of phenytoin (acetyl through decanoyl) were 
synthesized and various physicochemical properties measured. The 
prodrugs were more readily soluble in various metabolizable glycerol 
esters such as tributyrin, trioctanoin, and triolein than phenytoin. The 
solubility of the prodrugs in the various organic vehicles studied was 
closely correlated to the melting point of the prodrug: the lower the 
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2) drug is sparingly soluble in water (2). Because of its 
physicochemical properties phenytoin is subject to erratic 

bioavailability in a variety of dosage forms both in the 
acidic as well as the sodium salt forms (3-6). 

Since the problems associated with the release from the 
various dosage forms can be attributed to both the limited 
aqueous solubility and the weakly acidic nature of the 
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greater than it would be from the same application placed on normal skin. 
Given the variable but potentially high, permeability through eschar and 
the violent systemic toxicity (14), phenol should not be used for burn- 
wound antiseptics. 

Another factor is that the chemical burn effected by the highest phenol 
concentration (6% w/v) in a preceding study (7) and the thermal burns 
effected here a t  temperatures >8O0 are of comparable permeability. This 
suggests that the chemical and thermal treatments cause the same type 
of destructive alteration of the stratum comeum, albeit by vastly different 
mechanisms, resulting in a functional impairment of the same order. We 
regard this as strong evidence that the stratum corneum proteins are 
involved and denatured by extreme treatments of either kind. It is hard 
to envision a means whereby these different treatments could produce 
like effects in purely lipid domains in the stratum corneum. By either 
procedure the stratum corneum loses some or all of the ability to differ- 
entiate permeating species on the basis of polarity, depending on the 
intensity of the burn. 
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Abstract Phenytoin is a high-melting, weakly acidic, and sparingly 
water-soluble drug. Because of these physicochemical properties, phen- 
ytoin is subject to erratic bioavailability in a variety of dosage forms both 
in i ts  acidic as well as sodium salt forms. A homologous series of 3-acy- 
loxymethyl derivatives of phenytoin (acetyl through decanoyl) were 
synthesized and various physicochemical properties measured. The 
prodrugs were more readily soluble in various metabolizable glycerol 
esters such as tributyrin, trioctanoin, and triolein than phenytoin. The 
solubility of the prodrugs in the various organic vehicles studied was 
closely correlated to the melting point of the prodrug: the lower the 
melting point the greater the solubility. The cleavage rates of the prodrugs 
in plasma and tissue homogenates followed a parabolic relationship with 
chain length. The prodrug, 3-pentanoyloxymethyl-5,5-diphenylhydan- 
toin when administered in tributyrin gave superior oral phenytoin bio- 
availability in rats when compared with sodium phenytoin administered 
as an aqueous solution. 
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Since the problems associated with the release from the 
various dosage forms can be attributed to both the limited 
aqueous solubility and the weakly acidic nature of the 
phenytoin, it is likely that dissolution plays an important 
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Table I-Melting Points and Elemental Analysis a for Various Esters of 3-Hydroxymethyl-5,5-diphenylhydantoin 

Molecular Calculated Found 
Compound mp, ' Weight, C C H N C H N 

~ ~~ 

I11 158-159 324.3 66.67 4.94 8.64 66.80 4.98 8.68 
IV 172-174 338.4 67.47 5.33 8.28 67.90 5.38 8.30 
V 134-135 352.4 68.18 5.68 7.95 68.23 5.77 8.00 

VI 89-92 366.4 68.85 6.01 7.65 69.20 6.08 7.56 
VII 134- 135 366.4 68.85 6.01 7.65 69.31 6.20 7.58 

IX 87-88 394.5 70.05 6.60 7.11 70.08 6.63 6.98 
X 67.5-68.0 408.5 70.59 6.86 6.86 70.40 6.93 6.76 

XI 78.5-80.0 422.5 71.09 7.11 6.64 70.93 7.28 6.54 
XI1 56-57 436.6 71.56 7.34 6.42 71.40 7.38 6.20 

VIII 107-108 380.4 69.47 6.32 7.37 69.68 6.39 7.33 

Department of Medicinal Chemistry, University of Kansas. 

role in the erratic in uiuo behavior of phenytoin (3). In the 
case of phenytoin, strong intermolecular hydrogen bonding 
in the crystal lattice between the hydrogen atom on N(3) 
and a carbonyl oxygen of a neighboring phenytoin mole- 
cule is the probable cause of its inferior stability charac- 
teristics (7). This problem might be overcome by dis- 
rupting this hydrogen bonding in a bioreversible fashion, 
thereby increasing the lipid solubility of phenytoin, al- 
lowing incorporation in a dosage form such as a soft gelatin 
capsule or microencapsulation. In the present study, 3- 
hydroxymethyl-5,5-diphenylhydantoin (11) and various 
straight chain acyl (111-VI, VIII-XII) as well as the pi- 
valoyl derivative of I1 (VII) were prepared and various 
physicochemical properties measured. Of particular in- 
terest was the increased solubility of compounds 111-XI1 
relative to phenytoin in cyclohexane and metabolizable 
lipid vehicles as well as the relationship between the 
structures of these prodrugs, their melting points, and lipid 
solubility. The ultimate objective was to see if the bio- 
availability of phenytoin, as a high-melting, sparingly 
water-soluble model compound, could be improved by the 
synthesis of low-melting prodrugs that could be incorpo- 
rated into metabolizable vehicles suitable for formulation 
in soft gelatin capsules or microencapsulation. 

EXPERIMENTAL 

Apparatus-Ultraviolet spectral measurements' were performed 
using 1-cm cells with caps. Melting points were measured on a capillary 
melting point apparatus2 and were uncorrected. A high-performance 
liquid chromatograph (HPLC) with an injection system3, was used 
throughout the study. A gas chromatograph4 was used for plasma and 
blood phenytoin analysis. 

Materials and Reagents-The solvents used as a mobile phase were 
HPLC grade. All other chemicals were of analytical or reagent grade. 
3-Hydroxy-5,5-diphenylhydantoin (11) was prepared as follows: a mixture 
of 45 g of phenytoin, 2.43 g of potassium carbonate, and 1620 ml of water 
was stirred while 180 ml of formalin was added. The stirring was con- 
tinued at room temperature for 24 hr, the solution was filtered, and the 
solid was washed with a 3% formalin solution and then air dried for 3 days. 
Various esters of I1 were prepared by adding 10% excess of the corre- 
sponding acid chloride, dropwise with stirring, to 10 g of I1 dissolved in 
40-50 ml of dry pyridine. For the synthesis of the 3-pentanoyloxymethyl 
derivative, the corresponding acid anhydride was used. The mixture was 
stirred until qualitative TLC showed the reaction to be complete. The 
pyridine solution was then poured into slightly acidic ice water with 
stirring. After neutralizing (or slightly acidifying) by the addition of 
hydrochloric acid, the solution was stirred for several hours. The acetyl 
and propionyl derivatives precipitated and were recrystallized from al- 
cohol-ether. Other compounds did not solidify, but settled out as yellow 

Carv Instruments. Model 219. 
UniZMelt, Thorn&-Hoover. 
Altex Model IlOA. with a Rheodyne model 7125 injector system and an Altex 

oils which were purified by the following method. The water layer was 
removed by aspiration, and the oil was dissolved in -150 ml of anhydrous 
ethyl ether (ethyl acetate was used for the butanoyl derivative). The or- 
ganic layer was washed twice with 50 ml of 2% sulfuric acid, twice with 
50 ml of 5% sodium carbonate, and twice with 50 ml of water. The organic 
layer was then dried over anhydrous magnesium sulfate for several hours. 
The mixture was filtered and the solvent was removed at reduced pres- 
sure to give solid material which was recrystallized from anhydrous ethyl 
ether. The melting point and elemental analysis of each compound are 
shown in Table I. 

SolubilitiegThe solubilities of the various esters in cyclohexane were 
determined by placing 2-5 times excess ester and 2 ml of cyclohexane in 
a screw-capped vial containing a glass bead. The air was replaced by ni- 
trogen and the vials were sealed. The mixtures were shaken for several 
days in a constant-temperature water bath at  25'. The mixture was fil- 
tered, an aliquot was diluted with an appropriate amount of cyclohexane, 
and the absorbance at  265 nm was measured. The concentration of the 
ester in the saturated solutions were calculated from the measured ab- 
sorbances by reference to standard curves. 

The solubilities in various oils were determined by suspending the 
compounds in oils and rotating the vials in a water bath for up to 1 month 
at  25'. The viscous-solutions were centrifuged for 5 min, and then the 
supernatant was diluted with an appropriate amount of tetrahydrofuran. 
The diluted solution (20 pl) was injected on an HPLC. The separation 
was carried out on a 25 cm X 4.6 mm (i.d.1 prepacked normal-phase col- 
umn5 with use of a tetrahydrofuran-heptane (20-80 by volume) mobile 

-1 ' 

Vo 
-3 I- 

3.0 x 2.0 x 1 0 - ~  2.5 x 1 0 - ~  

1 IT$' 
Figure 1-Plot of the logarithm of the solubility (log S, S in units of 
moleslliter) of various 3-acyloxymethyl-5,5-diphenylhydantoim in ethyl 
oleate against the recipricol of the melting points in absolute degrees 
(T$) of the compounds. Solid line is given by the equation log S = 
2404/nb - 7.694 (r = 0.9796). 

5 Economy Column LiChrosorb Si-60-10, Chrompack. 
Model 153 detector. 

Varian Model 2100. 
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Table 11-Solubilities of Various Esters of 3-Hydroxymethyl-5.5-diphenylhydantoin at 25" 

Solubilities, mg/ml Phenytoin 
Cyclohexane Ethyloleate Triolein Trioctanoin Tributyrin Equivalents Compound 

I11 0.036 1.5 0.99 3.6 15.8 0.78 
IV 0.068 1.7 0.82 3.5 15.1 0.75 
v 0.11 4.6 2.4 8.2 34.4 0.72 

VI 5.5 40.8 17.1 65.7 270 0.69 
VII 0.44 9.5 4.9 15.5 63.0 0.69 

VIII 1.9 19.9 9.5 34.2 134 0.66 
IX 3.9 29.4 11.3 43.2 143 0.64 
X 61.3 105 38.2 144 284 0.62 

XI 20.3 54.5 20.5 75.0 196 0.60 
XI1 306O 123 81.9 224 485 0.58 

Phenytoin (I) 0.039 0.36 0.28 0.92 3.9 1.00 

a Estimated from dissolved amount. 

phase at  a flow rate of 2.0 ml/min. The column effluent was monitored 
a t  254 nm at 0.08 absorbance unit full scale. The concentrations of sat- 
urated solutions were calculated from the peak height of standard solu- 
tion of each compound dissolved in tetrahydrofuran. 

Stabilities-The compounds with the shortest and the longest carbon 
chain, 3-acetyloxymethyl- and 3-decanoyloxymethyl-5,5-diphenylhy- 
dantoin, were chosen as examples for the stability studies. A solution of 
each ester in each solvent studied (except cyclohexane) was prepared and 
placed into ampules, each of which contained 200 pl of solution. The 
ampules were sealed under nitrogen and kept at room temperature, 40°, 
and 60'. After appropriate intervals, the ampules were opened and the 
concentrations of the prodrugs were measured by the same HPLC 
method as used in the solubility study. 

Kinetics in Human Plasma-The stock solution of each prodrug in 
acetonitrile (-2 mg/ml phenytoin equivalents) was added to the human 
plasma6 which was kept in a water bath at 37O so that the final concen- 
tration of phenytoin formed was 20 pglml. At  appropriate times a 100-pl 
sample was removed and the concentration of phenytoin formed by hy- 
drolysis of the prodrugs with longer carbon chains (pentanoyl to decanoyl) 
was measured by GLC (8). The sample was added to 100 p1 of 10% 
meta -phosphoric acid to quench any enzymatic reaction, and then 500 
p1 of cyclohexane was added. This mixture was vortexed for 1 min and 
centrifuged for 5 min. The cyclohexane layer was removed by aspiration 
and 100 pl of the aqueous layer was analyzed as previously described 
(8). 

Figure 2-Plot of the logarithm of the solubility (log S, S in units of 
moleslliter) of oarious 3-a~yloxymethy1-~5,5-diphenylhydantoins in ethyl 
oleate against their melting points (TM) in degrees C.  Solid line is given 
b.v the equation log S = -0.0167 TM + 0.4606 (r = 0.988). 

6 Community Blood Center ofcreater Kansas City. 
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The concentration of phenytoin produced by the hydrolysis of prodrugs 
with shorter carbon chains (acetyl through to butanoyl) was determined 
by HPLC. The plasma samples were added to 250 pl of acetonitrile, 
vortexed for 5-10 sec, and then centrifuged. The supernatant was directly 
injected into the HPLC and was eluted with the mixture of acetonitrile 
and water, acidified to pH 2.5 with meta-phosphoric acid, at flow rate 
1.3 ml/min on a 25 cm X 4.6 mm (i.d.) prepacked reverse-phase column'. 
The detector sensitivity setting was 0.005 absorbance unit full scale a t  
254 nm. The concentration of phenytoin was calculated from the peak 
height by reference to a standard curve. 

The rate constants were obtained from the plots of log ( C ,  - C t )  versus 
time, where Ca and C t  are the concentrations of phenytoin at  infinity 
and at time t ,  respectively, by using the least-squares method. In all cases, 
the prodrugs quantitatively reverted to phenytoin and followed pseudo 
first-order kinetics. 

Kinetics in  Rat  Plasma-Plasma taken from male rats were kept 
frozen until used. A 300-pl volume of plasma was used for each kinetic 
experiment. A 50-p1 sample was removed at  appropriate times, and the 
enzymatic reaction quenched by the addition of 125 p1 of acetonitrile. 
The concentrations of phenytoin in the supernatant were measured by 
the HPLC method used in the kinetics in human plasma. To obtain good 
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Figure 3-Plot of log S f ir  I I I  (0). VII (A), and X I 1  (0) versus tri- 
glyceride functional group concentration for  the three solvents, tri- 
butyrin (TB),  trioctanion (TOC), and triolein (TOL). 
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Table 111-Half-lives for the Conversion of Various Phenytoin 
Prodrugs to Phenytoin at 37" in  Human Plasma 

Compound tl/% min k , min-l 

I11 6.7 0.104 
IV 2.3 0.306 
V 1.6 0.437 

VI 1.9 0.361 
VII 75.6 0.00918 

VIII 2.6 0.266 
IX 4.7 0.148 
X 12.6 0.0555 

XI 14.8 0.0470 
XI1 33.2 0.0209 

separation of the phenytoin peak from an interfering peak in rat plasma, 
35% acetonitrile was used in the mobile phase instead of 4O%, and the flow 
rate was 1.5 ml/min. 

Kinetics in Rat Intestine Homogenates-A male rat (Sprague- 
Dawley) was sacrificed and a part of the intestine removed. After being 
sliced on a glass plate kept on ice, the intestine was placed in a beaker with 
cold Sorensen's isotonic buffer. The volume of buffer was adjusted so that 
the ratio of the weight of the intestine to the buffer was 1:4. The mixture 
was homogenized while cooling with ice, then centrifuged for 10 min at 
2500 rpm, and the supernatant removed and kept cold (0'). 

The kinetic studies were carried out by adding 20 pl of acetonitrile 
solution of the prodrug (2 mg phenytoin equivaIent/ml) to 2 mI of diluted 
homogenate (X500) kept in a water bath (37') for 10 min before the ex- 
periment. One hundred-microliter samples were removed at  the appro- 
priate times. The assay for phenytoin was the HPLC method used in the 
kinetics in human plasma except for the flow rate of mobile phase, which 
was 1.5 ml/min in this study. 
In Vivo Experiment-Adult, male SpragueiDawley rats (225-300 

g) were used in the crossover study. Six rats were randomly divided into 
two groups. Both groups of rats were fasted overnight as well as during 
the sampling time but water was allowed ad libitum. 

Each rat was given a 100-pl sample of either sodium phenytoin in water 
or 3-pentanoyloxymethyl-5,5-diphenylhydantoin (VI) dissolved in tri- 
butyrin uia gastric intubation. Approximately 30 mg/kg of phenytoin 
equivalents were given to each rat. 

Blood sampling after drug administration was done uia a tail clip. Two 
hundred microliter samples of whole blood were withdrawn at 1,2,4,6, 
and 26 hr postdose and used for analysis. After a 2-week washout period 
both groups of rats received the alternate dosage form. The blood samples 
were analyzed for phenytoin as previously described (8). 

RESULTS AND DISCUSSION 

The solubilities of prodrugs 111-XI1 in the various organic solvents are 
shown in Table 11. For the solubility of 3-decanoyloxymethyl-5,5-diph- 
enylhydantoin (XII) in cyclohexane only a rough estimate was made. This 
compound, in cyclohexane, displayed liquid crystal-like behavior, making 
a true solubility determination difficult. For all the prodrugs, crystals 
isolated from the excess solids used in the cyclohexane solubility deter- 
minations were checked for possible variations in melting behavior. In 
all cases the melting behavior of the excess solids was identical to the 
starting crystals. 

There was no quantitative relationship, as expected, between the 
solubilities of the various esters and the length of the ester alkyl chain, 
hut there was an obvious relationship between the melting points and 
solubility. Figure 1 is a plot of the logarithm of the solubility of the various 
esters in ethyl oleate against the reciprocal of the melting points in ab- 
solute degrees. Similar plots with correlation coefficients between 0.956 
and 0.984 were seen with the other solvents. 

Valvani and Yalkowsky (9) have also suggested that plots of the loga- 
rithms of solubility (as mole fraction) to the melting points may be linear 
for a series of structurally related molecules. Reasonable linearity of plots 
of the logarithm of molar solubility for our series of molecules was ob- 
served. Figure 2 shows such a plot for the esters in ethyl oleate. Neither 
of the plots (Figs. 1 and 2) are meant to imply anything other than the 
fact that crystal lattice energy differences, as indicated by melting point 
behavior, appear to influence the solubility of the esters in the organic 
solvents studied. 

The low melting point of the 3-pentanoyloxymethyl derivative, VI, 
relative to the higher and lower homologues, V and VIII, should be noted. 
This unusually low melting behavior is reflected in its superior solubility 
in the various solvents when compared to compounds V and VIII. This 

Table IV-Half-lives a for the Conversion of Various Phenytoin 
Prodrugs to Phenytoin i n  Different Lots of Rat Plasma a t  37' 

Lot Ratio of 
IV Rate Constantb Compound I I1 I11 

111 
IV 

1.89 0.342 
0.85 0.753 

V 1.04 0.889 
VI 0.93 1.18 0.84 0.64 1.00 

VII n.443~ 
VIII 0.98 

IX 0.69 0.79 x 0.52 0.71 

-. - -- 
1.20 
1.49 
1.67 

XI 0.49 1.71 
XI1 0.55 1.52 

a In minutes. VI was taken as 1.0. 10% rat plasma. 

may represent a particularly disrupted member in the series that does 
not interact well with neighboring molecules in its crystal lattice. 

The relative solubilities of any particular prodrug in tributyrin, 
trioctanoin, and triolein follow a predictable trend. The greater solubil- 
ities in tributyrin than in trioctanoin and triolein were probably due to 
the greater polarity of this solvent because of the higher molar concen- 
tration of the polar triglyceride functional group. For example, if the 
molar concentration of the triglyceride functionality is calculated from 
the solvent density and molecular weights of the three solvents, it can 
be seen in Fig. 3 that a plot of the logarithm of the solubility for com- 
pounds 111, VIII, and XI1 in the three solvents against the molar tri- 
glyceride functional group concentration is reasonably linear. This sug- 
gested that the increased solubility of the prodrugs in going from tri- 
butyrin to triolein was largely due to specific interactions between the 
prodrugs and the triglyceride functional group of the solvents. In fact, 
if it is assumed that the triglyceride functionality acts as a single-ester 
function, because of steric and entropic considerations, the predicted 
solubility of the prodrugs in ethyl oleate can be estimated within a factor 
of 2-3, and the intercepts in Fig. 3 predict the solubilities in cyclohexane 
well within an order of magnitude. 

The chemical stability of 3-acetyloxymethyl and 3-decanoyloxymethyl 
derivatives stored in ethyl oleate a t  room temperature (-25") and at 40" 
and 60" was determined after 1,3, and 5 months. No loss of the prodrugs 
was observed. The stabilities of these two esters in tributyrin, trioctanoin, 
and triolein were also evaluated after storage at  60" for 3 months. No 
measurable degradation was observed. Though acyl exchange reactions 
between the esters and solvent might have been anticipated, no such 
reactions could be confirmed. 

the following scheme (Scheme I). 
Enzymatic cleavage of compounds 111-XI1 was expected to occur via 

III-XII 

I1 
Scheme I 

It has been shown in this laborator9 and by others (10) that I1 readily 
dehydroxymethylates to phenytoin at pH 7.4 and 37" with a t l / 2  of <2 
sec. Therefore, phenytoin production from 111-XI1 probably occurred 
via initial cleavage of the ester bond followed by a very rapid dehydrox- 
ymethylation step to give phenytoin without any accumulation of 11. In 

" S. Varia and V. J .  Stella, unpublished results. 
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Figure 4-Ratio of the rate constants for the cleavage of compounds 
Ill-VI, Vll-XI1 to phenytoin in human (0) and rat (0) plasma and 
rat intestinal homogenates (A) at 37' to the 3-pentanoyloxymethyl 
derivative, VI, against alkyl chain length of the acyl function. 

all the studies with compounds 111-XI1 quantitative cleavage to pheny- 
toin was observed. 

The rate constants andlor half-lives for the conversion of all the pro- 
drugs to phenytoins in human and rat plasma and rat intestinal homog- 
enates at 37' are shown in Tables 111-V. In the case of rat plasma, various 
lots of rat plasma were studied with the cleavage rates of the prodrugs 
being compared with the 3-pentanoyloxymethyl derivative in each lot. 
The profiles for the relative cleavage rates for the prodrugs in all three 
tissues to the alkyl chain length are shown in Fig. 4. A parabolic rela- 
tionship can be seen for each tissue, with the optimal chain length varying 
with the tissue and animal species. 

In rat plasma all the prodrugs readily cleaved to phenytoin with half- 
lives of <2 rnin. Cleavage in human plasma was considerably slower, al- 
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Figure 5-Mean f SD phenytoin whole blood concentrations in rats 
after oral administration of a 30-mglkg phenytoin equioalent dose of 
3-pentanoyloxymethyl-5,5-diphenylhydantoin in tributyrin (0) com- 
pared uith sodium phenytoin in water (a). 

Table V-Half-lives and Rate Constants for the Conversion of 
Various Phenytoin Prodrugs to Phenytoin at 37" in Rat  Intestin, 
Homogenates 

Compound 

I11 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 

16.4 
3.78 
1.56 
0.82 

0.66 
46.7 
.~.. 

0.87 
1.58 
2.58 

0.0429 
0.184 
0.444 
0.853 
0.0149 
1.04 
0.796 
0.440 
0.268 

XI1 5.86 0.118 

though the 3-pentanoyloxymethyl derivative, VI, had a half-life of only 
1.9 min in the human plasma used in the present study. In each tissue 
the cleavage rate of the 3-pivaloyloxymethyl derivative, VII, was very slow 
compared with the other compounds. This was presumably due to steric 
hindrance by the tert-butyl group to cleavage. 

The kinetics in rat plasma diluted (to P20%) with isotonic Sorensen's 
buffer were also examined. Compounds XI and XI1 cleaved with half-lives 
of about 0.5 min in 4% plasma, while compound VI cleaved with a half-life 
of 3.4 min. Qualitatively, the logarithm of the rate constant versus alkyl 
chain plot did not change with the maximum cleavage still occurring with 
the 3-nonoyloxymethyl derivative, XI. 

The cleavage rates in rat intestinal homogenate were quite rapid when 
the homogenate supernatant was isolated from a 2500-rpm, 10-min 
centrifugation of the initial homogenate. Homogenate supernatant 
samples prepared by ultracentrifugation a t  7000Xg for 2 hr resulted in 
a drop in apparent esterase activity towards the prodrugs, suggesting that 
both the soluble as well as microsomal-bound esterases were responsible 
for the observed cleavage of the esters. 

Based on the melting point observations, solubilities, as well as cleavage 
rates, it  seemed that 3-pentanoyloxymethyl-5,5-diphenylhydantoin or 
VI might be a viable prodrug of phenytoin. Its cleavage produces, apart 
from phenytoin, pentanoic or valeric acid and formaldehyde in concen- 
trations that should not be toxic. Incorporation of this prodrug into a 
vehicle suitable for oral administration would depend on the dose of drug 
to be administered, the acceptability of the vehicle, and a reliable 
mechanism for drug release from the vehicle. 

Studies on lipid-soluble drug release from metabolizable vehicles have 
suggested the following mechanism for this process. After intraluminal 
lipolysis of the oils by pancreatic lipases, the lipolytic products are dis- 
persed in bile salt-mixed micelles. Calcium ions along with the fatty acids 
form a liquid crystal-like phase which may include monoglycerides (11). 
Lipid drugs are presumed to be released from the vehicle by this lipolysis. 
The drug along with the fatty acids and monoglycerides then become 
available for absorption (12). 

The four vehicles chosen in the present study represented examples 
of short- (tributyrin), medium- (trioctanoin), and long-chain triglycerides 
(triolein), while ethyl oleate represented a simple long-chain fatty acid 
ester. The interest in these vehicles as well as others being studied, results 
from a long-term goal to study the mechanism of drug release from me- 
tabolizable vehicles. Long-chain triglycerides are readily attacked by the 
lipase-colipase-bile acid-calcium system to produce various liquid crystal 
and mixed micellar phases (11). The short- and medium-chain triglyc- 
erides are also cleaved (13,14), but it is anticipated that they would tend 
to form a simple two-phase system of oil droplets and a true solution 
phase. 

As an initial screen of whether the prodrug-lipid vehicle concept might 

Table VI-Phenytoin Whole Blood Concentration a in Rats After 
Oral Administration of VI in Tributyrin Compared with 
Sodium Phenytoin in Aqueous Solution 

Time, 
Phenytoin Blood Concentrations 

Sodium Phenytoin, VI in Tributyrin, 

1 
2 
4 
6 
26 

[AUC]z6 in pg hr/ml 

2.91 f 0.67 
2.69 f 0.60 
1.93 f 0.24 
1.52 f 0.04 
1.03 f 0.26 

5.75 f 4.60 
10.66 f 5.38 
10.43 + 1.22 
8.42 f 0.92 
2.17 0.68 

39.1 162.1 
Mean f SD. 30 mg/kg phenytoin equivalents. 
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represent a viable drug delivery mode, plasma phenytoin levels from 
3-pentanoyloxymethyl-5,5-diphenylhydantoin in tributyrin, adminis- 
tered orally to rats a t  a 30 mg/kg phenytoin equivalent dose were com- 
pared with phenytoin from an aqueous solution of sodium phenytoin. 
Figure 5 is a plot of the mean blood levels for the two dosage forms. The 
superiority of the lipid vehicle-prodrug combination is obvious. Table 
VI summarizes the mean (and standard deviations) phenytoin blood 
levels at each sample time and the AUCs up to 26 hr. Presumably, the 
poor bioavailability of phenytoin from the sodium phenytoin solution 
was due to the slow redissolution of phenytoin precipitated when the 
sodium phenytoin was exposed to stomach acid. 

In summary, the lipid solubility of high-melting, sparingly water- and 
lipid-soluble drugs can be altered by transient molecular modifications. 
Such modification may act to disrupt the major intermolecular interac- 
tions in the crystal lattice responsible for the undesired physical prop- 
erties. For these poorly lipid and water soluble drugs, improved oral de- 
livery can be effected by the synthesis of low-melting lipoidal prodrugs, 
which can then be incorporated into metabolizable vehicles. In viuo 
parent drug release from such a vehicle-prodrug combination is specu- 
lated to be initial lipolysis of the vehicle giving rise to prodrug release, 
followed by prodrug absorption and cleavage. 
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A recent article by Boudreau and Harrison (1) described 
a method for establishing “House Guides” that achieve “a 
high degree of assurance at  a minimum of cost.” These 
guides were set up in an effort to establish reasonable in- 
house limits, tighter than official specifications, which 
would give a high level of assurance that the finished 
product would not be out of specifications set by the NDA, 
FDA, official compendia, or company policy. According 
to Boudreau and Harrison (l), the FDA has recommended 
that a risk of releasing an out-of-specification product 
should be 15% based on the in-house guidelines. The es- 
tablishment of in;house specifications is important be- 

cause of problems that can arise when the assay of a batch 
of material is close to, but within, the official specifications. 
In these cases, the true mean potency has a good chance 
of being outside the official limits. Boudreau and Harrison 
in developing their formula, EVAL, were prompted by the 
difficulty of computing house limits using a single formula 
that would satisfy the 5% criterion and would, a t  the same 
time, consistently pass good batches which have a rela- 
tively large variation. They recommended the use of three 
formulas based on the relative amount of variation. It is 
possible to establish such in-house limits (hereafter re- 
ferred to as IHLs) for any product based on its variability. 
If the batch-to-batch variability is so great that many 
batches truly fall outside the official limits, no plan will 
consistently pass these batches. In these situations, it is 
the responsibility of the manufacturer to improve the 
process so as to reduce the variability. 

However, once the sources of variability have been 
identified, plans can be established with known properties. 
In the present case, the plans should accept out-of-speci- 
fication material 5% of the time, a t  most. Another impor- 
tant criterion is that the plan should pass good material 
with a known probability, e.g., 90% of the time. 

0022-354918310400-0405$0 1,0010 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 405 
Vol. 72, No. 4, April 1983 



represent a viable drug delivery mode, plasma phenytoin levels from 
3-pentanoyloxymethyl-5,5-diphenylhydantoin in tributyrin, adminis- 
tered orally to rats a t  a 30 mg/kg phenytoin equivalent dose were com- 
pared with phenytoin from an aqueous solution of sodium phenytoin. 
Figure 5 is a plot of the mean blood levels for the two dosage forms. The 
superiority of the lipid vehicle-prodrug combination is obvious. Table 
VI summarizes the mean (and standard deviations) phenytoin blood 
levels at each sample time and the AUCs up to 26 hr. Presumably, the 
poor bioavailability of phenytoin from the sodium phenytoin solution 
was due to the slow redissolution of phenytoin precipitated when the 
sodium phenytoin was exposed to stomach acid. 

In summary, the lipid solubility of high-melting, sparingly water- and 
lipid-soluble drugs can be altered by transient molecular modifications. 
Such modification may act to disrupt the major intermolecular interac- 
tions in the crystal lattice responsible for the undesired physical prop- 
erties. For these poorly lipid and water soluble drugs, improved oral de- 
livery can be effected by the synthesis of low-melting lipoidal prodrugs, 
which can then be incorporated into metabolizable vehicles. In viuo 
parent drug release from such a vehicle-prodrug combination is specu- 
lated to be initial lipolysis of the vehicle giving rise to prodrug release, 
followed by prodrug absorption and cleavage. 

REFERENCES 
(1) S. P. Agarwal and M. I. Blake, J. Pharm. Sci., 57,1434 (1968). 
(2) P. A. Schwartz, C. T. Rhodes, and J. W. Cooper, Jr., ibid., 66,994 

(1977). 

(3) K. Arnold, N. Gerber, and G. Levy, Can. J. Pharm. Sci., 5,89 

(4) C. M. Martin, M. Rubin, W. E. O’Malley, V. F. Garagusi, and C. 

(5) L. Rail, Med. J. Aust., ii, 339 (1968). 
(6) T. Suzuki, Y. Saitoh, and K. Nishihara, Chem. Pharm. Bull., 18, 

(7) P. Sohor, Acta Chim. Acad. Sci. Hung., 57,425 (1968). 
(8) V. J. Stella, J. Pharm. Sci., 66,1510 (1977). 
(9) S. C. Valvani and S. H. Yalkowsky, in “Physical Chemical 

Properties of Drugs,” S. H. Yalkowsky, A. A. Sinkula, and S. C. Valvani, 
Eds., Dekker, New York, N.Y., 1980, chap. 6. 

(10) H. Bundgaard and M. Johansen, Int. J. Pharmaceut., 5, 67 
(1980). 
(11) J. S. Patton and M. C. Carey, Science, 204,145 (1979). 
(12) T. Noguchi, Y. Tokunaga, H. Ichikawa, S. Muranishi, and H. 

(13) M. R. Playoust and K. Isselbacher, J .  Clin. Invest., 43, 879 

(14) N. J. Greenberger, J. B. Rodgers, and K. J. Isselbacher, ibid., 45, 

(1970). 

E. McCauley, Pharmacologist, 10,167 (1968). 

405 (1970). 

Sezaki, Chem. Pharm. Bull., 25,413 (1977). 

(1964). 

217 (1966). 

ACKNOWLEDGMENTS 

Supported by National Institutes of Health Grant GM 22357. 
The assistance of Sailesh Varia with the gas chromatographic assays 

is gratefully acknowledged. 

Computation of In-house Quality Control Limits for 
Pharmaceutical Dosage Forms Based on 
Product Variability 

SANFORD BOLTON 
Received December 21,1981, from the College of Pharmacy and Allied Health Professions, St. John’s University, Jamaica, NY, 
11439. Accepted for publication December 21,1982. 

Abstract A method for establishing sampling plans for in-house limits 
that fix both the producer’s and consumer’s risks is presented for phar- 
maceutical systems in which both between-batch and within-batch 
variations are present. Such plans can always be constructed and require 
more or less sample assays depending on the variability of the process. 
The computations involve a numerical approximation to the bivariate 
normal distribution. 
Keyphrases Product variability-pharmaceutical dosage forms, 
quality control limits 0 Pharmaceutical dosage forms-quality control 
limits, product variability 0 Quality control limits-pharmaceutical 
dosage forms, product variability 

A recent article by Boudreau and Harrison (1) described 
a method for establishing “House Guides” that achieve “a 
high degree of assurance at  a minimum of cost.” These 
guides were set up in an effort to establish reasonable in- 
house limits, tighter than official specifications, which 
would give a high level of assurance that the finished 
product would not be out of specifications set by the NDA, 
FDA, official compendia, or company policy. According 
to Boudreau and Harrison (l), the FDA has recommended 
that a risk of releasing an out-of-specification product 
should be 15% based on the in-house guidelines. The es- 
tablishment of in;house specifications is important be- 

cause of problems that can arise when the assay of a batch 
of material is close to, but within, the official specifications. 
In these cases, the true mean potency has a good chance 
of being outside the official limits. Boudreau and Harrison 
in developing their formula, EVAL, were prompted by the 
difficulty of computing house limits using a single formula 
that would satisfy the 5% criterion and would, a t  the same 
time, consistently pass good batches which have a rela- 
tively large variation. They recommended the use of three 
formulas based on the relative amount of variation. It is 
possible to establish such in-house limits (hereafter re- 
ferred to as IHLs) for any product based on its variability. 
If the batch-to-batch variability is so great that many 
batches truly fall outside the official limits, no plan will 
consistently pass these batches. In these situations, it is 
the responsibility of the manufacturer to improve the 
process so as to reduce the variability. 

However, once the sources of variability have been 
identified, plans can be established with known properties. 
In the present case, the plans should accept out-of-speci- 
fication material 5% of the time, a t  most. Another impor- 
tant criterion is that the plan should pass good material 
with a known probability, e.g., 90% of the time. 

0022-354918310400-0405$0 1,0010 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 405 
Vol. 72, No. 4, April 1983 



Table I-Scheme for Nested Design to Estimate Variance 

Batch I Batch I1 Batch 111 
Tablet Tablet Tablet 

1 2 1 2 1 2 

1 x  X X X x x  
Replicate 

2 x  X X X x x  

PRELIMINARY CONSIDERATIONS 

If the variability in a dosage form potency is due to assay error only, 
then the problem of setting IHLs is relatively simple. As previously de- 
scribed (l), the limits for in-house specifications to maintain a 5% error 
rate or less are (using the authors’ notation (1) and assuming that the data 
are normally distributed): 

UPS - 1.65Sn, LPS t 1.65s. (Eq. 1) 

where S, is the assay standard deviation (SD), UPS is the upper product 
specification, and LPS is the lower product specification. The assay SD, 
S,, can be determined from control charts or replicate assays. The IHLs 
can be made to be as close to the UPS and LPS as we wish by increasing 
the number of samples assayed. Then the IHLs are: 

UPS - l.65Sn/fit LPS t 1.65Sn/fl (Eq. 2) 

where N is the number of samples assayed. 
The above probability statements are correct if the product is homo- 

geneous, such as would occur with solutions or other homogeneous mixes. 
In these situations, the sampling procedure and the number of samples 
to be assayed are unambiguously defined. If the variability is composed 
of both assay error and sampling error, which would occur in the case of 
tablets (when tablets are not identical), then the number of samples to 
be assayed and the procedure for setting limits require further analysis. 
For example, a duplicate determination could be two single-tablet assays 
or one tablet assayed in duplicate. If St, the standard deviation due to 
only tablet differences, is 5%, S, is 2.5%, and the UPS is 110%, a single 
assay would yield IHLs of 110 - 1.65 4- = 100.8%. Similarly if 
the LPS is 9096, the lower IHL would be 99.2%. These limits would 
probably be untenable. A duplicate assay (single assays of two tablets), 
for example, results in an upper IHL of 110 - 1.65 d(52 t 2.5*)/2 = 
103.5%. 

The problem of setting limits based on assay variation only, as correctly 
pointed out (1). is that other sources of variation are not accounted for. 
In the above example, tablet variation is included in the error, and such 
a procedure would properly meet the 5% FDA recommendations. Al- 
though this takes care of the so-called consumer’s risk, the producer’s 
risk (the risk of rejecting good products) is not clearly defined. This report 
presents a method of constructing in-house guidelines that will define 
both of these risks. 

STATISTICAL CONCEPTS 

The problem of defming both the producer’s and consumer’s risks when 
setting acceptance/rejection in-house guidelines is more or less difficult, 
depending on the nature of the variability of a product. The simplest case 
is a homogeneous system that does not vary from batch to batch but has 
assay error associated with it. More common are systems that have both 
assay error and batch-to-batch variability as well as being nonhomo- 
geneous, i.e., having unit-to-unit variation. Thus, all of these sources of 
variability must be considered in setting up a suitable quality control 
plan. 

The calculation of the aforementioned sources of error can be accom- 
plished in several ways. Quality control records for many batches where 
replicate assays are performed within each batch may be sufficient to 

Table 11-Analysis of Variance for a Nested Design to Estimate 
ComDonents of Variance 

Source Mean Square Estimatesn 

Batches rt S 2 b  + r Szt + S2. 
Tablets (within batches) r St + SZ, 
Assav error 9, 

r = Number of replicate assays on each tablet; t = number of tablets; S2.. S2,, 
and S26 are the variances associated with the assay, tablets, and batches. respec- 
tively. 
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Figure 1-OC Curve for batch with SZt + Sz. = 25, true mean = 200, N 
= 3. 
supply the necessary estimates. The use of Shewhart control charts for 
means and variability (range or, preferably, standard deviation) ac- 
complish the same end. Since the discussion in this paper is based on an 
assumption that the process is not changing, Shewhart control charts can 
also help ensure that the process is in “control.” An experimental design 
(known as a nested design) may be implemented where several units from 
each batch are assayed in replicate (duplicates are usually sufficient) for 
many batches, as shown in Table I. 

This design allows the estimation of the variance due to assay, unit- 
to-unit, and batch-to-batch variability (components of variance) (2). The 
computations in this paper assume that the variances are known (typical 
Shewhart control charts are constructed under the same assumption). 
If a sufficient amount of historical data are available, this assumption 
will not cause problems. For a new process, specifications and/or the 
sampling plan should be suitably modified as data become available and 
variance estimates stabilize. The analysis of variance is shown in Table 
11. 

The variance of a single tablet assay is SZt + S2,. If this variance is so 
large that an unreasonable IHL is obtained to satisfy the 5% criterion, 
this variability can be effectively reduced by performing replicate assays. 
This is usually more efficiently accomplished by assaying more than one 
tablet rather than performing replicate assays on the same tablet, but 
the optimal procedure depends on the magnitude of S 2 t ,  Sz0,  and 
time-cost estimates. For example, the variance of the average of two 
replicate assays of two tablets is S2t/2 t S2,/4. The variance of the av- 
erage of four single tablet assays is (SZt + S2,,)/4, smaller than that of 
two replicate assays of two tablets, but which may be more costly to run. 
Data derived from content uniformity tests can be useful to develop and 
monitor IHLs because of the relatively large amount of data (at least 20 
individual tablet assays per batch) that is readily available for products 

AREA = 0.00225 

I I I 

94.8 100 105.2 110 
90.0 90.2 

BATCH MEAN 
Figure 2-The shaded area represents the probability of a batch mean 
falling between 90.0 and 90.2. 
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AREA = 0.948 

90.1 94.8 
SAMPLE M E A N  

Figure 3-Normal curve with mean equal to 90.1 showing the proba- 
bility of a sample mean being below 94.8 (unshaded area, p = 0.948). 

undergoing this test. However, data may also be derived from the usual 
composite assays performed in replicate. Because most solid dose forms 
undergo content uniformity tests, and the results of these multiple single 
tablet (or capsule) assays provide more data for variance estimation, the 
remaining discussion will consider single-tablet assays. The discussion 
applies equally well to composite assays where sufficient data are avail- 
able to precisely estimate the variance components. For composite assays, 
the variance of a single tablet assay, S2t + S2,, is replaced by SZt/C2 + 
S2,,  the variance of a single composite assay, where the composite consists 
of C tablets. The variance in the latter case may be reduced by performing 
rn assays on each of n composites, where the variance of the mean result 
is SZt/nC + Sz,/nm. This is analogous to the variance of the mean of t  
single tablet assays when c = M = 1. 

Ignoring batch-to-batch variability for now, it is clear, based on the 
above discussion, that the IHLs can be made as close to the UPS and LPS 
as we wish by performing more assays. Consider the following example. 
Experience has shown that the SD (assay error) of a tablet with 100 mg 
of drug is 5% (S*, + SZt = 25). If single tablets are assayed and the official 
specifications are 90-1 10 mg, the IHLs are: 

110 - 1.65 x 5 = 101.75 and 90 + 1.65 X 5 = 98.25 

a very tight specification for a 100-mg tablet. However, if three tablets 
are assayed, the standard error of the average is 5 / d =  2.89, and the 
IHLs are 94.8-105.2, with the same probability (15%) of accepting a bad 
lot. Therefore, if considerable variability exists, the IHLs can be made 
wider (close to, but not exceeding the UPS and LPS) by performing 
replicate assays. 

SAMPLING PLANS MANUFACTURER’S RISK 

Since there are any number of plans, depending on the number and 
kind of replicate assays, all of which will ensure that no more than 5% of 
out-of-specification product will be passed, another criterion can be used 
to fix the number of assays to be used for a given plan. This criterion, as 
previously mentioned, the manufacturer’s risk, is the chance of rejecting 
a good batch of product based on the in-house limits. A good batch is one 
that is truly within the official limits, the UPS and LPS. The following 
discussion will present a method for establishing plans based on both the 
a and B risks: the chance of accepting lots of poor quality or rejecting lots 
of good quality, respectively. Since only one assay will be performed per 
tablet, the variance of a single assay is S2, + SZt .  Also, the a error will 
be at  most 5% for each batch. 

Some practical considerations should be emphasized. When consid- 
ering sampling from batches, the variance of the estimate of a mean value 
taken from a batch (any batch taken a t  random) is S2b + (SZt  + S2,) / t ,  
where t is the number of tablets assayed. Thus, it is not possible to reduce 
the variance of this estimate below S 2 b  by increased sampling of tablets 
within a batch. The way to reduce batch-to-batch variation ( S 2 b )  is by 
careful and controlled manufacturing procedures, as previously noted. 
If the batch variation is so large that the sample averages consistently 
border on the official limits, it would be advantageous to the manufac- 
turer to improve the process. Otherwise it will be difficult to pass batches 
using any plan. 

An example will be used to illustrate the general procedure of con- 
structing a sample plan. Consider a product whose overall average as 
determined from historical data or control charts over many batches is 

m 

0 5 10 15 20 
NUMBER OF TABLETS ASSAYED 

Figure 4-Probability of rejecting good batches based on in-house 
limits. 
For curves A, B, and C, S2t + S2. = 25. For curue A, S2b = 50; for curve 
B, s 2 b  = 25; for curue C ,  s 2 b  = 10; for  curue D, S2, + S2, = 10 and S2b = 
10. 

100% of label. The LPS and UPS are 90 and 110%, respectively, and the 
assay and unit-to-unit variabilities are known. The batch-to-batch 
variability can be obtained from historical data or by using an experi- 
mental design similar to that previously described. Suppose, in this ex- 
ample, that three tablets are assa ed and S2, + S Z t  = 25. The IHLs are 
(90 + 1 . 6 5 m ,  110 - 1.65& 94.8-105.2 (Eq. 2). This fixes the 
consumer’s risk at  15%. The properties of this plan for any given batch 
can be described by an operating characteristic (OC)  curve, where the 
probability of rejection is plotted as a function of the true batch mean 
(Fig. 1). Clearly, the probability of rejection is not constant but changes 
depending on the true mean of the particular batch being tested. For any 
given batch, the true mean is not known and the probability of rejection, 
therefore, is also not known. (It should be again emphasized that the 
probability of accepting a bad batch is fixed at 55% for all batches by 
application of Eq. 2.) 

The problem to be solved is to establish a sampling plan that will reject 
good batches using the in-house guidelines, a small but known proportion 
of the time over many batches. This can be accomplished if S2b and SZt + S2, are known and if batch means and assays are normally distributed, 
by use of the bivariate normal distribution. The probability of rejecting 
a good batch (one whose true mean is between 90 and 110 mg) using the 
IHLs as the criteria, can be computed based on a basic probability the- 
orem: 

Probability (a sample mean falls outside the IHLs, given that the 
true batch mean is within the official specifications) = Probability 
(sample mean falls outside the IHLs and the true batch mean is 
within official specifications)/Probability (true batch mean is 
within official specifications)’. (Eq. 3) 
The following sample calculation will give a close approximation to this 

probability. The example uses official limits of 90-110 with a long-term 
average of 100, but this process can be applied to any specified limits or 
any long-term mean of a product. 

1. Divide the region between 90 and 110 into small intervals, e.g., 100 
divisions of 0.2 units each. 

2. Compute the probability that the true batch mean lies in each of 
the 100 intervals. For example, if S 2 b  = 25, the probability of a batch 
mean falling between 90.0 and 90.2 is 0.002248, as calculated from areas 
under the standard normal curve (Fig. 2). 

3. For each of the 100 intervals, compute the probability that a sample 
mean from a batch in the interval will fall outside of the IHLs. This can 
be closely approximated by computing the probability based on a true 
batch mean midway in the interval. For example, to calculate the prob- 
ability that the mean if a sample of size 3 will fail the in-house limits if 

Note that the producer’s risk, the probability of rejecting a good lot, is defined 
here as a conditional probability, based only on the good lots manufactured. This 
risk may also be calculated on the basis of all lots produced, both ood and bad. In 
this example, using the results shown in Table 111, the former cafcdation results 
in a risk of 0.0664/0.955 = 0.0695; the latter calculation results in a risk of 
0.0664. 
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Table 111-Properties of a Plan with N = 20, s 2 b  = 25, szt + 5’. 
= 25 

Probability that a batch is 

Within Official Outside Official 
Specifications (0.955) and Specifications (0.045) and 

Passes Fails Passes Fails 
Plan A’ In-House In-House In-House In-House 

0.8881 0.0664 0.0004 0.0446 
Plan Ba Passes Fails Passes Fails 

0.937 0.017 0.004 0.041 

a Plan A Assay 20 single tablets. Pass hatch if average is within IHLs. 
Plan B Assay 20 single tablets. Pass batch if average is within IHLs. Reject 

if average outside official specifications. If average is between lHLs 
and official specifications, assay 20 different tablets and average the 
40 tablets. If the average of the 40 tablets is within official specifica- 
tions, pass the batch. Otherwise, reject the batch. 

the batch mean is between 90 and 90.2, consider F,  the true batch mean 
to be equal to 90.1. The problem, then, is to compute the probability that 
the sample mean will be C94.8 or >105.2, if the true mean of the batch 
is 90.1. The probability of the mean being >105.2 is virtually zero. The 
probability that the sample mean is less than 94.8 can be calculated 
knowing that the variance of the mean of three tablets is 25/3 (S2t t S2, 
= 25). Again, using areas under the standard normal curve, this area is 
equal to 0.948, as shown in Fig. 3. 

4. Multiply the probabilities obtained from steps 2 and 3 for each of 
the intervals in step 1 and sum over all intervals (between 90 and 110). 
This result closely approximates the probability of observing a sample 
mean outside of the IHLs and a batch mean within official specifications. 
This sum is equal to 0.320 for this example. 

5. Divide the probability obtained in step 4 by the probability that a 
batch mean will fall between 90 and 110. In this case the latter probability 
is equal to 0.955 (95.5% of the batches manufactured will have a true mean 
between 90 and 110 if S2b = 25.). This quotient is the answer to the 
original problem: the probability that a good batch will fail based on the 
IHLs as expressed in Q. 3. This is equal to 0.320/0.955 = 0.335 in the 
present example. 

There is no explicit solution to the above problem, but by selecting 
smaller intervals for the batch means (less than 0.2 in step 1, the ap- 
proximation can be improved slightly. Although this calculation may 
seem complicated and tedious, it can be accomplished easily by a simple 
computer program2. 

Figure 4 is a plot of the probability of rejecting good batches as a 
function of sample size showing the effect of changing S2, + S2t and s 2 b .  
With such information a suitable sample size can be chosen to fix the 

The author will sup ly a routine for the TI 59 upon request, which will compute 
this probability given &,,, S2, t Pa, and the sample size for assay. 

manufacturer’s risk a t  an acceptable level. These plans always have a 
probability of <5% of accepting lots that are out of the official specifi- 
cations. 

If SZr t S2, = 25, a product with S 2 b  = 25 would require more than 
55 tablets to achieve an erroneous rejection rate of 5%. If s 2 b  = 10, a 
sample of 8-9 tablets would suffice. If SZt t S2, is reduced to 10, and S2t, 
= 1 0 . 3 4  tablets would give the required protection. 

The complete properties of any plan can be calculated using a variation 
of the same computer program used to compute the probabilities of er- 
roneously rejecting good batches as described above. The probabilities 
shown in Table 111 were derived from a plan in which 20 tablets were 
assayed, with s 2 b  = 25 and S2t t S2, = 25, a plan that fixes the IHLs at  
91.84-108.16. More than 95% of batches of this product will be within 
official specifications. Of these, 6.64% will fail the in-house specifications. 
The probability of a good batch failing the in-house specifications is 
6.64/95.55 = 0.0695, the producers risk. 

The consumer’s risk can be defined as the probability that a bad batch 
will be among those passed by the producer, i.e., the probability that a 
batch is bad given that it is accepted by the producer. Using the data in 
Table 111, the consumer’s risk, according to this definition, is 0.0004/ 
(0.8881 t 0.0004) = 0.00045. 

If the sample mean falls between the IHLs and the official specifica- 
tions, usually it would be prudent not to reject immediately the batch, 
but to perform further assays to zero in on the true batch average. How- 
ever, such sequential sampling changes the probabilities as outlined in 
this paper. The probabilities resulting from sequential sampling plans 
depend on the nature of the sampling plan, and increase the consumer’s 
risk and decrease the producer’s risk. The probabilities resulting from 
a sequential plan can be closely approximated by using a procedure 
similar to that previously described for the single stage sampling. A 
reasonable sequential plan would be as follows. Assay 20 single tablets3. 
Accept the batch if the average falls within the IHLs, and reject the batch 
if the average is outside the official specifications. If the average falls 
between the IHLs and official specifications, assay 20 more single tablets 
and compute the average of the 40 tablets assayed. If the average of the 
40 tablets falls within the official specifications, accept the batch. Oth- 
erwise, reject the batch. The probabilities of acceptance and rejection 
using this plan is shown in Table 111, Plan B. The producer’s risk is re- 
duced to 0.018 and the consumer’s risk is increased to 0.0043 as compared 
with the risks of 0.0695 and 0.00045 for the single-stage sampling plan. 

REFERENCES 

(1) C. F. Boudreau and D. J. Harrison, Drug Deu. Ind. Pharrn., 6,539 

(2) 0. L. Davies (Ed.), “The Design and Analysis of Industrial Ex- 
( 1980). 

periments,” Hafner, New York, N.Y., 1963, chap. 4. 

3 Of course, a similar plan could be constructed based on composite assays. 

408 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 4, April 1983 



Solubility of Hydrocortisone in Organic and Aqueous 
Media: Evidence for Regular Solution Behavior in 
Apolar Solvents 

T. A. HAGEN *x and G. L. FLY" 
Received April 16,1981 from the College of Pharmacy, Uniuersity of Michigan, Ann Arbor, MI 48109. 
22,1982. 

Accepted for publication February 
*Present address: Pharmaceutical Research and Development, Pfizer Central Research, Groton, CT 06340. 

Abstract The solubility of hydrocortisone was determined experi- 
mentally in a wide variety of solvents. Groups of solvents were selected 
to emphasize different solute-solvent interactions which can influence 
the solubility profile of such a large, polyfunctional solute. Regular so- 
lution theory for a crystalline solute was shown to be applicable to the 
solubility behavior of hydrocortisone in solvents that lack strong dipoles 
and the ability to hydrogen bond. A best-fit solubility parameter of 12.4 
(cal/ml)1'2 for hydrocortisone was determined from the latter solubilities 
and the ideal solubility of hydrocortisone. This solubility parameter es- 
timate was significantly higher than estimates calculated from molar- 
attraction constants. Even though molar volume ratios between hydro- 
cortisone and the solvents ranged from 2.25 to 3.28, the associated 
Flory-Huggins entropy term did not seem to be a significant solubility- 
determining factor. In all cases, the solubility of hydrocortisone in sol- 
vents capable of dipole-dipole interactions and hydrogen bonding was 
shown to be higher by logarithmic orders when compared with regular 
solution theory predictions. Thus, for this solute, regular solution theory 
was shown to be appropriate only for solvents where London dispersion 
forces dominate the interactions between solute and solvent mole- 
cules. 

Keyphrases Hydrocortisone-solubility in organic and aqueous 
media, determination of regular solution behavior in apolar solvents 0 
Solubility-of hydrocortisone in apolar solvents, regular solution behavior 
of large polyfunctional solutes Regular solution theory-behavior 
determination for hydrocortisone solubilities in apolar solvents 

The physicochemical events responsible for the solu- 
bilization of a drug in various solvent systems can be 
characterized rigorously on a macroscopic scale, if not a 
molecular scale. For a crystalline nonelectrolyte, the crit- 
ical factors are the solid-phase activity of the solute and 
molecular interactions between solute and solvent. The 
ability to estimate these critical parameters for drug 
molecules placed in a given vehicle or solution environment 
has immense importance when deciphering the mecha- 
nisms of drug action and delivery. To attain such objec- 
tives, macroscopic thermodynamic functions must be 
coupled with phenomenological interpretations of the 
processes involved in solubilization. Due to the polyfunc- 
tional character of drug molecules, a wide variety of mo- 
lecular interactions are often simultaneously operative. 
Current solubility theories are limited to specific types of 
intermolecular interactions. An example is regular solution 
theory as proposed by Scathard (1) and Hildebrand (2), 
which is premised on all intermolecular association being 
of a nonorientating variety. Although this theory has on 
occasion been overextended to solvent systems where this 
fundamental assumption is not true, valid applications 
have provided basic understanding of solubility behavior 
for various pharmaceutical systems (3-8). 

The purpose of the present study was to characterize the 
solubility behavior of hydrocortisone in solvents that are 
capable of a full range of molecular interactions with this 
polyfunctional solute. Two reference points were employed 
in the analysis, the primary point being ideal behavior and 

the secondary point of comparison being regular solution 
behavior. Furthermore, the values and limitations of reg- 
ular solution analysis are demonstrated for a typically 
complex pharmaceutical solute. 

THEORETICAL 

A reaction of two components, a liquid solvent and an excess of a 
crystalline solute, is at a state of equilibrium when the thermodynamic 
activity of the solute in solution ( 0 2 )  equals the thermodynamic activity 
of solid solute (a;). In this case the activity is taken as the ratio of solute 
vapor pressure to the vapor pressure of pure (supercooled) liquid solute. 
If this activity also equals the mole fraction composition over the entire 
concentration range up to and including saturation, the solution is an 
ideal solution. This only occurs when the solute-solvent adhesiveness 
is exactly equal to the cohesiveness of the pure liquid components con- 
sidered on a per unit volume basis. Solubility predictions for ideal solu- 
tions require only estimates of a;. 

Most solute-solvent mixtures do not behave ideally, and solute mole 
fractional concentrations often differ greatly from their activities. To 
establish a relationship between concentration and activity, standard 
states must be selected for the components. For solubility analysis a 
convenient selection for the solute is pure liquid solute at the temperature 
of interest. Unit activity is thus defined as the activity of the pure liquid 
at  a mole fraction of 1.0. The activity of a solute in solution is defined as 
directly proportional to the mole fractional concentration of the solute 
W 2 ) :  

a2 = 72x2 (Eq. 1) 

where yz is the proportionality constant or mole fractional activity 
coefficient. As XZ approaches unity (the standard state), the ratio a J X 2  
(or yz) approaches unity. The same standard state is also convenient for 
the solvent. For dilute solutions, the molecular environments of both 
solute and solvent molecules are predominantly other solvent molecules, 
and consequently the activity of the solvent is proportional to its frac- 
tional composition: 

a1 = x, (Eq. 2) 

At the same time, solute molecules essentially only interact with solvent, 
and yz is virtually constant for small changes in solute concentration. For 
a poorly soluble, crystalline nonelectrolyte, the mole fractional solubility 
(X2,& is dependent therefore on molecular interaction differences be- 
tween solute and solvent, reflected by y ~ ,  and the activity of the 
crystal: 

a; = Y2X2.sat (Eq. 3) 

From a thermodynamic viewpoint, solubility prediction is possibly based 
on measurements or estimations of y 2  and a;. 

Crystalline Phase Activity-For solutes that are crystalline at am- 
bient temperature, the selected standard state is a hypothetical state 
referred to as supercooled liquid solute. The free energy change required 
to form supercooled liquid solute from the solid solute (AG") defines the 
activity of the solid as: 

a; = e-A.GWIRT (Eq. 4) 

Associated with this process is an enthalpy change AH" and an entropy 
change (ASK) such that AG" can be expressed as: 

AGac = AH" - TAS" 

It is possible to obtain an expression experimentally suited for estimating 

(Eq. 5) 
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Figure 1-Thermodynamic pathway for AG"' a t  constant pressure. 

AGE" a t  constant pressure. The thermodynamic pathway is given in Fig. 
1. Here, a solid is heated to its melting temperature, melted, and the re- 
sulting melt is cooled back to the ambient temperature ( T ) .  By summing 
enthalpic and entropic contributions from each step, the total free energy 
change is obtained and, therefore, the activity of the solid can be ex- 
pressed as: 

where TI and T are the melting and ambient temperatures, respectively, 
R is the gas constant, and A H f  is the heat of fusion for the solid a t  the 
melting point. The term ACp is the difference of heat capacities between 
the liquid and solid. If AC, and/or the temperature range T r T  is small, 
the enthalpy and entropy of fusion are nearly constant, and Eq. 6 reduces 
to the familiar expression: 

(Eq. 7) 

The thermodynamic activity of a crystalline solute is therefore dependent 
on the intrinsic properties of the crystal lattice and can be estimated from 
experimental measurements of AHf and Tf. 

Regular SolutionsSolutions rarely conform to ideal behavior, since 
slight differences in molecular functionality between solvent and solute 
can result in large differences in their molecular interactions. Thermo- 
dynamically, the extent of deviation from the ideal case is expressed by 
the ratio a2/X2 which is the mole fractional activity coefficient 72. In 
other words, the free energy difference between ideal and nonideal be- 
havior is defined as: 

AGF = R T  In ( a z / X 2 )  (Eq. 8) 

where AGE is the excess free energy of mixing. Prediction of AGE is dif- 
ficult, since it is dependent on both the enthalpy and the entropy asso- 
ciated with molecular interactions for the pure components as well as 
their mixture. In the regular solution theory, the limiting situation is 
described as one in which the dominant molecular interactions between 
solute-solute, solvent-solvent, and solute-solvent are London forces (1, 
2). This force is only dependent on the distance between atoms and their 
instantaneous orientation. The resulting attraction is nonorientating. 

A 

A 
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A 
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Figure 2-Formation of saturated solution of hydrocortisone at  25O. 
Key:  (@) 80rr propylene glycol in water and (A) 100"; propylene 
glycol. 

Table I-Group Contributions to Molar Volume fo r  
Hydrocortisone 

Partial Molar Total Volume 
Number of Volume Contribution Contribution 

Functional Group Groups in per Group, per Groupo, 
or Atom Hydrocortisone ml/mole ml/mole 

0-H 3 5.4 16.2 
O= 2 5.5 11.0 

2 19.3 38.6 
19 
21 

9.9 
3.1 

188.1 
65.1 

Molar volume for hydrocortisone = 319 ml/mole. 

The molecular model for regular solution behavior, therefore, allows for 
only an excess enthalpy of mixing arising from differences in cohesive 
energies between solute and solvent. Completely random mixing is as- 
sumed; thus, there is no excess entropy of mixing. The cohesive energy 
density of a pure liquid component is i ts  internal energy per unit volume. 
Providing the vapor of a liquid is nearly ideal, the energy of vaporization 
per unit volume is an acceptable estimate for this internal energy. 

The cohesive energy density of a mixture is much more difficult t o  
estimate. By definition, this is the energy necessary to break all inter- 
molecular contacts within the mixture. For these circumstances, Scathard 
(1) defined the cohesive energy density of a mixture as the geometric 
mean of the pure components' cohesive energy densities. I t  is this defi- 
nition that limits regular solution theory to systems that predominantly 
interact through London forces. 

Using these criteria for regular solution behavior, the energy of mixing 
for two components AEM is as follows: 

where V is the molar volume, @ is the volume fraction, and AEv is the 
energy of vaporization. As previously defined, the subscripts 1 and 2 
designate the solvent and solute, respectively. The square root of the 
cohesive energy density is more often referred to as the solubility pa- 
rameter 6. The partial molal energy of transferring liquid solute from pure 
liquid solute to solution is obtained by differentiating Eq. 9 with respect 
to n ,  i.e.c 

(Eq. 10) 

Assuming that there is no change in volume on mixing a t  constant pres- 
sure and that the entropy of transfer is ideal, i t  follows that: 

AG," = R T  In ( a z / X * )  = V2612(61 - 6 ~ ) ~  (Eq. 11) 

Thus, deviation from ideality arises from the cohesive energy density 
difference between solvent and solute. This deviation defines the activity 
coefficient in terms of the excess enthalpy of mixing which, in this model, 
is identical to the excess free energy of mixing. 

For a solid solute in equilibrium with saturated solution, the mole 
fractional regular solution solubility is as follows: 

In addition to the crystalline properties associated with fusion, applica- 
tion of this theory requires knowledge of the solubility parameters for 
solute and solvent. 

EXPERIMENTAL 

Materials-Hydrocortisone was obtained from The Upjohn Company 
and was used without further purification. For the solubility studies, 
double distilled water and reagent grade organic solvents' were used. 

High-Performance Liquid Chromatographic (HPLC) Proce- 
dure-A high-performance liquid chromatograph2, operated a t  ambient 
temperature, was equipped with a UV detector for monitoring the column 
effluent a t  254 nm. Chromatographic systems were developed with 
deaerated methanol-water solvent systems and a p-Bondapak C-18 
column3. The flow rate was 1.0 ml/min and the detector sensitivity was 

Eastman or Aldrich. 
Waters Associates Liquid Chromatographic Systems. 
Waters Associates. 
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Table 11-Physical Properties of Hydrocortisone 

CHaH 
I 

Molecular Structure 

Molecular weight 362.5 g/mole 
Crystalline density 1.24 /ml 
Molar volume, Vp 293 mlf[mole 
Melting temperature, Tr 212" 
Heat of fusion, AHf 
Entropy of fusion, A& 
Activitv of solid Dhase. a l  estimated from 

8.1 Kcal/mole 
16.7 cal/de /mole 
5.2 X 10- F . -  

--AHf Tf- T In a;  = - - RT 1 T F  1 
Solubility parimeter ' 12.4 (cal/ml)1/2 

adjusted as needed for each sample. Standard solutions of hydrocortisone 
were prepared for calibrating chromatographic peak heights. Injection 
volumes for standard and unknown solutions were equivalent, and in- 
ternal standards were used when necessary. The sensitivity range of the 
chromatographic system for hydrocortisone was determined to be 104.01 
fig/sample. Standard curves demonstrated excellent linearity over the 
entire concentration range. 

Solubility Determination-The solubility of hydrocortisone in each 
solvent was obtained by equilibrating large excesses of solute with solvent 
in sealed glass containers. Temperature was maintained at 25" by a 
constant-temperature water bath and vigorous stirring was supplied by 
magnetic bars. An excess of solute was always present in the slurries. 
Soluhilities in hexane and cyclohexane were determined by equilibrating 
large volumes of solution (300-600 ml) with excess solute for several days. 
Large samples were taken, filtered4, measured, and brought to dryness; 
the residue was reconstituted in 3 ml of methanol with an internal stan- 
dard and assayed by HPLC. The procedure was repeated three times. 

The solubilities of hydrocortisone in the remaining solvents were de- 
termined in a similar manner utilizing smaller sample volumes. Samples 
(1 ml) were drawn from equilibrating solutions and were placed in mi- 
crocentrifuge tubes. After immediate centrifugation, the supernatant 
was drawn through glass wool-tipped pipets and diluted in methanol. For 
solutions with densities greater than solid hydrocortisone, excess solute 
was first removed by suction. At least four samples were drawn from each 
solution with -2-day intervals between samplings. Each time point 
(sample) was assayed by HPLC at least twice. Concentration uersus time 
of equilibration plots indicated that equilibration was obtained rapidly 
(<24 hr) for all solutions except propylene glycol-water mixtures with 
high percentages of propylene glycol. Apparently due to the high viscosity 
of propylene glycol and its concentrated aqueous mixtures, these solutions 
required longer time periods to reach equilibration, as shown in Fig. 2. 
For all the solvent systems, once concentration plateaus were established, 
several values were determined at 2-day intervals to further ensure sat- 
uration. The procedure was repeated with new solutions. Dissolution 
profiles showed no evidence of hydrocortisone undergoing polymorphic 
transition or solvate formation. No decay products or impurities were 
detected by the HPLC assay. The specific HPLC assay ensured that only 
hydrocortisone was being quantified and ruled out the often troublesome 
complications associated with impurities. 

Differential Thermal  Analysis-The heat of fusion AHf and the 
entropy of fusion ASfwere determined with a differential thermal ana- 
lyzer5 equipped with a standard cell attachment. A finely powdered, 
accurately weighed sample (1.5-2.0 mg) was spread evenly in a 40-pl 
aluminum crucible. A pinhole opening in the crucible lid allowed the 
sample to be in contact with the cell atmosphere of dry nitrogen with a 
regulated flow rate of 0.5 liter/min. An empty, sealed crucible served as 
a reference. Samples were heated at  5"/min. Heating curves were recorded 
a t  5"/cm with a measuring range of 20 pV and recorder amplification of 
100 mV. Calibration coefficients were determined with accurately 
weighed samples of indium. The molar heat of fusion was calculated from 
the area of the melting endotherm, moles of sample used, and the cali- 
bration coefficient. The entropy of fusion was obtained by dividing the 
heat of fusion by the absolute temperature of melting, Tr. 

2t 

.'- 
-6 

SOLUBILITY PARAMETER OF SOLVENT 
(cai/mi)" 

-41 0000 

Figure 3-Ideal solubilities of hydrocortisone (@J obtained from Eq.  
I 4  for varying solute solubility parameters, &. Key: * -In a; as calcu- 
lated from crystalline properties (Table II). 

Melting Point-The melting point of hydrocortisone was determined 
by two methods: (a) controlled-heating thermal microscopy6 and ( b )  
differential thermal analysis. Heating rate for both methods was 5"/ 
min. 

RESULTS 

Physical Properties-Hydrocortisone is a crystalline solid, which 
on heating from 25 to 220" undergoes only one thermal transition. This 
endothermal transition a t  212" corresponds to the melting of the crystal. 
Hot-stage microscopy revealed no crystal morphology changes until 
melting. However, on cooling the melt below 212', an amorphous glass 
was formed instead of the original crystalline solid. This occurrence may 
be, in part, the result of slight thermal decomposition within the melt. 
However, the sharpness and symmetrical shape of the endotherm suggest 
that thermal decomposition apparently is not contributing to the overall 
energy change during the melting phase. Moreover, melted samples as- 
sayed by HPLC showed only trace amounts of decay with essentially 100% 
retention of hydrocortisone. It is therefore concluded that the endotherm 
represents primarily energy consumed on melting. The AHf for hydro- 
cortisone is 8.1 kcal/mole and A& is 16.7 cal/deg mole. These values are 
averages from five determinations with SD < f5%. The experimental 
values for AHf, ASf, and Tf are also in good agreement with reported 
results (3). 

A physical parameter that is necessary for solubility analysis is the 
molar volume of liquid solute. It has been demonstrated for several 
crystalline steroids that the molecular weight divided by the crystalline 
density can serve as a suitable molar volume estimate for the supercooled 
liquid solute (3). Since hydrocortisone has a crystalline density of 1.24 
g/ml at  25" (9), the molar volume estimate is 293 ml/mole. An alternative 
means for estimating molar volume is by the summation of the partial 
molar volumes of a compound's functional groups (10). Applying this 
method to hydrocortisone (Table I), a molar volume of 319 ml/mole was 
obtained. This value is in reasonable agreement with the first estimate. 
The value of 293 ml/mole for the molar volume of supercooled liquid 
hydrocortisone will be used to be consistent with previously reported work 
(3). 

The thermodynamic activity of crystalline hydrocortisone at  25" is 5.3 
X 10-3, as obtained from Eq. 7 with the experimental values for AHfand 
Tf. The value of 5.3 X thus represents the mole fractional ideal 
solubility for hydrocortisone. For a hypothetical solvent with molecular 
weight of 100 and density of 1.0 g/ml, the solubility of hydrocortisone 
would be 5.2 X molesfliter or 18.9 mg/ml providing the two com- 
ponents formed an ideal mixture. These physical properties, summarized 
in Table 11, are essential for the solubility analysis of hydrocortisone. 

Solubility-The solubilities of hydrocortisone a t  25'. experimentally 
determined in the present study, are presented in Table 111 along with 
the molar volumes and solubility parameters for the solvents. The solu- 
bility parameters for the pure solvents a t  25" are taken from Hoy's tables 

4 Fluoropore, 0.22 p ,  Millipore. 
5 Mettler DTA 2OOO. 

6 Mettler Hot Stage with FP5 Temperature Regulator and a Zeiss Standard 
Microscope. 
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Table II IColubi l i t ies  of Hydrocortisone at 25” 

a: 

> 
-I 
k 
- 
2 lo-‘ 
z 
210-5- 

-I 

-I 

0 
k 
0 
$0-6- L 

UI 
-I 
0 
E 10-7 

Molar Volume 
of Solventa, 

mllmole 

Ideal Solubility ,‘-’\ a-PG 
80% PG in water 

60% PG in water 
\ ./ 6 1  \ 

5. .I , I \ 

1. ‘I ! /  \ 
I \ \ .’ ./ 

40% PG in water 

I 
\ ,20% PG in water 
\ 

- 

ftoluane /benzene \ \ . 
J Water \ ; \ 

i carbon \ 

I I \ 

\ 

I tetrachloride \ 
I \ 

\ 
\ 

I 
C cyclohexane 
I \ 

\ - ,! 
I 

Solvent 
Equilibrium Solubility Mole 

mglml moles/liter Fraction 

Hexane 130 7.3 3.45 x 10-5 
2-Butyl acetate 132 8.0 1.48 
Cyclohexane 108 8.2 8.23 x 10-4 
Carbon tetrachloride 97 8.6 1.00 x 10-2 
Isopropyl acetate 117 8.6 1.4 
Ethyl acetate 98 8.9 2.82 
Toluene 106 8.9 9.73 x 10-2 
Benzene 89 9.1 1.30 x 10-I 
Chloroform 80 9.2 4.08 
Methyl acetate 79 9.5 5.88 
Octanol 159 10.3 3.40 
Propylene glycol 73 15.0 1.68 X lo+’ 
80% Propylene glycol in water 46 16.56 1.32 X lo+’ 
60% Propylene glycol in water 336 18.26 5.69 
40% Propylene glycol in water 26 19.8b 2.16 
20% Propylene glycol in water 21b 21.4b 6.99 X lo-’ 
Water 18 23.0 2.97 X 10-l 

From Ref. 5 except where otherwise indicated. Calculated from the method proposed in Ref. 6. 

(10). Values for the cosolvent mixtures of propylene glycol and water were 
estimated from the expression of Smith et al. (11): 

(Eq. 13) 
9161 + 9363 

91 + 93 
61-3 = 

where the subscripts 1 and 3 denote the respective pure solvent param- 
eters and 9 is the corresponding volume fraction. The validity of the above 
expression has been demonstrated with binary solvent systems only ca- 
pable of interacting through London forces (11). Use of the equation must 
be tentative for mixtures of propylene glycol and water as the molecular 
interactions of hydrogen bonding and dipoledipole attractions for those 
mixtures have yet to be fully delineated. 

The solubility parameter scale does provide one indication of the wide 
range of solvents used for these studies. The solubility parameter for 
propylene glycol falls roughly between that for hexane [7.3 ( ~ a l / m l ) ~ / ~ ]  
and water [23 ( ~ a l / m l ) ~ / ~ ] ,  which represent the extremes for this solvent 
scale. Hydrocortisone is extremely insoluble in hexane 9.53 X 
molesfliter and poorly soluble in water 8.19 X lo-‘ molesfliter. The 
maximum molar solubility determined was with propylene glycol 4.63 
X The solubility span for hydrocortisone in the evaluated solvents 
was >18. Interestingly, all solubility values are below the estimated ideal 
solubility and are sufficiently low to negate solute-solute interactions. 

DISCUSSION 

Regular Solution Analysis-It should be mentioned at  the onset of 
this discussion that regular solution behavior, as carefully defined by 

Table IV-Estimation of Solubility Parameter for 
Hydrocortisone a 

Total (E V)1/2 
Functional (E V) l’z, Number of per Groupb, 

Group (cal/ml)1/2 Groups (cal/mol)1’2 

148.3 2 
131.5 8 

85.9 4 
I 
I 
I 
I 

-CH 

32.0 3 

-CH= 121.5 1 

-C- 

>= 84.5 3 
c=o 263.0 2 
OH 226.0 3 
6-Membered ring -23.4 3 
5-Membered ring 20.9 1 

296.6 
1052.0 

343.9 

96.0 

121.5 

253.5 
526.0 
678.0 

20.9 
-70.2 

9.53 x 10-6 

2.27 X 
4.08 x 10-3 

2.84 x 10-5 
3.86 x 10-3 
7.76 x 10-3 
2.68 x 10-4 
3.59 x 10-4 

9.38 x 10-3 

5.96 x 10-3 
1.93 x 10-3 

1.12 x 10-2 
1.62 X lo-* 
4.60 X 
3.64 X 
1.59 X 

8.19 X 

1.24 X 
5.40 x 10-4 
2.24 x 10-7 
2.75 x 
4.53 x 10-4 
7.58 x 10-4 
2.85 x 10-5 
3.19 x 10-5 
9.05 x 10-4 
1.29 x 10-3 
1.49 x 10-3 
3.38 x 10-3 

5.20 x 10-4 
1.54 x 10-4 
4.10 x 10-5 
1.47 x 10-5 

1.68 X 

I i hexane 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
8 9 10 1 1  12 13 14 15 16 17 18 19 20 21 22 23 

SOLUBILITY PARAMETER OF SOLVENT 6,. (cal/ml)% 
Figure 4-Solubilities of hydrocortisone in various solvents at 2 5 O .  Key: 
( I )  butyl acetate, (2) isopropyl acetate, (3) ethyl acetate, (4) chloroform, 
(5) methyl acetate, (6) octanol, and (PG) propylene glycol. The dotted 
line represents the regular solution parabola 152 = 12.4 (callml) lj2. 

412 f Journal of Pharmaceutical Sciences 
Vol. 72. No. 4. April 1983 



hypothetical supercooled liquid state are indeterminate but are presumed 
to have significant contributions from hydrogen and dipolar bonding. 

Since the net interactions in the hydrocortisone melt include hydrogen 
bonding, which precludes totally random orientations of its molecules, 
one primary element required for regular solution behavior is missing. 
There is an excess entropy of mixing implicitly associated with the freeing 
of the hydrocortisone molecules from bonds restricting their relative 
motions and positions in the supercooled liquid state. However, regular 
solution behavior for alkyl-p-aminobenzoate homologuea (4), which suffer 
the same theoretical departure, is followed closely for such polar, highly 
interactive solutes as long as the solvent is strictly apolar. In essence, it 
seems that potential sources of deviation from regular solution behavior, 
especially associated with disintegration of the polar solute melt structure, 
are insignificant against the excess free energy derived from differential 
cohesiveness. Thus, for the alkyl-p-aminobenzoates there are operative 
solubility parameters, likely related to the true square root cohesive en- 
ergy densities, which adequately describe their solubilities in hexane. The 
present work is, in part, an attempt to examine the behavior of hydro- 
cortisone, an even more complex molecular structure, in this regard. The 
study differs in an important way from the previous study (alkyl-p- 
aminobenzoates) in that the behavior is examined across diverse solvents 
and not with respect to solute structure within a fixed solvent. 

To evaluate the proposed regular solution behavior for hydrocortisone, 
the following were assumed: 

1. The crystalline properties of hydrocortisone were invariant from 
solvent to solvent such that the activity of the solid phase was the same 
in each. 

2. The volume fraction for each solvent ($1) was unity. 
3. The molar volume of hydrocortisone is 293 ml/mole at  25O and is 

With the above assumptions and implicit simplifications, Eq. 12 is 
independent of the solvent. 

rewritten as follows: 
In xz = In a t  - 0.5(61 - 6 ~ ) ~  (Eq. 14) 

for a saturated solution of hydrocortisone at 25". Providing the choice 
of solvents is satisfactory, a; and the solubility parameter for hydrocor- 
tisone 62 can be simultaneously determined from the mole fractional 
solubilities of hydrocortisone in the specified solvents. The value of a;, 
moreover, should be consistant with the value of 5.2 X obtained from 
AH* and Tf. 

Values ranging from 7 to 23 (cal/rnl)lI2 for 62 were evaluated using Eq. 
14 to determine 62 where a; is most constant. Figure 3 shows In a! uersus 
the solubility parameter of the solvent for three selected values for yz. 
As seen in the graphical display, as appears most constant for a 62 value 
of 12.4 (cal/ml)1/2; however, there is scatter in the data, and based solely 
on this analysis, the value of 62, at  best estimate, can be considered to lie 
between 12 and 13 (cal/ml)l/z. The value of 12.4 (cal/ml)1/2 for 62 predicts 
a; to be 5.5 X which is in excellent agreement with a; as calculated 
from AHf and Tf. Furthermore, the dashed lines in Fig. 3 show the cal- 
culated deviation in a;  if the solubility parameter is in fact 12.4 (cal/rnl)'/* 
for hydrocortisone, but was assumed to be either 10 or 14 (cal/ml)1/2. 
While each of these approaches for estimating the solubility parameter 
has an inherent uncertainty when considered alone, when combined they 
indicate a solubility parameter of hydrocortisone of 12.4 (cal/ml)1/2. This 
value is consistent with minimum variability in the corresponding as 
values from Eq. 14 and has good agreement with as as independently 
predicted from crystalline properties Eq. 7. 

The functional-group contribution approach provides another way 
of estimating the solubility parameter for hydrocortisone. In this case, 
the molar attraction constants for the solute functional groups are 
summed as originally proposed by Small (13). Using the updated molar 
attraction constants tabulated by Hoy (lo), the solubility parameter for 
hydrocortisone was estimated to be 11.4 (cal/ml)l/z, as outlined in Table 
IV. This estimate differs significantly from the experimental value of 12.4 
(cal/ml)l/z. The discrepancy is not unexpected, since there is little evi- 
dence that the functional-group contribution approach is suitable for such 
a large, polyfunctional solute, and its use for hydrocortisone likely rep- 
resents an overextention of the method. 

Flory-Huggins Excess Entropy of Mixing-As previously defined, 
regular solution theory assumes the entropy of mixing to be an ideal in 
which the entropy of the process arises strictly from the statistical mixing 
of the components. A factor not yet considered in the regular solution 
analysis for hydrocortisone is the inability to statistically mix molecules 
of unequal size. Flory (14) and Huggins (15) have considered the excess 
entropy associated with the mixing of molecules of unequal size. A model 
was designed for dilute solutions with a small molecular volume solvent 
and a large, polymer solute. The mixing of a liquid polymer with a solvent 

lo-' c 

20 40 60 80 100 
PROPYLENE GLYCOL, % (vlvJ 

Figure 5-Solubility of hydrocortisone in propylene glycol-water 
mixtures a t  2 5 O .  

to make a dilute solution with respect to the polymer leads to the total 
number of possible configurations for the polymer being greatly increased 
over what exists in the pure polymer state. This large increase in con- 
figurational entropy of mixing is expressed in the following equation for 
the excess free energy of mixing: 

AGE = RT[XI In ( & / X I )  + XZ In ($2/X2)] (Eq. 15) 

This expression was derived for long-chain molecules with individual 
segments occupying sites within a liquid lattice consisting of small solvent 
molecules. This factor should be an additive (independent) function. 
With this factor incorporated, the general regular solution solubility 
equation becomes: 

The validity of the Flory-Huggins model has not been established for 
compact molecules in a solvent composed of molecules smaller by only 
several multiples. It has been pointed out (16) that such an evaluation 
for compact molecules is difficult since possible entropy effects are often 
obscured by large changes in the enthalpy of mixing. The analysis of the 
excess entropy due to inequality of size for hydrocortisone appears to be 
confounded by this difficulty. The hydrocortisone-solvent molar volume 
ratio, VdV1, is only 2.25-3.28 for those solvents considered for regular 
solution behavior. To evaluate the impact of the Flory-Huggins entropy 
correction on the regular solution analysis of hydrocortisone, the ap- 
propriate parameten were introduced into Eq. 16, and 82 was determined 
as before. The correction term did not significantly affect the estimation 
of 62, within the sensitivity of the analysis. Thus, the entropy arising from 
disparate molecular size does not appear to be significant as a solubil- 
ity-determining factor for these hydrocortisone-solvent systems. This 
conclusion agrees with the observations of Shinoda and Hildebrand (16) 
as well as Bowen and James (8), who also noted little or no Flory-Huggins 
effect for mixtures of nonpolymeric substances of unequal size. 

Solubility Profile-The values for the physicochemical properties 
of hydrocortisone utilized in the subsequent discussion are found in Table 
11. With appropriate substitution of the above parameters into Eq. 12, 
the regular solution solubility parabola was calculated for hydrocortisone 
about the midpoint of 12.4 (cal/ml)l/z, where the solution is considered 
ideal. As expected, the solubilities of hydrocortisone in solvents essentially 
limited to dispersion molecular interactions conform closely to the curve 
Fig. 4. These solvents are hexane, cyclohexane, carbon tetrachloride, 
toluene, and benzene. 

Regular solution theory predicts a 50-fold difference in molar solubility 
between hexane and cyclohexane, and this difference is observed ex- 
perimentally. However, the inappropriateness of regular solution theory 
for solvents other than those of the London type is also demonstrated 
in Fig. 4. It appears inadequate for solubility estimation in all solvents 
capable of hydrogen bonding or other strong, orientating bonding with 
hydrocortisone. For example, the experimental solubility of hydrocor- 
tisone in isopropyl acetate is nearly 100 times the predicted value. There 
is also a 20-fold factor unaccounted for by regular solution theory between 
the solubilities in carbon tetrachloride, a perfectly symmetrical and apolar 
species, and chloroform, which has a substantial dipole. Thus, for iso- 
propyl acetate, chloroform, and similar solvents, dipole-dipole and hy- 
drogen bonding must contribute significantly to the solution-phase in- 
teractions. 

The regular solution parabola predicts a solubility of hydrocortisone 
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in water, where y1 = 23.4 (cal/ml)1/2, -lo2‘ times less than the observed 
value. Clearly, simple differential cohesiveness is grossly inadequate to 
account for the specific intermolecular forces between water and hy- 
drocortisone. Having two ketone moieties and three hydroxyl groups, 
hydrocortisone is capable of forming hydrogen bonds with water around 
these centers, which greatly favor its solubility. Contrastingly, the hy- 
drocarbon skeleton and attached methyl groups provide surfaces for 
hydrophobic association with water, which is unfavorable to solubility. 
The net results of these additional solution-phase interactions is a large 
reduction in the excess free energy of transfer of a mole of supercooled 
liquid hydrocortisone to water. Hence, the solubility in water is orders 
of magnitude higher than would be expected from the noncritical use of 
regular solution theory, taking the solubility parameter of water at face 
value. It should be noted that the solubility parameter of water as a square 
root cohesive energy density is, in the absolute sense, a legitimate value. 
However, it can not be used in regular solution treatments because the 
general behavior of water violates the fundamental assumptions of this 
theory. 

The incremental addition of propylene glycol to an aqueous propylene 
glycol solvent system is marked by an exponential increase in hydro- 
cortisone solubility and log (solubility) increases roughly linearly with 
increasing volume fraction of propylene glycol (Fig. 5).  This solubility 
pattern can be compared with the following linear free energy func- 
tion: 

log Sf = log S f = O  + tf (Eq. 17) 

where c is the incremental change in solubility per volume fraction (0 
added. The actual cosolvent profile for hydrocortisone, however, has a 
slight sigmoidal shape which is most apparent a t  low and high concen- 
tration of propylene glycol. Nevertheless, an estimate for t of 2.1 was 
obtained from regression analysis with the values for water and propylene 
glycol excluded because they were out of the linear region. The estimate 
oft corresponds to an -100-fold increase in solubility from water to pure 
propylene glycol, somewhat greater than actually observed. 

A similar linear trend is shown in Fig. 4 for log Sf uersus the solubility 
parameter estimates for the cosolvent mixtures as calculated from Eq. 
12. It might appear that the cosolvent trend is a direct outcome of dif- 
ferential cohesiveness. This would, however, be a superficial and incorrect 
conclusion. Water, propylene glycol, and their mixtures are extensively 
hydrogen-bonded systems. Although the experimental cohesive energy 
densities for these solvents are meaningful as relative measures of the 
forces of association in the pure liquids, they are meaningless with respect 
to regular solution calculations. Regular solution theory requires that 
no significant orientating bonding can occur between solute and solvent, 
pure solvent, and pure liquid solute. This requirement allows the cohesive 
energy density of the solute-solvent mixture, C12, to be approximated 

’ 

I 

by (ell, C ~ Z ) ’ / ~ .  These conditions are violated as a consequence of the 
hydrogen bonding networks in water, propylene glycol, and their mix- 
tures. Based on literature data which indicate that the aqueous solubility 
of substantially hydrophobic molecules is proportional to the low-energy 
molecular surface area (17) and that the sensitivity of homologue solu- 
bilities in aqueous mixtures is a function of the hydrocarbon chain length 
(18), it would appear that the solubility trend of hydrocortisone in pro- 
pylene glycol-water mixtures is principally due to a dilution of the hy- 
drophobically induced self-association of water. 
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Abstract 0 This study presents the results of an investigation of the 
viscoelastic properties of anhydrous lanolin USP, as determined by dy- 
namic mechanical testing. The elastic shear modulus (C'), viscous shear 
modulus (C"), and loss tangent (tan 6) were determined as a function of 
shear frequency, Y, (0.01-10.0 Hz) and temperature, T, (0-30"). These 
viscoelastic parameters were found to be temperature and shear fre- 
quency dependent. Up to 100-fold changes in shear moduli and tan 6 
values were observed with appropriate changes in T and Y. Many of the 
observed properties are also characteristic of high molecular weight 
polymers and can be attributed to a high degree of molecular structure. 
It was found that dynamic mechanical testing was a sensitive tool for 
measuring structural changes, and was especially useful in detecting a 
major structural transition well below the accepted melting temperature 
of anhydrous lanolin. 
Keyphrases 0 Viscoelasticity-properties of anhydrous lanolin, de- 
termination by dynamic mechanical testing Lanolin, anhydrous- 
viscoelastic properties as determined by dynamic mechanical testing 0 
Dynamic mechanical testing-determination of viscoelastic properties 
of anhydrous lanolin 

The rheology of pharmaceutical semisolids .can not be 
understood adequately without including a discussion of 
viscoelastic properties. The viscoelastic properties of 
pharmaceutical semisolids have not been adequately in- 
vestigated because pharmaceutical scientists generally lack 
the appropriate testing equipment. Much of the existing 
literature on the measurement of viscoelasticity of phar- 
maceutical systems, including the use of dynamic me- 
chanical testing, has been reviewed (1). It was apparent 
that dynamic mechanical testing could yield unique in- 
formation that could not be obtained by other available 
methods, and that i t  was important that the application 
of dynamic mechanical testing to measure the viscoelastic 
properties of pharmaceutical systems be investigated and 
demonstrated. For this reason this study was undertaken 
using anhydrous lanolin. 

Dynamic mechanical testing has been used primarily by 
materials scientists to characterize the viscoelastic prop- 
erties of polymeric systems (2,3). For example, polymers 
are routinely characterized for moduli, crystallinity, 
plasticizer effectiveness, filler effects, creep, and stress 
relaxation. A knowledge of these viscoelastic properties is 
necessary to determine proper manufacturing techniques 
and end-use properties of polymeric systems. 

Many rheological testing procedures used by pharma- 
ceutical scientists are insensitive to the microcrystalline 
or amorphous three-dimensional networks which deter- 
mine basic rheological properties. Generally, these meth- 
ods use a simple shear viscometer and determine a non- 
Newtonian viscosity (4-6). Simple shear methods destroy 
the structure that one is attempting to measure and in- 
troduce the additional parameter of structural variation 
with time. As a result, simple shear viscometers are unable 
to measure fundamental viscoelastic parameters such as 
elastic and viscous moduli (7,8). 

This report describes the nondestructive technique, 
dynamic mechanical testing, and the results obtained when 
it was used to measure the viscoelastic properties of an- 
hydrous lanolin. Test samples were deformed sinusoidally 
with respect to time and temperature, and measurements 
of the strain amplitude, stress amplitude, and phase angle 
between them were made in terms of the complex dynamic 
modulus. The complex dynamic modulus was then re- 
solved into a real component (elastic or storage modulus) 
and an imaginary component (viscous or loss modulus.) 
The elastic modulus is associated with the energy stored 
in elastic deformation, while the viscous modulus is asso- 
ciated with energy dissipation effects. These moduli were 
used to interpret the viscoelastic behavior of anhydrous 
lanolin in terms of the inter- and intramolecular interac- 
tions within the semisolid. 

BACKGROUND 

Phenomenological Viscoelasticity-The deformation of semisolids 
can be divided arbitrarily into two general types: spontaneously reversible 
deformation (called elasticity) and irreversible deformation (called flow). 
Most pharmaceutical semisolids exhibit both of these phenomena and 
are rheologically classified as viscoelastic. Phenomenological viscoelas- 
ticity can be categorized as either linear or nonlinear, but only the former 
can be described theoretically with uncomplicated mathematics. The 
fundamental viscoelastic parameters of a linear viscoelastic system do 
not depend on the magnitude of the stress (or strain) and the time during 
which it acts; the paramete? for a nonlinear viscoelastic system are de- 
pendent on stress and/or strain magnitude. Complex constitutive 
equations are necessary to describe nonlinear viscoelasticity (9-11). 

When the input strain on a test sample is small, the strain (7) is pro- 
portional to the stress (a) and the sample exhibits linear viscoelasticity. 
Though stress and strain are proportional, they are not in phase; in ad- 
dition to moduli, a phase angle or damping term is determined. The 
elastic modulus (C'), viscous modulus (G"),  complex modulus (C*) ,  and 
phase angle (6) are a function of shear frequency (Y) and temperature (7'). 
For shear experiments, frequency can also be expressed in terms of ra- 
dians per second ( w )  where w equals ~ T Y .  

Linear viscoelasticity also means that the rheology must obey the 
Boltzmann superposition principle (2, 12). This principle states that 
mechanical behavior is a function of the entire stress history of a sample. 
It also assumes that the effect of each deformation is independent of the 
others, and that the behavior of the sample can be calculated by a simple 
addition of the effects that would occur if the deformations took place 
singly. 

Most theoretical treatments of dynamic mechanical testing and linear 
viscoelasticity use stress as the forcing function, though either stress or 
strain may be used. Both methods are mathematically equivalent. A 
theoretical treatment of the mathematics of linear viscoelasticity is given 
in Appendix I. Two important relationships are derived therein which 
relate C*, C', C", and tan 6: 

G* = G' + iC" (Eq. A l l )  

and 

tan 6 = G"/G' (Eq. A15) 

where tan 6 is equal to the ratio of the energy dissipated-maximum energy 
stored per.cycle of deformation. 
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Figure 1-Effect of shear strain on the elastic modulus of anhydrous 
lanolin USP, at 20'. Key: (0) 10.0 Hr ,  (A) 1.0 H z  and (0) 0.10 Hr .  

The relationship of tan d and C" to energy dissipation is fundamental 
to proper interpretation of dynamic mechanical data. A system with high 
values of tan 6 exhibits high energy dissipation and is termed high 
damping or lossy. The significance of various transitions of a system 
depend on the location and intensity of the damping peaks, where tan 
d or G" is a maximum. The associated maximum in energy dissipation 
is interpreted in terms of an accountable increase in internal freedom, 
such as molecular segmental and side group motion or chain rotation. 
These changes can identify chemical or mechanical transitions. 

Chemical Nature  of Anhydrous Lanolin USP-Anhydrous lanolin, 
or wool fat, is designated by the USP to contain not more than 0.25% 
water (13). It is prepared by the purification of fatty matter (suint) ob- 
tained from the wool of sheep. The chemical composition of anhydrous 
lanolin is complex and can vary with the type of sheep (14). Conrad (15) 
and Barnett (16) have elaborated extensively on lanolin chemistry. 

Anydrous lanolin is chemically a wax and not a fat. I t  melts between 
36 and 42'. In general, it contains trace amounts of hydrocarbons and 
free fatty acids, 3-496 free akohols (mostly cholesterol), and 96% wax 
esters. Saponification of the wax esters gives a free lanolin alcohol fraction 
and a free fatty acid fraction. The free alcohol fraction is composed of 
aliphatic, sterol, triterpene, and unclassified alcohols in approximately 
equal proportions. The free fatty acid fraction is composed of -10% 
normal acids (n = 4-12), 4%,hydroxy acids ( n  = 6,7),  29% is0 acids ( n  = 
3-11), 38% anteiso acids ( n  = 2-13), and 19% unclassified acids. 

From this information, anhydrous lanolin can be typified as a mixture 
of wax esters with a chemical structure much like a cholesterol molecule 
linked to a long-chain alcohol molecule. I t  can be postulated that 9970 of 
the molecules in anydrous lanolin have a molecular weight in the range 
of 400-950, with an average of -700. 

EXPERIMENTAL 

Materials and Apparatus-The anhydrous lanolin USP used for all 
experiments was from the same production lot'. The viscoelastic prop- 
erties of anhydrous lanolin were determined with a mechanical spec- 
trometer'. This rotational rheometer puts into a test sample a known 
deformation a t  a specified rate and temperature (17). 

Samples of anhydrous lanolin were mounted between 50-mm diameter, 
hollow stainless steel cone and plate test fixtures. The  cone fixture was 
oscillated sinusoidally a t  determined shear strains (y)  and frequencies 
( u )  by the output from a digital function generator and phase analyzer3 
(FGPA). Stresses from the sample were transmitted through the fixed 
plate to a multiple-stress detecting transducer. Deflections in the 
transducer were converted to electrical signals and relayed back to the 

1 Ruger Chemical Co. Inc., Irvington-on-Hudson, N.Y. 
2 Model RMS-7200. Rheometrics, Inc., Union, NJ 07083. 

Model SA-2200, Rheometrics, Inc., Union, NJ 07083. 

function generator and analyzer, where they were resolved into the 
storage and loss components of the complex modulus. The digital outputs 
of the FCPA were used to calculate the dynamic moduli in terms of 
dyne/cm' (Appendix 11). 

Temperature control was maintained by enclosing the sample and test 
fixtures in an environmental chamber4. The chamber used high-velocity 
recirculated air and nichrome heating coils. A platinum resistance bulb 
temperature sensor, located close to the test sample, maintained tem- 
perature to f0.5'. Temperatures below the ambient were achieved by 
placing solid carbon dioxide into the chamber, in the path of circulating 
air on the side of the sample away from the direction of flow. Excess 
temperature reduction was prevented by the heating coils. Chamber 
temperature was monitored by placing an iron-constantan thermocouple 
with digital readout in the path of circulating air, immediately upstream 
of the sample. The chamber was equipped also with a light and window 
for sample observation. 

Differential thermal analysis5 was used to look for structural transitions 
in anhydrous lanolin. This thermoanalytical technique is often useful 
in detecting crystallization and crystalline and glass transitions. 

Sample Preparation-Anhydrous lanolin was placed in a beaker and 
lowered into a hot water bath a t  50'. After melting, the molten lanolin 
was placed into a desiccator which was evacuated by a filter pump to 
remove entrapped air from the samples. Deaerated samples were poured 
onto the flat test fixture, in a manner preventing air pocket formation. 
After 30 min at  room temperature, the plate was mounted and the cone 
lowered to the preset gap. Extruded lanolin was removed and the sample 
was allowed to equilibrate at the test temperature for 15 min. 

Description of Experiments-Samples were equilibrated at 0,5,10, 
15,20,25, and 30". At each temperature, a sample was oscillated over 
three decades of v ,  0.01-10.0 Hz, a t  y equal to 3.54'78. Readouts of the 
FGPA were used to calculate G', C", and tan d as a function of u and 
T. 

For differential thermal analysis, a sample in an aluminum pan and 
an empty identical reference pan were heated. A liquid nitrogen chamber 
was used to lower the initial temperature to  -40'. The difference in T 
between the sample and the reference pan was recorded as function of 
T,, the temperature of the reference cell. 

RESULTS AND DISCUSSION 

The dynamic mechanical properties of anhydrous lanolin were de- 
termined as a function of shear strain, frequency, and temperature. 

Effects of Strain-The relationship between G' and 7 ,  at 25O, is 
shown in Fig. 1. There is no apparent range of linear viscoelastic behavior 
over the entire range of y studied (3.54-50.0%). Linear behavior would 
be identified as a region of constant G' with changing y. Since linear 
viscoelastic behavior could not be achieved, the lowest obtainable y 
(3.54%) was used in all experiments to ensure the least possible effect on 
molecular structure. 

Because of observed nonlinear behavior, it may be said that the test 
samples in this study were not in their absolute rheological ground state. 
I t  has been reported that a t  least 24 hr were necessary for stresses pro- 
duced in anhydrous lanolin by sample loading to relax prior to creep 
testing (18). In this study, i t  was not feasible to permit each sample to 
relax 24 hr before testing. 

Even though the mechanical spectrometer was not able to  reach a low 
enough y to achieve linear behavior, it must be noted that the decline of 
G' with increasing y is apparently a continuously smooth relationship, 
devoid of breaks or irregularities in the curve. Hence a t  any given y. i t  
can be assumed that there exists a small region around the corresponding 
point on the log C' versus log %y curve where linear viscoelastic behavior 
can be approximated. This is particularly true a t  low y where the slope 
has significantly decreased. Therefore, an infinitesimal increase or de- 
crease in deformation gives a negligible change in the value of log G'. This 
justification for the use of linear viscoelastic theory to calculate dynamic 
moduli is reasonable and is commonly used in the literature. 

Data  Reproducibility-Since it was believed that the samples of 
anhydrous lanolin were not in a rheological ground state, and since re- 
producible data can only be obtained from reproducible structural states, 
it was necessary to examine data reproducibility. It was found that de- 
fined differences in sample mixing, setting time, and temperature 
equilibration time were found to produce differences in FGPA "a" and 

Model EC-1000, Rheometrics, Inc.. Union, Nd 07083. 
Dupont Model 990. 
Percentage shear strain is defined as 100 X amplitude of oscillation/cone 

angle. 
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Figure 2.-Effect of shear frequency on the elastic modulus of anhy- 
drous lanolin USP, a t  3.54% strain. Key: (0) O", (0) 5", (A) loo, (A) 
15", (0) 20", f+) 25", and (B) 30'. 

"b" outputs. Differences in observed moduli of up to 50% could be pro- 
duced by exacerbated variations in sample preparation, loading, and 
equilibration. For that reason, care and practice were necessary to master 
the aforementioned sample preparation techniques before reproducible 
data could be obtained with confidence. I t  should be noted that variations 
of as much as f10% in G' were tolerable as this would be small when 
compared with changes in G' due to temperature and shear frequency. 

Effects of Temperature  and  Shea r  Frequency-From the log G' 
and log G" uersus log u plots (Figs. 2 and 3) it is evident that u and Ta re  
profound determinants of the viscoelastic behavior of anhydrous lanolin. 
In general, an increase in T causes a decrease in G', while an increase in 
u causes an increase in G'. The effect of T and v on G" are not as simple 
to describe, as a maximum appears in some of the curves. If one assumes 
that a maximum exists in all of the curves, i t  can be stated that the 
maximum v is increased with an increase in 2'. The patterns of 
change of C' and C" with T and u are characteristic and will be discussed 
in terms of proposed molecular changes. Figure 2 shows that an increase 
in u increases Cover  the temperature range of 30-25". At 25", this trend 
is modified by the formation of a plateau a t  the high end of the frequency 
spectrum. The extent of this plateau expands with decreasing T until it 
extends over the entire frequency spectrum at 0". 

In this plateau region, G' asymptotes to a limiting modulus, GE. When 
this limiting value is attained, i t  can be concluded that the molecular 
chains are not able to rearrange themselves at all during the time of 
stressing. The molecules appear frozen and the only deformation is by 
distortion of primary and secondary bonds and bond angles. Such a 
limiting modulus is also observed for polymers in the glassy state (i.e., 
a t  low temperatures). 

Barlow and Lamb (19) gathered data of GE for a number of organic 
compounds. These included glycerol, polytetrafluorethylene, 1,2,6- 
hexanetriol, l,%butanediol, and vulcanized and unvulcanized rubber. 
All of the GE values for these substances were within a factor of two of 
2 X 1O'O dyne/cm2, even though these compounds represent a molecular 
weight distribution from 90 to >1@. These values can be compared with 
crystalline solids which generally have rigidity moduli between 10" and 
1OI2 dyne/cm2. The values of GE for the organic compounds studied by 
Barlow and Lamb are probably lower because they are not subject to the 
constraints of a crystal lattice. It was noted that the introduction of strong 
polar groups, hydrogen bonding, or polymerization generally caused in- 
creases in C E ,  but these increases were small when compared with the 
magnitude of CE.  Hence i t  was suggested that the straining of van der 
Waals bonds and the flexing of main chain bonds are the origin of GE as 
these phenomena are relatively independent of structure for poly- 
mers. 

0.01 0 1  1 :o 10.0 
SHEAR FREQUENCY (14, H t  

Figure 3.-Effect of shear frequency on the viscous modulus ofanhy- 
drous lanolin USP, a t  3.54% strain. Key: (0) 0". (0) 5", (A) Z O O ,  (A) 
15', (0)  20°, (+) 2 5 O ,  and (M) 30". 

, 

The value of GE for anhydrous lanolin is -5 X lofi dyne/cm2, a factor 
of 4 X lo3 less than the values observed by Barlow and Lamb. This dif- 
ference indicates that it may not be appropriate to refer to anhydrous 
lanolin as being in the glassy state. It must be noted that GE was not 
reached for the listed organic compounds until T approached the vicinity 
of -80". Hence, the plateau attained from 0 to 5O for anhydrous lanolin 
may not represent GE,  but instead a plateau in the rubbery region. Fur- 
ther testing a t  T <Oo may show a rise in G' until another plateau is at- 
tained a t  lower 7'. This assumption is reasonable when one considers the 
fact that  anhydrous lanolin is an organic mixture with an average mo- 
lecular weight of -700, which is within the range of molecular weights 
listed by Barlow and Lamb. 

The appearance of the nonglassy state plateau between 0 and 5" can 
be explained on the basis that anhydrous lanolin is a complex mixture 
with each constituent having its own melting point. So a t  a given tem- 
perature, some fractions may be solid and others liquid. The solid frac- 
tions then act as a rigid matrix to give structure with the liquid fractions 
dispersed in its rigid matrix. Consequently, one could speculate that, from 
0 to 5O, the solid matrix is sufficiently rigid to enable its elastic charac- 
teristic to mask any temperature-dependent contribution of the liquid 
fraction. Since the glassy state observed in the Barlow and Lamb work 
exhibited a considerably greater GE at lower temperatures, it would be 
expected on the basis of this model that  the contribution of the liquid 
fraction to C' would become evident as the temperature is lowered below 
0" giving rise to an increase in G' until reaching the glassy state pla- 
teau. 

Figure 3 shows that C" behaves similarly to C' from 30 to 20'. At 15" 
however, a rounded peak appears between 2.15 and 10.0 Hz. With each 
successive drop in T, the location of the peak shifts horizontally to lower 
u until, a t  0", the peak bas apparently shifted to a u below the range of 
frequency testing. The variation of G" as opposed to G' is difficult to 
visualize in terms of molecular processes because it is basically a feature 
of a dynamic rather than a static response. 

When u is low, the molecules can rearrange themselves completely 
within the time scale of stressing. At  maximum 7, energy is stored in the 
system by virtue of entropy effects. During the portion of the cycle in 
which n decreases to zero, the stored strain energy is recovered elastically 
because the molecules rearrange faster than n changes. Since the strain 
energy is almost completely elastically recoverable a t  low u ,  the energy 
loss is small. Consequently G" is small. On the other hand, G" is small 
a t  high u because the molecules are frozen in place and only pure elastic 
deformation occurs. G" increases at  intermediate I) because the molecules 
have time for only partial configurational rearrangement during a cycle 
of stressing. 

At this point, it is necessary to consider the energetics responsible for 
the variation of dynamic moduli as a function of shear frequency and 
temperature. Aspects of this discussion have their foundation in the idea 
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Figure 4.-Effect of temperature on the elastic modulus of anhydrous 
lanolin USP, at 3.54% strain. Key: (0) 0.0464 H z ,  (0) 0.464 Hz,  and (0)  
4.64 H z .  

of a theory for rubber-like elasticity (2.20). The idea of a network ac- 
counts for the main features of equilibrium value of rubber-like elasticity. 
The following account is a brief outline of the principles involved. 

Consider a single molecule which possesses free rotation about all of 
the main chain bonds. Each C-C bond may rotate mutually provided 
a bond angle of -110' is maintained. The most probable distance from 
the final carbon to the first carbon atom can be determined by assuming 
that each successive bond can fully rotate and using a probability dis- 
tribution function. The most probable distance can be shown to be 
slightly greater than (n12)1/2 where n is the total number of bonds, each 
of length 1 .  For an amorphous rubber-like system, there are a large 
number of intertwining molecules each rapidly changing in configuration 
but on the average sufficiently coiled to have an end distance of ap- 
proximately (nl*)1/2. 

The state of maximum entropy ( S )  and minimum free energy (F)' 
occurs when the molecules are in the most probable configurational 
distribution. Therefore, any change in entropy is due to a change in the 
distribution. When the system is strained it causes the configurational 
distribution to change to a less probable state and the distance between 
the first and final atoms of a molecular chain becomes greater than the 
average or most probable value. While the molecule is extended, the 
number of different molecular configurations, w,, which the molecule 
can attain is considerably less than the maximum number, w,, obtainable 
in the most probable state. The subscript u designates the extended state, 
while the subscript m designates the most probable state. 

Straining a system in i t s  most probable configurational state changes 
the configurational distribution to a less probable state, which results 
in a decrease in entropy. This decrease in entropy can be described ac- 
cording to Boltzmann's entropy relation: 

ASc = - k ln(w,/w,) (Eq. 1) 

where ASm is the decrease in entropy on the stretching of an average 
molecule and k is the Boltzmann constant. The greater the extension of 
the molecule, the greater the decrease in entropy due to the smaller 
number of configurations (w,) it can attain. 

The decrease in ASa causes an increase in AF,, change in the Helm- 
holtz free energy of the system. By definition: 

AFc = AEc - TAS, (Eq. 2) 

'I A good deal of confusion exists over which letter should he used to symbolize 
the free energy. The letter A is generally used as the Helmholtz free energy and C 
is used as the Cibbs free energy. A represents that part of the internal energy which 
is isothermally available, while C represents that portion of heat content which is 
isothermally available. It should be noted that G = A + pV, and hence AC = AA + pAV. Since volume change has been assumed negligible in the anhydrous lanolin, 
AC = AA The letter F will be used to represent free energy in this report because 
C is recognized in the rheological community as the shear modulus. 
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Figure C.--Effect of temperature on the oiscous modulus of anhydrous 
lanolin USP, at 3.54% strain. Key: (0) 0.0464 Hz, (0) 0.464 Hz, and (0) 
4.64 Hz. 
where AEo is the change in theinternal energy of the system. The symbol 
ASc can be replaced with -AS,, the average entropy decrease per mol- 
ecule, from the Boltzmann relation. This value is negative because the 
entropy change is decreasing. It can be assumed that the internal energy 
is constant, i .e . ,  AEo = 0, because the average environment of each atom 
in the stretched and unstretched states are identical. Consequently: 

AF, = -(-dS,)T (Eq. 3) I 

which indicates that LW, is increasingly positive as -mu becomes more 
negative on molecular stretching. Since every system seeks to attain the 
state of least free energy (unstretched state), it can be deduced that elastic 
behavior is due to spontaneous changes which attempt to revert the 
system to the state of least free energy. Rubber-like elasticity is thus 
explained in terms of an entropic rather than an internal energetic ef- 
fect. 

The almost complete absence of viscous flow must also be accounted 
for by entanglements or crosslinks. These interaction or junction points 
give rise to a structured network, which is a function of u and T. An in- 
crease in side-chain branching increases the probability of entanglements, 
while functional groups generally cause greater intermolecular attraction. 
Each of these phenomena results in an increase in structure and a loss 
in degrees of freedom. Consequently, when a system is strained, the en- 
tanglements and crosslinks decrease entropy further and increase the 
driving force to return the system to the state of least free energy. 

Figures 4 and 5 give additional insight into the effects of T and u upon 
the dynamic mechanical properties of anhydrous lanolin. As evident in 
Fig. 4, T and u are inversely related. An increase in T decreases G', while 
an increase in u shifts the log G' uersus T curves to higher temperatures. 
Similar shifting can be seen with log G" uersus T curves as a function of 
u (Fig. 5). Such behavior commonly is observed for amorphous polymers 
(3). 

Tan 6 or damping is a dimensionless parameter, which is defined as 
the ratio of G"-G'. More significantly, tan 6 is also proportional to the 
ratio of the energy lost-energy stored in a cycle of deformation. The role 
of tan 6 is not well known. It is often the most sensitive indicator of various 
molecular motions within a material. All mechanical properties, and 
especially tan 6, are extremely sensitive to crystalline or structural 
transitions, relaxation processes, and the morphology of multiphase 
systems such as crystalline and filled polymers. 

Log tan 6 uersus T curves for anhydrous lanolin are illustrated in Fig. 
6. At lower u, a maximum is evident around 10'. With an increase in v, 
the height and sharpness of each successive peak decreases until it has 
disappeared at the highest u. With an increase in T, the damping curves 
converge (possibly at one point) in the neighborhood of 17'. To the right 
of the convergence region, the relationship between u and tan 6 is inverse 
of the relationship to the left of the convergence. 
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Figure 6.-Effect of temperature on the loss tangent of anhydrous 
lanolin IJSP, at 3.54% strain. Key: (0) 0.0464 H z ,  (m) 0.10 H z ,  (+) 0.215 
H z ,  (0)  0.464 H z ,  (A) 1.0 H z ,  (A) 2.15 H z ,  and  (0) 4.64 Hz.  

At the convergence point, the damping properties of anhydrous lanolin 
are independent of v, and the damping properties reverse with respect 
to vat the convergence temperature. This is a very interesting phenom- 
enon. The fact that there is a convergence point, where the material is 
independent of v, suggests that this is only possible when constituent 
phases are in certain ratios, such that the effects of one phase cancel out 
the effects of another. 

Evidence for a temperature-dependent transition can be found in a 
differential thermal analysis thermogram of anhydrous lanolin (Fig. 7). 
From -40 to 25", there is a linear relationship between A T  and T,. A 
short shoulder develops a t  -20". This peak falls slightly and is followed 
by another linear increase until a peak is attained a t  30'. This peak then 
rolls off and descends to 40°, where another peak rises to peak a t  45". It 
is evident that changes in the structure of anhydrous lanolin are occurring 
over the entire temperature range. But since the test temperature range 
for dynamic mechanical testing was 0-30°, attention will be focused on 
the shoulder peak that occurs around 20". 

At least two factors are operating which could move the apparent peak 
to a lower T.  One could be the consequence of a smaller peak, at -17", 
adding onto a larger peak which occurs at -30". By addition, the larger 
peak may have pulled the smaller peak toward the larger peak by several 
degrees. Consequently, the smaller peak may in reality lie several degrees 
below 20". The shoulder, at 20°, is probably related to the mechanical 
transition which was evidenced by a peak in the log tan 6 uersus T plots 
a t  loo, from 0.0464 to 0.464 Hz. Differences are often found between the 
thermally indicated and the mechanically determined temperature of 
transition. 

The second factor that can account for a thermogram shift to higher 
T is the thermal lag of the sample and furnace environment, which is a 
function of the sample heating rate and the thermal conductivity of the 
sample. A large difference exists between the thermal conductivities of 
the aluminum sample pans and anhydrous lanolin. The difference, which 
is of the magnitude of lo5 in favor of aluminum, can cause the entire 
thermogram to shift to higher temperaturess. For anhydrous lanolin, it 
can be approximated that the thermogram shift could be as high as 5-10". 
Consequently, correction for peak addition and sample thermoconduc- 
tivity could place a thermogram peak in the sample temperature region 
where the damping maxima occur in Fig. 6. 

It should be noted that this type of thermogram generally should be 
expected for materials composed of a large range of molecular weights and 

* The thermal conductivity of pure aluminum, between 0 and 30". is -34 cal/sec 
cm deg. In contrast, the thermal conductivities of organic compounds similar to 
those found in anhydrous lanolin are of the order of 2 4  X cal/sec cm deg (21). 
For a heating rate of 1O0/min and a sample thickness of 0.25 mm, a lag of --5O could 
occur. A sample thickness of 0.5 mm would mean a lag of 10'. 

functional groups, e.g., butter, lard, and cocoa butter (22). Essentially, 
these materials have a wide (50-100') apparent melting range. 

A better way to describe the behavior of fats, waxes, and oils is to use 
the concept of degrees of freedom gained as a function of T .  Therefore, 
the thermogram for anhydrous lanolin shows that the sample is in the 
process of gaining degrees of freedom throughout the temperature range 
studied. Degrees of freedom could be gained by a decrease in the inter- 
and intramolecular forces. For example, a new degree of rotational 
freedom can allow a greater number of molecular configurations. 

Heijboer (23) has presented a log tan 6 uersus T plot similar in ap- 
pearance to Fig. 6. He showed that tan 6 can be used to identify the 
composition of a composite polymer blend. The dynamic mechanical 
properties of a series of copolymers of cyclohexyl methacrylate and 
methyl methacrylate were examined as a function of weight, percentage 
composition, and T a t  constant v. At any given T o n  the log tan 6 uersus 
T plot, tan 6 maxima heights vary with percentage composition rather 
than v as exhibited with anhydrous lanolin. 

The composition of anhydrous lanolin as defined previously is a het- 
erogeneous mixture of esters, alcohols, and fatty acids; therefore, a cor- 
relation between composition and v must be considered. One could 
speculate that certain frequencies have orienting effects on specific 
fractions (entire molecules or portions thereof) of anhydrous lanolin, 
creating new molecular environments and consequently new molecular 
interactions. Shear frequency, like T, influences the degrees of freedom 
possessed by molecules in anhydrous lanolin. The degrees of freedom 
gained or lost vary for each molecular component. The effect of v on the 
viscoelastic properties of anhydrous lanolin is similar to effect of com- 
position upon Heijboer's methacrylate systems (23). It should be noted 
that Heijboer does not venture to describe or speculate on the nature of 
the convergence point. 

CONCLUSIONS 

Anhydrous lanolin is a thermorheologically complex material whose 
viscoelastic properties can be characterized with dynamic mechanical 
testing. Its viscoelastic properties are a function of strain, temperature, 
shear frequency, and shear history. Even though anhydrous lanolin is a 
relatively low molecular weight mixture, it has certain viscoelastic 
properties which are characteristic of higher molecular weight polymers. 
These properties include the presence of a previously undescribed 
structural transition and the existence of a limiting value of the elastic 
modulus. 

The extent of data generated in this study does not permit definite 
conclusions to be drawn about the nature of individual inter- and intra- 
molecular interactions of the various molecular fractions. More insight 
on interactions may result from studies on purified fractions of known 
proportion. Ultimately, these studies may enhance the ability to predict 
a priori the optimum blending of semisolid components for desired 
end-use properties. 

APPENDIX I: MATHEMATICAL TREATMENT O F  THE 
THEORY OF LINEAR VISCOELASTICITY 

In a dynamic experiment, the stress and strain are sine or cosine 
functions and they can be treated as rotating vectors. The magnitudes 
of the vectors are equivalent to the amplitudes of the maximum stress 
and maximum peak strain. One revolution of the vector is equal to a full 
cycle of oscillation (Fig. 8). 

The stress, strain, and rate of stress are complex variables which can 
be defined by the following equations: 

u* = 00 exp[i(wt + a)] (Eq. A1) 

y* = yo exp(iwt) (Eq. A2) 

where u* is the complex stress, y* is the complex strain, uo is the maxi- 
mum magnitude of the stress, yo is the maximum magnitude of the strain, 
6 is the phase angle between strain and stress, t is time, w is the angular 
frequency, and i equals (-l)l'*. Differentiation of Eq. A2 is equivalent 
to a 90" counterclockwise rotation of the vector so that: 

dy*/dt = i w y o  exp(iwt) = wyo exp[i(wt + */2)] 

The complex shear modulus, G*, is defined as the ratio of u* to y*: 

(Eq. A3) 

where wyo is the magnitude of the rate of strain vector. 

G* = u*/y* (Eq. A4) 
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Figure 7.-Differentia/ thermal analysis thermograrn for anhydrous 
lanolin IJSP; IOo/min, normal atmosphere. 

By substituting Eqs. A1 and A2 into Eq. A3 we obtain: 

G* = (uo/yo) exp[i(wt + 6)l exp(-iwt) (Eq. A5) 

or 
G* = (uo/yo) exp(i6) (Eq. A6) 

From Euler’s formula, one knows that: 

exp(i6) = cos6 + i(sin 6)  (Eq. A7) 

Some special values of the complex exponential are exp(wi/2) = i and 
exp(7ri) = -1. Equation A7 can then he substituted into Eq. A6 to ob- 
tain: 

G *  = (uo/yo) cos6 + i(uo/yyo) sin& (Eq. A8) 

But: 

G‘ = (uo/yo) cos6 
and 

(Eq. A9) 

G” = (uo/yo) sin6 (Eq. A10) 

Consequently: 

G* = G‘ + i G ”  (Eq. A l l )  

where G’ is known as the elastic modulus, storage modulus, or the real 
modulus. The viscous or loss modulus, G ” ,  is also known as the imaginary 
modulus. 

The relationship between G’, G ” ,  and G* can also be examined by re- 
ferring to Fig. 8. One can see that the stress vector can be considered as 
the sum of two perpendicular components, one of which, u’ (= uocos6). 
is in phase with the strain and the other, u” ( =  uo sind), is out of phase. 
Two corresponding moduli can be defined as: 

G’ = (cr’/yo) = (ulJ/yo) cos6 = G* cos6 (Eq. A12) 

and 
G ”  = (u”/yo) = G* sin6 (Eq. A13) 

Hence, G’ is also referred to as the in-phase modulus, while G ”  is given 
the out-of-phase designation. By taking the square root of the sum of the 
squares of Eqs. A12 and A13, one obtains: 

G* = [(G’)* + (G”)2]”* (Eq. A14) 

This relationship between G’, G ” ,  and G’ may be illustrated vectorially 
as in Fig. 9. The angle between G* and G’, 6, is known as the phase angle, 
and i t  is the lag between the forcing stress function and the resultant 
function, strain. It can also he seen from Fig. 9 that: 

tan6 = G“/G’ (Eq. A15) 

The physical significance of tan6 becomes clearer when one considers 

Figure 8-Rotating vector treatment of sinusoidal deformation. 

the energy dissipated and stored per cycle of deformation for linearly 
viscoelastic materials. The energy dissipated per cycle is: 

W = #udy = #u(dy/dt)dt  (Eq. A16) 

So if it is assumed that the stress is the forcing function according to: 

o( t )  = uosin(wt) (Eq. A17) 

and the resultant strain can be represented by: 

y ( t )  = y@in(wt - 6) (Eq. A18) 

then Eqs. A17 and A18, with the proper trigonometric identity can be 
used to expand Eq. A16 to: 

(Eq. A19) 

The first term inside of the closed integral is an odd function and becomes 
zero upon integration. The value of the integral of the second term is 
(*/a) sin& so that the energy dissipated per cycle of deformation is given 
as: 

A Wrycle = 7rcroyo sin6 (Eq. A20) 

The maximum energy stored per cycle, analogous to the potential energy 
of a spring a t  the maximum displacement, is: 

w = (1/2)G’y:, (Eq. A21) 

where G’  is the elastic modulus of the material, equivalent to the spring 
constant. Since G’ = G* cos6 and G* yo = uo, then: 

A W  = uoyow# sin(wt)[cos(wl) cos6 + sin(wt) cos61dt 

w = (1/2)aoyo cos6 (Eq. A22) 

Eqs. A20 and A22 can he combined to give the ratio of energy dissi- 
pated-maximum energy stored per cycle as: 

A W I W  = 27r tan6 = 27r(G“/G’) (Eq. A23) 

APPENDIX 11: CALCULATION OF DYNAMIC MODULI 

During testing, digital readouts of “a” and “b” are given a t  each test 
frequency by the function generator and phase analyzer. The readout 
“a” is directly proportional to G’ and “b” is directly proportional to G”. 
By neglecting inertial forces and utilizing infinitesimally small defor- 
mations, these stress-strain ratios can be related to angular displace- 

420 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 4, April 1983 



APPENDIX 111: GLOSSARY 

Where applicable, the symbols in this report conform to those proposed 
as a uniform standard by the Society of Rheology9 (24). 

E = internal energy of a system 
F = free energy of a system 
G’ = elastic, real, or storage modulus 
G” = viscous, imaginary, or loss modulus 
G* = complex modulus 
GE = limiting value of G’ 
Mo =torque 
R = gas constant 
S =entropy 
7’ = temperature 
AT = temperature difference between sample and reference pan 
T,  = temperature of reference pan 
W = energy stored per cycle of deformation 
A W = energy dissipated per cycle of deformation 
a = readout of FGPA directly proportional to G’ 
b = readout of FGPA directly proportional to G” 
i = (-1)1/2 

k = Boltzmann’s constant 
1 
rs 

t =time 
w, = number of obtainable molecular configurations in extended 

state 
w, = maximum number of molecular configurations obtainable 

in the most probable state 
a = angle of oscillation 
/3 = coneangle 
6 
y = strain + = rate of strain 
yo = maximum strain amplitude 
y* = complex strain 
u = stress 
u‘ 
u” 
u* = complex stress 
uo = maximum stress amplitude 
u = shear frequency (Hz) 
w 

= bond length between atoms 
= distance between first and final atoms of a molecular 

chain 

= phase angle between stress and strain vectors 

= real component of complex stress 
= imaginary component of complex stress 

= angular shear frequency (radlsec) 

Figure 9-Vectorial resolution of components of the complex modulus 
in sinusoidal deformation. 

ment-torque ratios by form factors that depend on apparatus geometry. 
For the viscoelastic semisolid in these experiments, the deformation 
corresponds to simple shear torsion between cone and plate. 

The cone and plate geometry produces a strain that is nearly homo- 
geneous throughout the sample and can provide information for the shear 
strain-stress ratio in small deformations. The geometrical factors for 
torsion between cone and plate (2) are: 

~ 0 1 ~ 0  = k d M o  (Eq. A24) 

and 

k = 2rr3/3/3 (Eq. A25) 

where k is the form factor, yo is the maximum shear strain, 00 is the 
maximum shear stress, r is the radius of sample (cm), a is the angular 
displacement (radians), MO is the torque, and j3 is the angle between cone 
and plate. If inertial and edge effects are assumed negligible, the maxi- 
mum stress is expressed as: 

uo = 3Mo/2rr3 (Eq. A26) 

while the maximum strain is: 

yo = !YIP (Eq. A27) 

The “a” and “b” outputs of the function generator and phase analyzer 
are equivalent to the following expressions: 

Mo(c0~6) a =  
a (980 dyne/g)(104 g cm) 

and 
Mo(sin6) 

a (980 dyne/g)(104 g cm) 
b =  

(Eq. A28) 

(Eq. A29) 

The values of 980 dyne/g and l@ g cm are instrument constants depen- 
dent on the transducers and torque control setting used in the experi- 
ments. By substituting Eqs. A26 and A27 into Eqs. A28 and A29, re- 
spectively, one obtains: 

(Eq. A30) uo2rr3(cos6) 
3/3y0(980 dyneIg)(lO4 g cm) 

a =  

and 

(Eq. A31) u&rrD(sin6) 
3/3y0(980 dynelg)(104 g cm) 

b =  

Eqs. A9 and A10 are then combined with Eqs. A30 and A31, respectively, 
to obtain: 

(Eq. A32) 3/3(980 dyne/g)(104 g cm)(a) G’ = 
2rr3 

and 

(Eq. A33) - 38(980 dyne/g)(l@ g cm)(b) G -  
zar3 
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Abstract Methods of data analysis novel to pharmaceutical semisolids 
have been applied to the dynamic mechanical data obtained for anhy- 
drous lanolin USP. It was found that the viscoelastic parameters deter- 
mined over a wide range of temperatures and shear frequencies could be 
superposed. Elastic moduli (C’)  and viscous moduli ( G ” )  obtained at low 
temperatures ( T )  and frequencies (v), were equivalent to moduli obtained 
at high T and v. Empirical shifts of modulus uersus shear frequency data 
obtained at different temperatures were used to produce G’and G” uersus 
v master curves (complete log modulus uersus log frequency behavior at 
a constant temperature). A method of reduced variables, in conjunction 
with an Arrhenius-type relation, proved useful in calculating the energy 
of activation for the structural processes involved in a major mechanical 
transition. 
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Most research which has examined the effect of tem- 
perature on viscoelastic properties has focused on rubber 
and nonpharmaceutical synthetic polymers (1,2). Though 
the effect of temperature on viscosity has been well doc- 
umented for pharmaceutical systems, little information 
is available on the effect of temperature on their visco- 
elastic properties (3,4). 

In the preceding paper, data showed that the viscoelastic 
properties of anhydrous lanolin USP are significantly 
dependent on temperature as well as shear frequency (5 ) .  
Small changes in temperature caused dramatic shifts in 
modulus uersus shear frequency plots. This report exam- 
ines those shifts and presents a method of reduced vari- 
ables, which is novel to pharmaceutical systems, to analyze 
the data. 

THEORETICAL 

The viscoelastic properties of polymeric systems have been shown to 
be dependent on temperature and shear frequency. According to the 
theory of rubber-like elasticity, the elastic moduli of ideal elastomers are 
proportional to absolute temperature (6). Since the deformation of a 
rubber-like material is an activated process in which molecular segments 

can only move by overcoming potential barriers, a direct relationship 
exists between the temperature and time dependence of viscoelastic 
properties. 

Dynamic mechanical data taken over a range of shear frequencies 
(which is equivalent to reciprocal time) can be superposed in the same 
manner that time-temperature superposition is applied to creep and 
stress relaxation data (7-10). This phenomenon is extremely useful be- 
cause the limitations of instrumentation or time often do not allow the 
measurement of a complete modulus uersus shear frequency spectrum. 
In spite of this limitation, a curve-shifting procedure can be used to 
construct a master curve (complete log modulus uersus log frequency 
spectrum at  a given temperature). A change in temperature shifts the 
distribution of modulus curves without changing the shape of the func- 
tion. The shift of a modulus curve is quantitated in terms of a ~ ,  the shift 
factor. 

Mathematically, the concept of temperature-shear frequency super- 
position can be expressed as: 

G(TR,Y) = G ( T , v / ~ T )  (Eq. 1) 

where G is either the elastic or viscous modulus, v is the shear frequency, 
TR is the reference temperature of superposition, T is the test tempera- 
ture, and U T  is the shift factor. The effect of a change in temperature is 
the same as applying a multiplicative factor to the shear frequency scale 
(i.e., an additive factor to the log shear frequency scale). Ideally, there 
is often an inherent change in modulus brought about by changes in 
temperature. There is also a need to correct for the change in sample mass 
per unit volume as a function of temperature. Each of these changes are 
compensated for by vertical shifts during the construction of the log 
modulus uersus log frequency master curve. 

Consequently, these considerations lead to: 

(Eq. 2) 

where ~ ( T R )  and p(T)  are the densities of the test sample at the reference 
temperature and test temperature, respectively (8). Division by the test 
temperature corrects for changes in modulus due to the inherent de- 
pendence of modulus on temperature, while division by the density 
corrects for volume changes. To construct a master curve, a reference 
temperature is arbitrarily chosen and moduli are measured at  various 
shear frequencies and temperatures. 

By rearranging J3q. 2, the modulus at  any shear frequency with respect 
to the reference temperature can be expressed as: 

(Eq. 3) 

The shift factors are a function of temperature and are determined rel- 
ative to the reference temperature. The values of the shift factors must 
be found empirically by matching the results of adjacent temperatures. 
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Most research which has examined the effect of tem- 
perature on viscoelastic properties has focused on rubber 
and nonpharmaceutical synthetic polymers (1,2). Though 
the effect of temperature on viscosity has been well doc- 
umented for pharmaceutical systems, little information 
is available on the effect of temperature on their visco- 
elastic properties (3,4). 

In the preceding paper, data showed that the viscoelastic 
properties of anhydrous lanolin USP are significantly 
dependent on temperature as well as shear frequency (5 ) .  
Small changes in temperature caused dramatic shifts in 
modulus uersus shear frequency plots. This report exam- 
ines those shifts and presents a method of reduced vari- 
ables, which is novel to pharmaceutical systems, to analyze 
the data. 

THEORETICAL 

The viscoelastic properties of polymeric systems have been shown to 
be dependent on temperature and shear frequency. According to the 
theory of rubber-like elasticity, the elastic moduli of ideal elastomers are 
proportional to absolute temperature (6). Since the deformation of a 
rubber-like material is an activated process in which molecular segments 

can only move by overcoming potential barriers, a direct relationship 
exists between the temperature and time dependence of viscoelastic 
properties. 

Dynamic mechanical data taken over a range of shear frequencies 
(which is equivalent to reciprocal time) can be superposed in the same 
manner that time-temperature superposition is applied to creep and 
stress relaxation data (7-10). This phenomenon is extremely useful be- 
cause the limitations of instrumentation or time often do not allow the 
measurement of a complete modulus uersus shear frequency spectrum. 
In spite of this limitation, a curve-shifting procedure can be used to 
construct a master curve (complete log modulus uersus log frequency 
spectrum at  a given temperature). A change in temperature shifts the 
distribution of modulus curves without changing the shape of the func- 
tion. The shift of a modulus curve is quantitated in terms of a ~ ,  the shift 
factor. 

Mathematically, the concept of temperature-shear frequency super- 
position can be expressed as: 

G(TR,Y) = G ( T , v / ~ T )  (Eq. 1) 

where G is either the elastic or viscous modulus, v is the shear frequency, 
TR is the reference temperature of superposition, T is the test tempera- 
ture, and U T  is the shift factor. The effect of a change in temperature is 
the same as applying a multiplicative factor to the shear frequency scale 
(i.e., an additive factor to the log shear frequency scale). Ideally, there 
is often an inherent change in modulus brought about by changes in 
temperature. There is also a need to correct for the change in sample mass 
per unit volume as a function of temperature. Each of these changes are 
compensated for by vertical shifts during the construction of the log 
modulus uersus log frequency master curve. 

Consequently, these considerations lead to: 

(Eq. 2) 

where ~ ( T R )  and p(T)  are the densities of the test sample at the reference 
temperature and test temperature, respectively (8). Division by the test 
temperature corrects for changes in modulus due to the inherent de- 
pendence of modulus on temperature, while division by the density 
corrects for volume changes. To construct a master curve, a reference 
temperature is arbitrarily chosen and moduli are measured at  various 
shear frequencies and temperatures. 

By rearranging J3q. 2, the modulus at  any shear frequency with respect 
to the reference temperature can be expressed as: 

(Eq. 3) 

The shift factors are a function of temperature and are determined rel- 
ative to the reference temperature. The values of the shift factors must 
be found empirically by matching the results of adjacent temperatures. 
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Figure 1-Effect of shear frequency on the elastic modulus of anhy- 
drous lanolin USP, at 3.54% strain. Key: (0) Oo, (0 )  5', ( A )  lo', (A) 
15 O, (a) 20°, f+) 25'. and (8) 30'. 

Ferry was among the first to use this technique, so the procedure is often 
referred to as a Ferry reduction scheme (1,9,11). Superposition, which 
is also referred to as the method of reduced variables, can reduce exper- 
imental work and extend the effective frequency range of results obtained 
with an instrument of limited frequency capabilities. When the tem- 
perature of testing is varied through an appropriate temperature range, 
a reduced frequency range of many more decades usually can be cov- 
ered. 

If it is theorized that the temperature dependence of the shift factor? 
takes on the Arrhenius form, then: 

aT = A exp(E,/RT) (Eq. 4) 

where A is the preexponential term, R is the gas constant, T is temper- 
ature, and E, is the energy of activation (1,12,13). By taking the loga- 
rithm and then differentiating both sides of Eq. 4, it can be rearranged 
to obtain: 

(Eq. 5) 

Therefore, the shift factors of superposition can be plotted as log aT 

0.01 0.1 1 .o 10.0 
SHEAR FREQUENCY ( u ) ,  Hz 

Figure 2-Effect of shear frequency on the viscous modulus of anhy- 
drous lanolin USP, at 3.54% strain. Key: (0) Oo, (0 )  5', ( A )  loo,  (A) 
15 ', (0) 20°, f+) 25O, and (8) 30'. 
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Figure 3-Reduced frequency master curve of elastic modulus for an- 
hydrous lanolin USP. Key: (0) O', (0) 5", ( A )  lo', and (A) 15'. 

uersus (l/T) and the E ,  for a given transition can be calculated from the 
slope of the plot. 

In cases of amorphous polymers where the data are taken near the glass 
transition, the shift factors may obey an empirical equation developed 
by Williams, Landel, and Ferry (14). This relationship, known as the 
W-L-F equation, is written as: 

log a r  = -C*(T - T,)/(C2 + T - T g )  (Eq. 6) 
where C1 and Cz are constants and Tg is the glass transition temperature. 
The glass transition temperature is that temperature below which the 
configurational rearrangements of polymer chain backbones essentially 
cease. The empirical constants, C1 and Cz, were originally thought to be 
universal but have hence shown slight variation from polymer to polymer 
(6). The apparent energy of activation for a transition can also be calcu- 
lated for data that fit the W-L-F relationship. By taking the derivative 
of Eq. 6 with respect to T, one obtains: 

d(log at)/dt  = - C I C ~ / ( C ~  t T - T,)' (Eq. 7) 

Equation 7 can then be combined with Eq. 5 to obtain: 

E ,  = 2.303RC1CzT2/(C2 + T - Tg)' (Eq. 8) 

The magnitude of the energy of activation is an indication of the 
magnitude of the transition. Primary transitions usually have an energy 
of activation >40 kcal. Their damping peaks will shift -7-10' for every 
decade change in frequency. Minor or secondary transitions with much 
lower energies of activation are more sensitive to frequency and show 
greater movement on the temperature scale with changes in fre- 
quency. 

0 
0 0  

0 1 2 3 4 -2 -1 
LOG ( ~ 8 ~ 1  

Figure 4-Reduced frequency master curve of viscous modulus for 
anhydrous lanolin USP. Key: (0) Oo, (0) So, ( A )  10'. and (A) 15'. 
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Table I-Shift Factors Determined by Superposition of Elastic 
Modulus versus Frequency Curves 

Table 11-Shift Factors Determined by Superposition of Viscous 
Modulus versus Frequency Curves 

0 -15 G’(15,O.Ol) = G’(0,46.3/a~) 4637 3.67 
5 -10 G’(15,0.01) = G’(5,2.15/a~) 215 2.33 

10 - 5 G’( 15,O.Ol) = G’(lO,O.lO/aT) 10 1.00 
15 0 G’(15,0.01) = G’(15,0.0l/ar) 1 0 

~ 

4637 3.67 0 -15 G”(15,0.01) = G”(0,46.3/a~) 
5 -10 G”(15,0.01) = G”(5,2.15/a~) 215 2.33 

1 0  
10 - 5 G”(15,0.01) = Gn(10,0.l0/aT) 10 1.00 
15 0 G”(15,0.01) = G ”(15,0.01/ad 

EXPERIMENTAL 

The viscoelastic properties of anhydrous lanolin USP were determined 
with a mechanical spectrometer’. Complete descriptions of the materials, 
apparatus, method of sample preparation, and experimental procedures 
were given in the preceding paper (5). The procedures for calculating the 
elastic modulus ( G ’ )  and the viscous modulus ( G ” )  as a function of shear 
frequency ( u )  and temperature (7’) were also discussed. 

RESULTS AND DISCUSSION 

As previously reported, the dynamic mechanical properties of anhy- 
drous lanolin are dependent on u and T (5). Examination of the elastic 
modulus and loss modulus uersus shear frequency curves obtained at that 
time (reproduced in Figs. 1 and 2, respectively) indicates that these curves 
lend themselves to temperature-frequency superposition. By using the 
superposition methods of Ferry (1) and Tobolsky (8), it was found that 
empirical shifts of these curves could produce the log modulus versus log 
v a ~  master curves shown in Figs. 3 and 4. 

The shifting procedure matched portions of adjacent curves by hori- 
zontal shifting (and minor vertical shifting as necessary) such that only 
one smooth composite curve resulted. The horizontal shift from the curve 
at the reference temperature was quantitated in terms of a y .  The refer- 
ence temperature used was 15”, the highest temperature a t  which both 
the elastic modulus and viscous modulus curves fit the reduction scheme. 
The shift factors obtained by constructing Figs. 3 and 4 are tabulated in 
Tables I and 11. 

The shift factor calculations were made on the assumption that the 
density (and hence the test sample volume) was constant over the entire 
range of superposition (0-15’). In actuality, the density is a function of 
temperature and changes in sample volume may have accounted for 
minor vertical shifts of the modulus curves. Vertical adjustments were 
not uniform and were essential to produce smooth master curves. 

The master curves of log modulus uersus log UOT can be used to rep- 
resent the viscoelastic behavior of anhydrous lanolin at shear frequencies 
up to 105 Hz (628,000 radiandsec) at 15’. This exceeds the maximum 
shear frequency used in these tests by four decades of frequency. Con- 
sequently, the two master curves can be used to predict the dynamic 
moduli of anhydrous lanolin at shear frequencies which are probably 
unobtainable with any commercially available mechanical property 
tester. Knowledge of the mechanical properties of a pharmaceutical 

A - l  

3.4 3.5 3.6 3.7 
l/T(OK) X 10’ 

Figure 5-Semilog plot of shift factor versus reciprocal temperature 
for anhvdrous lanolin USP. Key: (0) from G’superposition and (A) 
from G” superposition. 

~~ ~~ 

I Model RMS-5200, Rheometrics. Inc.. Union, Nd 07089. 

semisolid at high shear frequencies is of more than academic interest. The 
rates of shear of many pharmaceutical processes such as mixing, milling, 
filling, extrusion, and application approach the magnitude of lo4 Hz 
(15). 

For polymeric materials, T R  is usually taken to be the glass transition 
temperature T,. The glass transition temperature is the temperature at 
which the polymer undergoes transition from a rubbery to a glassy state. 
At temperatures above Tg, the polymer is generally soft and flexible and 
is either an elastomer or a very viscous fluid. The glass transition tem- 
perature is important because mechanical properties change profoundly 
in the region of the glass transition. It is in this region of transition where 
a temperature-frequency reduction scheme is most applicable (11). 

For anhydrous lanolin, the modulus curves are horizontally superpo- 
sable only over the temperature range of 0-15’. Hence, it is reasonable 
to say that anhydrous lanolin undergoes a major mechanical transition 
in this temperature range, from a rubber-like to a nonrubber-like state. 
The reduction scheme does not hold at  temperatures > 1 5 O  due to the loss 
of the rubber-like structure. 

Previously it was reported that the damping curves (log tan 6 uersus 
2’) for anhydrous lanolin were at  a maximum at  -15” (5). The damping 
maxima were suggested as being a point of significant structure change. 
These curves support the hypothesis that anhydrous lanolin may be in 
transition from a nonrubber-like to a rubber-like state. 

In Fig. 5 it appears that the shift factors follow the Arrhenius rela- 
tionship. The apparent energy of activation (E,) for the molecular pro- 
cesses involved was calculated from the plot of log a~ versus 1/T using 
a least-squares fit and Eq. 5. The E ,  was found to be -90 kcal. A plot of 
this type can he curvilinear for polymeric materials. In such cases, E, is 
temperature dependent and is approximated from the slope of the tan- 
gent line at any given point on the curve. 

The significance of the value of E ,  for anhydrous lanolin becomes more 
evident when the E .  is compared with values for polymeric systems. For 
main glass transitions where T R  is taken as T,, the E, is of the order of 
105 cal/mole (2). Secondary transitions at cryogenic temperatures are of 
the order of loR-104 cal/mole. Comparison of the E ,  for anhydrous lanolin 
with experimentally obtained E ,  values for polymers would indicate that 
the structural transitions that occur in anhydrous lanolin a t  -15” rival 
those of a glass transition. But this is not what would be expected by in- 
spection of Fig. 1. The limiting value of the elastic modulus is not as large 
as would be expected for substances in a glassy state. 

6 1  ‘\ \ 

\ 

W-1-F 

\ -1 

I I I 1 1 
( T -  T R ) ,  “c 
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Figure 6-Semilog plot of shift factor versus reduced temperature for 
anhydrous lanolin USP. Key: (0) from G‘superposition and (A) from 
G” superposition. 
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With these thoughts in mind, the shift factors were also plotted ac- 
cording to the W-L-F relationship (Eq. 6) in Fig. 6. The ideal W-L-F curve 
generated with the “universal” constants of C1 = 17.4 and Cp = 51.6 is 
also presented in Fig. 6 for comparison. The “universal” constants do not 
hold for many polymers, and it is apparent that  the experimentally ob- 
tained plot of log U T  uersus (T - TR) for anhydrous lanolin does not lie 
where the W-L-F relationship (with “universal” constants) predicts. The 
lack of fit of the experimental data with the W-L-F prediction also 
suggests that the transition is probably not a glass transition as most 
polymers that undergo a glass transition obey the W-L-F prediction. 

CONCLUSION 

It has been demonstrated that the energy of activation for the struc- 
tural changes occurring in the transition of anhydrous lanolin between 
10 and 1 5 O  can be calculated by a temperature-shear frequency reduction 
scheme and an Arrhenius-type relationship. The E,, which is -90 kcal, 
compares favorably with the magnitude of the E, of a high molecular 
weight polymer undergoing a glass transition. This comparison is sig- 
nificant when one considers the generally low molecular weight compo- 
sition of anhydrous lanolin. The magnitude of the E ,  for anhydrous 
lanolin suggests that  the intra- and intermolecular forces are as great as 
those in high molecular weight polymers. Hence, the nature of the 
functional groups and the chain length of the molecules determine the 
strength of the structure of the system. 

Overall, the experimental data suggest that  anhydrous lanolin 
undergoes a major mechanical transition between 10 and 15’. Both the 
ability to superpose modulus uersus shear frequency data and an E,  of 
90 kcal for the transition are characteristic of a glass transition, but other 
observations are not. As described in the preceding paper (51, these ob- 
servations are: a lower limiting value of the elastic modulus than would 
be expected for a glass transition, a slower rate of change of tan 6 with 
temperature about the transition than would be expected for a glass 
transition, and a lack of fit of experimental data to the W-L-F relation- 
ship. Rather than a sharp transition from a rubbery to an ordered glassy 
state, it appears that anhydrous lanolin undergoes a mechanical transition 
from a rubber-like state to a structural state which is less ordered than 
a glassy state. 

REFERENCES 
(1) J. D. Ferry, “Viscoelastic Properties of Pol-ymers,” 3nd ed., Wiley, 

New York, N.Y., 1980. 
(2) L. E. Nielsen, “Mechanical Properties of Polymers,” vol. 1, 

Dekker, New York, N.Y., 1974. 
(3)  A. N. Martin, G. S. Banker, and A. H. C. Chun, “Advances in 

Pharmaceutical Sciences,” vol. 1, H. S. Bean, A. H. Beckett, and d. E. 
Carless, Eds., Academic, New York, N.Y., 1964, p. 1. 

(4) B. W. Barry, “Advances in Pharmaceutical Sciences,” vol. 4, H. 
S. Bean, A. H. Beckett, and J. E. Carless, Eds., Academic, New York, 
N.Y., 1974, p. 1. 

(5) G. W. Radebaugh and A. P. Simonelli, J. Pharm. Sci., 72,415 
(1983). 

(6) J. J. Aklonis, W. J. MacKnight, and M. Shen, “Introduction to 
Polymer Viscoelasticity,” Interscience, New York, N.Y., 1972. 

(7) J. Bischoff, E. Catsiff, and A. V. Toholsky, J .  Am. Chem. Soc., 
74,3378 (1952). 

(8) A. V. Tobolsky and J. R. McLoughlin, J .  Polymer Sci., 8,543 
(1952). 

(9) J. D. Ferry, J. Colloid Sci., 10,474 (1955). 
(10) J. R. Van Wazer, J. W. Lyons, K. Y. Kim, and R. E. Colwell, 

“Viscosity and Flow Measurements-A Laboratory Handbook of Rhe- 
ology,” Interscience, New York, N.Y., 1963. 

(11) d. D. Ferry, J. Am. Chem. Soc., 72,3746 (1950). 
(12) R. C. Harper, H. Markovitz, and T. W. DeWitt, J. Polymer Sci., 

(13) E. Catsiff and A. V. Tobolsky, J. Colloid Sci., 10,375 (1955). 
(14) M. L. Williams, R. F. Landel, and J. D. Ferry, J .  Am. Chem. SOC., 

(15) N. L. Henderson, P. M. Meer, and H. B. Kostenbauder, J.  Pharm. 

8,435 (1952). 

77,3701 (1955). 

Sci., 50,788 (1961). 
ACKNOWLEDGMENTS 

Adapted in part from a dissertation submitted by Galen W. Radebaugh 
to the University of Connecticut in partial fulfillment of the Doctor of 
Philosophy degree requirements. 

Partially supported with funds from the Connecticut Research 
Foundation. 

Reverse Permeation of Salicylate Ion Through 
Cellulose Membrane 

FUJI0 KAMETANIX, SHUJI KITAGAWA, and HULK1 A. GENCAY 
Received December 21,1981 from the Faculty of Pharmaceutical Sciences, Unioersity of Tokushirna, Shomachi, Tokushima 770, 
Japan. Accepted for publication August 9, 1982. 

Abstract  0 The reverse permeation of salicylate ion and the effect of 
bovine serum albumin on the permeation were studied in a sodium sali- 
cylate-sodium oxalate-water system. In passive transport the permeation 
flux of an ion is expressed by the linear combination of the two terms 
which represent the concentration and electric potential gradients. Be- 
cause the mobility of the sodium ion is greater than the oxalate ion, sa- 
licylate ion moves against the concentration gradient, and follows the 
electric potential gradient in the initial stage of permeation. The reverse 
permeation of salicylate ion through a cellulose membrane was acceler- 
ated with a high ratio of oxalate to salicylate ions and 
reached a maximum value after 10 hr in the absence of bovine serum al- 

bumin. After reaching a maximum value, the salicylate ion permeated 
along the concentration gradient. The maximum concentration efficiency 
was 11.2%. In the presence of bovine serum albumin, the reverse per- 
meation of salicylate ion reached a maximum value after 3 hr. 
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by oxalate ion, Protein effect on permeation flux Oxalate ion-per- 
meation through a cellulose membrane with salicylate ion, protein effect 
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Most organic drugs dissociate in aqueous solutions and 
exist in ionic forms under biological conditions. Salicylate 
ion, one of the most commonly used drugs for analgesia, 
displaces other drugs such as the sulfonylureas (1) and 
sulfonamides (2), from the binding sites of the serum pro- 
teins. It has been reported that the absorption of salicylic 

acid is 61% in 0.1 N hydrochloric acid, 13% in sodium bi- 
carbonate (pH 8) from the rat stomach (3), and 60% in 
physiological solution from the rat intestine (4). Effect of 
buffer constituents on salicylate absorption was studied 
with everted rat intestine and the inhibitory effect of po- 
tassium ions was reported (5-8). Since a variety of sub- 
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With these thoughts in mind, the shift factors were also plotted ac- 
cording to the W-L-F relationship (Eq. 6) in Fig. 6. The ideal W-L-F curve 
generated with the “universal” constants of C1 = 17.4 and Cp = 51.6 is 
also presented in Fig. 6 for comparison. The “universal” constants do not 
hold for many polymers, and it is apparent that  the experimentally ob- 
tained plot of log U T  uersus (T - TR) for anhydrous lanolin does not lie 
where the W-L-F relationship (with “universal” constants) predicts. The 
lack of fit of the experimental data with the W-L-F prediction also 
suggests that the transition is probably not a glass transition as most 
polymers that undergo a glass transition obey the W-L-F prediction. 

CONCLUSION 

It has been demonstrated that the energy of activation for the struc- 
tural changes occurring in the transition of anhydrous lanolin between 
10 and 1 5 O  can be calculated by a temperature-shear frequency reduction 
scheme and an Arrhenius-type relationship. The E,, which is -90 kcal, 
compares favorably with the magnitude of the E, of a high molecular 
weight polymer undergoing a glass transition. This comparison is sig- 
nificant when one considers the generally low molecular weight compo- 
sition of anhydrous lanolin. The magnitude of the E ,  for anhydrous 
lanolin suggests that  the intra- and intermolecular forces are as great as 
those in high molecular weight polymers. Hence, the nature of the 
functional groups and the chain length of the molecules determine the 
strength of the structure of the system. 

Overall, the experimental data suggest that  anhydrous lanolin 
undergoes a major mechanical transition between 10 and 15’. Both the 
ability to superpose modulus uersus shear frequency data and an E,  of 
90 kcal for the transition are characteristic of a glass transition, but other 
observations are not. As described in the preceding paper (51, these ob- 
servations are: a lower limiting value of the elastic modulus than would 
be expected for a glass transition, a slower rate of change of tan 6 with 
temperature about the transition than would be expected for a glass 
transition, and a lack of fit of experimental data to the W-L-F relation- 
ship. Rather than a sharp transition from a rubbery to an ordered glassy 
state, it appears that anhydrous lanolin undergoes a mechanical transition 
from a rubber-like state to a structural state which is less ordered than 
a glassy state. 
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Abstract  0 The reverse permeation of salicylate ion and the effect of 
bovine serum albumin on the permeation were studied in a sodium sali- 
cylate-sodium oxalate-water system. In passive transport the permeation 
flux of an ion is expressed by the linear combination of the two terms 
which represent the concentration and electric potential gradients. Be- 
cause the mobility of the sodium ion is greater than the oxalate ion, sa- 
licylate ion moves against the concentration gradient, and follows the 
electric potential gradient in the initial stage of permeation. The reverse 
permeation of salicylate ion through a cellulose membrane was acceler- 
ated with a high ratio of oxalate to salicylate ions and 
reached a maximum value after 10 hr in the absence of bovine serum al- 
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Most organic drugs dissociate in aqueous solutions and 
exist in ionic forms under biological conditions. Salicylate 
ion, one of the most commonly used drugs for analgesia, 
displaces other drugs such as the sulfonylureas (1) and 
sulfonamides (2), from the binding sites of the serum pro- 
teins. It has been reported that the absorption of salicylic 

acid is 61% in 0.1 N hydrochloric acid, 13% in sodium bi- 
carbonate (pH 8) from the rat stomach (3), and 60% in 
physiological solution from the rat intestine (4). Effect of 
buffer constituents on salicylate absorption was studied 
with everted rat intestine and the inhibitory effect of po- 
tassium ions was reported (5-8). Since a variety of sub- 
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Table I-Electric Potential Differences (BE)  300 A - 
l\4 

Y I \. 

0- 10 20 30 
HOURS 

Figure 1-Permeation o f  salicylate (O),  oxalate (a), and sodium (A) 
ions. Initial concentration of sodium salicylate in compartments I and 
II  was 100 mM; concentration of sodium oxalate in compartment I was 
50 mM.  Open figures represent compartment I; closed figures represent 
compartment II .  

stances are added to control the physical and physiological 
conditions of drug solutions, the absorption of drugs is 
affected by these multi-ionic components. 

In passive transport a t  constant temperature, the 
membrane permeation flux of any ion (Ji) is given by the 
following equation which consists of two terms involving 
the concentration gradient and the electric potential gra- 
dient (9): 

J i  = -Di(6[i]/ax) - BiZj[il(F/N)(6E/6~) (Eq. 1) 

where [i] is the concentration of an ion i, E is the electric 
potential, and n is the coordinate taken in a direction of 
the permeation flux. Di, Bi, F, N, and Zi are the diffusion 
coefficient, the mobility, the faraday, Avogadro’s number, 
and the valence of the ion, respectively. For the steady 
state of permeation, the following equation was derived 
from Eq. 1 (9): 

where b] is the concentration of the coexisting ion j .  Thus, 

z 1 2 r  

L ” 0  10 20 30 
HOURS 

Figure 2-Reverse permeation of salicylate ion. Initial concentration 
of sodium salicylate in compartments I and I1 ulas I0 mM; concentration 
of sodium oxalate in  compartment I was 50 m M. Data points shoul the  
mean concentrations; standard deviations of four runs are indicated 
as bars on the  data points. Key: (0) compartment I ,  (0) compartment 
I I ,  and (- - -) values predicted f rom Eq. 5. 

Hours of Permeation AE, mV 

0 
5 

10 
20 

23.6 
11.1 
5.8 
1.6 

30 0.7 

the apparent diffusion coefficient (0;) is expressed as 
follows (10): 

where K is the Boltzmann constant, T is the absolute 
temperature, and 2 means a sum of all ions. If the second 
term in the bracket is >l ,DI is negative and reverse dif- 
fusion is observed in simple inorganic systems (10,ll). 

In this report, the reverse permeation of salicylate ion 
was studied in a sodium salicylate-sodium oxalate-water 
system. Since oxalic acid is injected intravenously as a 
hemostatic agent for animals, sodium oxalate was used as 
a coexisting anion in this model system. The reverse per- 
meation of salicylate ion was also studied in the presence 
of bovine serum albumin. Due to the reverse permeation, 
salicylate ion was concentrated in one compartment of the 
permeation cell. The concentration efficiency of salicylate 
ion varied with the concentration of oxalate ion. 

EXPERIMENTAL 

Materials and Permeation Procedures-The cellulose membrane 
used was 35-pm thick seamless cellulose tubing1 purchased from a 
commercial source. Sodium salicylate, sodium oxalate, and sucrose were 
analytical grade2. Bovine serum albumin was purchased from a com- 
mercial source3. Distilled and deionized water was used for all experi- 
ments. 

Permeation of salicylate ion was measured in four cells, as previously 
described (12). Each cell compartment was stirred by a magnet at  -900 

5t J- 

“ I  
-1 5; 1 I I 

10 20 30 
HOURS 

Figure 3-Permeation flux of salicylate ion. Initial concentration of 
sodium salicylate and sodium oxalate are as shown in  Fig. 2. Key: (J,) 
total flux ofsalicylate ion, (J,) flux of concentration gradient, (Je) flux 
of electric potentialgradient, and (0) as calculated by Eq. 4. 

LTnion Carbide Corp., New York, N. Y. 
M’ako Pure Chemical Industries, Osaka, .Japan. 
Sigma Chemical Co.. St. Louis, Mo. 
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Table 11-Initial Concentrations of Simple Permeation 

I 
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\ 

1 1 1 
10 20 30 0 
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Figure 4-Concentration efficiency of salicylate ion. Initial concen- 
trations of sodium salicylate and sodium oxalate for fa) and (b) are as 
shown in Figs. 1 and 2, respectively. 

rpm a t  25 f 0.1'. In the presence of bovine serum albumin, the perme- 
ation of salicylate ion was followed in a cell where the volume of com- 
partments I and I1 were 15.4 and 14.3 cm3, respectively, and the mem- 
brane area was 3.19 cm2. Sucrose was added to the solution without bovine 
serum albumin to make it isotonic. Both compartments were stirred a t  
-900 rpm a t  10 f 0.1O. The initial concentration of sodium salicylate was 
either 100 mM in both compartments with a 50 mM sodium oxalate so- 
lution in compartment I, or 10 mM in both compartments, with a 50 mM 
sodium oxalate solution in compartment I. 

Analysis-Salicylate ion was analyzed by second differential ab- 
sorption spectroscopy using a double-beam spectrophotometer' equipped 
with a derivative unit5. The second differential absorption spectrum (AX 
= 4 nm) of the salicylate ion can be separated from that of oxalate ion. 
Sodium ion was analyzed with a flame photometefi. The concentration 
of oxalate ion was calculated from the difference of the concentrations 
of salicylate and sodium ions, on the assumption that the solution was 
electrically neutral. The diffusion potential through a membrane was 
measured with a DC-microv~ltmeter~ and calomel electrodes8 using 3.3 
M KC1 agar bridges which contacted both cell compartments. 

RESULTS AND DISCUSSION 

The permeation of salicylate through a cellulose membrane in a mixed 
solution of sodium salicylate and sodium oxalate was measured at various 
times. The change in the concentration of ions where the initial concen- 
tration ratio of oxalate to salicylate in compartment I was 0.5, is shown 
in Fig. 1. The difference in concentration of salicylate ions in both com- 
partments was zero a t  the initial stage of permeation and reached a 
maximum value after 10 hr. At this stage, salicylate ion was moving 
against the concentration gradient, i .e.,  the salicylate ion concentration 
was increasing in compartment 11. After the maximum reverse perme- 
ation, the concentration of salicylate ion reached the equilibrium con- 
centration, equal to the initial concentration. 

Assuming that the concentration gradient in the membrane is linear, 
the permeation flux can be calculated by the following equation (instead 
of Eq. 2): 

(Eq. 4) 

where f is the membrane constant, I, is the thickness of the membrane, 

Model UV-180, Shimadzu Seisakusho, Kyoto, Japan. 
Model DES-2, Shimadzu Seisakusho, Kyoto, Japan. 

Model PM-lBC, Toa Electronics, Tokyo, Japan. 
fi Type 205, Hitachi, Tokyo, Japan. 

8 Type 2OlOA, Hitachi-Horiba, Tokyo, dapan. 

~ 

Sodium Salicylate, Sodium Oxalate, 
Typea Compartment mM mM 

a I 
I1 

b I 
I1 

C I 
I1 

0.2 
0.4 ~~ 

0.2 
0.4 
0.2 
0.4 

90 
10 
10 
90 
50 
50 

0 Taken from the text. 

and hi is a coefficient for the activity coefficient ( y l  ) of the ion such that 
hi = 1 + dlnyi/bln[i]. Using the Guntelberg equation (13) for y, ,  the 
concentration of salicylate ion in compartment I1 was calculated by: 

[s]{:'' = [s]~I + J,A~/VII (Eq. 5) 

In this calculation, [s]f~ and [s]ffAf are the concentrations of salicylate 
ion in compartment I1 after t and t + A t  hours, respectively, J ,  is the 
permeation flux of salicylate ion, A is the membrane area, and VII is the 
volume of compartment 11. The constant (f), obtained with calcium 
chloride, was 0.0573. Bi values for salicylate, oxalate, and sodium ions 
were 2.33 X 108,2.35 X 108, and 3.24 X 108 (cm sec-l dyne-'), respectively, 
which were calculated from limiting equivalent conductivities (14) ac- 
cording to Wendt (15). Observed and calculated values are shown in Fig. 
2 when the initial concentration ratio of oxalate to salicylate ions was 5. 
Since the sampling time interval in the initial stage was long compared 
with the permeation rate, the first permeation flux of salicylate ion was 
sooner than estimated. Therefore, calculated concentrations are smaller 
values than expected because of the cumulative addition in Eq. 5. 

To clarify the difference between observed and calculated values, the 
electric potential differences (AE) were measured (Table I). Assuming 
that the potential gradient in the membrane is linear (dE/dx = AE/L), 
permeation flux due to the electric potential gradient (J,) can be calcu- 
lated using the following equation instead of the second term in Eq. 4: 

J ,  = -fBiZihi [i](F/N)(dElbx) (Eq. 6) 

Adding J ,  to the permeation flux due to the concentration gradient (J,) 
calculated by the first term in Eq. 4, the total flux of salicylate ion is ob- 
tained, as shown in Fig. 3. In this case, the calculated values are in good 
agreement with the observed values. The negative total flux indicates 
reverse permeation, which is at a maximum when the total flux is equal 
to zero. 

To compare the reverse permeation of salicylate ion under different 
conditions, a mean concentration (m) and a mean value of concentration 
change (m) of the salicylate ion were calculated by: 

and 

0 
0-0- -0 - 0- 

(a) 

0 1 2 3 4 5 
HOURS 

Figure 5-Concentration gradient effect. Initial concentrations of so- 
dium salicylate and sodium oxalate for (a), (b), and (c) are shown in 
Table II. 
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Figure 6-Reverse permeation of salicylate ion in the presence of bovine 
serum albumin. Initial concentrations of sodium salicylate in com- 
partment I and II  were 0.2 and 0.4 mM, respectiuely; bovine serum al- 
bumin (0.1 mM) was dissolved in comparment I I .  Key: concentration 
of salicylate ion in compartment I when initial concentration of sodium 
oxalate in both compartments was 50 mM (0); concentration of sali- 
cylate (0) and sodium (0 )  ions in compartment I when initial con- 
centrations of sodium oxalate in conzparments I and I1 were 0 and 50 
mM, respectively. 

where [sly and [sly, are the initial concentrations of salicylate ion and [s]I 
and [sJfr are the concentrations after time t in the indicated compart- 
ments. VI and VII are volumes of compartment I and 11, respectively. In 
this study, the compartment of the permeation cell with a higher total 
concentration of salicylate ion is designated as 11. 

The efficiency of concentration ( R )  was calculated by: 

R=-m s /m (Eq. 9) 

Since the numerator in Eq. 9 is negative due to the reverse permeation, 
a minus sign is added to the right-hand side of Eq. 9 to obtain a positive 
value for the efficiency of concentration. R-values a t  10 hr were 6.1 and 
11.2% when the initial concentration ratios of oxalate to salicylate were 
0.5 and 5, respectively (Fig. 4). 

To confirm the concentration gradient effect of the oxalate ion, the 
permeation fluxes of salicylate ion were measured under three different 
conditions: (a) the opposite direction from the concentration gradients 
of salicylate and oxalate ions, ( b )  the same direction as the concentration 
gradients, and (c) no concentration gradient of oxalate ion (Table 11). The 
concentration ratio of oxalate to salicylate was greater than that used 
previously (Fig. 2) in order to obtain significant values for the permeation 
fluxes. The simple permeation of salicylate ion was accelerated most with 
both concentration gradients in the same direction (Fig. 5). 

in the presence of bovine serum albumin, when the concentration of 
oxalate in both compartments was the same ( ix . ,  no concentration gra- 
dient of oxalate), a significant concentration change of salicylate was not 
obtained under the experimental conditions (Fig. 6). The slow permeation 

of the salicylate ion was due to the small membrane area and small con- 
centration gradient. The concentration of unbound salicylate ion in 
compartment I1 would be lower than that in compartment I because of 
protein binding, which can be estimated by the binding parameters (16). 
Salicylate ion permeated from compartment I1 to I against the concen- 
tration gradient, with a greater concentration gradient of oxalate ion. 
Since i t  has been shown that association constants >1 X 104 M-1 affect 
drug distribution (17), salicylate ion bound on the secondary binding sites 
of bovine serum albumin can permeate with the electric potential gradient 
based on the oxalate concentration gradient. The reverse permeation 
reached a maximum value after 3 hr in the presence of bovine serum al- 
bumin. The concentration of salicylate ion in compartment I decreased 
after the maximum and approached the lower concentration (0.191 mM) 
which was obtained after 72 hr, as shown by the dotted line in Fig. 6. The 
concentration of sodium ion in compartment I showed that  the solution 
had not equilibrated after 30 hr. 

Organic drugs permeate through biomembranes mainly in their un- 
charged forms. If the same mechanism is applicable to biological systems, 
salicylate ion may be concentrated on the membrane boundary with the 
concentration gradient of coexisting ions. Assuming that  the effective 
pH at the site of drug absorption is 5.3 (181, uncharged salicylic acid would 
be concentrated more on the membrane boundary than in the intestinal 
contents. When salicylate is coadministered with a weakly acidic drug, 
then the permeation rate of salicylate determined by dialysis techniques 
will vary with the concentration gradient of the coexisting drug. 
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Abstract 0 Based on theories of diffusion-controlled mass transport 
for dissolution processes of weak acids in aqueous alkaline media, a 
method for the determination of the dissociation constant of a weak 
monoprotic acid is described. The method includes measurements of the 
initial dissolution rate as a function of pH, using the rotating-disk tech- 
nique, and determination of the intrinsic solubility. The method was 
applied to determine the apparent dissociation constant (fi = 0.1) of 
5,5-dimethyl-3-(a,a,a,4-tetrafluoro-~-toly~)hydantoin, a new schisto- 
somicide. For comparison, a spectrophotometric method for the pK, 
determination was developed. Due to rapid hydrolysis of the compound 
in the pH range required for the determination of the p&, the devel- 
opment of the latter method turned out to be complicated and tedious. 
The results of both methods were in good agreement. For compounds with 
unfavorable properties for titrimetric or spectrophotometric determi- 
nation of the pK, value, the dissolution rate method can be a useful al- 
ternative. 

Keyphrases 0 Dissociation constant determinations-use of a disso- 
lution rate method, weak acids, 5,5-dimethyl-3-(a,a,a,4-tetrafluoro- 
m-toly1)hydantoin Dissolution rate method-determination of dis- 
sociation constants, weak acids, 5,5-dimethyl-3-(a,a,a,4-tetrafluoro- 
rn -tolyl) hydantoin 

The determination of the dissociation constant of 
weakly acidic or basic drugs is normally a routine matter, 
using one of the established techniques (1-3). However, 
in some cases the compound may have unfavorable prop- 
erties which makes such a routine determination difficult. 
Such is the case when the compound undergoes a fast 
chemical reaction in the medium required for the mea- 
surements. 

From the dissolution rate model of weak acids in alkaline 
media (4), and the theories of the influence of irreversible 
reactions on the dissolution of a solid (5), it could be ex- 
pected that dissolution behavior could form the basis for 
a method to determine the dissociation constant of a weak 
acid undergoing fast degradation in the pH range around 
the pK, value. 

This study utilized, 5,5-dimethyl-3-(a,a,a,4-tetra- 
fluoro-rn-toly1)hydantoin (I), a new schistosomicide (6). 

(11) 

The hydantoin derivative (I) is expected to be a weak acid. 

The compound is stable in the acidic and neutral pH range, 
but undergoes a fast hydrolysis in aqueous alkaline media 
forming the hydantoic acid (11). 

For the determination of the dissociation constant of the 
acid (I), two methods have been compared: the method 
based on the dissolution rate and a spectrometric 
method. 

THEORETICAL 

Determination of pK, by Spectroscopy-The determination of the 
dissociation constant by spectrascopy is possible if un-ionized and ionized 
species of the molecule yield different spectra in UV-visible range (1-3). 
Measuring the absorbance a t  a particular wavelength, the K, for acids 
can be obtained from the equation: 

[H+I (Eq. 1) K, - f M - c  
€ - f I  

where t~ and €1 are molar absorptivities for the un-ionized and ionized 
species, and 6 is the molar absorptivity at [H+]. In cases where €1 is not 
directly obtainable, Maroni (7) has proposed a method, based on the 
rearrangement of Eq. 1: 

(Eq. 2) 

Plotting a series of c values against (6 - €M)[H+] gives a straight line and 
Ka can be calculated from the slope. If the compound undergoes a rapid 
reaction, it will be impossible to measure the c-values directly. However, 
if the reaction is of first order, the c-values may he obtained from mea- 
surements of the absorbance as a function of time, using the Guggenheim 
method (8). 

Determination of pK, by Dissolution Rate-Based on the film 
theory of Nernst (9) for heterogeneous reactions, Higuchi el  al. (4) have 
formulated a model for dissolution of a weak acid in a basic medium. This 
model postulates that  the dissolution rate is controlled by a rapid, re- 
versible chemical reaction and simultaneous diffusion of all important 
species taking part in the processes that occur within a boundary layer. 
I t  is assumed in this model that the diffusion layer for all solute species 
is equal. A schematic diagram of the Higuchi model is presented in Fig. 
1, where HA is the acid, B- is the incoming base and h is the thickness 
of the diffusion layer. Under sink condition, [HA]h and [A-lh will ef- 
fectively be zero. 

The general equation, based on this model for the initial dissolution 
rate or flux J as a function of the bulk concentration of the incoming base, 
is relatively complicated (4). If the base happens to he the hydroxide ion, 
the equation will be simpler (10): 

Eq. 3) 
where Ds is the diffusion coefficient of species S in the system, [HA10 
is the intrinsic solubility, i.e., the solubility of the undissociated species, 
and Ka and K, are dissociation constants of the acid and water, respec- 
tively. 

If we assume that DA = D m a n d  substitute K,,,/[H+]h For [oH-]h. and 
Jo for D H A [ H A ] ~ / ~ ,  rearrangement of Eq. 3 gives: 

Plotting a series of values of the flux against the corresponding reciprocal 
values of [H+]h gives the slope: 

(Eq. 5) 
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Figure 1-Schematic diagram of the model of Higuchi et al. (4) for the 
dissolution of an acid, HA, into a reactive medium containing base 
B-. 

and by rearrangement: 

(Eq. 6) 

Studies of the dissolution rate can be performed with the rotating-disk 
technique, where the flux as a function of hydrodynamic conditions has 
been studied very extensively by Levich (11). For the rotating disk, the 
mass flux is given as: 

J = 0.62D2/3v-"6w1/2[HA]o (Eq. 7) 

where Y is the kinematic viscosity and w is the angular velocity of rota- 
tion. 

The corresponding diffusion boundary layer may be written as: 

h = 1.612 D1/3~1/6w-1/2 (Eq. 8) 

Higuchi et al. (5) have studied the influence of an irreversible reaction 
on the dissolution rate of a compound undergoing a rapid hydrolytic re- 
action simultaneously with the dissolution. It was found that the influence 
depends on the diffusion time to, which is the average lifetime for an 
element to travel through the diffusion layer, and on the reaction rate 
of the irreversible reaction. 

The diffusion time was expressed as: 

(Eq. 9) 

EXPERIMENTAL 

Materials-5,5-Dimethyl-3-(cu,cr,c~,4-tetrafluoro-m -tolyl) hydantoin 

Spectrophotometric Method-A 1-ml portion of 1.7 X 
was of purity >99.8%. All other chemicals were of analytical grade. 

M of the 
acid (I) in ethanol was added to 50 ml of 0.1 N NaCl or solutions of sodium 
hydroxide adjusted to an ionic strength of 0.1 with sodium chloride and 
stirred at  25.0". The solutions were injected into a I-cm cell of a UV- 
visible spectrophotometerl, thermostated at 25.0 f 0.1", and the change 
of absorbance with time was measured at 254 nm. The pH of the solutions 
was measured at 25" using a combination pH microelectrode2 with low 
alkaline error and a pH metes. 

Dissolution Rate Method-The dissolution rates were determined 
using the rotating disk technique, with an apparatus similar to that de- 
scribed by Wood et al. (12). A disk (1.6 cm in diameter) of the compound 
was compressed at 3 X 103 kg for 3 min in a hydraulic press. The disk 
assembly was rotated by a variable-speed synchronous motor that was 
calibrated by a tachometer. The dissolution rates were determined at 25.0 
f 0.1" using a constant temperature water bath. 

Solubility-The solubility of I was determined by shaking an excess 
of the compound in 0.1 N NaCl solution at 25.0" in a water bath for 24 
hr, during which time equilibrium solubility was reached. After equili- 
bration the solution was filtrated through a membrane filter (0.45 pm). 
The filtrate was diluted appropriately with water, and the assay was made 
spectrophotometrically a t  270 nm (C = 858). 

Diffusion Coefficient and Boundary Layer Thickness-The disso- 
lution rate measurements were performed using the rotating disk in 500 
ml of 0.1 N NaCl at 25.0' with rotation speeds varying from 50 to 299 rpm. 
At each rotation speed the dissolution rate was determined after a rota- 
tion period of 20 min. A 1-ml solution of 1 N NaOH was added to 10.0 ml 

1 Uvikon, model 820, Kontron, Zurich, Switzerland. 
2 EA 125, Metrohm, Herisau. Switzerland. 
3 Model E 603. Metrohm, Herisau, Switzerland. 

Table I-Experimental Data of the Spectrophotometric Method 
for the Determination of the Apparent pK. at 25" 

t 1!2, 
PH min €254 nm PKn 
1.40 . . _. 

11.77 9.50 
11.89 8.21 
11.93 7.85 
11.99 7.43 
12.05 6.81 
12.11 6.41 
12.17 6.00 

542 
787 
835 
861 
891 
915 
947 
950 

12.12 
12.12 
12.10 
12.09 
12.10 
12.10 
12.14 

12.28 5.56 1006 12.13 
12.35 5.17 
12.48 4.77 
12.57 4.58 

1051 ~ . . ~  

1098 
1131 

12.09 
12.10 
12.10 

Average 12.11 
(f 0.03) 

a p = 0.1. * The individual values were calculated from Eq. 1, where CM = 542 
and CI = 1332.61 was  obtained from Eq. 2. 

of the sample, and the solutions were kept at 25" for 1 hr. The solutions 
were diluted appropriately with 0.1 N sodium hydroxide and measured 
by UV spectrophotometry at  239 nm (C = 16180). 

Dissolution-pH Profile-The determination of the dissolution rate 
as a function of pH was performed with the same compressed disk for the 
whole pH profile, and the test solution was not renewed. However the 
different pH values were obtained by successive additions of 0.1 N NaOH 
solution to the test solution, and the dissolution was determined after 
each change of pH. Corrections for added volumes of 0.1 N NaOH and 
the samples withdrawn were considered. 

The dissolution-pH profile was determined with a rotation speed of 
100 rpm. The starting medium was 500 ml of 0.1 N NaCl. The disk was 
initially stirred in the medium for about 15 min, and the pH was then 
adjusted to a higher predetermined value by adding 0.1 N NaOH. A 
sample was withdrawn after equilibrating for 5 min and again after 20 
min. The pH was then adjusted to the next higher pH value, and the 
procedure for sampling was repeated. The procedure was repeated until 
samples from a representative number of pH values had been collected. 
The assay of the samples was performed in the same way as described 
for determination of diffusion coefficient. 

RESULTS AND DISCUSSION 

Spectrophotometric Method-The molar absorptivity of the non- 
ionized species CM could be obtained directly from the measurement of 
the absorbance in the 0.1 N NaCl solution in which the compound is 
stable. In the pH range of 11.79-12.57, the absorbance at  time zero had 
to be calculated from the absorbance-time curve. Preliminary studies 
have shown, that the hydrolysis of I to the corresponding hydantoic acid, 
as would be expected, is of first order. The Guggenheim method (8) could, 
therefore, be applied for the calculation of the t values from the initial 
part of the absorbance-time curves. From these curves kinetic data of 
the hydrolytic reaction could also be obtained by the Guggenheim 
method. A reliable value for €1 could not be found; therefore, K, was 
calculated according to Eq. 2. This gave a slope -1.282 X 1OI2 (r = 0.991) 
corresponding to K, = 7.803 X 

The development of this spectrophotometric method turned out to 
be very tedious. Because of the fast hydrolytic reaction, it was difficult 
to find an optimal analytical wavelength. 

Dissolution Rate Method-The intrinsic solubility [HA10 of I in 0.1 
N NaCl was found to be 1.44 X M. Rearranging Q. 7, an expression 
for the diffusion coefficient can be found: 

or pK. = 12.11. 

J y 1 / 6 ~ - 1 / 2  3/2 
= 4.8 X lop6 cm2/sec (Eq. 10) 

DHA = 0 0.62[HA]o 
where JW-"~ determined from the slope of the linear plot J against w1l2 
(r = 0.996) was found to be 5.60 X 
stokes is the kinematic viscosity of water at 25" (13). 

From the investigations of Higuchi et al. (5) on the influence of irre- 
versible chemical reactions on dissolution rate of a solid, it was found that 
for a diffusion time t = 3 sec, a half-life of the irreversible reaction greater 
than the order of 10 sec would have no influence on the dissolution rate. 
A rotation speed of 100 rpm of the rotating disk gives, according to Eq. 
8, a diffusion layer thickness h = 3.8 X cm. The diffusion time for 
(I) under this hydrodynamic condition will be t~ = 1.5 sec. 

From the kinetic data given in Table I, it is obvious that by using the 

moles/cm2/sec1/2; u = 8.93 X 

, 
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rotating disk at  100 rpm the dissolution rate will not be affected by the 
hydrolytic reaction in the pH range of 11.8-12.6. These hydrodynamic 
conditions were, therefore, used for the present pH profile study. Plotting 
the values of the flux J (see Table 11) against the reciprocal values of the 
bulk hydrogen ion concentration [H+]h a linear relationship was found. 
Using the least-squares method gave the slope a = 7.530 X with the 
intercept JO = 1.071 X 10-7 moles/cm2/min and a coefficient of correla- 
tion r = 0.995. Using these data, the experimental values of DHA and 
[HA10 and assuming the diffusion coefficient of hydroxide ion in water 
DOH to be 2.42 X cm2/sec (from Ref. 4), the dissociation constant 
was obtained from Eq. 6 Ka = 7.178 X 

Equation 3 is based on the diffusion layer theory of Nernst. However, 
several aspects of the Nernst model have been criticized (11,141. One 
drawback of the model is the erroneous assumption that the diffusion 
layer thickness is equal for all diffusing species under the same hydro- 
dynamic conditions. For the rotating disk, the diffusion layer thickness 
of a diffusing species depends on the diffusion coefficient according to 
Eq. 8 (11). As DOH is about 5 times greater than DHA, the concentration 
of hydroxide ion at  hHA, [OH-jh will be somewhat lower than the hy- 
droxide ion concentration of the bulk solution [OH-]b,&. This could have 
a significant influence on the value for &, calculated from Eq. 6. An 
evaluation of [OH-]h can be made by the following considerations. 

From Eq. 8 and the numerical values of DHA and DOH a ratio N can 
be calculated: 

or pK. = 12.14. 

To calculate the hydrogen ion concentration at the solid-liquid interface 
[H+]o of the Higuchi model, Mooney et al. (15) have derived the equa- 
tion: 
- DH[H+]~ + [H+lo(D~[H+lh - Do~[oH-]h)  

(Eq. 12) 
If [H+]o and [H+]h << [OH-]h, and also assuming DHA = D A  and con- 
sidering that [OH-]o[H+]o = K,, a rearrangement of Eq. 12 gives: 

+ K,(DoH + DA[HA]OK,/K,) = 0 

Defining the ratio R as: 

and substituting Eq. 13 into Eq. 14, the following relationship between 
[oH-]h and [OH-]bdk is found 

From investigations with the rotating-disk electrode, Levich (11) has 
derived the mathematical formula of the concentration gradient curve 
for a diffusing element in the diffusion layer of the rotating disk. Using 
this formula, the ratio R can be calculated for the value at  a relative dis- 
tance N from the solid-liquid interface: 

L N e - U 3 d u  

J m  e-u3 du 
R =  (Eq. 16) 

For a value of N = 0.58, R was found to be 0.82. For this value of R Eq. 
15 gives: 

[OH-]h = 0.996 [OH-]bulk 

It is obvious that a factor of 0.996 will have no significant influence on 
the K., value calculated on the basis of &. 4. For cases where the product 
K, [HA10 is appreciably larger, a small influence may, however, be ex- 
pected. 

From Eq. 6 it can be estimated that the relative low value of the product 
Ka [HA10 also means that very high accuracy of the value for DOH and 
DHA is not required in the present case, and a simple calculation of DHA 
using the square root method (16), for instance, may replace the experi- 
mental method used here. Equation 3 is valid only if [OH-10 and [OH-]h 
are essentially higher than [H+]o and [H+]h. Otherwise the complete 
formula for the Higuchi model (4) has to be used. 

The good agreement between the results of the spectrophotometric 
and the dissolution rate methods for determination of pK,, shows that 
the theoretical approach used here may give a sound basis for the de- 
termination of the dissociation constant from the dissolution behavior. 

Table 11-Experimental Data of the Dissolution Method for the 
Determination of the ADDarent DK, a t  25” * 

J ,  
moles/cm2/min 

PH x 107 PKa 
~ 

11.81 1.605 32-11) 
11.91 ~~~~ ~ 

12.02 
12.12 
12.18 
12.25 
12.33 
12.41 
12.49 

1.713 
1.826 
2.123 
2.159 
2.382 
2.576 
3.004 
3.483 

12.12 
12.16 
12.12 
12.17 
12.15 
12.17 
12.14 
12.13 

Average 12.14 
(* 0.04) 

= 0.1. The individual values were obtained from Eq. 4, where Jo = 1.071 X 
10- moles/cm2/min. 

Using the technique described here, the dissolution rate method can be 
applied advantageously for compounds with unfavorable properties for 
determination by a titrimetric or a spectrophotometric method. 
In analogy to the approach used in the Higuchi model for pK, deter- 

minations of weak acids, it may be expected that it can also be used for 
determinations of the pKa values of weak bases by using, for instance, 
hydrochloric acid solutions as the reaction media. The dissociation 
constant may also be obtained from dissolution rates in buffer solutions. 
Simplified models for dissolution behavior in these media have been 
proposed (17, 181, assuming the pH of the solid-liquid interface to be 
equal to the pH of the bulk solution. However, as has been shown by 
Mooney et nl. (19) this is generally not the case and may give erroneous 
results. The use of the extension of the Higuchi model for dissolution 
behavior in buffer solutions, as has been proposed by Mooney et af. (19) 
may, however, form a suitable basis for the determination of pK, values 
in such media. 
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Abstract The rapid reaction of human serum albumin with trinitro- 
benzenesulfonate (I) and the location of the reactive site were investigated 
to characterize the chemical modification of albumin by I. The modifi- 
cation proceeds through trinitrophenylation of a lysine residue of albumin 
and monoaddition of the byproduct, sulfite ion, to the trinitrophenylal- 
bumin, as reported previously. The individual kinetic parameters for both 
reactions were determined at various pH values and 25". The c-amino 
group of the lysine residue which has a pK, value of -8.9 was the reactive 
group involved in the trinitrophenylation. The dissociation constant of 
the sulfite monoadduct was about 10-fold smaller than that of the mo- 
noadduct of the model compound trinitrophenyl a-acetyllysine. The 
modification of albumin by I reduced the fluorescence intensity of the 
tryptophan-214 residue in the albumin amino acid sequence. Acetylation 
of the lysine-199 residue with aspirin and 5-nitroaspirin decreased the 
trinitrophenylation rate of albumin with I. These results on the fluores- 
cence spectroscopy and the effect of the acetylation suggest that the re- 
active group for I is the lysine-199 residue located near the tryptophan- 
214 residue. 

Keyphrases Kinetics-of reaction of trinitrobenzenesulfonate with 
human serum albumin 0 Albumin, human serum-kinetics of reaction 
with trinitrobenzenesulfonate, location of drug binding site, fluorescence 
spectroscopy, acetylation with aspirins Trinitrobenzenesulfonate- 
kinetics of reaction with human serum albumin Aspirin-acetylation 
of human serum albumin 

Characterization of drug binding sites on human serum 
albumin and knowledge of drugs affecting these sites are 
important to predict displacement of one drug by another, 
when two or more drugs are administered concurrently (1). 
Studies on the drug binding sites of the albumin molecule 
have been carried out by various methods (2-51, one of 
which is chemical modification (4). Trinitrobenzenesul- 

KS 
08 &SO; + HSJ-Albumin 

I 

1.Albumin -% Q N  ~ H N - A l b u m i n  + so,'- + H+ 
I1 IV 

111 
NO2 

V 
Scheme I 

fonate (I) has been used as a reagent for amino group 
modification in proteins (6). Kinetic data of the reactions 
of human and bovine serum albumin with excess I were 
presented by Goldfarb (7) and Anderson et al. (8), re- 
spectively. Under their conditions (an excess of I over al- 
bumin), multiple reactive sites for I appear to be modified, 
so that it may be difficult to investigate in detail the ki- 
netics and mechanism for the modification of a single 
specific site on albumin with I. 

In our previous study (9), it was reported that the 
chemical modification of human serum albumin by I pro- 
ceeds rapidly and specifically through the trinitropheny- 
iation of a lysine residue in albumin and the sulfite mo- 
noaddition, as shown in Scheme I. Abbreviations in 
Scheme I are as follows: 11, the Michaelis-Menten type 
complex of I and albumin; 111, trinitrophenylalbumin; IV, 
sulfite ion; and V, sulfite monoadduct of 111. 

The present study is concerned with determination of 
the individual kinetic parameters in Scheme I at  various 
pH values and with identification of the primary reactive 
site on albumin for I. 

EXPERIMENTAL 
Materials-Human serum albumin' was used after purification as 

previously described (10). The concentration of albumin was determined 
by use of its molar absorbance (€albumin = 3.66 X lo4 M-' cm-*) at 278 
nm (ll), assuming a molecular weight of 69,000. 2,4,6-Trimitrobenzene- 
sulfonic acid sodium salt2 and sodium bisulfite3 were used without further 
purification. All other chemicals were reagent grade and were used 
without further purification. 

Kinetic Data-The buffer systems used were: pH 6-8.3, 0.067 M 
phosphate; pH 8.3-9,0.1 M phosphate and 0.05 M borate; pH 9-11,0.05 
M borate and 0.05 M carbonate. Ionic strength was adjusted to 0.2 M with 
sodium chloride. The temperature was kept at 25' in all experiments 
unless otherwise stated. 

The U V  spectral changes based on the reactions shown in Scheme I 
are presented in our previous paper (9). The trinitrophenylation rate of 
albumin with I was followed at  a wavelength of 360 nm (showing an 
isosbestic point of I11 and V) with a stopped-flow spectrophotometer'. 
Pseudo first-order analysis was applied under the condition of excess 
albumin concentration relative to  that of I. 

For the analysis of the reversible reaction (111 + IV s V) shown in 
Scheme I, the UV spectrum of either I11 or V (not of the mixture of 111, 
IV, and V) is necessary. Since neither 111 nor V was isolated, each spec- 
trum of 111 and V could not be measured independently, and thus the 
spectrum was unknown. Trinitrophenyl a-acetyllysine (VI) was chosen 
as a model compound for 111 for the following reason. The absorbance 
at 360 nm (isosbestic point of I11 and V), after completion of the spectral 
change due to the trinitrophenylation of albumin with I, was essentially 
equal to that of VI found in the literature (12), when the original ab- 
sorbance based on the excess albumin over I was corrected. Therefore, 
the UV spectrum of 111 at  wavelengths >360 nm could be assumed to be 
identical with the spectrum of VI. 

' Sigma Chemical Co., Fraction V, lots 30F-02271 and 100F-02061. * Wako Chemical Co., lot SDL 8630. 
Katayama-kagaku, lot 800805. 
Model RA-401, Union-Giken, Osaka, Japan. 
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Figure 1-Effect of albumin concentration on the rate of trinitro- 
phenylation with I at 25 '. The concentration of I was 1.0 X 10-5 M. Key: 
(@) pH 10.7; (A) pH 7.4. 

Since it was indicated from preliminary experiments that the disso- 
ciation constant ( K p  = [III] [IV]/[V]) was relatively small, an elaborate 
method (13) was used for the determination of K p ,  without employing 
the usual spectral method [e.g., Benesi-Hildebrand method (14)]. The 
usual method is applicable only to the equilibrium system in which one 
component is much larger than the other. 

Two reaction solutions were prepared (13): one was composed of an 
initial concentration of I11 ([IIIIo) and of IV ([IV]o,l), and the other of [I1110 
and a concentration [IV]0,2. It was found that I was completely converted 
into 111 in the presence of excess albumin, and thus [I1110 was equal to the 
initial concentration of I. The above two solutions were equilibrated to- 
gether and their absorbances a t  415 nm were measured. The increments 
of absorbances from the sum of the intact (initial) absorbances of I11 and 
IV, which are represented by AA1 and A A z ,  are proportional to the 
equilibrium concentrations of V, [V],l  and [VIe,2, respectively. For actual 
calculations of AA1 and AAz the absorbance of the model compound VI 
was used instead of the absorbance of 111, because the absorbance of I11 
was reasonably assumed to be identical with that of VI as stated earlier. 
The relationship between the increment of absorbance and the equilib- 
rium concentration is as follows: [ V ] J  = aAA1 and [V],, = aA&. The 
coefficient a is equal to l/(cv - c111- € 1 ~ ) ~  where c with subscript 111, IV, 
or V is the molar absorbance of each species. Then, K p  can be represented 
as follows (13): 

- M) were measured. The excitation wavelength was 300 nm (17,18). 

RESULTS AND DISCUSSION 
Kinetics on Trinitrophenylation of Albumin with I-Figure 1 - 

shows the effect of the initial concentration of albumin ([Albuminlo) on 
the apparent first-order rate constant (k,bs) for the trinitrophenylation - -4.0 1; 
a t  pH 7.4 and 10.7. At pH 10.7 the kok  value increases hyperbolically with 
the albumin concentration, indicating saturation by trinitrophenylation 
(5,19). According to Scheme I, kobs can be represented as (5,19): 

- 

kz[albumin]o - 
k o b  = (Eq. 4) - -5.0 K s  + [albuminlo 

- where K s  and kp are the dissociation constant of I1 (= [I][albumin]/[II]) 
and the first-order rate constant of I1 for trinitrophenylation, respectively. 

I 1 I I I I 

(Eq. 1) 

- - ([I1110 - nAA1)([1V]o,l - a A A d  - - ([IIIIo - aAAd([IV]o,z - (YAAz) 
(YAA 1 u A A ~  

From Eq. 1 a quadratic equation with respect to a is obtained, and the 
solution is (13): 

-5.51 , , , , , , 
6.0 6.5 7.0 7.5 8.0 8.5 

PH 
Figure 3-The pH profile for Kp at 25'. The bars in this figure indicate 
the standard deviations. The solid curve was calculated using Eq. 6. 

€111 - € 1 ~ )  we can obtain cv also, since € 1 ~  is determined independently 
(negligible). The K p  and a thus obtained were reproducible in other re- 
action solutions equilibrated from the different initial concentrations 
of IV. 

The rate of the sulfite monoaddition was also followed a t  415 nm. As 
the molar absorbance (€111, CIV, tv, and €albumin) of each component in the 
reaction solution is known, the concentration of V at  each time interval 
is calculated from the absorbance of the reaction solution. The rate 
constant (k3)  was determined from the slope of the plot based on Eq. ( 3 ,  
which is derived for the reversible reaction (15): 

(Eq. 3) 

where, 
E , F  = ( [ W O  + [IVIO + K P )  f d([III]o + [IV]o + Kp)' - 4[III]o[IV]o 

2 
The rate constant (k-3)  for the release of IV from V was calculated from 
K p  and k3 already determined: k-3 = K p k 3 .  

Acetylation of Albumin with Aspirin and 5-Nitroaspirin-Acet- 
ylation of albumin with aspirin (VII) was carried out by a previous 
method (16). A mixture of albumin (1.00 X M) and VII (5.00 X 10-4 
M) in pH 7.4 buffer was incubated a t  37' for 24 hr and dialyzed a t  4' for 
48 hr against multiple changes of the same buffer. In the control experi- 
ment, VII was omitted and albumin was treated as above. 

In the case of the acetylation by 5-nitroaspirin (VIII), the absorbance 
at 370 nm due to 5-nitrosalicylic acid (IX) released from the reaction of 
albumin (1.00 X M) with VIII in pH 7.4 and a t  25' was measured 
to estimate the degree of the acetylation. Three concentrations of VIII 
were used: 1.25 X M, 2.50 X M, and 3.75 X M. When the 
absorbances reached corresponded to 1.0,2.0, and 3.0 moles of IX per 
mole of albumin, respectively, the reaction solutions were cooled a t  4' 
and dialyzed as described above. These albumins were denoted as mo- 
noacetyl-, diacetyl-, and triacetylalbumin, respectively. 

Figure 2-The pH profiles of kz and K s  for trinitrophenylation of al- 
bumin with I at 25'. Key: (@) k2; (A) Ks. 

1 +- -=-. 1 K s  I 
kobs k p  [albuminlo k z  

(Eq. 5) 
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Figure 4-Fluorescence emission spectra excited at  300 nm. Key: (I) 
1.0 X 10-5Malbumin;(2) 1.0 X 10-5MalbuminandS.0 X 10-6Mso- 
dium bisulfite; (3) 1.0 X M albumin and 2.5 X 10-6 M I ;  (4) 2.5 X 

MI;  and (5) 5.0 X M sodium bisulfite. 

At pH 7.4, in contrast, the values of kob are almost independent of the 
albumin concentration. This independence suggests that  K s  in Eq. 4 is 
far less than [albuminlo employed, and thus the koh value obtained under 
these conditions was assumed to be equal to kp. 

Figure 2 illustrates the pH dependence of kp and K s  thus obtained. 
The value of k p  markedly depends on pH. Below pH values of about 8, 
the slope of the profile is 1, and above pH values of about 9.5, the kp value 
is independent of pH. From this profile the pK, value of the c-amino 
group of a lysine residue a t  the reactive site of albumin was estimated as 
about 8.9. 

As stated earlier the data show that the Ks  value a t  neutral pH is less 
than that above pH 9.5. The pH dependence of K s  may be explained 
qualitatively as follows. Deprotonation of basic groups (e.g., t-amino 
group of lysine and/or guanidino group of arginine) constituting the re- 
active site for I increases with increasing pH value, thereby decreasing 
positive-charge localization. Compound I is an anion, therefore, the ionic 
interaction (20) between I and the reactive site may decrease with in- 
creasing pH. 

Sulfite Monoaddition to Trinitrophenylal bumin-Figure 3 shows 
a log K p p H  profile. The Kp values decrease with increasing pH values. 
This pH dependence suggests that sulfite ion (IV) rather than bisulfite 
ion reacts with 111. Then, Kp in the pH region examined can be expressed 
as a function of the hydrogen ion concentration [H+] by: 

(Eq. 6) 

where Kp and KP are the dissociation constant of bisulfite ion and the 
intrinsic dissociation constant of V, respectively. From a plot of Kp 
against [H+], Kb and K:! were estimated as 5.0 X 
M, respectively. The KL value for V is about 10-fold smaller (tight 
binding) than that (4.8 X M )  for the sulfite monoadduct of VI found 
in the literature (12). The difference in these KP values may be explained 
in terms of the distribution of sulfite ion between albumin and the 
aqueous phases. For Ill,  the concentration of sulfite ion in the microen- 
vironment of the trinitrophenylated group is probably higher than that 
in water for VI, since albumin generally has a strong affinity for anionic 
small ligands. The microenvironment of albumin may also affect the 
dissociation (K2 = 2.2 X lo-* M )  of bisulfite ion, since in water the lit- 
erature value for KP  is about 6.2 X 10-8M (21). 

There was some difficulty in determining accurately the rate constant 
(k3) for the sulfite monoaddition, because the absorbance changes at  415 
nm due to trinitrophenylation seemed to be incomplete a t  the initial stage 
of the sulfite monoaddition; that  is, the changes based on both the trin- 
itrophenylation and the monoaddition could not he separated clearly. 

M and 2.2 X 

3 

5 

0.051 1 L I I I I I L 

20 40 60 80 100 120 140 160 
SECONDS 

Figure 5-Kinetics for the trinitrophenylation of albumin and acety- 
lalbumins with I a t  p H  7.4 and 2 5 O  plotted as log [(A, - AJ/(A, - Ad] 
against reaction time. Key: (I) 5.0 X M control albumin and 1.0 
X M I; (2) 5.0 X M monoacetylalbumin and 1.0 X M I; 
(3) 5.0 X M I; (4) 5.0 X 10-5 M 
triacetylalbumin and 1.0 X M albumin and 8.0 

M diacetylalbumin and 1.0 X 
M I; 15) 3.3 X 

x 10-5 M I. 

The approximate k 3  value a t  pH 7.4 and 25O, however, was estimated 
using Eq. 3. The value 7.0 X lo2 M-l sec-l was obtained and compares 
with the literature value of 5.25 X lo3 M-' sec-l at pH 8.0 and 25.4O for 
trinitrophenyl 0-alanine (22). In addition, the k-3 value a t  pH 7.4 and 
25O was calculated as 9.5 X 

Localization of Reactive Site on Albumin for I-In a series of 
studies on the effects of drug binding on the esterase-like activity of al- 
bumin (5,18), it was found that albumin has some specific drug binding 
sites, and one of them is located near the tryptophan-214 (Trp-214) 
residue (23). When a drug binds to a site near Trp-214, the fluorescence 
intensity of Trp-214 is reduced when excited a t  300 nm. T o  localize the 
reactive site for I, the fluorescence spectra of the reaction mixture of al- 
bumin with I and of each reactant solution were measured (Fig. 4). The 
intensity of the emission spectrum for the mixture (spectrum 3) is lower 
than that for the albumin solution (spectrum l), indicating that the re- 
active site for I is located near the Trp-214 residue. 

I t  has been reported that VII and VIII acetylate the c-amino group of 
the lysine-199 (Lys-199) residue located near Trp-214 (5,24). T o  examine 
further the reactive site for I, the effect of albumin acetylation by VII and 
VIII on the trinitrophenylation rate was investigated. The results are 
shown in Fig. 5. In this figure, log { ( A ,  - A t ) / ( A ,  - Ao)) is plotted against 
time, where A,, A t ,  and A0 are the absorbances a t  360 nm a t  the com- 
pletion of the reaction, a t  times t and zero, respectively. It is obvious that 
the trinitrophenylation of acetylalbumins with I (curves 2-4) is slower 
than that of the control albumin (curve 1). For acetylalbumins the trin- 
itrophenylation is not a single process, but consists of an initial phase and 
a slower second phase. The slopes of the second phase are approximately 
equal to each other. Furthermore, these slopes (in curves 2 4 )  are almost 
identical with the slope (in curve 5) of the second phase obtained from 
the plot for the trinitrophenylation with excess I. These identities suggest 
that the second phase for acetylalbumins is due to the secondary reactive 
site(s) of albumin for I, of which the location(s) is(are) unknown a t  
present. 

For trinitrophenylation with excess I (curve 5) it is evident that a value 
( 4 . 6 3 )  on the ordinate obtained by extrapolating the line of the second 
phase to time zero indicates the fraction of I consumed by the secondary 
reactive site(s) of albumin [(8.0 X z 0.59). 
The slight discrepancy between 0.63 and 0.59 may be due to experimental 
error. For acetylalbumins (curves 2-4) the fractions were estimated by 
similar extrapolations (as expressed by dotted lines). The values obtained 
are -0.22, 0.67, and 0.77 for mono-, di-, and triacetylalbumin, respec- 
tively. These values imply that 7.8 X 
M ) ,  3.3 X 10-6 M, and 2.3 X M of I were consumed by the primary 
reactive site, respectively. However, 5.0 X M of each acetylalbumin 
(fivefold excess of albumin over I) was employed for the trinitropheny- 
lation reactions. With respect to the albumin concentration, therefore, 
only about 16 [-(7.8 X 10-6/5.0 X 10W) X 100],7, and 5% of the primary 
reactive site are unmodified (unacetylated) with VIII for mono-, di-, and 
triacetylalbumin, respectively. In other words, about 84,93, and 95% of 
the primary reactive site for I are blocked by VIII. Since 5-nitroaspirin 
(VIII) primarily acetylates the c-amino group of the Lys-199 residue (5, 
24), these results on the effects of the acetylation suggest that the primary 
reactive group for I is the Lys-199 residue. The results from the experi- 

sec-I from the values for Kp  and k3. 

- 3.3 X 10-5)/8.0 X 

M (= 1.0 X M - 2.2 X 
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ments using the albumin acetylated with aspirin (VII) also led to a similar 
conclusion concerning the reactive site for I. 
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Abstract The present studies were undertaken to describe the dy- 
namic nature of the degradation and absorption of insulin in the subcu- 
taneous injection site and to develop agents which would stabilize this 
dosage form. [1251]InsuIin with 0.2-U/kg of unlabeled insulin in 10 p1 of 
aqueous solution was injected subcutaneously in rats under the depilated 
skin of the back. At various times, radioactive skin tissue was extracted 
and assayed for insulin and/or its metabolites by gel filtration. Using these 
data, absorption and degradation rate constants of these substances were 
estimated according to a one-compartment model. Absorption rate 
constants of insulin and its metabolite of low molecular weight (mo- 
noiodotyrosine) were 0.021 min-’ and 0.107 min-’, respectively, while 
the degradation rate constant for insulin to monoiodotyrosine was 0.013 
min-’. Thus, the bioavailability of insulin injected subcutaneously was 
lower than expected, suggesting the necessity of stabilizing methods. The 
protection of insulin from degradation a t  the site of injection was ex- 
amined by the addition of various peptides. I t  was found that benzylox- 
ycarbonyl-Gly-Pro-Leu-Gly was a good stabilizing agent, and remarkably 
inhibited insulin degradation. This inhibition was confirmed by the in- 
crease of immunoreactive insulin level and the decrease of the blood 
glucose level. We postulated that this peptide protects the injected insulin 
from degradation by inhibiting the peptidase present in subcutaneous 
tissue. 

Keyphrases Insulin-absorption and degradation at  the subcutaneous 
injection site, stabilizing agents for the subcutaneous dosage form 0 
Stabilizing agent-for insulin, subcutaneous dosage forms, use of the 
peptide benzyloxycarbonyl-Gly-Pro-Leu-Gly Subcutaneous injec- 
tion-ahsorption and degradation of insulin, use of benzyloxycar- 
bonyl-Gly-Pro-Leu-Gly peptide for stabilization 

Endogenous peptides having specific biological effects 
have attracted attention as new drugs; however, effective 
dosage forms of these peptides for clinical usage have been 

difficult to assess in any but the parenteral dosage forms. 
Insulin, administered subcutaneously, has been the pri- 
mary treatment for severe diabetes for several years, even 
though effective methods have been described for oral 
(1-3), nasal (4), aerosol (5, 6), and rectal (7, 8) adminis- 
tration. In previous attempts to assess the absorption of 
insulin from its subcutaneous depot, radioiodinated insulin 
preparations were injected and the disappearance of the 
radioactivity from the injection site was measured by an 
external gamma-counter (9, 10). The stability and bio- 
availability of insulin administered subcutaneously are not 
well understood since the metabolites of insulin could not 
be measured. The kinetics of insulin in the blood after 
subcutaneous injection are the result of many factors in- 
cluding absorption and degradation in the injection site 
(11). 

Recently, Berger reported that aprotinin increased the 
absorption rate of subcutaneously injected insulin and 
amplified its biological effect by inhibiting the local deg- 
radation of exogenous insulin at the injection site (12). 
Little else has been reported about the degradation and 
absorption of insulin a t  the injection site, although the 
absorption characteristics of insulin and other drugs from 
intramuscular injection sites were investigated (13, 14). 
The present studies were undertaken to investigate the 
dynamic nature of the degradation and the absorption of 
insulin in the subcutaneous injection site and to develop 
new stabilizing agents for this dosage form. 
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ments using the albumin acetylated with aspirin (VII) also led to a similar 
conclusion concerning the reactive site for I. 
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namic nature of the degradation and absorption of insulin in the subcu- 
taneous injection site and to develop agents which would stabilize this 
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aqueous solution was injected subcutaneously in rats under the depilated 
skin of the back. At various times, radioactive skin tissue was extracted 
and assayed for insulin and/or its metabolites by gel filtration. Using these 
data, absorption and degradation rate constants of these substances were 
estimated according to a one-compartment model. Absorption rate 
constants of insulin and its metabolite of low molecular weight (mo- 
noiodotyrosine) were 0.021 min-’ and 0.107 min-’, respectively, while 
the degradation rate constant for insulin to monoiodotyrosine was 0.013 
min-’. Thus, the bioavailability of insulin injected subcutaneously was 
lower than expected, suggesting the necessity of stabilizing methods. The 
protection of insulin from degradation a t  the site of injection was ex- 
amined by the addition of various peptides. I t  was found that benzylox- 
ycarbonyl-Gly-Pro-Leu-Gly was a good stabilizing agent, and remarkably 
inhibited insulin degradation. This inhibition was confirmed by the in- 
crease of immunoreactive insulin level and the decrease of the blood 
glucose level. We postulated that this peptide protects the injected insulin 
from degradation by inhibiting the peptidase present in subcutaneous 
tissue. 
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tion-ahsorption and degradation of insulin, use of benzyloxycar- 
bonyl-Gly-Pro-Leu-Gly peptide for stabilization 

Endogenous peptides having specific biological effects 
have attracted attention as new drugs; however, effective 
dosage forms of these peptides for clinical usage have been 

difficult to assess in any but the parenteral dosage forms. 
Insulin, administered subcutaneously, has been the pri- 
mary treatment for severe diabetes for several years, even 
though effective methods have been described for oral 
(1-3), nasal (4), aerosol (5, 6), and rectal (7, 8) adminis- 
tration. In previous attempts to assess the absorption of 
insulin from its subcutaneous depot, radioiodinated insulin 
preparations were injected and the disappearance of the 
radioactivity from the injection site was measured by an 
external gamma-counter (9, 10). The stability and bio- 
availability of insulin administered subcutaneously are not 
well understood since the metabolites of insulin could not 
be measured. The kinetics of insulin in the blood after 
subcutaneous injection are the result of many factors in- 
cluding absorption and degradation in the injection site 
(11). 

Recently, Berger reported that aprotinin increased the 
absorption rate of subcutaneously injected insulin and 
amplified its biological effect by inhibiting the local deg- 
radation of exogenous insulin at the injection site (12). 
Little else has been reported about the degradation and 
absorption of insulin a t  the injection site, although the 
absorption characteristics of insulin and other drugs from 
intramuscular injection sites were investigated (13, 14). 
The present studies were undertaken to investigate the 
dynamic nature of the degradation and the absorption of 
insulin in the subcutaneous injection site and to develop 
new stabilizing agents for this dosage form. 
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Figure 1-Gel filtration of the radioactivity extracted from subcutaneous tissue samples 5 (A) and 10 (B) min after insulin injection of 
0.2 Ulkg sc. 

EXPERIMENTAL 

Materials-Monocomponent porcine insulin (26.0 U1mg)l was used. 
[1251]Insulin was prepared by the chloramine T method as described by 
Hunter and Greenwood (15). The labeled insulin was purified by gel fil- 
tration twice using a dextran gel2. Benzyloxycarbonyl-GIy-Pro-Leu-Gly 
(11)3, benzyloxycarbonyl-Gly-Pro-Leu dinitrophenyl-Pro-leu-Gly 
(IW3, benzyloxy~arbonyl-Gly-Pro(V)~, and all other chemicals were 
obtained from commercial sources and were analytical reagent grade. 

Animals-Male Wistar rats weighing 125-150 g were used. For the 
experiment in diabetic rats, diabetes was induced in the rats by femoral- 
vein injection of streptozotocin after a 16-hr fast, as previously described 
(16). The streptozotocin was dissolved in acidified 0.9% NaCl (saline), 
pH 4.5, and given in a dose of 50 mghg. Control animals received no in@- 
tions. The diabetic rats displayed polyuria, glycosuria, failure to gain 
weight, and significant hyperglycemia (mean blood sugar, 450 mgldl) a t  
the time of experiment ( 2 4 4 8  hr after the injection of streptozotocin). 

Procedure--Rats were anesthetized with pentobarbital (40 mg/kg) 
and maintained under anesthesia during the experiment. The dorsal skin 
was depilated and the site for injection was demarcated. Using a thin 
needle (0.d. = 0.2 mm, i.d. = 0.1 mm)4, 10 gl  of drug solution containing 
unlabeled insulin (0.2 and 1.0 U/kg) and [1251]insulin, with or without 
additives, were injected subcutaneously. The rectal temperature was 
monitored and maintained constant (36.5 f 0.5O) by keeping the rats in 
a temperature-constant room. At various times, a skin sample and sub- 
cutaneous tissue around the injection site (-4 cm2 area) was taken for 
analysis. T o  estimate the degradation rate of insulin a t  the injection site 
when its absorption would be negligible, degradation in a cardiac-arrested 
rat was investigated. This condition was induced by direct injection of 
pentobarbital (200 mg/kg) to the heart 5 sec before the experiment. For 
the experiment conducted to measure the immunoreactive insulin or 
blood glucose, unlabeled insulin with or without additives was in- 
jected. 

Analytical Methods-After measurement of the residual amount of 
radioactivity, the sample was homogenized with 6 M guanidine hydro- 
chloride in 2.4 M formic acid. The homogenate was centrifuged a t  15OOXg 
for 10 min to separate the extract. The extract then was applied to a gel 
filtration column (hydrophilic vinyl gel5) that  was eluted with 3 M gua- 
nidine hydrochloride in 2.4 M formic acid a t  4O. The column size was 1.5 
X 48 cm and flow rate was 1 ml/min. Three-milliliter fractions were col- 
lected and the radioactivity in each fraction was counted. The  column 
was calibrated with high molecular dextran6 as a void volume marker ( V O )  
and with standard insulin and monoiodotyrosine (I). For the measure- 

Novo Industry Co., Copenhagen, Denmark. 

Protein Research Foundation, Osaka, .Japan. 
* Sephadex (2-25 & C-50, Pharmacia Fine Chemicals, Uppsala, Sweden. 

4 N - 3 3 ,  Hamilton Co., Reno, Nev. 
. 

Blue Dextran 2000, Pharmacia Fine Chemicals, Uppsala, Sweden. 
Toyopearl HW-55F. Toyo Soda Manufacturing Co.,  Tokyo, Japan. 
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Figure 2-Disappearance of [1251]insulin from the subcutaneous in- 
jection site. Each point represents the mean value of five experiments; 
vertical bars indicate SEM. Each line represents the curve fitted with 
the one-compartment open model. Key: (0) intact insulin, (0) low 
molecular weight product ( I ) ,  and (A) high molecular weight 
product. 
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Ka = absorption rate constant of insulin, Kb = absorption rate 
constant of I, Kc = absorption rate constant of high molecular 
weight product, K m  = degradation rate constant of insulin, Kh 
= aggregation rate constant of insulin, X = amount of insulin 
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Figure 3-Degradation of 0.2 Ulkg insulin in the subcutaneous injec- 
tion site of cardiac-arrested rats. The cardiac-arrested condition was 
induced by intracardiac injection of 200 mglkg sodium pentobarbital 
5 sec before the experiment. Each point represents the mean value of 
three to five experiments; vertical bars indicate SEM. 

ment of hypoglycemic effect, blood samples were collected from the 
jugular vein at timed intervals and glucose levels were determined in the 
serum by the modified method of Hyviirinen (17). Immunoreactive in- 
sulin in the plasma was determined by radioimmunoassay (18). 

RESULTS AND DISCUSSION 

Absorption and Degradation of Insulin in the Injection Site-The 
drug solution (pH 7.0) containing insulin and [1251]insulin was injected 
subcutaneously, and the subcutaneous tissue was analyzed. Figure 1 
shows the gel filtration pattern of radioactivity extracted from tissue 
samples obtained 5 and 10 min postinjection. Most of the radioactivity 
eluted at  the position of intact insulin, with a small peak at  the void 
volume ( VO) and at the position of I. The presence of a peak at  VO indi- 
cated the production of a high molecular weight substance, as previously 
reported in the blood (19). I t  was also observed that the small peak in- 
creased gradually and the main peak (intact insulin) decreased with time. 

These results suggested that subcutaneously injected insulin was me- 
tabolized at  the injection site before being absorbed into the systemic 
circulation. 

To clarify this phenomenon, time courses for the clearance of insulin 
and the formation of its metabolites a t  the subcutaneous injection site 
were investigated. Figure 2 shows a logarithmic plot of the insulin, I, and 
high molecular weight product levels remaining at  the injection site as 
a function of time over a 30-min period. Since a straight line was obtained 
for the intact insulin, a first-order process seems to be predominant for 
the clearance of the insulin from the subcutaneous injection site. As the 

Vo INSULIN MONOIODOTYROSINE Vo INSULIN MONOIODOTYROSINE 

I 1 

Figure &-Gel filtration of radioactivity extracted from 
subcutaneous tissue samples 5 min after insulin injection 
of 0.2 Ulkgsc with or without stabilizingpeptides. Key: (A) 
control, (19) with benzyloxycarbonyl-Gly-Pro-Leu-Gly(II) 
8.4 mM, (C) with benzyloxycarbonyl-Gly-Pro-Leu(III) 8.4 
mM, and (0) with dinitrophenyl-Pro-Leu-C[y(IV) 4.4 
m M. 
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Table I-Effect of Various Peptides on the  Kinetic Parameters for  Insulin in  the Subcutaneous Injection Site 

Compound Kinetic Parameters, min-' 
Injected Concentration Ka Kb KC Km Kh 

Insulin + I1 (0.2 U/kg + 8.4 mM) 0.0357 0.107 0.0113 0.0008 0.0017 
Insulin + I11 (0.2 U/kg + 8.4 mM) 0.0466 0.130 0.0113 0.0033 0.0025 

Insulin + V (0.2 U/kg + 8.4 mM) 0.0324 0.201 0.0113 0.0131 0.0028 

Insulin (0.2 Ulkg) 0.0208 0.107 0.0113 0.0131 0.0022 

Insulin + IV (0.2 u/kg + 4.4 mM) 0.0229 0.109 0.0113 0.0069 0.0012 

line curved for I, the main metabolite (20), a fast disappearance rate could 
be postulated. Meanwhile, the appearance of a high molecular weight 
product slowly increased. In previous papers (14,21,22), i t  was demon- 
strated that the rate of drug absorption from the muscle was proportional 
to the amount remaining in the injection site; drug absorption from the 
subcutaneous tissue was not demonstrated clearly to be a first-order 
process. From these results, the absorption mechanism for a subcuta- 
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Figure %Disappearance of 0.2 Ulkg insulin with stabilizing peptides 
from the subcutaneous injection site. Each point represents the mean 
value of three or four experiments; vertical bars indicate SEM. Each 
line represents the curue fitted with the one-compartment open model. 
Key: (A) with I1 8.4 mM, (B) with 1118.4 mM, and (C) with IV4.4 mM, 
(@) intact insulin, (0) low molecular weight products (I),  and (A) high 
molecular weight product. 

neously injected drug would not be very different from that for an in- 
tramuscularly injected drug. 

The disposition of insulin in the subcutaneous tissue was analyzed as 
assuming a one-compartment open model as shown in Scheme I. Insulin 
can be biotransformed to a low molecular weight product (I) and to a high 
molecular weight product, with a degradation rate constant of K ,  and 
a formation rate constant of Kh, respectively. Compound I, insulin, and 
the high molecular weight product are absorbed independently with 
absorption rate constants of K b ,  K,,  and K, ,  respectively. X ,  L ,  and H 
were expressed by (23): 

X = X M - K t  

and 

H = XOKh ( e - K f - e - K t )  + 
K - K ,  (Eq. 3) 

where XO is the initial amount of insulin, LO is the initial amount of I, Ho 
is the initial amount of high molecular weight product, K = K ,  + K,,, + 
Kh, and t is the sampling time. Data of X, L ,  and H were fitted to Eqs. 
1-3 by nonlinear least-squares regression (24). Refined estimates of K, ,  
K b ,  K,,,, and Kh were then obtained. K ,  was determined by the subcu- 
taneous injection of the high molecular weight product. Calculated K ,  
and Kh were 0.0208 and 0.0022 min-', respectively. The degradation rate 
constant of insulin to I (K,,,) was calculated to be 0.0131 min-l, a value 
similar to the absorption rate constant. The degradation of insulin in 
cardiac-arrested rats was investigated to confirm the c'alculated value. 
No absorption was observed since the systemic circulation was completely 
disrupted. Figure 3 shows the plot of the nondegraded insulin level at the 
injection site of cardiac-arrested rats as a function of time. The decrease 
of insulin by degradation at  the injection site seems to be linear in this 
semilogarithmic plot. The degradation rate constant (K , )  in this ex- 
periment was 0.0137 min-' which was almost the same as the calculated 
K,. As K ,  was close to K,. the bioavailability of insulin injected sub- 
cutaneously could be lower than expected. The species or age variation 
for insulin degradation in the subcutaneous tissue will be investigated 
in future work, since the insulin degrading activity of muscle from rats 
varies with age (25). 

Stabilization of Insulin Injected Subcutaneously-The results 
obtained in this study prompted the search for methods of stabilizing 
subcutaneously injected insulin to increase the bioavailability. The 

200 - 

5 a I dzr 

I I 

0 60 120 180 
MINUTES 

Figure 6-Effect of I1 on the increase of plasma insulin levels after 
insulin injection of 0.2 Ulkg sc in normal rats. Each point represents 
the mean value of four experiments. * Indicates statistical significance 
( p  < 0.05), insulin versus insulin with II; vertical bars indicate SEM. 
Key: (@) insulin, (0) insulin with I1 8.4 mM, and (A) I1 8.4 mM. 
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Figure 7-Effect of I I  on serum glucose levels after insulin injection 
of 1.0 Ulkg sc in diabetic rats. * Indicates statistical significance (p < 
0.02), insulin versus insulin with II; vertical bars indicate SE. Key: (0) 
insulin, (0) insulin with I I  8.4 mM, and ( A )  II  8.4 mM. 

concurrent use of peptides and amino acids as stabilizing agents of insulin 
degradation at  the injection site was examined. Among the various pep- 
tides tested in this study, benzyloxycarbonyl-Gly-Pro-Leu-Gly (II), 
benzyloxycarbonyl-Gly-Pro-Leu (III), and dinitrophenyl-Pro-Leu-Gly 
(IV) exhibited a remarkable protection of insulin from degradation. 
Figure 4 demonstrates the gel filtration pattern of the radioactivity ex- 
tracted from subcutaneous tissue sampled 5 min after the injection of 
insulin with or without these stabilizing peptides. The concentration of 
I at the injection site was comparatively low when these peptides were 
coadministered with insulin. 

Many amino acids, dipeptides, and aprotinin failed to stabilize insulin 
at the injection site (data not shown). Aprotinin was examined as an in- 
hibitor of peptidase. Coadministration of aprotinin with insulin led to 
the fast entry of insulin into the circulation and an accelerated onset of 
the hypoglycemic action (12). However, it appears from our studies that 
aprotinin does not stabilize insulin a t  the subcutaneous injection site; 
however, it could inhibit insulin degradation after entry into the systemic 
circulation. The stabilizing effect of these peptides was confirmed by the 
gel filtration pattern using cardiac-arrested rats. For kinetic analysis, the 
time course of insulin and its metabolites after the subcutaneous injection 
of insulin with or without these peptides was investigated. As shown in 
Fig. 5, the stabilizing effect of these peptides was clearly demonstrated. 
Using these data, kinetic parameters of the one-compartment model in 
the presence of stabilizing peptides were estimated, and are listed in 
Table I. The degradation rate constant of insulin (K, )  in the presence 
of I1 a t  the injection site was 0.0008 min-l, which was less than one-six- 
teenth of the control. Compounds I11 and IV were less effective than 11. 
Thus, it is conceivable that the degradation rate of insulin coinjected with 
I1 was negligible compared with its absorption rate. Consequently, this 
peptide can be regarded as a valuable stabilizing agent for insulin in a 
subcutaneous dosage form. 

A significant increase in the absorption rate constant for intact insulin 
was also observed by the concurrent use of 11, 111, and benzyloxycar- 
bonyl-Gly-Pro (V), but this effect was not observed using IV. It might 
be postulated that the amino acid sequence of V could influence this 
process in a variety of possible ways, such as alterations in the local cir- 
culation or possibly by changes in the permeability. 

To confirm that I1 inhibits the degradation of insulin, plasma levels 
of immunoreactive insulin and serum levels of glucose were analyzed. 
Figure 6 reveals that the immunoreactive insulin in the plasma was sig- 
nificantly increased when insulin was injected with this peptide, dem- 
onstrating the inhibition of insulin degradation at the injection site. 
Furthermore, the hypoglycemic effect of insulin coinjected with this 

peptide was investigated in diabetic rats. As shown in Fig. 7, the decrease 
in serum glucose levels in the diabetic rats after the subcutaneous ad- 
ministration of insulin (1.0 Uhg) was significantly greater in the presence 
of this stabilizing peptide. The potent effect of I1 for the insulin admin- 
istered subcutaneously was clearly demonstrated. We suggest that this 
peptide protects the injected insulin from being degraded by inhibiting 
the peptidase localized in subcutaneous tissue. 

The study of the degradation and absorption of insulin at the subcu- 
taneous injection site has provided a good understanding of the phe- 
nomenon involved, leading to the exploration of stabilizing agents. 
Further research of the insulin stabilization with other derivatives of this 
peptide (11) is now in progress. Although a potential effect of these pep- 
tides for insulin stabilization in the subcutaneous injection site was 
demonstrated, additional studies must be carried out before this meth- 
odology is useful clinically. 
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Abstract 0 A renal clearance method based on a computer analysis after 
administration of a single dose of drug was developed for measuring the 
renal handling of several drugs in rabbits, dogs, and humans. Secretion 
and reabsorption of sulfamethizole, sulfanilamide, cephalexin. and am- 
picillin in the nephron were analyzed quantitatively using the plasma 
concentration and the urinary excretion rate of the drugs. The validity 
of the proposed model was demonstrated. It appears that tubular se- 
cretion of sulfamethizole, cephalexin, and ampicillin depend on the active 
transport system which is described by Michaelis-Menten kinetics; the 
tubular reabsorption of these drugs is expressed by first-order kinetics. 
The maximum velocity of renal secretion per unit weight of these drugs 
was much higher in rabbits than in dogs or humans. Reahorption showed 
similar values in dogs and humans. These findings suggest that an anal- 
ysis of the renal handling of drugs in dogs might provide useful infor- 
mation when considering the appropriate therapeutic dose in humans. 

Keyphrases Clearance, renal-of sulfamethizole, sulfanilamide, ce- 
phalexin, and ampicillin in the rabbit, dog, and human, determination 
using a computer analysis 0 Sulfamethizole-determination of renal 
clearance using a computer analysis o Sulfanilamide-determination 
of renal clearance using a computer analysis Cephalexin-determi- 
nation of renal clearance using a computer analysis Ampicillin-de- 
termination of renal clearance using a computer analysis 

The renal excretion of drugs is a complex phenomenon 
involving glomerular filtration, tubular secretion, and 
tubular reabsorption (1). Since the independent charac- 
terization of the transport kinetics of secretion and reab- 
sorption is difficult, the quantitative analysis of the renal 
handling of drugs is not readily available, particularly in 
humans. Weiner et aZ. (2) described an analytical method 
for these processes; however, one needs a wide range of 
drug concentrations in plasma. Since limited plasma levels 
are obtained in humans, this method has little clinical 
applicability. Such methodology, however, is desirable 
when designing the drug-dosing schedule for patients with 
renal disease. 

We have described a method that quantitatively ana- 
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Figure 1-Experimental renal clearance data (points) and com- 
puter-simulated curve (line) for sulfamethizole in the dog. The pa- 
rameters obtained by this analysis are (2s follows: V,, = 20 pnoleslmin, 
K, = 0.16 mM, and R = 0.13. 

lyzes the renal handling of drugs (3,4). Using this method, 
the renal handling of sulfamethizole, sulfamethoxazole, 
sulfanilamide, and phenolsulfonphthalein was described 
in rabbits. In this study, the applicability of this method 
to dogs and humans was examined, and the renal handling 
of two widely used antibiotics (cephalexin and ampicillin) 
was investigated using plasma concentrations normally 
obtained with therapeutic doses. 

EXPERIMENTAL 

Materials-Sulfamethizole was JP IX grade'; sulfanilamide was re- 
agent grade2. Cephalexin monohydrate3, sodium ampicillin3, and iodo- 
pyracet4 were supplied. All other chemicals were reagent grade. 

Determination of Plasma Protein Binding-Plasma protein 
binding was determined by the ultrafiltration technique using a mem- 
brane cone5 for sulfamethizole and sulfanilamide and cellulose tubing6 
for cephalexin and ampicillin. 

Analytical Methods-Plasma and urine samples were treated with 
the Somogyi deproteinizing reagent (5) and then analyzed for sulfa- 
methizole and sulfanilamide using 2-dimethylaminoethyl-1-naphthyl- 
amine as the coupling reagent (6). Inulin was determined in samples 
deproteinized as described above using a modification of a previously 
described method (7). Cephalexin and ampicillin in plasma and urine 
were determined fluorometrically (8,9); creatinine was determined using 
picric acid (10). 

Clearance Method-Rabbits-Male New Zealand albino rabbits, 
weighing 2.0-2.5 kg, were used. The determination of renal clearance 
using a single injection technique and the standard renal clearance and 
secretory inhibition using iodopyracet was described previously (4). 

Dogs-Male mongrel dogs, weighing 5-1 1 kg, were anesthesized with 
pentobarbital7 (27 mg/kg). Renal clearance was determined in the same 
manner as described above for the rabbit. 

Humans-Sulfamethizole (4 g of an aqueous solution), sulfanilamide 
C 
c 
.- 

0.5 1 .o 1.5 : 0 1  a 0  
U UNBOUND SULFAMETHIZOLE 

CONCENTRATION I N  PLASMA, m M  
Figure 2-Relationship between plasma concentration and renal tu- 
bular secretion of sulfamethizole in the dog. Each point represents the 
experimental data obtained by inhii5itory experiments; the solid line 
represents the curve calculated using the proposed model. The pa- 
rameters are as follows: V,,, = 20 pmoleslmin and K, = 0.18 mM. 

1 Eizai Co. Ltd. 
2 Nakarai Chemicals. Ltd. 

Toyo Jozo Co. Ltd. 
Daiichi Seiyaku Co. Ltd. 

5 Centriffo CF-MA, Amicon Co. Ltd. 
6 Visking Corn any, 8/32. 

Nembutal. Agbott Laboratories, North Chicago, Ill. 
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Table I-Renal Tubular Secretion and Reabsorption of 
Sulfamethizole and Sulfanilamide in Dogs 

Parameter (Unit) Sulfamethizole Sulfanilamide 

Vmax (pmole/min) 20 f 0.4* 0 
K ,  (mM) 0.18 f 0.01 - 
R 0.18 f 0.01 0.37 f 0.03 
R'" 0.19 f 0.01 0.40 f 0.05 

0 Reabsorption fraction obtained by inhibitory experiments. Each value rep- 
resents the mean f SE of three or four experiments. 

Table 11-Renal Tubular Secretion and Reabsorption of 
Sulfamethizole in Humans 

VIU,, K m ,  
Subject Age pmole/min mM R 

A(M)' 24 91 0.09 0.10 
WM) 32 71 0.09 0.06 
C(F) (1st) 23 23 110 0.16 0.13 
C(F) (2nd) 110 0.16 0.33 

28 83 0.10 0.05 
46 80 0.09 0.10 

D(M) 
E M )  
F(M) (1st) 28 59 0.06 0.09 
F(M) (2nd) 28 52 0.06 0.31 
a (M) male, (F) female. 

(2 g of an aqueous solution), cephalexin (500 mg of a powder), and am- 
picillin (500 mg of a powder) were administered orally to adult volunteers 
(22-46 years old, of average health and normal weight) following an 
overnight fast. Food was withheld for an additional 3 hr. Venous blood 
and urine samples were collected at intervals of 15 or 30 min up to 6 hr 
after drug administration. To ensure continuous flow of urine and to 
quantitate fluid intake, each subject received 50 ml of tap water every 
30 min for the initial 4 hr postadministration. The volume and pH of each 
urine sample were measured and the samples were stored at  4O until 
analysis. The glomerular filtration rate was determined by measuring 
the clearance of endogenous creatinine. 

Computer Analysis-As described previously (3), the excretion ratio 
(ER) can be expressed as: 

E R = ( i +  ( K ,  + vmax Pf) GFR ) ( l - R )  

where Pf is the unbound drug concentration in plasma, GFR is the glo- 
merular filtration rate, R is the reabsorption fraction, V,, is the maxi- 
mum velocity of secretion, and K, is the Michaelis constant. The com- 
puter analysis8 using this equation was performed as previously described 
(3,4). 

RESULTS 

Renal Handling of Sulfamethizole and Sulfanilamide in  Dogs- 
The renal clearance following a single injection of sulfamethizole in the 
dog was analyzed using the model equation (Fig. 1). As in the case of the 
rabbit, a curve was obtained which fit the experimental values quite well 
(see Table I for a list of parameters). To ascertain the validity of the values 
obtained by our model, a comparison of the rate of secretion and the 
reabsorption fractions was made using the renal clearance method in 
combination with secretory inhibition by the infusion of iodopyracet. 
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UNBOUND SULFAMETHIZOLE 

CONCENTRATION IN PLASMA, mM 
Figure 4-Experimental renal clearance data (points) and com- 
puter-simulated curve (line) of sulfamethizole in the human. The pa- 
rameters obtained by this annlysis are as follows: V,, = 59 pmoleslmin, 
K ,  = 0.06 mM, and R = 0.09. 

First, a comparison was made of the rate of secretion obtained separately 
from inhibitory experiments and using V,, and K ,  values obtained by 
our model. As shown in Fig. 2, a good agreement was achieved. Further, 
there was also good agreement of the reabsorption fractions: a value of 
0.19 f 0.01 was obtained from the inhibitory experiment compared with 
0.18 f 0.01 from the proposed model. Thus, it was found that the mech- 
anism of the renal excretion of sulfamethizole in dogs was similar to that 
found in rabbits. That is, tubular reabsorption is dependent on passive 
transport, whereas tubular secretion involves active transport (which 
conforms to the Michaelis-Menten equation) and is dependent on the 
plasma concentration of unbound drug. 

On the other hand, the renal clearance after a single injection of sul- 
fanilamide is not dependent on its plasma concentration, and no active 
secretion process is involved (Fig. 3). Each renal clearance parameter for 
sulfanilamide is listed in Table I. In the inhibitory experiment for sul- 
fanilamide, no change in renal clearance could be induced even with io- 
dopyracet loading. As in the rabbit, there was no secretion in dogs; only 
reabsorption was observed. Further, the reabsorption fraction of 0.37 f 
0.03 agreed well with that obtained from the inhibitory experiment (0.40 
f 0.05). Therefore, the validity of this method has been demonstrated 
in dogs as well as rabbits. 

Renal Handling of Sulfamethizole and Sulfanilamide in Hu- 
m a n s o u r  analytical method of renal handling of drugs was applied also 
to humans. The renal handling of sulfamethizole in humans is shown in 
Fig. 4, As in the case of rabbits and dogs, a curve was obtained which fit 
the experimental values quite well. This result indicates that the mech- 
anism of sulfamethizole excretion in humans could be similar to that of 
other animals. The values of the parameters V,,,, K,, and R for all 
human subjects are listed in Table 11. These values are quite similar to 
those found with dogs, although some individual variation exists. The 
day-to-day variation of these parameters in the same subject was also 
examined for subjects C and F. There was no apparent change in the se- 
cretion parameter (V,, and Km), while variations were observed in the 
reabsorption fraction. 

The results of the renal clearance of sulfanilamide in humans (Fig. 5) 
indicated that this drug was excreted by a mechanism similar to that 
found in rabbits and dogs. It is evident that there was no secretion, only 
reabsorption. 

Renal Handling of Cephalexin and Ampicillin-Since we were 
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Figure 3-Experimental renal clearance data (points) and com- 
puter-simulated curve (line) of sulfanilamide in the dog. The parame- 
ters obtained by this analysis are as follows: vmx = 0 pmolelmin and 
R = 0.42. Figure I-Experimental renal clearan;e data 

puter-simulated curve (line) of sulfanilamide in the human. The pa- 
rameters obtained by this analysis are as follows: V,, = 0 pmolelmin 
and R = 0.52. 

and 
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Table 111-Parameters for  Renal Tubular  Secretion and Reabsorption of Drugs  in Humans, Dogs, and  Rabbits a 

Parameter Sulfamethizole Cephalexin Ampicillin 
(unit) Human Don Rabbit Human Don Rabbit Human Don Rabbit - 

V,, (pmole/min/ 82 20 33 14 0.75 2.1 2.6 1.1 0.33 

V,' (pmole/min/kg) 1.4 2.3 15 0.24 0.14 1.0 0.04 0.06 0.14 

K ,  (uM) 110 180 1700 17 16 36 10 31 29 

body) f 7.6 f 0.4 f 4  f 2  f 0.08 f 0.2 f 0.4 f 0.1 f 0.03 

f 0.1 f 0.1 f l  f 0.03 f 0.01 f 0.1 f 0.01 f 0.01 f 0.01 
.I ., 

R 

-~ _. 

f 40 f 10 f 110 f 3  f l  f 3  fl f 5  f 5  

f 0.04 f 0.01 f 0.02 f 0.03 f 0.02 f 0.03 f 0.01 f 0.01 f 0.01 
0.15 0.18 0.20 0.47 0.49 0.33 0.01 0.00 0.00 

(I Each value represents the mean f S E  

0 
0 25 50 75  100 125 150 

UNBOUND DRUG CONCENTRATION IN  PLASMA, pM 

Figure 6-Experimental renal clearance data (points) and com- 
puter-simulated curve (line) of cephalexin and ampicillin in the rabbit. 
Key: (0) cephalexin and (a) ampicillin. 

successful in elucidating the mechanism of the renal handling of sul- 
famethizole and sulfanilamide through the use of this model, we at- 
tempted to apply this methodology to other drugs using cephalexin and 
ampicillin. As shown in Figs. 6 (rabbit), 7 (dog), and 8 (human), good 
agreement was obtained between the experimental data and theoretical 
curves calculated using the appropriate parameters (Table 111) obtained 
in rabbits, dogs, and humans. The data suggested that cephalexin and 
ampicillin were excreted from the kidney in a process similar to the ex- 
cretion of sulfamethizole. Welles et al. described the renal handling of 
cephalexin in rabbits and dogs, and demonstrated that secretion and 
reabsorption were extensively involved in renal excretion (1  1). Secretion 
has also been reported for ampicillin (12). The results presented here 
support the findings that both secretion and reabsorption contribute 
significantly to the excretion of cephalexin, while the contribution is very 
small in these three species in the case of ampicillin. 

Species Variation in  Renal Handling of Sulfamethizole, Cepha- 
lexin, and Ampicillin-The parameters for these three drugs in rabbits, 
dogs, and humans are shown in Table 111. The reabsorption fraction, R ,  
in all species was almost the same, but there were differences in the se- 
cretion parameters V,,, and K,. Comparison of the V,, values per unit 
weight (V,) of sulfamethizole, cephalexin, and ampicillin in the three 
species showed that rabbits had the highest values with all three drugs, 
while the values for dogs and humans were approximately the same. 
Petitpierre et al. reported that the renal function of beagle dogs resembles 
that of humans (13). Our data confirmed quantitatively that the two are 
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Figure 7-Experimental renal clearance data (points) and com- 
puter-simulated curve (line) of cephalexin and ampicillin in the dog. 
Key: (0) cephalexin and (0)  ampicillin. 

similar. Accordingly, it is possible that the renal handling of a drug in 
humans can be predicted quantitatively by initially performing experi- 
ments in dogs. 

DISCUSSION 

In previous reports (3.41, we proposed a quantitative analytical method 
to determine the renal handling of such drugs as sulfamethizole, sulfa- 
methoxazole, sulfanilamide, and phenolsulfonphthalein in rabbits. In 
this study, the methodology was applied to dogs and humans. The renal 
handling of two widely used antibiotics (cephalexin and ampicillin) was 
investigated after a single oral dose. It was demonstrated that our method 
can be applied to dogs and humans as well as rabbits. Some reports are 
available concerning the urinary excretion of such drugs as inulin (14) 
and phenolsulfonphthalein (15) in humans; however, few studies quan- 
titate separately the processes of tubular secretion and reabsorption. It 
was also demonstrated that the tubular secretion of these drugs can be 
explained by an active transport process which conforms to the Mi- 
chaelis-Menten equation, while tubular reabsorption can be explained 
by a first-order process. As our equation fit the experimental data ob- 
tained from rabbits, dogs, and humans, it can be assumed that the tubular 
secretion of these drugs is dependent on the unbound drug concentration 
in the plasma for each of these species. Levy et al. reported that the renal 
tubular secretion rate in the rat is proportional to the total concentration 
of sulfisoxazole in plasma rather than the free drug concentration (16, 
17). Although further studies are needed, this investigation using sul- 
famethizole, cephalexin, and ampicillin in three different species shows 
that tubular secretion correlates with unbound drug concentration. 

The renal handling of sulfamethizole, phenolsulfonphthalein, sulfa- 
methoxazole, and sulfanilamide in rabbits was reported previously (4). 
In this study, the renal handling of cephalexin and ampicillin in rabbits, 
dogs, and humans was described. It was demonstrated that cephalexin 
belonged to the secretion and reabsorption type and ampicillin belonged 
to the secretion type in all three species. Although both drugs have very 
low lipid solubility, cephalexin showed a relatively high reabsorption. 
This suggests the possibility of an active-like reabsorption process for 
cephalexin. The renal clearance values uersus the unbound plasma 
concentration curve of cephalexin in all three species did not show the 
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Figure 8-Experimental renal clearance data (points) and com- 
puter-simulated curve of cephalexin (a) and ampicillin (b)  in the 
human. 
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Figure 9-Schematic representation of renal handling of drugs in the 
human. The parameters in Table 111 are used; detailed information can 
be found in the text. 

typical active reabsorption pattern such as that found for glucose (18). 
Therefore, the contribution of a nonlinear reabsorption process would 
not be significant under the conditions used here even if an active-like 
process were to be included in its reabsorption. 

Figure 9 shows a schematic representation of the renal handling of 
these drugs in humans compared with that of inulin. The numbers given, 
calculated using a plasma drug concentration of 5 pM and glomerular 
filtration rate of 120 ml/min, represent the rate (in percent) of the des- 
ignated transport process (i .e. ,  filtration, secretion, reabsorption, and 
urinary excretion) normalized for inulin glomerular filtration (600 
nmoles/min). Plasma concentration of drugs were corrected by protein- 
binding percentage. Thus, for example, since sulfanilamide is 5% pro- 
tein-bound in plasma, its filtration rate is 95% that of inulin (95% of 600 
= 570 nmoledmin). Similarly, reabsorption of sulfanilamide occurs at 
a rate 40% of inulin filtration, i .e.,  a t  40% of 600 = 240 nmoles/min. It is 
evident that tubular secretion and reabsorption would be the most im- 
portant process in regulating the urinary excretion of sulfamethizole, 
cephalexin, and ampicillin. If renal functions, such as renal secretion, were 
decreased by renal failure, the renal excretion of sulfamethizole, cepha- 
lexin, and ampicillin would be reduced greatly resulting in a high con- 

centration in the blood and target organ. The impact of' renal failure on 
the process of filtration, secretion, and reabsorption should be known 
in order to provide optimal treatment and protection from adverse re- 
actions in patients with this disease state. We have applied the method 
described in this paper to the analysis of renal handling of drugs in pa- 
tients with renal failure, the results of which will be discussed in an 
ensuing manuscript. 
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Abstract The distribution of p-substituted phenols between 0.15 M 
NaCl and a range of organic solvents (including 1-octanol) was examined 
over a range of temperatures. The thermodynamic parameters of transfer, 
AG, AH, and AS, were determined and the values examined in the light 

systems was similar to that for octanol-water systems, the full thermo- 
dynamic analysis indicated that the two systems were dissimilar. The 
use of vesicle distribution data in structure-activity studies is dis- 
cussed. 

of Hildebrand and Scott's solubility parameter theory, and the collision 
complexes between solute and organic solvent. AH of transfer was posi- 
tive for nonpolar solvents and negative for 1-octanol; the transfer pro- 
cesses were entropy and enthalpy dominated, respectively. The distri- 
bution of the phenols into phospholipid vesicles was examined below the 
phase-transition temperature. Although AG of transfer for vesicle-water 

Keyphrases 0 p-Substituted phenols-partitioning between water and 
organic solvents, phospholipid vesicles, thermodynamics Phospholipid 
vesicles-partitioning of p-substituted phenols, water and organic sol- 
vents, thermodynamics 0 Thermodynamics-p-substituted phenols, 
partitioning, water and organic solvents, phospholipid vesicles 

The importance of hydrophobicity in drug absorption, 
drug binding, and drug-receptor site interactions is well 
known (1, 2). Some measure of the hydrophobicity of a 
solute is given by the distribution (partition) coefficient 
between water and a suitable organic solvent (3). Usually 

the choice of the organic phase has been 1-octanol; how- 
ever, Rytting et al. (4) have argued from a thermodynamic 
standpoint that a nonpolar inert solvent such as isooctane 
or cyclohexane would be a more appropriate solvent for 
distribution studies. 
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Figure 9-Schematic representation of renal handling of drugs in the 
human. The parameters in Table 111 are used; detailed information can 
be found in the text. 

typical active reabsorption pattern such as that found for glucose (18). 
Therefore, the contribution of a nonlinear reabsorption process would 
not be significant under the conditions used here even if an active-like 
process were to be included in its reabsorption. 

Figure 9 shows a schematic representation of the renal handling of 
these drugs in humans compared with that of inulin. The numbers given, 
calculated using a plasma drug concentration of 5 pM and glomerular 
filtration rate of 120 ml/min, represent the rate (in percent) of the des- 
ignated transport process (i .e. ,  filtration, secretion, reabsorption, and 
urinary excretion) normalized for inulin glomerular filtration (600 
nmoles/min). Plasma concentration of drugs were corrected by protein- 
binding percentage. Thus, for example, since sulfanilamide is 5% pro- 
tein-bound in plasma, its filtration rate is 95% that of inulin (95% of 600 
= 570 nmoledmin). Similarly, reabsorption of sulfanilamide occurs at 
a rate 40% of inulin filtration, i .e.,  a t  40% of 600 = 240 nmoles/min. It is 
evident that tubular secretion and reabsorption would be the most im- 
portant process in regulating the urinary excretion of sulfamethizole, 
cephalexin, and ampicillin. If renal functions, such as renal secretion, were 
decreased by renal failure, the renal excretion of sulfamethizole, cepha- 
lexin, and ampicillin would be reduced greatly resulting in a high con- 

centration in the blood and target organ. The impact of' renal failure on 
the process of filtration, secretion, and reabsorption should be known 
in order to provide optimal treatment and protection from adverse re- 
actions in patients with this disease state. We have applied the method 
described in this paper to the analysis of renal handling of drugs in pa- 
tients with renal failure, the results of which will be discussed in an 
ensuing manuscript. 
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Abstract The distribution of p-substituted phenols between 0.15 M 
NaCl and a range of organic solvents (including 1-octanol) was examined 
over a range of temperatures. The thermodynamic parameters of transfer, 
AG, AH, and AS, were determined and the values examined in the light 

systems was similar to that for octanol-water systems, the full thermo- 
dynamic analysis indicated that the two systems were dissimilar. The 
use of vesicle distribution data in structure-activity studies is dis- 
cussed. 

of Hildebrand and Scott's solubility parameter theory, and the collision 
complexes between solute and organic solvent. AH of transfer was posi- 
tive for nonpolar solvents and negative for 1-octanol; the transfer pro- 
cesses were entropy and enthalpy dominated, respectively. The distri- 
bution of the phenols into phospholipid vesicles was examined below the 
phase-transition temperature. Although AG of transfer for vesicle-water 
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vesicles-partitioning of p-substituted phenols, water and organic sol- 
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The importance of hydrophobicity in drug absorption, 
drug binding, and drug-receptor site interactions is well 
known (1, 2). Some measure of the hydrophobicity of a 
solute is given by the distribution (partition) coefficient 
between water and a suitable organic solvent (3). Usually 

the choice of the organic phase has been 1-octanol; how- 
ever, Rytting et al. (4) have argued from a thermodynamic 
standpoint that a nonpolar inert solvent such as isooctane 
or cyclohexane would be a more appropriate solvent for 
distribution studies. 
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Table I-Thermodynamic Values for the Distribution of p -  
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Figure 1-van't Hoff plots for p-ethylphenol distributed between 0.15 
M aqueous sodium chloride solution and various nonpolar organic sol- 
uents. 

In spite of the wide usage of 1-octanol-water distribution 
coefficients in structure-activity studies, relatively little 
work has been done to establish the actual basis of the re- 
lationship between distribution with octanol and biological 
activity (5). Martin (6) has emphasized that various ab- 
sorption phenomena involving the passage of drugs across 
biological membranes are not well modeled by 1- 
octanol-water distribution coefficients. Other groups have 
suggested that the phospholipid vesicle (liposome) can be 
used as a model system to study solute distribution into 
membranes (7-9). Phospholipid vesicles consist of lipid 
bilayers in the form of multilayers arranged concentrically, 
or as simple bilayers encapsulating a volume of aqueous 
medium in the core. The vesicle can exist in liquid-crys- 
talline or solid forms depending on the choice of the con- 
stituent phosphatidylcholine(s). Bindsley and Wright (10) 
have concluded that permeation rates of solutes across the 
toad bladder were more closely related to vesicle-water 
distribution data when the vesicles were below their 
phase-transition temperature (T&. 

The present investigation was designed to evaluate 
various organic solvents (including 1-octanol) as models 
for the distribution of solutes into membranes. The dis- 
tribution of various p-substituted phenols between water 
and different organic phases as well as phospholipid ves- 
icles were studied. The solvents were selected to give a wide 
range of solvent properties (solubility parameters). Data 
were obtained at  different temperatures, allowing the 
calculation of the relevant thermodynamic parameters, 
enthalpy and entropy, which provide insight into the 
mechanism of solute transfer. 

THEORETICAL 

Organic Solvent-Water Distribution-The distribution ratio of 
solute between two immiscible solvents is given by: 

(Eq. 1) 

where C A , ~ ~ ~  and C A , ~ ~  are the total solute concentration in the organic 
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90 
63 
50 
64 
73 
51 
51 
66 
78 
55 
23 
30 
36 
10 

X is the substituent of p-position of henol. AG and AH are given in kJ 
mole-'. c AS is given in J mole-1OK-l. d !-Solubility parameter in ~ a ~ z c m - 3 / 2  
from ref. 20. Mean values taken from ref. 13 and F. J. C. Dearden and G. M. 
Bresnen, J .  Pharm. Pharmac. Suppl. 107P (1981). 

and aqueous phases respectively. When only monomeric and un-ionized 
solute exist in both phases, Eq. 1 can be written as: 

(Eq. 2) 

The thermodynamic distribution constant K f  (mole fraction) (concen- 
tration units) can be written as: 

K f :  = Kd 5 (Eq. 3) 

where Vorg and V,, are the molar volumes of the organic solvent and 
aqueous phase. The distribution constant ( K g )  is a free-energy (AG) 
related term: 

( vaq 1 
AG(transfer) = -RT In KZ (Eq. 4) 

As such it yields little information about the nature of the transfer 
process, and a more complete thermodynamic picture can be obtained 
by studying the change of the distribution coefficient with temperature, 
to provide enthalpic and entropic contributions to the free energy of 
transfer (1 1- 15): 

(Eq. 5) 

where AG, AH, and AS are the partial molal free energy, enthalpy, and 
entropy change on transfer of the solute. The parameters AH and AS can 
be calculated from the slope and intercept of a plot of In K f :  versus 
1/T. 

Phospholipid Vesicles: Water Distribution-The molal concen- 
tration scale has to be used because of the heterogeneous nature of the 
system under investigation (7). [A useful appraisal is the choice of con- 
centration scalehtandard state in bioenergetics and thermodynamics 
has been given by Jameson (16).] 

The molal concentrations of solutes in the lipid (vesicle) phase (Cg) 
and the aqueous phase (CE) are given by: 
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Figure 2-The analysis of distribution data using solubility parameter 
theory. 

where CT is the initial aqueous concentration before equilibrium (mg/ml), 
Cw is the final aqueous concentration after equilibrium (mg/ml), d is the 
density of the initial aqueous phase, M is the molecular weight of the 
solute, w1 is the weight of aqueous phase in the sample, and w z  is the 
weight of phospholipid in the sample. Thus, the molal distribution 
coefficient K!j is given by: 

(Eq. 8) 

EXPERIMENTAL 

Chemicals-Water was distilled from an all-glass still. The phenolic 
solutes used were as follows: phenol' (99.99%) was used without further 
purification; p-cresolz, p-ethylpheno12, p-chlorophenoP, p -bromophe- 
no13, p-i~dophenol~, and p-fluoropheno14 were used after recrystalliza- 
tion; p-propylpheno14 was used after double distillation; and p-chlo- 
roanisole3, resorcino13, rn-methoxyphenolz, and rn-ethoxyphenolz were 
used as received. 

Aqueous solutions of the phenols (-2 mg/100 ml) were prepared by 
dissolving samples in 0.15 M NaCl solution. The organic solvents used 
were perfluorohexanel, n-hexane (special for spe~troscopy)~, cyclohexane 
(analytical grade)3, 1,2-di~hloroethane~ (>99%) and 1,2-dibromoethane4 
(99%), carbon tetrachloride5, and l-0ctan0l4. When necessary, they were 
washed successively with sodium hydroxide solution, distilled water, 
concentrated sulfuric acid, and finally 5 times with distilled water. L- 
a-Dimyristoylphoephatidylcholine6 (DMPC) (98%) was used throughout 
as the sole lipid in the preparation of phospholipid vesicles. 

Thin-layer chromatography of DMPC produced a single spot. Chlo- 
roform' was reagent grade. 

Organic Solvent-Water Distribution-Oil-water distribution 
coefficients were obtained using the shake flask technique or a rapid 
mix/filter probe system (14,17). The aqueous and organic phases were 
mutually saturated before use. Each experimental arrangement was 
thermostated at a given temperature (&O.l'), and at  equilibrium the 
concentration of the solute in the aqueous phase was determined from 
the UV absorbance measured in the linear region of the Beer-Lambert 
plot. 

Phospholipid Vesicle-Water Distribution-The vesicles were 
prepared using a stock solution of DMPC in chloroform containing 20-mg 
DMF'C. This solution was placed in tared 50-ml round-bottom flasks and 
the chloroform removed rapidly by rotary evaporation a t  -40'. The 
weight of the dried lipid film was measured, and multilamellar vesicles 
were formed at 40' by transferring 5 ml of highly dilute stock solution 
of phenol derivative into the flask and swirling the contents. Samples were 
prepared in duplicate, and the mean size and polydispersity of the vesicles 
were measured using a laser light scattering method (photon correlation 
spectro~copy)~. Reproducible yields of vesicles could be prepared by 
controlling strictly the hydration time and method of agitation. 

British Drug Houses. * Eastman Kodak Co. 
Aldrich Chemical Co. 
Bristol Organic Ltd. 
Hopkins and Williams Co. 

6 Sigma Chemical Co. 
7 Malvern Instruments. 

40r 
301 

0 

1 1 I I I I 1 
0 40 80 120 160 

SOLVENT SHIFT PARAMETER, G 

Figure 3-The relationship between the enthalpy of transfer of p- 
substituted phenols and the solvent shift parameter P (Eq. 10). 

An equilibrium time for distribution of 12 hr was established from 
preliminary studies. The DMPC vesicles were separated from the aqueous 
phase by centrifugation in a thermostated centrifuge (8). The UV ab- 
sorbance of the supernatant aqueous phase was measured at  the A, of 
the phenol. After analysis the solution was returned to the phospholipid 
vesicle pellet and the system redispersed and re-equilibrated at the next 
temperature. 

The proceases of centrifugation, followed by resuspension did not alter 
significantly the mean size or polydispersity of the vesicles. Distribution 
studies were conducted over the temperature range 5-22' below the phase 
transition temperature of the phospholipid (23') (18). 

RESULTS AND DISCUSSION 

Organic Solvent-Water Distribution-Preliminary studies indi- 
cated that for CA,,,~~ of less than 5 X M the phenols existed as 
monomers in the organic phase. This is confirmed by literature data (19). 
Some typical plots of In K: versus 1/T are shown in Fig. 1. Good linearity 
was obtained in all cases, indicating that AH was independent of tem- 
perature over the range studied. Thermodynamic values obtained or 
calculated at 25' are summarized in Table I. The agreement with liter- 
ature values (11, 13) including those obtained using microcalorimetry 
(15) is good in most cases, but there is some variation in AH (and conse- 
quently AS values). This is to be expected, since it is well known that the 
derivation of thermodynamic values from the van't Hoff isochore is de- 
pendent on good experimental data. 

Examination of Fig. 1 and Table I shows clearly that the thermody- 
namic values of the transfer of phenols between aqueous environment 
and organic phases are dependent not only on the nature of the solute 
but also on the solvent. AG of transfer is positive for the lower alkyl 
phenols in perfluorohexane and for phenol in hexane. An increase in the 
distribution of the solute into the organic phase (AG becoming negative 
and increasing in magnitude) is accompanied by a decrease in AH and 

L 
10 20 30 

AH (kJrnole-') 

Figure 4-Evaluation of compensation behavior. Enthalpy-free energy 
relationship for p-substituted phenols partitioned between 0.15 M 
aqueous NaCl and nonpolar organic solvents. 
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Figure &The distribution of p-alkylphenols into DMPC uesicles- 
uan't Hoff plots. 

a corresponding decrease in AS. 1-Octanol with a high extractive capacity 
provides large negative AH values and relatively small AS values. Such 
thermodynamic values reflect the important differences between the 
nature of the distribution process for different solvents. For inert hy- 
drocarbon solvents, the distribution process reflects the loss of hydrogen 
bonding interactions between the hydroxyl group of the phenols and the 
aqueous phase that is compensated (in some cases) by an increase in AS. 
Any interaction between the phenolic hydroxyl group and the solvent 
[as well as the increased water content of the solvent and hydration of 
the monomeric phenol in the organic phase (21,2211 would also be ex- 
pected to lead to a decrease in the change in AH and a corresponding 
decrease in the change in AS. For 1-octanol, strong hydrogen bonding 
between the phenolic and alcohol hydroxyl group will lead to a large and 
favorable AH (15). Consequently, control of the transfer passes from 
entropy domination to enthalpy domination. 

When the concentration of a solute is sufficiently low in both phases, 
the distribution coefficient of solute distributed between water and a 
nonpolar organic solvent can be defined according to the theory of regular 
solutions (20): 

where VA and 6~ are the molar volume and solubility parameter of solute 
A; 6, and a,, are the solubility parameters of the a ueous solution and 
the organic solvent, respectively. Thus, a plot of In K#/(6w - 6,) against 
6,, should yield a straight line with a theoretical slope of VA/RT. As 
shown in Fig. 2, using p-ethylphenol as an example, a linear relationship 
is obtained. The slope of the line is 0.206, in good agreement with the 
theoretical value of 0.203 calculated using V ,  = 120 cm3. A value of 6, 
= 16.5 was employed rather than the usual value of 24. Davis et al. (23) 
and others (24) have shown previously that the lower value for 6, is valid 
for use in distribution studies involving organic solvents and aqueous 
phases. 

Solvent effects can be considered also in terms of collision complexes 
between the phenolic solutes and the solvent. The aromatic carbon- 
hydrogen (A-H) stretching frequency in the IR is sensitive to hydrogen 
bond formation. Solvent shift theories and experimental studies on sol- 
vent effects have been reviewed (25). The frequency shift AV can be 
represented as the difference between the stretching frequency for the 
monomeric A-H in the vapor phase (VO) and the lowered stretching 
frequency for A-H . . . B in the solvent in question ( Vs). Badger and 
Bauer in 1937 (26) proposed that a linear relationship existed between 
the enthalpy of hydrogen bond formation and the frequency shift of the 
A-H stretching vibration. 

In Fig. 3, the enthalpy of transfer has been plotted against the solvent 
shift parameter P (27) defined as: 

VO 
(Eq. 10) 

The P values have been taken from literature sources (25,27) on phenol 
in different solvents or calculated from values presented by Nakanishi 
et al. (28) for methanol and butanol systems8. The correlation between 
AH and P is good even though the P values refer to the anhydrous con- 

8 It should be noted that the P values were derived for anhydrous conditions, and 

vo-v, a P  -= 

the hydration of phenol in the organic phase may well alter the absolute values. 

Table 11-Thermodynamic Values for the Distribution of p- 
Substituted Phenols between 0.15 MNaCl and DMPC Vesicles at 
22 a 

~~ 

X" -AG AH * ASc 

4-CH3 13.3 
4-CzH5 14.8 
4-C3H7 15.5 
4-F 12.4 
4-C1 14.6 
4-Br 15.7 
4-C1 anisole 17.9 
3-OH 
3-OCH3 
3-OCzHs 

14.i 
13.5 
13.0 

119 448 
81 324 
31 157 
37 168 
19 112 

102 390 

Substituted phenol. AG and AH are given in kJ mole-'. AS is given in J 
mole-'"K-'. 

dition, and the phenols may be hydrated in the organic phase chosen for 
the distribution system. 

Although there is no satisfactory treatment to account for solvent shifts 
of stretching frequencies, there is general agreement that the bulk 
properties of the solvent such as dielectric constant are important only 
for nonpolar solvents (25). Complexes between phenols and nonpolar 
solvents have been referred to as collision complexes to emphasize that 
although the interaction is very weak, it is sufficient to influence the IR 
spectrum (25). 

Procedures for converting thermodynamic data obtained in polar 
solvents to those expected in an inert solvent have been proposed (25). 
One method is based on the assumption that the enthalpy of transfer can 
be written as (25): 

- AH (nonpolar media) = -AH (polar media) + A (Eq. 11) 

where A is a constant for the solvent pair. A free-energy related equation 
of similar type was proposed by Leo et d. (3) for the interconversion of 
distribution coefficient data obtained with nonpolar solvents and those 
obtained with octanol: 

log Kd.solvent + Ih = log Kd,octanol + b (Eq. 12) 

where Ih were additive increments to hydrogen bonding. 
The use of enthalpy-entropy compensation plots has been exploited 

when the thermodynamic data have been evaluated. [Proportionality 
between AH and AS is believed to imply a single unique mechanism for 
a series of solutes or solvents (29).] However, when AH and AS are both 
derived from the van't Hoff relationship, good correlations can be ob- 
tained that arise from statistical artifacts. Krug et al. (30,31) have dis- 
cussed this in detail, and more recently Kinkel et d. (14) have shown that 
a so-called excellent correlation between AH and AS for the transfer of 
various phenols between water and 1-octanol (13) was spurious. En- 
thalpy-entropy compensation can be tested by plotting AH versus AG 
at  the harmonic mean temperature of the experiments (31). Figure 4 
shows the AH uersus AG relationship for the various solvent systems 
examined. A relationship of the form: 

AGX = 0.7 AHX - B (Eq. 13) 

can be obtained, where B is a constant that is related to the size of the 
phenolic solute. Similar compensation relationships have been reported 
by others (14,321. (No linear relationships were observed when AG was 
plotted versus AH for a set of solutes and a given solvent.) 

The linear relationship defined by Eq. 13 suggests that the various 
solutes are distributed between water and the various inert solvents by 
the same mechanism; i.e., that the aqueous phase provides the major 
driving force for the transfer process: the hydrophobic effect. The AG 
and AH values for the 1-octanol system have not been shown. The values 
given in Table I deviate from the linear relationship. The AH values 
corresponding to measured AG values are much larger than would be 
predicted from Eq. 13. 

For example: 

Phenol 
Cresol 
p-Ethylphenol 
p-Propylphenol 
p-Chlorophenol 

0.4 kJ mole-' 
0.8 k J  mole-' 
1.0 kJ mole-' 
1.5 kJ mole-' 
1.0 kJ mole-' 

These data indicate that the transfer of phenolic solutes between water 
and 1-octanol follows a different mechanism than that for the transfer 
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Figure 6-The distribution of p-halophenols into DMPC vesicles- 
uan’t Hoff plots. 

of the same solutes between water and nonpolar solvents and, thus, 
AH-AS compensation is not obtained. A similar finding was reported 
recently by Kinkel et al. (14). These authors pointed out that mutually 
saturated 1-octanol contains a considerable quantity of dissolved water 
(27% on a mole fraction basis) and that water-centered aggregates (41  
alcohol-water) have been described (5). In addition, linear aliphatic al- 
cohols can exist in polymeric forms (33). Changes in temperature will 
affect these associations as well as the association between phenolic so- 
lutes and l-octanol itself. Because of these factors, it was suggested (14) 
that the van’t Hoff method should not be used to obtain thermodynamic 
quantities from the 1-octanol-water system, and microcalorimetry was 
proposed as an alternative. This is an attractive possibility provided the 
methodology can be refined to give reliable results. An alternative sug- 
gestion would be to avoid the use of 1-octanol when studying the ther- 
modynamics of the distribution process. 

Phospholipid Vesicle-Water Distribution-The temperature de- 
pendence of the molal distribution coefficient (KT)  for p-substituted 
phenols distributed between DMPC vesicles (below their phase transition 
temperatures) and 0.15 M NaCl is shown in Figs. 5 and 6. 

The derived thermodynamic quantities are given in Table 11. All values 
refer to initial phenol concentrations of 2 X M and 20 mg of DMPC. 
The AH is large and positive for all solutes studied. The negative AG is 
the result of a large compensating increase in entropy: the process is en- 
tropy dominated. The magnitude of the absolute values is dependent on 
the nature of the experimental system used, and different values can 
result from using different phenol concentrations, phospholipid con- 
centration, and experimental protocol. Thus, the data should be regarded 
as giving a qualitative rather than a precise quantitative picture (34). 

In both absolute and relative terms the log KT values for the alkyl and 
halophenols are more closely related to the distribution coefficients for 
the 1-octanol-water system rather than those for the so-called inert 
solvents such as cyclohexane. However, for the vesicles, AH is positive 
throughout which is similar to the shuation for the nonpolar solvents and 
in direct contrast to the negative AH values found for the 1-octanol-water 
system. 

Previously, Rogers and Davis (8) have reported that the thermody- 
namic parameters for the transfer of phenols between aqueous environ- 
ment and DMPC vesicles change in sign and magnitude a t  the phase 
transition temperature. Above T,, AH and AS are both negative. Similar 
changes in thermodynamic parameters at temperatures in the region of 
T, have been reported by others (7,9,35). Diamond and Katz (7) inter- 
preted observed enthalpy changes by proposing that in the crystalline 
state below T, the hydrocarbon tails of DMPC pack closely and uniformly 
along their length. Thus, insertion of a solute into the membrane requires 
the breaking of strong intermolecular forces between the hydrocarbon 
tails, and entropy changes can be attributed to the disruption of the or- 
derly crystalline array by the inserted solute. Thus, large and compen- 
sating changes in AH and AS attributable to the change in liposome 
structure can mask the smaller changes in AH and AS due to the actual 
transfer of the solute. In this respect, Lumry (36) has warned recently 
that AH and AS quantities each contain two parts one (motive) that 
contributes to the free energy (of transfer) and one that does not (com- 
pensation) but that reflects enthalpy and entropy fluctuations. In water 
and most biological systems these compensation effects can dominate 
the motive (work-doing) contribution. Consequently, discrepancies can 
arise in attempts to formulate mechanistic hypotheses using AH and AS 
information. 

The phospholipid vesicles are isotropic and will have markedly dif- 
ferent polarity regions; consequently, the different phenolic solutes are 
likely to distribute into different regions. This will affect both the dis- 
tribution coefficient and the thermodynamics of transfer. The high log 
KT values obtained for the phenols with phospholipid vesicle systems 
indicate that the phenols could be hydrogen bonded to the phosphate 
group of DMPC. Comparison of the date obtained for chloroanisole with 
those for chlorophenol (Fig. 6) indicates that AH for the anisole, where 
there can be no hydrogen bonding, is much larger. At  lower temperatures 
the anisole has a lower KZ value than the phenol, the KT value being 
much more temperature dependent than for the phenol. The hypothesis 
that the phenolic hydroxyl group can (hydrogen) bond to the DMPC 
phosphate group was further strengthened by studies on the resorcinol 
monoethers. Again the hydroxy compound has a lower AH value than 
the corresponding methoxy or ethoxy compound (Table 11). This suggests 
that the resorcinol is able to interact favorably with the phospholipid head 
group through both of its phenolic hydroxyl groups and that the orien- 
tation of these compounds in the lipid bilayer is quite different from that 
of the alkyl phenols. The AH values for the resorcinols were all positive 
(67-140 kJ mole-’), whereas Beezer et al. (12) have shown for the 1- 
octanol-water system that AH is negative and in the range of -15 to -7 
k J  mole-’. 

The ability of a solute-like phenol to undergo specific interactions with 
the bilayer membrane calls into question the use of inert hydrocarbons 
as model solvents for use in correlating structure with biological activity, 
even though inert hydrocarbons do find a role as reference states (4) and 
data obtained using such solvents can be converted to values more rele- 
vant to polar environments (37). A reasonable correlation can be obtained 
between liposome-water partition coefficients and octanol-water par- 
tition coefficients (7,8). However, the derivation of the more complete 
thermodynamic picture in terms of AH and AS values indicates that the 
two systems are very different. 
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Abstract  tl Self-association of drug molecules at formulation concen- 
trations can have a major impact on formulation properties. In this study 
a homologous series of methylprednisolone 21-hemiesters were found 
to undergo self-association in aqueous solution. The effect of aggregate 
formation on the solution degradation of these compounds was examined. 
To determine the nature and extent of association of these steroidal es- 
ters, partition coefficients between butyronitrile and aqueous buffer (pH 
8.5) were measured as a function of ester Concentration. The partitioning 
data were found to be consistent with dimer formation a t  low concen- 
tration followed by true micelle formation a t  higher concentration. Chain 
length increases favored micelle formation, but appeared to have little 
effect on dimerization. The first-order rate constants for ester hydrolysis 
and 21 - 17 acyl migration in aqueous buffer (pH 8.5) were also found 
to be dependent on ester concentration. The kinetic data are consistent 
with a model which assumes stabilization by both dimer and micelle 
formation, the limiting factor a t  high concentration being the reactivity 
of the ester in the micelles. The degree of stabilization due to self-asso- 
ciation was found to increase with chain length. 

Keyphrases 0 Methylprednisolone-synthesis of 21-hemiester 
homologues, influence of premicellar and micellar association on reac- 
tivity Steroids-methylprednisolone, synthesis of 21-hemiester 
homologues, influence of premicellar and micellar association on reac- 
tivity Association, micellar-influence on the reactivity of methyl- 
prednisolone 21-hemiesters 0 Association, premicellar-influence on 
the reactivity of methylprednisolone 21-hemiesters 

Self-association of hydrophobic drug molecules in 
aqueous solution can have a profound effect on formula- 
tion properties due to the reduced effective concentration 
of drug at high total concentration. Specifically, molecular 
aggregation may result in higher drug solubility, increased 
or decreased solution stability, or transient masking of 
local biological effects. 

While there is voluminous literature on the effect of 
micelle-forming additives on the chemical reactivity of 
various substrates, very few cases have been reported in 
which a labile substrate itself forms molecular aggregates 
resulting in self-stabilization. The few studies which do 
exist suggest that reactivity can be significantly altered 
either favorably or unfavorably by substrate self-aggre- 

gation into micelles (1,2). Premicellar aggregation has also 
been found to dramatically alter reactivity (3-5). 

Steroidal molecules, particularly bile salts, are known 
to undergo self-association in aqueous solution to form 
aggregates varying in size from dimers to much larger oli- 
gomers (6-8). Self-association has also been observed for 
the corticosteroid methylprednisolone 21-phosphate (9). 
In this case a marked acceleration in reactivity in more 
concentrated solutions was attributed to micelle forma- 
tion. 

A recent study showed that methylprednisolone 21- 
succinate’ decomposes initially in aqueous solution uia two 
parallel pathways (10). In addition to the well-known ester 
hydrolysis reaction, acyl migration from the 21- to the 
17-OH occurs a t  a rate comparable to hydrolysis (Scheme 
I). 

Since it was suspected that methylprednisolone 21- 
succinate may self-associate a t  formulation concentrations, 
a study was initiated to determine: (a)  the nature and ex- 
tent of self-association, ( b )  the effect of aggregation on the 
solution kinetics, and (c) the effect of molecular modifi- 
cation (increasing the hydrophobicity through increases 
in hemiester chain length) on both the aggregation and 
kinetics. To determine unambiguously the nature and 
extent of self-association, a partitioning method was de- 
veloped enabling calculation of the monomer concentra- 
tion as a function of total concentration. The initial rates 
of ester hydrolysis and acyl migration as a function of 
concentration were then combined with the partitioning 
data to elucidate the relative reactivities of monomeric and 
aggregated species. 
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Abstract  tl Self-association of drug molecules at formulation concen- 
trations can have a major impact on formulation properties. In this study 
a homologous series of methylprednisolone 21-hemiesters were found 
to undergo self-association in aqueous solution. The effect of aggregate 
formation on the solution degradation of these compounds was examined. 
To determine the nature and extent of association of these steroidal es- 
ters, partition coefficients between butyronitrile and aqueous buffer (pH 
8.5) were measured as a function of ester Concentration. The partitioning 
data were found to be consistent with dimer formation a t  low concen- 
tration followed by true micelle formation a t  higher concentration. Chain 
length increases favored micelle formation, but appeared to have little 
effect on dimerization. The first-order rate constants for ester hydrolysis 
and 21 - 17 acyl migration in aqueous buffer (pH 8.5) were also found 
to be dependent on ester concentration. The kinetic data are consistent 
with a model which assumes stabilization by both dimer and micelle 
formation, the limiting factor a t  high concentration being the reactivity 
of the ester in the micelles. The degree of stabilization due to self-asso- 
ciation was found to increase with chain length. 

Keyphrases 0 Methylprednisolone-synthesis of 21-hemiester 
homologues, influence of premicellar and micellar association on reac- 
tivity Steroids-methylprednisolone, synthesis of 21-hemiester 
homologues, influence of premicellar and micellar association on reac- 
tivity Association, micellar-influence on the reactivity of methyl- 
prednisolone 21-hemiesters 0 Association, premicellar-influence on 
the reactivity of methylprednisolone 21-hemiesters 

Self-association of hydrophobic drug molecules in 
aqueous solution can have a profound effect on formula- 
tion properties due to the reduced effective concentration 
of drug at high total concentration. Specifically, molecular 
aggregation may result in higher drug solubility, increased 
or decreased solution stability, or transient masking of 
local biological effects. 

While there is voluminous literature on the effect of 
micelle-forming additives on the chemical reactivity of 
various substrates, very few cases have been reported in 
which a labile substrate itself forms molecular aggregates 
resulting in self-stabilization. The few studies which do 
exist suggest that reactivity can be significantly altered 
either favorably or unfavorably by substrate self-aggre- 

gation into micelles (1,2). Premicellar aggregation has also 
been found to dramatically alter reactivity (3-5). 

Steroidal molecules, particularly bile salts, are known 
to undergo self-association in aqueous solution to form 
aggregates varying in size from dimers to much larger oli- 
gomers (6-8). Self-association has also been observed for 
the corticosteroid methylprednisolone 21-phosphate (9). 
In this case a marked acceleration in reactivity in more 
concentrated solutions was attributed to micelle forma- 
tion. 

A recent study showed that methylprednisolone 21- 
succinate’ decomposes initially in aqueous solution uia two 
parallel pathways (10). In addition to the well-known ester 
hydrolysis reaction, acyl migration from the 21- to the 
17-OH occurs a t  a rate comparable to hydrolysis (Scheme 
I). 

Since it was suspected that methylprednisolone 21- 
succinate may self-associate a t  formulation concentrations, 
a study was initiated to determine: (a)  the nature and ex- 
tent of self-association, ( b )  the effect of aggregation on the 
solution kinetics, and (c) the effect of molecular modifi- 
cation (increasing the hydrophobicity through increases 
in hemiester chain length) on both the aggregation and 
kinetics. To determine unambiguously the nature and 
extent of self-association, a partitioning method was de- 
veloped enabling calculation of the monomer concentra- 
tion as a function of total concentration. The initial rates 
of ester hydrolysis and acyl migration as a function of 
concentration were then combined with the partitioning 
data to elucidate the relative reactivities of monomeric and 
aggregated species. 
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EXPERIMENTAL 

Materials-All reagents and chemicals were either analytical reagent 
grade or known to be of high purity. Methylprednisolone 21-hemisucci- 
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Figure l--Hutyronitrile-O.Ol N HCl partition coefficient versus con- 
centration of methylprednisolone 21-succinate in the butyronitrile 
phase. 

ESTER CONCENTRATION 

nate' was used as supplied without further purification. Methylpredni- 
solone2 for use as a high-performance liquid chromatography (HPLC) 
reference standard was recrystallized from tetrahydrofuran. The re- 
maining methylprednisolone esters used in this study were synthesized 
as described. 
Synthesis-6a-Methylprednisolone 21-Hemiadipate-A mixture 

of 5 g of 11~,17a-dihydroxy-21-iodo-6a-methylpregna-1,4-diene-3,20- 
dime2, 14.6 g of adipic acid, and 34.8 ml of N,N-diisopropylethylamine 
in 45 ml of dimethylformamide and 20 ml of acetone was allowed to stand 
a t  25' for 1 hr. The mixture was extracted with ethyl acetate (250 ml) and 
washed with 0.08 M citric acid. The organic phase was rapidly extracted 
(pH lo), and the resulting aqueous phase was readjusted to pH 5 and then 
extracted with ethyl acetate. The solvent was evaporated under reduced 
pressure, and the resulting solid was recrystallized twice from ethyl ac- 
etate-hexane to give an analytical specimen, mp 164.3-165.6; NMRYavb: 
b 7.2-7.4 (d, 1, C1-H), 6.0-6.2 (d, 1, Cz-H), 5.9 (s, 1, C r H ) ,  4.G5.3 (m, 
2, C21-H2), 4.4 (broad, 1, C11-H). 

Anal.-Calc. for CzsH3sO~: C, 66.92; H, 7.62. Found: C, 67.01; H, 
7.91. 

Ga-Methylprednisolone 21 -Hemisuberate-The ester was prepared 
in the aforementioned manner using 5 g of Il~,l7a-dihydroxy-2l-iodo- 
6a-methylpregna-1,4-diene-3,20-dione, 17.4 g of octanedioic acid, 34.8 
ml of N,N-diisopropylethylamine, 67 ml of dimethylformamide, and 20 
ml of acetone to give, after recrystallization from ethyl acetate-hexane, 
an analytical specimen, mp 192.1-195.4; NMRh*b: 6 7.2-7.4 (d, 1, C1-H), 
6.0-6.2 (d, 1, Cz-H), 5.9 (s, 1, C4-H), 4.G5.3 (m, 2, C~I-HZ), 4.4 (broad, 
1, Ci1-H). 

Anal.-Calc. for C30H240~: C, 67.91; H, 7.98. Found: C, 67.58; H, 
8.33. 

Ga-Methylprednisolone 17-Hemisuccinate-The synthesis and 
structure elucidation were reported previously (10). 

Ga-Methylprednisolone 17-Hemisuberate-Methylprednisolone 
21-hemisuberate (4 g) was dissolved in 400 ml of water by the slow ad- 
dition of 1 N NaOH. The pH of the final solution was maintained 19.5 
over several hours and the 17-ester formation was monitored by HPLC. 
The concentration of 17-ester plateaued at 4-10% of the total solution 
concentration. The reaction was stopped by acidification and products 
were isolated by extraction with ethyl acetate. The solvent was removed 
under reduced pressure and the remaining solid purified by HPLC: (a)  
reverse-phase4 using acetonitrile-water (911) containing 0.05 M acetic 
acid at a flow rate of 18 ml/min5 and (b) silica gel6 using butylchloride- 
ethyl acetate (1:l) containing 1% acetic acid a t  18 ml/min5. The solvent 
was removed to give a white amorphous solid which was reprecipitated 
from ethyl acetate-hexane. No methylprednisolone nor 21-suberate were 
detected by HPLC. UV": A,,, = 244 nm, c = 1.48 X lo4 (methylpredni- 
solone 17-succinate Amax = 244, c = 1.50 X lo4). NMR3 (acetone-ds): 6 

(broad, 1, CII-H), 4.2-4.25 (s,2, C21-Hz). 
Sample Preparation-All sample solutions for both kinetic and 

partitioning studies were prepared in 0.1 M boric acid buffer adjusted 

7.3-7.5 (d, 1, CI-H), 6.1-6.3 (d, 1, C2-H), 5.90-5.95 (s, 1, C4-H), 4.55 

The Upjohn Co., Kalamazoo, Mich. 
(a) Model T-60 NMR Spectrometer, Varian Assoc. (h) IINISOL-d is a 4:l 

LOBAR-Size B RP-8 columns (2) from E. Merck, Darmstadt, Germany. 
Milton Roy Mini-Pump, Laboratory Data Control, Riviera Beach, Fla. 

ti LOBAR-Size B silica gel columns (3) from E. Merck, Darmstadt, Ger- 

Zeiss DMR-21 spectrophotometer. 

mixture of CDC13-DMSO-ds, Norell, Inc., Landisville, N.J.. 

many. 
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Figure 2-Semilog plots of monomer fraction [PClPC(O)] versus total 
concentration in ester in aqueous buffer a t  pH 8.47 and 2Fi0. Key: (0) 
21-succinate; (A) 21-adipate; and (0) 21-suberate. 

to pH 8.47 f 0.01 with 50% sodium hydroxide. The ionic strength of the 
buffer was 0.5 M (potassium chloride). 

Stock solutions containing -0.1 M 21-ester were prepared by weighing 
an appropriate amount in a volumetric container and adding buffer 
containing the amount of excess sodium hydroxide required to neutralize 
the carboxylic acid. Sonication and vigorous mixing were required to 
rapidly dissolve the sample. The stock solutions were frozen (-20') for 
later use. Aliquots of these stock solutions were diluted and pH was ad- 
justed to 8.47 f 0.01 if necessary. Temperature of the diluted samples 
was maintained a t  25.0' during all studies. 

Parti t ion Coefficient Determinations-After the appropriate 
dilution of one of the aforementioned stock solutions, a 1-5 ml aliquot 
was transferred to a test tube containing 1-5 ml of butyronitrile. The 
biphasic mixture was brought to 25', vortexed vigorously, centrifuged, 
and allowed to stand in the 25' water bath for 15-30 min. Aliquots from 
each layer were removed. The butyronitrile was evaporated under a ni- 
trogen stream, and the residues from both the aqueous and butyronitrile 
phases were diluted with an acidified acetonitrile-water mixture. HPLC 
analysis was carried out as described below using standard solutions of 
the corresponding 21-ester in acetonitrile-water (1:3) a t  pH 3-3.2. 

Kinetic Studies-The initial rates of product formation (up to 3%) 
were monitored by HPLC as a function of initial 21-ester concentration. 
Standards containing methylprednisolone and the corresponding 17-ester 
(when available) a t  concentrations of -1 X 10V-1 X M were pre- 
pared in acetonitrile-water (1:3) adjusted to pH 3.2. 

At suitable time intervals precise aliquots of samples prepared by 
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Figure 3-Monomer concentration versus total ester Concentration in 
aqueous solutions a t  p H  8.47and 25". Key: (a) 21-succinate; (A) 21- 
adipate; and (0) 21 suberate. Dashed line represents the monomer 
concentration expected in the absence of self-association. 
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Figurc 4-Average aggregate size determined from Eq. 13 versus log 
of e s t w  concentration in aqueous buffer (pH 8.47 and 25"). Key: (a) 
21-~uccinate; (A) 21-adipate; and (0) 21-suberate. 

appropriately diluting the stock solutions described previously were 
transferred to vials containing an acetonitrile-water mixture acidified 
such that the final solution pH was 3-5 to immediately quench the re- 
action. Samples (5 100 ~ l )  were analyzed by HPLC employing a modular 
chromatographic system consisting of an automated sample injectofi, 
a constant-flow pumpg operated a t  1.5-2.0 ml/min, a reverse-phase col- 
umnlO, a variable-wavelength UV detector" operated a t  244 nm, and a 
digital integrator". 

Mobile phase compositions for the 21-succinate, 21-adipate, and 21- 
suberate systems were, respectively, 0.05 M acetic acid in acetonitrile- 
water (1:2) adjusted to pH 5.3 with NaOH, 0.05 M acetic acid in aceto- 
nitrile-water (2:3) adjusted to pH 5.0, and 0.05 M acetic acid in aceto- 
nitrile-water (911) adjusted to pH 5.2. 

RESULTS AND DISCUSSION 

Self-Associated Systems and  Methods fo r  Their Investiga- 
tion-Although the nature of the forces in water which give rise to a 
hydrophobic effect are still not well understood (11-13), the tendency 
of hydrophobic solutes (molecules containing large regions of exposed 
organic groups) to self-associate in water is widely recognized (14). 
Typical micelle-forming surfactants, such as flexible-chain compounds 
with polar head groups, can form large aggregates containing -30-120 
monomers per multimer (15). 

If the aggregates formed are sufficiently large, containing >20 mono- 
mers, a simple monomer-micelle model adequately represents the 
equilibria involved. Such systems are characterized by a distinct break 
point in plots of any number of properties uersus concentration. The 
point a t  which this discontinuity occurs is termed the critical micelle 
concentration (CMC). Below the CMC the concentration of micelles is 
negligible (monomer concentration equals total concentration), while 
above the CMC the activity of monomer is virtually constant. 

Careful studies, however, generally show curvature rather than a dis- 
tinct discontinuity a t  the apparent CMC (14), suggesting that small ag- 
gregate formation occurs prior to true micelle formation. Even flexible 
long-chain fatty acid anions have been shown to dimerize in dilute 
aqueous solutions (16). Steroids consisting of inflexible alicylic fused-ring 
systems, such as the bile acid salts and the corticosteroid derivatives of 
interest in this study, are also quite likely to form smaller aggregates. 
Light scattering and solubilization studies of sodium cholate, for example, 
suggest that it self-associates to form dimers (6) and other small aggre- 
gates (17). 

The existence of premicellar aggregates complicates the interpretation 
of experimental data obtained by methods that do not allow direct cal- 
culation of the monomer concentration. Most experimental methods are 

Wisp Model ilOA, Waters Associates, Milford, Mass. 
Altex Model 1 IOA, Altex Scientific Inc, Berkeley, Calif. 

Model 0:380A, Hewlett -Packard. Avondale, Mass. 

1'1 1Wpm LICHROSORB RP-18 column, Brownlee Labs, Berkeley, Calif. 
I '  AltedHitachi Model 153-00, Altex Scientific. 

Figure  5 -Plots of C ~ l f M o n ]  versus monomer concentration (see Eq.  
1 5 )  for  estimation of dimerization equilibrium constants. Key: (@) 
PI-succinate; (A) 21-adipate; and (0) 21-suberate. 

unsuitable, because each multimer must be described by both a formation 
constant and a parameter reflecting its contribution to the property being 
measured. Conductance methods, for example, require the estimate of 
an equivalent conductance for each species (18). Spectral methods require 
an estimate of absorptivity for each species present (19). 

Parti t ioning Method for Monitoring the Self-Association of 
Methylprednisolone Hemiesters-The determination of partition 
equilibria has been shown to be a useful technique in monitoring self- 
association (16). The partition coefficient, PC(C), of an amphiphile be- 
tween an organic and an aqueous solvent reflects the relative thermo- 
dynamic activity coefficients YH~o!C) and -yorg(C), of solute in the two 
solvents where C is the concentration of solute in the aqueous phase. 

At equilibrium, the thermodynamic activities of solute in the two 
phases are equal: 

aH20 = aorg 

aH20 = Y H ~ O C H ~ O  and aorg = -rorgCorg 

where 

At infinite dilution, Y H ~ o ( O )  is defined such that: 

lim Y H ~ o ( C )  = YH~O(O)  = 1 

(Eq. 1) 

C H z O  -+ 0 (Es. 2) 
Also a t  infinite dilution, from Eq. 1 and the definition of the partition 
coefficient: 

PC(0)  = lim (~,,,,/CH,O) = YH20(0)/Yorg(O) 
CH2O - 0 (Eq. 3 )  

Yorg(0 )  = l/PC(O) (Eq. 4) 

and, substituting the value of YH~O(O) from Eq. 2: 

Assuming that the activity coefficient of solute in the organic phase, 
-yorgr remains constant with changes in solute concentration: 

Yorp(C) = Yorg(0 )  = I P C ( 0 )  (Eq. 5 )  

A further assumption is that deviations in the activity coefficient of solute 
in aqueous solution are due solely to self-association, so a t  any concen- 
tration the value of Y H ~ O  is equal to the fraction of monomer ([Mon]) 
present: 

(Eq. 6) 

Two useful relationships are then obtained from Eqs. 1-6, enabling 
the direct calculation of monomer concentration and monomer fraction 
from measurements of partitioning equilibria: 

(Eq. 7) 
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and 
[Mon] = YH?O(C) = PC(C)/PC(O) (Eq. 8) 

A pH of 8.5 was selected for both the partitioning and kinetic studies, 
because the solutes were highly soluble at this pH and the reaction rates 
were in a range which could be conveniently measured in a reasonable 
length of time. A t  this pH, nonpolar solvents (isooctane, toluene, etc . )  
were unacceptable for use in partitioning studies, because partition 
coefficients were too low, while most polar hydrogen-donating or hy- 
drogen-accepting solvents extracted too much solute. Butyronitrile-a 
polar, aprotic solvent which is immiscible with water-was found to be 
suitable. 

The pH dependence of the partition coefficient of methylprednisolone 
21-succinate suggested that only the free acid partitions into the organic 
phase. At pH 2 the intrinsic partition coefficient of solute, PCI(O) was 
found to be -170, while the value of PC(0) a t  pH 8.47 was 0.031. As- 
suming that only the free acid partitions and that the p& for the succi- 
nate is 4.7 (lo), the predicted value of PC(0) a t  pH 8.47 can be calculated 
fmm: 

(Eq. 9) 

which is in good agreement with the observed value. 
A critical assumption on which Eqs. 7 and 8 are based is that the ac- 

tivity coefficient of solute in the organic phase is constant with concen- 
tration (Eq. 5). Changes in the activity coefficient of the solute due to 
association in the organic phase, therefore, either must be negligible or 
must be considered significant. Carboxylic acids are known to dimerize 
in nonpolar solvents (19,20), but the equilibrium constant for dimeri- 
zation in the more polar solvent butyronitrile should be substantially 
smaller. 

To determine whether dimerization in butyronitrile is significant over 
the solute concentration range of interest in the pH 8.5 partitioning 
studies (0 to -3.3 X M), the partition coefficient of methylpredni- 
solone 21-hemisuccinate between butyronitrile and 0.01 N HCl was de- 
termined as a function of concentration (Fig. 1). Since the partition 
coefficient is large at low pH, the aqueous concentration of solute ap- 
proaches infinite dilution over the entire butyronitrile concentration 
range of interest. Self-association in the aqueous phase at pH 2 is, 
therefore, unimportant. Although there does appear to be an upward 
trend consistent with a very small deviation in yo%, this trend is negligible 
over the concentration range of 0-3.3 X M, indicating that self- 
association of solute in the organic phase can be neglected. 

Partition coefficients a t  pH 8.47 (F = 0.5) were determined over a 
concentration range of 0-0.1 M. Values of PC(0) were estimated by linear 
extrapolation of the partitioning data a t  concentrations below 3 X 10-3 
M to infinite dilution. The estimated values of PC(0) for the succinate, 
adipate, and suberate are 0.031,0.167, and 1.48, respectively. As expected, 
partition coefficients increase by a factor of 2.5-3 per -CHz- group 
increment consistent with literature values for the methylene group 
contribution to partitioning into polar organic solvents (21). 

The monomer fraction was calculated by applying Eq. 8 to the parti- 
tioning data. Semilog plots of the monomer fraction uersus concentration 
in aqueous buffer are shown in Fig. 2. Two conclusions can be drawn from 
the data in Fig. 2: changes in monomer fraction are observed at very low 
concentration (-1 X M) and increased chain length results in greater 
association. Surface tension measurements on the succinate did not show 
any aggregation below -0.02-0.03 M13, while the partition coefficients 
clearly change at much lower concentrations. This suggests that partition 
coefficients are a more sensitive measure of the aggregation phe- 
nomena. 

Applying Eq. 7 to the partitioning data one obtains the monomer 
concentration at  any total ester concentration (Fig. 3). A striking obser- 
vation from these plots is the existence of a t  least two distinct types of 
association-premicellar association exemplified by curvature a t  low 
concentrations and micelle formation indicated by the constancy in 
monomer concentration after an apparent discontinuity in each curve. 

Premicellar Association-In very dilute solutions, monomer con- 
centration very nearly equals total concentration as indicated by the 
dashed line in Fig. 3. The marked deviations from the extrapolated line 
prior to the apparent CMC suggest that premicellar association occurs. 
Premicellar aggregation is perhaps more noticeable in Fig. 2, since 
monomer fractions change markedly prior to the apparent critical micelle 
concentrations observed in Fig. 3. 

A calculation of the average aggregate size as previously described (22) 
is derived in the following manner. 

l3 S. L. Nail, The Upjohn Company, private communication. 

Table I-Apparent Critical Micellar Concentrations, 
Equilibrium Constants for Dimerization, and Contribution of 
Each Species to Total Concentration a t  0.1 Mfor Corticosteroid 
21-Hemiesters Varying in Side-Chain Length 

Species Contribution at 0.1 M 
Apparent0 K1.7 Monomer. Dimer. Micelle. 

Ester CMC,M liter mile-' M M M 

21-Succinate 0.02 80 f 4* 8.2 X 1.1 X 8.1 X lo-' 
21-Adipate 0.01-0.015 70 i 7 5.7 X 4.6 X lo-" 9.0 X 
21-Suberate 0.003 85 f 22 2.3 X 8.6 X 9.7 X 

~ 

a Apparent critical micelle concentration. * 95% Confidence limits from linear 
regression. 

The total concentration of ester (CT) can be expressed as, 

CT = [Mon] + 2K1,2[MonI2 + 3K1,3[MonI3 t . . . (Eq. 10) 

where aggregated species of all sizes are allowed without any assumptions 
as to their tendency to form. The total species concentration (ST) is: 

ST = [Mon] + K1,2[MonI2 t K1,3[MonJ3 t . . . (Eq. 11) 

ST = J'"" CT/Mon dMon 

By inspection it is clear that: 

(Eq. 12) 

The average polymer size a t  any concentration is defined as: 
CT - Mon average polymer size = ST - Mon (Eq. 13) 

The integral in Eq. 12 was evaluated by trapezoidal integration. 
The results of average polymer size calculations uersus log CT are 

shown in Fig. 4. The premicellar region is indicated by the flat portion 
of the diagrams at  an average polymer size of -2 which is very broad for 
the succinate, less so for the adipate, and barely distinguishable for the 
suberate due to its low apparent CMC. The broad region with average 
polymer size of 2 is consistent with dimer formation. Since the average 
polymer size does not gradually increase in the premicellar region, trimers 
or other small oligomers do not appear to be present. 

If dimerization is the major mode of association in the premicellar 
region, systems in this region should be adequately described by: 

(Eq. 14) CT = Mon + 2K1:zMon2 

where 
[Dimer] 
[MonI2 

K I : ~  = - (Eq. 15) 

Therefore, plots of CT/Mon uersus [Mon] should be linear with slopes 
of 2K1,2. These plots are shown to be approximately linear in Fig. 5. The 
values of Kl:2 estimated from a linear regression on the data in Fig. 5 are 
80 f 4,70 f 7, and 85 f 22 liter/mole for the succinate, adipate, and su- 
berate, respectively. K I : ~  is not affected noticeably by chain length 
suggesting that the Czl side chains are not participating in the dimeri- 
zation interaction. 

It is possible that dimers arise from the stacking of the steroidal portion 
of the molecules with the C21 side chains directed away from each other. 
Another possibility is that the side chains may be folded back in a hy- 
drophobic interaction with the side of the steroidal nucleus not involved 
in dimer formation. If the latter were true, folding back of the side chain 
would be expected in the monomer as well. Since the infinite dilution 
partition coefficients increase with chain length by the magnitude pre- 
dicted, this explanation does not seem likely. 

Micelle Formation-The break points in Fig. 3 after which monomer 
concentration remains constant suggest the formation of much larger 
aggregates or micelles. The critical micelle concentrations for the three 
homologues (the concentrations at  which micelles are first detectable) 
are listed in Table I along with the dimerization constants discussed 
previously. Above the CMC, the concentrations of monomer and dimer 
are invariant. Estimates of these concentrations are also shown in Table 
I. An interesting observation is that the actual monomer concentration 
is much lower than the apparent CMC, particularly for the succinate and 
adipate. In a simple monomer-micellar model, the monomer activity is 
generally assumed to be given by the CMC. As shown in Table I, estimates 
of monomer concentration from apparent critical micelle concentrations 
may be very misleading if premicellar association occurs. 

Numerous reports in the literature cite a relationship between CMC 
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and the number of methylene groups in the surfactants. The relationship 
generally takes the form: 

log CMC = A - bn (Eq. 16) 

where b is usually -0.28-0.3 (23). A plot of log CMC versus chain length 
in the series of corticosteroid esters gave a slope of 0.24, which is close to 
values generally reported in the literature. The effect of chain length on 
monomer concentration, however, was much less (Table I) than predicted 
from Eq. 16 due to the importance of dimer formation. 

It is difficult to speculate on the structure of these corticosteroid mi- 
celles other than to point out that they are large (average polymer size 
in Fig. 4 increases sharply above the CMC), and their formation is en- 
hanced by increases in side-chain length. 

1 1 
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Figure 6-Semilog plots of the ratio of the rate constant for hydrolysis 
at thegiven concentration to the infinite dilution rate constant &,b,/ka) 
versus ester concentration. Key: (@) 21-succinate; (A) 21-adipate; and 
(0) 21-suberate. 
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One hint as to the nature of the environment in the micelles may be 
obtained from UV meas~remen t s l~ .  The s - a* transition of the ste- 
roidal A-ring in the 21-esters of methylprednisolone undergoes a 
bathochromic shift as the polarity of the solvent is increased, due pre- 
sumably to a reduction in the energy level of the excited state accompa- 
nying dipole-dipole interaction and hydrogen bonding (24). For example, 
A,, of methylprednisolone succinate in tetrahydrofuran is 236 nm while 
in water it is 244 nm. A thin film of a 0.1 M aqueous solution of methyl- 
prednisolone succinate spread between two cuvettes exhibited a A,,, of 
-245 nm, very similar to that observed in dilute solutions, indicating that 
there is no significant change in absorbance accompanying the parti- 
tioning of molecules into micelles. This observation tentatively supports 
the hypothesis that  the environment surrounding the A-ring in the mi- 
celle is very polar or the A-ring is involved in hydrogen bonding within 
the micelle. 

Kinetics of Hydrolysis a n d  Acyl Migration in Aggregated Cor- 
ticosteroid Systems-Catalysis and inhibition of reactions in associated 
systems have been the subjects of extensive research (25,26). Of greatest 
interest from a pharmaceutical standpoint are those studies in which 
reaction rates have been markedly retarded by micelle-forming additives 
(27-31). Base-catalyzed hydrolysis of esters is generally inhibited by 
anionic surfactants (26), and since previous studies have shown (10) that 
both hydrolysis and 21 - 17 ester migration in methylprednisolone 
succinate are hydroxide ion catalyzed, it is reasonable to expect that both 
reactions might be slowed by self-association. The concentration of 
monomer in 0.1 M solutions of the corticosteroid homologues show a 
range of 2.3-8.2 X (Table I). If degradation were completely sup- 
pressed in the aggregates as has been shown in a t  least one case (27), 
significant stabilization should result from self-association in 0.1 M so- 
lutions. 

As predicted, hydrolysis and 21 - 17 acyl migration (Scheme I) of the 
methylprednisolone 21-ester linkage is suppressed a t  higher concentra- 
tions. Plots of kobs/kO versus concentration for hydrolysis and acyl mi- 
gration, are shown in Figs. 6 and 7 respectively, where ko is the pseudo 
first-order rate constant at  high dilution. From Figs. 6 and 7 the following 
conclusions are drawn: (a) significant suppression of reactivity occurs 
prior to the critical micelle concentrations (obtained from partitioning 
data) suggesting that dimerization as well as micelle formation stabilizes 
these esters toward hydroxide ion attack; ( b )  the overall magnitude of 
stabilization is much less than would be observed if monomers were the 
only reactive species; ( c )  increases in chain length which were earlier 
shown to promote micelle formation also result in larger rate suppression 
with increasing concentration; and ( d )  the magnitude of stabilization is 
about the same for both the hydrolysis reaction and 21 -* 17 acyl mi- 
gration. 

Whereas the equilibrium constants for dimerization, critical micelle 

l4 d.  R. Cardinal. College of Pharmacy, University of Utah, private communica- 
tion. 
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Figure 7-Semilog plots of the ratio of the observed 21 - 17acyl mi- 
gration rate constant at the given ester concentration to the infinite 
dilution acyl migration rate constant ($b,/ka) versus ester concen- 
tration (pH 8.47 and 25”). Key: (@) 21-succinate and (0) 21-sub- 
erate. 

concentrations, etc. were determined in butyronitrile-saturated aqueous 
buffer, the kinetic data were obtained in aqueous buffer containing no 
butyronitrile. The use of the dimerimtion constants in Table I to calculate 
rate constants for reaction of dimers from the kinetic data is, therefore, 
probably not advisable. A few kinetic studies in butyronitrile-saturated 
buffer were done, however, and similar rate suppression versus concen- 
tration curves were observed even though absolute reaction rates differed. 
Qualitatively at least, it is apparent from Figs. 6 and 7 that reaction rates 
in the dimers are substantially reduced since reactivities decline with 
concentration even at  very low concentrations. 

While the percentages of monomer reported in Table I are 24% of the 
total ester a t  0.1 M, reaction rates a t  0.1 Mare lower by a lesser amount 
(6-27%). Clearly, reactivity is not totally suppressed in the aggregated 
species. This is evident in the plots of the absolute hydrolysis rate versus 
the total ester concentration (Fig. 8). Although break points are not as 
sharp in the kinetic data as in the partitioning data, apparent critical 
micelle concentrations estimated from extrapolation of the two linear 
portions of each curve agree fairly well with the apparent critical micelle 
concentrations reported in Table I. 

Reaction rates continue to increase above the critical micelle concen- 
trations indicating that reactivity in the micelles is not totally s u p p r e d .  
From the slopes above the critical micelle concentrations in Fig. 8, rate 
constants for hydrolysis in the micelles can be obtained. Values of pseudo 
first-order rate constants for monomeric and micellar species, kmon and 
kmic. are listed in Table I1 for both hydrolysis and acyl migration. At high 
concentration (0.1 M), the reactions occurring in the micelles are actually 
the major contribution to the overall degradation rate. This accounts for 
the fact that stabilization is less than predicted based on the monomer 
concentrations. 

Table 11-Reaction Rate Constants for Monomeric and Micellar 
Species of Corticosteroid 21-Esters 

~ ~~~ 

21 - 17 Acyl Migration, 
Hydrolysis, min-’ min-1 

Ester mon kmie mon kmic 

21-Adipate 3.1 X 10-4 2.1 X 10-5 - - 
21-Succinate 4.2 X 7.4 X 3.2 X 3.9 X 

21-Suberate 2.6 X 8.1 X 2.8 X 9.5 X 10-6 

12- 
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Figure 8-Absolute hydrolysis rates versus total ester concentration 
(pH 8.5 and 25’). Key: (@) 21-succinate; (A) 21-adipate; and (0) 21- 
suberate. 

The effect of chain length on stability was investigated for a similar 
series of hydrocortisone hemiesters by Garrett in 1962 (32). These studies 
were conducted in diluted alcoholic solutions, however, and it was con- 
cluded that chain length has no significant effect on corticosteroid ester 
stability. The results of the present study suggest that chain length does 
have a significant effect on stability, especially at higher concentrations. 
The 21-suberate of methylprednisolone is nearly an order of magnitude 
more stable than the 21-succinate at a 0.1 M concentration. This greater 
stability is due to a combination of factors: ( a )  a slight steric effect which 
increases with chain length is apparent in the reactivity of the monomeric 
ester; ( b )  self-association increases with chain length providing added 
stability to long-chain hemiesters by lowering monomer concentration; 
and, most important, (c) reactivity in the micelle apparently decreases 
with increasing chain length. As a result of these factors, methylpredni- 
solone 21-suberate is >16-fold more stable a t  high concentration (>0.1 
M) than in dilute solution. 

By comparing Figs. 6 and 7 it is apparent that 21 - 17 acyl migration 
is suppressed by self-association to an extent similar to the suppression 
of hydrolysis. Since the approach of hydroxide ion is required for both 
reactions at pH 8.5, the similarity in behavior with self-association can 
be rationalized from simple electrostatic considerations (33). The de- 
crease in the rate constants of both reactions with increasing chain length 
is not explained as readily. Since the effect is not specific for one mech- 
anism, this must also reflect differences in the hydroxide ion activity in 
the immediate environment of the 21-ester linkage. 

REFERENCES 

(1) J. L. Kurz, J. Phys. Chem., 66,2239 (1962). 
(2) C. A. Bunton, S. Dim, L. S. Romsted, and 0. Valenzuela, J. Org. 

(3) C. A. Blyth and J. R. Knowles, J. Am. Chem. Soc., 93,3017,3021 

(4) F. M. Menger and C. E. Portnoy, ibid., 90,1875 (1968). 
(5) D. G. Oakenfull and D. E. Fenwick, Aust. J. Chem., 27, 2149 

(6) D. M. Small, Adv. Chem. Ser., 84,31 (1968). 
(7) P. Mukerjee and J. R. Cardinal, J .  Pharm. Sci., 65,882 (1976). 
(8)  Y. Chang and J. R. Cardinal, ibid., 67,174 (1978). 
(9) G. L. Flynn and D. J. Lamb, ibid., 59,1433 (1970). 

(10) B. D. Anderson and V. Taphouse, ibid., 70,181 (1981). 
(11) W. Kauzmann, Ado. Protein Chem., 14,l (1959). 
(12) G. Nemethy, Angew. Chem. Int. Ed., 6,195 (1967). 
(13) C. Tanford, “The Hydrophobic Effect,” Wiley-Interscience, New 

(14) P. Mukerjee, J. Pharm. Sci., 63,972 (1974). 
(15) K. Shinoda, T. Nakagawa, B. Tamamushi, and T. Isemura, 

(16) P. Mukerjee, J. Phys. Chem., 69,2821 (1965). 

Chem., 41,3037 (1976). 

(1971). 

(1974). 

York, N.Y., 1973. 

“Colloidal Surfactants,” Academic, New York, N.Y., 1963. 

Journal of pharmaceutical Sciences I 453 
Vol. 72, No. 4. April 1983 



(17) J. R. Cardinal, Y. Chang, and D. D. Ivanson, J.  Pharm. Sci., 67, 

(18) P. Mukerjee, K. J. Mysels, and C. I. Dulin, J. Phys. Chem., 62, 

(19) E. Rroswell, ibid., 72,2477 (1968). 
(20) D. S. Goodman, J. Am. Chem. SOC., 80,3887 (1958). 
(21) S. S. Davis, T. Higuchi, and J. H. Rytting,J. Pharm. Pharmacol., 

24,30P (1972). 
(22) F. J. C. Rossotti and H. Rossotti, J. Phys. Chem., 65, 926 

(196 1). 
(23) S. S. Davis, J. Higuchi, and J. H. Rytting, in “Advances in Phar- 

maceutical Sciences,” vol. 4, Academic, London, 1974, p. 232. 
(24) R. M. Silverstein, G. C. Bassler, and T. C. Morrill, “Spectrometric 

Identification of Organic Compounds,” Wiley, New York, N.Y., 1974, p. 
236. 

(25) E. H. Cordes, Ed., “Reaction Kinetics in Micelles,” Plenum, New 
York, N.Y., 1973. 

(26) J. H. Fendler and E. J. Fendler, “Catalysis in Micellar and Mac- 
romolecular Systems,” Academic, New York, N.Y., 1975. 

854 (1978). 

1390 (1958). 

(27) F. M. Menger and C. E. Portnoy, J. Am. Chem. SOC., 80,4698 

(28) G. G. Smith, D. R. Kennedy, and J. G. Nairn, J.  Pharm. Sci., 63, 

(29) S. Riegelman, J. Am. Pharm. Assoc., Sci. Ed., 49,339 (1960). 
(30) H. Tomida, T. Yotsuyanagi, and K. Ikeda, Chem. Pharm. Bull., 

(31) M. J. Cho and M. A. Allen, Int. J. Pharm., 1,281 (1978). 
(32) E. R. Garrett, J. Med. Pharm. Chem., 5,112 (1962). 
(33) G. S. Hartley, Trans. Faraday SOC., 30,444 (1934). 

(1967). 

712 (1974). 

26,148 (1978). 

ACKNOWLEDGMENTS 

The participation of K. Johnson in this study was the result of a senior 
independent research program jointly sponsored by The Upjohn Com- 
pany and Kalamazoo College, Kalamazoo, Michigan. The authors would 
also like to thank J. R. Cardinal, W. Morozowich, and S. L. Nail for dis- 
cussions regarding this study. 

Effect of Ethyl Cellulose in a Medium-Chain 
Triglyceride on the Bioavailability of Ceftizoxime 

IKUO UEDAs, FUMIO SHIMOJO, and JUN KOZATANI 
Received February 22,1982 from the Research Laboratories, Fujisawa Pharmaceutical Co., Ltd., Osaka 532, Japan. 
publication July 16,1982. 

Accepted for 

Abstract 0 The oral bioavailability of new formulations of ceftizoxime 
sodium was investigated in animals and humans. In rats, one of the for- 
mulations tested showed significant improvement, with a urinary ex- 
cretion of 47.7% (0-24 hr). Good results were obtained also in dogs. In 
humans, the mean peak serum level was 3.6 pg/ml at 3.3 hr postadmin- 
istration for formulation 10. The average ceftizoxime AUC at 0-8 hr was 
17.3 pg hr/ml and urinary excretion of ceftizoxime was 9.6% (0-24 hr). 
The concentrations in the serum exceeded the minimum inhibitory 
concentrations for most of the commonly encountered bacterial patho- 
gens. 

Keyphrases Bioavailability-oral ceftizoxime in rats, dogs, and hu- 
mans, effect of ethyl cellulose in medium-chain triglyceride 0 Ceftizox- 
ime-bioavailability of oral formulations in rats, dogs, and humans, effect 
of ethyl cellulose in medium-chain triglyceride Ethyl cellulose-effect 
with medium-chain triglyceride on the oral bioavailability of ceftizosime 
in rats, dogs, and humans 0 Triglyceride, medium-chain-effect with 
ethyl cellulose on the oral bioavailability of ceftizoxime in rats, dogs, and 
humans 

Ceftizoxime (I) is a new cephalosporin antibiotic which 
is active against both Gram-positive and Gram-negative 
bacteria. 

I 
The activity of ceftizoxime in vitro has been confirmed (l), 
and the reports on its clinical efficiency are numerous (2). 
The metabolism and pharmacokinetics of this drug have 
also been described (3). Ceftizoxime is administered par- 
enterally for effective systemic action since it is poorly 
absorbed from the GI tract’. The purpose of this investi- 

1 Unpublished data. 

gation was to determine the oral bioavailability of ceft- 
izoxime after the administration of its sodium salt to ani- 
mals and humans in new formulations produced with a 
combination of medium-chain triglyceride and ethyl cel- 
lulose as additives. 

Attempts to improve the oral bioavailability of poorly 
absorbed drugs by devising different pharmaceutical for- 
mulations have been reported (4-6). Similarly, our efforts 
have been directed to the development of new oral for- 
mulations of ceftizoxime. We have systematically studied 
a number of hydrophilic and hydrophobic vehicles, sur- 
factants, and nonsurfactants as additives and found that 
a combination of ethyl cellulose and a medium-chain tri- 
glyceride enhanced the oral absorption of ceftizoxime in 
rats, dogs, and humans. 

EXPERIMENTAL 

Materials-Ceftizoxime sodium2 was prepared as described in the 
patent (7). Commercially available ethyl cellulose3, polyethylene glycol 
4004, a medium-chain trigly~eride~, olive oil4, and ethyl alcohol4 were used 
in the suspensions. 

Formulations-Formulations containing various amounts of ethyl 
cellulose were tested. A medium-chain triglyceride (50 ml) and ethyl 
cellulose (500 mg) dissolved in 1 ml of ethyl alcohol were mixed with 
stirring. The ethyl alcohol was removed under reduced pressure. Ceft- 
izoxime sodium (5 g-potency) was then dispersed in the resulting vehicle 
to give the formulation of ceftizoxime used. Similar formulations con- 
taining olive oil or polyethylene glycol 400 instead of the medium-chain 
triglyceride were also investigated. 

Absorption Studies-Rats-Six-week-old male Sprague-Dawley rats, 
weighing 160-230 g, were fasted for 18 hr. The rats were given the ceft- 
izoxime sodium formulations (Table I) using a gastric tube at  a dose 
equivalent to 20 mg/kg. Urine was collected for 24 hr, stored at -20°, and 

Epocelin; Fujisawa Pharmaceutical Co., Ltd. Osaka, Japan. 
3 Ethocel, 10.45, and 100 cps; Dow Chemical Co. 
4 Hayashi Pure Chemical Industries, Ltd., Japan. 
5 Miglyol812; Dynamit Nobel Co. 
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Abstract 0 The oral bioavailability of new formulations of ceftizoxime 
sodium was investigated in animals and humans. In rats, one of the for- 
mulations tested showed significant improvement, with a urinary ex- 
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Ceftizoxime (I) is a new cephalosporin antibiotic which 
is active against both Gram-positive and Gram-negative 
bacteria. 

I 
The activity of ceftizoxime in vitro has been confirmed (l), 
and the reports on its clinical efficiency are numerous (2). 
The metabolism and pharmacokinetics of this drug have 
also been described (3). Ceftizoxime is administered par- 
enterally for effective systemic action since it is poorly 
absorbed from the GI tract’. The purpose of this investi- 

1 Unpublished data. 

gation was to determine the oral bioavailability of ceft- 
izoxime after the administration of its sodium salt to ani- 
mals and humans in new formulations produced with a 
combination of medium-chain triglyceride and ethyl cel- 
lulose as additives. 

Attempts to improve the oral bioavailability of poorly 
absorbed drugs by devising different pharmaceutical for- 
mulations have been reported (4-6). Similarly, our efforts 
have been directed to the development of new oral for- 
mulations of ceftizoxime. We have systematically studied 
a number of hydrophilic and hydrophobic vehicles, sur- 
factants, and nonsurfactants as additives and found that 
a combination of ethyl cellulose and a medium-chain tri- 
glyceride enhanced the oral absorption of ceftizoxime in 
rats, dogs, and humans. 

EXPERIMENTAL 

Materials-Ceftizoxime sodium2 was prepared as described in the 
patent (7). Commercially available ethyl cellulose3, polyethylene glycol 
4004, a medium-chain trigly~eride~, olive oil4, and ethyl alcohol4 were used 
in the suspensions. 

Formulations-Formulations containing various amounts of ethyl 
cellulose were tested. A medium-chain triglyceride (50 ml) and ethyl 
cellulose (500 mg) dissolved in 1 ml of ethyl alcohol were mixed with 
stirring. The ethyl alcohol was removed under reduced pressure. Ceft- 
izoxime sodium (5 g-potency) was then dispersed in the resulting vehicle 
to give the formulation of ceftizoxime used. Similar formulations con- 
taining olive oil or polyethylene glycol 400 instead of the medium-chain 
triglyceride were also investigated. 

Absorption Studies-Rats-Six-week-old male Sprague-Dawley rats, 
weighing 160-230 g, were fasted for 18 hr. The rats were given the ceft- 
izoxime sodium formulations (Table I) using a gastric tube at  a dose 
equivalent to 20 mg/kg. Urine was collected for 24 hr, stored at -20°, and 
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Table I-Effect of Vehicle on the  Urinary Excretion of 
Ceftizoxime after Oral Dosing in Rats with Ceftizoxime Sodium 
in Different Vehicles * 

~~ 

Vehicle 

Cumulative 
Urinary Excretion 

(0-24 hr), % of 
dose6 

~~ ~ ~ ~~ 

Polyethylene glycol 400 7.1 (5) 
A medium-chain triglyceride 16.2 (3) 
Olive oil 9.7 (3) 
A medium-chainc triglyceride t ethyl cellulose 37.7 (9) 
Olive oilc + ethyl cellulose 24.6 (5) 
Water 10.3 (5) 

0 At a dose of 20 mg- tencykg. Values represent the mean; sample size is in 
parentheses. c Ethyl ce&ose Concentration in the vehicle -1% (w/v); viscosity of 
ethyl cellulose was 100 cps. 

assayed within 24 hr. The amount of ceftiixime excreted was determined 
by high-performance liquid chromatography (HPLC) using a standard 
curve. 

Dogs-The formulations used in the dog experiments are shown in 
Table 11. Male beagle dogs weighing 8.0-13.2 kg were used, with four dogs 
per group. The animals were fasted overnight and the drug formulations 
(in hard gelatin capsules) were given in doses equivalent to 40 mg ceft- 
izoximehg. Urine was collected for 24 hr; 5-ml venous blood samples were 
drawn at  0.5, 1,2,4,6,  and 8 hr postadministration and centrifuged to 
obtain the serum. All serum and urine samples were stored at  -20' and 
assayed within 24 hr. 

Humans-Formulations 3 and 10 (Table 11) were used in the human 
experiments. Six healthy males, 33-47 years of age and 49.5-67.5 kg, 
participated in the study after informed written consent was obtained. 
No other drugs were taken during the investigation period. Prestudy 
physical examinations and laboratory parameters for all subjects were 
normal. 

Experimental Design-A two-way crossover design was used in the 
human studies. The two formulations (3 and 10) were given orally to the 
six volunteers, at an interval of 2 weeks. The volunteers drank 200 mi of 
water immediately after ingesting the drug. All volunteers fasted over- 
night before dosing and were given regular meals 2 hr after dosing. Venous 
blood samples (5 ml) for assay of serum concentration of ceftizoxime were 
drawn 0.5,1,2,4,6,8, and 24 hr postdose. Urine samples were collected 
at 2-hr intervals from 0 to 8 hr and for the interval 8-24 hr postdose. All 
serum and urine samples were stored at  -20' and assayed within 24 
hr. 

Assay of Ceftizoxime--The concentration of ceftizoxime in the serum 
and urine was determined by HPLC6. Samples (5 pl) were injected di- 
rectly into the HPLC equipped with a 254-nm detector and a stainless 
steel column (30 cm X 4-mm i.d.1 packed with p-Bondapak Cls7. The 
mobile phase was 0.6% potassium phosphate-0.2% sodium phosphate- 
acetonitrile (1:1:0.22). The system was operated at 2.0 mllmin with a 
column pressure of 2000 psi. Sample chromatograms are shown in Fig. 
1. 

A 

-- 
0 2 4 0 2 4  

MINUTES 
Figure 1-Chromatogram of ceftizoxime in serum (A) and urine (B) 
after oral dosing with ceftizoxime sodium. The retention time of the 
ceftizoxime peak (indicated by the arrow) is 2.8 min in serum and 3.6 
min in urine. 

6 M,odel ALC/GPC 204 (model 6OOOA pump, U6-K, and 400 detector); Waters 

7 Waters Associates, Milford, Mass. 
Associates, Milford, Mass. 

Figure 2-Time plots of mean serum concentration of ceftizoxime in 
four dogs after oral dosing with formulations 3 (0) and 10 (X), and with 
a water vehicle (0) as the control. Dogs received ceftizoxime sodium (at 
a dose of 40 mg-potencylkg) in a hard gelatin capsule. 

Standard Curves-The reproducibility and linearity of standard 
curves generated from rat, dog, and human serum and urine containing 
various amounts of ceftizoxime sodium were studied. The standard curves 
represent triplicate analyses and were prepared over concentration ranges 
of 50-600 pg/ml for urine and 2-10 pglml for serum. In serum, the 
least-squares regression line had a slope of 5.324, intercept of -0.143, and 
correlation coefficient of 0.99996; the limit of detection is 0.2 pg/ml. In 
urine, the least-squares regression line had a slope of 0.152, intercept of 
1.369, and correlation coefficient of 0.999969; the limit of detection is 5 
pglml. 

RESULTS AND DISCUSSION 

Table I shows the urinary excretion of ceftizoxime in rats as the per- 
centage of dose after oral administration of ceftizoxime sodium suspen- 
sion in some typical vehicles. It was found that 10.3% of the dose was 
excreted when the drug was given in a simple water suspension (control). 
The urinary excretion of ceftizoxime was somewhat lower when poly- 
ethylene glycol 400 or olive oil was used; the medium-chain triglyceride 
slightly increased the drug bioavailability as evidenced by the urinary 
excretion rate of 16.2%. It was found, however, that coadministration of 
ethyl cellulose with ceftizoxime sodium in the medium-chain triglyceride 
significantly increased the drug absorption: 37.7% of the drug was ex- 
creted. The coadministration of ethyl cellulose in olive oil also produced 
considerably higher urinary excretion (24.6%). However, ethyl cellulose 

0 0.6 1 2 4 6 8 
HOURS 

Figure 4-Time plots of mean serum concentration of ceftizoxime in 
four dogs after oral dosing with formulations 3 to), 8 (O),  and 9 (A). 
Dogs received ceftizoxime sodium (at a dose of 40 mg-potencylkg) in 
a hard gelatin capsule. 
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Table 11-Oily Formulations for Oral Ceftizoxime Sodium 

Ceftizoxime 
Ceftizoxime A Medium-Chain Ethyl Sodium Ethyl Cellulose 

Sodium, Triglyceride, Celluloseo, in Vehicle, in a Medium-Chain 
Formulation rng-potency ml mg % (w/v) Triglyceride, % (w/v) 

2 500 10 100 (100 cps) 5.0 1.0 
3 500 5.0 50 (100 cps) 10.0 1.0 
4 500 2.5 25 (100 cps) 20.0 1.0 
5 500 1.0 10 (100 cps) 50.0 1.0 
8 500 5.0 50 (10 cps) 10.0 1.0 
9 500 5.0 50 (45 cps) 10.0 1.0 

10 500 5.0 200 (100 CDS) 10.0 4.0 

- 
E 
a 

0 
a a 

. ol 

i l0-  
I- 

5 w 
V 
g 

Viscosity of ethyl cellulose in parentheses. 

Table 111-Effect of Ethyl Cellulose in a Medium-Chain 
Triglyceride on the Urinary Excretion of Ceftizoxime After 
Oral Dosing with Ceftizoxime Sodium in Rats a 

A- 

B - 
C- 

------* 0-0 

\ *  
/ 

1-  /* 

: o -  

Ethyl Cellulose Concentration of Cumulative 
per ml of Medium-Chain Ethyl Cellulose in Urinary Excretion 

Triglyceride, mgb the Vehicle, ?h (w/v) (0-24 hr), % of dosec 

- 

2 
4 
6 

.16 

4.0 

-1.0 

.0.5 

0.2 
0.4 
0.6 

25.5 f 8.9 (3) 
36.5 f 7.1 (3) 
47.7 f 3.4 (3) 

8 0.8 40.7 f 8.0 (3) 
10 1.0 37.7 f 1.9 (9) 

, ' a At a dose of 20 m potencylkg. suspended in a medium-chain triglyceride. 
Viscosity of ethyl cefiulose was 100 cps. Mean *SE;  sample size in paren- 

theses. 

did not affect the drug absorption when given in polyethylene glycol 
400. 

The data in Table I11 indicate that the effect of ethyl cellulose in the 
medium-chain triglyceride on the absorption of ceftizoxime in rats was 
dependent on the concentration of ethyl cellulose used. Ethyl cellulose 
in the range of 2-10 mg/ml significantly increased the drug absorption. 
The maximum effect was observed at  -0.6 % (w/v) ethyl cellulose. When 
ceftizoxime sodium in aqueous solution was administered intravenously 
to rats at a dose of 20 mg-potencykg, the urinary excretion of ceftizoxime 
a t  0-24 hr was 79.8% of the given dose'. The urinary excretions of 47.7% 
after oral dosing indicates that -60% of the administered drug was ab- 
sorbed. 

The experiments in dogs were designed on the basis of these data. The 
formulations used in the dog experiments are shown in Table 11. Figure 
2 plots the serum concentrations of ceftizoxime in dogs as a function of 
time postdose with formulations 3 and 10. The maximum serum con- 
centration of ceftizoxime was significantly higher for formulation 10 than 
formulation 3; but when the areas under the curve (AUC), calculated by 
trapezoidal rule, are compared, the differences between the bioavaila- 
hilities of formulations 3 and 10 are very small. 

The bioavailability studies in dogs, using ethyl cellulose of three dif- 
ferent viscosities (10.45, and 100 cps), demonstrate that ethyl cellulose 
with a viscosity of 100 cps resulted in higher serum concentrations of 
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Figure 4-Time plots of mean serum concentration of  ceftizoxime in 
four dogs after oral dosing with formulations 2 (a), 3 (O),  4 (A), and 
ij (A). Dogs receiiled ceftizoxime sodium (at a dose of40  mg-potencylkg) 
in a hard gelatin capsule. 

Figure 5-Time plots of mean serum concentration of ceftizoxime in 
six human volunteers after oral dosing with formulations 3 (0) and 10 
(0). The dose was 500 mg-potencylkg. The data points represent the 
mean values; standard errors are represented by the bars around each 
point. 

ceftizoxime than ethyl cellulose additives with viscosities of 10 and 45 
cps (formulations 8 and 9) (Fig. 3). 

The effect of the vehicle volume on the oral absorption of ceftizoxime 
was also investigated. Figure 4 shows the bioavailabilities (serum con- 
centrations) in dogs for 5,10,20, and 50% (w/v) suspensions of ceftizoxime 
sodium in the medium-chain triglyceride containing ethyl cellulose 
(formulations 2,3.4, and 5, respectively). The oral absorption of ceft- 
izoxime was shown to be dependent on the volume of the vehicle. The 
greatest absorption was observed with the 10% suspension, the next 
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Figure 6-Mean serum concentration of ceftizoxime (@) in six human 
volunteers after oral dosing with formulation 10. The lines indicate the 
minimum inhibitory concentrations for various bacterial pathogens. 
Key: (A) Pseudomonas aeruginosa IAM-1095; (B) Escherichia coli 35 
and Enterobacter cloacae 1; (C) Staphylococcus aureus 209p JC-1; (0) 
E. coli 28; (E) Proteus rettgeri 14; (F) Proteus vulgaris IAM-1025 and 
Streptococcus pneumoniae III; and (C) Klebsiella pneumoniae 
NCTC-418, Shigella flexneri la EW-8, Proteus mirabilis I, and Salmo- 
nella typhi T-287. 
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Table IV-Serum Concentrations of Ceftizoxime in Human Volunteers a f t e r  Oral  Dosing with Formulations 3 and  10 a 

Serum Concentrations of 
Age, Weight, Ceftizoxime, pg/ml* Cmax, Tmax, AUC, 

A 33 66.0 0.6 2.9 3.4 2.1 0.1 -c  3.4 2.0 12.0 
0.3 2.0 1.1 B 46 49.5 0.1 0.2 0.3 0.2 - - 

1.0 3.7 2.1 - - 3.7 2.0 10.5 3 C 45 66.0 - 

0.6 2.0 0.9 D 47 54.5 - - 
2.0 6.1 3.0 - - 6.1 2.0 16.7 E 38 54.5 - 

F 35 53.5 1.0 2.5 4.4 1.6 - - 4.4 2.0 12.2 

hr pg hr/ml Formulation Subject years kg 0.5hr 1 hr 2 h r  4 h r  6 h r  8 h r  Wg/ml 

- - 0.6 - 

Mean 
SE 

0.3 1.4 3.1 1.5 
f0.2 f0 .5  f0.9 f0.5 

3.1 
f0.9 

2.0 
fO.0 

8.9 
f2.6 

0.9 1.7 4.9 4.2 2.2 4.9 4.0 23.6 
0.1 0.5 0.1 - 0.5 4.0 1.4 

0.7 3.2 3.9 2.2 1.4 3.9 4.0 18.9 
0.7 3.2 2.3 1.1 0.2 3.2 2.0 12.3 
4.6 5.7 4.4 3.1 0.9 5.7 2.0 27.9 

F 35 54.0 1.5 2.7 3.3 3.4 2.1 0.9 3.4 4.0 19.6 

Mean 0.3 1.6 2.9 3.2 2.1 0.9 3.6 3.3 17.3 
SE f0.3 f0.7 f0.8 f0.7 f0.6 f0.3 f0.7 40.4 f3.8 

A 33 67.0 - 
B 46 50.0 - - 

10 C 45 67.5 - 
D 47 54.5 - 
E 38 55.0 - 

At a dose of 500 mg-potency/person. At 24 hr no ceftizoxime could be detected. - not detected. 

Table V-Urinary Excretion of Ceftizoxime in Human Volunteers after Oral  Dosing with Formulations 3 and  10 a 

Urinary excretion 
Age, Weight, at  time interval in hr, % Cumulation % 

Formulation Subject Years kg 0-2 2-4 4-6 6-8 S 2 4  (0-24 hr) 

h 8.9 A 33 66.0 4.4 3.1 1.3 0.2 - 

1.0 B 46 49.5 0.3 0.3 0.3 0.1 - 

4.0 
0.5 - 0.2 0.2 0.1 - D 47 54.5 
7.0 E 38 54.5 1.2 3.6 2.1 0.2 - 

F 35 53.5 2.5 2.0 0.6 0.1 - 5.2 

- - 45 66.0 0.6 2.7 0.7 3 C 

Mean 
SE 

10 

Mean 
SE 

4.4 
f0.7 f0.6 10.3 fO.0 - f1.3 

A 33 67.0 2.2 6.0 4.8 3.4 1.4 17.8 
B 46 50.0 0.1 0.2 0.2 n. 1 - n5 

1.5 2.0 0.9 0.1 - 

C 
D 
E 

.~ . .- ~~ ~ 

45 67.5 1.2 5.2 4.1 1.3 0.1 12.0 
47 54.5 1.3 5.7 1.2 1.3 0.2 9.6 
38 55.0 2.6 4.6 2.7 0.8 0.2 10.8 

F 35 54.0 3.0 2.1 1.5 0.2 - 6.8 

1.7 
f0.4 

4.0 
f0 .9  

2.4 
60.7 

1.2 
f0.5 

0.3 
40.2 

9.6 
f2.3 

A t  a dose of 500 mg-potency/person. - not detected. 

greatest with 5% suspension. The mean AUC of the serum concentra- 
tion-time curve for the 10% suspension was a little larger than that for 
the 5% suspension, which resulted in a lower maximum serum concen- 
tration with a longer duration. The 20 and 50% suspensions tended to 
produce smaller C,,,. 

Since the animal studies described above suggest that, similar effects 
may occur in humans, a study of the effect of the two formulations that 
gave the highest serum concentrations in dogs was deemed appropriate. 
The serum concentrations and bioavailability parameters of ceftizoxime 
in human volunteers after oral dosing with formulations 3 and 10 are 
given in Table IV. The time courses of mean serum concentrations of 
ceftizoxime are shown graphically in Fig. 5. After oral dosing with for- 
mulation 3, the serum concentrations of ceftizoxime peaked a t  2.0 hr and 
then declined rather sharply up to 6 hr. The mean (fSE) peak concen- 
tration (C,,,,J of ceftizoxime was 3.1 f 0.9 pg/ml (range, 0.3-6.1 pg/ml) 
and the mean (fSE) concentration was 1.5 f 0.5 pg/ml (range, 0.2-3.0 
pg/ml) a t  4 hr. After oral dosing with formulation 10, the serum con- 
centrations peaked a t  3.3 hr and then declined. The mean Cmax was 3.6 
f 0.7 fig/ml (range, 0.5-5.7 pg/ml) and the mean concentrations were 2.1 
f 0.6 (range, 0.1-4.2 pg/ml) and 0.9 f 0.3 pg/ml (range, 0.2-2.2 pg/ml) 
at 6 and 8 hr, respectively. Formulation 10 gave a slightly higher C,, (not 
statistically significant) and a longer T,,, (statistically significant at  0.01 
< p < 0.05) than formulation 3. The mean AUC (fSE) for the serum 
concentration-time curve was 8.9 f 2.6 p g  hr/ml (range, 0.9-16.7 pg 
hr/ml) for formulation 3 and 17.3 f 3.8 pg hr/ml (range, 1.4-27.9 pg 
hr/ml) for formulation 10. Thus, formulation 10 gave an AUC double that 
of formulation 3 (statistically significant a t p  < 0.01). 

The urinary excretion of ceftizoxime in human volunteers after dosing 

with formulations 3 and 10 is given in Table V. The mean (fSE) cumu- 
lative urinary excretions of ceftizoxime for 0-24 hr were 4.4 f 1.3% of the 
dose (range, 0.5-8.970) for formulation 3 and 9.6 f 2.3% (range, 0.5-17.8%) 
for formulation 10. Formulation 10 resulted in a cumulative urinary ex- 
cretion double that of formulation 3 (statistically significant a t  0.01 < 
p < 0.05), thus confirming the AUC values. 

As shown in Fig. 6, the concentrations determined in the serum over 
a period of 8 hr after a single dose of 500 mg-potency of ceftizoxime so- 
dium (formulation 10) were found to exceed the therapeutically active 
level (minimum inhibitory concentration in oitro) against many Gram- 
negative organisms, including strains of Escherichia coli, Klebsiella, and 
Proteus (1,2). 

In conclusion, when compared with an aqueous solution of ceftizoxime 
sodium, formulations containing ethyl cellulose improved oral absorption 
of ceftizoxime. Formulation 10, which contained the higher additive 
concentration gave a larger ceftizoxime AUC value and higher urinary 
excretion than formulation 3. The concentration in the serum exceeded 
the minimum inhibitory concentration for normally encountered bac- 
terial pathogens. 
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COMMUNICA TIONS 

Correlation Between the Psychotropic 
Potency of Cannabinoids and Their 
Effect on the 'H-NMR Spectra of Model 
Membranes 

Keyphrases 0 Membranes-model, correlation between psychotropic 
potency of cannabinoids and their effect on the 'H-NMR spectra 0 
Cannabinoids-correlation between psychotropic potency and their ef- 
fect on the 'H-NMR spectra of model membranes 0 Cholesterol-model 
membranes, correlation between the psychotropic potency of cannabi- 
noids and their effect on the 'H-NMR spectra Phosphatidylcho- 
line-model membrane, correlation between the psychotropic potency 
of cannabinoids and their effect on the 'H-NMR spectra 

T o  the Editor: 

Little is known of the mode of psychotropic action of 
A'-tetrahydrocannabinol (I), the major active component 
of hashish (1). It has been suggested that this drug, as well 
as other psychotropic cannabinoids, exerts its psychotropic 
effect through a nonspecific interaction with lipid con- 
stituents of nerve cell membranes (2). To investigate such 
nonspecific interactions, phospholipid vesicles (liposomes) 
have been used as model membranes. These models rep- 
resent an oversimplification of the complex biological 
membranes. However, the possibility of manipulating their 
composition and size permits deduction of the relative 
importance of the various structural and compositional 
factors of the membrane in determining the interactions 
of membranes with drugs. For the effect of a drug on the 
physical properties of a model membrane to be regarded 
as relevant to the mode of action of the drug, a correlation 
must be established between the effect of various deriva- 
tives of the drug and their potency on the membrane. 

For psychotropically active cannabinoids, electron spin 
resonance measurements showed that these drugs reduce 
the order within the bilayer (3) when introduced into 
vesicles composed of phosphatidylcholine and cholesterol. 
The disordering effect of five different cannabinoids cor- 
related qualitatively with their psychotropic potency. The 
psychotropically nonactive drug, cannabidiol (VI), in- 
creased the order parameter within the bilayer (3). Since 
electron spin resonance, as well as several other physico- 
chemical techniques, involve the use of external probes, 
which might alter the bilayer properties, we have recently 
studied the effect of the cannabinoids, I and VI, on the 
'H-NMR spectra of lipid vesicles (4). The conclusions of 

this research were similar to those obtained from the 
electron spin resonance study: addition of small amounts 
of I (1 mole percent) to  vesicles composed of egg phos- 
phatidylcholine and cholesterol (2: 1) caused narrowing of 
the apparent linewidth of the phospholipid methylene 
groups signal, whereas the chemically similar, nonactive 
compound, VI, had the opposite effect. 

The purpose of the present work was twofold. First, we 
wanted to establish a correlation between the potency of 
various cannabinoidsl and the effect of small quantities 
(1 mole percent) of these drugs on the apparent linewidth 
of the NMR resonance of the phospholipid hydrocarbon 
chain protons in model membranes composed of egg 
phosphatidylcholine and cholesterol. Second, in a previous 
work we showed that in the absence of cholesterol in the 
model membranes, small amounts of I do not produce any 
significant change in the linewidth of the lH-NMR reso- 
nances. Therefore, we found it of interest to study the role 
of cholesterol in the interactions of I with the model 
membranes. These interactions most likely are not due to 
the existence of specific interactions of I with cholesterol, 
since there is no evidence for such interactions in the 
'H-NMR spectrum of a mixture of these two components 
in chloroform (4). One alternative explanation was that the 
lack of a fluidizing effect in the absence of cholesterol is due 
to the disrupted packing in the highly curved small uni- 
lamellar vesicles (5-7). More specifically, vesicles formed 
by sonification of mixtures of phosphatidylcholine and 
cholesterol are larger and less curved than those made of 
the pure phospholipid by the same method. This may 
cause the difference between the effect of I on vesicles with 
and without cholesterol. To investigate this possibility, we 
studied the effect of cannabinoids on the larger vesicles 
(-500-A diameter) made of pure phosphatidylcholine by 
the French press method (8). The results of this study, in 
conjunction with the dependence of the fluidizing effect 
of I on the cholesterol content in the vesicles, indicate that 
cholesterol is important in the interaction of this drug with 
model membranes. 

The model membranes were prepared as follows: solu- 
tions of phosphatidylcholine2 and cholesterol3 in chloro- 

~~ 

All cannabinoids used in this study (Table I) were a gift of Professor R. Me- 
choulam of the Natural Products Laboratory, Hebrew University. 

2 Egg yolk phosphatidylcholine (lecithin, grade 1) was purchased from Makor 
Chemicals (Jerusalem). It was at least 99% pure, giving one spot on a TLC plate at 
a 1-pmole loading. It was used without further purification. 

3 Cholesterol (Merck) was recrystalized from ethanol. 
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T o  the Editor: 

Little is known of the mode of psychotropic action of 
A'-tetrahydrocannabinol (I), the major active component 
of hashish (1). It has been suggested that this drug, as well 
as other psychotropic cannabinoids, exerts its psychotropic 
effect through a nonspecific interaction with lipid con- 
stituents of nerve cell membranes (2). To investigate such 
nonspecific interactions, phospholipid vesicles (liposomes) 
have been used as model membranes. These models rep- 
resent an oversimplification of the complex biological 
membranes. However, the possibility of manipulating their 
composition and size permits deduction of the relative 
importance of the various structural and compositional 
factors of the membrane in determining the interactions 
of membranes with drugs. For the effect of a drug on the 
physical properties of a model membrane to be regarded 
as relevant to the mode of action of the drug, a correlation 
must be established between the effect of various deriva- 
tives of the drug and their potency on the membrane. 

For psychotropically active cannabinoids, electron spin 
resonance measurements showed that these drugs reduce 
the order within the bilayer (3) when introduced into 
vesicles composed of phosphatidylcholine and cholesterol. 
The disordering effect of five different cannabinoids cor- 
related qualitatively with their psychotropic potency. The 
psychotropically nonactive drug, cannabidiol (VI), in- 
creased the order parameter within the bilayer (3). Since 
electron spin resonance, as well as several other physico- 
chemical techniques, involve the use of external probes, 
which might alter the bilayer properties, we have recently 
studied the effect of the cannabinoids, I and VI, on the 
'H-NMR spectra of lipid vesicles (4). The conclusions of 

this research were similar to those obtained from the 
electron spin resonance study: addition of small amounts 
of I (1 mole percent) to  vesicles composed of egg phos- 
phatidylcholine and cholesterol (2: 1) caused narrowing of 
the apparent linewidth of the phospholipid methylene 
groups signal, whereas the chemically similar, nonactive 
compound, VI, had the opposite effect. 

The purpose of the present work was twofold. First, we 
wanted to establish a correlation between the potency of 
various cannabinoidsl and the effect of small quantities 
(1 mole percent) of these drugs on the apparent linewidth 
of the NMR resonance of the phospholipid hydrocarbon 
chain protons in model membranes composed of egg 
phosphatidylcholine and cholesterol. Second, in a previous 
work we showed that in the absence of cholesterol in the 
model membranes, small amounts of I do not produce any 
significant change in the linewidth of the lH-NMR reso- 
nances. Therefore, we found it of interest to study the role 
of cholesterol in the interactions of I with the model 
membranes. These interactions most likely are not due to 
the existence of specific interactions of I with cholesterol, 
since there is no evidence for such interactions in the 
'H-NMR spectrum of a mixture of these two components 
in chloroform (4). One alternative explanation was that the 
lack of a fluidizing effect in the absence of cholesterol is due 
to the disrupted packing in the highly curved small uni- 
lamellar vesicles (5-7). More specifically, vesicles formed 
by sonification of mixtures of phosphatidylcholine and 
cholesterol are larger and less curved than those made of 
the pure phospholipid by the same method. This may 
cause the difference between the effect of I on vesicles with 
and without cholesterol. To investigate this possibility, we 
studied the effect of cannabinoids on the larger vesicles 
(-500-A diameter) made of pure phosphatidylcholine by 
the French press method (8). The results of this study, in 
conjunction with the dependence of the fluidizing effect 
of I on the cholesterol content in the vesicles, indicate that 
cholesterol is important in the interaction of this drug with 
model membranes. 

The model membranes were prepared as follows: solu- 
tions of phosphatidylcholine2 and cholesterol3 in chloro- 

~~ 

All cannabinoids used in this study (Table I) were a gift of Professor R. Me- 
choulam of the Natural Products Laboratory, Hebrew University. 

2 Egg yolk phosphatidylcholine (lecithin, grade 1) was purchased from Makor 
Chemicals (Jerusalem). It was at least 99% pure, giving one spot on a TLC plate at 
a 1-pmole loading. It was used without further purification. 

3 Cholesterol (Merck) was recrystalized from ethanol. 
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Figure &The effect o f l o n  the apparent linewidth of the phosphati- 
dylcholine methylene signals (Au1/2).+ in vesicles made by the French 
press methoid (0) and by sonication wrth (A) and without (0) choles- 
terol (33 mole percent). In the absence of cannabinoids, ( A v 1 1 2 ) ~ ~ ~  was 
22 Hz for the sonicated lecithin, 85 Hz for sonicated vesicles with cho- 
lesterol, and 35 Hz for the French press vesicles. 

form were mixed at  appropriate molar ratios, and the or- 
ganic solutions were evaporated to dryness under nitrogen 
and then lyophilized. The dried mixtures were dispersed 
in deuterium oxide4 to the proper concentration. Small 
unilamellar vesicles were prepared from these dispersions 
by ultrasonic irradiation5 until clear dispersions were ob- 
tained. French press vesicles were prepared by a previous 
method (6)6. The final concentration of phosphatidyl- 
choline for lH-NMR measurements was 50 mg/ml. 

The drugs were dissolved in deuterated dimethyl sulf- 
oxide4, and their solutions were added to the prepared 
liposome dispersions to give the appropriate molar ratio 
of drug-phosphatidylcholine. lH-NMR spectra were re- 
corded immediately after sonication7. All spectra were 
recorded without accumulation and under the same con- 
ditions of radio frequency (RF) and modulation. The lH 
linewidths (Avll,) were measured using a spectral width 
of 10 Hz/cm and sweep rate of 1 Hz/sec and are expressed 
as the difference between their measured values and the 
width of the 1H-O-2H signal in the same spectrum. Each 
result is an average of at  least four consecutive scannings 
under the same conditions of RF and modulation. The 
experimental errors, indicated in Figs. 1 and 2, represent 
the deviation of the results from their averages. Care was 
taken to ensure reproducibility in the base line determi- 
nation. This was achieved by the use of the base line of the 
corresponding spectrum determined a t  a spectral width 
of 40 Hdcm. 

Figure 1 shows that addition of 1 mole percent of I to 
sonicated egg phosphatidylcholine vesicles does not change 
the apparent linewidth of the methylene group signal, 
whereas in cholesterol-containing vesicles, a small but 
reproducible narrowing is observed. 

Deuterated solvents were purchased from Merck; deuterium oxide wa8 99.7% 

Heat Systems 350W sonicator. 
Aminco French pressure cell, American Instrument Co. 
NMR measurements were done either on a Jeol JMN-100 spectrometer, oper- 

pure, *HB-dimethyl sulfoxide was 99% pure. 

ating at 100 MHz or on a Bruker WH-300 at 300 MHz. 

T 

0 20 40 
CHOLESTEROL, mole percent 

Figure 2-The reduction in the apparent linewidth of the signal of 
phosphatidylcholine methylene protons introduced by I mole percent 
of I as a function of the cholesterol content of sonicated vesicles. Phos- 
phatidylcholine concentration was 50 mglml. 

The effect of several other cannabinoids on the choles- 
terol-containing model membranes (Table I) shows a 
qualitative correlation between the apparent narrowing 
caused by the various cannabinoids and the psychotropic 
potency of these drugs. In spite of the difficulties in the 
interpretation of 'H-NMR linewidths (5,10, ll), we believe 
that this apparent narrowing is due to a drug-induced re- 
duction of the restriction of the phospholipid molecular 
motions. However, other possibilities should also be con- 
sidered. It may be thought that the signals of some protons 
are actually broadened by I beyond detection, which would 
result in an apparent narrowing of the bulk super Lo- 
rentzion methylene signal (12). This possibility can be 
ruled out, since the methylene signals studied are fully 
detected in all the spectra, as is evident from the constant 
ratio of intensities of the methylene-choline signals. It is 
also highly improbable that vesicle-vesicle interactions 
cause this line narrowing, as the opposite effect is expected 
from such interactions (5,131. Thus, it may be concluded 
that in cholesterol-containing vesicles, I reduces the re- 
striction of molecular motions of the phospholipid hy- 
drocarbon chains. The correlation between the narrowing 
produced by various cannabinoids in lecithin cholesterol 
model membranes and the psychotropic potency of these 
drugs (Table I) supports the hypothesis that the reduction 
of molecular motion may be relevant to the psychotropic 
action of the cannabinoids. This is in agreement with an 
earlier conclusion (31, based on studies of electron spin 
resonance order parameters. 

In an attempt to elucidate the role of cholesterol in this 
phenomenon, we carried out two additional experiments. 
First, we measured the effect of I on the apparent linewidth 
of pure phosphatidylcholine vesicles made by extrusion 
of the phospholipid through a French pressure cell (8). The 
latter vesicles are significantly larger than the extremely 
curved vesicles made by ultrasonic irradiation. Nonethe- 
less, addition of I to the French press vesicles did not cause 
any narrowing of the proton signals (Fig. 1). This result is 
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Table I-Effects of Cannabinoid on the Apparent Linewidth of the Phosphatidylcholine Methylene Signal in Phosphatidylcholine- 
Cholesterol VesiclesP and their Psychotropic Activities 

Dose, m& Activity Avin, fi 
I 

I 
(-) A*-Tetrahydrocannabinol 

I1 
(-)A6-Tetrahydrobinol 

111 
(-)A."-Tetrahydrocmnebinol 

dimethyl heptyl 

IV 
( t ) A l  -Tetrahydrocannabinol 

dimethyl heptyl 

V 
Nabilone 

VI 
Cannabidiol 

VII 
Bezoxocin-4-one (fi) 

VIII 
Bezoxocin-4-one-dimethyl 

heptyl(2B) """% 

0.05 
0.1 
0.5 

0.1 
0.5-0.3 
1.0-2.0 

0.05 
0.1 
1.0 

- 

- 

5 
10 

0.25 
0.5 
1.0 

+ ++ +++ 

++ +++ 

++ +++ +++ 

- 

- + + 

-4.8 

-1.5 

-5.5 

+2.0 

+2.1 

+2.3 

+4.5 

-1.5 

a ( A U ~ , ~ )  had the value of 85 1.5 Hz for phosphatid lcholine-cholesterol (molar ratio 12)  sonicated vesicles in the absence of cannabinoids but with 0.4% (v/v) dimethyl 
is the change in this parameter indluced by various cannabinoids. * The psychotropic activity of the various compounds for rhesus monkeys as defined sulfoxide. 

previously (9). 

similar to that observed for the small vesicles of pure 
phosphatidylcholine and differs significantly from the 
result obtained upon addition of the drug to cholesterol- 
containing small vesicles. In another series of experiments, 
we studied the dependence of the line narrowing produced 
by 1 mole percent of I on the cholesterol content of small 
(sonicated) vesicles. As seen in Fig. 2, introduction of I 
results in a significant narrowing of the 'H-NMR reso- 
nances, provided that the model membrane contains 
cholesterol. 

The dependence of the line narrowing, produced by 1 
mole percent of I on the cholesterol content of the mem- 
branes (Fig. 2), indicates that for cholesterol contents of 
240 mole percent, the narrowing is maximal, and the drug 
reduces the motional restriction of the phospholipid 
paraffinic chains to the extent obtained at  much lower 
cholesterol concentrations. This is in accord with the idea 
that the narrowing is not caused by a strong specific in- 

teraction with a well-defined stoichiometry between I and 
cholesterol. It is also consistent with the high-resolution 
NMR studies of mixed solutions of these components in 
chloroform (4). Nonetheless, the lack of line narrowing, in 
the absence of cholesterol in vesicles of larger sizes, 
suggests that the narrowing in cholesterol-containing 
vesicles (Fig. 1) is not due only to the tighter basal packing 
in these vesicles (6). 

The role of cholesterol in the interaction of cannabinoid 
with the model membranes is not clear and will have to be 
investigated further. Nevertheless, the present results 
suggest that cannabinoids probably exert their psycho- 
tropic effect by altering the physical properties of the lipid 
matrix of membranes through a mechanism in which 
cholesterol plays an important role. 
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Experimental Evidence for Concentration- 
Dependent Plasma Protein Binding 
Effects on the Apparent Half-Lives of 
Restrictively Cleared Drugs 

Keypbrases Plasma protein binding-concentration dependent, ef- 
fects on the apparent half-lives of restrictively cleared drugs 0 Phar- 
macokinetics-experimental evidence for concentration-dependent 
plasma protein binding effects on the apparent half-lives of restrictively 
cleared drugs Disopyramide-experimental evidence for concentra- 
tion-dependent plasma protein binding effects on the apparent half-lives 
of restrictively cleared drugs 

To the Editor: 
Several early publications have addressed the influence 

of concentration-dependent (nonlinear) plasma protein 
binding on the pharmacokinetics of drugs which undergo 
restrictive clearance (elimination is proportional to free, 
unbound drug in serum or plasma) (1-3). Relatively simple 
models which excluded the influence of tissue binding were 
used to simulate plasma concentrations of free drug (Cf) 
and of total (free plus protein bound) drug (CJ. More re- 
cently, these earlier studies were extended (4) to include 
models which consider tissue binding and drugs which 

undergo nonrestrictive clearance (elimination is propor- 
tional to total drug in plasma). It was reported that log 
concentration-time plots of the elimination phase of Cf 
and Ct for drugs which undergo restrictive clearance may 
be linear, concave, or convex, depending on the extent to 
which drugs are bound to plasma and tissue protein (4). 

Experimental data verifying the results of these simu- 
lation studies in humans are difficult to obtain because of 
the absence of a model drug which demonstrates concen- 
tration-dependent plasma protein binding at plasma 
concentrations achieved following the administration of 
safe, therapeutic doses and the absence of an analytical 
method sensitive enough to accurately measure plasma 
concentrations for extended time periods following the 
administration of safe doses of the drug. This is because 
the behavior of the decay of plasma concentration-time 
plots may require a wide concentration range to be ex- 
pressed fully. 
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Figure I-Free (0,~) and total (.,A) serum concentrations of 
[’4C]disopyramide at  various times following the administration of 
carbon 14 alone (O,.) and the simultaneous administration of 
[14C]disopyramide and the oral dose (&A). In each case a linear re- 
gression line was drawn through the last 5 scrum concentration-time 
points. 
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Figure I-Free (0,~) and total (.,A) serum concentrations of 
[’4C]disopyramide at  various times following the administration of 
carbon 14 alone (O,.) and the simultaneous administration of 
[14C]disopyramide and the oral dose (&A). In each case a linear re- 
gression line was drawn through the last 5 scrum concentration-time 
points. 
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Table I-Pharmacokinetic Parameters of [ *4C]Disopyramide 

Total (Bound + Free) Free 

dPm mumin hr liters ml/min hr liters 

Dosea, Dosea, 
Dose A U C e - ,  tllZ*, V,C, A U C e ,  t1/2b, V,C, 

Tracer alone 2.09 x 107 42.7 5.3 18.0 329 5.3 138 

a AUC refers to the area under the [Wldisopyramide concentration time c w e  calculated by trapezoidal rule. The parameter tlf i  refem to half-life and was calculated 

Tracer plus oral dose 1.93 x 107 62.8 7.9 41.3 308 5.0 121 

by: t l / z  = 0.693/AZ, where A, is the apparent terminal slope of the serum concentration-time plot. The parameter V, refers to volume of distribution at steady state. 

Recent studies show that a-1-acid glycoprotein accounts 
for most of the plasma protein binding of disopyramide in 
humans (5,6) and that plasma protein binding is concen- 
tration-dependent following the administration of thera- 
peutic doses to patients (7) and normal subjects (6, 8). 
Furthermore, the clearance of disopyramide is restrictive 
( 6 4 ,  and pharmacodynamic activity is proportional to 
Cf (6). The systemic availability of disopyramide has been 
compared in a small group of patients and normal subjects 
by the administration of a 150-mg oral dose followed by an 
intravenous injection of 10 pCi of [14C]disopyramide 
(specific activity = 4.259 mCi/mmole) (9) 1 hr later. At  a 
later time, one of the normal subjects received a second 
tracer dose of [14C]disopyramide alone. Prior to each 
dosing plasma was collected, and the binding of disopy- 
ramide was characterized as previously described (6). 

Figure 1 compares the serum concentrations of [W]- 
disopyramide following the simultaneous administration 
of tracer and the oral dose with those following adminis- 
tration of just the tracer dose. Values of Ct as determined 
by liquid chromatography (10) following the simultaneous 
administration of tracer and oral disopyramide ranged 
between 2.47 (7.26 X 10-6 M) and 0.98 (2.89 X 10-6 M) 
pg/ml, respectively. The corresponding free fractions (fu) 
of the drug in plasma ranged between 0.32 and 0.18, re- 
spectively. Values of Ct, which were calculated from the 
specific activity, ranged between 9.4 X 
A4 following administration of the tracer dose alone. The 
fu at these Ct values was 0.13 and was concentration in- 
dependent. Table I compares the clearances of free 
( D i ~ l A U c t ! ~ ~ )  and total (DiulA UCPL,.) disopyramide 
concentrations, their respective half-lives ( t 1 / 2 ) ,  and 
steady-state volumes of distribution ( Vss).  These data 
show that the pharmacokinetics of disopyramide calcu- 
lated based on total serum concentrations are drug con- 
centration dependent, while those based on free disopy- 
ramide are concentration independent at the concentra- 
tion studied (300-fold range). The data also show that the 
t l l 2  of Ct is prolonged as compared with the t 1 / 2  calculated 
from Cf values when the plasma protein binding of diso- 
pyramide is drug concentration dependent. These data 
indicate further that as Cf and Ct decrease as a conse- 
quence of elimination following the simultaneous admin- 
istration of the tracer and the oral dose, fu decreases to a 
limiting value, at which time the decay in Cf and Ct are 
parallel. Thus, the decay in Ct is convex over the drug 
concentration range achieved in this study. 

and 4.0 X 

It was reported (4) that in the absence of tissue binding, 
the decay in Ct-time data is convex when the ratio of the 
binding capacity of the drug-binding protein to its disso- 
ciation constant is low (low and high ratios of 9 and 100, 
respectively, were reported) or when tissue binding is 
moderate to extensive (tissue free fractions of 0.5 and 0.1, 
respectively, were reported). The ratio of the binding 
constants characterizing the interaction between disopy- 
ramide and a-1-acid glycoprotein in the serum of the 
subject was -7.0, and the tissue free fraction was -0.05 
(11). Thus, the convex curvature in the terminal disopy- 
ramide Ct-time plot is consistent with previous findings 
(4) and provides at least some experimental support for the 
simulation studies described therein. Employment of 
tracer dose techniques provides another method (12) of 
examining the influence of concentration-dependent 
plasma protein binding on the pharmacokinetics of 
drugs. 
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EDITORIAL 

The “Weak Link” in New Drug Research 

No matter how critically we might examine the subject, there 
is no denying that the United States has a very comprehensive 
set of laws and regulations governing the research, testing, de- 
velopment, manufacture, packaging, promotion, and marketing 
of new drugs intended for human use. All of this did not come 
about overnight, nor without various triggering incidents- 
usually adverse-along the way that prompted Congress to enact 
new legislation or the Food and Drug Administration to adopt 
pertinent additional regulations. 

The present result is that virtually each of the steps listed 
above now entails very elaborate, complex facilities, personnel, 
and equipment. No longer is the drug manufacturing business 
a viable activity for “the little guy.” By yesterday’s standards, 
even the smallest drug companies today are rather large, and they 
are only “small” in comparison to the giants and near giants that 
are their “friendly competitors.” 

For the most part, this development has been a good one be- 
cause i t  has resulted in more highly qualified personnel, better 
equipment, and an overall improved standard of manufacturing 
performance. Long gone is the “cottage industry” dimension of 
the U.S. pharmaceutical industry. 

At least, long gone in every area except one. And, unfortu- 
nately, that remaining area is proving to be the most serious weak 
link in the entire continuum that eventually leads to the suc- 
cessful marketing of an important new drug. 

We are referring to clinical testing, and the fact is that even the 
largest drug companies conduct very little clinical research 
themselves. Traditionally, such testing is done by independent 
clinical investigators affiliated with universities, or teaching 
hospitals, or operating as very small testing laboratories. 

Many disinterested observers have considered this to be a good 
arrangement; in fact, many of us have regarded it as the preferred 
one. We have thought that such independence would result in 
more truthful, reliable, and objective testing and test re- 
porting. 

Naturally, as with every aspect of life, we expected that there 
would be some flaws in this system; that some investigators would 
be charlatans; and that some drug firms might succeed in getting 
certain drugs approved that otherwise would not quite make it. 
Indeed, because of some abuses years ago, the FDA had found 
i t  necessary to adopt procedures designed to assure that only 
qualified investigators are engaged in clinical drug testing; that 
their facilities, record-keeping practices, and general operating 
procedures adhere to acceptable standards; and that there is a 
system for disqualifying, censuring, and permanently barring 
violators. 

But drug testing is far from being an exact science, and despite 
these safeguards, certain investigators began to develop informal 
reputations as being far more likely to produce a test report fa- 
vorable to the drug under study than if it  were tested by most 
other investigators in the field. In turn, this induced at least some 
drug firms to engage in “investigator shopping.” Such “shopping” 
would not be with the idea of being charged a lower fee for the 
work, but rather with the objective of benefiting from the con- 
scious or unconscious bias of certain investigators. 

But apparently, these personal propensities were equally ap- 
parent to the FDA as they were to the drug firms, and most 
companies quickly concluded that their drugs would fare far 
better in the FDA review process if they had been tested by one 
or more of the clinical investigators who enjoy a reputation for 
being tough critics in their work. 

So it appeared that the system--though ever so delicately 
balanced-would survive and would continue to fulfill its purpose 
in an acceptable manner. 

Sadly, however, the system was recently dealt a severe blow 
which causes us to reconsider our long-held belief that the in- 
dependent clinical investigator system must be maintained and 
preserved a t  all costs. Specifically, there has been a rash of cases 
of fabricated or falsified data, and they have come from some very 
highly respected clinical investigators. 

Indeed, the severity of the problein recently prompted The 
Washington Post to run a lead article headlined “FDA, Citing 
Phony Evidence, Bars Drug Tests by Researcher,” and subtitled 
“Wave of False Medical Experiments.” This March 23 article 
specifically reports on the chicanery of a “leading heart specid- 
ist,” who is named and quoted in the article. 

“The case is one of the most important in a wave of phony 
medical testing that is raising new concerns in federal health 
agencies, which rely heavily on such data to help them determine 
a drug’s safety and effectiveness,” according to the article in the 
Post. 

An NIH staff official is quoted as saying that until about 1980 
cases of phony medical research by NIH grantees came up rarely, 
“perhaps once every other year,” but since then such cases “are 
cropping up so often, they can’t be dealt with as isolated 
events.” 

The article went on to cite other facts and figures including: 
( a )  seven physicians have signed a new type of “consent agree- 
ment” with FDA that they will not test future investigational 
drugs, ( b )  FDA’s ruling of eight other physicians as ineligible to 
receive investigational drugs, and ( c  ) several criminal prosecu- 
tions of investigators during the past year. 

But the article focused on the heart specialist because it 
pointed out that “(his) prominence, however, makes his case 
stand out.” He was an  FDA outside advisor for six years; he was 
the president of a prominent society of cardiologists; he published 
over 200 scientific papers; he served as an advisor for 21 profes- 
sional journals; and he has been a formal “consultant to numerous 
federal and state agencies, the American Medical Association’s 
Department of Drugs, and the American Heart Association.” 

Undoubtedly, there are still many honest and reliable clinical 
investigators. However, these recent experiences show that the 
present system is no longer reliable, and therefore it is no longer 
acceptable. If we are misled as to whether the drug entity itself 
is effective, what purpose is served by elaborate good manufac- 
turing practice requirements, extensive quality control protocols, 
or scrupulous adherence to rigid advertising limitations? Indeed, 
the clinical testing is the very heart of the entire process. 

Whenever past defects at one point or another in that process 
have been uncovered, Congress, the FDA, or the scientific com- 
munity-individually or collectively-have moved to institute 
corrective changes. I t  appears that such changes must now be 
made in this last of the drug-related “cottage industries,” if we 
are to have continued confidence in the effectiveness of our new 
drug supply. 

--EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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When I first tried animal experimentation for the 
purpose of discovering the motion and functions of 
the heart by actual inspection and not by other peo- 
ple's books, I found it  so truly difficult that I almost 
believed with Fracastorius, that the motion of the 
heart was to be understood by God alone. 

-William Harvey, M.D., 1628 

INTRODUCTION 

The rat has been a useful laboratory animal in virtually 
every area of biological and medical research since its in- 
troduction to the laboratory in adrenalectomy studies in 
1856 (1). The history of the development of the rat as a 
laboratory animal is a fascinating story that has been well 
'presented elsewhere (2,3). Briggs and Oehme (4) recently 
provided a very useful summary of the types of phar- 
macokinetic and toxicological studies commonly con- 
ducted to evaluate the safety and efficacy of xenobiotics 
in the rat. 

Pharmaceutical, pharmacological, and toxicological 
studies of xenobiotics in the rat often require collection of 
urine, feces, blood, bile, and various other body fluids. A 
search of the literature was conducted to locate methods 
for collection of these various fluids and excreta from the 
rat. The goal of this literature survey is to provide infor- 
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Table I S u m m a r y  of Normal Parameter Values in the Adult 
Laboratory Rat ,I 

Parameter Normal Range or Mean 

Life span 2.5-3 years 
Surface area 0.03-0.06 em2 
Water consumption 80-110 ml/kg/day 
Food consumption 100 g/kg/day 
Body temperature 37.5" 
Gestation 21-23 days 
Litter size 8-14 pups 
Birth weight 5-6g 
Heart rate 330-480 beats/min 
Blood pressure 

Systolic 88-184 mm Hg 
Diastolic 58-145 mm Hg 

Stroke volume 1.3-2.0 mlheat 
Cardiac output 10-80 ml/min (mean = 50 ml/min) 
Plasma volume 36.3-45.3 ml/kg (mean = 40.4 ml/kg) 
Blood volume 57.5-69.9 ml/k (mean = 64.1 ml/kg) 
RBC volume* 3.63 f 0.10 mlhOg (mean f SEM)  
Respiration rate 66-114 per min (mean = 85.5 per min) 
Tidal wave 0.60-1.25 ml (mean = 0.86 ml) 
Plasma pH 7.4 
Urine pH 7.3-8.5 
Albumin Poolsc 

Extravascular 
Intravascular 

365 mg/100 g body weight 
127 mg/LOO g body weight 

0 Values abstracted from Baker et al. (20) unless otherwise indicated. Bruck- 
ner-Kardoss and Wostmann (53). Sellers et ol. (56b). 

mation that will inform the experimental pharmaceutical 
scientist regarding available methodologies and aid the 
experimentalist in choosing the best method for the in- 
tended application. In addition, it is hoped that this pub- 
lication will prove to be a valuable tool for introducing 
research trainees to the wealth of biological samples and 
data that can be gathered from the live animal using ex- 
isting experimental methods. 

Periodically, various authors have provided a review of 
methods in use for laboratory investigation of the rat 
(5-21). Such updates must be done, since scientists 
working with rats are constantly developing new apparatus 
and better techniques with special application to labora- 
tory problems. This ongoing methodology research sup- 
ports efforts to minimize animal (and scientist) stress and 
thereby ensure a humane research environment. 

Kraus (21) has written the most recently published re- 
view of laboratory research methods for the rat. This re- 
view (including 672 references) provides a comprehensive 
introduction to all types of methodology including animal 
handling, body fluid collection, xenobiotic administration, 
anesthesia, and euthanasia methods. Excellent reviews of 
more basic information such as handling methods, labo- 
ratory personnel safety, injection procedures (volume, pH, 
and methods), blood collection techniques, methods for 
general anesthesia, and techniques for common surgical 
procedures have been provided by Waynforth (12) and 
Singh (22). A very useful introduction to basic surgical 
skills, from proper procedures for donning sterile gloves 
and gown to stages of anesthesia, has been assembled by 
Singh (23). The importance of aseptic techniques in rat 
surgery has been emphasized by Popp and Brennan (24). 
The reviews of previous authors were used as a gateway to 
the extensive literature in this area. 

This review attempts to gather, for summary and com- 
parative purposes, the literature on methods of vascular 
access and collection of body fluids for the rat. Papers were 
selected from the published literature through January 
1982. Although extensive literature is summarized, some 

citations inadvertently may have been omitted. None- 
theless, most available methods are summarized. Since 
many scientists from diverse fields of study have developed 
methodologies for the rat, it often is difficult to attribute 
the origin of a particular method to a specific scientist or 
laboratory. Therefore, originators of most methods are not 
identified. 

It is widely assumed that the rat is devoid of superficial 
blood vessels accessible to percutaneous puncture. 
Therefore, the novice may assume that technically com- 
plex surgical methods must be mastered to  collect the 
blood and other biological fluids essential to whole-animal 
studies. Unfortunately, these assumptions have fostered, 
by default, a trend toward studies on isolated cells and 
subcellular fractions when whole-animal studies would be 
more appropriate. In reality, there are a multitude of 
surgical and percutaneous methods for acute and chronic 
vascular access, as well as methods for collection of other 
biological fluids and excreta. 

In this review, summaries of these procedures are out- 
lined in a tabular presentation. In conjunction with the 
tables, considerations of fundamental methodology are 
discussed. 

GENERAL CONSIDERATIONS IN RAT 
EXPERIMENTATION 

The purpose of this section is to guide the reader to 
general, but essential, information on the use of rats in 
laboratory science. Scher (25) has written a concise sum- 
mary of some factors to be considered in designing any 
laboratory animal experiment. These factors include se- 
lection of the appropriate animal species, writing an ex- 
perimental protocol, and procedures for data analysis. 

Anatomy-Several books illustrating the anatomy of 
the rat are available (6,26-31). The most recent of these 
anatomy texts (31) is very useful in the laboratory as it is 
a photographic atlas in color. A stereotaxic atlas of the rat 
brain has been assembled (32). The scientist seeking de- 
tailed anatomical information is referred to the atlas 
compiled by Greene (26). Anatomical structures in this 
review are referred to using the nomenclature of Greene 
(26). 

The anatomy of specific parts of the vasculature has 
been summarized by several authors. Halpern (33) pro- 
vided a well-illustrated, detailed manuscript on coronary 
circulation in the rat, while Chambers and Zweifach (34) 
studied the capillary beds of the visceral tissues. Several 
workers have reported on the collection of blood from the 
so-called orbital plexus (35-37) or orbital sinus (38-44). 
The anatomy of the orbital vasculature in the rat has been 
detailed by Timm (45), who demonstrated the presence 
of an orbital venous plexus (with no anatomical venous 
sinus) in the eye. Of the various veins, the caudal-dorsal 
anastomotic vein is defined as the major anatomical site 
accessible to venipuncture. 

The rat differs anatomically from humans in several 
respects (46). Cardiac (33) and omental circulations (34) 
differ from their human counterparts. The rat has a rela- 
tively smaller thyroid, brain, and lungs than the human 
(47). The rat has no gallbladder (26), and is capable of liver 
regeneration following subtotal hepatectomy (48). In ad- 
dition, Nairn (49) has demonstrated the presence of a di- 
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rect transdiaphragmatic pathway for fluid transfer be- 
tween the peritoneal and pleural cavities. 

Physiology-Average values in the rat for organ weights 
(50), hematological parameters (50-52), blood volume (531, 
several serum enzymes (54), physiological parameters (20), 
breeding characteristics (55), and interspecies comparative 
hematology (56a) have been enumerated and are briefly 
summarized in Table I. The pathophysiology of aging rats 
has been recently reviewed (57). A wealth of biological data 
on the rat were compiled by Donaldson (58). Blood flow 
to various organs of the rat has been detailed (59,60). Such 
data, along with organ-blood flow data in humans, have 
been used in animal-to-human scale-up methods for 
physiological pharmacokinetic models (61-64). 

The usual nutritional requirements of the rat (65-67) 
are met by a variety of commercial feeds. The rat has 
proven particularly useful in nutrition research because 
it is susceptible to dietary induction of various vitamin and 
amino acid deficiencies. Newberne (68) discussed the 
possible influence of dietary factors on pharmacological 
experiments. 

The particular susceptibility of the rat to chronic res- 
piratory disease has been well reviewed (69). Although 
contraction of human disease from laboratory rats seems 
to be rare, scientists should be aware of rat-borne infectious 
zoonotic diseases, reviewed elsewhere (70). The allergic 
respiratory disease commonly contracted by scientists 
working with various laboratory animals, including the rat, 
was detailed by Lutsky and Toshner (71). 

Housing-Cages and rooms for housing rats must meet 
two essential requirements. First, the housing must facil- 
itate maintenance of the health and comfort of the animals. 
Second, the cages must satisfy the requirements of the 
specific experiment, e.g., metabolism, restraining, or ex- 
ercise cages. Current space recommendations for rats are 
cages of 17.8 cm in height for rats of all weights, with floor 
surface areas of 110,148,187, and 258 cm2 for rats weighing 
<loo, 100-200,201-300, and >300 g, respectively (72). The 
following equation (73) has been used in estimating the 
floor surface area (A, cm2) needed for one rat of a given 
weight (w, 9): 

A = 0 . 7 ~  + 6 6  0%. 1) 

A well-ventilated animal room should be maintained at  a 
constant temperature within 20-25’, with relative hu- 
midity kept at 5045% (74). Bedding for rat cages must be 
selected carefully since the use of softwood chips (i.e., red 
cedar, white pine, ponderosa pine) can result in the in- 
duction of microsomal enzyme activity (75). More specific 
information on cages and animal rooms can be found 
elsewhere (6,72,74). Metabolism cages are discussed later 
in this review. 

Handling-The rat can be lifted easily by the root of 
the tail. Since rats seem more at ease when their paws are 
in contact with something, one easy way to move a rat is 
by holding the root of the tail and resting the rat’s body on 
the mover’s hip (Fig. 1). Rats may also be picked up by 
slipping a hand over the shoulders to restrain its head 
between the thumb and first finger (Fig. 2). This procedure 
can be combined with restraint of a hind limb using the 
fifth finger of the free hand to provide a hold for intra- 
peritoneal injection (Fig. 3). Pregnant rats should not be 
lifted by the tail, but either with the support of a hand 

Figure 1-Illustration of an easy method for moving a rat, without 
undue animal stress, around the laboratory. The rat usually remains 
calm while resting against the coat. 

under the body or with a hand over the shoulders, as de- 
scribed above. Gloves may be useful for momentarily re- 
straining a rat by hand (see Momentary Restraint). 

Anesthesia-Surgical anesthesia in rats has been dis- 
cussed in detail previously (21, 23, 76-82). In addition, 
laboratory animal scientists are advised to read an infor- 
mative review of the health risks associated with chronic 
exposure to various gaseous anesthetics (83a). 

In many laboratories, the rat is anesthetized with ether 
(peroxide-free, anesthetic grade) by the introduction into 
a large dessicator jar containing an elevated wire-mesh 
floor and ether, followed by maintenance of anesthesia 
using a 50-ml beaker containing an ether-moistened sur- 
gical sponge placed over the nose of the rat (Fig. 4). More 
elaborate anesthesia chambers have been described (83b). 
Ether anesthesia is generally administered for <5 min 
when brief procedures are performed immediately on the 
rat. If ether is administered for longer periods of time, the 
rat is given at least 1 day to recover to avoid experimen- 
tation during a time period in which plasma volume may 
be decreased due to the ether anesthesia (84). Extended 
(>5 min) exposure to ether vapors will irritate the eyes of 
the rat. This irritation is indicated in the postoperative 
conscious rat by increased blinking and grooming of the 
eyes and head with the forepaws. Topical preoperative 
application of one drop of an artificial tear preparation2 
to each eye prevents irritation3. 

Although ether is a widely used, reliable anesthetic, 
maintaining the proper depth of anesthesia requires con- 
stant, careful supervision of the rat to avoid respiratory 
arrest. The depth of ether anesthesia can be difficult to 
judge, but some useful guidelines have been presented (12). 
Although ether has been administered by intraperitoneal 
injection (85), this may cause peritoneal inflammation and 
adhesions, and therefore is a relatively uncommon route 
of administration. Several masks and other apparatus for 
inhalation-anesthetic delivery have been described (86- 
92). Of these, that described by Stark and Lipman (91) is 
inexpensive and can be constructed easily from a 135-ml 
(4.5-02) plastic specimen jar, a 23-gauge butterfly infusion 
set, and a 1-ml glass syringe. Such an apparatus is useful 

Tears Naturale; Alcon Laboratories, Fort Worth, Tex. Tearisol; Smith, Miller, 

Personal communication, David Soda and Gerhard Levy, Department of 
and Patch, San German, P.R. 

Pharmaceutics, SUNY at Buffalo, Amherst, N.Y. 

Journal of Phrmaceutical Sciences I 467 
Vol. 72, No. 5, May 1983 



Figure 2-An over-the-shoulder method for lifting a rat while re- 
stricting headmooements by crossing the forelimbs under the chin. The 
leather glove is used in preventing biting by rats not conditioned to this 
grip. 

for administering halothane4, ether, or meth~xyflurane~ 
anesthesia. 

Pentobarbitale (30-40 mg/kg) administered intraperi- 
toneally is a commonly used anesthetic for the rat (77,93). 
Valenstein (94) has provided a table of intraperitoneal 
injection volumes for anesthesia uia pentobarbital in 
conjunction with chloral hydrate. Pentobarbital (21 mg/kg 
ip) has been advantageously used in conjunction with in- 
tramuscular ketamine7 (60 mg/kg) to induce surgical an- 
esthesia (95). Ketamine has also been used alone (96) for 
acute drug-induced immobilization to facilitate cardiac 
puncture (22 mg/kg) and for surgical anesthesia (44 mg/ 
kg), but its use is difficult in view of the highly variable 
depth of anesthesia induced by a given dose (97). Chloral 
hydrate (300 mgkg ip) is still used in some laboratories, 
despite an -5Wo incidence of adynamic ileus after a chloral 
hydrate administration of 400 mg/kg ip (98). A combina- 
tion products containing fentanyl (0.4 mg/ml) and dro- 

Figure 3-Use of the over-the-shoulder grip with the left hand to re- 
strain the head and upper body (note the crossed forelimbs), while re- 
straining via the f i f th  finger of the right hand the hind limb on the side 
of the peritoneum to be injected intraperitoneally. The thumb, first, 
and second finger of the right hand are free to administer the injection 
(via a syringe of appropriate volume and usually a 23-gauge, I-in. 
needle). 

' Fluothane; Ayerst Laboratories, New York, N.Y. 
Penthrane; Abbott Laboratories, North Chicago, Ill. 
Nembutal sodium; Abbott Laboratories, North Chicago, Ill. 
Ketalar; Parke-Davis, Morris Plains, N.J. Ketaject; Bristol Laboratories, 

Innovar-Vet; Pittman-Moore, Indianapolis, Ind. 
Syracuse, N.Y. 

Figure 4-The rat reclining on a home-built surgical board (41-cm long 
X 27-cm wide X 1-cm thick plywood painted with polyurethane varnish) 
while breathing some ether vaporized from an ether-moistened surgical 
sponge packed in the bottom of a 50-ml beaker. This procedure should 
be restricted to a fume hood to reduce the flammability risk of ether 
use. 

peridol (20 mg/ml) is available for intramuscular injection. 
Doses of 0.1-0.5 ml/kg have been used to induce surgical 
anesthesia (99-101). Alfaxalone-alfadolone combination 
has been used as an intravenous surgical anesthetic (102). 
Methohexitals has proven useful as an intravenous anes- 
thetic for periodic endotracheal intubation of the rat 
(103). 

Parker and Adams (104) have reviewed the effects of six 
common anesthetics (a-chloralose, droperidol, fentanyl, 
halothane, ketamine, and pentobarbital) on cardiovascular 
function in various laboratory animals. Researchers 
studying the aspects of cardiovascular function in the rat 
should find this review helpful in choosing an anesthetic 
or chemical restraining agent. 

Scientists placing animals under surgical anesthesia are 
advised to keep a resuscitation device available. Two 
readily constructed resuscitators have been described (105, 
106). For rats with an ether overdose, some experimen- 
talists prefer to employ the simple device described by 
Rassaert (106) as this can be used both to aspirate mucus 
from the respiratory tract and force air into the lungs. 
However, the simple two-bulb resuscitator described by 
Ingall and Hasenpusch (105) has been used successfully. 
In addition to these resuscitators, Shuer et al. (107) de- 
vised a simple mask for the artificial respiration of rats via 
a positive-pressure respirator. This procedure avoids the 
problematic procedures of tracheotomy (78,108) and en- 
dotracheal intubation (103,109,110). 

Lineberry (111) has recently provided a highly infor- 
mative review of animal models used in pain research. 
However, we are not aware of any detailed information on 
either postoperative assessment or therapeutic manage- 
ment of pain in the laboratory rat. Brief discussions of the 
general aspects of postoperative care are available (23, 
112). Since the majority of scientists working with labo- 
ratory rats do not have formal training in veterinary 
medicine, a detailed review of all aspects of postoperative 
care would be a valuable contribution to the literature. 

Xenobiotic Administration Procedures-Procedures 
are described elsewhere for administration of substances 
to the rat via the oral, percutaneous, intravenous, intra- 

Brevital sodium; Eli Lilly and Co., Indianapolis, Ind. 
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Table 11-Methods of Euthanasia for the Rat 

Physical Methods Chemical Methods 

Cervical dislocation Barbiturates 
Decapitation a Carbon dioxide gas 
Decompression (oxygen lack) 
Electrocution Chloral hydrate 
Hemorrhage (aortic transection) Chloroform 
Pneumothorax * d-Tubocurarine chloride 
Stunning (skull fracture) Ether 

Carbon monoxide gas 

Gallamine triethiodide 
Hydrogen cyanide gas 
Magnesium sulfate 
Nitrogen gas 
Potassium cyanide 
Strvchnine 

Rodent guillotines supplied by EDCO Scientific, Inc., Chapel Hill, N.C. and 
Harvard Apparatus Company, Inc., South Natick, Mass. * Method only for use on 
anesthetized rats. 

muscular, intraperitoneal, subcutaneous, intra-arterial, 
and intracardiac routes (6,12, 21, 113-115). Shani et al. 
(116) designed a device for the oral administration of gel- 
atin capsule doses to rats. The use of subcutaneously im- 
planted devices (117) and subcutaneous infusions (118) 
for long-term xenobiotic administration, first applied to 
rats by Rose and Nelson (117), has been advanced by the 
commercial availability of uniform osmotic pumpslO. 
Novin et al. (119) devised an airtight injection system 
which minimized the need for handling unrestrained rats 
during injection into an indwelling cannula. Various de- 
vices have been constructed to enable intermittent intra- 
venous self-administration of xenobiotics by rats (15, 
120-122). Application of this methodology to drug addic- 
tion studies in rats has been discussed by Weeks (123). 

Three invaluable compendia of drug dosages for the rat 
are available (l24,125a,b). 

Euthanasia Methods-Euthanasia methods are pro- 
cedures for the painless death of laboratory animals. Useful 
euthanasia procedures for the rat can be classified as 
physical methods, i.e., severe body perturbation without 
administration of a toxic xenobiotic, and chemical meth- 
ods, i.e., administration of toxic xenobiotics, usually in- 
traperitoneally or by inhalation. The methods outlined in 
Table I1 are discussed elsewhere in more detail (126,127). 
It is difficult to evaluate the relative humaneness of these 
different methods. The relative humaneness of gallam- 
ine-induced asphyxia and decapitation has been studied 
in rats by electroencephalographic monitoring (128). 
Histological changes in the major organs associated with 
various euthanasia methods (decapitation, carbon dioxide, 
methoxyflurane, and pentobarbital) and the sympathoa- 
drenal discharge induced in the rat by decapitation have 
also been documented (129,130). 

If tissues are to be obtained from rats for posteuthanasia 
study, the scientist is advised to use care in selecting the 
euthanasia method. For example, in uitro drug metabolism 
studies using various subcellular fractions of rat hepatic 
homogenates commonly are prepared from liver tissue 
obtained from rats sacrificed by decapitation (without 
prior anesthesia) or carbon dioxide asphyxiation. [A 
chamber for carbon dioxide euthanasia can be readily 

Figure 5-Plexiglass chamber (0.6-cm thick plexiglass) used for carbon 
dioxide euthanasia ofrats.  The base o f the  chamber is 26-cm long and 
19-cm wide, while the chamber is 21-cm high. The top serves as a hinged 
door and a gas inlet is placed near the bottom of the chamber. The top 
need not have a gasket seal. 

ated with the use of ether (132-136) and other inhalation 
anesthetics (133, 134). This example illustrates that sci- 
entists studying various events in anesthetized rats or in 
tissues from sacrificed rats must verify the lack of anes- 
thetic or euthanasia-method effect on the experimental 
events observed. 

VASCULAR ACCESS 

Methodology Overview-Cannula Materials-Vas- 
cular cannulas most commonly are constructed of poly- 
ethylene12 or silicone rubber13 (137,138). Polypropylene, 
p~lyurethanel~, Tygon15, polytef16, and Micro-Line17 
tubing have had less use. All of these materials are some- 
what flexible, can be molded into desired shapes (139,1401, 
and have various degrees of physiological inertness. These 
synthetic materials comprise the main substance of the 
cannula and are often supplemented by various other 
materials. Metal connectors are used to link different 
pieces of tubing or provide a reinforced site to facilitate 
ligature fixation of the cannula in the vessel (141). An al- 
ternative means of joining different pieces of polyethylene 
tubing consists of welding with a stream of hot air (13,139). 
A short piece of flexible, heat-shrinkable polyolefin tub- 
ing18 also can be used to provide reinforcement of the 
junctions between different tubing pieces or the cannula 
plug and tubing (13). Although a metal connector is useful 
for connecting two different types of tubing, such as 
polyethylene and silicone rubber, it has the disadvantage 
of promoting thrombotic occlusion of the cannula by both 
decreasing the cannula lumen diameter (thereby increasing 
turbulent blood flow distal to the metal connector) and 
providing a metallic intravascular thrombogenic focus. 
Therefore, the use of either heat welding or heat-shrin- 
kable tubing is preferred whenever two pieces of the same 
type of heat-insensitive tubing (polyethylene, polypro- 
pylene, Micro-Line) are to be joined. 

Methods of Inserting a Cannula in a Blood Vessel- 
constructed from a large can (131) or plexiglassl' (Fig. 5):] 
Decapitation and carbon dioxide euthanasia avoid the 
known alterations of microsoma1 enzyme activity associ- 

:: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~  Parsippany, N.J. 
Micro-Renathane, Braintree Scientific, Inc., Braintree, M ~ S .  

l6 Ty on: Norton Co., Plastics and Synthetics Division, Akron, Ohio. 
Tebon; E. I. W o n t  de Nemours and Co., Inc.. Wilmington, Del. 
Micro-Line; Thermoplastic Scientific, Inc., Warren, N.J. 
FPS-Voltrex; Newark Electronics, Chicago, Ill. 

10 Aha Corporation, Palo Alto, Calif. 
11 Plexiglass; Rohm and Haas Co., Philadelphia, Pa. 
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Methods of cannula insertion in a blood vessel can be 
classified three ways: (a) two-step puncture and insertion, 
(b) cannula through a needle, and (c) cannula attached to 
a needle. The latter methods are one-step procedures, i.e., 
puncture of the blood vessel and cannula access to the 
blood are both accomplished in a single step. 

The most commonly used procedures for both arterial 
and venous cannula insertions are two-step puncture and 
insertion methods. Ophthalmic Castroviejo iris scissors, 
microdissecting scissors, or various needles are used to 
puncture the blood vessel. A needle (25 gauge for aorta, 23 
gauge for jugular vein) with a 90" bend -6 mm from the 
needle tip is particularly useful. It is inexpensive ahd 
readily available, and the tip can be used bevel up to 
puncture the blood vessel wall with a minimal risk of 
puncturing the opposite wall (13)19. Use of a needle for 
vessel puncture is often preferable to use of scissors since 
a needle produces a puncture hole of defined, reproducible 
size, which cannot be guaranteed using scissors. Using a 
needle with an outer diameter approximately equal to the 
outer diameter of the cannula tubing minimizes hemor- 
rhagic leakage from the puncture site. Insertion of the 
cannula into the puncture hole can be facilitated by gently 
lifting the lip of the hole with a pair of fine forceps and 
inserting the cannula into the blood vessel with a slow, 
gentle rotation of the tip. 

Cannula-through-a-needle methods have the advantage 
of combining the blood vessel puncture and cannula in- 
sertion procedures into one step. Physicians and other 
scientists with clinical training are usually familiar with 
the various devices marketed to facilitate cannula place- 
ment through a needle inserted in a blood vessel. 

One device used to cannulate mesenteric veins of the rat 
was constructed from an ~2 .5-cm segment of hollow steel 
tubing soldered close to the tip of a 1.5-in., 22-gauge needle 
(the distal third of which was bent a t  a right angle) (142, 
143). Venipuncture with the tip of the 22-gauge needle 
enabled the cannula to be directed into the vein uia the 
steel tubing attached below the needle. Hollow steel tub- 
ing20 of various diameters can be used to accommodate 
different cannulas. The device can be stabilized to ensure 
a clean venipuncture by attaching the hub of the 22-gauge 
needle to a 1-ml syringe. The principle of this device was 
used in constructing a similar device which consisted of a 
single needle with the tip bent a t  a right angle to the re- 
mainder of the shaft and a semicircular tunnel in the distal 
portion (144). Vascular puncture is followed by insertion 
of the cannula in the lumen of the blood vessel uia the 
semicircular tunnel. This has the advantage of facilitating 
easy removal of the device from the cannula tubing. The 
previously described device with the fully circular can- 
nulating needle must be passed over the total length of 
tubing for removal. This creates the inconvenience of 
having to remove a fluid-containing syringe from the 
cannula connection to remove the device. Note that in the 
special case of the caudal (lateral tail) veins, a cannula may 
be inserted uia a straight needle used for vessel puncture 
(145-148). 

Cannula-attached-to-needle methods have been useful 
one-step procedures when placement of a needle within 

19 Methodology notes provided by J. R. Weeks, The  Upjohn Company. Kala- 

20 Small Parts Inc., Miami, Fla. 
mazoo, Mich. 

the blood vessel lumen was consistent with the acute na- 
ture of the experiment (149-151). The cannula-at- 
tached-to-needle method is useful for percutaneous 
puncture of the caudal artery (152, 153), and external 
jugular vein (154-156); the former effort may be aided by 
depilation with sodium sulfide (157). Needle-tipped can- 
nulas have also had limited utility for chronic intermittent 
injections into the sagittal and transverse sinuses (158) and 
for chronic blood pressure-multiple blood sampling via 
the caudal artery (159). Due to the increased chance of 
thrombotic complications associated with the metallic 
needle tip in the vessel, the cannula-attached-to-needle 
methods are less preferred than insertion of a conventional 
metal-free cannula. 

One novel cannula-attached-to-needle method warrants 
attention when the external jugular vein must be cannu- 
lated. Harms and Ojeda (160) constructed an implantation 
needle (20-gauge tip) to which a silicone rubber cannula 
is attached. The implantation needle (with attached can- 
nula) is passed in and out of the same side of the vein. The 
implantation needle is disconnected from the cannula 
tubing, and the cannula tubing is then pulled back into the 
lumen for advancement to the heart. This method has the 
advantages of being a one-step procedure, eliminating the 
need to dissect the vein free from surrounding tissues, and 
making application of ligatures around the vein unneces- 
sary. This method has proven a useful vascular access for 
pharmacokinetic studies in rats (161-163). 

We are unaware of any application to the rat of the 
cannula-over-the-needle method used commonly in hu- 
mans (164). 

Methods of Fixing a Cannula in a Blood Vessel-There 
are four basic methods for fixing the intravascular portion 
of the cannula within the lumen of the blood vessel: (a) 
ligature to surrounding structures (141, 165, best illus- 
trated in 166), ( b )  ligature around the cannula and through 
an occluded distal portion of the cannulated blood vessel 
(167,168), (c) application of cyanoacrylate-type glues for 
the blood vessel-cannula junction (150, 169-171)19, and 
(d) fashioning a circular shock-absorbing loop in the can- 
nula tubing between the sites of cannula insertion and li- 
gation to a nearby structure (165)19. Use of one or more of 
these methods should maintain the cannula within the 
lumen and minimize cannula-mediated abrasion of the 
intravascular structures. Robinson et al. (172) constructed 
a heating element device for producing a small bead on the 
outside of polyethylene tubing without altering the lumen. 
This bead served as an anchor for fixing the cannula in 
place. 

Methods of Exteriorizing the Cannula-Intravascular 
and other indwelling cannulas (e.g., urinary bladder, bile 
duct) are commonly exteriorized by subcutaneous tun- 
neling from the vascular incision site to the back of the 
neck for emergence at  a point midway between the clav- 
icles or ears (13, 15,141,160,165,166,170, 173-183)19. To 
further secure the exterior portion, the cannula may be 
passed through a plastic cap or steel button which is su- 
tured to the skin of the neck (166,177,180). A modification 
of exteriorization at  the neck is to subcutaneously tunnel 
the cannula for passage through a cranial pedestal (168, 
171,186-188). 

A cannula may also be exteriorized uia subcutaneous 
tunneling from the incision site to the root of the tail, where 
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the cannula is exteriorized and covered by some type of 
protective shielding (146, 148, 189-191). Cannulas have 
also been exteriorized via subcutaneous tunneling from 
the incision site to the side of a rat maintained in a re- 
straining cage (192) or body harness (176). 

Methods to Aid in Maintaining Cunnula Patency- 
Various procedures have been used to minimize the inci- 
dence of thrombotic occlusion of the intravascular can- 
nulas and to remove existing thrombotic obstructions to  
prolong the patent lifetime of cannulas. These procedures 
can be classified into three groups: (a) fluid-flushing pro- 
cedures, ( b )  designs for the intravascular portion of can- 
nulas, and ( c )  procedures for removal of thrombotic ob- 
structions. 

Fluid-flushing procedures consist of selection of a so- 
lution for instillation in the cannula when it is not in use 
and a schedule for routine cannula care, i.e., withdrawal 
of the instilled solution, flushing the cannula to  clear it of 
blood, and refilling the cannula with fresh solution. Six 
different solutions have been used to fill cannulas: heparin, 
heparin-povidone mixture, heparin-streptokinase solu- 
tion, heparin-dextrose solution, isotonic saline, and 50% 
dextrose in water. 

Heparin has been instilled in cannulas in concentrations 
of 10-1000 U/ml, usually dissolved in isotonic saline (149, 
151,159,166,173,175,181,185,191,193-204). A localized 
anticoagulant effect can be obtained with 20 U/ml of 
heparin. A mixture of heparin-povidone [l g of povidone 
plus 2 ml of heparin solution (500 U/ml)] has been used 
because of its increased viscosity to prevent diffusion of 
blood into the unused cannula (186). Similar mixtures of 
heparin-povidone were used without problem by other 
investigators (168,187,205). However, Allsop and Burke 
(201) found use of this heparin-povidone mixture no better 
than the more easily handled heparinized (10 U/ml) iso- 
tonic saline. Heparin (1000 U/ml) plus streptokinase (200 
U/ml) solution was used to maintain patent aortic cannulas 
for blood pressure monitoring (206). This combination of 
an anticoagulant and plasminogen-activating agent may 
be more effective in maintaining patent cannulas than 
either agent alone. Solutions of heparin (1500 U/ml) and 
dextrose (I 10%) have been used in an effort to increase the 
viscosity beyond that obtained with heparin alone (207, 
208). For experiments in which no anticoagulant can be 
administered to the rat or added to the flushing solution, 
the two alternatives that have been used are isotonic saline 

dextrose in water21. 
Schedules for routine cannula care have not been com- 

paratively studied and standardized. In general, increased 
frequency of cannula care (withdrawal of the instilled so- 
lution, flushing the cannula to clear it of blood, and refilling 
the cannula with fresh solution) should ensure increased 
long-term cannula patency. Allsop and Burke (201) and 
Brown and Breckenridge (168) have provided detailed 
descriptions of a cannula-care schedule consisting of the 
following: 

Initial aspiration of fluid from the cannula. This 
fluid is discarded since reinjection carries the risk of in- 
troducing aspirated thrombi. 

(7,13,141,160,165,170,174,177,184,209-218)19 and 50% 

1. 

~ ~~ 

21 Personal communication, J. E. Brown, Division of Clinical Pharmacology, Duke 
University Medical Center, Durham, N.C. 

2. Injection flushing of the cannula with a volume of 
solution slightly larger than the volume of the cannula as 
calculated by: 

V = m21 0%. 2) 
where V is the volume, r is the radius, and 1 is the length 
of the cannula. 

3. Sealing the exteriorized end of the cannula with a 
segment of steel stylet (13) or an epoxy-filled blunt-end 
needle (201). 

These investigators recommended that cannula care be 
done once a day for the patent lifetime of the cannula. Such 
daily cannula servicing is useful for other types of aortic 
and jugular cannulas (204, 207). Based on these proven 
procedures, cannulas intended for chronic use should be 
serviced daily when not in use. 

Designs for the intravascular portion of cannulas have 
been proposed as means of minimizing thrombotic occlu- 
sion. Simple beveled and nonbeveled cannula tips, a dou- 
ble-mitered cannula tip, a sealed cannula tip with laterally 
placed holes, and an open cannula tip with laterally placed 
holes have been designed. Commonly, the open end of the 
vascular cannula is fashioned with a 90' angle to the tubing 
wall (no bevel) or a 30-60' angle of the bevel. 

While most investigators agree that a beveled end is 
more easily inserted in the blood vessel, it has been re- 
ported (uiu anecdote) that the beveled end can be occluded 
more readily by a flap of thrombotic material deposited 
over the bevel and also may rest more readily against the 
blood vessel wall, thereby inhibiting blood sampling (13). 
Scientists having difficulty maintaining cannula patency 
with a beveled or nonbeveled tip may consider using an 
alternative type of cannula tip. Nicolaidis et al. (187) de- 
signed a double-mitered silicone rubber cannula tip which 
is reported to effectively minimize local coagulation. 
Steffens (186) cut two 0.75-mm holes in the opposite lateral 
walls 0.75 mm from the tip of a silicone-rubber cannula 
with an open-lumen tip. Stripling (171) plugged the in- 
travascular end of a silicone rubber cannula with hardened 
silicone rubber adhesive and made holes near this plugged 
tip by puncturing through both cannula walls six times 
with a 25-gauge needle. This type of cannula tip is said to 
comprise a one-way valve which allows drug infusion, while 
preventing entry of blood into the cannula (219). 

Procedures for removal of thrombotic cannula ob- 
structions can be classified in three categories: ( a )  aspi- 
ration of the obstruction, ( b )  forceful injection of the ob- 
struction into the circulation of the rat, and (c) use of an 
obturator that fits in the cannula lumen to mobilize the 
obstruction. Before using any of these procedures for 
clearing an obstruction in a venous cannula, one can verify 
that the cannula is still inside the vein by injecting rapidly 
3-6 mg (0.05-0.10 ml of a 60-mg/ml solution) of pento- 
barbital sodium (13), 1 mg (0.10 ml of a 10-mg/ml solution) 
of methohexital sodiumlg, or thiamylal sodium22 (15). If 
the cannula is out of the vein, the rat may struggle or 
vocalize, or the fluid may accumulate in a subcutaneous 
pocket with only clear fluid (no blood) aspirated (13). If 
the barbiturate injection is indeed intravenous, the eyes 
of the rat will squint closed almost immediately, the rat will 
lose its righting reflex, and the rat will become ataxic 

22 Surital; Parke-Davis, Morris Plains, N.J. 
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within -10-15 sec. The rat normally recovers completely 
within -5-10 min. When this procedure shows that the 
cannula is indeed in the vein but blood withdrawal is still 
difficult, flexing the head and neck of the rat or lifting it 
by the root of the tail so that only the forelegs touch the 
cage floor may aid in moving the cannula tip from against 
the blood vessel wall, thereby facilitating blood withdrawal. 
If these simple maneuvers do not work, one of the three 
aforementioned procedures can be tried. 

Since thrombotic material can accumulate on the in- 
travascular end of arterial and venous cannulas, i t  is sug- 
gested that blood be withdrawn through the cannula prior 
to injection to aspirate any small thrombotic obstruction 
(168, 201). The blood initially withdrawn should not be 
reinjected since it may contain small thrombi. Forceful 
injection of 0.10-0.15 ml of isotonic saline via a 0.25-ml 
tuberculin syringe will often break up and clear a throm- 
botic obstruction in a jugular venous or abdominal aortic 
polyethylene cannula (13, 165)19. The small emboli mo- 
bilized as a result of this procedure will usually be trapped 
in the vasculature of the lungs and legs when ejected from 
the external jugular vein and abdominal aorta, respectively 
(13) 19. Lastly, various homemade wire or nylon obturators 
can be slid down the lumen of some cannulas to mobilize 
the obstruction. The utility of thin wire is limited by its 
relative inflexibility and high potential for cannula 
puncture. In view of this, use of wire obturators often has 
been limited to relatively straight cannulas implanted in 
the caudal vein or artery. Brown and Breckenridge (168) 
described a very useful and flexible obturator made from 
25-pound test monofilament nylon fishing line fashioned 
with a ball on the end made by holding it close to a hot 
soldering iron. This seems relatively unlikely to puncture 
the cannula. Indeed, Brown and Breckenridge (168) used 
this obturator to clear obstructions from a curved sili- 
cone-rubber cannula implanted in the external jugular 
vein. 

Swivel Joints-In chronic rat experiments in which 
xenobiotics are injected intermittently or continuously via 
the intravenous or intraventricular route, the duration of 
the experiment is usually limited by cannula damage 
(twisting and kinking) due to the physical activity of the 
rat. For reasons discussed elsewhere in this review, such 
experiments can not be executed during sustained anes- 
thesia or restraint. Therefore, the swivel joint was intro- 
duced to prevent such motion-related cannula damage and 
enable chronic xenobiotic administration and blood 
sampling uia indwelling cannulas in the unanesthetized, 
unrestrained rat. Jacobs (220) appears to be the first in- 
vestigator to have devised a swivel joint for administration 
of a constant-rate intravenous infusion to the dog for up 
to 3 weeks. In principle, this and other swivel joints are 
fluid-tight, flow-through joints placed into the tubing near 
the point of emergence from the rat (back of the head or 
neck) so that the tubing proximal to the rat rotates within 
the swivel joint as the rat moves, thereby preventing can- 
nula damage by twisting. Rhode et al. (221) inserted a 
circuit of flexible, rotatable tubing between the dog and 
the infusion bottle. Epstein and Teitelbaum (222) com- 
mented that such an arrangement will not work for the rat, 
a more active species. 

Several home-built swivel joints for use with rats have 
been described in the literature (15, 174, 179, 186, 187, 

222-233). The utility of these various devices is based on 
the comparative ease of construction, availability of 
components, cost, durability, size, force required to rotate 
the swivel, tendency to leak, and requirements for periodic 
cleaning and lubrication. 

Several single-channel swivel joints are relatively inex- 
pensive to construct with hand tools from widely available 
materials. These single-channel swivel joints function well 
(224, 225, 227, 229, 232). The single-channel swivel of 
Strubbe (227) was designed to minimize friction for im- 
proved utility with small-diameter tubings. While most of 
the single-channel swivel joints require at least one polytef 
component, that of Brown et al. (229) was constructed 
solely from parts of plastic syringes, disposable needles, 
and epoxy adhesive. Khavari (225) constructed a combined 
intracerebral cannula-swivel unit for use in the rat. 

Double-channel swivel joints have been devised to en- 
able either simultaneous infusion of two different fluids 
into the same rat, simultaneous infusion and blood pres- 
sure recording, or simultaneous infusion and blood sam- 
pling. Some double-channel swivel joints require special 
machining during construction (187), a motor to rotate the 
swivel (234), or apparent supernormal manual dexterity 
for assembly (233). Smith and Davis (15) described as- 
sembly of two single-channel swivel joints from commer- 
cially available parts. Blair et al. (231) have supplied de- 
tails for construction of an inexpensive double-channel 
swivel joint. This construction does not require any ma- 
chining of parts and uses readily available materials. 
Testing verified that there were no leaks between the two 
channels after 4 weeks of continuous use. Another easily 
constructed double-channel swivel joint has been de- 
scribed, but leak-test information was not provided 
(232). 

Since available swivel joints can not accommodate the 
arterial blood back-pressure (-100 mm Hg) without 
leaking, Grantham et al. (235) designed a nonswivel spring 
system for use with a special cage in order to infuse drugs 
intra-arterially. Where the tubing emerges from the spring 
a t  the end distal to the rat, a long unencumbered loop of 
tubing hangs outside the cage. This absorbs the move- 
ments of the rat without kinking for -1 day. With daily 
uncoiling of this tubing loop, continuous intra-arterial 
infusions have been done for 2 weeks. 

Complications of Vascular Access-A limited amount 
of information is available regarding complications in the 
use of an indwelling vascular cannula or percutaneous 
vascular access in laboratory animals. Despite minimal 
gross indications of ocular damage, localized and reversible 
necrotizing inflammation of the Harderian gland develops 
following collection of a single blood sample from the 
retro-orbital venous plexus (236). The degree of throm- 
bogenicity of some artificial ( i e . ,  nonphysiological) sub- 
stances has been studied using various ex vivo models 
(237-239). Unfortunately, insufficient information is 
available to enable recommendation of one type of tubing 
over another based on inertness toward tissues. 

In 22 animals (dog, cat, rabbit, and monkey) with an 
indwelling cannula, Hysell and Abrams (240) identified 
vegetative deposits on the cardiac valves, septic visceral 
infarcts of the kidney, spleen, and brain, and fatal hem- 
orrhage due to a ruptured vein or artery. In all three types 
of cannula-related lesions, systemic bacterial infection 
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played an important role in the animals’ deterioration. 
Inadequately sterilized cannulas, nonadherence to aseptic 
technique when injecting or withdrawing from the cannula, 
and infection via the point of exteriorization are the ap- 
parent means of bacterial access to the vasculature. 

Meuleman et al. (241) inserted a polyethylene cannula 
into the abdominal aorta via the carotid artery to study 
cannula-associated platelet consumption in the rat. 
Platelet count and the half-life of 5*Cr-labeled platelets 
were both significantly decreased in cannulated rats 
compared with stressed control rats (cannula inserted, 
then immediately withdrawn); the degree of decrease was 
related to the length of the inserted cannula. Platelet 
turnover did not differ substantially between cannulated 
and control rats. These investigators have also reported 
aortic endothelium loss due to the presence of an in- 
dwelling cannula (241). Aortic lesions in rats having 
polyethylene cannulas implanted for 48 hr were also doc- 
umented, and used to assess antiplatelet drug efficacy 
(242). 

Some investigators using indwelling intravascular can- 
nulas in the rat for various pharmacological studies have 
reported renal infarcts after cannulation of the carotid 
artery and abdominal aorta with polyethylene, polypro- 
pylene, or silicone rubber tubing (177,201,206). Frequency 
of renal infarction increased with time (177) and with in- 
jection flushing of the cannula to force thrombotic block- 
age into the circulation (201). Polyethylene-tipped can- 
nulas present in the carotid artery for an average of 7.2 
days were associated with renal infarcts in 11 rats (n = 15, 
infarction rate = 10.2% per catheter day), while silicone 
rubber-tipped cannulas inserted for an average of 11.5 days 
were associated with small, solitary renal infarcts in 10 rats 
(n = 25, infarction rate = 3.5% per catheter day) (201). 
Renal infarcts occurred in association with polyethylene- 
tipped cannulas even when no injection flushing was done 
(201). Since arterial cannulation of either the carotid artery 
or abdominal aorta is used commonly for serial blood 
sampling in pharmacokinetic studies in the rat, investi- 
gators must exercise appropriate caution (in accordance 
with the following five recommendations) to ensure that 
data is not collected from rats with impaired renal func- 
tion. First, a decreased incidence of renal infarction was 
reported by Engberg (177) when a 12-mm intraaortic 
segment of polypropylene was inserted into the abdominal 
aorta at a point 311 mm above the iliac bifurcation. Second, 
the significantly reduced incidence of renal infarcts with 
silicone rubber tubing suggests that it should be preferred 
for carotid cannulation (201). Third, thrombi mobilized 
from the tip of the catheter can deposit in the kidneys. 
Therefore, it is suggested that blood be withdrawn through 
the cannula to clear such small thrombi prior to injection 
(168, 201). Fourth, the anchoring of a polyethylene ab- 
dominal aortic cannula alongside the aorta using a circular 
shock-absorbing loop in the tubing has been reported to 
virtually eliminate thrombotic infarctions and aortic 
aneurisms (165) 19. Fifth, postexperimept necropsy of the 
kidneys should be done to ensure collection of phar- 
macokinetic data from rats with noninfarcted kidneys. 

Thrombotic deposits on cannulas can also be mobilized 
as emboli to areas other than the kidneys. Buiiag et al. 
(206) observed embolic paralysis of the hind legs of some 
rats having an indwelling cannula inserted in the abdom- 

inal aorta oia the left iliac artery. Although this is appar- 
ently the only published observation, such limb paralysis 
has also been observed in rats following cannulation of the 
ipsilateral femoral vein and arteryz1. This complication 
should be carefully examined with respect to its ability to 
interfere with the experimental goals. Interestingly, limb 
paralysis has not been a major problem when the abdom- 
inal aorta is cannulated directly, thereby avoiding direct 
occlusion of the femoral or iliac arteries by a cannulaIg. 

Investigators using vascular cannulation methods as a 
means of xenobiotic administration, blood sampling, or 
cardiac function monitoring must remain aware of the 
aforementioned complications associated with indwelling 
intravascular cannulas. Appropriate steps must be taken 
both to minimize the incidence and verify the absence of 
such complications post fucto. 

Specific Methods for Vascular Access-To provide 
a more detailed summary of the numerous methods 
available for vascular access in the rat, methodological 
notes, procedural comments, and the demonstrated uses 
(243-294) were collected into separate tables for arterial 
(Table 111), venous (Table IV), and miscellaneous (Table 
V) methods. Each table is organized by specific blood 
vessels, listed alphabetically according to the blood vessel 
nomenclature presented by Greene (26). It is hoped that 
scientists seeking information on access to a particular 
blood vessel will find these tables sufficient to enable them 
to limit the number of cited papers to be consulted for 
detail. In addition, this listing should inform scientists 
about published access methods for infrequently utilized 
blood vessels (e.g., renal artery, adrenal vein) and thereby 
eliminate the need for an extensive noncomputerized 
search of the scientific literature, which is often 20-30 years 
old. 

Although they are not presented in detail, several 
methods are available for cross-transfusion of blood be- 
tween a pair of parabiotic rats (295-300). Such methods 
are useful in specialized studies investigating the associ- 
ation of particular effects with various blood-borne sub- 
stances. 

Investigators must be aware that certain parameters in 
the rat (plasma glucose concentration, blood coagulation 
parameters, plasma corticosterone concentration, plasma 
renin activity, serum hormone concentrations, serum en- 
zyme activities, and drug binding to plasma proteins) may 
vary depending on the site and method of blood collection 
(301-3071, the extent of rat handling (301,308), acclima- 
tization time (3091, and the presence of another previously 
treated rat (310). 

Vascular Access and Surgical Methods for Studying 
First-Pass Effect-First-pass effect is defined as the 
uptake and elimination of a xenobiotic during the ab- 
sorption process as it passes from the lumen of the GI tract 
through the GI membranes and the liver for the first time, 
and into the circulation. Such first-pass elimination of 
xenobiotics can be studied in the rat by three methods: ( a )  
transhepatic blood sampling, ( b )  hepatectomy, or ( c )  
surgical construction of a vascular bypass to shunt blood 
away from the portal venous hepatic inflow (portal-sys- 
temic shunt). 

Transhepatic Blood Sampling-The hepatic artery 
carries oxygenated blood from the aorta to the liver and 
supplies -2530% of hepatic blood flow in the cat, dog, and 
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Table 111-Methods for Arterial  Access 

Demon- 
Arterial Methodology strated 

Site Reference Notes" Uses Procedural Comments 

Aorta: Browning et al. (197) PE, U, W BP, CO 
BuAag et al. (206)' PR, TE/TY, U BP 
Carvalho et al. (215)' PE, U, UR, W M 
Cocchetto & Aortic puncture T 

Bjornsson 
(unpublished) 

Garthoff & Towart PE, U, UR 

Kleinman et al. (213) PE, U, UR 
Laffan et al .  (244) PE, U, UR, W 

Lushbough & Moline Aortic 
(245) transection 

McIlreath et 01. (214) PE, U, UR, W 
Popper et al. (207) PE, TR, U, UR, 

Purdv & Ashbrook PE, U, UR, W 

(243) 

W 

(208) 
Still (209); Still & 

Whitcomb (210, 
212); Still et al. 

PE, TR, U, UR 

(211) 
Weeks & Jones (165) 

Weeks (170)19 

PE, TR, U 

PE, TR, U, UR 

Carotid: Allsop & Burke (201) PE/SI, U, UR 

Bullard (193) PE, TR, U 
BuAag et 01. (206) PR, U 
Burt et al. (204) PE, U, UR 

D'Amour et al. (194) P E  

Garthoff & Towart PE, U, UR 

Grantham et al. (235) PE, PR, U 

Popovic & Popovic P E  

Scharschrnidt & Berk A, P E  

Staub & Coutris (218) PE, U, UR 

(243) 

(173) 

(246) 

Waeldele & Stoclet PE/SI 
(205) 

Caudal Agrelo & Dawson N/PE, U, UR 
(!59) 

Chiueh & Kopin 

Fujita & Tedeschi 

Hurwitz (152) A, N, P 

PE, U, UR 

PE, TR, U 
(202) 

(196) 

Femoral: Ekelund & Olin (247) PE  

Hepatic: Leivestad & Malt PE, PR, U 

Pulmonary: Carrillo & Aviado A, PE  

A, PP 

(248) 

(249) 
Forrest et al. (250) 

Hayes & Will (251) A, T E  

Herget & PaleEek A, P E  
(252) 

Rabinovitch et al. 

Stinger et al. (254) A 

SI, U, UR 
(253) 

BP 

I, M 
BP 

T 

BP 
BP, M 

BP 

BP, I, M 

BP, I 

BP, I, M 

M 

BP, CO, M 
BP 
M 

BP 

I 

M 

M 

M 

BP, I, M 

BP, M 

BP, I, M 

BP 

M 

I 

BP 

BP 

BP 

BP 

B P  

BP, CO 

Cannula filled with heparin 
Cannula filled with heparin (1000 U/ml) plus streptokinase (200 U/ml) 
Cannula filled with isotonic saline, used for 9 days 
Direct puncture of surgically exposed aorta just above the iliac 

bifurcation using a 20-ml syringe with a 20-gauge, 1.5-in. needle; 
anticoagulant can be in the syringe; collect up to 15 ml of blood from 
adult rats 

recording; requires special data collection equipment 

data collection equipment 

Continuous recording of B P  and heart rate; data shown for 8-hr 

Cannula filled with isotonic saline, patent for up to -22 days 
Continuous recording of BP; data gathered for 10 hr; requires special 

Reported blood yield 3% of body weight 

WO surgical survival rate; cannula patent for weeks, filled with saline 
Cannula filled with 10% dextrose solution plus heparin (500 U/ml); used 

Cannula filled with 5% dextrose solution plus heparin (10 U/rnl); spring 

Cannula filled with isotonic saline; used up to 2 weeks 

up to 10 days 

attachment screwed into skull; cannula failure by 3 weeks 

Cannula filled with isotonic saline, used up to 6 months; 80% surgical 
success rate, excellent photographs of surgical field by Stanton (501) 

Extensive modifications of original method (165); 50 and 10 of 55 
cannulas patent for 4 and 12 months, respectively; cannula fixed in 
vessel using cyanoacrylate glue 

Cannula filled with heparinized (10 U/ml) isotonic saline; 10 of 25 rats 
had renal infarcts after an  average of 11.5 cannula-days 

Heparin given to inhibit clotting in cannula 
Cannula failed after 7-14 days 
Surgery done aseptically; cannula filled with heparinized (20 U/ml) 

isotonic saline, patent for 3 weeks for five test rats; special swivel 
assembly 

Cannula filled with heparin (1000 U/ml); excellent photographs of 
procedure 

Continuous recording of BP and heart rate; data shown for 8-hr 
recording; requires special data collection equipment 

Continuous intra-arterial infusion for up to  2 weeks; cannula filled with 
heparinized saline 

Cannula filled with heparinized physiological solution: average cannula - -  - - 
lifetime of 22 days 

Used a needle-three-way stopcock device for drawing blood samples up 
to every 30 sec 

Cannula filled with isotonic saline, consists of an exteriorized shunt of 
carotid arterial blood; 80% patent for 2-4 days, 20% patent for 5-7 
days 

Cannula filled with 40% povidone plus 10% heparin; used for 10 days 

Cannula filled with heparinized (lo00 U/ml) isotonic saline; used for up 

Cannula filled with heparinized (500 U/ml) isotonic saline; patent up to 
to 4 weeks 

2 weeks 
Cannula filled with heparinized (10 U/ml) isotonic saline; used up to  48 

hr 
Percutaneous puncture using a clear-hub 21-gauge needle; each sample 

was 420 pl 
Radiopaque cannula inserted in the aorta, superior rnesenteric artery, or 

renal artery uia the femoral artery; requires angiographic verification 
of cannula location 

Cannula inserted with aid of magnification, exteriorized after 
subcutaneous tunnel t o  tail; rear of the animal is restrained to protect 
the cannula; patent up to 6 weeks 

Cannula inserted uia the right jugular vein 

Cannula inserted uih the right jugular vein; cannula is a No. 4 French 
gauge, balloon-tipped, Swan-Ganz flow-directed catheter; used in the 
rabbit and guinea pig, perhaps adaptable to the rat 

Specific bends must be made in cannula; cannula inserted uia the jugular 
vein in a closed-chest rat 

Cannula inserted uia right jugular through an introducer; illustrates the 
use of blood pressure waves to monitor catheter tip position; cannula 
filled with heparinized saline 

Cannula flushed with heparin (20 U/ml) and animal heparinized (150 
U/kg) daily; inserted oia a 19-gauge needle introducer 

Cannula was a commercially available No. 3-'/2 French umbilical vessel 
catheter, inserted uia the jugular vein in a closed-chest rat 

continued 
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Table 111-Continued 

Demon- 
Arterial Methodology strated 

Site Reference N o h o  Uses Procedural Comments 

Renal: Beuzeville (195) A, PE I Cannula filled with heparinized (10 U/ml) isotonic saline; patent up to 
48 hr 

Evans & Nikitovitch PE, U, UR I Cannula exteriorized at the back of the neck uia a plastic cap sutured to 
(255); Evans (256) the skin 

Methodology key: (A) postoperative experiment on anesthetized rats; (N) needle inserted into blood vessel, with tubing attached to needle; (P) percutaneous method; 
(PE) polyethylene cannula; (PP) polypropylene cannula; (PR) postoperative experiment on partially restrained rats; (SI) silicone rubber cannula; (TE) polytef cannula; 
(TR) postoperative experiment on totally restrained rats; (TY) Tygon cannula; (U) postoperative experiment on unanesthetized rats; (UR) postoperative experiment 
on unrestrained rats; (W) modification of the method of Weeks and Jones (165). Key for demonstrated uses and procedural comments: (BP) blood pressure determination; 
(CO) cardiac output determination; (I) injection; (M) multiple blood sampling with rat survival; (S) single blood sample with rat survival; (T) terminal blood sample. 
c Cannula threaded into the aorta uia the iliac artery. 

human (311). In addition to this arterial blood flow, the 
liver also receives blood from the visceral organ vasculature 
uia the portal vein. Portal venous blood comprises 7675% 
of hepatic blood flow in the cat, dog, and human (311). 
Blood is returned to the inferior vena cava uia the hepatic 
vein. Hepatic hemodynamics and blood pressures a t  var- 
ious locations in the inferior vena cava of the rat have been 
determined (312). 

To study the first-pass effect with respect to a specific 
orally administered xenobiotic, the concentration of the 
xenobiotic in both portal and hepatic venous blood must 
be determined. Since the hepatic venous blood concen- 
trations of a xenobiotic and associated metabolites are 
equivalent to that in venous blood collected from other 
peripheral veins (e .g . ,  external jugular, femoral, caudal) 
if there is no interposed organ that further metabolizes 
these substances, a technically easier procedure for 
transhepatic blood sampling is cannulation of the portal 
vein plus a femoral or caudal vein. Several methods (Table 
IV) have been described for collection of blood from each 
of the above vessels. An excellent example of such trans- 
hepatic blood sampling methodology is in the first-pass 
metabolism studies of clonazepam in the rat (313). 
Transhepatic blood sampling after oral xenobiotic ad- 
ministration is, of course, sensitive to first-pass effects due 
to the gut contents and GI wall as well as the liver. By in- 
fusing a xenobiotic directly into the portal vein, the first- 
pass effect due to the liver alone can be quantified. Several 
exemplary applications of this method are available for 
review (283,285,314,315). 

Hepatectomy-Hepatectomized laboratory animals 
have been used to construct animal models for liver dis- 
ease-associated coagulopathies (316), abnormalities in 
amino acid transport (317), alterations in the brain uptake 
of glucose (318), abnormalities in drug disposition (319), 
and evaluation of the existence of extrahepatic drug 
elimination processes (320). Surgical procedures have been 
described for the excision of part or all of the liver (subtotal 
and total hepatectomy, respectively) and the production 
of acute functional exclusion of the liver from its normal 
vascular connections while leaving the nonfunctional liver 
in the body (exclusionary hepatectomy). 

Higgins and Anderson (48) surgically excised the large 
median and left lateral lobes of the liver in rats, removing 
-65-75% of the total liver mass (thus the name two-thirds 
hepatectomy) in a one-step procedure. Illustrations of this 
procedure are available (12). Interestingly, the remaining 
right lateral and caudate lobes of the liver underwent 
compensatory hypertrophy so that the liver essentially was 
restored to its preoperative weight after 10-14 days. Ap- 

proximately 16 and 24% of the excised liver mass is re- 
stored within 24 and 48 hr of removal, respectively. 
Therefore, rats used within 48 hr after two-thirds hepa- 
tectomy can be useful in studies of drug disposition in the 
presence of impaired hepatic function (319). Selye and 
Dome (321) extended this subtotal hepatectomy by ex- 
cising the median, left lateral, and right lateral lobes in 
order to remove -85% of the total liver mass. Ryan et al. 
(322) performed two-thirds hepatectomy in rats between 
noon and 3 pm to avoid variation in mitotic activity due 
to diurnal rhythm (323). Higgins and Anderson (48) cal- 
culated the ratio of total liver-whole body weight equal to 
0.0358 for 30 rats weighing from 125-225 g. This number 
is particularly useful in estimating the number of rats in 
this weight range needed to supply a required amount of 
hepatic tissue for in uitro hepatic microsomal metabolism 
studies. 

Total hepatectomy in laboratory animals can be per- 
formed using two- and three-stage surgical procedures 
where a portion of the total procedure is performed at each 
stage and the animal is allowed to partially or totally sta- 
bilize between stages. Such multiple-stage procedures 
allow a period of time after constriction of the portal vein 
and inferior vena cava for development of collateral cir- 
culation, thus minimizing engorgement of the abdominal 
organs during the last stage of total hepatectomy. Although 
the three-stage procedure (portal vein-to-inferior vena 
cava anastomosis, portal vein ligation proximal to the liver, 
and total hepatectomy) has proven useful in the dog (324), 
it has not been used in the rat. 

Two-stage hepatectomy (portal vein and inferior vena 
cava constriction, then total hepatectomy) can be per- 
formed in the rat using silk ligatures as per the method of 
Meehan (325). Alternatively, Bollman and Van Hook (326) 
used a strip of cellophane in place of the silk ligature placed 
around the portal vein. The cellophane progressively 
constricts over a period of -2 months, at which time total 
hepatectomy can be done. In each method, the minimum 
size of the portal venous constriction produced in the first 
stage is crucial in preventing rapid, fatal congestion of the 
visceral vascular bed. With an intravenous infusion of 
glucose following hepatectomy (150 mg/kg/hr for 8-10 hr 
then 250 mg/kg/hr, using a solution of glucose in isotonic 
saline infused a t  1.25 ml/hr), -90 and 60% of the rats sur- 
vive at least 8 and 24 hr, respectively (326). Glucose can 
also be administered by intermittent subcutaneous in- 
jections (325). Rats treated with glucose rarely live >30 hr 
after hepatectomy; those not receiving glucose rarely 
survive > 2 hr (325). 

Exclusionary hepatectomy is useful for acute studies in 
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Table IV-Methods for Venous Access 

Demon- 
Venous Methodology strated 

Site Reference Notesa Uses * Procedural Comments 

Adrenal: 

Brachial: 

Caudal: 

Schapiro & Stjarne 

Singer & Stack-Dunne A, S 

A, PE, S 
(257) 

(258) 

M 

T 

T 

M 

I1 

CI 

CI 

CI 

C 
C 

M 

CI, I 

C 

M 

s, SI 

S 

s, SI 

SI 

I1 

CI 

CI, M 

SI 

SI 
M 

11, M 

M 

M 

M 

11, M 

T 

Uses an artificial adrenal vein-renal vein shunt, for up to 6 hr; 
heparin used to inhibit clotting 

Adrenal vein blood collected continuously for 1.5 hr; no 
nephrectomy; cannula construction and insertion procedure 
not described 

Brachial artery and vein are severed with blood collection in a 
pipet; developed for the mouse, probably useful for the rat 

Cannula inserted through a 19-gauge needle, exteriorized and 
protected in a metal button sutured to the skin; used for up 
to 3 weeks 

Cannula filled with heparinized (100 U/ml) isotonic saline; 
used for 6 hr 

Cannula threaded into a vein through a 20-gauge needle that is 
then removed; protected by electrical shielding 

A 23-gauge needle with attached tubing is inserted into the 
vein 

Cannula threaded into the vein through a 21-gauge needle that 
is then removed; uses a special swivel-fluid conduit; used for 
>6 months continuous infusion without anticoagulants 

Cannula inserted with aid of dissecting microscope 
Cannula protected by plastic tubing attached to tail; 2 of 9 rats 

infused for 90 days 
Blood collected with suction after cutting the distal segment of 

the tail 
Cannula threaded into the vein through a 19-gauge needle that 

is then removed; protected by electrical shielding; 32 of 34 
rats had patent cannulas for 10 days (one rat chewed 
through the protective shielding) 

Cannula threaded into the vein through a needle that is then 
removed (needle gauge and cannula type not s ecified); 
heparin (40 U/kg/hr) and droperidol(O.16 mgEg/hr) infused 
throughout the experiment 

Blood collect.ed with suction after cutting the distal segment of 
the tail, up to 10 samples per animal; rat is restrained in a 
cage on a heating pad 

Used a 21-gauge needle for collection of up to 4 ml of blood or 
injection into the vein at  the root of the tail 

Up to 3 ml of blood collected in a capillary devicec after 
cutting the distal segment of the tail; rat is restrained in a 
cage near a heating element 

Injection uia a 27-gauge needle into the right hind leg; 
collection of up to 0.2 ml of blood via a 22- or 23-gauge 
needle; useful in docile rats for acute venous access without 
anesthesia 

Injection uia a 26-30-gauge needle; method extended to rats 
by Nightingale and Mouravieff (267b) 

Injection uia a 520-gauge needle; each rat received up to 14 
injections in 1 week; good photograph of the procedure 

Cannula advanced into inferior vena cava, used to infuse a 
fatty acid emulsion for 6 hr; no anticoagulant used 

Cannula filled with heparin (1000 U/ml); excellent 
photographs of the procedure 

Cannula filled with heparinized isotonic saline; exteriorized 
uia the tail and protected by a plastic sheath; up to 7 days 
infusion in 300 rats 

Cannulation of the femoral artery and vein on one side, 
followed after time by the same procedure on the other side 
to study drug interactions 

A 27-gauge needle is used for injection 
One cannula is passed down the external jugular vein into the 

inferior vena cava; the blood sampling cannula is inserted in 
the inferior vena cava uia an abdominal incision 

Cannulation aided by a microscope; cannula filled with 
heparinized (10 U/ml) isotonic saline; isobutylcyanoacrylate 
glue used to fix the cannula in the vein 

Direct vein cannulation with the bent tip of a 25-gauge needle 
connected to tubing; cannula was filled with heparin and 
fixed to the vein using a surgical glue; 0.25 ml of blood 
drawn slowly over 4 min to prevent reflux; blood drawn for 
up to 45 min 

Modified method of Porter and Smith (275) to use an 
embolator apparatus to enable collection of blood samples 

Collected blood is free of CSF contamination; collected 
continuously for up to 6 hr; requires a microscope for 
surgery 

Cannula filled with heparinized saline and exteriorized at the 
back of the neck; patent for many months 

Direct venipuncture of the surgically exposed vein 

Young & Chambers S 

Slusher & Browning 
(259) 

(260) 
PE, S, U, UR 

Agrelo & Miliozzi (149) N/PE, P, TR, U 

Born & Moller (146) 

Cotlove (261) 

Eve & Robinson (223) 

PE, PR, S, U 

N, P, PE, TR, U 

P, PE, PR 

Kellogg et al. (262) 
Little et al. (189) 

Plum (263) 

S, TR, U 
P, PE, PR, U 

A, S 

P, PE. PR, U Rhodes & Patterson 
(148) 

Saarni & Viikari (147) 

Stuhlman et al. (264) S, TR, U 

Videm (265) 

Wright (266) 

A, P 

S, TR, U 

Dorsal Metatarsal: 

Dorsal Penile: 

Femoral: 

Nobunga et al. (267a) P, TR, U 

Salem et af. (41) 

Virolainen (268) 

Benzman-Tarcher 

D’Amour et al. (194) 

Jones & Hynd (191) 

(269) 

P, TR, U 

P, TR 

A, S, SI 

PE, S 

NY, PR, S, U 

Nishihara et af. (270) PE, S 

Femoropopliteald: 
Hepatic: 

Pearce (271) 
Suzuki et al. (272) 

P, TR, U 
PE, S 

Wernze (273) A, PE, S 

Yokota et al. (150) A, N, PE, S 

Hypophysial portal: 

Inferior vena cava: 

Ben-Jonathan & 
Porter (274) 

Porter & Smith (275) 

A, PE, S 

A, PE, S 

Kaufman (185) 

Welch et al .  (276) 

S, SI, U, UR 

A, S 
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Table IV-Continued 

Demon- 
Venous Methodology strated 

Site Reference Notes" Uses* Procedural Comments 

External jugular: Allsop & Burke (201) PE/SI, S,  U, UR 

Brandstaetter & DL, S, U, UR 
Terkel(234) 

Brown & Breckenridge S, SI, U, UR 
(168) 

Bullard (193) A, PE, S 
Burt et al. (204) S, SI, U, UR 

Cox & Beazley (180) PE, S, U, UR 

Dalton eta!. (176) H, PI', s, u 

D'Amour et al. (194) 
EdmondH& Thompson PP, S, U, UR 

(178,179) 

Engberg (177) PP, S, U, UR 

Ensminger et al. (190) PE, PR, S, U 

PE, S 

Harms & Ojeda (160) 

Mayer et al. (277) 

Nicolaidis et al. (187) 

Popovic & Popovic 

Popovic et al. (175) 
(173) 

Renaud (155) 

Smith & Davis (15); 
Davis (278) 

Steffens (186) 

S,  SI, U, UR 

A, PE, S 

S, SI, U, UR 

PE, S, U, UR 

PE, S, U, UR 

A, P, s 

PE/SI, S ,  U, UR 

S,  SI/TE, U, UR 

Stripling (171) S ,  SI, U, UR 

Terkel & Urbach (166) S, U, UR, V 

Upton (181) S, SI, U, UR 

I1 

11, M 

11, M 

VBP 
CI 

CI 

CI 

CI 

CI 

CI, SI 

M 

I1 

CI 

11, M 

Cannula filled with heparinized (10 U/ml) isotonic saline; an 
epoxy-filled needle used to plug the end 

Cannula filled with heparin (20 U/ml); rat attached to a pulley 
assembly for continuous vascular access; cannulas in 46 rats 
patent for 12-21 days 

Cannula filled with an air bubble plus heparin-povidone 
mixture, sutured into the vein and exteriorized uia a cranial 
pedestal; aseptic surgical methods used; patent for >1 year 

Rats were heparinized acute study 
Surgery done aseptically; cannula filled with heparinized (20 

U/ml) isotonic saline; patent cannulas for 3 weeks in five 
test rats, special swivel assembly 

Cannula exteriorized at the back of the neck and passed 
through a spring that is sutured to the rat; uses a ball swivel, 
requires daily catheter straightening; cannula used up to 6 
weeks (gives useful technical hints concerning cannula 
placement) 

Cannula threaded into the vein through a 19-gauge needle and 
exteriorized through a rat body harness; used for up to 3 
weeks 

Cannula filled with heparin (1000 U/ml) 
Cannula secured uia a subcutaneous collar around the neck; 

used for up to 3 months; rat prevented from biting cannula 
by electrical-shock device 

Cannula exteriorized uia a plastic cap sutured to the back of 
the neck; filled with isotonic saline; used up to -3 weeks 

Cannula exteriorized at  the root of the tail and passed through 
a spring enclosing the tail; infusion for up to 3 days; a larger 
diameter cannula can be used for serial blood sampling 

Uses an implantation needle that is passed in and out of the 
vessel lumen, leaving the attached cannula tubing in the 
lumen; anchored in place uia an attached silicone rubber 
sheet; cannula filled with isotonic saline; patent for 4-8 
weeks for six test rats 

Jugular vein shunt constructed to enable serial injections 
without cannula flushing; prevents undesirable blood 
volume expansion; used acutely for bioassay 

Uses a double-mitered cannula tip to prevent thrombotic 
blockade of the cannula; exteriorized a t  the head via a 
cranial pedestal; cannula filled with heparin-povidone 
mixture; uses a special swivel assembly; cannula patent for 
up to 5 months 

Cannula filled with heparinized isotonic saline; exteriorized at 
the back of the neck; average cannula lifetime of 22 days 

ECG, 11, M Cannula is advanced into the right ventricle; filled with 
heparinized isotonic saline; exteriorized at the back of the 
neck; cannula patent up to 124 days (with heparin) or 50 
days (without heparin flushing) 

surgically exposed vein or percutaneous rostra1 puncture uia 
depilated skin; collected up to 2 ml of blood, up to five 
samples per week 

Describes two cannulas for jugular vein implantation; used up 
to 6 months; contains a wealth of practical information on 
cannula construction, surgical procedures, and infusion 
apparatus; excellent procedural photographs 

Cannulation of one tributary (for infusion) or two tributaries 
(for simultaneous infusion and blood sampling) of the 
external jugular vein; cannula filled with air bubble and 
heparin-povidone mixture; exteriorized uia a cranial 
pedestal; sampled blood mag be contaminated with infused 

11, M Uses a 20-gauge needle for direct venipuncture of the 

CI, I1 

CI, M 

CI, I1 

M 

substance 
Cannula has intravascular end plugged, but delivers drug uia 

lateral holes that prevent blood from entering the cannula; 
fixed in vein using cyanoacrylate glue and exteriorized uia a 
cranial pedestal; patent in 61 and 60 of 65 rats for 2-3 and 
5-9 weeks, respectively 

Cannula filled with heparin (250 U/ml); anchored in vein by 
seven sutures and exteriorized at  the back of the neck into a 
protective plastic cylinder sutured to the neck; cannulas in 
20 rats were patent for an average of 28.5 days (maximum 88 
days) 

Cannula filled with heparinized (10 U/ml) isotonic saline; 
exteriorized at the back of neck; serial blood samples 
collected up to once per min, with up to 5 weeks usage 

11, M 

Continued on next page 
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Table IV-Continued 

Demon- 
Venous Methodology strated 

Site Reference Notes' uses* Procedural Comments 

Internal jugular: 

Mesenteric 

Palpebral: 

Portal: 

Retro-orbital venous 
plexus: 

Sagittalflransverse 
Sinus: 

Saphenous: 

Sublingual: 

Weeks & Compton 
(184) 

Mouzas & Weiss (279) 

Rappaport et al. (143) 

Zammit et al. (203) 

Anderson et al. (280) 

Cassidy & Houston 

Gallo-Torres & Ludorf 
(151) 

(282) 

Hyun et al. (281) 

A, N, S 

PE, PR, S, U 

PE/SI, S, U 

P, TR, U 

A, N, S 
PE, S, TR, U 

PE, S, TR, U 

A, PE, S 

Pelzmann & Havemeyer A, PE, S 

Sable-Amplis & Abadie PE, S, U, UR 
(198) 

(199) 

Suzuki et al. (283-285) A, PE, S 

Lapeyrac (40) A 

Lm et al. (44) A 

N6ller (36) U 

Riley (37) U 
Salem et al. (41) U 

Sanders (42) A 
Sorg & Buckner (43) A/U 

Stone (39) U 

Davis & D'Aquila (286) N, PE, S, U, UR 

Everett & Sawyer (287) P, TR, U 

Grunt et al. (288) 

Rusher & Birch (289) 

Greene & Wade (290) A 

A, N, P 

P, U 

CI, 11, M, SI Cannula filled with isotonic saline: exteriorized at  the back of 

M, S 
CI 

11, M 

SI 

SI 

CI, M 

M 

M 

M 

M 

CI 

S 

M 

M 

M 
M 

M 
S, T 

M 

I1 

I1 

I1 

M 

SI 

the neck; cannula patency injection, blood Sam ling] for 10 
rats tested after 3 months: /8, 7],4 months: 8 ,5f6 months: 

presented in one paper (13) 
Direct needle puncture of the surgically exposed vein; collects 

up to 5 ml of blood 
Uses an easily constructed device to facilitate cannulation of 

small vessels; cannula filled with heparinized saline 
Cannula filled with heparinized saline; 17 of 20 rats had patent 

cannulas for 3 weeks 
Injection uia a 30-gauge needle to the palpebral venous blood 

supply of the eye of newborn rats 
Inserted a 27-gauge butterfly infusion needle into the vein; 

cannula flushed with heparinized isotonic saline 
(a) Splenectomy followed by threading of a cannula uia the 

splenic vein into the portal vein; portal blood continuously 
sampled for 60 min; patent for up to 1 week; 

( b )  splenectomy followed by insertion of a T-shaped cannula 
into the portal vein; patent for several months 

Direct cannulation of the vein followed by fixing the cannula 
in the vein with a piece of plastic and cyanoacrylate 
adhesive; patent for 3-4 days; excellent surgical field 
diagrams 

Cannula inserted in the portal vein oia the splenic vein; filled 
with heparin (1000 U/ml) or distilled water 

A shunt of tubing was inserted in opposite directions in the 
portal vein; cannula filled with heparin 

A T-shaped cannula inserted in the portal vein; cannula was 
siliconized, filled with heparinized (4 mg/ml) saline, and 
exteriorized at  the back of the neck; 8 and 5 of 10 rats had 
patent cannulas at 1 week and 1 month, respectively 

Cannula threaded into the portal vein uia the pyloric vein; 
methylene blue injected into the cannula after the procedure 
to verify location by blue staining of the liver; portal 
infusions given for 50 min 

[5,4], and 8 months: [2,2]: methodological a etails are best 

Up to 0.6 ml of blood drawn into a glass pipet 

Collected up to six serial blood samples of -0.5 ml each; 
diagram of ocular anatomy 

Drew up to several milliliters at once; glass capillary tube used 
as a collection device 

Collected blood samples of 4 . 2  ml each 
Collected up to 30 serial blood samples of up to 0.5 ml each; 

excellent description and photographs of method 
Adapted method of Riley (37) to germ-free animals 
Up to 8 ml of blood collected into a test tube uia the posterior 

canthus; claims less likelihood of nose bleeds and eye 
trauma 

Collected up to 1 ml of blood per sample; used 2 drops of a 2% 
cocaine solution applied to the eye before sampling 

Requires stereotaxic techniques; not used as a chronic infusion 
method 

Shaved the area, then dilated the vein with 70% alcohol and 
snapping with a finger; injection uia a 26-gauge needle; good 
illustration of the injection site 

Used an indwelling 27-gauge needle for maintenance of venous 
access during anesthesia 

Collected up to 0.2 ml of blood on each of 3-5 venipunctures 
per rat; used a 20-gauge needle 

Access to the sublingual vein is facilitated oia a fine suture 
passed through the tip of the tongue; injection uia a 26- or 
27-gauge needle 

0 Methodology key: (A) postoperative experiment on anesthetized rats; (CSF) cerebrospinal fluid; (DL) double lumen cannula (1.5 mrn o.d., 0.71 mm i.d.; DVE-8, Dural 
Plastics, Dural, NSW, Australia); (H) postoperative rat maintained in a body harness; (N) needle inserted into blood vessel, with tubing attached to needle; (NY) nylon 
cannula, (P) percutaneous method, (PE) polyethylene cannula; (PP) polypropylene cannula: (PR) postoperative experiment on partially restrained rats; (S) surgical 
method; (SI) silicone rubber cannula; (TE) polytef cannula; (TR) postoperative experiment on totally restrained rats; (TY) Tygon cannula: (U) postoperative experiment 
on unanesthetized rats; (UR) postoperative experiment on unrestrained rats; (V) vinyl cannula. * Key for demonstrated uses and procedural comments: (CI) continuous 
infusion; (ECG) electrocardiogram recording; (11) intermittent injections; (M) multiple blood sampling; (S) single blood sample with rat survival; (SI) single injection; 
(T) terminal blood sample; (VBP) venous blood pressure. Unopette. Becton-Dickinson, Rutherford, N.J. Lateral marginal vein. 

anesthetized rats. Pang and Gillette (320) supplied evi- 
dence contrary to the hypothesis of extrahepatic elimi- 
nation of acetaminophen in the rat using exclusionary 
hepatectomy oia ligation of the hepatic artery and portal 
vein at points proximal to the liver. The absence of blue 
discoloration of the liver following a 0.5-ml iv injection of 
blue ink was used to verify the complete cessation of blood 

flow to the liver. Rats treated in this manner survived for 
-85 min. 
Portal-Systemic Shunts-A portal-systemic shunt is 

a surgically constructed connection between the side or end 
of the portal vein and a systemic vein (inferior vena cava 
or renal vein, a portacaval or portarenal shunt, respec- 
tively) to divert portal venous blood away from the liver. 
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Table V-Miscellaneous Methods for Vascular Access 

Method Reference 

Cardiac puncture: Burhoe (5); Gupta (291); Kraus 
(21); Moreland (292); 
Waynforth (12) 

Decapitation: Bush & Bush (293); Moreland 
(292) 

Tail amputation: Enta et al. (294); Kraus (21) 

Toe clipc: Kraus (21); Moreland (292) 

Demonstrated 
Uses0 Procedural Comments 

M, S, T Rats are anesthetized; generally uses a 25- or 26-gauge needle 
(0.5-0.75 in. long); Burhoe (5) collected up to 12 ml of blood at 
once without killing the rat and up to 5 ml of blood weekly for 
3 months; procedure can be terminal, Stuhlman et d. (264) 
reported 12% mortality from cardiac puncture in rats; 
photographs and excellent procedural descriptions by Burhoe 
(5) and Waynforth (12); Gupta (291) used cardiac puncture 
for neonatal rats 

Particularly useful for terminal blood collection when anesthesia 
must be avoided; provides mixed arterial-venous blood; 
although aesthetically unpleasant, it is a humane procedure 
when done by experienced personnel using commercially 
available guillotines 

Tail may be warmed before procedure; distal part (2-3 mm) of 
tail of unanesthetized rat is amputated to collect up to 4 ml of 
arterial blood (if lateral caudal veins are occluded by direct 
pressure) or mixed arterial-venous blood; bleeding is stopped 
by applying pressure or cauterization 

Rats are anesthetized; clipping the toe can yield up to 0.3 ml of 
mixed arterial-venous blood; due to postprocedural pain to 
the rat, this procedure is not recommended 

T 

M, S 

S 

a Key for demonstrated uses: (M) multiple blood Sam les per rat; (S) single blood sample per rat; (T) terminal procedure for blood sampling. Harvard Apparatus, 
South Natick, Mass. and EDCO Scientific, Chapel Hill, E.C.  Plantar and dorsal digital arteries plus the plantar veins are clipped. 

Procedures for portal-systemic shunting in the rat were 
introduced in 1946 by Whitaker (327) and Reinhardt and 
Bazell (328). Laboratory animals with a portal-systemic 
shunt have provided, due to conditions resulting from the 
shunt, useful models for the study of altered drug dispo- 
sition in the dog (329,330), altered pharmacodynamics in 
the cat (3311, hemostatic abnormalities (thrombocyto- 
penia, hypofibrinogenemia, impaired platelet aggregation) 
in the rat (332-334), hyperuricemia in the rat (335), and 
potentially altered blood-brain barrier permeability in the 
rat (336-338). A number of other shunt-caused metabolic 
abnormalities have yet to be exploited as animal models 
(339). Bircher (339) has provided a useful summary of the 
animal model utility of the portacaval shunt rat. 

It is impractical to consider here the detailed method- 
ologies available for portal-systemic anastomosis in the 
rat. Lee et al. (340) have presented an outstanding review 
of the relevant history and methodology, along with a 
thorough discussion of the hepatic and metabolic alter- 
ations associated with portal-systemic anastomosis. 
Steiner and Martinez (341) studied systematically the 
cytological and gross changes associated with ligation of 
the portal vein, hepatic artery, and bile duct. Although 
Bircher (339) has recently proposed routine use of the 
portacaval shunt rat for evaluation of first-pass effect, no 
study using such methodology in the rat has yet been 
published. The need for vascular surgical skills and an 
operating microscope undoubtedly hinder the widespread 
use of portacaval shunt methodology for studying the 
first-pass effect in the rat. Nonetheless, the portacaval 
shunt rat offers the opportunity for studies of a longer 
duration than can be accommodated using transhepatic 
blood sampling methodology. Perhaps this advantage will 
be exploited in the near future. 

One portacaval shunt procedure requires neither an 
operating microscope nor vascular surgical skills, yet 
produces a rat useful for short-term experiments. Bern- 
stein and Cheiker (342) completed a portacaval shunt 
without a vascular anastomosis by obliterating the arterial 
blood supply to the liver (uia ligation of the coeliac, supe- 
rior hepatic, hepatic, and gastroduodenal arteries and di- 

- 

. 

' 

verting the blood flow through a polyvinyl tube (with 
needle tips a t  both ends) connecting the portal and ilio- 
lumbar veins. Rats so prepared were used in experiments 
for several hours while anesthetized. 

COLLECTION OF OTHER BODY FLUIDS 
Urine Collection Methods-Studies of xenobiotic 

disposition often require sampling or total collection of 
excreted urine. Some investigators have developed detailed 
methods for renal clearance determination in the rat (343). 
Urinary excretion studies may often be impeded by the 
relatively low urine output (1.20 f 0.24 m1/200 ghr ,  mean 
f SEM, n = 10) of healthy adult rats (344). Urine flow rate 
was increased four- to fivefold by oral gavage adminis- 
tration of a single volume of warm distilled water (0.05 ml/g 
body weight) to a maximum urine flow rate of 2.8 f 0.2% 
of body weight/hr (mean f SEM, n = 4; equal to 5.6 ml/ 
200 g h r )  (345). Urine flow returned to the basal rate -3 
hr after the water load. Three administrations of warm 
distilled water at half-hour intervals (0.05 ml/g body 
weight each) further increased the urine flow rate to a 
maximum of 6.8 f 0.4% of body weighth  (mean f SEM; 
equal to 13.6 m1/200 g/hr) (346, as cited in 345). Jeffers et 
al. (347) induced diuresis in the rat by oral gavage ad- 
ministration of a single volume (0.05 ml/g of body weight) 
of an aqueous ethanol solution (12% v/v of 95% ethanol in 
water) followed 30 min later by oral gavage administration 
of a volume (0.03 ml/g of body weight) of warm tap water. 
This regimen resulted in a stable increased urine flow rate 
(3.1-8.1 ml/hr) in male rats (180-220 g) achieved 90-120 
min after the first gavage. However, the amount of ethanol 
used has a sedative effect. 

Kraus (21) has classified urine collection methods as the 
free catch method, reflex emptying following periodic 
stimulation or massage, bladder puncture, cystostomy, 
urethral catheterization of female rats, and external 
drainage catheter for male rats (Table VI). For all methods, 
urine is collected in some type of ice-cooled receptacle. An 
antioxidant and a metal ion-complexing agent should be 
added when collecting oxidizable xenobiotics. After esti- 
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Table VI-Methods for Urine Collection. 

Method 

Free catch: 
Nelson et al. (349) 

Reflex emptyinga: 
Adolph et al. (350) 

Suprapubic pressure*: 
Hayashi & Sakaguchi (351) 

Bladder centesis: 
Heller (352) 

Cystos tomy: 
Hoy & Adolph (353) 

Urethral catheterization: 
Cohen & Oliver (354) 

White ( X 5 )  
External drainage catheter: 

Advantages 

Useful in all age groups and both sexes; 
nonsurgical method 

Useful in all age groups and both sexes; 
nonsurgical method 

Can collect urine in a capillary tube; useful 
in all age groups and both sexes; 
nonsurgical method 

Useful in all age groups and both sexes; 
bladder can be emptied completely 

Useful in all age groups and both sexes; 
useful in conscious rats; provides 
continuous urine collection 

Provides continuous urine flow; serial 
catheterizations are possible; nonsurgical 
method 

Provides continuous urine flow; nonsurgical 
method 

Disadvantages 

May not elicit complete emptying of bladder 

Requires restraining cage; may not elicit 

Elicits small urine volume. 
complete emptying of bladder 

Used only at necropsy 

Surgical method 

Useful in adult female rats only; rats must be 

Useful in adult male rats only; rats must be 

anesthetized 

anesthetized 

a Raising and lowering the rat. * Applied with the fingers. 

mating the volume of urine to be collected during the 
designated period (based on a conservative urine output 
of -0.3 m1/200 g body weight/hr), an appropriate volume 
of stock antioxidant solution (1.OM a-thioglycerol plus 
0.1M EDTA) is added to the urine to achieve final urinary 
concentrations of 0.01M cu-thioglycerol and 0.001 M EDTA 
(348a)23. Mulder et al. (348b) recommended addition of 
sodium azide to the urine receptacle to inhibit bacterial 
growth. For anaerobic collection and to prevent evapora- 
tion of urine, the receptacle can be partly filled with min- 
eral (261) or paraffin oil (343). 

Free Catch Method-Rats will frequently urinate when 
touched, picked up around the midsection, raised with 
their hind legs out of contact with the cage floor, or a small 
cotton ball moistened with diethyl ether is waved under 
the nose (349). 

Reflex Emptying-Kraus (21) provides a description 
of the salient features of a restraining cage used by Adolph 
et al. (350). With a rat in this cage over a receptacle, uri- 
nation was elicited by quickly raising and lowering the 
frame and animal. Reflex urination can also be elicited by 
applying digital pressure to the suprapubic region (351). 
A capillary tube can be used to collect urine obtained in 
this manner (351). 

Bladder Puncture-Urine can be withdrawn uia a 
needle and syringe from the bladder a t  the necropsy of the 
rat (352). 

Cystostorny-Hoy and Adolph (353) surgically im- 
planted a plastic cannula in the urinary bladder to obtain 
a continuous flow of urine. This cannulation method is 
useful in both male and female rats of all ages. Hoy and 
Adolph (353) observed a continuous urine flow rate of 
-0.3-0.5 ml/hr in healthy, conscious adult rats. 

Urethral Catheterization of Female Rats-Repeated 
short-term catheterization of the female rat urethra can 
be done using a No. 4 coude ureteral catheter (354). A 
continuous urinary flow for up to 4 hr while the rat was 
maintained under anesthesia was reported. This method 
apparently has not been used in conscious rats. 

External Drainage Catheter for Male Rats-A modi- 
fied polyethylene catheter24 can be slipped over the tip of 
the penis of the anesthetized male rat, tucked under the 

29 Concentrations of n-thioglycernl and EDTA specified here were modified from 
those stated in ref. :M8a in accordance with methodology notes provided by W. D. 
Conwav p t  a l .  

24 Leur-End lntramedic polvethglrne ratheter; Clay Adams. Parsippany, N.J.  

foreskin, and secured in place by tying the foreskin around 
the catheter with a single silk ligature (355). Urine flow 
rates of 6-10 ml/hr were observed after fluid loading uia 
an orogastric tube. This method cannot be used in either 
female or conscious rats. 

Bile Collection Methods-lntroduction-Experi- 
ments on hepatobiliary excretion of drugs often necessitate 
short-term, intermittent, or chronic collection of bile from 
the rat. Eight salient facts must be considered when col- 
lecting rat bile. First, the rat does not have a gallbladder 
to serve as a bile reservoir, and therefore bile flows con- 
tinuously through the common bile duct into the duo- 
denum (26). Second, the pancreatic duct empties pan- 
creatic fluid into the common bile duct distal to the place 
where the bile enters. This anatomical arrangement en- 
ables the experimenter to collect either bile, pancreatic 
fluid, or a mixture of the two. The identity of the collected 
fluid must be ensured by close inspection of these ana- 
tomical features and correct placement of the ligatures. 
Since collection of pancreatic secretions in the rat has had 
limited application in the area of pharmaceutical sciences 
(356,357), the interested reader is referred elsewhere for 
detailed methods on pancreatic secretion collection (11, 
356-361). Third, electrolytes depleted by chronic bile di- 
version must be replenished by parenteral or oral fluid 
administration (362, 363). Free access to drinking water 
containing 2.5-5% glucose plus isotonic sodium chloride 
(192,363), 0.85-1.0% sodium chloride (182,364,365), 5% 
glucose plus 0.9% sodium chloride plus 0.05% potassium 
chloride (366), or Ringer’s solution (188) reportedly supply 
adequate electrolyte replacement. Intravenous saline in- 
fused at a rate of 1 ml/hr has also proven effective (367). 
Addition of glucose to oral fluids seems to encourage fluid 
intake in the rat (366). Fourth, bile flow is dependent on 
body temperature (368, 369). Therefore, maintenance of 
constant rectal temperature uia use of a heat lamp is nec- 
essary for comparative studies of hepatobiliary excretory 
function (319, 369, 370). Fifth, phenobarbital (75 mg/ 
kg/day for 4 days) can be used as an experimental tool to 
induce an -50% increase in bile flow rate (371-373). Al- 
ternatively, cycloheximide reduces bile flow rate to  
-33-50% of the flow rate in control rats (374). Sixth, al- 
though the rate of bile flow does not differ significantly in 
males compared with female rats, lactating female rats 
(7-10 days postpartum) and female rats a t  their 20th 
gestational day have an -50% greater bile flow rate. On 
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removal of the rat pups from the lactating female, this el- 
evated bile flow rate decreases to that of normal female rats 
(370). Seventh, interruption of enterohepatic circulation 
by bile duct cannulation alters bile composition by low- 
ering the ratio of cholic acid-cholesterol (375). This al- 
teration must be considered in evaluation of the results of 
biliary excretion studies. Eighth, there is a circadian 
variation of both bile production (average nighttime pro- 
duction being 50 and 38% higher than daytime production 
in female and male rats, respectively) and bile composition 
which could markedly alter studies of xenobiotic disposi- 
tion (376). 

The physiology of bile secretion and the anatomical 
structures involved have been reviewed (11, 377, 378). 
Colwell(363) has provided a useful photograph of a bile 
duct injected with india ink. Mechanisms of hepatobiliary 
excretion and enterohepatic recycling of xenobiotics have 
been reviewed (379-381), as have some theoretical phar- 
macokinetic principles (320,382). 

Substantial research has been done to discern the gen- 
eral characteristics of xenobiotics undergoing hepatobiliary 
excretion in the rat. Sperber (383) suggested that com- 
pounds with molecular weights >400 (in the unconjugated 
form) are excreted efficiently in the bile. Millburn et al. 
(384) studied a group of different xenobiotics and con- 
cluded that compounds with a molecular weight of -300 
or greater containing a highly polar anionic moiety are 
likely to undergo significant hepatobiliary excretion. The 
reader interested in further details on this topic is referred 
to the extensive original research (192,382, 385-390). 

Concurrent with their studies of the types of compounds 
undergoing hepatobiliary excretion, Abou-El-Makarem 
et al .  (386) compared eight species (rat, dog, hen, cat, 
sheep, rabbit, guinea pig, and rhesus monkey) with respect 
to their ability to excrete eight different xenobiotics in the 
bile. This excellent study revealed that the rat and dog are 
two of the better hepatobiliary excretors, while the rabbit, 
guinea pig, and rhesus monkey are poor hepatobiliary ex- 
cretors. This information is valuable when evaluating in- 
terspecies differences in drug disposition characteris- 
tics. 

Methods-Bile collection methods can best be consid- 
ered by classifying them into three categories: 

1. Intracorporeal reservoir methods, i.e., cannulation 
of the common bile duct with total continuous diversion 
of bile flow into a reservoir surgically implanted in the 
peritoneal cavity (363, 366, 391) or abdominal wall 
(362). 

2. Extracorporeal reservoir methods, i.e., cannulation 
of the common bile duct with total continuous diversion 
of bile flow through the cannula to an extracorporeal col- 
lection reservoir (182, 188, 192, 364, 374, 376, 390, 392, 
393). 

3. T-cannula method, i .e.,  implantation of a T-shaped 
cannula in the common bile duct to enable intermittent 
collection of bile (394). 
In each of these three categories, various methods exist for 
acute sampling in anesthetized rats or chronic continuous 
collection in unanesthetized, unrestrained rats. Table VII 
provides procedural comments relevant to the advantages 
and disadvantages of available bile collection methods. 

Continuous bile collection has been reported for up to 
54 days in chronically cannulated, unrestrained rats (364). 

Table  VII-Methods for Bile Collection 

Method Procedural Comments" 

Intracorporeal reservoir 
methods: 
Johnson & Rising (366) 

Sawyer & Lepkovsky 
(391) 

Extracorporeal reservoir 
methods: 

al. (192) 
Abou-El-Makarem et 

Balabaud et al. (188) 

Enderlin & Honohan 
(182) 

Friedman et al. (392) 

Fisher & Vars (364) 

Knapp et al. (393) 

Locket al. (374) 

Takada et al. (390) 

Vonk et al. (376) 

T-Cannula method: 
Klauda et  al. (394) 

PP-10 cannulation of the common bile 
duct which then drains into a 12-ml 
glass reservoir implanted in the 
peritoneum; bulb can be drained uia 
an extracorporeal segment of tubing 
attached to the reservoir; bile collected 
for up to 6 days from unanesthetized, 
unrestrained rats 

cannula is inserted into the common 
bile duct and drains into a 6-ml glass 
bulb implanted in the peritoneum; 
bulb can be drained uia an 
extracorporeal segment of tubing 
attached to the bulb; no cannulated 
rat survived >90 hr 

Polythene (0.4-mm i.d., 0.8-mm 0.d.) 
cannulation of the common bile duct; 
cannula exteriorized uia a 
subcutaneous tunnel to an 
extracorporeal reservoir; bile collected 
from unanesthetized rat in a Bollman 
(395) restraining cage for up to 24 hr 

PE-50 cannulation of the common bile 
duct; cannula exteriorized uia a 
subcutaneous tunnel to a cranial 
pedestal connected to an 
extracorporeal reservoir uia a swivel; 
bile collected for up to 6 days from an 
unanesthetized rat in a small 
metabolism cage 

duct; cannula exteriorized uia a 
subcutaneous tunnel to an 
interscapular incision connected to an 
extracorporeal reservoir uia a swivel; 
bile collected for up to 4 days from an 
unanesthetized rat in a small 
metabolism cage 

PE-10 cannulation of the common bile 
duct; cannula exteriorized uia a 
subcutaneous tunnel exiting a t  the 
foot [see figure in Nakayama (396)]; 
bile collected for 24 hr from 
unanesthetized, restrained rats 

PE-50 cannulation, of the common bile 
duct; cannula exteriorized uia a 
subcutaneous tunnel to a midline back 
incision into a piggyback cylindrical 
collection reservoir; bile collected for 
up to 54 days from unanesthetized rats 

into the common bile duct, then the 
cannula is firmly anchored in place uia 
a PE-250 cannula jacket; long-term 
bile collection from unanesthetized 
rats 

PE-10 cannulation of the common bile 
duct; cannula exteriorized uia a 
subcutaneous tunnel out of the back of 
the head to an extracorporeal 
reservoir; bile collected for 14 hr from 
an unanesthetized rat in a small 
metabolism cage 

for retrograde infusion studies in 
anesthetized rat 

Silicone-rubber cannula inserted into the 
common bile duct; cannula 
exteriorized a t  the skull uia stainless 
steel tubing glued to the skull 

Silicone-rubber T-shaped cannula 
inserted into the common bile duct; 
permits periodic sampling of bile; a 
rubber collar around the neck was 
used to prevent chewing of the 
cannula 

An 18- or 19-gauge stainless steel 

PE-50 cannulation of the common bile 

PE-50 part of the cannula is inserted 

P E  cannulation of the common bile duct 

0 Key for procedural comments: (PE) polyethylene; (PP) polypropylene. 
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Table VIII-Methods for Lymph Collection. 

Reference Procedural Commentso 

Bollman et al. (404) 

Gallo-Torres & 
Miller (405,406) 

Gowans (407) 

Reinhardt (408) 

Tasker (409) 

0.1 ml of 0.5% Evans blue dye was injected to 
enable identification of the lymphatic 
vessels; lymph collected continuously from 
unanesthetized, restrained, postoperative 
rats; 1-1.5 mm diameter plastic cannula used 
for lymphatic vessels of small intestine, liver, 
and abdomen; lymph flow rates of 5,20, and 
25 m1/24 hr from hepatic, intestinal, and 
thoracic lymphatics, respectively; lymph was 
collected for up to 3,10, and 10 days from 
hepatic, intestinal, and thoracic lymphatics, 
respectively 

PE-50 cannula inserted into the abdominal 
thoracic duct; common bile duct was double 
cannulated for bile collection and saline 
infusion into the intestine; used 
cyanoacrylate adhesive to fix the cannula in 
the thoracic duct; lymph flow rate was 
proportional to the saline infusion rate; 
diverted bile can be reinfused i ia  the 
intestinal cannula 

Cannulation of the abdominal thoracic duct 
using the method of Bollman et a / .  (404); 
designed a pumping apparatus to reinfuse 
lymph and lymphocytes uia the femoral vein 

identification of the lymphatic vessels; rats 
anesthetized throughout procedure; cannula 
was tapered glass with a 25-27-gauge tip; 
thoracic duct cannulated in the neck; lymph 
collected for up to 6 hr; mean flow rate was 
0.45 m l h r  (range of 0.13 to 0.70 ml/hr, n = 
10) 

unanesthetized, unrestrained, postoperative 
rats; a plastic cannula drained an intestinal 
lymphatic vessel into a glass reservoir (10-20 
ml) placed in the peritoneum; lymph is, 
collected uia an extracorporeal reservoir 
access tube; collection for up to 10 days; flow 
rates of 0.5-1.0 ml/hr in fasting rats and 2-5 
m l h r  in fed rats 

0.5 ml ip of 1% trypan blue enabled 

Lymph collected continuously from 

Key for procedural comments: (PE) polyethylene. 

Cannulation of the common bile duct25 with exteriorization 
at  an interscapular incision for flow into an extracorporeal 
reservoir while housing the rat in a low-ceiling metabolism 
cage26 has proven a useful procedure for relatively short 
(524 hr) bile collection. For more prolonged bile collection, 
passage of the extracorporeal portion of the cannula 
through an appropriate swivel joint will facilitate main- 
tenance of a patent, unkinked cannula. 

A unique procedure for the total exclusion of bile from 
the GI tract of male rats was described in 1936 (362). This 
procedure entails construction of a fistula from the bile 
duct to the vas deferens so that bile is eliminated in the 
urine. Rats prepared by this method remained apparently 
healthy for 3-4 months. 

Bile collection methods are currently used in drug dis- 
position and pharmacokinetic studies (366,367,397-403). 
Johnson and Rising (366) allowed at  least 16 hr for rats to 
recover from bile duct cannulation, then included each rat 
in experiments only if (a) reasonable bile flow was estab- 
lished, i .e.,  -2-3 ml/kg/hr (366,374,391,392), (b) the rat 
seemed to defecate normally (i.e.,  no evidence of intestinal 
blockage), (c) the rat appeared healthy and active, not 
listless or lethargic, and (d) adequate food and fluid intake 
was maintained. These criteria are very useful guidelines 

15 Using a polyethylene PE-10 cannula. 
26 Maryland Plastics, Inc., Federalsburg. Md. 

for the postoperative and periodic evaluation of the rat 
with a cannulated bile duct. 

Lymph Collection Methods-In 1945, Reinhardt (408) 
reported the first method for cannulation of the thoracic 
duct (at its location in the neck) and collection of lymph 
in the anesthetized rat. A single injection (0.5 ml ip) of 1% 
trypan blue administered 30 min prior to cannulation fa- 
cilitated identification of the main lymphatic trunks. 
These investigators observed a lymph flow rate of 0.13-0.70 
ml/hr (mean = 0.45 ml/hr, n = 10). Methodological con- 
siderations for lymph collection (404-409) are summarized 
in Table VIII. 

Bollman et al. (404) extended lymph collection meth- 
odology to unanesthetized rats by insertion of a plastic 
cannula in the hepatic, intestinal, and thoracic duct lym- 
phatic vessels. Postoperative, restrained rats provided 
continuous collection of lymph for up to 10 days. These 
investigators noted development of hypoprothrombinemia 
within 18 hr of lymphatic cannulation (316). Subcutaneous 
administration of vitamin K (4-amino-2-methyl-l- 
naphthol) both prevented and corrected hypoprothrom- 
binemia development. 

Tasker (409) collected intestinal lymph from unanes- 
thetized, unrestrained rats by inserting a plastic cannula 
into an intestinal lymphatic vessel that drained into a glass 
reservoir (10-20 ml volume) placed in the peritoneum. 
Lymph was collected periodically by emptying the peri- 
toneal reservoir uia rubber tubing passing from the res- 
ervoir to a point of exteriorization at  the right flank. This 
method seems useful for continuous lymph collection when 
restraint is undesirable. 

Gowans (407) cannulated the abdominal thoracic duct 
using the method of Bollman et al. (404) to continuously 
collect lymph from restrained, unanesthetized rats. The 
collected lymph was reinfused into the femoral vein of the 
same cannulated rat uia a pump apparatus. Such contin- 
uous reinfusion of lymph and living lymphocytes pre- 
vented the marked decrease in lymphocyte output from 
the thoracic duct previously noted when lymph flow was 
diverted for >2 days (410). 

Finally, Gallo-Torres and Miller (405) introduced some 
modifications to simplify the method of Bollman e t  al. 
(404). A polyethylene cannula was inserted into the ab- 
dominal thoracic duct, while two other cannulas27 were 
inserted into the common bile duct to enable bile collection 
with simultaneous infusion of isotonic saline (1.2-4.6 
mlhr)  into the intestine. In rats fed a fatty meal 1 hr prior 
to surgery, the thoracic duct was recognized by its white 
coloration. Lymph flow rate was proportional to the saline 
infusion rate and lymph was collected for up to 10 days 
(405, 406). The integrity of the hepatobiliary excretory 
circuit can be reestablished by connecting the bile collec- 
tion cannula to the intestinal infusion cannula. These in- 
vestigators used a cyanoacrylate ester adhesive28 to fix the 
cannula in the thoracic duct. Several excellent diagrams 
of the relevant anatomical regions are provided (19, 
405). 

Gallo-Torres (19) has provided a well-illustrated, inte- 
grated discussion of the application of lymphatic vessel, 

27 Each of the three cannulas were polyethylene PE-50. 
28 Permabond 910 adhesive; Permabond International Corp., Englewood, N.J. 

Duro Super Glue; Woodhill Chemical Sales Corp., Cleveland, Ohio. Eastman 910 
adhesive; Eastman Kodak Co., Rochester, N.Y. 
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bile duct, and portal vein cannulation in evaluation of the 
bioavailability of xenobiotics in the rat. Since it provides 
a thorough review and examples of the experimental utility 
of lymph collection in the setting of other cannulas, the 
reader contemplating use of lymph collection methods is 
encouraged to refer to that work. 

Cerebrospinal Fluid Sampling-The development 
of methods for ventricular access has been a critical con- 
tribution to the effort to advance knowledge in the neu- 
ropharmacology and psychopharmacology areas. Collec- 
tion of cerebrospinal fluid and intraventricular adminis- 
tration of xenobiotics are highly specialized, intricate 
procedures that usually require experience in stereotaxic 
methods, knowledge of the anatomy of the brain, increased 
attention to aseptic procedures, and a high level of manual 
dexterity. Stereotaxic atlases of the rat brain are available 
to aid efforts to gain access to specific anatomical sites 
(32). 

The majority of methods for ventricular access were 
designed for administration of either a single dose, multiple 
intermittent doses for up to 60 days, or a continuous 
infusion of very small volumes of xenobiotic-containing 
fluids (411-419). These methods recently have been re- 
viewed by Myers (419) and illustrated by Avery (416). An 
easily constructed cannula originally used for intracerebral 
injections into cats and rabbits has proven useful in rats 
as well (420,421). Wagner and DeGroot (422) constructed 
a single intracerebral cannula from two hypodermic nee- 
dles and a small plexiglass plate. Hayden et al. (423) de- 
scribed detailed procedures for constructing and im- 
planting in the lateral ventricle a relatively simple, inex- 
pensive plexiglass cannula that enabled intraventricular 
injection for up to 3 months. The cannula constructed by 
Myers et al. (413) has proven to have great durability 
through the use of vinyl tubingz9 as an external protective 
shield. Khavari (225) has devised a combined intracerebral 
cannula-swivel unit to facilitate chronic studies in un- 
restrained rats. Although devised to enable intraventric- 
ular injection, some of these methods undoubtedly could 
be modified to enable sampling of cerebrospinal fluid. 

Larger laboratory animals (cat, monkey) are preferred 
for chronic sampling of cerebrospinal fluid. Nonetheless, 
serial sampling over a 2-hr period has been accomplished 
in the rat. Serial small-volume samples (-5 pl) of cere- 
brospinal fluid were collected for -2 hr uia cisternal- 
lumbar (424) and ventriculocisternal perfusions (425) in 
order to monitor transport of seven amino acids into the 
cerebrospinal fluid. The artificial cerebrospinal fluid used 
by Merlis (426) for perfusion of the spinal subarachnoid 
space of the dog was useful in these perfusion studies in the 
rat (424,425). 

A single sample of cerebrospinal fluid can be obtained 
from the carefully recovered brain of a decapitated rat by 
inserting a glass microcannula (0.15 mm 0.d.) into the 
mammillary recess of the third ventricle (427). By capillary 
action, 0.3-0.5 p1 of cerebrospinal fluid was collected. 
Clemens and Sawyer (428) collected via cisternal puncture 
-0.1 ml of cerebrospinal fluid from each anesthetized rat 
prior to sacrifice. No details (needle size, surgical prepa- 
ration, exact site of puncture) of the method were given. 
Chou and Levy (429) described in detail a procedure for 

Biraco vinyl tubing, number 318-8, size 8 Birnbach; Terminal Radio, New 
York. N.Y. 

cisternal puncture of the anesthetized rat and collection 
of 50-100 pl of cerebrospinal fluid. Since this procedure 
requires only a 25-gauge needle and a piece of silicone 
rubber tubing, it should prove to be a valuable technique 
when only a single sample is required. 

Saliva Collection Methods-Saliva remains a sel- 
dom-exploited fluid for collection in studies of xenobiotic 
absorption, distribution, and elimination. Welch et al. 
(276) accurately determined the elimination half-life of 
antipyrine in rats by the serial determination of salivary 
antiyrine concentrations. It was necessary to administer 
2.0 mg/kg sc pilocarpine to some rats to collect (by capillary 
tube) 5 p1 of saliva per sample. DiGregorio and Kniaz (430) 
monitored salivary amphetamine and methamphetamine 
concentrations in rats receiving a constant infusion of pi- 
locarpine (0.125 mg/min) uia the brachial artery. Saliva 
was continuously collected in a piece of polyethylene 
tubing over discrete time intervals uia a polyethylene 
cannula placed in the parotid salivary duct. This technique 
of saliva collection was a modification of methodology 
developed for the mouse (431). 

Additional details, illustrations, and pharmacokinetic 
applications of saliva drug concentration monitoring have 
been presented (432, 433). A number of other methods 
used for collecting rat saliva have been described in the 
dental research literature. These methods have been re- 
viewed by Kraus (21). 

METABOLISM CAGES AND RESTRAINING DEVICES 

A number of commercial and home-built cages and de- 
vices, primarily constructed of wire or plexiglass, have been 
designed for short-term restraint with strict spatial con- 
finement (434-444), restriction of certain body motions 
without spatial confinement (10,445-450), and housing 
(metabolism cages) to facilitate intravascular xenobiotic 
infusion, quantitative collection of urine and feces, and/or 
measurement of food and water intake (235,451-464). 

Cage design and selection are commonly assumed to be 
relatively unimportant factors in designing animal ex- 
periments. However, molybdenum toxicity is increased in 
rats housed in zinc-coated cages (465) and the acute tox- 
icity of various respiratory depressants in rats is markedly 
affected by cage design (466). Serum creatine phosphoki- 
nase activity in rats housed in cages with large spacings in 
the floor grating was approximately double that observed 
in rats housed in cages with small spacings in the floor 
grating (467). The effect on physiological variables of in- 
dividual as opposed to group housing of rats has been re- 
cently reviewed (468). In view of these effects of cage design 
and individual housing, investigators should consider 
carefully the experimental impact of the metabolism cages 
and restraining devices described in the following sec- 
tions. 

Restraining Devices-Short-Term Restraint- 
Short-term restraint with strict spatial confinement is 
provided by restraining devices. These devices are used to 
achieve immobilization to facilitate administration of in- 
jectable substances, application of topical medication, 
collection of a blood sample, artificial insemination by 
vaginal smear, inhibition of access to indwelling cannulas, 
or induction of stress in studies of stress-associated effects 
in rats. The old restraining method of tying the conscious 
rat to a board (469,470) is clearly excessive and unneces- 
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Figure 6-A home-built restraining cage constructed from galvanized 
steel-wire hardware cloth. The rat f i ts  inside the wire tunnel which has 
dimensions of 23-cm long, 7-cm wide, and 5.5-cm high. The size of the 
support wiregrating can be chosen to f i t  on top of an  available plastic 
animal bin. 

sary. Most commercially available restraining devices30 
resemble the Bollman-type confining tubular devices (261, 
262,395,436-439,471). 

Each of these confining tubular devices: (a) is able to 
accommodate only a limited-size range of rats, (b) can 
accumulate feces in the rear of the cage, (c) imposes total 
restraint on rat movements, and (d) does not allow access 
to the rat for periodic oral gavage administration of 
xenobiotics. The novice will quickly discover that the 
conscious rat can not be removed effortlessly from any very 
confining device. 

Scheline (471) modified the Bollman cage to make it 
adjustable to rat size and to allow urine collection. Similar 
characteristics are provided by a plastic stall restraining 
device (262). Davis and Coleman (442) used an adjustable, 
rectangular, plastic restraining cage for holding instru- 
mented 200-400-g rats for up to 8 hr. Cotlove (261) used 
a tubular restraining cage from which the hind feet and tail 
protruded to collect urine during intravenous infusion into 
the lateral tail (caudal) vein. An adjustable cable-type 
restraining device was designed to restrict motion to fa- 
cilitate undisturbed percutaneous absorption of substances 
applied topically to 200-300-g rats for I 72 hr (115). Wil- 
son (439) cut an opening in the top of a cardboard mailing 
tube to facilitate subcutaneous injection in the back of a 
restrained rat and access to the protruding tail for injection 
or blood sampling. To facilitate rapid removal of the rat 
from this tube, the distal end opened into a standard rec- 
tangular cage. 

In designing an alternative to the Bollman cage to fa- 
cilitate lymph collection, Baker et d. (472) placed the rat 
in a plexiglass rectangular cage with only the buttocks and 
tail restrained. This cage enabled the rat to move all but 
the hindquarters, allowed urine and feces to fall freely into 
a collecting vessel, enabled collection of lymph via a can- 
nula exteriorized in the inguinal region, allowed access for 
oral gavage administration without removal of the rat from 
the cage, and accommodated rats ranging from 200 to 450 
g. 

As another alternative to the confining tubular devices, 

persons with minimal skill in the use of common hand tools 
(pliers and wire cutters) and a supply of inexpensive gal- 
vanized steel-wire cloth (available in most hardware stores) 
can readily construct the simple and durable restraining 
device described by Girardet (440). Figure 6 illustrates a 
modified version of this device, which was constructed to 
lie on top of a widely available plastic cage. This restraining 
device was constructed in -1.5 hr and cost <$1.00 for 
materials (excluding plastic cage). By locating the wooden 
stick applicators at the buttocks of the rat, one device will 
accommodate rats of various body sizes. Similar charac- 
teristics are provided by a recently described restraining 
device which is inexpensively constructed from one small 
plexiglass plate (444). This device offers the advantage of 
enabling optional separate collection of urine and feces 
during restraint, but has the disadvantage of restraining 
the rat by greater immobilization of the limbs than used 
with the device illustrated in Fig. 6. Prolonged exposure 
to  excessive restraint has been associated with increased 
incidence of pathological events as described in a later 
section. 

Momentary Restraint -Momentary restraint is often 
essential for injection, blood sampling, collection of a 
vaginal smear, or artificial insemination. Such acute re- 
straint can be accomplished by properly holding the rat 
in one hand (Fig. 2), using a protective glove when animal 
biting is a problem. Since various individuals prefer leather 
gloves (available in hardware stores), butcher's metal-mesh 
boning gloves31 (473), or gloves made of 29 aramid32 (4741, 
each animal handler should try different gloves and use 
that which proves personally preferable. 

Two alternatives to holding the rat are allowing the 
animal to crawl into a close-fitting restraining sack (435), 
polythene tube (4411, or plastic cone33, and wrapping the 
rat in a towel with the head, neck, and tail exposed (6). Use 
of these methods is restricted by the limited region of the 
body which remains accessible. The use of tubes into which 
the rat will crawl enables convenient collection of blood or 
injection uia tail blood vessels by a single experimenter 
(441). Transillumination of the tail may also be helpful in 
visualizing the blood vessels (475). 

Restricting Motion-Restriction of certain body mo- 
tions without spatial confinement is often useful in pre- 
venting the rat from disturbing indwelling cannulas, irri- 
tating surgical wounds, or consuming fecal material (co- 
prophagy). Graham (450) described a small box which al- 
lows the rat to hide its head for up to l hr, thereby facili- 
tating investigator access to a cannula emerging from the 
back of the neck. Coprophagy-preventing devices and 
Elizabethan collars are described below. 

Coprophagy and Its Prevention-The degree of co- 
prophagy by the rat is recognized as a major variable in 
certain nutritional studies, particularly those involving 
vitamins B and K, since these are ingested by the rat fol- 
lowing synthesis by intestinal bacteria (476-479). In fact, 
this behavioral drive is so strong that healthy rats consume 
on the average 3565% of their total fecal output (480-482). 
The extent of coprophagy was most dramatically demon- 
strated by Greaves (483), who observed that unrestrained 

3' Model MMG-100 metal-mesh gloves; Braintree Scientific, Inc., Braintree, 

32 Kevlar; E. I. DuPont de Nemours and Co., Inc., Wilmington, Del. 
33 Model DC-200 DecapiCones: Braintree Scientific, Inc., Braintree, Mass. 

Model 700R rat restrainer: Braintree Scientific, Inc., Braintree, Mass. No. 
56-4500 rat restrainer; Harvard Apparatus Company, Inc., South Natick, Mass. 
Model H2284 restraining cage: Hazelton Systems, Inc., Aberdeen, Md. 

Mass. 
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rats fed a vitamin K-free diet for 180 days remained 
healthy and still excreted appreciable amounts of vitamin 
K in their feces. Unfortunately, many scientists in areas 
other than the nutritional sciences are unaware that co- 
prophagy is essential for the normal growth and develop- 
ment of young rats (484). 

Since the rat primarily consumes feces immediately 
after extrusion from the anus (482), the raised wire-mesh 
floors in many metabolism cages are ineffective in pre- 
venting coprophagy (482). Clearly, this fecal-oral recycling 
may be critical to mass balance studies, quantification of 
drug excretion routes, and pharmacokinetic studies. Three 
methods have been devised to inhibit coprophagy (485): 
(a) tubular cages restricting flexion and lateral motion 
(481, 4861, (6) a tight-fitting leather jacket restricting 
flexion (4481, and ( c )  placement of a plastic cup over the 
tail and anus of the rat to catch fecal pellets, thus rclidering 
them inaccessible to the rat (480,487,488). In addition, the 
Elizabethan collar may be useful in inhibiting copro- 

Elizabethan Collars-The Elizabethan collar is easily 
constructed and very useful for restricting motion to pre- 
vent the rat from disturbing indwelling cannulas, irritating 
surgical wounds, or consuming fecal material (Fig. 7). The 
collar consists of an adjustable plastic or reinforced card- 
board cone which fits snugly around the neck and encloses 
the head in the body of the cone, thereby preventing 
scratching of the head, licking or biting other parts of the 
body, and coprophagy (10,446,449). The desired collar size 
can be calculated by: 

PhagY- 

neck circumference 
collar i.d. = (Eq. 3) 

7r 

and 
collar 0.d. = collar i.d. + desired depth (Eq. 4) 

Metabolism Cages-A metabolism cage is a unit used 
to house an individual rat to facilitate quantitative sepa- 
rate collection of urine andlor feces, measurement of food 
andlor water intake, quantitative collection of expired 
respiratory carbon dioxide, andlor containment of radio- 
labeled substances administered to the rat. Since most of 
these cages confine the animal to a relatively small defined 
space without immobilization, metabolism cages also 
provide some degree of cannula protection when housing 
rats with indwelling cannulas. Generally, rats will tolerate 
well a relatively short period in any metabolism cage. 
However, experiments with durations > 12  hours necessi- 
tate the use of metabolism cages that enable adequate air 
flow to the rat, ready access to food and water, and easy 
retrieval of the collected urine and feces. In addition, a 
slightly higher room temperature (23-26') may help pre- 
vent respiratory disease during confinement (456). 

Grantham et al. (235) noted that rats rest easier when 
maintained in square, rather than circular, metabolism 
cages since this shape allows the rat to sleep in a corner. 
Lazarow (456) has provided an extensive review of the 
many aspects involved in designing and building metab- 
olism cages for the rat, mouse, dog, and monkey. The basic 
aspects of metabolism cages have not changed much over 
the years (except for the availability of various polymeric 
construction materials such as plexiglass and Nalgene34) 

Figure 7-An adult rat f i t ted with a plastic Elizabethan collar (high- 
lighted with white tape strips for photographic clarity) around the neck. 
This collar (3.0-em i.d., 16.0-em a d . )  was cut from a rectangular plastic 
sheet usually used for  transparencies. 

and the individual interested in home-built metabolism 
cages will find the detailed illustrations in this review ex- 
tremely useful despite their age. A round wire-mesh cage 
using a funnel which contains a screen or shield for urine 
and feces separation, and a frame holding six such cages 
is described. Similar inexpensive wire cages have been 
described by others (452,453,458,487). Suspended steel 
cages and a rack accommodating 36 such cages have been 
described (456). This unit is similar to many commercially 
available racks of suspended steel metabolism cages. La- 
zarow (456) also described cages which could be easily 
disassembled following studies with radioisotopes for 
thorough cleaning and decontamination, as well as a cage 
used for the quantitative collection of expired respiratory 
carbon dioxide. 

Meticulous Urinofecal Separation-Cross contami- 
nation of urine and feces must be meticulously prevented 
in studies of elimination routes when the excreted sub- 
stance can appear in both excretory products or when a 
drug excreted in the urine could be biotransformed by 
enzymes (such as 6-glucuronidase) in the feces (348b). 
These situations commonly arise when studying the ex- 
cretory routes of radiolabeled substances (454) and when 
assaying urinary activity of enzymes also present in large 
quantities in the feces (460a). The plastic stockade type 
of metabolism cage (454, 456, 460a) has been shown to 
meticulously prevent such cross contamination. Unlike 
most metabolism cages, it appears that this cage would 
prevent cross contamination even in the presence of di- 
arrhea. 

Leathwood and Plummer (460a) quantified the degree 
of fecal contamination of urine collected via three con- 
ventional metabolism cages, which used the following 
means of urinofecal separation: (a) a hollow, somewhat 
ellipsoidal glass device over which the urine flows for 
transfer into a collection beaker while the feces bounce off 
into another path (type I separator), (6) a urine collecting 
gutter, which diverts the falling urine into a collection 
beaker while the feces fall downward into a beaker (type 
I1 separator), and (c) a stockade-type metabolism cage 
(454,456). Fecal contamination of the urine was most se- 
vere for the type I separator (which is used in several 
commercially available metabolism cages35). The type I 

Nalge Company, Rochester, N.Y. 
35 Maryland Plastics, Inc., Federalsburg, Md. Model number 650-0100 metabolic 

cage; Nalge Company, Rochester, N.Y. 
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separator also failed to separately collect -60% of the 
voided urine. The type I1 separator was fairly efficient in 
separating the urine and feces and in collecting urine. Ef- 
ficient urinofecal separation was afforded by the stock- 
ade-type cage. However, the adverse effects (anorexia, 
weight loss) of strict restraint for >2 days necessitates only 
brief confinement of the rat to this type of cage. 

Low-Temperature Urine Collection-The metabolism 
cage designed and illustrated by Lartigue et al .  (463) is 
useful for the collection and rapid freezing of urine in cases 
where a voided substance is subject to temperature-sen- 
sitive degradation. This cage uses a urine collection dish 
immersed in propylene glycol to enable rapid freezing 
(-19O) of urine. Since propylene glycol is nonflammable 
and relatively nontoxic, it is preferred to other methods 
using flammable and irritating heptane and dry ice as the 
coolant (489,490). 

Miscellaneous Metabolism Cages-A number of me- 
tabolism cages necessitate only moderate confinement of 
the rat while allowing visual observation of rat behavior 
and providing separate collection of urine and feces, with 
reduced possibility of urinofecal cross contamination for 
the animal excreting well-formed feces (456, 457, 459, 
461-463). One of these metabolism cages (459) is inex- 
pensive to construct from widely available materials. This 
cage has the advantages of being easy to disassemble for 
cleaning and readily mountable on multi-cage racks. 
Lambooy (459) has provided detailed step-by-step direc- 
tions for construction. 

Jensh et al. (491) described a plexiglass cage useful for 
observing unrestrained pregnant rats in an anechoic, mi- 
crowave-transparent chamber, which does not alter a 
number of potentially environment-dependent variables. 
Grantham et al. (235) built a square cage from plexiglass 
and wire mesh to facilitate intra-arterial infusion in rela- 
tively unrestrained, unanesthetized rats uia a nonswivel 
spring attachment. 

Accurate quantification of food and fluid intake is often 
difficult due to spillage of the food pellets and fluid into 
various regions of the cage. In addition, it is sometimes 
desirable to strictly minimize food contamination of the 
collected urine and feces. Guest et al. (455) described a 
metabolism cage constructed from an inverted 11.4-liter 
(3-gallon) narrow-necked glass bottle into which a wire- 
mesh floor was inserted. A fine mesh screen positioned 
below the floor enabled separation of urine from feces. A 
special detachable feeder was readily constructed from 
sheet metal, a 50-ml beaker, and wire mesh. This feeder 
minimized the amount of food dropped outside the feeder 
(<1% of food intake per day) and, therefore, was useful in 
quantifying daily food intake. In addition, this feeder 
minimized food contamination of the collected feces and 
urine. This basic type of feeder design has been incorpo- 
rated into one commercially available metabolism cage”. 
To aid in accurate quantitation of fluid intake, Robbins 
(492) fit a modified plastic syringe with a sipper spout 
made of 8-mm 0.d. glass tubing. Use of an appropriate size 
plastic syringe enables achievement of the desired degree 
of accuracy with respect to fluid consumption measure- 
ment. 

Recently, Toon and Rowland (464) described a tubular 

plexiglass cage that allowed longitudinal movement by the 
rat, separate urine and feces collection, and access to var- 
ious cannulas for up to 8 hr of confinement. Although the 
virtual necessity of workshop construction by skilled 
personnel and the relatively high cost are disadvantages, 
the unique features of this cage may warrant the invest- 
ment by some laboratories. 

Effects of Restraint-Often, observation of hyperac- 
tivity, sitting in a corner of the cage, scratching at a har- 
ness, decreased curiosity and exploratory behavior, free 
micturition and defecation, andlor passage of soft stools 
may suggest stress in a rat (460a, 493). The stress associ- 
ated with various physical restraints (tying the conscious 
rat to a surgical board, housing in a restraining cage, ap- 
plication of a body cast, placement in a harness) or periodic 
shocks from an electrified cage has been shown in the rat 
to be associated with neutrophilia (approximately a sev- 
enfold increase after 6 hr of restraint) (494), decreased 
whole blood clotting time (495), diminished altitude tol- 
erance (496), occurrence of stomach lesions after as little 
as 48 hr of restraint with a greater frequency and severity 
noted in restrained rats housed in groups (497,498), in- 
creased gastric acid concentration (499), decreased growth 
rate (493, 498), decreased daily food intake (4931, and 
hyperactivity (493). Of particular interest is a study doc- 
umenting the stress response associated with placement 
in a body harness (500) for chronic intravenous infusion 
(493). These stress-associated pathophysiologic events 
must be considered in designing experiments requiring 
extended restraint or harnessing of the rat. 

CONCLUSIONS 

The vast literature on methods of vascular access and 
collection of various body fluids has been reviewed. The 
investigator new to these methodologies is advised to 
gather a minimal but essential resource library consisting 
of papers providing highly detailed and illustrated ac- 
counts of cannula construction and implantation (13,15, 
501); aseptic surgical methods (23); rat resuscitator as- 
sembly (105,106); a general review providing information 
on animal handling, anesthesia, and euthanasia (6,10,12, 
21, 22); a well-illustrated anatomy text (31); and infor- 
mation on metabolism cages (456). It is hoped that this 
literature survey provides a useful summary of practical 
information and a valuable description of alternative 
methodologies to experimental scientists”. 

ADDENDUM 

Since the submission of this manuscript, a textbook of 
experimental techniques for the rat has been published (C. 
Petty, “Research Techniques In The Rat,” Charles C 
Thomas, Springfield, Ill., 1982). This textbook includes 
a broad range of experimental methods and a multitude 
of useful illustrations. This book is well worth its price for 
both the novice and experienced researcher. 

Two additional publications of interest are a useful 
tabular compilation of LD50 values in several species of 

37 On a very limited basis, the authors will make available a photocopy of these 
references complete with each citation’s title, all authors, and full pagination. This 
offer can be extended onlv to those srientists and information services with a serious 
need for such information. 36 Model no. 6W-0100 metabolic cage; Nalge Company. Rochester. N.Y 
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newborn and adult animals [E. I. Goldenthal, Toxicol. 
Appl. Pharmacol., 18, 185 (1971)l and one providing a 
relatively simple procedure for percutaneous placement 
of an intravascular needle into the caudal artery for col- 
lection of serial blood samples from an anesthetized rat uia 
the extravascular silicone-rubber tubing attached to the 
needle [L. Putcha, J. V. Bruckner, S. Muralidhara, and S. 
Feldman, J. Pharmacol. Meth., 8,145 (1982)l. The latter 
should prove very useful for pharmacokinetic character- 
ization of drugs in individual anesthetized rats. 
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Abstract Fifty percent of a cinromide dose was metabolized to an 
active metabolite in the rhesus monkey. The steady-state concentration 
of this metabolite was 3-6 times that of the parent drug, depending on 
the route of administration. Cinromide is a medium-extraction ratio drug 
with a short half-life (0.92 f 0.23 hr) when compared with the active 
metabolite, which has a low extraction ratio and a longer half-life (4.43 
f 0.76 hr). Incomplete oral bioavailability of cinromide is a result of 
first-pass metabolism rather than incomplete absorption. 

Keyphrases Cinromide-pharmacokinetics, 3-bromocinnamamide 
metabolite, bioavailability, first-pass effect 0 3-Bromocinnamamide- 
active metabolite of cinromide, pharmacokinetics, bioavailability 0 
Pharmacokinetics-cinromide, 3-bromocinnamamide, primate model 

Rioavailability-cinromide, 3-bromocinnamamide, primate model 

Whenever a drug yields a metabolite known to have 
similar pharmacological activity, speculation arises re- 
garding the extent to which the metabolite is responsible 
for the apparent effect of the parent drug. Therefore, it 
becomes important to understand the relative disposition 
characteristics of the parent drug and active metabolite. 
Cinromide (3-bromo-N-ethylcinnamamide) is a new 
anticonvulsant drug which has reached Phase I1 of phar- 
macological evaluation (1-7). Cinromide is known to have 
an active metabolite resulting from N-deethylation (3- 
bromocinnamamide) which accumulates in humans (8). 
This investigation addressed two questions pertaining to 
the relative importance of the parent drug and metabolite: 
( a )  the prediction of the steady-state metabolite-parent 
drug concentration ratio (9) and ( b )  the fraction of cin- 
romide metabolized to the active metabolite. Prior to 
testing cinromide efficacy for epilepsy in the chronic pri- 
mate model (6),"it was necessary to define the phar- 
macokinetic characteristics (in particular, the dose de- 
pendency and bioavailability) of both of these compounds 
in this animal model. 

EXPERIMENTAL 

Animal Studies-Five male rhesus monkeys (Macaca rnulatta), 
weighing 4-6 kg and adapted to primate restraining chairs, were each 
equipped with a jugular catheter for blood withdrawal and a femoral 
catheter for intravenous drug administration. These studies included 
the following treatments: (a) three intravenous infusions of cinromide', 
( b )  two intravenous bolus doses of metabolite', (c) and one oral dose each 
of cinromide and metabolite. 

The three cinromide infusions and the two bolus doses of metabolite 

1 Supplied by Burroughs Wellcome Co., Research Triangle Park, N.C. 

were administered according to a randomized Latin-square design. The 
poor solubility of cinromide (0.09 mg/ml of water) even in 60% polyeth- 
ylene glycol 400 (29 mg/ml), and its toxicity after large doses, precluded 
administration of intravenous bolus doses >25 mg/kg. Therefore, to test 
for dose dependency, cinromide was administered by intravenous infusion 
(25 mg/ml in 60% polyethylene glycol 400) a t  rates of 1,2, and 4 mlhr for 
5 hr. A total of 30 plasma samples (0.5 ml) were collected during the 
infusion and 30 hr into the postinfusion phase. Urine was collected from 
the beginning of the infusion until 30 hr postinfusion. Doses of the amide 
metabolite (10 and 20 mg/kg) were injected over 1-2 min, and 20-25 
plasma samples were collected over 30 hr. Urine samples were collected 
every 12 hr for a 24-hr period after each dose. Oral doses of 125 mg/kg of 
cinromide and 20 mg/kg of 3-bromocinnamamide were administered to 
each monkey by nasogastric intubation. Plasma samples were collected 
for 30 hr after each dose. 

The ratios of blood-plasma concentration (A) for cinromide and the 
metabolite were estimated from two samples taken from each of four 
monkeys after a single dose of cinromide. The fraction of cinromide and 
metabolite bound to plasma proteins was measured after equilibrium 
dialysis of spiked monkey plasma against. isotonic phosphate buffer (pH 
7.4). Ten to fifteen replicate determinations of the binding of cinromide 
at 25,50, and 101 pmolesfliter and metabolite a t  28,60, and 133 pmo- 
lesfliter were made. The samples were dialyzed a t  37' for 6 hr (the time 
required to reach equilibrium). 

Analytical Procedure-Plasma samples were analyzed simulta- 
neously for cinromide and the amide metabolite by high-performance 
liquid chromatography (HPLC). A 0.2-ml sample of plasma was extracted 
with 5 ml of benzene. The solvent was removed under a nitrogen stream 
at 50° and reconstituted with 100 pl of the mobile phase (methanol- 
water, 7030). Two internal standards (3-br~mo-N-butylcinnamamide~ 
and 3-iodo-N-cyclopentylcinnamamide2), cinromide, and the metabolite 
were separated on a CIS p Bondapak column3 and measured by absorb- 
ance at  280 nm. Specificity of this assay was verified by comparison with 
another method (10). 

Accuracy and precision of this assay were monitored by analysis of six 
control samples (duplicates of three different concentrations of cinromide 
and ainide metabolite) with each set of unknowns. The difference be- 
tween the known and assayed concentrations, divided by the known 
concentration, measured the accuracy of the assay. The difference be- 
tween duplicates, divided by the average, measured the precision of the 
assay. 

Urine (0.5 ml) was analyzed for cinromide in a similar manner. For the 
metabolite, a sample of urine was extracted and the benzene extract was 
washed with 2 ml of 0.2 N HCI before evaporation. 

Pharmacokinetic Analysis-The area under the plasma concen- 
tration uersus time curve (AUC) for each compound was measured by 
the trapezoidal rule with the terminal area estimated by C / o ,  where C 
is the concentration of the last sample and /3 is the rate constant for the 
slowest log-linear phase. Clearance (CL) was calculated from dose/AUC 
and steady-state volume of distribution by a previous method (11). Fitting 
of concentration time data was performed with the BMD-07R program 
(12). 

2 Supplied by Dr. R. Welch, Wellcome Research Laboratories. Research Triangle 

5 Waters Associates, Milford, Mass. 
Park, N.C. 
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Table I-Pharmacokinetic Parameters of Cinromide in the 
Rhesus Monkev 

Monkey 

336 
326 
316 
184 
266 

Mean 
SD 

Clearance 
liter/hr 
Infusion 

1 4  2 h  3c 

Volume of 
Distribution, 

liter/kg 
Infusion 

1 2 3  

Elimination 
Half-Life, hr 

Infusion 
1 2 3  

9.6 4.6 6.6 
10.1 8.9 - 

4.6 8.3 3.4 
6.3 6.7 7.8 
3.9 3.4 3.7 
6.9 6.4 5.4 
2.8 2.4 2.2 

7.2 3.3 5.3 

3.1 6.8 7.1 
8.3 6.5 - 

4.9 5.1 6.9 
3.9 3.1 3.3 
5.5 5.0 5.6 
2.2 1.7 1.7 

0.87 0.77 1.28 

0.40 1.08 1.08 
0.80 0.72 1.08 
1.05 0.96 1.17 

0.69 0.90 - 

0.76 0.89 1.15d 
0.24 0.15 0.10 

a Infusion 1 rate is 25 m g h .  Infusion 2 rate is 54 m g h .  Infusion 3 rate is 100 
mg/hr. d Statistically significant ( p  < 0.05) compared with infusions 1 and 2. 

RESULTS AND DISCUSSION 

Assay-The recovery of cinromide and metabolite averaged 98 f 11% 
and 93 f 990, respectively ( n  = 27 nine replicates at three concentrations, 
0.4-12.8 pg/ml for both compounds). Over 13 months, >300 control 
samples were analyzed yielding accuracy values of 8.2 f 6.7% and 7.5 f 
6.0% for cinromide and the metabolite, respectively. The precision was 
3.4 f 3.5% and 4.0 f 4.0% for cinromide and the metabolite, respectively. 
Within the ranges examined, no concentration dependence for accuracy 
or precision was apparent. 

Cinromide Pharmacokhetics-The postinfusion decay of cinromide 
was fitted to a monoexponential equation. The average half-life (0.92 f 
0.23 hr) is consistent with achievement of steady state during the 5-hr 
infusion in most monkeys (Fig. 1). The half-life, clearance, and volume 
of distribution of cinromide measured from the infusion data are reported 
in Table I. The volume of distribution was constant in the dose range 
examined [one-way analysis of variance (ANOVA) on repeated measures, 
BMDP2V (13)]. Although there was a trend for the lowest clearance at 
the highest dose, there was no significant difference. However, the 
postinfusion half-life after 100 mg/hr was significantly longer than the 
postinfusion half-lives after 25 and 50 mg/hr ( p  < 0.05). 

It was found that cinromide had a blood clearance (CLplasma/A) of 7.5 
f 2.9 literhr (A = 0.821, about one-half of liver blood flow in the monkey 
(14). Less than 1% of a dose of cinromide was excreted unchanged in the 
urine and, assuming all metabolism occurs in the liver, this blood clear- 
ance may be regarded as the systemic hepatic clearance (CL,,,) of cin- 
romide. CL,, is a nonlinear function of liver blood flow and intrinsic 
hepatic clearance (CL,,J (15,16), and therefore, it is not a sensitive index 
of dose dependency of intrinsic clearance. In addition, measurement of 
clearance as dose/AUC is a time-averaged value and less sensitive to 
dosedependent nonlinearities than measurements of clearance at steady 
state. At  the lower two infusion rates, cinromide reached steady state in 
all monkeys; at the highest infusion rate, steady state did not appear to 
have been reached in three of the five monkeys. This observation indi- 
cates that cinromide may be cleared in a dose-dependent fashion not 
detected through measurements of average intravenous clearances 
(dose/AUC). 

Metabolite Pharmacokinetics-The amide metabolite could be 
adequately described by a one-compartment model in three of the five 

Table 11-Pharmacokinetic Parameters for 3- 
Bromocinnamamide in the Rhesus Monkey Following 
Intravenous Bolus Doses 

Plasma Volume of 
Clearance, Distribution, Half-Life. 
liters/hr liter/kg hr 

10- 20- 10- 20- 10- 20- 
mg/kg mg/kg mg/kg m g k  milkg ig /kg  

Monkey Dose Dose Dose Dose Dose Dose 

336 0.78 0.49 0.92 0.65 4.2 5.0 
326 1.02 0.78 1.03 0.78 3.7 3.2 
316 0.88 0.70 1.06 0.69 4.8 3.5 
184 0.84 0.57 1.09 0.85 4.5 5.0 
266 0.52 0.63 0.98 0.91 5.6 4.8 

Mean 0.81 0.63 1.02 0.78" 4.6 4.3 
SD 0.18 0.11 0.07 0.11 0.71 0.88 

a Statistically significant. p < 0.05 compared with the IO-mg/kp dose. 

A 

1 

10 15 20 25 30 35 w 5 
I - ?  

B 

I ,p 4 
20 . 

C 

infusion 
period 

Figure 1-Cinromide and 3-bromocinnamamide plasma levels during 
and following three separate cinromide infusions to monkey 184. 
Infusion concentrations were: (A) 291, (B) 189, and (C) 83 pmoleslhr. 
Key: (*) cinromide data, (0) 3-bromocinnamamide data, (-) least- 
squares f i t  to a monoexponential equation for cinromide (end of infusion 
t o  not detectable), and (- - -) least-squares f i t  to a monoexponential 
equation for 3-bromocinnnmamide (from the time cinromide is no longer 
detectable). 

monkeys and a two-compartment model in the other two. The metabolite 
half-life (4.43 f 0.76 hr; Table 11) was 3-8 times longer than the parent 
drug half-life (0.92 f 0.23 hr). Because of the long half-life, the amide 
metabolite did not reach steady state during the 5-hr cinromide infusion 
(Fig. 1). The difference in the time course of the two compounds was 
highlighted in the postinfusion phase. Cinromide could not be measured 
in the plasma 4 hr after the infusion was stopped, whereas the metabolite 
was present for >30 hr. 

The average plasma clearance of 3-bromocinnamamide decreased from 
0.80 f 0.18 liter/hr to 0.63 f 0.11 liter/hr when the dose was increased 
from 10 to 20 mg/kg (Table 11). This apparent dose dependency was not 
significant at the 5% level ( p  = 0.077, paired t test). The volume of dis- 
tribution of 3-bromocinnamamide decreased significantly ( p  < 0.05) 
when the dose was increased through this range. Administration of the 
amide metabolite suggested nonlinear behavior, both in clearance and 
distribution. However, these two nonlinearities affect half-life in oppmite 
directions. This situation may explain the lack of dose effect on half- 
life. 

The overall average amide metabolite half-life was significantly longer 
after administration of the parent drug than after administration of the 
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Table 111-Variation in the Half-Life of the Amide Metabolite at 
Different Doses of Cinromide 

Monkey 
Cinromide Dose, mghr 

25 50 100 

336 4.6 
326 6.6 
316 3.9 
184 4.6 
266 6.2 

Mean 
SD 

5.2 
1.2 

4.9 8.3 
6.3 
4.1 
5.8 

6.8 
6.6 
7.3 

5.4 5.7 
5.3 6.9” 
0.9 0.9 

0 Statistically significant ( p  < 0.05) compared with infusion of 50 or 25 mghr. 

metabolite. Also, the half-life of this amide metabolite (Table 111) in- 
creased with increasing doses of cinromide [p < 0.05, one-way ANOVA 
on repeated measures, BMDP2V (13)). 

The larger metabolite half-life observed after administration of the 
parent drug could be due to a type of nonlinearity different from satu- 
ration, e.g., inhibition of metabolism by the parent drug or any of its 
metabolites. Such a phenomenon could also explain the dose-dependent 
half-life of the metabolite generated in uiuo. 

Fraction Metabolized and Steady-State Metaboliteparent Drug 
Concentration Ratio-The fraction of a dose of cinromide metabolized 
to the amide metabolite (fm) was calculated in a model-independent 
manner (17): 

where (AUC,), and (AUC,), are the AUC values of the metabolite 
following a dose of the parent drug and metabolite, respectively, D, is 
the dose of the parent drug, and D, is the dose of the metabolite. The 
areas under the curve and doses are expressed in molar units. 

Since 3-bromocinnamamide is a low-extraction ratio drug, intravenous 
administration provided an appropriate estimate of intrinsic metabolite 
clearance for calculation of the fraction metabolized (18). This equation 
assumes a dose-independent metabolite clearance which measures the 
clearance of metabolite formed in situ. The preceding analysis implies 
that this is not the case. Therefore, the clearance of a 3-bromocinn- 
amamide dose that was associated with approximately the same plasma 
concentrations of 3-bromocinnamamide as observed after cinromide, was 
used in calculation of the fraction metabolized. This matching of 3-bro- 
mocinnamamide concentrations would be appropriate if the apparent 
nonlinearity in metabolite clearance is due to a saturation phenomenon 
of the Michaelis-Menten type. 

The fraction of cinromide metabolized to 3-bromocinnamamide in five 
monkeys after 14 doses of cinromide averaged 0.47 f 0.12 (Table IV). This 
fraction of cinromide metabolized by N-deethylation showed no apparent 
dose dependence. Although theoretically the fraction metabolized is 
independent of metabolite clearance, it is not when calculated by this 
method. Therefore, the intra- or interanimal variability in the fraction 
metabolized may reflect a true variability in the fraction metabolized, 
as well as variability in the metabolite clearance. 

From measurements of the total AUC of the metabolite and the parent 
drug after a single dose of cinromide, the steady-state metabolite-parent 
drug concentration ratio during intravenous infusion was predicted a t  
3.2 f 0.9 (9). The fraction of free cinromide in monkey plasma (0.17 f 
0.04) was constant over the range examined (25-101 pmolesfliter). The 
binding of the amide metabolite was similar to the binding of the parent 
drug, i.e., the free fraction was 0.18 f 0.04 in the 28-133-pmolesfliter 
range. Therefore, the ratio of unbound metabolite to parent drug in 
plasma was predicted to be -3. 

Oral Bioavailability of the Parent Drug and the Metabolite- 

Table IV-Fraction of a Cinromide Dose Metabolized by N- 
Deethylation in the Rhesus Monkey 

Cinromide Dose, mghr 
Monkey 25 50 100 

~~ ~ ~ 

336 0.32 0.44 0.39 
326 0.43 0.47 0.40 
316 0.61 0.28 (5.44 
184 0.71 0.60 0.35 
266 0.48 0.36 0.50 

Mean 0.52 0.43 0.42 
SD 0.16 0.12 0.06 

Table V-Bioavailability of Cinromide and 3- 
Bromocinnamamide 

Metabolite Bioavailability 
After After 

Parent Drug Administration Administration 
Monkey Bioavailability of Parent Drug of Metabolite 

336 0.72 
326 0.35 
184 0.39 
266 0.40 
183 0.79 

Mean 0.53 
SD 0.21 cv. % 39 

0.90 
1.17 
0.82 
0.98 
1.20 
1.01 
0.17 
16 

0.99 
0.95 
1.97 
1.03 
1.07 
1.20 
0.43 
36 

Since the systemic clearance of cinromide was a significant fraction of 
the hepatic blood flow, an appreciable first-pass effect was expected. The 
maximum bioavailability of an oral dose ( F )  can be predicted from the 
systemic clearance and hepatic blood flow (19,20): 

Hepatic blood clearance 
Hepatic blood flow (Eq. 2) F = l -  

This calculation assumes: (a)  complete absorption from the GI tract; ( b )  
metabolism only in the liver; and (c) an average hepatic blood flow of 3.18 
litershrhg (14). The maximum predicted bioavailability of cinromide 
was 0.57 f 0.12, while the observed bioavailability was 0.52 f 0.12 (Table 
V). There was no significant difference between the two values. Thus, 
the incomplete oral bioavailability of cinromide is probably not a result 
of a dosage form effect or incomplete absorption from the GI tract. 
Confirmation of the fact that the incomplete availability of oral cinromide 
is a result of a presystemic first-pass effect, rather than incomplete ab- 
sorption, was obtained from the metabolite data. The AUC ratio of 
oral-intravenous metabolite (corrected for dose) averaged 1.01 f 0.17 
(Table V). The equal availability of the active metabolite by both routes 
of parent drug administration decreases the therapeutic consequences 
of the first-pass effect of the parent drug. 

In view of the low extraction ratio of 3-bromocinnamamide, no re- 
duction in oral bioavailability by a first-pass effect was predicted. The 
observed bioavailability (median = 1.05) confirmed this prediction (Table 
V). 

In the rhesus monkey, cinromide is a medium-extraction ratio drug 
with a relatively short half-life. One-half of a cinromide dose is converted 
to 3-bromocinnamamide by N-deethylation. This metabolite has a low 
extraction ratio and a longer half-life than its precursor. The predicted 
high metaboliteparent drug steady-state concentration ratio suggests 
that this metabolite may contribute significantly to the anticonvulsant 
activity observed after administration of the parent drug. These findings 
led to the independent evaluation of the efficacy of the amide metabolite, 
3-bromocinnamamide, for epilepsy in the primate model (7). 
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Abstract 0 The concentration of isosorbide dinitrate in paired samples 
of plasma and mixed saliva was monitored for up to 24 hr after oral ad- 
ministration of 60 mg of sustained-release isosorbide dinitrate to eight 
healthy volunteers. Measured isosorbide dinitrate plasma concentrations 
were mainly in the range of 0.1-10 ng/ml. Isosorbide dinitrate was ex- 
creted into saliva resulting in a mean (*SD) saliva-plasma concentration 
ratio of 0.68 f 0.37. A significant correlation between concentrations of 
isosorbide dinitrate in saliva and plasma was found (p  < 0.01). The sus- 
tained-release properties of the administered formulation were confirmed 
from the concentrations of isosorbide dinitrate found in both saliva and 
plasma. Saliva-plasma ratios were independent of the absolute concen- 
trations of isosorbide dinitrate but showed a slight tendency to decrease 
with time. The principal factor relating saliva and plasma isosorbide 
dinitrate concentrations appeared to be the degree of plasma protein 
binding of the drug. 

Keyphrases 0 Isosorbide dinitrate-saliva-plasma ratios following oral 
administration of a sustained-release preparation Sustained-release 
formulations-saliva-plasma ratios of isosorbide dinitrate following oral 
administration Excretion, salivary-use of isosorbide dinitrate saliva 
concentrations for biopharmaceutical investigations Pharmacoki- 
netics-use of isosorbide dinitrate saliva concentrations for biophar- 
maceutical investigations 

In recent years many investigations have been made on 
the salivary excretion of drugs in humans. For a number 
of drugs, it has been demonstrated that the measurement 
of their concentrations in saliva can be a convenient sub- 
stitute for plasma analyses, both in monitoring therapeutic 
drug concentrations and in pharmacokinetic and bio- 
pharmaceutical studies. The advantage offered by the 
measurement of drug concentrations in saliva as well as the 
limitations of this procedure have been the subject of re- 
cent reviews (1-8). 

Whether salivary concentration measurements are of 
value in monitoring pharmacokinetic properties of drugs 
or not depends on how closely saliva and plasma levels are 
related. Variations in the saliva-plasma ratio are produced 
by a number of factors, including variation of the pH of 
plasma and saliva, the extent of the drug’s plasma protein 
binding, salivary flow rate, active secretion processes, 
buccal reabsorption, delayed appearance of the drug in 
saliva, and the technique of saliva sampling (9). 

Isosorbide dinitrate is used in the treatment of coronary 
disease. The plasma pharmacokinetics of this drug are 
characterized by its rapid excretion (10). This is a disad- 
vantage in long-term therapy with isosorbide dinitrate, and 
a sustained-release oral formulation of the drug has been 
used in an attempt to overcome this problem (11-17). 
During the development of a sustained-release preparation 
of isosorbide dinitrate, the usefulness of salivary concen- 
tration monitoring by multiple paired measurement of 
isosorbide dinitrate in saliva and plasma was tested. 

The present report describes the saliva-plasma ratios 
of isosorbide dinitrate in eight healthy humans following 
oral administration of 60 mg of a sustained-release prep- 
aration. 

EXPERIMENTAL 

Eight healthy, fasted, volunteers (3 females and 5 males; 18-38 year; 
42-75 kg) were each given one capsule of a slow-release formulation of 
isosorbide dinitrate’ (60 mg) with 100 ml of water. Three hours after drug 
ingestion, a normal breakfast was taken. Blood samples were collected 
by venipuncture at 0,0.25,0.5,1,2,3,4,5,6,7,8,9,10,12,15, and 24 hr 
after drug administration. A t  each time the volunteers expectorated 1 
ml of mixed saliva into a glass vial. When necessary, to enhance the 
spontaneous saliva flow, a small crystal of citric acid was applied to the 
volunteer’s tongue. Saliva and plasma (separated from whole blood by 
centrifugation) were stored at -30’ until analysis. Concentrations of 
isosorbide dinitrate in plasma and saliva were determined by an identical 
GC procedure with an internal standard (18). The lower limit of isosor- 
bide dinitrate detection was 0.05 ng/ml. All analyses were performed in 
duplicate. 

Statistical calculations on the concentration data obtained were per- 
formed with a desk-top computer*. The correlation of saliva and plasma 
levels was determined by linear regression. The coefficient of regression 
was tested for significant difference from zero, the 95% confidence limits 
of the coefficient of regression were calculated, and an analysis of variance 
of the regression was performed (19). Using the same procedures, possible 
correlations of the saliva-plasma ratio with the absolute plasma con- 
centrations of isosorbide dinitrate as well as with sampling time were 
tested. The areas under the saliva and plasma level curves were calculated 
using the trapezoidal rule. An approximate estimation of the apparent 

’ Is0 Mack Retard 60 mg, batch No. Ph 2009. 
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Abstract 0 The concentration of isosorbide dinitrate in paired samples 
of plasma and mixed saliva was monitored for up to 24 hr after oral ad- 
ministration of 60 mg of sustained-release isosorbide dinitrate to eight 
healthy volunteers. Measured isosorbide dinitrate plasma concentrations 
were mainly in the range of 0.1-10 ng/ml. Isosorbide dinitrate was ex- 
creted into saliva resulting in a mean (*SD) saliva-plasma concentration 
ratio of 0.68 f 0.37. A significant correlation between concentrations of 
isosorbide dinitrate in saliva and plasma was found (p  < 0.01). The sus- 
tained-release properties of the administered formulation were confirmed 
from the concentrations of isosorbide dinitrate found in both saliva and 
plasma. Saliva-plasma ratios were independent of the absolute concen- 
trations of isosorbide dinitrate but showed a slight tendency to decrease 
with time. The principal factor relating saliva and plasma isosorbide 
dinitrate concentrations appeared to be the degree of plasma protein 
binding of the drug. 
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In recent years many investigations have been made on 
the salivary excretion of drugs in humans. For a number 
of drugs, it has been demonstrated that the measurement 
of their concentrations in saliva can be a convenient sub- 
stitute for plasma analyses, both in monitoring therapeutic 
drug concentrations and in pharmacokinetic and bio- 
pharmaceutical studies. The advantage offered by the 
measurement of drug concentrations in saliva as well as the 
limitations of this procedure have been the subject of re- 
cent reviews (1-8). 

Whether salivary concentration measurements are of 
value in monitoring pharmacokinetic properties of drugs 
or not depends on how closely saliva and plasma levels are 
related. Variations in the saliva-plasma ratio are produced 
by a number of factors, including variation of the pH of 
plasma and saliva, the extent of the drug’s plasma protein 
binding, salivary flow rate, active secretion processes, 
buccal reabsorption, delayed appearance of the drug in 
saliva, and the technique of saliva sampling (9). 

Isosorbide dinitrate is used in the treatment of coronary 
disease. The plasma pharmacokinetics of this drug are 
characterized by its rapid excretion (10). This is a disad- 
vantage in long-term therapy with isosorbide dinitrate, and 
a sustained-release oral formulation of the drug has been 
used in an attempt to overcome this problem (11-17). 
During the development of a sustained-release preparation 
of isosorbide dinitrate, the usefulness of salivary concen- 
tration monitoring by multiple paired measurement of 
isosorbide dinitrate in saliva and plasma was tested. 

The present report describes the saliva-plasma ratios 
of isosorbide dinitrate in eight healthy humans following 
oral administration of 60 mg of a sustained-release prep- 
aration. 

EXPERIMENTAL 

Eight healthy, fasted, volunteers (3 females and 5 males; 18-38 year; 
42-75 kg) were each given one capsule of a slow-release formulation of 
isosorbide dinitrate’ (60 mg) with 100 ml of water. Three hours after drug 
ingestion, a normal breakfast was taken. Blood samples were collected 
by venipuncture at 0,0.25,0.5,1,2,3,4,5,6,7,8,9,10,12,15, and 24 hr 
after drug administration. A t  each time the volunteers expectorated 1 
ml of mixed saliva into a glass vial. When necessary, to enhance the 
spontaneous saliva flow, a small crystal of citric acid was applied to the 
volunteer’s tongue. Saliva and plasma (separated from whole blood by 
centrifugation) were stored at -30’ until analysis. Concentrations of 
isosorbide dinitrate in plasma and saliva were determined by an identical 
GC procedure with an internal standard (18). The lower limit of isosor- 
bide dinitrate detection was 0.05 ng/ml. All analyses were performed in 
duplicate. 

Statistical calculations on the concentration data obtained were per- 
formed with a desk-top computer*. The correlation of saliva and plasma 
levels was determined by linear regression. The coefficient of regression 
was tested for significant difference from zero, the 95% confidence limits 
of the coefficient of regression were calculated, and an analysis of variance 
of the regression was performed (19). Using the same procedures, possible 
correlations of the saliva-plasma ratio with the absolute plasma con- 
centrations of isosorbide dinitrate as well as with sampling time were 
tested. The areas under the saliva and plasma level curves were calculated 
using the trapezoidal rule. An approximate estimation of the apparent 
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Table 1-Individual and Mean Saliva-Plasma Ratios of Isosorbide Dinitrate Concentrations 

Time, Volunteer 
hr 1 2 3 4 5 6 7 8 Mean SD 

0.25 
0.5 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 ~~ 

12 
15 
24 

Individual 
Mean 
SD cv. % 

1.73 0.44 
1.67 0.66 
1.16 0.59 
0.59 0.81 
0.55 0.55 
0.88 0.27 
0.26 0.70 
0.97 0.59 
0.95 0.59 
0.87 0.36 
0.98 0.66 
0.50 0.15 
0.34 0.04 
0.21 0.28 
0.00 0.29 

0.78 0.47 
0.50 0.22 
64 47 

0.77 
1.13 
0.61 
1.06 
0.67 
0.74 
0.61 
0.55 
0.49 
0.51 
1.33 
0.67 - 
- 
- 

0.76 
0.27 
36 

- 
0.41 
0.66 
0.48 

0.89 

0.90 
0.52 
0.89 
0.58 
0.63 
1.50 
1.09 
0.5 

0.75 
0.32 
43 

- 

- 

2.25 
1.23 
1.20 
0.87 
0.85 
0.82 
0.79 
0.42 
0.42 
0.41 
0.49 
0.29 
0.43 
1.67 
0.75 

0.86 
0.54 
63 

- 
1.11 
0.88 
0.83 
0.80 
0.96 
0.63 
1.14 
0.53 
0.71 
1.00 
0.40 
1.00 
0.00 

0.77 
0.32 
42 

- 

0.00 
0.28 
0.64 
1.06 
0.53 
0.72 
0.73 

0.53 
0.48 
0.93 
0.56 
0.33 
0.09 

- 

- 

0.53 
0.30 
57 

0.50 
0.67 
0.55 
0.48 
0.48 
0.63 
0.67 
0.65 
0.52 

0.67 
0.25 
0.33 
1.00 

- 

- 

0.57 
0.18 
32 

0.95 0.86 
0.90 0.47 
0.79 0.26 
0.77 0.23 
0.63 0.14 
0.74 0.22 
0.63 0.17 
0.75 0.26 
0.27 0.16 
0.60 0.22 
0.83 0.28 
0.43 0.19 
0.57 0.50 
0.62 0.63 
0.39 0.32 

a After administration of a 60-mg isosorbide dinitrate sustained-release formulation. 

terminal half-lives was obtained by exponential regression analysis. 
Possible differences in the terminal half-lives and the times to peak saliva 
and plasma concentration were analyzed by paired Student’s t test. The 
mean course of absorption of isosorbide dinitrate into saliva and plasma 
was determined by a previously described method (20). 

RESULTS 

Isosorbide dinitrate concentrations were measured in 11 1 saliva- 
plasma paired samples. The calculated saliva-plasma concentration ratios 
are listed in Table I. In 15 of the sample pairs, the measured saliva con- 
centrations exceeded the plasma concentrations; in 92 cases the plasma 
levels of isosorbide dinitrate were higher than the corresponding saliva 
levels. The overall arithmetic mean of the saliva-plasma ratio was 0.68 
f 0.37 (SD) .  The correlation between plasma and salivary concentrations 
of isosorbide dinitrate for all individual values is shown in Fig. 1. The 
proportionality factor relating plasma to saliva concentrations was 0.60 
and the correlation coefficient was 0.83. The analysis of variance of the 
regression revealed that 68.57% of the variation was explained by linear 
regression and that this was significant at the 1% level ( p  < 0.01). The 
95% confidence interval for the coefficient of regression ranged between 
0.52 and 0.68. The overall geometric mean for the saliva-plasma ratios 
was 0.61. This value corresponds well with the mean saliva-plasma ratio 
obtained from the regression analysis. 

The individual means for the saliva-plasma ratios (Table I) ranged 
from 0.47 to 0.86. The corresponding coefficients of variation indicate 
that the extent of correlation varied between the eight volunteers. Ex- 
amples of both poor and good correlations between saliva and plasma 
concentrations are shown in Fig. 2. The arithmetic means and standard 
deviations of the saliva-plasma ratio for each sample time are also given 
in Table I. A tendency for a decrease in the ratio with time occurred; 

4 
4 

A 4  

4 A 4  34-4 

-I 

2 0 2 4 6 8 10 12 14 16 18 
- + - + - L a  : : : : : : : : : : : : : . 

PLASMA CONCENTRATION, ng/rnl 

Figure 1-Regression line for the correlation between saliva and plasma 
isosorbide dinitrate concentrations observed after administration of 
a 60-mg isosorbide dinitrate sustained-release formulation: c(sa1iva) 
= 0.60 X c(p1asma) + 0.28; r = 0.83. 

however, the regression analysis of saliva-plasma ratios versus time did 
not show a significant correlation ( p  > 0.05). Furthermore, the correlation 
between the saliva-plasma ratio and absolute plasma concentration was 
not significant ( p  > 0.05). 

Mean saliva and plasma concentrations of isosorbide dinitrate and the 
corresponding coefficients of variation are given in Table 11. Variances 
between individuals in isosorbide dinitrate levels were similar in both 
plasma and saliva specimens. Up to 9 hr after drug intake, the coefficient 
of variation was 50% and, thereafter, increased to >100%. 

At all sampling times, the mean concentration of drug in the plasma 
exceeded that found in the saliva. The saliva and plasma concentra- 
tion-time curves were approximately parallel. Due to the relatively high 
variances both in saliva and in plasma concentrations, the observed mean 
saliva and plasma levels are significantly different only at  the 2,3 ,5 ,7 ,  
and 8 hr time intervals (paired Student’s t test, p < 0.05). 

The mean area under the concentration-time curve was 44.7 f 20.4 
(SD) hr ng/ml in saliva and 71.4 f 39.0 hr ng/ml in plasma, corresponding 
to a saliva-plasma ratio of 0.63. Mean time to peak and mean apparent 
terminal half-life were estimated as the average of the individual calcu- 
lated values. In saliva a mean peak time of 2.6 f 2.2 hr and in plasma a 
mean peak time of 3.5 f 1.4 hr were obtained. The terminal half-life was 
3.0 f 1.2 hr in saliva and 3.7 f 1.9 hr in plasma. For both parameters, the 
mean difference between saliva and plasma was not significant (Student’s 
t test, p > 0.05). 

To assess the absorption characteristics of isosorbide dinitrate fol- 
51 
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Figure 1-Examples of different degrees of correlation between saliva 
(0) and plasma ( A )  isosorbide dinitrate concentrations in two subjects 
after administration of a 60-mg isosorbide dinitrate sustained-release 
formulation. 
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Table 11-Mean Isosorbide Dinitrate Concentrations in Saliva 
and Plasmaa 

Saliva Concentrations, Plasma Concentrations, 
ng/ml ng/ml 

Time, hr Mean C V , %  n Mean C V , %  n 
~ 

0.25 1.1 73.6 6 1.3 38.4 8 ~~ 

0.50 3.6 58.1 8 4.2 36.7 8 
1.00 4.3 44.0 8 5.6 47.5 8 
2.00 6.1 60.8 8 7.5 50.5 8 
3.00 4.4 44.9 7 6.5 45.5 8 
4.00 5.3 44.0 8 8.0 56.6 8 
Finn 4.3 56.7 8 7.0 42.7 7 
6.00 4.4 33.8 7 6.7 48.9 8 
7.00 2.8 65.0 8 5.0 61.5 8 
8.00 2.2 71.0 8 4.3 63.7 7 
9.0 2.3 61.2 8 3.0 57.6 8 

10.00 i.3 101.7 8 3.3 100.6 8 
12.00 0.9 87.2 8 2.1 98.3 7 
15.00 0.5 85.0 8 1.2 104.6 7 
24.00 0.1 186.7 8 0.5 138.5 7 

a After administration of a 60-mg isosorbide dinitrate sustained-release formu- 
lation. 

lowing ingestion of the administered slow-release formulation, absorption 
curves were constructed from both the experimental mean saliva curve 
and the mean plasma curve. For the calculation a mean elimination rate 
constant of 0.071 mh-' was employed, which was observed in plasma of 
human volunteers after intravenous administration of isosorbide dinitrate 
(10). The Wagner-Nelson curves (20) are given in Fig. 3. For comparison, 
in the same figure absorption curves of two standard formulations of 
isosorbide dinitrate are shown. These curves are reproduced from mean 
plasma levels obtained in other pharmacokinetic trials in which 5 and 
20 mg isosorbide dinitrate were administered as plain tablet formulations 
to healthy human volunteers (this report will be published separately). 
During the first 6 hr after administration of the sustained-release for- 
mulation, the mean absorption curve calculated from isosorbide dinitrate 
saliva concentrations increased slightly more rapidly than the plasma 
absorption curve. This specimen-related difference is only marginal 
compared with the formulation-related differences: in contrast to the slow 
absorption of isosorbide dinitrate from the sustained-release preparation, 
the Wagner-Nelson curves (20) of the plain tablets show a steep initial 
increase. 

DISCUSSION 

The saliva-plasma ratio of drugs is influenced by many factors relating 
to the physicochemical characteristics of the drug and the mechanism 
of its salivary excretion, as well as to variable conditions such as salivary 
pH and flow. When a drug enters the saliva through the membranes by 
a simple diffusion process without the contribution of active secretion, 
saliva could be regarded as a plasmatic ultrafiltrate. Indeed, it has been 
shown for a large number of drugs that the concentration in the salivary 
fluid reflects the fraction of free or protein-unbound drug in plasma (1-8). 
As free diffusion is confined to the uncharged drug molecule, corrections 
should be made for pH differences on both sides of the membrane for 
weak acids and bases (21,22). As isosorbide dinitrate is a lipid soluble 
molecule that remains uncharged within the physiological pH range, a 
pH-dependent effect on its membrane permeation is excluded. 

Following equilibrium dialysis experiments, it was concluded that 
isosorbide dinitrate was not extensively bound to human plasma proteins 
in vitro (23). Within a concentration range of 1-100 ng/ml, the free 
fraction was found to be 0.72 f 0.12 (mean f S D ) .  This value corresponds 
well with both the mean saliva-plasma ratio of isosorbide dinitrate ob- 
tained by linear regression, which was 0.60 f 0.08 (coefficient of regression 
f95% confidence limits), and the arithmetic mean of the individual sa- 
liva-plasma ratios of 0.68 f 0.37 (mean f S D ) .  Therefore, it was sug- 
gested that the principal factor relating isosorbide dinitrate saliva to 
isosorbide dinitrate plasma concentrations is the degree of plasma protein 
binding of the drug. 

Since the standard deviation of the ismorbide dinitrate protein binding 
(f0.12) reported previously (23) reflects the variation between different 
subjects, the degree of isosorbide dinitrate plasma binding determined 
in vitro is less variable between individuals than the saliva-plasma ratio 
found in this trial (SD = f0.37). Therefore, it seems unlikely that the high 
variabilities of isosorbide dinitrate saliva-plasma ratios could be at- 
tributed mainly to variations in the degree of plasma binding. 

In 15 of the analyses, saliva levels of isosorbide dinitrate exceeded those 

. -. , 

5 - 10 15 20 25 

Figure 3- Wagner-Nelson absorption curves of isosorbide dinitrate, 
calculated from mean isosorbide dinitrate plasma (A) and saliva (0) 
curves obtained after the administration of a 60-mg isosorbide dinitrate 
sustained-release formulation as well as after oral ingestion o l a  5-mg 
tablet (-) and a 20-mg tablet (- - - -). 

in plasma. For some drugs [lithium is the best known example (24,25)] 
saliva-plasma ratios >1 have been discussed as an indication of active 
transport mechanisms. It was suggested (7) that active secretion into 
saliva might explain the discrepancies in the saliva-plasma ratio often 
observed in single-dose studies, particularly when the saliva-plasma ratio 
appears to be time dependent. As an example, bioavailability studies for 
theophylline (26, 27) are reported where the saliva-plasma ratio was 
higher in the absorption phase than in the elimination phase and where 
saliva concentrations sometimes exceeded the plasma concentrations. 
Both phenomena were also observed for isosorbide dinitrate in the 
present study, so that active secretion processes should be considered 
as one source of the observed variation in the saliva-plasma ratios of 
isosorbide dinitrate. 

An alternative explanation for the inconsistent ratio could be that 
saliva levels are influenced by isosorbide dinitrate partition into and/or 
absorption through the oral mucosa. As has been shown (18), the buccal 
absorption of isosorbide dinitrate is very rapid. Therefore, it may be 
possible that changes in the extent and the speed of buccal reabsorption 
of isosorbide dinitrate from saliva contribute considerably to the devia- 
tions in saliva-plasma ratios. 

Due to the high variability of the observed saliva-plasma ratios, the 
prediction intervals of single plasma concentrations on the basis of cor- 
responding saliva concentrations are considerable: the 95% confidence 
interval of the plasma level predicted for a saliva concentration of 5 ng/ml 
is 7.7 3.9 ng/ml. In comparison, the mean plasma concentration of a 
sufficient number of subjects can be predicted with narrower confidence 
intervals: for eight subjects the 95% confidence interval of the mean 
plasma level is 7.7 f 1.5 ng/ml. This corresponds to the observation that 
the mean saliva curve of isosorbide dinitrate mimics the shape of the 
mean plasma curve, although this does not always hold for the individual 
curves. Consequently, the characteristic slow-release properties of the 
administered formulation could be inferred from the mean saliva curve 
as well as from the mean plasma curve. This was particularly evident 
when the corresponding Wagner-Nelson absorption curves (20) were 
compared with the absorption curves of standard formulations of iso- 
sorbide dinitrate. 

Provided these results can be confirmed for other isosorbide dinitrate 
preparations, it is suggested that mean saliva concentrations of a suffi- 
cient number of subjects ( n  1 8) can serve as a substitute for mean plasma 
levels in biopharmaceutical investigations of isosorbide dinitrate. 
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Abstract 0 A procedure is described for the simultaneous determination 
of molal volumes (&) and solubility parameters (6) of compounds of 
medicinal interest. These include alkanoic acids of various chain length 
and branching (some solid at room temperature), cholesterol, and cho- 
lesteryl esters. The procedure is based on the determination of partial 
molal volumes (09) from high-precision density measurements of dilute 
solutions of these compounds in reference solvents, which range in po- 
larity from carbon tetrachloride (6 = 8.6) to nitrobenzene (6 = 10.0). In 
some cases, the present results do not agree with values of 6 published 
in the literature. Values calculated from group contributions proposed 
by other authors are prone to  error particularly in the case of branched 
acids and cholesteryl esters. 

Keyphrases Densitometric determination-solubility parameter and 
molal volume of compounds of medicinal relevance 0 Solubility-den- 
sitometric determination of parameters, molal volume of compounds of 
medicinal relevance 0 Molal volume-densitometric determination of 
solubility parameter of compounds of medicinal relevance 

In a series of studies with structurally nonspecific ethers, 
i t  was found that the pharmacological profile of a given 
member could be a consequence of its solubility parameter 
(1-3). This finding led to the proposition that such mole- 
cules associate with a particular membrane subregion, such 
as an ionic channel or boundary lipid, in accordance with 
regular solution theory (4). That is, a given substrate will 
partition between two phases that differ in solubility pa- 
rameter at a ratio that can be predicted from the solubility 
parameters of the interacting species and their partial 
molal volumes (5). Further exploration of this concept in 
pharmacology and its possible application in medicinal 
chemistry required knowledge of reliable data pertaining 
to these parameters or a suitable experimental procedure 
for their determination. The main sources on this subject 
are the works of Hildebrand et al. (6) and reviews by 

Barton (7) and Burrell and Immergut (8). Although 
helpful, they did not meet the need because they made no 
reference to compounds of medicinal relevance and lack 
data on molal volumes, especially for solids. Therefore, this 
study explores the simultaneous determination of partial 
molal volumes and solubility parameters from high-pre- 
cision density measurements of dilute regular solutions. 
Alkanoic acids, cholesterol, and cholesteryl esters were the 
compounds of choice for this exploratory study. 

BACKGROUND 

Definitions-The solubility parameter (a) of a pure liquid is the 
square root of the cohesive energy density, and is usually given by: 

where, E is the energy of the liquid expressing the molal heat of vapor- 
ization to the gas state at  zero pressure, u is the molal volume of the liquid, 
and AH" is the heat of vaporization a t  low vapor pressure. Under con- 
ditions of high vapor pressure, the gas law correction should be applied 
and ZRT should replace RT (I), 2 being the compressibility factor. 

If no calorimetric data are available, the Clausius-Clapeyron equation 
may be applied to derive the apparent heat of vaporization from pres- 
sure-temperature data: 

(Eq. 2) 

where Au" is the change in volume on vaporization, u g  - u! The apparent 
heat of vaporization is equal to the true one only if the vapor is ideal. 
Otherwise, the compressibility factor must be used, and Eq. 1 then as- 
sumes the form: 

(Eq. 3) 

In the case of solid substances, application of the above relationships 
is not straightforward. First, many of these are nonvolatile or poorly 
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i t  was found that the pharmacological profile of a given 
member could be a consequence of its solubility parameter 
(1-3). This finding led to the proposition that such mole- 
cules associate with a particular membrane subregion, such 
as an ionic channel or boundary lipid, in accordance with 
regular solution theory (4). That is, a given substrate will 
partition between two phases that differ in solubility pa- 
rameter at a ratio that can be predicted from the solubility 
parameters of the interacting species and their partial 
molal volumes (5). Further exploration of this concept in 
pharmacology and its possible application in medicinal 
chemistry required knowledge of reliable data pertaining 
to these parameters or a suitable experimental procedure 
for their determination. The main sources on this subject 
are the works of Hildebrand et al. (6) and reviews by 

Barton (7) and Burrell and Immergut (8). Although 
helpful, they did not meet the need because they made no 
reference to compounds of medicinal relevance and lack 
data on molal volumes, especially for solids. Therefore, this 
study explores the simultaneous determination of partial 
molal volumes and solubility parameters from high-pre- 
cision density measurements of dilute regular solutions. 
Alkanoic acids, cholesterol, and cholesteryl esters were the 
compounds of choice for this exploratory study. 

BACKGROUND 

Definitions-The solubility parameter (a) of a pure liquid is the 
square root of the cohesive energy density, and is usually given by: 

where, E is the energy of the liquid expressing the molal heat of vapor- 
ization to the gas state at  zero pressure, u is the molal volume of the liquid, 
and AH" is the heat of vaporization a t  low vapor pressure. Under con- 
ditions of high vapor pressure, the gas law correction should be applied 
and ZRT should replace RT (I), 2 being the compressibility factor. 

If no calorimetric data are available, the Clausius-Clapeyron equation 
may be applied to derive the apparent heat of vaporization from pres- 
sure-temperature data: 

(Eq. 2) 

where Au" is the change in volume on vaporization, u g  - u! The apparent 
heat of vaporization is equal to the true one only if the vapor is ideal. 
Otherwise, the compressibility factor must be used, and Eq. 1 then as- 
sumes the form: 
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In the case of solid substances, application of the above relationships 
is not straightforward. First, many of these are nonvolatile or poorly 
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2.92 

3 c 2.59 1 

Y2 = 0 Y z  Y l =  1 

Figure 1-The relation between the specific vokme V, and the mass 
fraction y2 in a mixture of two components. AB = Vsl; A'B = Qs2 at  mass 
fraction = 0 of the second component. 

volatile. Second, there is an uncertainty in the value of v which must be 
approximated by extrapolating from the fused substance to the super- 
cooled liquid. In this case, 6 is calculated from experimental solubility 
data, as in the following relationship offered previously (9): 

(Eq. 4) 

where the subscripts 1 and 2 refer to solvent and solute, respectively, X:! 
is the solubility a t  saturation in mole fraction, 0 2  is the molal volume of 
solute as supercooled liquid, @1 is the solvent volume fraction, and a$ is 
the activity of the solute as a solid. Calculation of the latter term is an 
intricate operation which requires knowledge of the heat of fusion at the 
temperature of fusion and also of the difference between the heat capacity 
of the liquid and solid states. In a more empirical approach (lo), the 
solubility a t  saturation of a substance was determined in each of a series 
of solvents or solvent mixtures of known solubility parameter. The sol- 
ubility parameter of the solute was then approximated with that of the 
best solvent. This method has many limitations, especially the need to 
use high solute concentrations which must inevitably alter the solubility 
parameter of the reference solvents, since: 

6app = Xhi@i (Eq. 5) 

where @ is the volunie fraction. It is particularly doubtful when water is 
one of the solvent components, because its solubility parameter is still 
uncertain (11). A previous review gives other empirical procedures (12). 

Table I-Determination of the Densities of Various Solutions of 
Cholesterol in Toluene at 25" 

~~ ~~ 

Mass fraction, Densitometer d Calc, Vs2, 
Sample y2 103 T value gcm-3 cm3 g-' 

Toluene 0 1781331 0.86216 1.15987 
1 1.129 1781391 0.86229 1.15970 
2 2.685 1781473 0.86247 1.15946 
3 3.901 1781536 0.86260 1.15928 
4 5.233 1781607 0.86276 1.15908 
5 6.313 1781662 0.86287 1.15892 
6 7.947 1781746 0.86306 1.15868 
7 9.910 1781848 0.86327 1.15838 
8 11.598 1781935 0.86346 1.15813 

From d.lmpls = d& + 6.03449 X lO-'3 (P- - Ph); T value for air, 1321506; 
density of air, 0.001185 gcm-3; T value for water, 1843002; density of water, 
0.997043. In this particular example, the relationship between V.2 and yz is given 
by: V.2 = 1.15987 - 0.14987~ ( r2  = 0.99995). Atya = 1, v.2 = 1.01OOO which is the 
partial specific volume of cholesterol in toluene. Multiplication by 386.66 gives 62 
= 390.53 which is the partial molal volume of cholesterol in toluene at a concen- 
tration approaching zero. 

2 4 6 8 10 12 14 16 18 
NUMBER OF CARBONS IN CHAIN 

Figure 2-Alkanoic acids: square root of volume cohesive energy 
product as a function of acid carbon number (n). 

In a more recent extension of Eq. 4 (13), the geometric mean 6162 of the 
Hildebrand approach has been replaced by K616:!, which is the solute- 
solvent interaction energy. 

An experimental method of general applicability is now described for 
the determination of the solubility parameter from partial mold volumes. 
The method dwells on the same theoretical principles as the dilatometric 
method described previously (14) and applied earlier ( l ) ,  but is based 
on a measurement of density rather than volume change, and does not 
require prior knowledge of the molal volume of the pure solute. 

THEORETICAL 

The partial molal volume of a solute, ij2, is the rate of change of volume 
of its solution, V, referred to the rate of change of the mole number of 
solute, n2: 

Now, consider a solution of two components, 1 and 2. A plot of the 
specific volume, V,, which is the reciprocal of density, d, against the mass 
fraction of component 2, y2, yields a curve as shown in Fig. 1. A tangent 
to this curve at an-y point must intercept the ordinate a t  y2 = 0 at a point 
B, so that AB = Vsl, the partial specific volume of component 1, and at  
y2 = 1 at  a point E', so that A'B' = Vs2, the partial specific volume of 
component 2. It can be shown (15) that: 

d Vs 
V S I  = vs -y2- 

dY 2 

d V, 
V8Z = v.7 +y1- 

dY 2 

(Es. 7) 

(Eq. 8) 

The partial molal volume, U2, is given by: 

Ez = M2Y72 (Eq. 9) 

where M2 is the molecular weight of component 2. 
An experimental curve as shown in Fig. 1 can be constructed from 

density measurements of solutions having a predetermined mass fraction 
of component'2 in the mixture. However, we are interested in the partial 
molal volume of the solute at a vanishingly small mass fraction, corre- 
sponding to a point on the curve atyz = 0. Hence, a tangent to the curve 
must be drawn at  y2 = 0. In practice, this tangent has the function of a 
straight line drawn through a series of points having y2 values The 
desired value: 

is calculated by multiplying the intercept of this tangent at the ordinate 
y2 = 1 by the molecular weight (see Table I). 
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Table 11-Specific Volumes ( q2) and Partial Specific Volumes (v.2) of Straight-Chain Alkanoic Acids in Two Reference Solvents, 
a t  25" 

Number of Carbons V% 
in Molecule cm3 g-' 

Vs2 in Carbon Tetrachloride 
cm3 g-' r y "  SEb 

Vs2 in Toluene 
cm3 g-' r Z a  SEb 

2 0.95768 1.00075 0.99898 1 0.99706 
3 1.01200 1.03706 0.99968 1 1.02327 
4 1.04960 1.06063 0.99947 1 1.05565 
5 1.07008 1.08048 0.99932 1 1.07396 
6 1.08294 1.09267 0.99994 1 1.08529 
7 1.09436 1.10612 0.99980 1 1.09822 
8 
9 
12 
16 

1.10313 1.11254 0.99946 1 1.10758 - - _ _  
1.11005 1.11768 0.99885 
SC 1.13334 0.99997 
S 1.14462 0.99992 

1 
0 
1 

~- 
1.11423 
1.13063 
1.14391 

18 S 1.15010 0.99972 1 1.14877 
r2  = Coefficient of determination. * SE = standard error X 105 for a sample of 8. Solid at room temperature. 

According to Hildebrand (14) the partial molal volume of a solute is 
related to its solubility parameter, as follows: 

(Eq. 10) 

Now, if (a2 - 1120) and 04 are divided by M2, the molecular weight of the 
solute, a form is obtained in which 6 could be related directly to specific 
volume: 

(Eq. 11) 

For liquids, V: can be determined by direct measurement of density; 
hence, 62 can be calculated by measurement of 7,~ in a reference solvent 
for which 61 and (dE/du)~ must be known. For solids, V$ is not usually 
readily accessible; in this case, measurements of vs2 in two reference 
solvents yield a set of two simultaneous equations from which the two 
unknowns, c2 and 62, may be calculated (Appendix). 

EXPERIMENTAL 

Apparatus-The high-precision, density-measuring assembly used 
consisted of a measuring cell unit and density meter with digital display'. 
The assembly was placed in a room in which the temperature was ther- 
mostatically controlled at  23 f lo. The measuring cell unit contained a 
U-shaped sample tube which was rigidly supported at  its open ends. The 
sample tube was electromagnetically excited to vibrate a t  its natural 
frequency. The period of oscillation, T, of the sample tube was related 
to the density, d ,  of the sample contained within by the following rela- 
tionship: 

d = A(T2  - B )  (Eq. 12) 
where A and B were apparatus constants that had been predetermined 
by calibration with two fluids of known densities. The sample, -0.7 ml, 
was injected into the sample tube with a hypodermic syringe. Exceas fluid 
was allowed to overflow past the vibrating segment. After 2-3 min, 
thermal equilibration was reached and the period of oscillation was di- 
rectly read on the digital display. The sample was removed and the tube 
flushed with solvent and dried with a stream of air until it reached the 
oscillation period of the empty tube; then a new sample was introduced. 
The thermostatic system consisted of a main thermostat-a circulator 
with suction and pressure pumps. The instrument had a digital tem- 
perature setting, an antidrift control, a heater capacity of lo00 W, and 
a cooling coil through which cold water could be run when necessary. The 
circulator was immersed in a glass cylindrical bath which contained 50 
liters of water. The temperature in the bath was measured with a cali- 
brated and tested glass thermometer2 with a scale division of 0.1'. The 
temperature deviations in the bath and in the effluent line of the den- 
sity-measuring cell were measured with thermometers3 with a 0.02" scale 
division. Measurements a t  25O required the use of a cooler system, which 
was coupled to the circulator of the main thermostat and which consisted 
of a control unit and a circulator. The cooler was immersed in 50 liters 
of water a t  20 f 0.5'. Altogether, the accuracy achieved inside the den- 
sity-measuring cell that contained the sample was f0.005O. 

Materials-Straight-chain (>WO pure) and branched-chain (>98%) 
alkanoic acids, cyclopropane carboxylic acid (97%), cholesterol (>98%), 

1 DMA 602 and DMA-60, Anton-Paar, Gretz, Austria. 
2 Brand. 

Beckman. 

~~ 

0.99985 1 
0.99968 1 
0.99972 1 
0.99985 0 
0.99704 2 
0.99987 1 
0.99961 1 
0.99903 1 
0.99995 0 
0.99954 0 
0.99969 1 

and cholesteryl esters (97-98%) were purchased from commercial sources. 
The solvents were carbon tetrachloride, chlorobenzene, and toluene 
(>99.5%); chloroform (99.8%); and nitrobenzene (>WOO). Chloroform was 
pretreated with molecular sieves and redistilled before use. 

Procedure-For each solute tested, a t  least eight different samples 
were weighed, each in a calibrated volumetric flask. The desired weight 
of solvent was then added. The solute mass fraction (yz), which was 
usually in the range of was determined for each solution to 
the nearest hundred thousandth. The density meter was calibrated by 
measuring the oscillatory periods for air and distilled water. The solutions 
were introduced into the sample tube in order of increasing mass fraction, 
the oscillatory periods were determined, and the densities calculated. 
The actual data from these measurements is too voluminous for inclusion 
in this report; one example is reproduced to illustrate the operation in- 
volved (Table I). Thus, for each solution a set of data points was obtained 
giving the specific volume as a function of mass fraction. Curve fitting 
was made by a linear least-squares regression analysis program using a 
desk calculator. The coefficient of determination r2, t_he value of t$2 at 
y2 = 1, and the standard error, SE, in the estimate of Vs2 ony2 were de- 
rived through the same operation. 

to 

RESULTS AND DISCUSSION 

Straight-Chain Alkanoic Acids-The partial specific volumes of 
straight-chain alkanoic acids, in each of two solvents, are given in Table 
11. The accuracy of measurement can be ascertained from the value of 
r2, the coefficient of determination. The precision of data can be checked 
in each case from the intercept of the regression line with the ordinate 
at a mass fraction of solutey2 = 0 (Fig. 1). Whenever the assumption of 
the working hypothesis was satisfied (i.e., there should occur no detect- 
able change in the specific volume of the solvent under working condi- 
tions), then the value of this intercept agreed with the specific volume 
of the solvent which could be determined independently. If this was not 
the case, then it could be inferred that there occurred an appreciable 
change in the slope of v,, versus mass fraction y2 over the range of con- 
centrations tested. Usually, deviation from linearity became detectable 
in the mass fraction range 

From the data of Table I1 the partial molal volumes were derived by 
application of Eq. 9 and solubility parameters by application of Eq. 11 
for liquids (CyC9) and solids ( C l ~ C l a )  alike, the latter as supercooled 
liquids a t  room temperature (Table 111). One sees a gradual decrease in 
6 as the contribution of the polar head becomes less important with the 
increasing length of the hydrocarbon chain. For a comparison of results 
with values of 6 reported in the literature, some authors have made a 
distinction between a single solubility parameter, which is usually cal- 
culated from the heat of vaporization, and the total solubility parameter, 
which is the calculated sum total of dispersion, polar, and hydrogen-bond 
forces (16). The reported single solubility parameters for the acids, pro- 
pionic (9.9) and valeric (9.8), are in fair agreement with the values pres- 
ently reported; but that of butyric acid (10.5) is higher than the value 
found in this study (9.7). The opposite is true for acetic acid for which 
the total solubility parameter (10.5) (16) is closer to the present value 
(10.6) than its single parameter (10.1). The calculated value of the total 
solubility parameter of stearic acid (8.6) is significantly lower than found 
here (8.9). With the exception of this last example, no records of the 
solubility parameters of alkanoic acids that exist in solid form at room 
temperature were found. 

The group contributions to I$ and 6, derived from the present data, 
do not agree in all cases with values published previously (17). The mean 
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Table 111-Molal Volumes (4). Partial Molal Volumes (i3), and Solubility Parameters (6)  of Straight-Chain Alkanoic Acids at 25" * 

Number of up,  cm3 mole-' Increment per CH2 6, cal'12 cm-312 
Carbons in 4, Carbon Carbon Carbon 
Molecule cm3 mole-' Tetrachloride Toluene Pure Tetrachloride Toluene Tetrachloride Toluene 

- 

2 

3 

4 

5 

6 

7 

8 

9 

12 

16 

18 

57.51 

74.96 

92.47 

109.29 

125.80 

142.47 

159.09 

175.65 

226.41 

293.28b 

326.81 

60.09 

76.83 

93.72 

110.36 

126.92 

144.01 

160.45 

176.86 

227.03 

293.52 

327.19 

59.87 

75.80 

93.01 

109.69 

126.14 

142.79 

159.87 

176.32 

226.49 

293.33 

326.72 

17.46 

17.51 

16.92 

16.50 

16.67 

16.62 

16.56 

16.92 

16.72 

16.76 

16.74 

16.89 

16.64 

16.56 

17.09 

16.44 

16.41 

16.72 

16.62 

16.84 

16.00 

17.14 

16.68 

16.45 

16.65 

17.08 

16.45 

16.72 

16.71 

16.69 

10.5 10.7 

10.0 9.9 

9.7 9.6 

9.5 9.5 

9.5 9.4 

9.5 9.3 

9.4 9.5 

9.3 9.5 

9.1 

8.8 

8.9 
~ 

Derived from the data in Table 11. by application of Eqs. 9 and 11; d and (aE/aV)T for carbon tetrachloride, 8.6 and 81.0; for toluene, 8.9 and 83.0. b As supercooled 
liquid. 

Table IV-Specific Volumes ( v",~), Partial Specific Volumes (v,~), Molal Volumes (v!),  and Solubility Parameters (6)  of Branched and 
Other Congeners of Butyric Acid a 

Acid 
v.2 in Carbon Tetrachloride, n = 8 

cm3 g-1 r2 SE X 105 
2-Methylbutyric 1.07352 1.08074 0.99996 0 109.65 9.3 
3-Methylbutyric 1.0851 2 1 .09830 0.99936 1 110.83 9.6 
2-Ethylbutyric 1.08836 1.09961 0.99988 1 126.42 9.5 
3,3-Dimethylbutyric 1.10194 1.10909 0.99992 1 128.00 9.3 
Pivalic S b  1.11104 0.99987 1 109.71 10.3 
2-Phenylbutyric S b  0.93129 0.99982 1 150.83 7.8 
Cyclopropane carboxylic 0.92362 0.93187 0.99982 1 79.51 9.5 

a At 25O; solvent data as in Table 111. b Solids at room temperature; up and 8 were calculated by use of Eq. 11 and the following additional parameters: ~sqtoluens)  for 
pivalic acid, 1.09819 (r2 = 0.99918), for phenylbutyric acid, 0.93004 (r2 = 0.99972). 

incremental molal volume per CH:! group for all compounds tested is 
16.86 f 0.60 (pure), 16.72 f 0.45 (carbon tetrachloride), and 16.66 f 0.57 
(toluene) cm3 mole-'. However, the inclusion of the lower alkanoic acids 
in the sample is questionable, in view of the observation that the incre- 
mental volume of propionic acid over acetic acid is larger in the pure state 
(17.46) than in solution in either carbon tetrachloride (16.74) or toluene 
(16.00), implying considerable contraction in these solvents. The sig- 
nificance of this observation is that a CH2 group adjacent to a COOH 
group occupies relatively more space in the pure state than in solution 
in either solvent; it., its contribution to the partial molal volume in these 
states is reduced, even though i i p  > up for the molecule as a whole in al- 
most all cases. In fact, the mean incremental molal volume for the series 
exclusive of propionic acid, 16.71 f 0.15 (pure) or 16.68 f 0.19 (toluene), 
is significantly different from the corresponding value in propionic acid 
(p < 0.001). The group contribution of a CH:! group is listed (17) as 16.1 
cm3 mole-' which, obviously, does not apply in the case of a CH2 adjacent 
to COOH. 

A more generalized presentation of data, inclusive of that of the lower 
alkanoic acids, may be made according to a previous study (18) where a 
linear relationship was found between the number of carbon atoms in 
a given homologous series and the square root of volume-cohesive energy 
product, ( - E U ) ' / ~ ,  which is numerically equal to 60. A plot of 6u of 

Table V-Partial Specific Volume (Vnz) of Cholesterol in Five 
Different Solvents a 

Solvent 
SE 

rz  105 

Carbon tetrachloride 1.01094 0.99981 1 
Toluene 1.01Ooo 0.99995 0 
Chloroform 1.01300 0.99981 1 
Chlorobenzene 1.01334 0.99981 0 
Nitrobenzene 1.01764 0.99977 1 

*At25", n = 8. 

straight-chain alkanoic acids against the number of carbons in the chain 
is shown in Fig. 2. The fit to a straight line is excellent (r2 = 1.00). The 
slope has a value of 0.14 (kcal liter)'I2 mole-' per carbon atom, as com- 
pared with 0.13 for hydrocarbons and ethers. A higher slope value is 
usually taken to mean a greater interaction energy between the CH2 
groups and the polar end groups (18). 

Branched-Chain Alkanoic Acids-Table IV shows that branching 
has little effect on u$ and 6, but with the notable exception of pivalic acid 
and cyclopropane carboxylic acid. Pivalic acid and 2-methylbutyric acid 
have practically identical molal volumes, but d in the former is one unit 
larger than in its isomer. Also, the incremental molal volume in 3,3- 
dimethylbutyric acid over pivalic acid is 18.29 cm3 mole-' in the pure 
state, and which undergoes apparent contraction to 15.33 cm3 mole-' in 
carbon tetrachloride. Again, the relative contribution of a-methylene 
to molal volume is larger in the pure state (0.142) than in solution (0.119). 
The reason for the difference in 6 between pivalic acid and its isomers 
is not clear a t  present. Obviously, it  does not arise from a difference in 
u! of the respective compounds. Group contributions found previously 
(17) correctly predict the experimental values of ug for 2-methylbutyric 
acid (1 10.60) and pivalic acid (109.8), but not their d values (9.6 and 9.9, 
respectively). The same calculations applied to cyclopropane carboxylic 
acid yield values that disagree with the experimental ones: u8,77.70 (calc.) 
against 79.51 (found); 6,11.6 (calc.) against 9.5 (found). 

The function relating 60 to the number of carbon atoms in the straight 
chain alkanoic acids (Fig. 2) applies also to the branched-chain acids, but 
again with the exception of pivalic and cyclopropane carboxylic acids. 
Inclusion of 2-methyl-, 3-methyl-, 3,3-dimethyl-, and 2-ethylbutyric acids 
in the graph does not alter the correlation coefficient (r2 = 1.00); but pi- 
valic acid deviates by +O.lOOO from the predicted value and cyclopropane 
carboxylic acid by -0.1350 (kcal mole-'. This may be taken as 
an indication that there is more interaction with the polar head in the 
former and less in the latter, relative to the corresponding straight-chain 
member. 

Cholesterol-The partial specific volumes of cholesterol in five dif- 
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Table VI-Solubility Parameter (6) and Molal Volume (4) of Cholesterol a 

Solvent 
Toluene Carbon Tetrachloride Chlorobenzene Chloroform Nitrobenzene 

6 u8 6 US 6 US 6 U 8  6 U 8  

Toluene 8.9 390.89 8.9 390.52 8.8 390.46 9.0 390.43 
Carbon tetrachloride 8.9 390.89 8.9 390.17 8.8 390.65 9.0 390.13 
Chlorobenzene 8.9 390.52 8.9 390.17 9.3 391.68 9.2 391.52 
Chloroform 8.8 390.46 8.8 390.65 9.3 391.68 9.3 391.68 
Nitrobenzene 9.0 390.43 9.0 390.13 9.2 391.52 9.3 391.68 
Mean 8.9 390.58 8.9 390.46 9.1 390.97 9.1 391.12 9.1 390.94 
SD 0.1 0.21 0.1 0.37 0.2 0.74 0.3 0.65 0.2 0.77 
a Derived from the data in Table V by application of Eq. 11 for solvent pairs; d and ( d E l d V ) ~  of reference solvents: chlorobenzene, 9.5 and 93.2; chloroform. 9.3 and 

86.6; nitrobenzene, 10.0 and 117.1; others as in Table 111. 
ferent solvents are given in Table V. These data were used to derive the 
two unknowns, solubility parameter and mold volume of cholesterol, by 
application of simultaneous equations (11) for solvent pair (Table VI). 
For each reference solvent, the mean value is listed at tile end of the 
column. The relatively high 6 derived from the more polar solvents is 
significant and needs explanation. In view of the accuracy and precision 
achieved in the measurement of densities in these solvents (Table V), we 
assume that the deviation of the experimental system from the theoretical 
model is minimal and cannot account for the differences among the ref- 
erence solvents. There remains to be considered the reliability of the 
published values of 6 and ( d E / d u ) ~  of the reference solvents. Solubility 
parameter data derived from AHu are usually fairly reliable, but the 
energy-volume coefficient or internal pressure term, (dE/au)~,  is a more 
problematic entity. Internal pressure values can be obtained through 
direct measurements of (dPIdT)", or indirectly by measuring the coef- 
ficient of expansion and isothermal compressibility. For most liquids, 
including some of those used in this study, the indirect and less reliable 
methods were used to derive the internal pressure values (19-21). Thus, 
the data derived from carbon tetrachloride and toluene are considered 
more precise than from the other solvents; the internal pressure of these 
two solvents had been measured directly. 

The mean solubility parameter of cholesterol in the less polar solvents 
is 8.9, whereas the mean in the more polar ones is 9.1. The mean of means 
is 9.0 f 0.1 crn-"z and u: is 390.81 f 0.28 cm3 mole-', as compared 
with a previous estimate (17) of 8.0 and 382.20, respectively. 

The results for these compounds, all solid a t  room temperature, are 
summarized in Tables VII and VIII. The cholesteryl esters of straight- 
chain alkanoic acids deserve special consideration. If they are treated as 
a homologous series, a gradual decrease in 6 with increasing length of the 
alkanoyl group, in analogy with the corresponding parent acids would 
be expected. But this is not the case. An attempt to relate (-Eu)'l2 to the 
number of carbon atoms in the parent acid gave a poor correlation, 
(-Eu)l/2 = 3.20 f 0.15 n, r2 = 0.94. The heptanoate ester has the highest 
6 value in the series, which then declines with either increasing or de- 
creasing chain length. In this context, it should be recalled that com- 
pounds possessing liquid cystal properties exhibit unusual dependencies 
of their physical properties on chain length. The mesomorphic thermal 
transition of cholesteryl esters from cholesteryl formate to decanoate 
shows a similar, perhaps related dependency on chain length: the lower 
six members of the series exhibit only cholesteric mesophases, while the 
remaining members exhibit both smectic and cholesteric mesophases 
(22). Another example is offered by previous researchers (23) who ob- 
served a definite break at  the butyl ester in the melting point and solu- 
bility profiles of a series of normal alkyl p-aminobenzoates. However, 
it has been noted (24) that the point of break in properties depends on 
the loading group, cholesteryl in the present case. In general, larger 
loading groups require more methylene units to offset their effect on 
crystal packing. While this generalization may explain the gradual de- 
crease in cohesive energy density in the cholesteryl esters of longer chain 
than the heptanoate, it does not apply in the case of the lower esters, 
especially the butyrate which bas an unusually low 6 value. The emerging 
profile of 6 with respect to chain length in this series may parallel the 
pattern of mesophase transitions mentioned earlier. In this respect, one 
must assume that some property of liquid crystal compounds persists 
into the isotropic phase. This is because the solubility parameter is an 
intensive property of matter, which, by definition, exists in the form of 
an isotropic liquid. 

There remains to be considered the level of significance at which 6 could 
be determined. This is an important issue in the context of drug distri- 
bution, because it can be shown that a hypothetical substrate (i.e., 6 = 
9.0; 04 = 100) will distribute a t  room temperature between two phases 
A and B (6, 10.0 and 10.5, respectively) in a ratio of 0.81; the corre- 
sponding ratios for B having 6 values of 10.6,10.7,10.8, are 0.77,0.72,0.68, 

etc. From the preceding work, 6 is calculated from values of partial mold 
volume that are significant to the second decimal point, and from solu- 
bility parameter and internal pressure data of the reference solvents, as 
published in the literature. Thus, the precision of the calculated 6 values 
must reflect that of the published data. 

In any case, a set of such values, generated by reference to a common 
set of solvents, must remain accurate enough to justify comparison be- 
tween members, as given for the cholesteryl esters. In the present report, 
the values of 6 for all reference solvents used were taken from a previous 
study (7). Data on ( d E / d v ) ~  were used as given for carbon tetrachloride, 
toluene (25); for chlorobenzene, nitrobenzene (Ref. 20) (given in kilobars 
(kbar), then transformed into cm-312 by multiplication by lOOO/ 
41.84); for chloroform (21), given at  20°, the data were transformed to 
25' (19). 
As a final check on the validity of the present procedure, the densito- 

metric method was further applied to two reference compounds, as shown 
in Table IX. The values of the solubility parameter by the present method 
come very close to the values calculated from the heat of vaporization. 

APPENDIX 

For solids the solubility parameter of the solute, 6 2 ,  and its molal vol- 
ume, us, are derived by solving a set of two simultaneous equations: 

where Pi stands for ( d E I d v ) ~ ,  the internal pressure of two solvents 1 and 
3, and the subscript 2 refers to the solute. 

After rearrangement, the following quadratic equation is obtained: 

a 6 z + b & + c = O  (Eq. 15) 
where 

(Eq. 16) 

(Eq. 17) 

(Eq. 18) 

Table VII-Partial Specific Volumes (v'z) of Cholesteryl Esters 
in Two Reference Solvents, at 25' 

Choles- Carbon Tetrachloride v.2 Toluene 
teryl SE SE 

Esters cm3g-1 r2 x 105 cm3g-1 r2 x 105 

Acetate 
Propionate 
Butyrate 
Hexanoate 
Hepta- 

noate 
Laurate 
Myristate 
Palmitatk 
Stearate 
Oleate 
Chloride 
a n = %  

0.99845 0.99996 
0.99740 0.99981 
1.00554 0.99984 
1.02041 0.99994 
1.03220 0.99972 

1.05050 0.99977 
1.05130 0.99960 
1.06078 0.99936 
1.06264 0.99968 
1.04773 0.99980 
0.98712 0.99970 

~ 

0 1.00172 0.99988 
1 1.00243 0.99982 
1 1.01240 0.99991 
0 1.02433 0.99997 
1 1.02918 0.99976 

1 1.04948 0.99974 
1 1.05501 0.99956 
1 1.06201 0.99984 
1 1.06665 0.99974 
1 1.05717 0.99965 
1 0.99226 0.99998 

~ 

1 
1 
1 
0 
1 

1 
1 
0 
1 
1 
0 - 
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Table VIII-Molal Volumes (G), Partial Molal Volumes (tz), 
and Solubility Parameters (6) of Cholesteryl Esters at 25’ * 

REFERENCES 
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Carbon Carbon 
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Ref. 6 60.7 97.1 
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dilatometry (6) 97.7 
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calculated from dilatometrv (6) 10.1 8.9 - 
u2 - v m 2  
From AH” 

“ . .  

Ref. 6 10.0 8.6 

0 rz = 0.99890. * r2 = 0.99980. 
The mold volume of the solute is given by: 

Pi iVs 21 Mz 
62 - 28261 + a; + P i ,  

v s =  2 (Eq. 19) 

As an example, the above was used to calculate values for 62 and v$ for 
cholesterol by application to the data shown in Table V for the solvent 
pair nitrobenzene-toluene: 
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Abstract Digoxin 0.25-mg tablets were dissolved and assayed by the 
standard high-performance liquid chromatography (HPLC) method 
specified in USP XX and by a radioimmunoassay (RIA) method modified 
for the assay of tablet solutions. For the RIA method, the filtrate was 
diluted to a theoretical concentration of 5 ng/ml. Aliquots of this dilution 
were then assayed for digoxin content using a commercial digoxin 1251 
RIA kit. Results from both methods were extrapolated to total tablet 
content and compared with the labeled amount for 20 individual tablets. 
All tablet assay results were within the USP standards for content uni- 
formity of individual tablets. The individual tablet deviations from la- 
beled amount by the RIA method were smaller when compared with the 
USP XX-specified HPLC method. Comparison of individual tablet as- 
says show the RIA method to be both as precise and as accurate as the 
USP XX-specified HPLC method. 

Keyphrases 0 Digoxin-determination of content uniformity, com- 
parison of high-performance liquid chromatography and radioimmu- 
noassay, tablets Radioimmunoassay-comparison with high-perfor- 
mance liquid chromatography in determination of content uniformity 
of digoxin tablets High-performance liquid chromatography-com- 
parison with radioimmunoassay in determination of content uniformity 
of digoxin tablets 

Digoxin is the most predominant digitalis cardiac gly- 
coside prescribed for clinical use. It is a potent drug used 
to increase the efficiency of the circulation in the treatment 
of congestive heart failure and to delay the ventricular rate 
in the treatment of atrial fibrillation and flutter (1). 

BACKGROUND 

The United States Pharmacopeia (USP) established the content 
uniformity test for tablets of certain potent drugs in 1965 with USP XVII 
(2). Due to the small dose (i.e., 0.25 mg) utilized to elicit pharmacological 
response, digoxin must be assayed on a tablet-to-tablet basis. The USP 
XX potency definition for digoxin tablets states that the tablets must 
contain not <90% or not >105% of the labeled amount (3). A represen- 
tative sample of 30 tablets was selected, and 10 of these tablets were as- 
sayed individually according to the drug monograph. The limits of the 
test state that not more than one tablet can be outside 85115% of the 
average of the potency definition, and none of the tablets can be outside 
75-125% of the average of the potency definition. The remaining 20 
tablets must be assayed if any tablet exceeds the limits as stated. Re- 
quirements for content uniformity are met if these 20 tablets fall within 
the 85-115% average of the potency definition limit (4). 

The digoxin content in single tablets has been determined by various 
methods, including colorimetric, fluorometric, polarographic, and GLC 
procedures (5-8). Although these methods were adequate in sensitivity, 
they were relatively cumbersome-either requiring formation of deriv- 
atives or complicated extractions or were limited to quantitation of 
millimolar concentrations. High-performance liquid chromatography 
(HPLC), a versatile separation technique, is the official assay method 
for the determination of digoxin tablet content uniformity in USP XX 
(3). 

A number of radioimmunoassay (RIA) procedures for the measurement 
of biological and drug molecules in body fluids are available. Sensitive 
assay systems are capable of measuring antigen in the range of femtomole 
concentrations (9). RIA has been employed in bioavailability studies of 
digoxin (10-12), and is a highly sensitive method that is able to detect 

digoxin in human serum at  the ng/ml level. The USP does not recognize 
it as an official test for tablet content uniformity at  the present time. Since 
digoxin can be measured at such dilute levels in blood, it may be possible 
to utilize this method to determine drug levels in a dilute solution pre- 
pared from a single tablet. 

EXPERIMENTAL 

Materials-Digoxin 0.25-mg tablets' and digoxin reference standard 
powder2 were used. Acetonitrile3 was HPLC grade, and the dilute alcohol 
was USP grade. A [1251]digoxin kit4 was used in the RIA of the tablets. 

Apparatus-A HPLC5 equipped with a reverse-phase column6 was 
connected to a variable-wavelength detector7 and an automatic inte- 
grab$. The detector was operated at 218 nm and was attenuated at 0.04 
AUFS for digoxin. A single-channel analyzer and amplifierg were con- 
nected to a counter timerlo and a NaI(T1) well crystal" for the RIA. 

A 250 X 4.6-mm i.d. column, packed with 10-pm hydrocarbon (CIS) 
bonded to silica was used at  ambient temperature with a mobile 
phase flow rate of 1.17 ml/min. 

The mobile phase consisted of a mixture of acetonitriledistilled water 
in a 1:2 ratio. The mixture was allowed to equilibrate 30 min before 
transfer to the solvent reservoir. 

External standard-The digoxin reference standard power was dried 
for 1 hr a t  105' and stored under vacuum in a glass desiccator before 
preparation. A standard solution (39.8 pg/ml) was prepared in dilute 
alcohol USP and stored at ambient temperature. 

Digoxin 0.25-mg Tablet Assay Solutions-Samples of 10 tablets 
from two lots of digoxin 0.25-mg tablets were selected at  random. Each 
individual tablet was placed in the center of a single sheet of weighing 
paper. The paper was tightly folded lengthwise around the tablet to form 
a cylinder and a 1-cm fold was made at each end of the paper. The tablet 
was crushed lightly, but completely, into powder with a glass pestle. One 
end of the paper was opened and inserted well into a clean, dry 10-ml 
volumetric flask to allow the powdered tablet to slide from the paper to 
the bottom of the flask. The other end of the paper was opened for the 
addition of dilute alcohol USP. Six milliliters of dilute alcohol was added 
through the paper cylinder, washing the residual tablet into the flask. 
The flask was covered and mixed for 15 sec by a mechanical shakerI3 and 
then sonicated14 for 30 min. After sonication, the flask was removed from 
the sonicator and allowed to cool for 15 min. The solution was brought 
to volume with dilute alcohol USP and mixed for 15 sec on the mechanical 
shaker. Immediately after mixing, the entire solution was filtered through 
a medium-porosity sintered glass funnel. The first five drops of filtrate 
were discarded, and the remaining filtrate was collected in a clean, dry 
10-ml volumetric flask and covered tightly with laboratory film. Based 
on the labeled quantity of digoxin in the tablets (0.25 mg), theoretical 
concentrations of the tablet test solution were in the range of 25 pg/ml. 

Lanoxin, 0.25-mg tablets, lots 9L2297 and 052236; Burroughs Wellcome Co., 

Digoxin Reference Standard, lot 48C 0239; Sigma Chemical Co., St. Louis, 
Research Triangle Park, N.C. 

Mo. 
Burdick & Jackson Laboratories, Inc., Muskegon, Mich. ' RIANEN, New England Nuclear Corp., Billerica, Mass. 
Model 4200, Varian, Varian Aerograph, Walnut Creek, Calif. 
HIBAR-11, MCB Manufacturing Chemists, Inc., Cincinnati, Ohio. 
Model 970, Traeor, Tracor Instruments, Austin, Tex. * Model 338OA, Hewlett-Packard, Avondale, Pa. 
Model TL 200, Tennelec, Oak Ridge, Tenn. 

lo Model TL 400 Tennelec Oak Rid e, Tenn. 
Model 51SP5i, Quartz A d  Silice, beintibloc, Paris, France. 

l2 Lichrosorb RP-18, MCB Manufacturing Chemists, Cincinnati, Ohio. 
Is Mini-Shaker, Model 58, Fisher Scientific, Pittsburgh, Pa. 
I4 Sonicor, Model SC-101th. Sonicor Instrument Corp., Copiague, N.Y. 
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Table I-HPLC Assay Results of Digoxin 0.25-mg Tablets 

pg of Digoxin, Average 
Sample AUC Calculated Recovery, % 

pg of Digoxin, Average 
Sample AUC Calculated Recovery, % 

Digoxin, 
Rs 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

A9 

A10 

2.56 
2.50 
(Avg. 
1.53 
1.65 
1.50 
1.47 
1.50 
1.53 
1.50 
1.56 ~ .. 

1.29 
1.50 
1.43 
1.43 
1.56 
1.45 
1.48 
1.48 
1.61 
1.53 
2.02 
2.02 

- 
2.53) 

241 
260 
236 ~- - 
231 
236 
241 
236 
246 
203 
236 
225 
225 
246 
228 
233 
233 
253 ~~~ 

24 1 
229 
229 

100.4 

93.6 

95.6 

96.4 

88.0 

90.0 

94.8 

93.2 

98.8 

91.6 

The solutions of the 20 individual tablets were designated A1-A10 and 

Linearity Test of External Standard-A stock solution (100 pg/ml) 
was prepared with the digoxin reference standard powder in dilute alcohol 
USP. Dilutions of 10,20,30,40,50,60,70, and 80 pg/ml were prepared 

B1-B10. 

0 5 10 0 5 10 
MINUTES MINUTES 

Figure 1-Chromatogram of digoxin reference standard and tablet 
assay solution. Key: (A) digoxin reference standard (external standard, 
39.8 jg/ml); (B) digoxin tablet assay solution (theoretical concentration 
of 25 pg/ml). 

3.43 
3.59 - - 
(Avg. 3.51) 

B1 1.91 217 

DiEin* 
2.16 

B2 2.01 
2.17 

B3 2.36 

B4 

B5 

2.35 
2.18 
2.11 
2.02 
2.15 

B6 2.09 
2.0i 

B7 2.07 
2.04 

B8 2.09 

245 
228 
246 
268 
267 
247 
239 

92.4 

94.8 

107.0 

97.2 
229 
244 94.6 
227 _ _  . 
235 
235 
231 
237 

94.4 

93.2 
_ _  . 

1.88 213 90.0 

1.94 220 89.2 

2.18 247 99.4 

B9 1.99 226 

B10 2.20 250 

from the stock solution with dilute alcohol USP. Duplicate aliquots of 
35-pl injections of the stock solution and each dilution were chromato- 
graphed. The average retention time was 5.52 min. Linearity (r = 0.99708) 
was observed. 

HPLC Assay of Digoxin Tablet Solutions-Duplicate 35yl aliquots 
of each digoxin tablet solution were chromatographed. Prior to injection 
of the digoxin tablet assay solutions, between the different sample lots, 
and after the chromatographs of all the digoxin tablet assay solutions, 
duplicate 35-pl aliquots of each digoxin reference standard solution 
(external standard, 39.8 pglml) were chromatographed. 

Quantitation-The areas under the curve (AUC) generated by du- 
plicate assays of each tablet solution were averaged and compared with 
the average of the initial duplicate digoxin reference standard solution 
injections by the formula specified in the USP (3): pg of digoxin = 
lOc(H,,/H,), where 10 is the dilution volume of each tablet assay solution, 
C is the concentration of digoxin reference standard in pg/ml, H,, is the 
average AUC of the tablet assay solution, and H, is the average AUC of 
the digoxin reference standard solution. 

Preparation of RIA Kit-The ['251]digoxin kit was prepared at room 
temperature as required by the manufacturer's instructions. The range 
of the standards for the kit was 0-8.0 ng/ml. 

Dilution of Digoxin Reference Standard Solution and Digoxin 
0.25-mg Tablet Assay Solutions-An exact volume (1.4 ml) of the di- 
goxin reference standard solution (39.8 jtg/ml) was pipeted into a clean, 
dry 100-ml volumetric flask with a 2-ml glass pipet (0.2-ml graduations). 
The solution was brought to volume with dilute alcohol USP and allowed 
to equilibrate overnight. A 1-ml glass pipet was used to transfer 1.0 ml 
of the equilibrated solution into another clean, dry 100-ml volumetric 
flask. The solution was brought to volume with dilute alcohol USP to a 
final concentration of 5.57 ng/ml. 

Two milliliters of each tablet solution was pipeted into separate clean, 
dry 100-ml volumetric flasks with 2-ml glass pipets. The solutions were 
then brought to volume with dilute alcohol USP and allowed to equili- 
brate overnight. A 1-ml glass pipet was used to transfer 1.0 ml of each 
equilibrated solution into another 100-ml volumetric flask. Each solution 
was brought to volume with dilute alcohol USP. Based on the labeled 

Table 11-RIA Results of Digoxin 0.25-me Tablets 

Average pg of Digoxin Average pg of Digoxin 
Sample Net cpm in Tablet Sample Net cpm in Tablet 

A1 2305 251 R1 2370 947 - - .  ~ . _  _ _  ~~ ~ ~ 

A2 2323 250 B2 2216 256 
A3 2237 255 B3 2383 246 
A4 2325 250 B4 2245 254 
A5 2266 253 B5 2229 255 
A6 2353 248 B6 2312 250 
A7 2220 256 B7 2154 260 
AS 2137 261 B8 2547 237 
A9 2318 250 B9 2240 255 
A10 2284 252 BlO 2356 248 
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Table 111-Comparison of Digoxin Tablet Content Assayed by 
HPLC and RIA 
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Figure 2-Comparison of content uniformity test results of single di- 
goxin tablets by HPLC and RIA. Key: (0) percent digoxin recovery by 
HPLC assay method; (X) percent digoxin recovery by RIA method; (- - -) 
limits of digoxin content uniformity. 

quantity of digoxin in the tablets (0.25 mg), theoretical concentrations 
of the tablet test solutions were in the range of 5 ng/ml. 

Gamma Counter Calibration-A simulated iodine-125 source (io- 
dine-129,0.108 pCi) was utilized to calibrate the single-channel gamma 
analyzer. The sample2-background ratio for the energy peak in the dif- 
ferential mode was utilized to determine the optimum window setting, 
baseline, and high-voltage potential. 

RIA of the Digoxin 045-mg Tablet Assay Solutions-All solutions 
assayed were done in duplicate. The assay consisted of a series of known 
digoxin standards from the kit (16 tubes), digoxin tablet solution (5 
ng/ml) samples (40 tubes), and digoxin reference standard solution (5.57 
ng/ml) samples (two tubes). Samples were pipeted into polystyrene 12 
X 75-mm tubed5 with an adjustable microliter pipet16. Known digoxin 
standards consisted of the following duplicate tubes: blank solution (0.02 
M phosphate buffer, pH 7.4, with 0.5% bovine serum albumin); 0,0.5,1.0, 
2.0,4.0, and 8.0 ng/ml standards of digoxin in human serum; and control 
serum (human serum containing a digoxin concentration of 3 f 0.3 
ng/ml). The duplicate blank solution tubes contained 200 pl of 0.02 M 
phosphate buffer in place of antiserum and 50 pl of 0-ng/ml standard. 
Each of the remaining digoxin standard duplicate tubes consisted of 50 
p1 of the respective tablet solution and 200 pl of antiserum (digoxin rabbit 
serum albumin). The duplicate control serum tubes contained 50 pl of 
control serum and 200 p1 of antiserum. The duplicate digoxin tablet so- 
lution samples consisted of 50 pl of the respective tablet solution and 200 
pl of antiserum. The duplicate digoxin reference standard solution tubes 
consisted of 50 p1 of digoxin reference standard solution (5.57 ng/ml) and 
200 p1 of antiserum. After adding 200 pl of radioactive tracer (hista- 
mine-digoxin conjugate labeled with iodine-125) to all tubes, the solutions 
were mixed and incubated at room temperature for 30 min. Following 
incubation, lo00 pl of concentrated charcoal suspension was added to 
each tube. The tubes were mixed and incubated again for 10 min. The 
unbound antigen was adsorbed on the charcoal and separated from the 
bound antigen hy ~entrifugation'~ at  1200Xg for 10 min. The supernatant 
solutions containing the antigen-antibody complexes from each tube were 
decanted into clean, dry polystyrene tubes, and the radioactivity was 
determined in the gamma counter. 

Quantitation-The counts were averaged for each set of duplicate 
samples. Average net counts were calculated for all standards and samples 
by subtracting from each the average blank counts. The average net 
counts for each standard and sample were expressed as a percentage of 
the average net counts for the 0-ng/ml standard (normalized percent 
bound or percent of BIB01 (13): 

Average net counts of standard or sample 
Average net counts of zero standard 

percent of BIB0 = 

Determinations of digoxin' in the control and tablet solutions were made 

16 Disposable polystyrene culture tubes, Curtin Matheson Scientific, Inc., 

16 Pipetman, Model P200D, Rainin Instrument Co., Inc., Wohurn, Mass. 
1' Model K size 2, International Equipment Co., Boston, Mass. 

Houston, Tex. 

Hieh-Performance Liauid - 
Chromatography Radioimmunoassay 

pg Digoxin Recovery, fig of Digoxin Recovery. . -  " .  
Sample in Tablet % in Tablet 90 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 

B1 
B2 
B3 
B4 
B5 
B6 
B7 
B8 
B9 
B10 

251 
234 
239 
24 1 
220 
225 
237 
233 
247 
229 

avg. 235.6 
f 9.5 

231 
237 
268 
243 
237 
236 
233 
225 
223 
249 

avg. 238.2 
f 13.0 

100.4 
93.6 
95.6 
96.4 
88.0 
90.0 
94.8 
93.2 
98.8 
91.6 

avg. 94.2 
f 3.8 
92.4 
94.8 

107.0 
91.2 
94.8 
94.4 
93.2 
90.0 
89.2 
99.4 

avg. 95.3 
f 5.2 

25 1 
250 
255 
250 
253 
248 
256 
261 
250 
252 

avg. 252.6 
f 3.8 

247 
256 
246 
254 
255 
250 
260 
237 
255 
248 

avg. 250.8 
f 6.6 

100.4 
100.0 
102.0 
100.0 
101.2 
99.2 

102.4 
104.4 
100.0 
100.8 

avg. 101.0 
f 1.5 
98.8 

102.4 
98.4 

101.6 
102.0 
100.0 
104.0 
94.8 

102.0 
99.2 

avg. 100.3 
f 2.6 

by preparing an exponential least-squares plot of percent of BIB0 for each 
standard against the corresponding log concentration of digoxin in ng/ml 
and calculating the concentration of digoxin in ng/ml from the formula 
for the line of best fit. Samples were calculated as ng/ml since identical 
volumes were used for all standards and samples. 

RESULTS AND DISCUSSION 

A typical chromatogram of the digoxin reference standard solution and 
a tablet assay solution is shown in Fig. 1. The area under the curve 
unexpectedly increased by -40% on sample A10. Two aliquots of digoxin 
reference standard solution (39.8 wg/ml) were injected and the AUC had 
increased almost twofold. The AUC from the nearly twofold increase of 
digoxin reference standard solution was utilized to calculate the amount 
of digoxin in tablet assay solutions A10-B10. 

There was a considerable degree of tailing from each peak on all ref- 
erence standard and tablet assay solutions. Amounts of digoxin calculated 
by the USP formula appeared to be 10-15% lower than expected due to 
the tailing. Adjustment of the slope sensitivity setting in the integrator 
did not provide any remedy. The decision was made to calculate the AUC 
manually by the triangle formula A = H( Wllz). The width at mid-height 
is used instead of the width at  baseline to reduce errors. A baseline was 
drawn, mid-height was determined, and height and width at mid-height 
were measwed in centimeters (14). The assay results of the digoxin tablet 
solutions are shown in Table I. 

The results of the RIA of the digoxin tablet solutions are shown in 
Table 11. A comparison of each individual tablet from the two lots by the 
two assay methods is shown in Table 111. The assay results by both 
methods are compared with the limits of the USP content uniformity test 
for digoxin tablets in Fig. 2. Statistical analysis by the paired t test is 
shown in Table IV. 

The results in Tables I11 and IV show that the assay amounts for both 
methods for each digoxin tablet solution differed by significant amounts 
a t  the 95% confidence level. Assay results by HPLC were slightly higher 
for tablet solutions B3 and B10. RIA results were equal or higher for the 
remaining tablet solutions. The HPLC assay results for digoxin content 
ranged from 220 pg (88.0% recovery) to 268 pg (107.2% recovery). Assay 
results from digoxin content by RIA ranged from 237 pg (94.8% recovery) 
to 261 pg (104.4% recovery). Assay results of lot A indicated an average 
digoxin content recovery of 94.2% by HPLC as compared with an average 
digoxin content recovery of 101.0% by RIA. Results from lot B indicated 
an average digoxin content recovery of 95.3% by HPLC and an average 
digoxin content recovery of 100.3% by RIA. The average digoxin content 
recovery by RIA was 6.8 and 5.0% higher for both lots of digoxin tablets 
than the average digoxin content recovery by HPLC. 

The RIA results for the digoxin tablet solutions were expected to be 
close to the results provided by the HPLC assay, because it was assumed 
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Table IV-Statistical Analysis of Digoxin 0.25-mg Tablet 
Content by HPLC and RIA with Paired t Test at 95% 
Confidence Level 

Lot” Method Average Digoxin Content, pg P 
A HPLC 235.6 f 9.5 <0.05 
A RIA 252.6 f 3.8 
B HPLC 238.2 f 13.0 <0.05 
B RIA 250.8 f 6.6 

a n = 10. 

that the digoxin would inhibit the radiolabeled antigen from binding with 
the antiserum in the same manner as if the digoxin was present in human 
serum. Since the drug was dissolved in USP dilute alcohol, there were 
no other steroid molecules present in the solutions which might cross- 
react with the antiserum. The filtering step prior to the assay procedure 
eliminates most of the excipient ingredients in the tablet dosage form. 
As mentioned previously, the content uniformity teat for tablets in USP 

XX required that each tablet must contain not <85% or not >115% of 
the average of the limits specified in the drug monograph. Digoxin tablets 
must contain <WO or not >105% of the label claim. Thus, a conforming 
tablet must fall within 82.9 and 112.1% of the average of the digoxin 
monograph limitsI8. 

All digoxin tablets assayed by both HPLC and RIA met the require- 
ments of the content uniformity test. 

This study showed that RIA is an accurate alternative to HPLC for 
content uniformity of digoxin tablets. The data showed the range of di- 
goxin content determined by RIA was narrower than the range of digoxin 
content determined by HPLC. The significant difference at the 95% 
confidence level with the paired t test between the assay results of both 
methods showed that the RIA method appeared to be more precise and 
closer to the labeled amount than HPLC in the determination of digoxin 
content in the two lots of digoxin tablets. 

~~ 

18 “The United States Pharmacopeia,” personal communication. 

REFERENCES 

(1) B. F. Hoffman and J. T. Bigger, Jr., in “Goodman and Gilman’s 
The Pharmacological Basis of Therapeutics,” A. G. Gilman, L. S. 
Goodman, and A. Gilman, Eds., 6th ed., Macmillan, New York, N.Y., 
1980, p. 730. 

(2) “The United States Pharmacopeia,” 17th rev., United States 
Pharmacopeial Convention, Inc., Rockville, Md., 1965, pp. 905,906. 

(3) “The United States Pharmacopeia,” 20th rev., First Supplement 
USP-NF, United States Pharmacopeial Convention, Inc., Rockville, Md., 
1980, p, 30. 

(4) “The United States Pharmacopeia,” 20th rev., United States 
Pharmacopeial Convention, Inc., Rockville, Md., 1980, p. 957. 

(5) D. Scruffam, Proc. SOC. Anal. Chem., 10,208 (1973). 
(6) L. F. Cullen, D. L. Packman, and G. J. Papariello, J. Pharm. Sci., 

(7) K. M. Kadish and V. R. Spiehler, Anal. Chem., 47, 1714, 

(8) A. H. Kibbe and 0. E. Araujo, J. Pharm. Sci., 62,1703, (1973). 
(9) C. W. Parker, Annu. Reo. Pharmacol. Toxicol., 21,114, (1981). 
(10) J. Lindenbaum, M. H. Mellow, M. 0. Blackstone, and V. P. Butler, 

(11) P. F. Binnion, Clin. Pharmocol. Ther., 16,807, (1974). 
(12) P. F. Binnion, M. McDermott, and D. LeSher, Lancet, 1,1118, 

(1973). 
(13) RIANEN Brand Digoxin (lZ6I) Radioimmunoassay Kit Instruc- 

tion Manual, New England Nuclear, Billerica, Mass., July 1979, p. 18. 
(14) F. Bauman, in “Basic Liquid Chromatography,” N. Hadden and 

F. Bauman, Eds., Varian Aerograph, Walnut Creek, Calif., 1971, pp. 
8-5. 

59,697 (1970). 

(1975). 

N. Engl. J. Med., 285,1344, (1971). 

ACKNOWLEDGMENTS 

Supported by the School of Pharmacy and the Research Institute of 
Pharmaceutical Sciences, University of Mississippi. 

In-Beam Electron Ionization Mass Spectra of Penicillins 

MAMORU OHASHI, ROBERT P. BARRONX, and WALTER R. BENSON 
Received March 4,1982, from the Division of Drug Chemistry, Food and Drug Administration, Washington, DC 20204. 
publication May 21,1982. 

Accepted for 

Abstract The characteristics of in-beam electron ionization mass 
spectra of 6-aminopenicillanic acid and several penicillins, which yield 
no detectable molecular ion peaks using a conventional direct-insertion 
probe, have been established. The spectra of all compounds studied, with 
the exception of amoxicillin, exhibited molecular ion or (M+1) peaks with 
spectral features similar to the reported methyl ester or amide derivatives 
of the compounds. The fragmentation of penicillin G on electron impact 
under in-beam conditions can be described on the basis of data from mass 
analyzed ion kinetic energy spectrometry. A desorption technique uti- 
lizing polyethylene glycol 4000 was used as a means of obtaining satis- 
factory spectra of ampicillin and amoxicillin. 

Keyphrases Penicillin-in-beam ionization mass spectra 8-lactam 
antibiotics, amoxicillin, ampicillin 0 Electron ionization mass spectra, 
in-beam-penicillin, j3-lactam antibiotics, amoxicillin, ampicillin 
Amoxicillin-in-beam electron ionization mass spectra of penicillins, 
@-lactam antibiotics 0 Ampicillin-in-beam electron ionization mass 
spectra of penicillins, 8-lactam antibiotics 

Because of their low vapor pressure and thermal insta- 
bility, penicillins, a class of P-lactam antibiotics, have 
generally required chemical pretreatment with formation 
of their esters or amides prior to mass spectrometric in- 
vestigations (1, 2). Recently, isobutane and ammonia 

chemical ionization (CI) mass spectrometric data were 
published on the free acids of penicillins G and V (3), and 
the ammonia CI mass spectrum of the potassium salt of 
penicillin G was reported (4). Pyrolysis mass spectrometry 
was investigated (5) as a means of characterizing the 
compounds. The use of in-beam or extended-probe tech- 
niques to study apparently nonvolatile and thermally 
unstable compounds is now commonplace and well docu- 
mented in the literature (6-14). Using this technique, 
ammonia-positive and methane-negative ion desorption 
CI of penicillins was reported (15); however, this report did 
not include any electron ionization (EI) data. Other re- 
searchers’ have developed a technique using a mixture of 
the respective potassium salt and ammonium chloride to 
obtain the EI mass spectra of several penicillins. Accord- 
ingly, results obtained in this laboratory are presented on 
in-beam EI mass spectra of several penicillins, as their free 
acids, and their fragmentation processes based on mass 
analyzed ion kinetic energy spectrometric studies (16). 

A. K. Bose and B. N. Pramanik, private communication; Stevens Institute of 
Technology, Hobokcn, N.d. 
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Table IV-Statistical Analysis of Digoxin 0.25-mg Tablet 
Content by HPLC and RIA with Paired t Test at 95% 
Confidence Level 

Lot” Method Average Digoxin Content, pg P 
A HPLC 235.6 f 9.5 <0.05 
A RIA 252.6 f 3.8 
B HPLC 238.2 f 13.0 <0.05 
B RIA 250.8 f 6.6 

a n = 10. 

that the digoxin would inhibit the radiolabeled antigen from binding with 
the antiserum in the same manner as if the digoxin was present in human 
serum. Since the drug was dissolved in USP dilute alcohol, there were 
no other steroid molecules present in the solutions which might cross- 
react with the antiserum. The filtering step prior to the assay procedure 
eliminates most of the excipient ingredients in the tablet dosage form. 
As mentioned previously, the content uniformity teat for tablets in USP 

XX required that each tablet must contain not <85% or not >115% of 
the average of the limits specified in the drug monograph. Digoxin tablets 
must contain <WO or not >105% of the label claim. Thus, a conforming 
tablet must fall within 82.9 and 112.1% of the average of the digoxin 
monograph limitsI8. 

All digoxin tablets assayed by both HPLC and RIA met the require- 
ments of the content uniformity test. 

This study showed that RIA is an accurate alternative to HPLC for 
content uniformity of digoxin tablets. The data showed the range of di- 
goxin content determined by RIA was narrower than the range of digoxin 
content determined by HPLC. The significant difference at the 95% 
confidence level with the paired t test between the assay results of both 
methods showed that the RIA method appeared to be more precise and 
closer to the labeled amount than HPLC in the determination of digoxin 
content in the two lots of digoxin tablets. 

~~ 

18 “The United States Pharmacopeia,” personal communication. 
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Abstract The characteristics of in-beam electron ionization mass 
spectra of 6-aminopenicillanic acid and several penicillins, which yield 
no detectable molecular ion peaks using a conventional direct-insertion 
probe, have been established. The spectra of all compounds studied, with 
the exception of amoxicillin, exhibited molecular ion or (M+1) peaks with 
spectral features similar to the reported methyl ester or amide derivatives 
of the compounds. The fragmentation of penicillin G on electron impact 
under in-beam conditions can be described on the basis of data from mass 
analyzed ion kinetic energy spectrometry. A desorption technique uti- 
lizing polyethylene glycol 4000 was used as a means of obtaining satis- 
factory spectra of ampicillin and amoxicillin. 

Keyphrases Penicillin-in-beam ionization mass spectra 8-lactam 
antibiotics, amoxicillin, ampicillin 0 Electron ionization mass spectra, 
in-beam-penicillin, j3-lactam antibiotics, amoxicillin, ampicillin 
Amoxicillin-in-beam electron ionization mass spectra of penicillins, 
@-lactam antibiotics 0 Ampicillin-in-beam electron ionization mass 
spectra of penicillins, 8-lactam antibiotics 

Because of their low vapor pressure and thermal insta- 
bility, penicillins, a class of P-lactam antibiotics, have 
generally required chemical pretreatment with formation 
of their esters or amides prior to mass spectrometric in- 
vestigations (1, 2). Recently, isobutane and ammonia 

chemical ionization (CI) mass spectrometric data were 
published on the free acids of penicillins G and V (3), and 
the ammonia CI mass spectrum of the potassium salt of 
penicillin G was reported (4). Pyrolysis mass spectrometry 
was investigated (5) as a means of characterizing the 
compounds. The use of in-beam or extended-probe tech- 
niques to study apparently nonvolatile and thermally 
unstable compounds is now commonplace and well docu- 
mented in the literature (6-14). Using this technique, 
ammonia-positive and methane-negative ion desorption 
CI of penicillins was reported (15); however, this report did 
not include any electron ionization (EI) data. Other re- 
searchers’ have developed a technique using a mixture of 
the respective potassium salt and ammonium chloride to 
obtain the EI mass spectra of several penicillins. Accord- 
ingly, results obtained in this laboratory are presented on 
in-beam EI mass spectra of several penicillins, as their free 
acids, and their fragmentation processes based on mass 
analyzed ion kinetic energy spectrometric studies (16). 

A. K. Bose and B. N. Pramanik, private communication; Stevens Institute of 
Technology, Hobokcn, N.d. 
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Table I-In-beam EI Spectra a of Penicillins (Based on Cleavages in Scheme I)  

e f g h  1 

Compound M+. a b C d 160 115 100 114 75 Others 

6-Amino- 
penicill- 216(9) 57(31) (-) (-) 116(40) (91) (9) (17) (69) (100) 

anic acid 
I 334(2) 175(14) 119(18) 234(-) (20) (16) (40) (32) (44) 141(16) 118(47) 

94(85) 179(25) 

77(62) 

91 100 92(52) 102(24) 

(66) &$# 211(48) 

IV 1;;)') 255(25) 199 100 171(98) 314(-) (10) (84) (80) (60) (44) 69(68) 170(67) 

I1 350(2) 191(14) 135(20) '&#% 250(3) (68) (13) (42) (55) 

I11 402(1) 242(18) 186(8) 158(-) 301(-) (12) (14) (31) (19) (36) 187(55) 
103(22) %#%% 

(45) 217(5) 
V 378(1) 220(-) 136(9) 278(-) (24) (6) (14) (7) 

VI 349(0.3) 190(5) 134(-) 106(48) 249(-) (53) (12) (30) (37) (100) 91(58) 104(49) 147(31) 

VII 365(-) 206(-) 150(-) 122(36) 265(-) (67) (24) (60) (SO) (100) 107(64) 120(41) 122(36) 
332(5) 

348(3)c 134(32) 163(24) 

0 Unless otherwise noted, the numbers in parentheses represent percent relative intensity with (-) indicating not observed all other numbers represent rn /z  values 
above r n / z  50. * All spectra exhibit an intense peak at r n h  44. No molecular ion was observed: the highest ion observed was M-OH at rn/z 348. 

EXPERIMENTAL 
Apparatus-All spectra were recorded on a double-focusing mass 

spectrometer' equipped with a modified field-desorption (FD)/EI source. 
The emitter heating current contact of the FD source was modified for 
in-beam purposes similar to that reported previously (17). An unactivated 
tungsten wire (10-pm diameter) or stainless-steel wire (125-pm diameter) 
was substituted for an activated emitter, and no high voltage was applied 
to the source except, the usual 3K accelerating voltage. The sample on 
the FD wire was placed at a distance <3 mm from the ionizing electron 
beam and quickly heated by a maximum of 50 mA of the heating current 
(17-19) supplied by a standard heating current supply unit. The spectra 
were recorded under the following conditions: ionizing energy, 80 eV, 
source temperature, 280-300"; sample heater, 50 mA; emission current, 
500 mA; accelerating voltage, 3 kV. Mass analyzed ion kinetic energy 
spectra, using identical parameters, were recorded by electric sector 
scanning. 

Reagents-The following commercially available penicillins or pre- 
cursors were used without additional purification: 6-aminopenicillanic 
acid3 (a)  and the penicillins ( b ) ,  penicillin G potassium (I)4, penicillin 
V potassium (II)4, sodium oxacillin (III)3, sodium nafcillin (IV)5, disodium 
carbenicillin (V)s, ampicillin (VI)5, amoxicillin trihydrate (VII)6 (Fig. 
1). The metallic salts of the particular penicillins (-1 mg) were dissolved 
in 0.5 ml of water and acidified by addition of a drop of 88% aqueous 
formic acid solution. Immediately after formation of the precipitated free 
acid, 0.5 ml of ethanol was added to make a clear solution. Then 1-2 pl 
of the solution was deposited on the tungsten wire from a microsyringe7. 

0 f i J i - t n ,  
Coon 

a. 6-sminopenicillanfc acid b. 

" 

penicillins 

Figure 1-Structures of pencillin analogues. 

Varian MAT 311A, Varian Associates, Palo Alto, CA 94303. 
Rristol Lab., Syracuse, NY 13201. 
Pfizer Inc., Groton, CT 06340. 
Wyeth Lab., Philadelphia, PA 19101. 
Beecham Lab., Piscataway, NJ 08854. 

7 Unimetrin Corp., Anaheim, CA 92801. 

The solvent was evaporated in the mass spectrometer before final in- 
sertion of the sample into the ion source. 

To obtain more reproducible results with the free acids of ampicillin 
and amoxicillin, -5 mg of polyethylene glycol 4000 was added to the 
aqueous solution of the sample and stirred until dissolved. An aliquot 
of the solution was deposited on the wire, and spectra were obtained as 
previously described. The addition of low levels of polyethylene glycol 
to the sample did not contribute markedly to the sample spectrum and 
could easily be subtracted from the spectrum by computer techniques. 
One explanation for this lack of contribution of the polyethylene glycol 
is the greatly varying vaporization temperatures between the desorption 
enhancer and the sample, similar to the best emitter temperature effect 
observed in field desorption mass spectrometry. 

RESULTS AND DISCUSSION 

Previous studies (1,2) reported the electron ionization-induced frag- 
mentation of penicillins G and V as the methyl ester or amide. An ad- 
aptation of these findings is summarized in Scheme I. Based on the ions 
in the spectrum, the nature of the R substituents could easily be assigned. 
In this work, the in-beam EI spectra of 6-aminopenicillanic acid, I, 11, IV, 
V, and VI exhibit molecular ions, or MH ions in the case of 111; VII, 
however, did not give (M+j but gave instead (M-OH)+or (MH-H20)+. 
The general fragmentation patterns of these compounds are similar to 
those reported for penicillin methyl esters or amides (1,2) (Scheme I). 
The results are summarized in Table I in a format similar to that of 
previous work (2,20). 

The simplest compound, 6-aminopenicillanic acid, is an amino acid 
thought to be difficult to vaporize without decomposition, but the in- 
beam EI technique routinely gave useful spectra, including the molecular 
ion at  m/z 216. The abundant peaks are explained on the basis of frag- 
mentation of the methyl esters presented previously (1). The electron 
ionization-induced fragmentation by the in-beam technique of the 
/3-lactam ring system having the free acid moiety is shown below. 

An important rearrangement ion at  m/z 160 containing the thiazoline 
moiety is commonly observed in all spectra studied to date (Scheme I, 
el. 

The fragmentation processes originating from the molecular ion of I 
have been examined by the mass analyzed ion kinetic energy spectro- 
metric technique and are shown in Fig. 2A and 2B. The first spectrum 
(Fig. 2A) was recorded immediately after insertion of the sample into the 
ion source; the second spectrum (Fig. 2B) was recorded after a few min- 

6-Aminopenicillanic Acid 
d* 216 
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RCNHCH=C=O+ 
a - 

2 

- e m/, 160 - f ,  m/, 115 - 9, m/, 100 
Scheme I 

utes. This change in mass analyzed ion kinetic energy spectrometric 
spectral features suggests that the structures of the molecular ions un- 
dergo isomerization with time, i.e., thermal alterations of the compound 
prior to electron ionization in the mass spectrometer. The major cleavages 
and metastable transitions from the molecular ion of I are summarized 
in Scheme 11: 

transitions from these ions could not be investigated to further clarify 
the fragmentation scheme. 

The in-beam EI spectrum of I1 exhibits a base peak a t  mlz 77 and 
abundant ions at  mlz 94 and 107. These ions are commonly observed in 
the spectra of the methyl esters of I and I1 and are derived from the 
phenoxymethyl group based on accurate mass measurements (1). The 

H -216 

i COOH 
H 4160 

I. M+' 334 

306 

289 

260 

Eight transitions were clearly recognized. The transitions leading to 
the ions at  m/z 289,260,234,216,160, and 118 have been suggested by 
previous investigators (1.2) on the basis of accurate mass measurements 
and are confirmed by the mass analyzed ion kinetic energy studies. The 
transitions leading to the ions at mlz 234 and 160 correspond to processes 
d and e in Scheme I, respectively. In the mass analyzed ion kinetic energy 
spectra (Fig. 2A and 2B), one of the most abundant transitions is the 
rearrangement process with cleavage leading to the ion at  mlz 216, cor- 
responding to the molecular ion of 6-aminopenicillanic acid. Alterna- 
tively, the loss of carbon dioxide from the ion at m/z 260 could also con- 
ceivably yield mlz 216. However, since the methyl ester of I exhibits the 
same rearrangement ion with the empirical formula of 6-aminopenicil- 
lanic acid methyl ester confirmed by accurate mass measurement, the 
former process would be more probable. Additionally, transitions leading 
to the ion at m/z 293 corresponding to the loss of benzyl from the mo- 
lecular ion and the ion at mlz 118 were observed. Since the contribution 
of the fragment ions to the in-beam spectra is negligibly small, successive 

243 

234 

216 

aSee Scheme I 

Scheme I1 

mass analyzed ion kinetic energy spectrum of I1 (Fig. 2C) exhibits features 
suggesting that many isomerized forms of the molecular ion exist before 
and/or after electron ionization. The most intense transition in the 
spectrum at  m/z 256 arises by the loss of phenol. The transitions leading 
to ions at m/z 216 and 160 (Scheme 111) represent the rearrangement ions 
involving the P-lactam ring system; the fragment ions at  mlz 276 and 250 
are the phenoxy analogues of the ions at  mlz 260 and 234, respectively. 
The other transitions are difficult to analyze because of the extensive 
thermal alterations of the molecule suggested earlier (Scheme 111). 

In the case of 111, the (M + 1)+ peak was observed at  m/z 402 instead 
of ( M + l  A series of peaks corresponding to (MH-H20)+, (MH- 
H*O-CO)+, and (MH-H20-C02)+ were detected at  mlz 384,356, and 
340, respectively. The base peak at  mlz 144, shown below, is believed to 
be derived from the mlz 187 ion, based on data of the well-known elec- 
tron-impact fragmentation of the isoxazole moiety (21-25). 

The in-beam EI spectrum of IV exhibits very intense peaks due to the 
naphthalene moiety at  mlz 199 (base peak), 171, and 170 as well as the 
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B 

1 260 
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, *  . . . . . . . . .  
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C 

256 

I 250 

199 

4 
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Figure 2-Mass analyzed ion kinetic energy spectra. Key: from penicillin G molecular ion (mlz 334): (A) immediately after insertion, (B) after 
elapsed time, (C) from penicillin V molecular ion (mlz 350). 

peaks due to the general fragmentation a t  mlz 115(f), 114(h), and lOO(g) 
as delineated in Scheme I. The abundance of fragment e, Scheme I, be- 
comes rather weak. 

Since V has a o-carbonyl carboxylic acid moiety, electron-impact or 
thermal-induced decarboxylation must take place easily, producing the 
abundant ions at mlz 91 and 92 in its spectrum. The peak corresponding 
to ion c, Scheme I, which is diagnostic of the R substituent, was also ob- 
served. Additionally, the spectrum exhibited peaks similar to those ob- 
servedin the spectrum of I (mlz 334,316,288,272,160,118,114,100,92, 
and 91). 

Ampicillin (VI) is an amino acid and as such is rather difficult to 
vaporize. Nevertheless, satisfactory in-beam EI spectra were obtained 
that exhibited (M + l)+, (M+*), and (M - 17)+ a t  m/z 350,349, and 332, 
respectively, when the compound was mixed with polyethylene glycol 
and examined under in-beam EI conditions (Fig. 3). Without polyeth- 
ylene glycol, the in-beam spectral features were variable and were lacking 
characteristic peaks in the molecular weight region. The mechanism by 
which polyethylene glycol acts is not clear, but it appears to absorb the 
sample, and under quick-heating conditions, the sample was efficiently 
desorbed intact from its surface as in the case of polyimide- (26), 
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Figure 3-Mass spectra of (A) ampicillin with polyethylene glycol 4000; (B) polyethylene glycol. 

H +216 M 

11. M" 350 
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111. MH’ 402 
polytetrafluoroethylene- (27), or silicone- (28) coated tips. It should be 
noted that previous researchers have demonstrated the utility of poly- 
ethylene glycol in negative ion FD mass spectrometry (29,30). Figure 3A 
shows the in-beam EI spectrum of VI mixed with polyethylene glycol and 
Fig. 3B shows the spectrum of polyethylene glycol. A comparison of these 
spectra indicates that polyethylene glycol contributes negligibly to the 
spectra of VI. 

Amoxicillin trihydrate (VII) has a similar structure to VI. Mess spectra 
of this compound can be interpreted by the classical mass shift technique 
(31). Peaks at  m/z 75,100,114, and 160 were commonly observed in the 
spectra of both compounds; the peaks at  m/z 91,104,106,118, and 147 
in the spectrum of VI shift to n / z  107,120,122,134, and 163, respectively, 
in the spectrum of VIP. It is clear that the common peaks are derived 
from the penicillanic acid moiety and the shifted peaks involve the aro- 
matic moiety. The major fragmentation ions of these compounds are 
summarized below. 

In conclusion, it has been demonstrated that EI mass spectra of intact, 
unmodified penicillins can be obtained by the in-beam EI technique. 
Although the contributions to spectra of thermal degradation products 
formed during sample heating cannot be excluded, the spectral features 
proved more than satisfactory for obtaining structural information on 
the samples. When the sample was difficult to vaporize, as in the case of 
VI, the desorption technique from polyethylene glycol 4000 was useful 
to obtain the spectra. The general fragmentation of free acid forms of 
penicillins under in-beam conditions were in accord with those reported 
for methyl esters and amides, further indicating the usefulness of the 
in-beam electron-impact technique. 

REFERENCES 

(1) W. Richter and K. Biemann, Monatsh. Chem., 95,766 (1964). 
(2) V. Bochkarev, N. Ovchinnikova, N. S. Vulfson,E. M. Kleiner, and 

(3) L. A. Mitscher, H. D. H. Showalter, K. Shirahata, and R. L. Faltz, 

(4) A. K. Bose, H. Fujiwara, B. N. Pramanik, E. Lazaro, and C. R. 

(5) M. D. Muller, J. Seibl, and W. Simon, Anal. Chirn. Acta, 100,263 

(6) A. Dell, D. H. Williams, H. R. Horris, G. A. Smith, J. Feeney, and 

(7) M. Ohashi, K. Tsujimoto, and A. Yasuda, Chem. Lett. Jpn.,  439 

(8) M. Ohashi, S. Yamada, H. Kudo, and N. Nakayama, Biomed. 

A. S. Khokhlov, Dokl. Akad. Nauk. SSSR, 172,1079 (1967). 

J .  Antibiot., 28,668 (1975). 

Spillert, Anal. Biochem., 89,284 (1978). 

(197~. 

G. C. K. Robert, J. Am. Chem. SOC., 97,2497 (1975). 

(1976). 

Mass Spectrom., 5,578 (1978). 

* When the in-beam EI spectrum of VII was obtained b use of a Finnigan 4023 
m a s  spectrometer (Finni an Corp., Sunnyvale, CA 94086r uipped with a direct 
insertion probe tip coateg(32) with Pyre M.L. (DuPont) user the in-beam con- 
ditions (6-12) a simpler and clearer spectrum was obtained than described in the 
text: m/z 75(il), 79(16), 106(100), 1145(9), 118(8), 160(20), 271(0.8), 332(0.1), 
350(0.01). 

2H 
where X = H 

VI 
(9) M. Ohashi, K. Tsujimoto, S. Tamura, N. Nakayama, Y. Okumura, 

(10) M. Ohashi, and N. Nakayama, Org. Mass Spectrom., 13,642 

(11) M. Ohashi, N. Nakayama, H. Kudo, and S. Yamada, Mass 

(12) M. Ohashi, R. Barron, and W. Benson,J. Am. Chem. Soc., 103, 

(13) R. J. Cotter, Anal. Chem., 52,1589A (1980). 
(14) G. D. Daves, Jr., Acc. Chem. Res., 12,359 (1979). 
(15) J. L. Gower, C. Beaugrand, and C. Sallot, Biomed. Mass Spec- 

(16) R. G. Cooks, J. H. Beynon, R. M. Caprioli, and G. R. Lester, 

(17) B. Soltmann, C. C. Sweeley, and J. F. Holland, Anal. Chem., 49, 

(18) D. Kummler and H. R. Schulten, Org. Mass Spectrom., 10,813 

(19) H. U. Winkler and B. Linden, ibid., 11,329 (1976). 
(20) K. L. Rinehart, Jr.‘and G. E. Van Lear, in “Biomedical Applica- 

tion of Mass Spectrometry,” G. R. Waller, Ed., Wiley Interscience, New 
York, N.Y., 1972, p. 48. 
(21) M. Ohashi, H. Kamachi, H. Kakisawa, A. Tatematsu, H. Yoshi- 

zumi, and H. Nakata, Tetrahedron Lett., 379 (1968). 
(22) M. Ohashi, H. Kamachi, H. Kakisawa, A. Tatematsu, H. Yoshi- 

zumi, H. Kano, and H. Nakata, Org. Mass Spectrom., 2,195 (1969). 
(23) H. Nakata, H. Sakurai, H. Yoshizumi, and A. Tatematsu, ibid., 

1,199 (1968). 
(24) J. H. Bowie. R. K. M. R. Kal lw,  and R. G. Cooks, Aust. J. Chem., 

and A. Sakurai, ibid., 7,153 (1980). 

(1978). 

Spectrow. (Tokyo), 24,265 (1976). 

3943 (1981). 

trom., 8,36 (1981). 

“Metastable Ions,” Elsevier, Amsterdam, 1973, p. 42. 

1164 (1977). 

(1975). 

22,563 (1969). 
(25) T. Nishiwaki. Tetrahedron. 25.747 11969). 
(26) R. J. Cotter, Anal. Chem., 51,317 (1979). ’ 
(27) G. Hansen and B. Munson, ibid., 50, 1130 (1978); 52, 245 

‘(1980). 
(28) J. P. Thenot, J. Nowlin, D. I. Carroll, F. E. Montgomery, and E. 

C. Horning, ibid., 51,1101 (1979). 
(29) K. H. Ott, F. W. Rollgen, J. J. Zwinselman, R. H. Fokkens, and 

N. M. M. Nibbering, Org. Mass Spectrom., 15,419 (1980). 
(30) H. J. Heinen, U. Giessmann, and F. W. Rollgen, ibid., 12, 710 

(1977). 
(31) K. Biemann, “Mass Spectrometry, Organic Chemical Applica- 

tions,” McGraw-Hill, New York, N.Y., 1962, p. 305. 
(32) V. N. Reinhold and S. A. Carr, Abstract Papers, 29th Annual 

Conference on Mass Spectrometry and Allied Topics, May 1981, Min- 
neapolis, Minn., Paper RPA 14. 

ACKNOWLEDGMENTS 

The authors thank Michel Margosis of the National Center for Anti- 
biotics Analysis, FDA, for a generous supply of samples and R. Venable 
of the Division of Drug Chemistry, FDA, for assistance in the computer 
drawing of Fig. 3. 

Mamoru Ohashi is a Visiting Scientist on leave from the University 
of Electro-Communications, Chofu, Tokyo 182, Japan. 

Journal of pharmaceutical Sciences I 5 13 
Vol. 72, No. 5, May 1983 



Direct Preparation of Solid Particulates of 
Aminopyrine-Barbital Complex (Pyrabital) from 
Droplets by a Spray-Drying Technique 

YOSHIAKI KAWASHIMA *=, SHAN-YANG LIN *, MASUMI UEDA *, 
HIDE0 TAKENAKA*, and YUTAKA ANDO$ 
Received January 4,1982, from the *Cifu College of Pharmacy, Mitahora, Cifu 502, Japan and tlchirnaru Co. Ltd. .  Matsuhora, Takatomi, Cifu 
502-21, Japan. Accepted for publication May 14,1982. 

Abstract Aqueous slurries of aminopyrine and barbital (molecular 
ratio 21) containing various excipients such as colloidal silica, synthetic 
aluminum silicate, montmorillonite clay, corn starch, microcrystalline 
cellulose, hydroxypropylcellulo, methylcellulose, gelatin, and chitosan 
were spray-dried by a centrifugal wheel atomizer with various rotation 
speeds ( l O , W O , O O o  rpm) at various temperatures ( 6 1 4 5  f 5'). The 
spray-dried products were a mixture of aminopyrine-barbital complex 
(molecular ratio 1:1), aminopyrine, and the excipient used. The flowa- 
bility and the packing property of the products were improved by com- 
pounding colloidal silica into the formulation used for spray-drying. The 
products with montmorillonite clay, chitosan, and a corn starchcolloidal 
silica mixture were compressed directly into tablets. It was found that 
aminopyrine in the products was oxidized during spray-drying. The ox- 
idation products were assumed to be a trace mixture of 5-0x0-2- 
methyl-4-dimethylamino-l-phenyl-3-pyrazoline carboxyaldehyde and 
miscellaneous oxidation products. Montmorillonite clay compounded 
in the formulation considerably prevented the oxidation of aminopyrine 
during spray-drying. The present study proposes an improved method 
for the preparation of solid particulates of aminopyrine-barbital complex 
for tableting, which combines the synthesis, drying, and agglomeration 
processes into a single process. 

Keyphrases 0 Aminopyrine-complex with barbital (pyrabital), direct 
preparation of solid particulates from droplets by a spray-drying tech- 
nique 0 Barbital-complex with aminopyrine (pyrabital), direct prep- 
aration of solid particulates from droplets by a spray-drying technique 

Pyrabital-direct preparation of solid particulates of aminopyrine- 
barbital complex from droplets by a spray-drying technique Solid 
particulate-direct preparation of aminopyrine-barbital complex (py- 
rabital) from droplets by spray-drying technique 

A spray-drying technique has been used widely as a 
preferable drying method for heat-sensitive materials 
(foods, drugs, etc.). One advantage claimed for this tech- 
nique is that both drying and agglomeration or microen- 
capsulation of the drugs can be accomplished simulta- 

Table I-Formulation for Spray Drying 

Excipient Dispersing medium 

Colloidal silica 
Synthetic aluminum 

silicate 
Montmorillonite clay 
Microcrvstalline 

cellulose 
Colloidal silica 
Corn starch 
Colloidal silica 

Hydroxypropyl- 
cellulose 

Colloidal silica 

Methylcellulose 

10,2Og Water 600 ml 
20g Water 600 ml 

20g Water 600 ml 
20g Water 600 ml 

l o g  Water 600 ml 
20 g 
10 g Aqueous hydroxy- 600 ml 

ProPYl- 
2.5 g cellulose 

solution 
(0.42%) 

10 g Aqueous methyl- 
cellulose 

5 g  solution 

600 ml 

(0.83%) 
Colloidal silica 10 g Acetic acid solution 600 ml 
Chitosan 2 g  (0.48%) 
Colloidal silica 10 g Aqueous gelatin lo00 ml 
Gelatin 20 g solution (2%) 

neously. Microcapsules of barbituric acid and phenobar- 
bital were prepared (1,2) with a tensioactive preconden- 
sate of hexamethylolmelamine type. Enteric-coated mi- 
crocapsules of sulfamethoxazole for tableting also were 
prepared (3). 

Direct preparation of solid particulates from liquid 
droplets by a chemical reaction is one of the recent ad- 
vances in spray-drying techniques. Ammonium sulfate 
spheres were produced (4) by the reaction of liquid drop- 
lets of orthophosphoric acid with gaseous ammonia. Solid 
particulates of theophylline-ethylenediamine complex 
were prepared ( 5 )  directly from liquid droplets. 

The objective of the present study was to prepare solid 
particulates of a mixture of aminopyrine-barbital complex 
and aminopyrine, termed pyrabital in the Japanese 
Pharmacopeia (JP) IX (6), employing a spray-drying 
technique. Several methods of preparation of the analgesic, 

e 
1 . .  . -  1 . .  . . I .  . . .  I . .  . . (  

5 10 15 20 25 
DIFFRACTION ANGLE, 28 

Figure I-X-ray diffraction patterns of the spray-dried products, 
pyrabital, aminopyrine, and barbital. Key: (a) pyrabital; (b) spray-dried 
products prepared at 85'; (c) spray-dried products prepared at 1 4 5 O ;  
(d)  aminopyrine; (e) barbital. 
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Table 11-Effects of Excipient Used on the Drug Contents and the  Micromeritic Properties of the Spray-Dried Products a 

Parameters in 
Kawakita and 

Molecular content Ludde's (10) 
Aminopyrine Barbital ratio of aminopyrine Geometric mean Angle of equation 

Excipient content, % content, 90 to barbital diameter,pn repose a b 

Colloidal silica (20 g) 
S thetic aluminum silicate x ontmorillonite cla 
Microcrystalline cedlose 
Colloidal silica + corn starch 
Colloidal silica + hydroxypro ylcellulose 
Colloidal silica + methylcellufme 
Colloidal silica + gelatin 
Colloidal silica + chitosan 

35.45 13.30 
34.00 11.15 
23.10 7.90 
31.20 11.40 
32.60 12.70 
35.35 14.80 
22.53 7.23 
16.53 9.20 
24.10 11.58 

2.1:l 
2.41 
2.31 
2.2:l 
2.01 
1.91 
2.51 
1.41 
1.7:l 

12.0 

11.0 

11.0 
16.5 
13.0 
8.0 

11.0 

- 

- 

45 0.22 0.082 
51 0.33 0.023 
52 0.24 0.050 
55 0.39 0.063 
47 0.23 0.062 
54 0.27 0.04r 
45 0.27 0.040 
47 0.33 0.032 
42 0.23 0.058 

0 Spray-drying conditions: drying temperature 130'; atomizer speed, 40,000 rpm. 

Table 111-Effects of Rotation Speed of Atomizer on the Drug Contents and the Micromeritic Properties of the Spray-Dried 
Products a 

Parameters in 
Kawakita and 

Molecular content Ludde's (10) 

atomizer, rpm content, % content, % to barbital diameter, pm repose a b 
Rotation speed of Aminopyrine Barbital ratio of aminopyrine Geometric mean Angle of equation 

10,000 
20,000 
30,000 

36.35 
39.35 
40.90 

11.90 
12.65 
14.60 

2.41 
2.21 
2.51 

15.0 
14.0 
12.5 

45 0.29 0.047 
47 0.31 0.056 
46 0.26 0.057 

40,000 45.34 14.15 2.21 10.0 47 0.28 0.050 
0 Spray-drying conditions: drying temperature 130'; excipient, colloidal silica. 

pyrabital, have been developed as described elsewhere (6). 
These methods involve several processes, such as reaction, 
filtration, drying, etc. Furthermore, the agglomeration 
process subsequently is required for compounding the 
synthesized drug into a suitable dosage form. However, the 
present method combines these multiple processes into one 
step. In addition, the resultant products are compressed 
directly into tablets. Also examined were the parameters 
affecting the micromeritic properties of the product and 
the autoxidation of aminopyrine in the product during 
spray -drying. 

EXPERIMENTAL 

Materials-Aminopyrine and barbital were JP grade. Pyrabital 
produced by the fusion method (7) was used as a reference compound for 
identifying the spray-dried products. The mixture of aminopyine (0.0173 
mole) and barbital (O.OOaS5 mole) was gradually heated in a beaker until 
a yellow melt was obtained. The melt was cooled to room temperature 
resulting in a yellow compound. The physicochemical characteristics of 
the resultant product, such as IR spectrum and melting point (96-103"), 
coincided with those specified in the JP. 

Spray-Drying Technique-Aminopyrine (34 g), barbital (13.5 g), 
and excipients such as colloidal silica', synthetic aluminum silicate (JP 
grade), montmorillonite clay2, corn starch (JP grade), microcrystalline 
cellulose3, hydroxypropyl~ellulose~, methylcellulose5, gelatin6, and chi- 
tosan' were dispersed in 600 ml of distilled water by a jet-type bomoge- 
nizer. The system was held for 20 min and was heated a t  60" when nec- 
essary. The resultant uniform aqueous slurry was atomized into a drying 
chamber. The detailed formulations are in Table I. Preliminary exami- 
nation showed that no products were recovered from the formulation 
without excipient. Therefore, the excipient contained in the formulation 
was necessary to obtain the products. The feeding rate of the aqueous 
slurry was 20-33 ml/min. The atomization of the slurry was carried out 

Aerosil, Ja an Aerosil Co. Ltd., Japan. 
2 Veegum-8 R. T. Vanderbilt Co. 
a Avicel, Asahi Kasei Kogyo Co. Ltd., Japan. 

HPC-L, Shinetsu Kagaku Co. Ltd., Ja an 
MC (4000 cps), Wako Pure Chemical 80. Ltd., Japan. 

6 Koso Chemical Co. Ltd., Ja an. 
7 Flonac, Kyowa Yushi Ind. 80. Ltd., Japan. 

by employing a centrifugal wheel atomizer (diameter, 4 rotated at  
10,000, 20,000,30,000, or 40,OOO rpm. The drying chamber was maintained 
at  85,100,115,130, or 145 f 5'. Spray-dried aminopyrine with colloidal 
silica was also produced at 40,000 rpm and 130'. 

Measurement of Micromeritic Properties-The sizes of the 
spray-dried products were measured by a photographic counting method 
using a particle size analyze&'. The packing and the flow properties were 

99.91 
99 - 
95 - 
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70 - 
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50 - 
40 - 
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5 -  
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3 4 5  10 20 30 40 50 

PARTICLE SIZE, 9rn 

Figure 2-Size distributions of the spray-dried products rotation speed 
of atomizer (rpm). Key: (V) l0,OOO; ( A )  30,000; (0) 40,000; (0)  the 
products containing hydroxypropylcellulose (40,000). 
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Figure 3-Scanning electron microscopic photographs of the spray-dried products. Key: Spray-dried products containing (a) colloidal silica; 
(b) colloidal silica and hydroxypropylcellulose; (c) montmorillonite clay. 

investigated by using a tapping machinelo generating a uniform force with 
each tap and by pouring powder on a plate (diameter, 3 cm), respectively. 
The direct compressibility of the spray-dried products was examined by 
employing a single-punch tableting machine". The internal diameter 
of the die was 10 mm. T h e  surface topography of the products coated with 
gold were investigated by a scanning electron microscope'*. 

Measurement of Physicochemical Properties-The contents of 
aminopyrine and barbital in the products were measured with a dou- 
ble-beam spectr~photometer~~: aminopyrine in acidic solution at pH M I 4  
at 270 nm and barbital in alkaline solution at pH 9.615 at 250 and 269 nm. 
Identification of the spray-dried products was carried out by IR spec- 
troscopy16 and X-ray analysis17. Degradation of aminopyrine in the 
products during spray-drying was investigated by TLC on silica gel18 
using chloroform-methanol (141), and isopropyl alcohol-chloroform- 
ammonium hydroxide (28%) (94 .52 )  as solvents and by UV spectros- 
copy13. As a reference, autoxidation of aminopyrine was carried out in 
an acetic acid (160 ml) and ethanol (40 ml) mixture by introducing air. 

RESULTS AND DISCUSSION 

Identification of the Spray-Dried Products-It was found that the 
contents of aminopyrine and barbital in the products depended on the 
formulation for spray-drying and on the operating conditions as seen in 
Tables 11-IV. The drug contents varied with the type of excipients used. 
The drug content in the product containing colloidal silica and gelatin 
was the lowest compared with the other excipients used in the present 
study (Table 11). For the spray-drying condition, the drying temperature 
and the rotation speed of the atomizer were the main factors affecting 
the drug content in the products (Tables I11 and IV). With increasing 
rotation speed or decreasing drying temperature, the drug content in- 
creased. The inertia force exerted on the excipient was stronger than on 
the drugs in the droplet due to the fact that the density of the excipient 
was greater than that of the drug. Therefore, the excipient was separated 
more easily from the droplet than the drugs by increasing the rotation 
speed of the atomizer, which resulted in increasing the drug content in 

@ 
Ba 

0 \ I  

k! 
0 
0 

- 
the spray-dried products. The effect of temperature on decreasing the 
drug content in the product was more significant than that of the rotation 
speed of the atomizer. An explanation for this finding is not clear a t  
present. Although the percentage of drug content in the products varied 
widely, the molecular ratio of aminopyrine to barbital was fairly constant 
(2.2 f 0.2 as shown in Tables 11-IV). 

0.9 - 

0.6 . 
0.5. 

0.3 0 0 
.... 
2.4 
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a b C d e 

Figure 5-TLC of the spray-dried products and the reference com- 
pounds developed with isopropyl alcohol-chloroform-ammonium hy- 
droxide (9:4.5:2). Key: (a) spray-dried products with colloidal silica; (b) 
spray-dried aminopyrine; (c) oxidized aminopyrine; (d) aminopyrine; 
fe )  pyrabital. 
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Table IV-Effects of Drying Temperature of the Chamber on the Drug Contents and the Micromeritic Properties of the Spray-Dried 
Products * 

Parameters on 
Kawakita and 

Molecular content Ludde's equation (10) 
Drying temperature Aminopyrine Barbital ratio of aminopyrine Geometric mean Angle of 

of chamber content, I content, I to barbital diameter, pm repose a b 

> 30- 
k 
v) z 
W 
I- 

z 
3 

2 2 0 -  

k 
8 m a 
z 10-  

0: 

W 

4 
W 
lx 

85 f 5 
100f5 
115 f 5 
130% 5 

b I I I I I 

56.00 
54.75 
46.45 

18.20 
18.20 
15.15 

45.34 14.15 

2.41 
2.41 
2.51 
2.2:l 

12.0 
8.9 
9.2 
10.0 

51 0.35 0.053 
55 0.29 0.068 
46 0.28 0.080 
47 0.28 0.050 . ~- . .-. 

145 f 5 36.20 11.75 2.41 9.5 46 0.28 0.051 
Spray-drying conditions: atomizer speed, 40,000 rpm; excipient, colloidal silica. 

IR spectra of the spray-dried products, pyrabital, and the mixture of 
aminopyrine and barbital (2:l) showed a broad peak of colloidal silica 
contained in the product a t  1000-1200 cm-' that partly impaired the 
identification of the spray-dried products. The characteristic bands of 
pyrabital appeared at  1703,1656, and 1584 cm-l, strongly suggesting the 
existence of pyrabital in the products. None of these characteristic peaks 
appeared in the IR spectra of aminopyrine, barbital, and a mixture of the 
two. 

X-ray diffraction patterns of the spray-dried products, pyrabital, 
aminopyrine, and barbital are seen in Fig. 1. Although the intensities of 
the diffraction peaks of the products were weaker than those of pyrabital, 
aminopyrine, and barbital, the characteristic peaks of pyrabital at a 
diffraction angle of 6.6 and 18.5" were detected. The reduced intensities 
of the product peaks indicated that some crystals in the product con- 
verted to a disordered form due to rapid crystallization during spray- 
drying. The more reduced intensities of the products prepared at  145" 
instead of 85" also indicated that the amorphism occurred because of the 
rapid crystallization. 

It was reported (8) that pyrabital was a mixture consisting of a mo- 
lecular compound of aminopyrine and barbital (molecular ratio 1:l) and 
an additional molecule of aminopyrine. Recalling that the molecular ratio 
of aminopyrine to barbital contained in the products was >2 (Tables 
11-IV), it appears that the present product was a mixture of pyrabital, 
aminopyrine, and the excipient used. 

Micromeritic Properties of the Spray-Dried Products-The 
spray-dried products were observed to be fairly spherical particles under 
an optical microscope. Their sizes varied from 4 to 40 pm, and their dis- 
tributions were described by a logarithmic plot shown in Fig. 2. As sug- 
gested from a previous study (9), the geometric mean diameter of the 
products increased with a decrease in the rotational speed of the atomizer. 

ROTATION SPEED, rpm X lo-' - 
6' 

Figure 6-The relative absorption intensities a t  385 nm of the spray- 
dried products to pyrabital as a function of atomizer speed and drying 
temperature of the chamber. 

Hydroxypropylcellulose contained in the formulation also acted to in- 
crease the product size as seen in Fig. 2 and Table 11. 

Surface topography of the products depended mainly on the type of 
the excipient used. The products with colloidal silica and binder (hy- 
droxypropylcellulose) revealed a fairly smooth surface, whereas the 
surface of the products with montmorillonite clay were pitted as shown 
in Fig. 3. 

The angle of repose of the products with colloidal silica and chitosan 
was fairly low compared with the other products, as shown in Table 11. 
The packing property of the products was evaluated by the parameter 
a from a previously described equation (lo), which describes the packing 
process of powders by tapping into a measuring cylinder: 

- = -  N N I  
c a + &  

(Es. 1) 

c = (VO - vN)/vN (Eq. 2) i 

where b is a constant, C is the compaction ratio, N is the number of taps, 
Vo is the volume of powder in a measuring cylinder at the loosest packing, 
and V,V is the volume after the Nth tapping. The parameter a corre- 
sponds to the proportion of consolidation at  the closest packing attained; 
therefore, the smaller a indicates easier packing. The parameter a of the 
products with colloidal silica was the smallest among the products, in- 
dicating that they were the most easily packed. 

It was found that the products with chitosan, montmorillonite clay, 
and a mixture of corn starch and colloidal silica were directly compressible 
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Figure 7-The effects of excipient used on the relative absorption in- 
tensities a t  385 nm of the spray-dried products topyrabital. Excipient 
contained in the spray-dried products: (a) rnontmorillonite clay; (b) 
colloidal silica and gelatin; (c) microcrystalline cellulose; (d) colloidal 
silica and methylcellulose; (e) colloidal silica and chitosan; (f.) colloidal 
silica and corn starch; (g) synthetic aluminum silicate; (h) colloidal silica 
and hydroxypropylcellulose. 
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into tablets. The hardness19 values of the resultant tablets were 4-4.5 kg. 
The weight variation tests of the tablets with <324 mg average weight 
were within the tolerances specified in the USP and the JP. For the other 
products, it was necessary to compound some microcrystalline cellulose 
(>So% w/w) in the formulations for tableting to obtain satisfactory k b -  
lets. 

Degradation of Aminopyrine During Spray-Drying-Extracts 
of the spray-dried products exhibited absorbance at 385 nm, where mi- 
nopyrine does not absorb. The intensity of the peak depended on the 
excipient used and on the operating conditions (drying temperature and 
the rotation speed of the atomizer). 

Thin-layer chromatograms of the spray-dried products containing 
colloidal silica developed with chloroform-methanol (14:l) coincided with 
that of spray-dried aminopyrine as seen in Fig. 4. As a reference, TLC 
of the autoxidized aminopyrine in the acetic acidqthanol solution was 
also conducted as shown in Fig. 4. No separated yellow spots appeared 
at  R/ 0.60 and 0.68, but a long yellow band appeared in the chromatogram 
of the autoxidized aminopyrine (Fig. 4c). The main spot a t  Rf 0.44 in the 
chromatograms was identified as aminopyrine (Fig. 4). The chromato- 
grams developed with isopropyl alcohol-chloroform-ammonium hy- 
droxide (94.52) are shown in Fig. 5. Two major spots at  R, 0.36 and 0.75 
appeared in the spray-dried products. The spot at Rf 0.36 was identified 
as barbital by referring to the chromatograms of barbital and pyrabital 
in Fig. 5. The yellow band appearing at  Rf 0.75 is characteristic of 
spray-dried products and oxidized and spray-dried aminopyrine. 

The findings from spectrophotometric and TLC analysis (Figs. 4 and 
5) suggested that the absorbance peak at 385 nm and the yellow spots on 
the chromatograms of the spray-dried products were attributed to the 
oxidation products of aminopyrine produced during spray-drying. The 
yellow substance in the spray-dried products detected by TLC in Figs. 
4 and 5 could not be separated because of its low yield. A yellow substance 
was obtained previously (7) as an oxidation byproduct in the preparation 
by fusion of a molecular compound of aminopyrine and barbital. It was 
found that this substance was 5-oxo-2-methyl-4-dimethylamino-l- 
phenyl-3-pyrazoline carboxyaldehyde (I), which exhibits a strong ab- 
sorbance band a t  389 nm. The coexistence of other miscellaneous oxi- 
dation products of aminopyrine that caused shifting of the band a t  389 
nm from I toward the shorter wavelength region was reported (ll), and 
it was suggested that the yellow substance in the spray-dried products 
might be a mixture of I and miscellaneous oxidation products. 

The relative absorbance intensities at 385 nm of the spray-dried 
products to that of pyrabital (ASIA,) are plotted in Fig. 6, as a function 
of the operating conditions (the rotation speed of the atomizer and the 
drying temperature). The relative absorbance intensities increased with 
increasing atomizer speed up to a maximum at 30,000 rpm. Above this 
point, the relative intensity decreased as shown for 40,000 rpm in Fig. 6. 
With increasing rotation speed of the atomizer, the diameters of atomized 
droplets may decrease resulting in an increase in the total air-exposed 
surface area of the droplets. Therefore, autoxidation of aminopyrine in 
the droplets could be enhanced with increasing rotation speed of the 
atomizer up to 30,000 rpm. The increased rotation speed of the atomizer 
~ 

l9 A moving platen-type hardness tester, Kyowa Seiko Co.  Ltd.. Japan. 

also accelerates the drying speed of the resultant smaller droplets. Once 
the droplets are solidified, the oxidation of aminopyrine in the solid state 
may he reduced compared with that in the liquid state. A t  a 40,000-rpm 
rotation speed of the atomizer, the rapid solidification of droplets might 
prevent further oxidation of aminopyrine that appears above 20,000 rpm 
(Fig. 6). 

By increasing the drying temperature, the oxidation rate of amino- 
pyrine in the droplets increases. A t  the same time, the evaporation rate 
of droplets increases. The rapid solidification of the droplets by increasing 
the drying temperature may reduce the oxidation of aminopyrine which 
is similar to that found at the 40,000-rpm rotation speed of the atomizer. 
The relative absorbance intensity was the highest a t  100". At  tempera- 
tures > loo", aminopyrine autoxidation was reduced with increasing 
temperature because of the more rapid solidification of aminopyrine. The 
oxidation of aminopyrine during spray-drying also depended on the ex- 
cipient contained in the products, as seen in Fig. 7. The absorbances of 
the product with hydroxypropylcellulose and microcrystalline cellulose 
are distinguishable from the other products. The products with mont- 
morillonite clay exhibited the lowest absorbances, indicating that the 
oxidation of aminopyrine during spray-drying largely was prevented. The 
products with synthetic aluminum silicate, similar to montmorillonite 
clay, showed the next lowest absorbance at  385 nm. At  present, no 
physicochemical explanation for this finding is apparent. 
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Abstract A sensitive, specific, and quantitative GLC method is de- 
scribed for the determination of phendimetrazine in plasma, serum, or 
urine. An internal standard was used, which was extracted along with the 
drug. This mixture then was acetylated to improve the chromatographic 
separation. A concentration as low as 2 ng/ml of phendimetrazine could 
be measured from 2 ml of sample using a nitrogen-phosphorous detector. 
Linearity extended from 2 to 500 ng/ml, and the coefficient of variation 
was 7%. The method was shown to be applicable to a single-dose bio- 
availability study. 

Keyphrases GLC-determination of phendimetrazine in human 
plasma, serum, or urine Phendimetrazine-GLC determination in 
human plasma, serum, or urine 0 Bioavailability-GLC determination 
of phendimetrazine in human plasma, serum, or urine 

Phendimetrazine (I) is a sympathomimetic amine with 
anorectic activity used in nonprescription products for 
appetite suppression (1). As a condition of marketing 
phendimetrazine tartrate drug products in the United 
States, the Food and Drug Administration (FDA) has re- 
quired bioavailability testing since 1973. To measure 
serum or plasma concentrations following a single dose of 
105 mg in a bioavailability study, an analytical method 
with a sensitivity of -5 ng/ml was required. 

Phendimetrazine has been measured by TLC (2) and 
GLC (3,4). These methods lack sufficient sensitivity to be 
useful for pharmacokinetic studies after a single 105-mg 
dose of drug. One GLC assay procedure does have ade- 
quate sensitivity (5), but only if 5 ml of serum is analyzed. 
Moreover, it was confirmed that the internal standard 
employed in this procedure was unstable, as previously 
reported (6). 

The assay procedure described in this paper uses GLC 
with nitrogen-phosphorous detection to measure as little 
as 2 ng/ml of I in a 2-ml sample. Phentermine (11) is added 
to the samples to serve as an internal standard. Acetic 
anhydride is used to form an N-acetyl derivative of I1 
which is suitable for GLC. Phenmetrazine (III), a metab- 
olite of phendimetrazine (7), is also acetylated providing 
a derivative which does not interfere with the analysis of I. 

EXPERIMENTAL 

Reagents and Chemicals-All chemicals were used as supplied. 
Phendimetrazine tartrate], phentermine hydrochloride2, and phen- 
metrazine" were pharmaceutical grade. Sodium chloride, potassium 
hydroxide, anhydrous ethyl ether, and acetic anhydride were ACS cer- 

* KV Pharmaceuticals. St. Louis, Mo. 
2 Beecham Laboratories, Bristol, Tenn. 
3 Preludin tablets, Boehringer Ingelheim, Elmsford, N.Y. 

tified reagent grade4. HPLC grade toluene4 was used. Phentermine hy- 
drochloride was dissolved in deionized water (450 ng/ml) for use as the 
internal standard. Standards and controls were prepared by diluting 
aqueous solutions of phendimetrazine tartrate with pooled plasma, 
serum, or urine previously checked for interfering peaks. Concentrations 
of I a t  0,2,5,10,25,50,80, and 150 ng/ml in serum or plasma and 0,10, 
25,50,80,150,200,300, and 400 ng/ml in urine were analyzed. Standards 
stored a t  -15' were stable for a t  least 3 months. 

Instrumentation-Analyses were performed on a gas chromatograph5 
equipped with a nitrogen-phosphorous detector, an auto injectofj, a re- 
cording integrator, and a 1.5-m X 2.0-mm i.d. glass column containing 
3% SP-2100 on 80-100 mesh S~pelcoport~. The column temperature was 
140' during each analysis and was raised to 200" for 5 min following 
elution of the internal standard. The injection port and detector tem- 
peratures were 210 and 2W0, respectively. Prepurified nitrogens was used 
as a carrier gas at  30 ml/min. Samples were mechanically vortexed and 
shaken. Two-milliliter glass autoinjector vials with polytef-lined, red 
rubber caps and aluminum seals were usedg. 

Analytical Procedure-Internal standard solution (700 pl, equivalent 
to 315 ng of phentermine hydrochloride) and sodium chloride (1 f 0.2 
g) were added to 2.0 ml of plasma, serum, or urine in a 16 X 125-mm 
screw-cap tube. The sample was made basic by the addition of 2 N KOH 
(300 11). After brief mixing, I and I1 were extracted into ethyl ether (3 ml) 

PLASMA 

-- . - 
O i i i 8 1 0  

MINUTES 

A 

0 2 4 6 8  
MINUTES 

Figure 1-Chromatograms of phendirnetrazine (I )  and the internal 
standard (N-acetylated phentermine) extracted from a plasma and a 
urine sample. The phendimetrazine concentrations were 39 ng/ml in 
plasma and 1621 nglml in urine (diluted IO-fold). 

' J.T. Baker Chemical Co., Philli sburg, N.J. 
Model 5840 A, Hewlett-Packarx, Avondale, Pa. 
Model 7672 A, Hewlett-Packard, Avondale, Pa. 
Supelco, Bellefonte, Pa. 
Air Reduction Co., Pittsburgh, Pa. 
Models 5080-8712 and -8713, Hewlett-Packard, Avondale, Pa. 
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Figure 2-Average plasma levels of phendimetrazine in 20 males who received a 105-mg controlled-release product at 0 hr or a 35-mg immediate- 
release product at 0,4,  and 8 hr. Key: (-.-) immediate release; (-) controlled release. 
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Figure 2-Average plasma levels of phendimetrazine in 20 males who received a 105-mg controlled-release product at 0 hr or a 35-mg immediate- 
release product at 0,4,  and 8 hr. Key: (-.-) immediate release; (-) controlled release. 

by shaking for 10 min, and then the ether layer was transferred to another 
16 X 125-mm tube. The drug and internal standard were then extracted 
from the ether into 0.1 N HCl (1.0 ml) by vortexing for 2 min. After 
centrifuging at  2800Xg for 5 min, the ether layer was aspirated and dis- 
carded. Toluene (300 pl) and 10 N KOH (100 pl) were added to the re- 
maining aqueous layer. After vortexing for 2 min and centrifuging at 
2800Xg for 5 min, the toluene layer was transferred to an injector vial. 
Acetic anhydride (50 pl) was added, the vial was capped, mixed briefly, 
and allowed to stand for a t  least 5 min. An aliquot (4 pl) then was injected 
into the gas chromatograph. 

Human Bioavailability Study-A two-way crossover study was 
performed in 20 males (age, 18-37 years; weight, 60-89 kg). All of the 
subjects had hematology, blood chemistry, and urinalysis values within 
the normal range. The subjects received no medication for 7 days prior 
to the study and only the prescribed medications during the study. All 
the subjects were administered oral doses of enteric-coated ammonium 
chloride starting two days before dosing in order to maintain urine pH 
<7. They were fasted overnight a t  least 10 hr predose and for 2 hr post- 
dose. A light breakfast was eaten 2 hr after initial dosing. 

In each phase of the study, half of the subjects were administered a 
single 105-mg controlled-release phendimetrazine tartrate capsule10 at  
0 hr. The remaining subjects were administered one 35-mg immediate- 
release phendimetrazine tartrate tablet" at 0,4, and 8 hr. Each dose was 
administered with 177 ml of water. 

Blood samples (10 ml) were drawn from an antecubital vein into 
heparinized evacuated blood collection tubes1* at  intervals from 0 to 48 
hr after initial dosing. The blood samples were centrifuged at 2000Xg for 
10 min within 10 min of collection. The plasma samples were transferred 
to polystyrene culture tubes13 and stored at  -15' until analyzed. Urine 
samples were collected at 12-hr intervals for 48 hr after initial dosing and 
were stored at  -15' until analyzed. 

Calculations-Peak height ratios were calculated by dividing the 
height of the phendimetrazine peak by the height of the acetylated in- 
ternal standard peak. A best-fit line was determined by linear regression 
for standards ranging from 0 to 150 ng/ml (to 400 ng/ml for urine) that 
were processed along with the samples. The peak height ratio for each 
sampIe was used to calculate its concentration from the best-fit line. 
Comparable results were obtained when peak area ratios were used in- 
stead of peak height ratios. Control samples consisting of phendimetra- 

lo Rexar Pharmaceutical Corp., Valley Stream, N.Y. 
Plegine, Ayerst Laboratories, New York, N.Y. 

12 Mtdel6480, Becton-Dickinson, Rutherford, N.J. 
Model 2054, Falcon, Oxnard, Calif. 

zine added to plasma at 20 and 75 ng/ml and to urine at 20 and 158 ng/ml 
were also analyzed with each set of samples, and day-to-day coefficients 
of variation were determined from these controls. 

RESULTS AND DISCUSSION 

Chromatography-The retention times of phendimetrazine and 
N-acetyl phentermine were 4.1 and 4.8 min, respectively (Fig. 1). Because 
some serum and plasma samples had a late-eluting peak at  -10 min, the 
column temperature was programmed to increase to 200' for 5 min after 
the internal standard peak was completely eluted. 

Acetic anhydride was added to improve the chromatographic separa- 
tion and eliminate a metabolic interference. In the absence of acetic an- 
hydride, phentermine was poorly resolved from the solvent front as a 
tailing peak (retention time of 1.4 rnin), and phenmetrazine (a metabolite 
of phendimetrazine) was incompletely resolved from the phendimetrazine 
peak. Injection of acetic anhydride remaining from the acetylation re- 
action had no perceptible effect on column performance and, therefore, 
was left in the reaction mixture. 

Extraction and Derivatization-The total recovery of phendi- 
metrazine from plasma or serum was 73% (n = 5, C V  = 4%) of that ob- 
tained with a single extraction from aqueous solutions. Gel formation was 
encountered during the initial extraction with ethyl ether but was elim- 
inated by the addition of salt and gentle shaking. 

The reaction of acetic anhydride with phentermine was complete 
within 5 min at room temperature. Acetic anhydride obtained from one 
other alternate source produced a large peak at the retention time of 
phendimetrazine. Redistillation of this anhydride did not prevent the 
appearance of the interfering peak. Alternate bottles from the manu- 
facturer listed in this paper had no interfering peaks. 

Internal Standard-Biogenic amines such as pseudoephedrine, 
phenylpropanolamine, phentermine (underivatized), and diethylpropion 
were unsuitable as internal standards, because they were unstable, pro- 
duced tailed chromatographic peaks, or had undesirable retention times. 
The internal standard used in this procedure, phentermine, was extracted 
with phendimetrazine and the mixture treated with acetic anhydride. 
Phentermine formed a stable N-acetyl compound which afforded a 
suitable retention time and peak shape. 

Assay Sensitivity, Linearity, and Precision-Phendimetrazine 
standards in plasma and serum produced linear responses over the range 
of 2 to at least 200 ng/ml. Urine standards gave linear responses to at least 
500 ng/ml. The standard curves typically had regression coefficients 
>0.99. The lower limit of quantitation of the analysis was 2 ng/ml from 
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an initial 2-ml sample. The day-to-day coefficients of variation (n = 24) 
of the procedure over a 3-week period, during which -lo00 plasma 
samples were analyzed, were 7% at  20 ng/ml and 6% at 75 ng/ml. The 
day-to-day coefficients of variation (n = 5) for the urine analyses were 
6% at 20 ng/ml and 4% at 158 ng/ml. Within-day reproducibility for the 
plasma assay with n = 5 at  concentrations of 2 and 50 ng/ml was CV = 
8.7 and 1.3%, respectively. 

Bioavailability Study Results-The assay procedure was used to 
measure the plasma and urine concentrations of phendimetrazine in 20 
subjects in a two-way crossover bioavailability study (Fig. 2). The peak 
concentration of 70 ng/ml observed after one 35-mg dose of phendi- 
metrazine tartrate and the elimination half-life of 2 hr observed for the 
immediate-release product were similar to those previously reported (5, 
7). The average total recovery in urine over 48 hr after a 105-mg dose 
amounted to 5.72 f 3.01 mg for the controlled-release formulation and 
4.72 f 2.89 mg for the immediate-release formulation. The assay proce- 
dure had adequate sensitivity to measure phendimetrazine in plasma at 
24 hr, even for the subjects who received the immediate-release formu- 

lation. No predose plasma or urine samples had interferences at  the 
phendimetrazine or internal standard retention times. 

REFERENCES 
(1) Fed. Reg., 44,47618 (1979). 
(2) R. T. Macnab, Can. J. Med. Technol., 25,43 (1965). 
(3) A. H. Beckett, J. Pharm. Pharmacol., 19,273 (1967). 
(4) D. V. Canfield, P. Lorimer, and R. L. Epstein, J. Forensic Sci., 22, 

(5) H. D. L. Hundt, E. C. Clark. and F. 0. Muller, J. Pharrn. Sci., 64, 

(6) S. M. Walters, ibid., 69,1206 (1980). 
(7) A. H. Beckett and A. Raisi, J.  Pharrn. Pharmacol., 28, Suppl: 40P 

429 (1977). 

1041 (1975). 

(1976). 

ACKNOWLEDGMENTS 
The authors thank Charles Bon and Mimi Passarello for the bio- 

availability analyses and statistics. 

Determination of Benzalkonium Chloride in the 
Presence of Interfering Alkaloids and Polymeric 
Substrates by Reverse-Phase High-Performance Liquid 
Chromatography 

DENNIS F. MARSHX and LLOYD T. TAKAHASHI 
Received October 9,1981, from Allergan Pharmaceuticals, Inc., Iruine, CA 92713. Accepted for publication May 24,1982. 

Abstract 0 A specific assay for the analysis of benzalkonium chloride 
in the presence of interfering substances was conducted. The approach 
involved complexing benzalkonium chloride in an ophthalmic system 
with methyl orange, extraction of the complex into 1,2-dichloroethane, 
and subsequent analysis by reverse-phase high-performance liquid 
chromatography. Since the method separates each homologue of benz- 
alkonium chloride, homologues not resident in the ophthalmic system 
were added as internal standards to improve both recovery and precision 
in the method. 
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chromatography, ophthalmic systems, complex with methyl orange 

Various nonspecific dye extraction methods (1-3) have 
been developed for the determination of benzalkonium 
chloride. Recently, a specific analysis for benzalkonium 
chloride in aqueous solution by high-performance liquid 
chromatography (HPLC) was developed (4). This method 
involves direct injection of the aqueous formulation onto 
the chromatographic column. However, this method of 
analysis proved unsatisfactory for ophthalmic systems 
containing polymeric material. Polyvinyl alcohol, for ex- 
ample, precipitates under assay conditions, thus plugging 
the HPLC column. Suspended particulate matter in the 
formulation, such as steroid suspensions, also precludes 
the use of the method for the same reason. 

Another difficulty encountered with the direct injection 
procedure is the interference of active alkaloids with the 
benzalkonium chloride during chromatography. Benzal- 
konium chloride is generally present in ophthalmic systems 
a t  the antimicrobial level of 0.004%, while active ingredi- 

ents are present in considerably greater concentration. 
Also, active ingredients have considerably higher extinc- 
tion coefficients in the UV than does the benzalkonium 
chloride preservative. These factors make benzalkonium 
chloride difficult to detect by HPLC if its retention time 
and that of the active ingredients are a t  all similar. 

The purpose of this paper is to describe an extraction 
procedure to determine benzalkonium chloride in problem 
systems which preclude direct injection of the samples. 

EXPERIMENTAL 

Apparatus-The HPLC consisted of a pump’, an automatic sampler2, 
a reverse-phase microcyano column3, a 254-nm detector4, and a recordeP. 
Peak integrations were performed with a laboratory data system6. 

Reagents and Solvents-The mobile phase was 58% acet~nitrile~ (W 
grade) and 42% 0.161 M sodium propionate a t  pH 5.35. Sodium carbon- 
ate8 (7.5 g) was mixed with distilled water in a 2000-ml volumetric flask. 
Propionic acids (12 ml) was added, and the solution was brought to vol- 
ume (2000 ml) with distilled, deionized water. This solution was mixed 
with 2800 ml of acetonitrile. 

Preparation of the Clo and Cls Homologues of Benzalkonium 
Chloride (as the Methyl Orange Complex)-In a 1000-ml round- 
bottom flask 22.1 g (0.1 mole) of 1 bromodecanelO, 13.5 g (0.1 mole) of 
N,”-dimethylbenzylamineg, 500 ml of acetonitrile, and 30 ml of di- 
methylformamides were added. This solution was allowed to reflux ( 8 6 O )  
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an initial 2-ml sample. The day-to-day coefficients of variation (n = 24) 
of the procedure over a 3-week period, during which -lo00 plasma 
samples were analyzed, were 7% at  20 ng/ml and 6% at 75 ng/ml. The 
day-to-day coefficients of variation (n = 5) for the urine analyses were 
6% at 20 ng/ml and 4% at 158 ng/ml. Within-day reproducibility for the 
plasma assay with n = 5 at  concentrations of 2 and 50 ng/ml was CV = 
8.7 and 1.3%, respectively. 

Bioavailability Study Results-The assay procedure was used to 
measure the plasma and urine concentrations of phendimetrazine in 20 
subjects in a two-way crossover bioavailability study (Fig. 2). The peak 
concentration of 70 ng/ml observed after one 35-mg dose of phendi- 
metrazine tartrate and the elimination half-life of 2 hr observed for the 
immediate-release product were similar to those previously reported (5, 
7). The average total recovery in urine over 48 hr after a 105-mg dose 
amounted to 5.72 f 3.01 mg for the controlled-release formulation and 
4.72 f 2.89 mg for the immediate-release formulation. The assay proce- 
dure had adequate sensitivity to measure phendimetrazine in plasma at 
24 hr, even for the subjects who received the immediate-release formu- 

lation. No predose plasma or urine samples had interferences at  the 
phendimetrazine or internal standard retention times. 
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a reverse-phase microcyano column3, a 254-nm detector4, and a recordeP. 
Peak integrations were performed with a laboratory data system6. 

Reagents and Solvents-The mobile phase was 58% acet~nitrile~ (W 
grade) and 42% 0.161 M sodium propionate a t  pH 5.35. Sodium carbon- 
ate8 (7.5 g) was mixed with distilled water in a 2000-ml volumetric flask. 
Propionic acids (12 ml) was added, and the solution was brought to vol- 
ume (2000 ml) with distilled, deionized water. This solution was mixed 
with 2800 ml of acetonitrile. 

Preparation of the Clo and Cls Homologues of Benzalkonium 
Chloride (as the Methyl Orange Complex)-In a 1000-ml round- 
bottom flask 22.1 g (0.1 mole) of 1 bromodecanelO, 13.5 g (0.1 mole) of 
N,”-dimethylbenzylamineg, 500 ml of acetonitrile, and 30 ml of di- 
methylformamides were added. This solution was allowed to reflux ( 8 6 O )  

Model 6oooA, Waters Associates, Milford, Mass. 
Wisp 710B, Waters Associates, Milford, Mass. 
FBondapak CN (lO-pm particle size, 30-cm long X 4-mm i.d. column), Waters 

Model 440, Waters Associates, Milford, Mass. 
Omniscribe, Houston Instruments, Austin, Tex. 
Model 3352B, Hewlett-Packard, Fullerton, Calif. 
Burdick & Jackson Laboratories, Muskegon, Mich. 
Mallinckrodt, Inc, St. Louis, Mo. 

Associates, Milford, Mass. 

9 J. T. Baker Chemical Co., Philhpsburg, N.J. 

0022-35491 831 0500-052 1$0 1.001 0 
@ 1983, American pharmaceutical Association 

Journal of pharmaceutical Sciences I 52 1 . Vol. 72, No. 5, May 1983 



w 
v) 
2 

v) w 
K 

2 

I 
FLOW # 

Figure 1-Chromatogram of benzalkonium chloride without internal 
standards. 

for 3 days. To the hot, well-stirred solution was added 20 g of methyl or- 
anges. The resulting solution was filtered hot. After cooling, the filtrate 
was refiltered. The orange crystalline needles thus obtained were analyzed 
by HF'LC. The Clo homologue was the only peak observed. This peak had 
the same retention time as a USP standard benzalkonium chloride sample 
containing the Clo homologue. The CIS homologue was prepared in an 
analogous manner from 0.1 mole each of l-chlorooctadecane1° and 
NJV-dimethylbenzylamine in 500 ml of acetonitrile and 200 ml of di- 
methylformamide (heated at  reflux for 5 days). 

Preparation of the Internal Standard Mixture-Three grams of 
the Clo homologue of benzalkonium chloride was combined with 2 g of 
the CIS homologue. This mixture was finely ground with a mortar and 
pestle. A 0.06-g portion of this mixture was placed in a 1OOO-ml volumetric 
flask and 250 ml of dimethylformamide was added. A 0.250-g sample of 
methyl orange was dissolved in 500 ml of water. The aqueous solution 
of methyl orange was combined with the dimethylformamide solution 
of the benzalkonium chloride complex and 25 ml of acetic acidg was 
added. The solution was brought to volume with dimethylformamide. 

Procedure-Samples and standards can be prepared and analyzed 
by HPLC both with and without the use of internal standards (Methods 
1 and 2, respectively). Samples containing suspended steroids have been 
assayed by either method. 

Standard Preparation--Raw material (50% w/v)" to be used as a 
secondary reference standard was diluted to 0.1% with water and assayed 
using a USP primary reference standard (10% w/v)'* diluted to 0.100%. 

10 Matheson Coleman & Bell, Norwood, Ohio. 
11 Ru er Chemical Co., Inc. Irvington, N.J. 
12 U.8. Pharmacopeial Convention, Inc., Rockville, Md. 

Table I-Recoveries of Benzalkonium Chloride in Nonextracted 
versus Extracted Samples 

UV Detector Responses of Homologues, mV/min 
c12 c14 c16 Total 

(A) Standard-Direct Injection 
693 304 112 1.109 .~ ~ 

673 302 119 1;094 
679 294 112 1,085 
687 319 119 1,117 

Mean 
SD 
RSD (f%) 

Mean 
SD 
RSD, * % 

Mean 
SD 
RSD. 6 % 

660 321 119 1,127 
660 309 112 1,081 

301 - 116 1,083 666 - 
673.9 307.1 115.6 1,099 
14.6 9.9 3.5 18.3 
2.2 3.2 3.0 1.7 

(B) Standard-Extraction Procedure 
662 217 100 1,039 
659 285 121 1,065 
669 262 105 1,066 
660 283 117 1.060 
639 291 109 1;000 
670 - 280 - 109 1,069 
659.8 280.4 109.0 1,049 
11.2 9.1 7.7 26.3 
1.7 3.2 7.0 2.5 

(C) In Spiked Placeb+Extraction Procedure 
639 280 102 1,021 
652 282 99 1,033 
670 290 99 1,059 
644 278 81 1,003 
649 
669 

266 
249 - 

84 1;000 
- 98 l,ols 

653.8 274 93.8 1,022 
12.9 14.6 8.9 21.8 
2.0 5.3 9.5 2.1 

Since no interfering substances are present in these aqueous solutions, 
these standards were not extracted and were injected directly without 
use of internal standards. For the assay of benzalkonium chloride in 
samples, the secondary reference standard was further diluted to the same 
concentration as the samples, usually 0.004% w/v. 

Method I (Using Both Internal Standards)-The solution of sample 
or working standard (1.00 ml) was placed into a 12 ml plastic centrifuge 
tube13, and 2.00 ml of the working internal standard solution was added. 
The solution was agitated briefly and allowed to equilibrate for 10 min. 
Then, 1.00 ml of 1,2-di~hloroethane~ was added, the mixture was vortexed 
for 1 min, allowed to stand for a few moments, and vortexed for an ad- 
ditional minute. The mixture was then centrifuged for 20 min a t  8OOO 
rpm. The phases were separated, and the organic phase was dried (an- 
hydrous sodium sulfate) to give a yellow solution which was assayed by 
HPLC. 

Method 2 (Using No Internal Standard)-The solution (1.00 ml) was 
added to a 10 ml plastic centrifuge tube, and 1.00 ml of a 0.05% aqueous 
solution of methyl orange, followed by 1.00 ml of a 10% aqueous solution 
of acetic acid were added. The solution was agitated briefly and allowed 
to equilibrate for 10 min. 1,2-Dichloroethane (1.0 ml) was added and the 
procedure in Method 1 was followed. 

Assay-The mobile phase was filtered (1 pm) and deaerated. The 
system had the following parameters: a flow rate of 2.0 ml/min, giving 
a pressure of 1000-1500 psi, a 180-pl injector volume, an analysis time 
of 13 min, 254 nm detection a t  0.01 AUFS, and a chart speed of 0.25 
cm/min. After a stable baseline was achieved, replicate standards were 
run to ensure reproducibility, followed by the samples. A standard was 
run after every third sample. 

The laboratory data system6 was used to monitor the internal standard 
and the benzalkonium chloride peak areas. Since the concentration of 
the homologues other than Clz, C14, and c16 in a benzalkonium chloride 
sample typically comprised <2% of the total, only the C12, C14, and c16 
peaks were monitored. Chromatograms of benzalkonium chloride with 
and without internal standards are shown in Figs. 1 and 2. 

Calculations for samples run without the use of internal standards are 
straightforward, relating the peak areas of the sample to the standard 
and adjusting this ratio for the standard concentration. When both in- 

13 Nalge Co., Division of Syhron Co., Rochester, N.Y. 
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Table 11-Recovery and Precision of Benzalkonium Chloride in  
Spiked Placebo Containing Naphazoline Hydrochloride, 
Polyvinyl Alcohol, and Disodium Edetate 

Table V-Recovery and Precision of Benzalkonium Chloride in 
Spiked Placebo Containing Polyvinyl Alcohol and Prednisolone 
Acetate (as Suspension) 

WeightNolume, % 
Ouerator 1-Dav 1 Ouerator 1-Dav 2 Ouerator 2 

WeightNolume, % 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00419 
0.00417 
0.00418 
0.00410 
0.00422 

Mean 0.00417 
SD 0.000044 
RSD, f % 1.1 
Recovery, % 99.8 

0.00421 
0.00423 
0.00417 
0.00421 
0.00420 
0.00420 
0.000022 
0.52 

100.5 

0.00435 
0.00434 
0.00430 
0.00424 
0.00432 
0.00431 
0.000044 
1.0 

103.1 

0.00420 0.00395 
0.00412 0.00415 0.00417 
0.00409 ...~ ~~~ 

0.00425 
0.00428 

0.00440 0.00413 
0.00419 0.00408 
0.00420 0.00404 

Mean 0.00419 0.00423 0.00407 
SD O.ooOo82 0.00011 O.ooOo85 
RSD, i % 1.9 2.6 2.1 
Recovery, % 100.3 101.4 97.5 

0 No internal standard used; Method 2; theoretical value 0.00418% (w/v). 

Table 111-Recovery and Precision of Benzalkonium Chloride in 
Spiked Placebo Containing Phenylephrine Hydrochloride, 
Disodium Edetate, Pyrilamine Maleate, and Polyvinyl Alcohol 8 

WeightNolume, % 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00397 0.00404 0.00389 
0.00414 0.00409 0.00403 
0.00404 0.00404 0.00389 
0.00406 0.00405 0.00420 
0.00417 0.00404 0.00401 

Mean 0.00408 0.00405 0.00400 
SD 0.0o0O80 o.ooo022 0.00013 
RSD, f % 2.0 0.54 3.2 
Recovery, % 97.6 95.7 95.7 

No internal standard used; Method 2; theoretical value 0.00418% (w/v). 

Table IV-Recovery and Precision of Benzalkonium Chloride in 
Spiked Placebo Containing Fluorometholone (as Suspension) 
and Polyvinyl Alcohol 

WeightNolume, % 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00404 
0.00398 
0.00408 
0.00401 
0.00406 

0.00402 0.00401 
0.00408 0.00400 
0.00407 0.00389 
0.00405 0.00406 
0.00405 0.00402 

Mean 0.00403 0.00405 0.00400 
SD 
RSD, f % 
Recoverv, 9% 96.5 97.0 

0.000040 
0.99 

O.ooOo23 O.ooOo64 
0.57 1.6 

95.8 

No internal standard used; Method 1; theoretical value 0.00418% (w/v). 

ternal standards are used (Method l), the calculations are more in- 
volved. 

The weighting system described below is used to adjust for the varying 
partition coefficients of each homologue of benzalkonium chloride in the 
systems studied. 

In many formulations, the extractability of each homologue follows 
the chain length. Recoveries of the individual homologues diminish as 
the chain length increases (see Table IB and C). For this reason, two in- 
ternal standards, the Cl(rC1s homologues are used to bracket the c1&16 
benzalkonium chloride homologue resident in the formulation. If the Clo 
homologue alone is used as the internal standard, recoveries of total 
benzalkonium chloride are low due to the disproportionately high per- 
centage of longer length homologues retained by the polymeric formu- 
lations. Conversely, inordinately high recoveries are obtained if the CIS 
homologue is used as the internal standard. 

Thus, it is necessary to use both internal standards in such a way as 
to correct for the retention of each individual homologue. While both 
internal standards are used in these corrections, the internal standard 
with a chain length nearest the homologue in question is given the 
heaviest weight. All weighting factors (Method 1) in the equations that 
follow are a function of the chain-length differences of the homologues 
involved. 

C*[FI*P~ + F2*P3 + F3*P4] 
% Benzalkonium Chloride = 

IPS2 + PSS + PS4] 

0 No internal standard used Method 2; theoretical value 0.00418% (w/v). 

Table VI-Effectiveness of the Internal Standard in the 
Recovery of Benzalkonium Chloride 8 

I Recovery Without 
Internal Standards Internal Standards 

% Recovery With 

Mean 
SD 

82.9 ~~. 

93.4 
88.5 
88.0 
90.2 
87.8 - 

88.5 
3.4 

99.9 
97.4 
99.7 

101.9 
102.9 
95.5 
96.9 

102.4 
99.6 
2.7 ~. 

RSD, f 90 3.9 2.8 
Sample contains polyvinyl alcohol and prednisolone acetate. 

Table VII-Recovery and Precision of Benzalkonium Chloride 
in Spiked Placebo Containing Polyvinyl Alcohol and Disodium 
Edetate 

WeightNolume, % 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00395 0.00378 0.00404 
0.00385 0.0 0 3 8 3 0.00396 
0.00394 0.00385 0.00400 
0.00391 0.0 0 3 7 9 0.00412 
0.00393 0.00384 0.00415 
0.00395 0.00380 0.00392 

Mean 0.00392 0.00381 0.00403 
SD 0.00004 0.00003 o.oo009 
RSD, & % 0.97 0.76 2.2 
Recoverv. % 99.5 96.8 102.4 

a Using both internal standards; Method 1; theoretical value 0.00394% (w/v). 

where, 

C = Concentration of benzalkonium chloride standard in % (w/v) 

F1= [3*Ri + R&4 

Fz = [RI + Rz]/2 ' 

FB = [R1 + 3*Rz]/4 

and, 

RI = PSi/Pi 

Rz PSs/ps 

and, 

PI = Peak area of the Clo homologue in the sample 

P2 = Peak area of the C ~ Z  homologue in the sample 

P3 = Peak area of the c14 homologue in the sample 

P4 = Peak area of the c16 homologue in the sample 

P5 = Peak area of the Cl8 homologue in the sample 
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Figure 2-Chromatogram of benzalkonium chloride with internal 
standards. 

and, 
PSI = Average peak area of the C ~ O  homologue in the standard 

PS2 = Average peak area of the Cl2 homologue in the standard 

PS3 = Average peak area of the C14 homologue in the standard 

PSI = Average peak area of the c16 homologue in the standard 

PS5 = Average peak area of the CIS homologue in the standard 

The PSI4 values represent an average of the standard peaks that 
precede and follow the sample being calculated. 

RESULTS AND DISCUSSION 

Since benzalkonium chloride is now widely used in a variety of oph- 
thalmic formulations, several problems have surfaced which have made 
direct sample injection impossible. These problems, which have been 
mentioned earlier, have been circumvented by preliminary treatment 
of the benzalkonium chloride with methyl orange. Thii procedure takes 
advantage of the lipophilic properties of the benzalkonium chloride- 
methyl orange ion pair. The dye complex is removed from interfering 

Table VIII-Recovery and Precision of Benzalkonium Chloride 
in Spiked Placebo Containing Fluorometholone, Centamicin, 
and Polyvinyl Alcohols 

WeightNolume, 90 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00429 
0.00431 
0.00390 
0.00425 
0.00422 

0.00430 . ..~.. 

0.00424 0.00410 
0.00430 0.00422 
0.00428 0.00418 
0.00426 0.0 0 4 3 4 

0.00435 0.00437 0.00424 
0.00422 0.00441 0.00401 
0.00425 0.00425 0.00415 
0.00416 0.00426 0.00376 

Mean 0.00422 0.00430 0.00413 
0.00006 0.00018 0.00013 SD 

RSD, f % 3.1 1.3 4.3 
Recoverv. % 100.9 102.8 98.7 

Using both internal standards: Method 1; theoretical value 0.004176% (w/v). 

polymers and alkaloids by extraction into 1,2-dichloroethane. It is this 
isolated dye complex and the subsequent chromatography that gives the 
assay procedure its specificity. Experiments in validating this procedure 
are described. 

An aqueous benzalkonium chloride standard (0.004%) was injected 
several times onto the chromatograph. The results, shown in UV-detector 
response for the three major homologues and the total, are shown in Table 
IA. This same aqueous standard was extracted into an equal volume of 
1,2-dichloroethane as the methyl orange complex. The results are shown 
in Table IB. Also, a typical ophthalmic formulation containing polyvinyl 
alcohol was spiked to give 0.004% benzalkonium chloride and extracted 
in the same manner as the standard into an equal volume of 1,2-dichlo- 
roethane. The results are shown in Table IC. Analysis of the mean values 
for total response in the three experiments indicates that, while benzal- 
konium chloride is readily extractable into dichloroethane as the methyl 
orange complex, the extraction is not complete. The Student’s t values 
obtained by comparing the mean total response value in Table IA uersus 
those in Table IB and C demonstrate that significant differences exist 
between the mean values involved. Comparison of the mean values for 
total response for the extracted aqueous standard in Table IB and the 
extraded spiked formulation in Table IC show equivalence of means and 
variances using Student’s t and F tests. The mean total response for the 
extracted placebo in Table IC represents a 97.4% recovery when compared 
with the mean total response for the extracted standard in Table IB. If 
standards and samples are treated in the same manner, recoveries of 
95-100% are found for most ophthalmic systems. Shown in Tables 11-V 
are the results obtained in four representative studies. 

While in the majority of cases acceptable recoveries are obtained by 
the simple extraction method (Method 2), low recovery values are 
sometimes observed. To improve the recovery, two benzalkonium chloride 
homologues not present in the ophthalmic formulation were added as 
internal standards (Method 1). Observations of the data shown in Table 
IA, B, and C demonstrate that not only does the extractability of benz- 
alkonium chloride vary in ophthalmic systems but also within the ho- 
mologous series itself. The longer length homologues are clearly more 

Table IX-Recovery and Precision of Benzalkonium Chloride in 
Spiked Placebo Containing Polyvinyl Alcohol (3% ) and 
Disodium Edetate a 

WeightNolume, ?6 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00414 0.00429 0.00420 
0.00447 0.00433 0.00423 
0.00423 0.00444 0.00405 
0.00430 0.00417 0.00449 
0.00438 0.00444 0.00456 
0.00450 0.00430 0.00456 
0.00408 0.00410 0.00456 
0.00389 0.00407 0.00439 
0.00400 0.00405 0.00435 

Mean 0.00422 0.00424 0.00438 
SD 0.00021 0.00015 0.00019 
RSD, f ’?6 5.0 3.6 4.3 
Recovery, 70 101.0 101.5 104.8 
a LJsing both internal standards; Method 1; theoretical value 0.004176% (w/v). 
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Table X-Recovery and Precision of Benzalkonium Chloride in 
Spiked Placebo Containing Oxymetazoline and Polyvinyl 
Alcohol a 

Weight/Volume, % 
Operator 1-Day 1 Operator 1-Day 2 Operator 2 

0.00434 0.00409 0.00410 
0.00402 0.00419 0.00446 
0.00418 0.00389 0.00414 
0.00419 0.00399 0.00452 
0.00418 0.00410 0.00429 
0.00415 0.00424 0.00425 
0.00431 0.00426 0.00434 
0.00421 0.00434 0.00426 
0.00446 0.00409 0.00423 

Mean 0.00423 0.00413 0.00430 
SD 0.00013 0.00014 0.00014 
RSD, f % 3.0 3.4 3.2 
Recoverv, % 101.1 98.9 102.8 

a Using both internal standards; Method 1; theoretical value 0.004176% (w/v). 

difficult to extract from aqueous solutions containing polymers. There- 
fore, both internal standards must be used to achieve consistently good 
recoveries for benzalkonium chloride in the many different types of 
ophthalmic solutions. For instance, shown in Table VI is an example of 
a formulation containing polyvinyl alcohol and prednisolone acetate in 
which poor recoveries were obtained without internal standards, but 
recoveries were acceptable with the internal standards. In Tables VII-X 
are four representative studies using Method 1 to determine benzalko- 
nium chloride. 

The methyl orange-benzalkonium chloride complex proves surprisingly 
stable in both acid and basic environments. Several aliquots of the 1,2- 
dichloroethane solution of the methyl orange-benzalkonium chloride 
complex were washed with 1N sodium hydroxide and analyzed. Several 
aliquots of the complex were washed with 10% acetic acid and analyzed. 
No significant differences were observed (Student’s t )  when the two 
studies were compared..This permits an acid or base wash of the extracted 
methyl orange-benzalkonium chloride complex in further clean-up of 
the sample. 

Table XI shows the assay results obtained by a modification of Method 
1 and Method 2 on a formulation containing a 1ooO:l ratio of antazoline 
phosphate to benzalkonium chloride. The dichloroethane solution of 
methyl orange-benzalkonium chloride complex, obtained by the ex- 
traction of the aqueous formulation, also contains significant amounts 
of antazoline. The presence of the antazoline makes analysis of benzal- 
konium chloride impossible, as retention times for each substance are 
similar. The antazoline can be removed, however, by two extractions with 
10% acetic acid. As the results in Table XI clearly indicate, internal 
standards must be used when additional extractions are necessary. 

Table XI-Recoveries After Double-Acid Wash of Extracted 
Samule (% w/v) 

Method 2-No Internal 
Standarda Method 1 with Internal Standard 

0.00300 
0.00325 
0.00303 
0.00303 
0.00305 

Mean 0.00307 . . . . - . . ~ 

SD 0.oO0101 
RSD, f I 3.3 
Recoverv. I 72.7 

0.00387 
0.00392 
0.00399 
0.00388 
0.00398 
0.00420 
0.00402 
0.00415 
0.00400 
0.00012 
3.0 

98.9 
a Theoretical value 0.0041896 (w/v). Theoretical value 0.00404% (w/v). 

System suitability requirements for multiple standard injections are 
that the relative standard deviation be <f3%. A column should have at  
least 2000 plates per column for the C12 homologue calculated by N = 

The versatility of this method has been shown in its ability to be used 
for various types of formulations including suspensions of steroids, 
polymeric compounds, and other ingredients which would interfere 
without prior sample workup. Because of the capability of using either 
(or both) acid and base washing of the extracted benzalkonium-dye 
complex, the method is very flexible in removing these interferences. 
Whatever modifications to the assay are required, it is essential that the 
standards and samples be treated in exactly the same way throughout 
the assay. 

1 6 - ( ~ / ~ ) * .  
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Abstract 0 In premature infants, theophylline is converted to caffeine, 
and the biological half-life is prolonged. To assess the metabolic alter- 
ations of theophylline during development of premature infants, a sen- 
sitive and simple method was developed which quantitated all theo- 
phylline metabolites in plasma, urine, and red blood cells. Theophylline 
and its metabolites in the sample were converted to the N-propyl de- 
rivative using n-propyl iodide in dimethylformamide with potassium 
carbonate catalysis and were analyzed under isothermal conditions on 
a gas chromatograph-mass spectrometer with a 3% methylsilicone- 
phenylsilicone column. Deuterated caffeine (caffeine-&) was used as the 
internal standard. A selected ion-monitoring technique, together with 
70-eV electron impact ionization mode, was used. The ion current ratios 
between caffeine-& (m/z 197) and caffeine (m/z 1941, theophylline (m/z 
222), 3-methylxanthme (m/z 250), 1,3-dimethyluric acid (m/z 280), and 
1-methyluric acid (mlz 308) were monitored. The total analysis time was 
12 min with a detection limit ranging from 500 pg to 10 ng, depending on 
the metabolites. With this sensitivity, sample sizes of 50-100 pl of plasma 
and 0.5 ml of urine were sufficient for the analysis of all theophylline 
metabolites. The coefficient of variation of this method was <5% for the 
analysis of biological samples. 

Keyphrases CC-mass spectrometry-quantitation of theophylline 
and its metabolites in biological fluids, infants 0 Theophylline-GC- 
mass spectrometric quantitation in biological fluids, infants 0 Biological 
fluids-GC-mass spectrometric quantitation of theophylline and its 
metabolites, infants 0 Caffeine-metabolite of theophylline in infants, 
GC-mass spectrometric quantitation in biological fluids 

Theophylline has been used widely for the treatment of 
apnea in premature infants (1). Due to the narrow margin 
between effective and toxic doses, the plasma level of this 
drug during treatment is usually monitored to ensure 
safety. Over the past several years, a number of analytical 
methods have been developed specifically for this purpose 
(2). These include GC methods (3) and the newer high- 
performance liquid chromatographic (HPLC) methods (2). 
However, none of these methods are capable of measuring 
theophylline and metabolites in a microsample from a 
pediatric population. 

The metabolism of drugs in premature infants is dif- 
ferent from that of adults. The differences generally are 
limited to the pharmacokinetic parameters, such as elim- 
ination half-life, volume of distribution, and renal clear- 
ance. A recent report stating that in premature infants 
theophylline is methylated to caffeine (4) points out an 
important change in the concept of drug metabolism in 
premature infants. Not only the kinetic aspect of drug 
metabolism must be compared between premature infants 
and adults, but the quantitation of metabolic pathways 
also must be studied. 

' Y V \  

To investigate the metabolism of theophylline in pre- 
mature infants, a simple and sensitive GC-MS method was 
developed. This method is capable of measuring theo- 
phylline, theobromine, caffeine, 3-methylxanthine, 1,3- 
dimethyluric acid, and 1-methyluric acid in as little as 50 
p1 of plasma and 0.5 ml of urine. 

EXPERIMENTAL 

Reagents-Caffeine', theophylline', theobromine (3.7-dimethylx- 
anthinel*, 3-methyl~anthine~, 1,3-dimethyluric acid2, and 1-methyluric 
acid3 were used as standards. Anhydrous potassium carbonate was of 
commercial reagent grade. Dimethylformamide4 and 1 -iodopropane5 were 
purified by distillation. 
7-[z&]Methyl-l,3-dimethylxanthine (Caffeine-d3) (1)-Powdered 

anhydrous potassium carbonate (20 mg) and 5 drops of iodomethane-d3 
(99 + atom % D)4 were added to a solution of theophylline (15.8 mg) in 
0.25 ml of dimethylformamide. The mixture was heated with occasional 
swirling at  70' for 15 min. Additional iodomethane-ds (1 drop) was then 
added to the mixture and the reaction was continued for an additional 
15 min. After cooling, the reaction mixture was diluted with 4 ml of water 
and then extracted with methylene chloride (1 ml X 2). The methylene 
chloride extract was evaporated to dryness to obtain caffeine-d3 (5.4 mg). 
GC analysis of this product showed a single peak with no side products. 
The 70-eV mass spectrum had the following fragments: m/z (percent of 
base peak), 197(100), 112(45), 85(20), 70(14), 67(11), and 58(17). The 
isotopic purity of this compound was: do, 0.09% d l ,  5.51%; d2,6.99%; and 
d3,87.41%. 

Internal Standard Solution-The caffeine-d3 internal standard was 
dissolved in water to a final concentration of 2.14 pg/20 p1 (for urine 
analysis) and 0.215 pg/20 pl (for plasma analysis). 

Standard Solution of Theophylline and Its Metabolites-Caffeine 
(4.22 mg), theophylline (33.35 mg), 3-methylxanthine (4.40 mg), 1,3- 
dimethyluric acid (7.98 mg), and 1-methyluric acid (4.43 mg) were sus- 
pended in 3 ml of water. To this stirred mixture, a solution of 0.5 N NaOH 
was added drop-wise to convert the turbid suspension into a clear solu- 
tion. Enough water then was added to make a final volume of 5 ml. 

This stock solution then was diluted with water to a final concentration 
of caffeine in the following order: 1.68 ~ g / 2 0  111,168 ng120 pl, 16.8 ngl20 
pl, and 1.68 ng120 pl. 

Standard Curve-In a glass disposable tube (12 X 75 mm), the 
standard metabolite solutions (20 pl, containing caffeine and other me- 
tabolites in the range of 1.68 pg to 1.68 ng) and 20 pl of internal standard 
solution (containing caffeine-d3, 2.14 pg) were evaporated to dryness in 
a stream of air. Powdered potassium carbonate (0.5 mg), dimethyl- 
formamide (0.25 ml), and 1-iodopropane (50 pl) were then added to the 
dried residue. The mixture was heated at 70' in an evaporatofi for 15 min. 
Vacuum was then applied to this unit to evaporate all the solvent and 
reagents (-15 rnin). The dried tube was then capped and kept a t  -20' 
until ready for analysis. 

Similarly, standard curves in urine, plasma, and red blood cells were 
constructed by spiking blank samples with standard solutions. The spiked 
samples were then analyzed as described for each individual biological 
fluid, except in the case of red blood cells. For the standard curve in red 
blood cells, the spiked cells were not washed with normal saline. The 
standard curves in biological samples were identical to those in water, 
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Aldrich Chemical Co., Milwaukee, Wis. 
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Figure 1-A representative selected ion-monitoring chromatogram of theophylline metabolites in the urine of premature infants. The metabolites 
are: ( I )  caffeine; (2) caffeine-d3; (3) theophylline; (4) theobromine; (5) 3-methylxanthine; (6) 1,3-dimethyluric acid; (7) 1 methyluric acid. The 
number in the beginning of each chromatogram indicates the ion (m/z) monitored. The arrows indicate the switching of ion sets monitored. 

with the exception of 3-methylxanthine in urine, in which the slope was 
lower than that in water. 

Analysis of Urine SamplegIn  a disposable tube (12 X 75 mm), urine 
(0.5 ml) was mixed with 20 pl of the internal standard solution (2.14 pg 
of caffeine-d3). It was then evaporated to dryness at 40' under vacuum 
in an evaporator (-15 min). Powdered potassium carbonate (5 mg), di- 
methylformamide (0.25 ml), and 1-iodopropane (50 pl) were added to 
the residue. The procedure for the standard curve was then followed. 

Analysis of Plasma Samples-Plasma (50-100 pl) was mixed with 
20 pl of internal standard solution (0.214 pg of caffeine-&). The plasma 
proteins were then precipitated by the addition of methanol (1 ml). After 
mixing and keeping in an ice bath for 10 min, the mixture was centrifuged 
and the supernatant was decanted into another disposable tube. It was 
evaporated in a stream of air, then to dryness a t  40" in vacuum in an 
evaporator. The dried residue was then mixed with powdered potassium 
carbonate (5 mg), dimethylformamide (0.25 ml), and 1-iodopropane (50 
pl). The procedure for the standard curve was then followed. 

Analysis of Red Blood Cells-After separating the plasma, the red 
blood cells were washed twice with normal saline. An aliquot (100 PI)  of 
this cell sample was then mixed with the internal standard solution (0.214 
pg of caffeine-da in 20 pl of water), and methanol was added (1 ml) to 
hemolize the blood cells and to precipitate the proteins. After centri- 
fuging, the supernatant was transferred to another tube and the plasma 
procedure commenced. 

Gas Chromatography-A conventional gas chromatograph7 was 
used. It was equipped with a flame ionization detector. The glass column 
(0.3 cm X 1.83 m) was packed with 50% phenyl silicone and 50% methyl 
silicone on treated white diatomaceous earth8. Nitrogen was used as a 
carrier gas a t  30 ml/min. The column was maintained at  200'. The in- 
jection port temperature was 250' and the detector was 350'. 

Gas Chromatography-Mass Spectrometry-A computerized 
GC-MSg was used. The GC condition was the same as described in the 
previous section except that helium was used as carrier gas instead of 
nitrogen. A glass jet separator, maintained at 250' was used between the 
GC and the MS ion source, which was maintained at  200'. The analyzer 
region was kept at 200'. Electron-impact ionization at  70 eV was used 
for the study. The derivatized sample was dissolved in 50 p1 of methylene 
chloride. After mixing well, the mixture was allowed to stand until the 
undissolved solid settled at  the bottom. An aliquot (1-3 pl) of the su- 
pernatant was injected onto the GS-MS. The selected ion-monitoring 
software provided by the instrument manufacturer was used for the 

7 Model 5840A. Hewlett-Packard Co., Avondale, Pa. 
8 3% OV-17 on gas chrom Q, 100/120#, Applied Science, State College, Pa. 
9 Model 5985A gas chromatograph-mass spectrometer with a Model-7906 disc 

drive, Hewlett-Packard Co., Palo Alto, Calif. 

Table I-Theophylline and Metabolites in  Urine, Plasma, and 
Red Blood Cells of a Premature Infant 

Metabolites", pg/ml 
Samples I I1 I11 IV v VI 

Urine 2.20 12.10 1.70 0.38 5.58 2.14 
(8.7%)b (51.5%) (7.2%) (1.8%) (21.8%) (9.0%) 

Plasma 2.41 5.70 0.4 0.08 0.3 0.1 

'Red Blood Cells 0.54 1.00 0.1 0.08 0.05 0.01 
(25.5%) (64.8%) (4.6%) (1.0%) (3.1%) (1.1%) 

(28.7%) (57.4%) (5.7%) (5.0%) (2.6%) (2.6%) 
0 Metabolites: I, caffeine; 11, theophylline; 111, theobromine; IV, 3-methylxan- 

thine; V, 1,3-dirnethyluric acid; VI, 1-methyluric acid. * Values in parentheses are 
the percentage of total metabolites. 

analysis. From 2.5 to 7.5 min, the instrument was focused alternately on 
m/z 194,197,222, and 250 with a dwelling time of 100 msec on each. After 
7.5 min, the ion fragments m/z 280 and 308 were monitored with a 
dwelling time of 100 msec on each. The total analysis time was 12 min. 
The standard curves were constructed by plotting the area ratio of each 
individual ion (caffeine-194, theophylline-222, 3-methylxanthine-250, 
1,3-dimethyluric acid-280, and 1-methyluric acid-308) with internal 
standard (caffeine-d3-197), against the amounts of each individual me- 
tabolite. Regression analysis of the standard curve and data reduction 
of samples were done with a calculatorlo. 

RESULTS AND DISCUSSION 

Theophylline is metabolized extensively to 3-methylxanthine, 1,3- 
dimethyluric acid, and 1-methyluric acid in human adults (5,6). The 
current observation that theophylline is also methylated to another 
pharmacologically active xanthine, caffeine, in premature infants (4,7, 
8) makes it necessary to study the metabolism of theophylline in this 
population. 

There are several published methods capable of measuring theophyl- 
line and its metabolites (3,6,9). The older method of column chroma- 
tography and UV spectrophotometry is too tedious to be useful in the 
assay of large numbers of samples. The HPLC method described previ- 
ously (5) lacks the sensitivity required in the analysis of pediatric samples. 
The preliminary report of another HPLC method (9) has the required 
sensitivity and simplicity. However, no specificity and reproducibility 
of the method was reported. To achieve the specificity and sensitivity 

10 Model 9830A calculator. Hewlett-Packard Co., Loveland, Col. 
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Table 11-Precision of GC-MS Analysis of Theophylline and Metabolites 

Metabolites,b pg/ml 
Analysis I I1 IV V VI 

1 
2 

0.91 
0.91 

2.97 
2.81 

0.011 
0.017 

1.15 
1.14 

0.60 
0.57 - ... ~ 

3 0.93 2.87 0.014 1.15 0.61 
4 0.94 2.83 0.011 1.17 0.61 
5 0.91 2.80 0.011 1.23 0.66 
Mean f SD 0 . 9 m . 0 1  2 . m . 0 7  0 . 0 1 ~ 0 0 3  l . l m . 0 4  0 . 6 m . 0 3  
CV,' 90 1.1 2.4 23.1 3.4 4.9 

,I Urine sample from a premature infant maintained on aminophylline. * Metabolites: See Table I. Coefficient of variation. 

required in the analysis of pediatric samples, a GC-MS method with 
selected ion monitoring technique was chosen. The high specificity ob- 
tained by this technique can also reduce the time required for sample 
purification and, thus, facilitate the analysis of large numbers of sam- 
ples. 

Extraction of Theophylline and Metabolites from Biological 
Fluids-A number of solvent systems have been used to extract theo- 
phylline or its metabolites from biological fluids (3,9,10). The extracted 
metabolites are then analyzed with GC, HPLC, or GC-MS. For less 
specific quantitative methods, solvent extraction is a necessary step in 
the procedure to eliminate the possible interfering substances. These 
solvent-extraction procedures can be grouped into three categories. The 
most primitive one is the simple solvent extraction with methylene 
chloride or chloroform (3, l l ) .  A second approach has been the use of a 
more polar solvent mixture in conjunction with the saturation of bio- 
logical fluids with salt (9). The third approach is the extractive alkylation 
procedure with alkyl iodide and hydrophobic quaternary ammonium ion 
(10). For the analysis of the true composition of metabolites in a sample, 
the extraction steps should not discriminate among different compounds 
and distort the results. Caffeine, theophylline, methylxanthines, and 
methyluric acids are compounds with widely varying polarity and solvent 
solubility. The simple solvent extraction procedure is not expected to 
extract any significant amounts of methylxanthines and methyluric acids. 
In numerous attempts in this laboratory, extractive alkylation with a high 
concentration of tetrabutylammonium ion in aqueous solution and io- 
dopropane in chloroform failed to recover polar metabolites such as 3- 
methylxanthine and monomethyluric acids. The recovery experiments 
using a modified procedure (9) which involved saturating the aqueous 
standard solution with ammonium sulfate and extracting with a chlo- 
roform-isopropyl alcohol mixture, gave the following results (compared 
with direct derivatization): caffeine, 104 f 1%; theophylline, 23 f 3%; 
3-methylxanthine, 6 f 3%; 1,3-dimethyluric acid, 9 f 3%; and l-methy- 
luric acid, 5 f 2% (mean f SD, N = 3). The lower recovery obtained in 
these experiments compared with those reported previously (9) probably 
resulted from the smaller amount of extraction solvent used (20% of the 
original solvent volume but extracted twice). Nevertheless, these data 
did indicate a differential extraction of metabolites, even with the most 
strenuous extraction procedure, i.e., salt saturation and polar solvents. 
To overcome the difficulty of low and variable recovery of different me- 
tabolites, no solvent extraction was used in the procedure described in 
this report. The urine samples were dried directly and then derivatized, 
while the plasma samples were deproteinized with methanol and prepared 
as the urine samples. 

Derivatization with Iodopropane and Sodium Carbonate in Di- 
methylformamide-For GC analysis, theophylline and metabolites are 
usually derivatized into N-alkylated derivatives such as butyl or pentyl 
derivatives. The advantage of using the N-propyl derivative over other 

alkylated derivatives has been discussed previously (12). The fastest and 
most convenient derivatization procedure was found to be the use of io- 
dopropane in a polar solvent, such as dimethylformamide, and a basic 
catalyst, such as potassium carbonate. This reaction was rapid and was 
completed within 5 min at  70'. When the reaction mixture was analyzed 
at  different reaction times, the intensity of all the derivatized metabolites 
did not change with heating from 5 min to 1 hr. This indicated not only 
that the derivatization procedure was completed within 5 min, but also 
that the derivatives were stable in the reaction mixture for a t  least 1 hr. 
After the reaction, the reagents were evaporated in vacuum. The residue 
was extracted with methylene chloride (50 pl) before analysis with 
GC-MS. For lower concentration determinations, larger volumes of 
methylene chloride can be used to extract the solid residue. The combined 
extract is then evaporated and reconstituted with a smaller volume of 
solvent. Water cannot be used to wash the methylene chloride solution 
of the derivatized sample, since this procedure results in differential 
extraction. Caffeine has higher water solubility than any other N-pro- 
pylated xanthines and uric acids. Because caffeine-d3 was used as the 
internal standard in the procedure, the disproportional removal of caf- 
feine from methylene chloride extract resulted in a falsely higher result 
for theophylline, 3-methylxanthine, 1,3-dimethyluric acid, and 1- 
methyluric acid. 

Gas Chromatography-Mass Spectrometry-The ideal internal 
standards for the GC-MS method are the stable isotope-labeled ana- 
logues of each metabolite. However, such a task would be impractical for 
extensively metabolized drugs such as theophylline. Therefore, caf- 
feine-da (I) was chosen as an internal standard for all metabolites. Caf- 
feine-d3, can be synthesized easily from theophylline and iodomethane-d3 
in 1 hr. It is obtained in high isotopic purity (do = 0.09%). 

The N-propyl derivatives of theophylline metabolites were well re- 
solved on a 3% mixed phase of phenyl silicone and methyl silicone column 
in a period of 12 min. Furthermore, their 70-eV electron-impact mass 
spectra showed prominent molecular ions (12). Therefore, the molecular 
ions were monitored using a selected ion-monitoring technique. The ion 
current ratio of the metabolite's molecular ion with that of internal 
standard (m/z  197) was plotted against the amount of metabolites. The 
standard curves obtained were linear over a range of 1 ng to 2 pg. How- 
ever, the detection limit can be lowered further to 500 pg for caffeine and 
theophylline. The detection limit of other metabolites (3-methylxanthine, 
1,3-dimethyluric acid, and 1-methyluric acid) were in the range of 1-20 
ng. The lower sensitivity of this procedure toward monomethylxanthine 
and uric acid metabolites was due to the fact that the derivatives of these 
metabolites gave molecular ions with lower abundances as a result of more 
extensive fragmentation. 

A typical selected ion chromatogram of urinary theophylline metab- 
olites of premature infants is shown in Fig. 1. The metabolite patterns 
of theophylline in plasma, urine, and red blood cells taken at  the same 

Table 111-Recovery of GC-MS Procedure for Theophylline and Metabolites in Urine 

Samdes 
Metabolites, pga r I1 IV V VI 

Urineb 0.93 3.50 0.05 1.86 1.48 
Urine + Standard 1 1.12 5.30 0.19 2.11 1.54 

(102%) ( 110%) (86%) (97%) (93%) 
Urine + Standard 2d 2.65 16.65 0.98 4.78 3.24 

( 102%) (101%) (55%) (95%) ( 100%) 
Urine + Standard 2d 2.65 16.65 0.95 4.78 3.28 

(102%) (101%) (54%) (95%) (101%) 
Recovery 
Mean f SD 102 f 0% 104 f 5% 65 f 18% 96 f 1% 98 f 4% 

~~ ~ 

0 Metabolite designations (see Table I). Urine (0.5 mi) of a premature infant on theophvlline treatment. c Standard 1 = caffeine !0.17 pg), theophylline (1.33 p.g). 
3-methylxanthine (0.17 pg), 1.3-dimethyluric acid (0.32 p g ) .  1-methyluric acid (0.18 pg). d Standard 2 = caffeine (1.68 pg). theophylline (13.34 pg), 3-methylxanthtne 
(1.72 pg), 1.3-dimethyluric acid (3.19 pg), 1-methyluric acid (1.77 pg). 
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Table IV-Recovery of GC-MS Procedure for Theoohslline and Metabolites in Plasma and Red Blood Cells 

Metabolites, pgn 
Sam p 1 e s I I1 IV V VI 

Plasma Blank* 
Plasma + Standard Ic 

Plasma t Standard lC 

Plasma + Standard 2d 

Cell BlankP 
Cells t Standard lC 

Cells t Standard 3f 

Average Recoverv: 

0 
0.35 
(95%) 
0.36 
(97%) 
1.74 
(94%) 
0 
0.40 
108%) 
0.07 

0 
2.16 

(97%) 
2.21 

(99%) 
11.26 

(101%) 
0 
2.06 

(92%) 
0.44 

(98%) 

0.02 
0.38 

(103%) 
0.38 

(103%) 
1.74 
(98%) 
0 
0.30 
(86%) 
0.06 
(86%) 

0.01 
0.60 

(102%) 
0.57 
(97%) 
2.77 
(95%) 
0 
0.60 

( 103%) 
0.11 
(92%) 

0.01 
0.37 

(100%) 
0.37 

(100%) 
1.67 
(92%) 
0 
0.32 
(89%) 
0.07 

(100%) 

Mean> SD - 99 f 6% 97 f 3% 95 f 9% 98 f 5% 96 f 5% 
Plasma (100 pl )  of an adult man without coffee or tea intake. Standard 1 = caffeine (0.37 pg), theophylline (2.23 pg). 3- 

methylxanthine (0.35 p g ) ,  1,3-dimethyluric acid (0.58pg), 1-methyluric acid (0.36pg). Standard 2 = caffeine (1.85pg), theophylline (11.15 pg). 3-methylxanthine (1.75 
pg), 1.3-dimethyluric acid (2.91 pg), 1-methyluric acid (1.80 pg). Washed red blood cells (100 PI). f Standard 3 = caffeine (0.07 Ng), theophylline (0.45 pg), 3-methylxanthine 
(0.07 pg), 1,3-dimethyluric acid (0.12 p ) ,  1-methyluric acid (0.07 pg). 

0 Metabolite designations (see Table I). 

time interval are shown in Table I. The details of this study have been 
reported elsewhere (12, 13). 

Using this sensitive and specific method, it was shown for the first time 
that some of the 3-methylxanthine and 1-methyluric acid had a possible 
endogenous origin. In addition, the oxidation pathways of theophylline 
were quantified and shown to be important. Substantial amounts of 
theophylline are converted to 1,3-dimethyluric acid in premature infants, 
while the metabolic capability of converting theophylline to 3-methylx- 
anthine and 1-methyluric acid is relatively undeveloped. The unusual 
metabolic conversion of theophylline to caffeine in premature infants 
is also confirmed. 

Precision and Recovery of the Method-The precision of this 
method in analyzing theophylline metabolites is shown in Table 11. The 
analysis of caffeine had the lowest coefficient of variation (CV) partly 
due to the fact that the stable isotope-labeled internal standard of caffeine 
was used in the procedure. This internal standard compensated for the 
variation due to incomplete recovery and instrumental instability. With 
the exception of 3-methylxanthine, the coefficients of variation of anal- 
yses are all within 5%. The high variation on 3-methylxanthine analysis 
was due to the fact that its concentration in the urine of premature infants 
was low as compared with other metabolites. 

The recovery of theophylline metabolites was studied by spiking urine, 
plasma, and red blood cell samples with solutions of known amounts of 
metabolites. The samples were analyzed before and after spiking. The 
results are shown in Tables 111 and IV. With the exception of 3- 
methylxanthine, the recovery of all metabolites was essentially quanti- 
tative. The lower urinary recovery of 3-methylxanthine at a higher con- 
centration is probably due to incomplete alkylation under experimental 
conditions. As discussed before, all theophylline metabolites from 
aqueous solutions were alkylated quantitatively within 5 min of the re- 
action time. The slower reaction time of 3-methyixanthine in urine is 
unclear at the present time. It could be partly due to the buffer action 
of urinary electrolytes, which reduce the effectiveness of catalysis by 
potassium carbonate. This hypothesis was supported by the fact that 
recovery of 3-methylxanthine was reduced further without affecting the 
recovery of all other metabolites when the amount of potassium carbonate 
was lowered. 

Attempts were made to improve the recovery of 3-methylxanthine by 
increasing the amount of potassium carbonate and n-propyl iodide or 

by increasing the reaction time. The recovery of urinary 3-methylxanthine 
did improve with these experiments. However, quantitative recovery was 
never obtained. Because increasing the reagents and the reaction time 
increases the possibility of interfering peaks without correcting the 
problem of incomplete recovery of 3-methylxanthine, this modification 
of the procedure was abandoned. 
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Abstract 0 The granule strength (crushing load) of lactose granulated 
with 1-9% povidone was measured initially and at intervals during a 1- 
year period. The granule strengths of dibasic calcium phosphate dihy- 
drate granulated with various concentrations of starch and povidone were 
measured. The axial and radial tensile strengths of tablets compressed 
from these granules were determined and related to concentration of 
binder and granule strength. The effect of compressional force on the 
integrity of granules in a tablet matrix is shown in scanning electron 
photomicrographs of the fractured tablets which had undergone a di- 
ametral compression test. It appears that the compressional force and 
the concentration of binder contribute more than granule strength to 
tablet tensile strength. 

Keyphrases 0 Tablet compression-comparison of granule and tensile 
strength, lactose, povidone 0 Granule strength-tablet compression, 
comparison with tensile strength, lactose, povidone Tensile 
strength-tablet compression, comparison with granule strength, lactoee, 
povidone 

Most materials require pretreatment to ensure tablet 
formation and free flow in the tablet machine. Granulation 
is the process by which fine powders are converted to 
granules with these properties to ensure a uniform fill of 
the die cavity, formation of a tablet, and easy ejection of 
the finished tablet. Granulation also facilitates handling, 
prevents segregation in the formulation blend, and mini- 
mizes dust. Granule strength and friability are important 
as they affect changes in particle size distribution of 
granulations and, consequently, compressibility into co- 
hesive tablets, and also unit dose precision in some tablet 
formulations. They may be useful as quality control pa- 
rameters so that reproducible granulations can be manu- 
factured (1). Granule strength is usually greater as the 
concentration of binder is increased (2-7). For a given lot, 
the larger granules have a greater strength than the smaller 
granules (5,8,9). 

The compression process of particulate material into a 
tablet and the fate of the granule in the tablet have been 
studied (6, 10-12). Most investigations have considered 

Table I-Effect of Humidity on the Crushing Load of 16/20- 
Mesh Granules of Lactose Monohydrate Granulated with 5.0% 
Povidone 

Relative Humidity, % 
0 20 45 70 90 

Exposure, days 14 5 6 4 11 
Loss on dryin , % 5.2 5.4 6.4 5.9 7.5 
Crushing loax g 773.4 873.8 496.7 796.6 241.6 

678.3 667.7 274.4 523.9 712.1 
386.1 241.2 491.8 575.3 367.0 
568.5 830.6 458.4 438.3 143.7 
425.3 842.3 590.7 411.2 466.8 
655.4 422.4 472.7 418.5 583.6 
496.4 214.4 418.5 378.6 489.7 
352.9 190.3 184.1 640.1 778.4 
374.9 373.4 512.7 726.0 540.2 
465.6 326.3 120.4 396.3 207.9 

Average crushing load, g 513.7 498.3 402.0 530.5 453.1 
SD, g 137.5 277.1 155.1 148.9 212.7 

the external dimensions of the tablet, although these may 
not reflect the situation within the tablet matrix (13). It 
seems that granular integrity is progressively lost during 
compression. 

The present study was conducted to compare the 
granule strength with the axial and radial tensile strengths 
of tablets compressed from the granules. Scanning electron 
microscopy was used in an attempt to visualize the granule 
within the tablet matrix. 

EXPERIMENTAL 

Preparation of Granules and Measurement of Crushing 
Strength-All materials were USP or NF grade. A 60/80-mesh size 
fraction of all materials was used. An appropriate quantity of aqueous 
granulating liquid was added to the powder in a planetary mixer' and 
blended for 5 min. The wet mass was then passed through an appropriate 
screen in an oscillating granulator2 operating at slow speed and collected 
on drying trays. The granulation was dried overnight in a forced-air oven 
at ambient temperature. Size classification of the dried granules was 
carried out by shaking for 5 min with a sieve shaker3. 

The technique used to measure the crushing strength of a granule was 
essentially that from a previous study (14) using 50- and 100-ml glass 

i 

a a 
a 
z 3  

J 

2 
l- 

-2.3 -2.0 a- -1 .7  
NATURAL LOGARITHM OF 
GRANULAR SIZE, In (D, cm) 

Figure 1-Relationship of size of lactose rnonohydrategranules gran- 
ulated with pouidone to crushing load. Key: (0) 1.0%; (A) 3.0%; and 
(0) 7.0% povidone. 

* KitchenAid, Hobart, Troy, Ohio. 
Type FGS, Erweka-Apparatebau, GmbH., Heusenstamm Kr., Offenbach/ 

Cenco-Meinzer, Central Scientific Co.. Chicago, Ill. 
Main. 
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Table 11-Crushing Strength of Several Size Fractions of 
Granules of Lactose Monohydrate Granulated with Various 
Concentrations of Povidone 

Crushing Strength, g 
Percent Povidone 

Fraction Size D.cm 1 3 5 7 9 

10/12 0.184 39.0 333.0 383.4 600.6 904.7 
12/14 0.154 79.6 305.4 672.5 571.7 529.5 
14/16 0.130 56.9 189.0 436.6 409.7 877.4 
16/20 0.102 33.9 116.0 358.8 376.6 726.7 

hypodermic syringes4. The modification included the removal of the tip 
of the syringe barrel and the top end of the plunger. The barrel was then 
used as a hollow support and guide tube with close-fitting tolerances to 
the plunger. The hollow plunger with one open end served as a load cell 
to which mercury could be added. A window was cut into the barrel to 
facilitate placement of the granule on the base platen. The plunger acted 
as the movable platen and was set directly on the granule positioned on 
the lower platen. As the rate of loading may effect crushing load (9), 
mercury was introduced from a reservoir into the upper chamber at the 
rate of 10 ghec until the single granule failed. Loading time was <3 min. 
The total weight of the plunger and the mercury required to fracture a 
granule was the crushing load. A minimum of 10 granules were tested, 
and the average load in grams was taken as the crushing strength, F,. In 
the figures only the upper standard deviation bar for granule strength 
is shown. 

The sensitivity of crushing strength to humidity was considered for 
hydrous lactose granulated with 5% povidone. The granules were stored 
in humidity chambers a t  0,20,45,70, and 90% relative humidity (15) for 
various lengths of time as shown in Table I. The percent loss on drying 
was determined by a moisture balance5 after 20 min of IR exposure at 
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Figure 2-Relationship of binder concentration to granule strength 
and tensile strengths of tablets compressed at 2268 kg from granules 
of dibasic calcium phosphate dihydrate granulated with starch. Key: 
(0) granule strength; (0) axial tensile strength; and (0) radial tensile 
strength. 

4 Yale Luer-Lok, Becton Dickenson and Co., Rutherford, N.J. 
5 Ohaus Scale Corp., Florham Park, N.J. 
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Figure 3-Relationship of binder concentration to granule strength 
and tensile strengths of tablets compressed at 2268 (-) and 4536 (- - -) 
kg from granules of dibasic calcium phosphate dihydrate granulated 
with pouidone. Key: (0) granule strength; (0) axial tensile strength; 
(@) radial tensile strength. 

an input of 12 W. The load a t  which a granule failure occurs may be dif- 
ficult to experimentally observe, since a granule may deform plastically 
or a high point on its surface may fracture without failure of the entire 
granule. Thus, there is considerable variance in the crushing loads, as 
shown in Table I and as previously reported (5). Within the precision of 
the apparatus used, it does not appear that humidity significantly af- 
fected the strength of the granule. Although the relative humidity ranged 
from 0 to 90%, the moisture content of the granules was from 5.2 to 
7.5%. 

Preparation of Tablets and Measurement of Tensile 
Strength-An appropriate weight of 16/20-mesh size fraction of granules 
was compressed for 5 sec at  the desired force by 1.275 cm diameter 
punches and die-fitted to a hydraulic press6. At  least 72 hr elapsed be- 
tween tableting and tablet evaluation to allow for any stress relaxation 
within the tablet. The weight and thickness of a minimum of 10 tablets 
were determined. The method of measurement of the axial tensile 
strength (a2) and the radial tensile strength ( u x )  of tablets by a 
tensiometer has been described (16). The mean force of tensile failure 
of 10 tablets was used to calculate the tensile strength. 

RESULTS AND DISCUSSION 

Mechanical Strength of Granules-The crushing strength of 
granules of lactose monohydrate granulated with povidone solution is 

6 Carver model C, Monomonee Falls, Wis. 
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Figure 4-Relationship of binder concentration to granule strength 
to tensile strengths of tablets compressed at 1134 kg from lactose 
monohydrate granules granulated with pouidone. Key: (0) granule 
strength; (0) axial tensile strength; and (a) radial tensile strength. 

shown in Table 11. For a given concentration of povidone the strength 
of a granule is a function of its size. It was suggested previously that 
(17): 

Fg = q D n  0%. 1) 

where D is the diameter of the granule and q and n are constants for a 
material. Using the natural logarithmic form of Eq. 1: 

In F, = q' + n In D (Eq. 2) 

the constants may be evaluated by plotting as shown in Fig. 1. The slopes 
are 2.10,1.90, and 0.88 for 1.0,3.0, and 7.0% povidone, respectively. The 
decrease of the slope as the concentration of binder is increased suggested 
that particle size influences the granule resistance to crushing to a lesser 
extent than the concentration of the binder ( lb21) .  

The strength of dibasic calcium phosphate dihydrate' granules con- 
taining 0.645% starch is shown in Fig. 2. At low concentrations of starch, 
the granule resistance to crushing is weak. As the concentration of binder 
is increased (2-3%), there is a considerable increase in the granule 
strength, and further increases in the concentration of binder only slightly 
increase the granule strength. The inflection in Fig. 2 may represent the 
binder concentration just sufficient to encase the granule surface under 
the conditions of preparation. A further increase of binder will fill in the 
porous openings of the granule, continuing, but to a lesser extent, to in- 
crease the granule resistance to crushing (18). 

The effect of concentration of povidone on the strength of granules of 
dibasic calcium phosphate dihydrates is shown in Fig. 3. The relationship 
is similar to that obtained with starch, and in the range of 3-62 povidone 
in the granules there is the greatest increase in strength. 

The effect of concentration of povidone on the strength of granules of 

Encompress, Edward Mendell Co.. Carmel. N.Y. * USP, Ruger Chemical Corp., Irvington, N.J. 
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Figure 5-Effect of time on thegranule strength of 16f.20-meshgranules 
of lactose monohydrate granulated with various concentrations of 
pooidone. Key: (0)  1 % ;  (A) 3%; (0) 5%; (0) 7%; and (W) 9% poui- 
done. 

lactose monohydrate is shown in Fig. 4. Again the range of 3 4 %  povidone 
in the granules provides the greatest increase in strength of the 
granule. 

Aging has been reported to affect the mechanical properties of com- 
pressed tablets (22). Lactose granules containing l-Wo povidone were 
stored at  4045% relative humidity and at ambient temperature, and the 
crushing load was measured initially and at  1,3,6, and 12 months. The 
data are plotted in Fig. 5. Within the variance of the experimental ap- 
paratus aging does not appear to markedly affect the crushing strength 
of the granule. 
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Figure 6-Relationship of granule strength to tensile strengths of 
tablets compressed at 2268 and 4536 kg from dibasic calcium phosphate 
dihydrate granulated with pooidone. Key: (0) axial and (a) radial 
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C D 
Figure 7-Scanning electron photomicrographs of tablets of dibasic calcium phosphate dihydrate and starch. Key: (A) location above center 
of tablet, compressional force 454 kg, starch 1.2%, original magnification 1OOOX; (Bj location near axial and radial tablet surface, same tablet 
as (A); fC) location near center o f  tablet, compressional force 1134 kg, starch 4.5%, original magnification ZOOOX; and (0) same as (C) but originnl 
magnification 6000X. 

Relationship of Granule Strength to Tablet Tensile Strength-A 
16/20-mesh size fraction of granule was selected for investigation, since 
this is a tablet granulation size often used in commercial production. The 
relationship of the axial and radial tensile strengths of tablets compressed 
at 2268 and 4536 kg of force to the crushing strength of granules of dibasic 
calcium phosphate dihydrates granulated with povidone is shown in Fig. 
6. For the various granules compressed at  a given force, the tensile 
strength of the tablet is increased as the resistance to crushing is in- 
creased. The granule strength is increased as the concentration of binder 
is increased; therefore, the effect of granule strength on tensile strength 
is probahly inseparable from the effect of concentration. The form of a 
plot of tensile strength against concentration of binder is similar to that 
of the granule strength against concentration, as shown in Fig. 3. 

The relationship of concentration of binder to granule strength and 
to tensile strengths of dibasic calcium phosphate dihydrate tablets 
granulated with starch and compressed at  2268 kg is shown in Fig. 2. The 
plot of granule strength against concentration of binder is similar to that 
of the plot of tablet tensile strength against concentration. 

The relationship of concentration of binder to granule strength and 
to tensile strengths of lactose monohydrate tablets granulated with 
povidone and compressed at  1134 kg is shown in Fig. 4. Again, the form 
of the granule strength-concentration curve and the tensile strength- 
concentration curve is similar. 

Visualization of Granule Fate-The fate of a granule in the tableting 
process has been followed by several investigators (10,13,23). It has been 
reported (11) that within a given range of compression the integrity of 

an individual granule in a compact may be demonstrated. Another report 
(12) showed that at low compressional force there was no apparent change 
in volume because interparticulate slippage shortens the granule, but its 
diameter increased as it was flattened. At intermediate forces, plastic 
deformation and consolidation continued to flatten the granule, but solid 
bridges were formed without the diameter of the granule increasing, so 
that a reduction of volume occurred. Finally, at high compressional force, 
a structure was formed that could support the applied force without 
further consolidation. 

The effect of compressional force on the deformation of granules within 
a tablet may be visualized by scanning electron microscopy of the surface 
produced by fracture of the tablet in the diametral compression test. 
Differences in porosity within a compact have been reported (13). In Fig. 
7A the photomicrograph is of a porous region immediately above the less 
porous center of a dibasic calcium phosphate dihydrate tablet compressed 
at  454 kg from granules containing 1.2% starch. In Fig. 7B the photomi- 
crograph is of a denser region near the surface of the same tablet. 

The structure of a dibasic calcium phosphate dihydrate tablet com- 
pressed at 1134 kg from granules containing 4.5% starch is shown in Fig. 
7C and D. Two pockets of starch may be seen within the matrix of the 
tablet. It may be that the pockets occur because the amount of starch is 
greater than that amount required to just encase the granule (18). A t  
higher compressional forces these starch structures become indistin- 
guishable. 

The porosity of a compressed tablet is decreased as compressional force 
is increased (24,25). Photomicrographs of the center of tablets of dibasic 
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C D 
Figure 8-Scanning electron photomicrographs of center of tablet of dibcrsic calcium phosphate7 and 4.5% starch. Original magnification 3000X. 
Key: compressional force (A) 454; (B) 2268; (C) 4536; and (Dj 9402 kg. 

calcium phosphate dihydrate compressed a t  454,2268,4536, and 9402 
kg from granules containing 4.5% starch are shown in Fig. 8. In Fig. 8A, 
at  a low compressional force of 454 kg, the original granule may be dis- 
tinguished. As the compressional force is increased, the granule is frac- 
tured, and no original granules can be seen because consolidation has 
occurred (Fig. 8B-D). This agrees with the general thought that they 
should break down on compaction in the die (26). 

As shown in Fig. 6, as the compressional force is increased from 2268 
to 4536 kg, the tablet tensile strength is increased. Although the crushing 
strength of granules is important in the handling of the granulation in 
the tablet process and in tablet reproducibility, the compressional force 
and the concentration of binder appear to be more basically related to 
the tablet tensile strength. 
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Abstract A fast and simple procedure was developed for the quanti- 
tative determination of vincristine sulfate for use in preformulation 
studies. The procedure involves the use of high-performance liquid 
chromatography with a reverse-phase column and a mobile phase con- 
taining the sodium salt of 1-pentanesulfonic acid for ion-pairing. The 
procedure has een shown to be specific for vincristine sulfate in the 
presence of forced degradation products of this substance, vinblastine 
(a structurally similar Vinca alkaloid), and several possible formula ex- 
cipients. The procedure is linear from 10-200% of the normal injection 
concentration, and has an assay precision (relative 2u) of 61.6%. Recovery 
of known samples averaged 99.7%. 
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Vincristine sulfate (I), an antineoplastic agent originally 
obtained from extracts of Vincu roseu, is structurally re- 
lated to vinblastine. An analytical procedure was required 
for the determination of vincristine sulfate in samples re- 
sulting from preformulation studies. The procedure had 
to be capable of accurate and precise quantitation, specific 
in the presence of a number of possible excipients, and 
stability indicating. Because a large number of samples 
were to be examined, it was also necessary that the pro- 
cedure be rapid and simple. 

A number of assay procedures have been reported for 
vincristine sulfate (1); however, some are not stability in- 
dicating (direct spectrophotometric analysis), others are 

’‘C,H, 

time consuming and complex (colorimetric analysis), and 
some are not sufficiently accurate and precise (TLC 
analysis). Several high-performance liquid chromato- 
graphic (HPLC) methods have been reported. One pro- 
cedure (2) requires a 40-min gradient with a vincristine 
retention time of -25 min. This was deemed too lengthy 
for the proposed purpose. 

Another procedure (3) required the use of ammonium 
carbonate in the mobile phase. Since the column life might 
be shortened appreciably by the presence of ammonium 
carbonatel, this procedure was not used. This paper re- 
ports the development of a simple and rapid HPLC pro- 
cedure for the determination of vincristine sulfate sta- 
bility. 

EXPERIMENTAL 

Reagent and Chemicals-Acetonitrile and methanol were HPLC 
grade2, and were used without further purification. Water was distilled 
and filtered3 prior to use. Vincristine sulfate was used as received4. All 
other reagents were ACS grade or better and used without further puri- 
fication. 

Equipment-A liquid chromatograph5 was connected to an injection 
valve6, a variable-wavelength detector7, a recorde$, and an inte- 
grators. 

A columni0 consisting of a monomolecular layer of a phenylorganosi- 
licone permanently bonded to polar, porous silica particles was used. 

The mobile phase consisted of 30% acetonitrile and 70% aqueous so- 
lution which contained 0.02 M ammonium acetate and 0.005 M of the 
sodium salt of 1-pentanesulfonic acid adjusted to pH 2.0 with 10% v/v 
nitric acid”. The flow rate was 2.5 mumin (pressure was -2000 psi). The 
detector sensitivity was 0.1 AUFS at 254 nm. Chart speed was 60 cm/ 
hr. 

Internal Standard Preparation-Propyl p-hydroxybenzoate (-30 
mg) was accurately weighed and transferred to a 100-ml volumetric flask. 

~ ~~~~~ 

p-Bondapak and p-Porasil Liquid Chromatography Columns Care and Use 

Burdick and Jackson Laboratories, Inc., Muskegon, Mich. 
Type HA, 0 . 4 5 ~  filter, Millipore Corp., Bedford, Mass. 
Gedeon Nichter Ltd., Budapest, Hungary. 
Model 5OOO Varian Associates, Walnut Creek, Calif. 
Valco injection valve with pneumatic actuator, Valco Instruments, Houston, 

Model UV-50 Varichrom, Varian Associates, Walnut Creek, Calif. 

Model CDS-111L, Varian Associates, Walnut Creek, Calif. 

Beckman Model Zeromatic 11, Beckman Instruments, Fullerton, Calif. 

Manual, Waters Associates, Milford, Mass. 

Tx. 

* Model 9176, Varian Associates, Walnut Creek, Calif. 

lo p-Bondapak Phenyl, Catalcg No. 17198 (30 cm X 3.9-mm id.), Waten, A m -  
ciates, Milford, Mass. 
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lated to vinblastine. An analytical procedure was required 
for the determination of vincristine sulfate in samples re- 
sulting from preformulation studies. The procedure had 
to be capable of accurate and precise quantitation, specific 
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time consuming and complex (colorimetric analysis), and 
some are not sufficiently accurate and precise (TLC 
analysis). Several high-performance liquid chromato- 
graphic (HPLC) methods have been reported. One pro- 
cedure (2) requires a 40-min gradient with a vincristine 
retention time of -25 min. This was deemed too lengthy 
for the proposed purpose. 

Another procedure (3) required the use of ammonium 
carbonate in the mobile phase. Since the column life might 
be shortened appreciably by the presence of ammonium 
carbonatel, this procedure was not used. This paper re- 
ports the development of a simple and rapid HPLC pro- 
cedure for the determination of vincristine sulfate sta- 
bility. 
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Reagent and Chemicals-Acetonitrile and methanol were HPLC 
grade2, and were used without further purification. Water was distilled 
and filtered3 prior to use. Vincristine sulfate was used as received4. All 
other reagents were ACS grade or better and used without further puri- 
fication. 

Equipment-A liquid chromatograph5 was connected to an injection 
valve6, a variable-wavelength detector7, a recorde$, and an inte- 
grators. 
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licone permanently bonded to polar, porous silica particles was used. 
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Table I-Forced Degraded Specificity Table 11-Relative Retention Times of Some Compounds of 
Interest 

Product 

Intact 
Acid degradation 
Base degradation 
Aqueous 

degradation 
Dry powder 

degradation 
Lieht deeradation 

Amount 
Degraded, 

% 

- 
65 
81 
24 

27 

28 

295 nm/ 
254 nm 

0.974 
0.963 
0.964 
0.933 

0.984 

0.969 

Errora, 
% 

- 
-1.1 
-1.0 
-4.2 

+1.0 

-0.5 

275 nm/ Errord, 
254nm % 

0.776 - 
0.755 -2.7 
0.770 -0.8 
0.783 +0.9 

0.801 +3.2 

0.801 +3.2 
~~~~~ ~~ ~~ 

x 1m. 

The material was dissolved in 25 ml of methanol and diluted to volume 
with water. 

Standard and Sample Preparation-Approximately 25 mg of vin- 
cristine sulfate standard or sample was accurately weighed (or an accurate 
volume of a sample solution containing -25 mg of vincristine sulfate was 
pipeted) and transferred to a 100-ml volumetric flask. Exactly 10 ml of 
internal standard solution was added and the resulting solution was di- 
luted to volume with water. 

Assay Method-A 20-4 aliquot of the standard and of each sample 
was injected under the chromatographic conditions described. Standards 
were injected at the beginning, the middle, and the end of each run. Each 
sample was injected once. Samples and standards were not allowed to 
remain in solution more than 8 hr and were protected from light. Samples 
were calculated using a factor derived from the average of all standards 
injected. A typical chromatogram is shown in Fig. 1. 

Standard Factor 

test ratio - intact ratio 
intact ratio a Error = 

Calculations-Results were calculated as vincristine sulfate. 

- Standard Wt (mg) X % Purity X Internal Standard Area - 
Standard Area X Internal Standard Wt (mg) X 100% 

Vincristine Sulfate (mg) 
- Standard Factor X Sample Area X Internal Standard Wt (mg) - 

Internal Standard Area 
Vincristine Sulfate (mg/ml) 

- Standard Factor X Sample Area X Internal Standard Wt (mg) 

Degradation Procedure-Vincristine sulfate was degraded under 
the following conditions to test the procedure for specificity in the 
presence of vincristine degradation products: 

1. A weighed portion of dry material was held at 85' for 80 hr in an 
open vial. 
2. A portion of dry material was placed in an open quartz vessel and 

subjected to 2437-A light1* (-16,000 pW/cm2) for 80 hr. 
3. An aqueous solxtion of the material at a concentration of 0.25 m g / d  

was titrated to pH 2.0 with 2 N HCl and held for 2 hr at 85'. 
4. An aqueous solution of the material at a concentration of 0.25 mg/ml 

was titrated to pH 11.5 with 2 N NaOH and held at  room temperature 
(25') for 1.5 hr. This solution was neutralized before injection. 

5. An aqueous solution of the material at a concentration of 0.25 m g / d  
was held unchanged (pH 7.5) a t  85' for 4 hr. 
In each case, degradation was allowed to proceed until -2575% of the 
vincristine sulfate had been degraded. Thus, some intact vincristine 
sulfate remained at  the end of each time interval. Dry materials were 
dissolved in water a t  a concentration of 0.25 mg/ml. Separate injections 
were made of each of the degradation solutions with detection at 254 nm 
(vincristine sulfate maximum at 255 nm), 296 nm (maximum), and 275 
nm (minimum) (I). Area ratios were then calculated for the peak assumed 
to be pure vincristine sulfate and these were compared with area ratios 
obtained from a freshly prepared solution of pure vincristine sulfate a t  
the same wavelengths. 

- 
Internal Standard Area X Volume Sample Taken (ml) 

RESULTS AND DISCUSSION 

The method originally used an eluant consisting of 50?6 methyl alcohol 
and 50% 0.01 M ammonium acetate adjusted to pH 4.0, and an octade- 

12 Rayonet Photochemical Reactor, The South New England Ultraviolet Co., 
Middletown, Conn. 

Compound Relative Retentionn 

Vincristine sulfate 
Vinblastine sulfate 
Major acid degradation product 
Major base degradation product 
Light de radation product 
Benzyl aycohol 
Parabens 

Methyl 
Ethyl 
Prowl 

1.00 
1.57 
1.32 
0.40,0.51 
1.34 
0.27 

0.40 
0.55 
0.78 

BuCd 1.20 

retention time of compound (min) 
retention time of vincristine sulfate (min)' aRelative retention = 

cylsilane reverse-phase column13. However, peak shape was rather poor. 
It was found that the peak shape could be improved by lowering the pH 
to 2.0 with 10% v/v nitric acid. Preliminary examination of this method 
with a partially degraded vincristine sulfate solution indicated a lack of 
resolution between vincristine sulfate and an unknown degradation 
product. Addition of a 0.005 M solution of the sodium salt of heptan- 
esulfonic acid and increasing the ammonium acetate concentration to 
0.02 M improved the resolution, but not sufficiently. Switching from 
methyl alcohol to acetonitrile (which required an adjustment in the 
aqueowrganic ratio from 5050 to 70:30 for adequate retention) greatly 
increased resolution. The resolution between vincristine sulfate and the 
unknown degradation product a t  this point was -1.0. Although this may 
have been adequate, it was found that by changing from an octadecylsi- 
lane to a phenyl column, baseline separation could be achieved between 
these two compounds. 

In the subsequent use of this system, it was found that minor changes 
in the acetonitrile concentration of the eluant produced major changes 
in the retention time of vincristine sulfate. To reduce this tendency, and 
also to shorten the retention time and further improve peak shape, the 
ion-pairing reagent was changed from a 0.005 M solution of the sodium 
salt of heptanesulfonic acid to a 0.005 M solution of the sodium salt of 
pentanesulfonic acid. This produced the system described above (Ex- 
perimental), which was tested for specificity, linearity, precision, and 
accuracy. 

Specificity-The forced degradation products of vincristine sulfate, 
which were produced as described above, were examined using the HPLC 
procedure to ensure that none would interfere with intact vincristine. 
The results (Table I) indicate that the forced degradation products do 
not interfere with the vincristine sulfate. A few of the results have 34% 
errors. If the three wavelengths had been monitored simultaneously for 
each injection, this might have been significant. However, each of these 
ratios is the result of two separate injections each of which has a precision 
of - f2%. 

Vincristine sulfate is isolated from extracts of the periwinkle plant; 
thus, isolated precursors probably are nonexistent. However, other Vinca 
aJkaloids are possible interferences. One of these, vinblastine sulfate, was 
found to have a retention time of 12.1 min. Vinblastine sulfate differs 
structurally from vincristine sulfate only by the presence of a methyl 
group instead of an aldehyde moiety at  the anilino-nitrogen in the vin- 
doline portion of the molecule (1). 

A number of possible formulation excipients were examined for in- 
terference with vincristine sulfate in this system: 
1. Buffers: citrate-citric acid, acetate-acetic acid, and phosphate 

buffers at 0.1 M and 0.2 M did not interfere. 
2. Sugars: lactose and mannitol a t  1 mg/ml showed no interference. 
3. Sodium chloride: sodium chloride did not interfere. 
4. Benzyl alcohol: benzyl alcohol had a retention time of 2.2 min. 
5. Parabens: none of the parabens (methyl, ethyl, propyl, or butyl) 

interfered with vincristine sulfate using this system. Table I1 shows the 
relative retention times of some compounds of interest using this 
system. 

Linearity-Vincristine sulfate showed a linear response from 10-2Wo 
of the normal injection concentration. The linear correlation coefficient 
was found to be +0.99990, and the intercept was -0.06% of the response 
of the normal injection concentration. Thus single-point standardization 
was deemed to be adequate. 

l3  Internal communication from J. T. Woolever, Analytical Research and De- 
velopment Department, Bristol Laboratories, Syracuse, NY 13201. 
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+Vincristine 
Sulfate 

MINUTES 

Figure I-Typical uincristine sulfate chromatogram with retention 
times. 

Chromatographic Precision-The chromatographic precision was 
determined by making six injections from a single freshly prepared so- 
lution of vincristine sulfate in water (0.25 mg/ml) on each of 3 days. The 
precision was calculated each day as two standard deviation units (95% 
confidence interval) relative to the mean expressed as a percentage. The 
chromatographic precision was taken to be the root mean square of the 
three relative 20s, and was found to be f2.3%. 

Accuracy and Assay Precision-An estimate of the procedural ac- 
curacy was obtained by assaying six replicate weighings of vincristine 
sulfate uersus a seventh weighing used as a standard. The reproducibility 
of the recoveries was used as an estimate of assay precision. Table 111 lists 
the results. 

Stability in Diluent-The six solutions used for accuracy determi- 
nation were held for 24 hr in the dark at  room temperature (25’). They 
were then reassayed uersus a fresh standard solution as an estimate of 
stability in diluent. As shown in Table IV, the average loss over 24 hr was 
-5%. Therefore automated runs are feasible as long as vincristine sulfate 
is not held in solution for >8 hr and is protected from light. 

In the routine use of this procedure, several precautions need to be 
taken. The mobile phase should be prepared with care, since small 
changes in the acetonitrile percentage produce large retention-time 
changes. However, as the column ages, small changes in the acetonitrile 
concentration may be necessary to maintain vincristine-internal standard 
resolution. Prior to beginning a run, the column should be conditioned 
with eluant for at least 30 min and several standard injections should be 

Table 111-Accuracy and Assay Precision 

Sample Calc. Wt, mg Actual Wt, mg Recoverya, ?6 

1 24.71 
2 26.36 
3 25.26 
4 24.40 

25.09 
26.49 
25.03 
24.44 

98.5 
99.5 

100.9 
99.8 ~~ ~~ 

5 25.85 25.85 100.0 
6 25.17 25.29 99.5 

Average is 99.7% with a relative 2a value of f1.57%. 

Table IV-Stability in Diluent 

Sample Calc. Wt, mg Actual Wt, mg Recoverya, % 

1 
2 
3 
4 
5 
6 

23.88 
24.81 
24.26 
23.28 
24.81 
23.89 

25.09 
26.49 
25.03 
24.44 
25.85 
25.29 

95.2 
93.6 
96.9 ~. . 

95.2 
96.0 
94.5 

a Average is 95.290. 

made until retention times are constant (usually -3-5 injections). After 
use, the column should be rinsed with 30-50 ml of 1:l v/v acetonitrile- 
water. Vincristine sulfate is extremely toxic and possibly carcinogenic; 
therefore, it should be handled with caution. Protective apparel shouId 
be worn, and all solutions (including spent HPLC eluant) should be 
disposed of properly. 

As a measure of system suitability, typical chromatographic parameters 
are shown below: 

Vincristine Sulfate Propylparaben 
Efficiency (platesholumn) 1700 3500 
HEPTL4 0.018 0.008 
Asymmetry 1.2 1.05 
k’ 7 5 

The minimum acceptable values for vincristine sulfate are an efficiency 
of lo00 plates/column and a k’ value of 6-10. In addition, there should 
be baseline separation between vincristine sulfate and propylparaben, 
the internal standard. 
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Abstract Protoberberine alkaloids such as palmatine (I), 13-meth- 
ylpalmatine iodide (II), 2,3-methylenedioxy-lO,ll-dimethoxy-13- 
methylprotoberberine iodide (III), 2,3-methylenedioxy-9,1O-dime- 
thoxy-13-methylprobberberine chloride (IV), and berberine (V) showed 
inhibition of reverse transcriptase activity of RNA tumor viruses in the 
presence of polyriboadenylic acid-oligodeoxythymidylic acid (VI), 
polydeoxyadenylic acid-oligodeoxythymidylic acid (VII), activated calf 
thymus deoxyribonucleic acid (IX), and 70s ribonucleic acid (X), but 
not in the presence of polyribocytidylic acid-oligodeoxyguanylic acid 
(VIII). These results indicated that the alkaloids caused inhibition of the 
enzyme activity by interacting with the template primer, particularly of 
the adenine-thymine base pair. Furthermore, the alkaloids competed 
with the template primer-binding site of the enzyme. The time course 
inhibition indicated that the alkaloids stopped the DNA synthesis in- 
stantly when added after the initiation of polymerization processes. In- 
hibition of reverse transcriptase activity was correlated with the structure 
and antileukemic activity of the protoberberine alkaloids. 
Keyphrases Protoberberine alkaloids-inhibition of reverse tran- 
scriptase activity, reaction kinetics, structure-activity relationships 
Reverse transcriptase-effect of protoberberine alkaloids, reaction ki- 
netics, structure-activity relationships 0 Enzyme inhibition-effect of 
protoberberine alkaloids on viral DNA polymerase, reaction kinetics, 
structure-hctivity relationships Structure-activity relationships- 
protoberberine alkaloids, in uitro inhibition of reverse transcriptase 
activity 

Protoberberine alkaloids are a class of isoquinoline al- 
kaloids that possess a wide variety of biological properties 
(1) t i e . ,  antimicrobial (2-41, uterine contracting or stim- 
ulating (5, 6), and anticancer (7-9)]. Berberine chloride, 
one of the protoberberine alkaloids has been extensively 
studied, and exhibits antibacterial, antifungal, and anti- 
protozoal properties (10,ll).  It also antagonizes cholera 
toxin (12, 13) and possesses intercalating (14-16) and 
mutagenic properties (17). Recently, berberine (V), 13- 
methylpalmatine (II), and 2,3-methylenedioxy-lO,ll- 
dimethoxy-13-methylprotoberberine (111) were reported 
to possess antitumor activity against experimental tumors 
(18), but lacked antileukemic activity against P-388 mu- 
rine lymphocyte Ieukemia (19). 

In view of the observation that some benzophenan- 
thridine alkaloids are potential inhibitors of reverse 
transcriptase activity (20-22), the structurally related 
protoberberine alkaloids were examined for their effect on 
reverse transcriptase activity of RNA tumor viruses. It was 
considered worthwhile to screen these alkaloids for their 
antireverse transcriptase activity and correlate this activity 
with their structures and their antileukemic activity. 

Reverse transcriptase (RNA-directed DNA polymerase) 
enzyme was discovered in RNA tumor viruses (retrovi- 
ruses) by Baltimore (23) and Temin and Mizutani (24) in 
1970. Since this discovery and association of the retrovi- 
ruses with leukemia, lymphoma, and sarcoma of several 
vertebrates including primates (25), massive literature on 
the isolation, characterization, cell transformation, in- 

hibitors, etc., has accumulated over the past decade (26, 
27). Recent findings of retroviral information in human 
leukemia (28,29) and human cutaneous T-cell lymphoma 
cell line (30,31) suggests a link between the RNA tumor 
viruses and human cancer. Consequently, the inhibitors 
of viral reverse transcriptase may contribute to approaches 
made toward the prevention of cancer. 
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Table I-Effect of Different Template Primers on Inhibition of 
AMV Reverse Transcriutase Activitv bv Protoberberine 
Alkaloid a 

~ 

Alkaloid Template Primer Inhibition, ?h 

I 

I1 

IV 

VI 
VII 

VIII 
IX 
X 

VI 
VII . -- 

VIII 
IX 

100 
99 
1 

98 
98 
98 
97 .. 

2 
97 

X 96 
111 VI 95 

VII 95 
VIII 3 

IX 94 
X 94 

VI 97 
VII 96 

VIII 4 
IX 96 
X 95 

V VI 90 
VII 85 

VIII 5 
IX 84 
X 80 

Alkaloid used for each inhibition was 12 pg/assay and the standard assay con- 
ditions aa published previously (21) were followed. DNA and RNA polymerases 
of E. Coli under the standard assa conditions were less sensitive than viral poly- 
merases to alkaloid inhibition. * Jtandard assay conditions were followed using 
thymidine triphosphate radioactive substrate except where otherwise specified 
under Experimental. The names of template primers and templates used are given 
in Materials and Methods. 

EXPERIMENTAL 

Materials and Methods-Purified reverse transcriptase from avian 
myeloblastosis virus' (AMV) contained specific activity of 92,472 U/mg 
of protein. The enzyme preparation contained 10,072 U/ml of reverse 
transcriptase activity and a protein content of 0.11 mg/ml. One unit of 
enzyme activity was expressed as the incorporation of 1 nmole of deox- 
ythymidine monophosphate into an acid-insoluble product in 10 min at 
37". The purity of the enzyme preparation was determined by an estab- 
lished procedure (32). Reverse transcriptase from Rauscher murine virus2 
(MuLV), propagated from JL!3-V9 cell line had an activity of 4.00 nmoles 
of thymidine monophosphate incorporation/30 min/d. DNA polymerase 
from simian sarcoma virus type l3 (SSV) was derived from tissue culture 
fluids of the SSV-I-NC-37 cell line and purified by a previous method 
(20). It had an activity of 6.00 nmoles of thymidine monophosphate in- 
corporation/30 min/ml. The 70s RNA4 from MuLV was purified by a 
published method (33). Reverse transcriptase assay and enzyme inhibi- 
tion were carried out by a method previously reported (21). Appropriate 
concentrations of the protoberberine alkaloids5.6 were dissolved in di- 
methyl sulfoxide. Control assays were performed without the alkaloids 
but contained an equivalent volume of dimethyl sulfoxide. The results 
were expressed as the percent of control activity. 

The protoberberine alkaloids tested were palmatine5 (1,NSC 209407), 
13-methylpalmatine iodide6 (II), 2,3-methylenedioxy-lO,ll-dime- 
thoxy-13-methylproterberine iodide5 (II1,NSC 276348), 2,3-methy- 
lenedioxy-9,10-dimethoxy-13-methylprotoberberine chloride6 (IV), and 
berberine chloride5 (V,NSC 163088). 

The template primers or templates used were polyriboadenylic acid. 
oligodeoxythymidylic acid (VI), polydeoxyadenylic acid-oligodeoxy- 
thymidylic acid (VII); polyribocytidylic acid-oligodeoxyguanylic acid 
(VIII) (2.00 nmoles of [3H]deoxyguanosine triphosphate, 380 cpm/mole 
substrate), activated calf thymus DNA (1x1 (2.20 pg activated deoxyri- 
bonucleic acid, 10 nmoles each of deoxyadenosine, deoxycytidine, and 

Life Science Research Labs., St. Petersburg, Fla., through the courtesy of Dr. 

Bionetics Laboratory Products, Kensington, Md. 

Gift from Dr. ZReitz, Litton Bionetin, Bethesda, Md. 

d. Beard. 

3 Pfizer, Inc., Ma 

5 Drug Synthesis and Chemistry, Division of Cancer Treatment, NCI, Bethesda, 
6 Dr. Mark Cushman, Purdue University, West Lafayette, IN 47907. 

oqd, N.J. 

Md. 

0 20 40 60 80 100 120 140 160 180 200 
ALKALOID, pg/ml 

Figure 1-Effect of protoberberine alkaloids on AMV reverse tran- 
scriptase activity. In a standard assay mixture (0.10 ml) containing5 
~l of enzyme, different concentrations of alkaloids I (n), I1 (O), I l l  (a), 
IV (A), and V (A) were used for enzyme inhibition. 

deoxyguanosine triphosphates and 2.50 nmoles of [3H]thymidine tri- 
phosphate substrates); 70s ribonucleic acid (X) (MuLV) of 0.05 optical 
density units (260 nm). 

RESULTS AND DISCUSSION 

The in vitro inhibition of AMV reverse transcriptase activity by pro- 
toberberine alkaloids I-V in the presence of template primer (VI) is 
shown in Fig. 1. Fifty percent enzyme inhibition by alkaloids I-V was in 
the range of 30-35 pg/ml (I), 60-65 pg/ml (111, 65-70 pg/ml (III), 70-75 
pg/ml (IV), and 100-105 pg/ml (V). Similar results were obtained on 
MuLV and SSV reverse transcriptase activity (data not shown). Based, 
on the nature of inhibitory curves and 50% inhibition of enzyme activity, 
alkaloids I, 11-IV, and V were classified as potent, moderate, and very 
weak inhibitors of reverse transcriptase activity, respectively. Purified 
AMV, MuLV, and SSV reverse transcriptase activities were also inhibited 
by these protoberberine alkaloids in the presence of VII, IX, and X 
template primers, but a very low degree of inhibition of enzyme activity 
was observed when VIII template primer was used (Table I). The dif- 
ferent percentage of inhibition of enzyme activity observed in the pres- 
ence of these template primers indicated that the inhibition of the enzyme 
activity was due to the interaction of alkaloids with template primers and 
not with the enzyme protein; otherwise the same percentage of inhibition 
of enzyme activity would have been observed regardless of the different 
template primers used. A very low degree of inhibition of enzyme activity 
in the presence of VIII as compared with VI, VII, M, and X was indicative 
of the strong binding affinity of alkaloids with the adeninethymine base 

loot 
k 
2 
0 60 
0 

a 
20 

to 

0 5 10 15 20 30 
ENZYME, MI OR TEMPLATE PRIMER, pg 

Figure 2-Effect of increasing concentrations of AMV reverse tran- 
scriptase or template primer on protoberberine alkaloid-inhibited re- 
action mixture. The standard assay mixture (0.10 ml) contained 5 pl  
of AMVreverse transcriptase and 6 pg of I (a) or 12 pg of I l l  (W) or 2.5 
pg of VI template primer and 6 pg of I (0) or 12 pg of 111 (0). 
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Figure 3-Double-reciprocal plot (Lineweaver-Burk plot) of I/velocity 
versus lltemplate primer shown by alkaloid I. Units of velocity (V) are 
expressed as counts per min X of ~nethyl-[~Hlthymidine mono- 
phosphate incorporated into DNA synthesis. Concentrations of tem- 
plate primer (VI) are expressed in pg/ml. Alkaloid I concentrations were 
0 (0); 0.3 pg/ml (A); 0.9 fig/(O) in the standard assay mixture. 

pair template primers. The interaction or competition of alkaloids with 
manganese chloride was ruled out, because the increasing concentration 
of this metal ion in the assay mixture did not change the enzyme activity 
(data not shown). The possibility of interaction of alkaloids with potas- 
sium chloride or substrate ([3H]thymidine or guanosine triphosphate) 
was not considered, since the latter was present in the reaction mixture 
in 8- or 25-fold, respectively, in excess of the IDSO of the alkaloid con- 
centration. 

To explain further the mode of action of alkaloids I and 111, the effect 
of increasing the concentrations of AMV reverse transcriptase enzyme 
or template primer (VI) on the alkaloid-inhibited reaction mixture was 
observed, as shown in Fig. 2. The increasing concentration of the enzyme 
from 5 to 20 pl or template primer from 3 to 20 pg in the assay mixture 
resulted in the full restoration of enzyme activity of the alkaloid-inhibited 
reaction mixture. Similar results were shown by alkaloids 11, IV, and V 
(data not shown). These results could be due to the dissociation of the 
enzyme-template-alkaloid ternary complex in the reaction mixture in 
the presence of excess template primer or enzyme. The data support the 
previous observation that the alkaloids interacted with the template 
primer. The Lineweaver-Burk plot (Fig. 3) obtained by alkaloid I was 
of a competitive type indicating interaction of the alkaloid with the 
template primer binding site of the enzyme. Similar plots were obtained 
in the case of alkaloids 11-IV (data not shown). The time course of inhi- 
bition of reverse transcriptase activity by alkaloids I and 111 is shown in 
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Figure 4-Effect of addition of protoberberine alkaloids during AMV 
reverse transcriptase kinetic reaction. For each assay, 2 ml of standard 
assay mixture containing 100 pl of enzyme was divided into four parts: 
A(0.60 ml), B(0.50 ml), Cf0.50 ml), D(0.40 ml). From A, a 0.10-sample 
was withdrawn at zero min, and the remaining quantity was incubated 
at 370. One-tenth-milliliter samples from Afcontrol, 0) were withdrawn 
at 5,10,20,30, and 50 rnin after incubation. Parts J?, C, and D were also 
incubated at 37'. and 60 pglml or 120 pglml solutions of alkaloid I (0) 
or III (o), respectivel-v, were added a t  5 , I O ,  20, and 30 min after incu- 
bation. One minute after addition of the alkaloid, 0.10-ml samples were 
withdrawn from B, C, and D at  5-min intervals. Radioactivity of each 
sample was determined. 

Table 11-Effect of Functional Groups of Protoberberine 
Alkaloids on Inhibition of Reverse Transcriptase Activity 

50% 
Inhibition, 

Alkaloid pglml Functional Group" 

I 32 Maximum inhibition due to methoxyl 
groups at positions 2,3,9, and 10 

I1 62 Decrease of inhibition due to methyl 
group at position 13 

111 67 Increase of inhibition due to methoxyl 
groups at positions 10 and 11 as 
compared with positions 9 and 10 

IV 72 Decrease of inhibition due to methyl 
group at  position 13 

methylenedioxy group at  positions 2 
and 3 

V 102 Decrease of inhibition due to 

For functional roups refer to the individual structure of the alkaloids. b This 
increase in 50% inhi%ition is relative to the inhibition exhibited by alkaloid IV. Other 
50% inhibitions are compared with the maximum inhibition displayed by alkaloid 
I. 

Fig. 4. The controlled activity of the reaction mixture was determined 
without the alkaloids. During the time course of the reaction, the alkaloids 
were added at  10,20,30, and 50 min after initiation of DNA synthesis. 
As soon as the alkaloids were added, the enzyme activity was abruptly 
changed, as indicated by the [3H]thymidine monophosphate incorpo- 
ration. Further incubation of the reaction mixture did not change the 
kinetics of DNA synthesis or degrade the product. The immediate ces- 
sation of the polymerization reaction by the alkaloids may be due to the 
interaction of the alkaloids with the template primer. Similar results were 
obtained with alkaloids 11, IV, and V (data not shown). 

The individual members of the protoberberine alkaloids showed dif- 
ferent degrees of inhibition of reverse transcriptase activity, although 
the mode of action was similar in each case. Therefore, variation in 50% 
inhibition of enzyme activity by the protoberberine alkaloids could be 
attributed to the structure of the alkaloids. A maximum of 5 W  inhibition 
of enzyme activity (32 pg/ml) was observed in alkaloid I (base or iodide), 
which has two methoxyl groups at  positions 2 and 3 of ring A and two 
methoxyl groups at positions 9 and 10 of ring D (Table 11). In the structure 
of alkaloid I, when an additional methyl group was present a t  position 
13 of ring C, 50% enzyme inhibition by alkaloid I1 was decreased con- 
siderably (62 pg/ml) indicating the influence of a methyl group. On the 
other hand, with substitution of a methylenedioxy group at  positions 
2 and 3 of ring A in place of methoxyl groups at  these positions of alkaloid 
I, 50% inhibition of enzyme activity by alkaloid V was almost lost (202 
pg/ml). However, the presence of a methyl group at position 13 of ring 
C resulted in an increase of 50% enzyme inhibition (72 pg/ml) by alkaloid 
IV (Table 11). Alkaloid I11 showed slightly more enzyme inhibition (67 
pg/ml) than alkaloid IV, although two methoxyl groups in alkaloid 
I11 were present at positions 10 and 11 of ring D. Whether the presence 
of methoxyl groups at positions 9 and 10 or positions 10 and 11 of ring 
D play an important role in the inhibition of enzyme activity is not yet 
conclusively determined. However, previous results in structurally related 
benzophenanthridine alkaloids (22) indicated that the presence of sub- 
stituent groups at positions analogous to 10 and 11 of ring D were im- 
portant to exhibit increased inhibition of reverse transcriptase activity. 
In fact, alkaloid 111 was a better inhibitor of reverse transcriptase activity 
than alkaloid IV, which indicated that the presence of methoxyl groups 
at  positions 10 and 11 of ring D (alkaloid 111) increased the inhibition of 
enzyme activity. In any case, the present investigation reveals that the 
placing of methoxyl groups at  positions 2 and 3 of ring A, regardless of 
such groups at positions 9 and 10 or 10 and 11 of ring D, was an essential 
requirement in possessing the inhibitory effect of the alkaloids. 

The cytotoxic alkaloids I-V displayed an effective antitumor activity 
against experimental tumors (18) but did not show antileukemic activity 
against P-388 lymphocytic leukemia in mice (19). Earlier studies have 
indicated that the inhibition of reverse transcriptase activity by benzo- 
phenanthridine alkaloids corresponded well with their antileukemic 
activity (22). Surprisingly, except alkaloid V, protoberberine alkaloids 
failed to exhibit such a correlation. The lack of antileukemic activity of 
alkaloid V was, thus, in agreement with the observation that this alkaloid 
exhibited very weak inhibition of reverse transcriptase activity. However, 
lack of antileukemic activity of alkaloids I-IV, but possession of inhibition 
of reverse transcriptase activity by these alkaloids, could not be explained 
at the present time. Further work is in progress to establish the rela- 
tionship of enzyme inhibition and antileukemic or antitumor activity. 
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Alkaloids I-V showed less inhibition of reverse transcriptase activity 
compared with the analogous benzophenanthridine alkaloids. Such a 
difference in reverse transcriptase inhibition by the protoberberines and 
benzophenanthridines could be due to the stereochemistry, presence of 
N-methyl (-N-CHs) group in ring C and/or influence of counterions 
of different salts of benzophenanthridine alkaloids. A previous report 
related an antileukemic activity of certain cytotoxic protoberberine al- 
kaloids with the conformations and DNA binding properties of the al- 
kaloids (19). Other studies reported that the biological activity of alkaloid 
V (34) (and a few protoberberines) was due to their binding to double- 
helical DNA by intercalation (35,36). Furthermore, protoberberine al- 
kaloids were reported to inhibit a number of enzymes such as NADH 
oxidase (37), horse liver alcohol dehydrogenase (38,391, and xanthine 
oxidase (40) by different mechanisms. The present study reports inhib- 
itory effect of protoberberine alkaloids on another enzyme (reverse 
transcriptase) for the first time. It would be worthwhile to investigate 
the exact mechanism of action of protoberberine alkaloids in order to 
justify the cytotoxicity and diverse biological activities of the alka- 
loids. 
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Abstract 0 Disagreement exists over the primary-site binding constant 
for the interaction of furosemide with human albumin. Disagreement 
also exists over which experimental methods are accurate in this partic- 
ular interaction. Therefore, furosemide binding by human albumin was 
examined using albumin fluorescence quenching by both the method of 
Levine and the method of Steiner et al. The binding constants obtained 
by each method differed greatly, with the results of the latter method 
being similar to those of other experimental methods. It was concluded 
that the method of Levine overestimates the binding constant for this 
drug-protein interaction. 
Keyphrases 0 Furosemide-binding by human albumin, comparison 
of two methods of fluorescence quenching analysis Binding-furo- 
semide by human albumin, comparison of two methods of fluorescence 
quenching, analysis 0 Human albumin-furosemide binding, comparison 
of two methods of fluorescence quenching analysis 

The binding of a drug by blood proteins can influence 
the therapeutic, pharmacodynamic, and toxicological ac- 
tions of the drug (1). Studies of drug binding by albumin 
are important since this is the major plasma protein re- 
sponsible for the nonspecific binding of drugs (2). Most 
drugs that are extensively bound by plasma proteins are 
anions that bind to albumin (31, and these ligands can 
undergo competition for the limited number of albumin 
binding sites (4). 

At low concentrations in plasma, furosemide is exten- 
sively bound exclusively or almost exclusively to albumin 
(5). However, there has been disagreement over the mag- 
nitude of the binding constant for the interaction of fu- 
rosemide with its primary binding site on human albumin. 
Using the method of intrinsic protein fluorescence 
quenching and a new method of data analysis, a primary- 
site binding constant of 1.3 X lo7 M-' has been obtained 
for the interaction of furosemide with human albumin (6). 
As shown in Table I, this value considerably exceeds other 
reported values obtained using various experimental 
methods and conditions. It was suggested that the reason 
for the large affinity constant obtained using the new 
method of data analysis is that other experimental meth- 
ods, such as equilibrium dialysis, give erroneously low 
binding constant values for strongly bound ligands (6). 
Previous work (13) has provided a theoretical alternative 
for this large binding constant obtained for the interaction 
of furosemide with human albumin; i.e., the new method 
of data analysis employed overestimates the binding 
constant for certain interactants. 

As discussed previously (13), the method of Levine is 
based on assumptions that are not strictly valid when the 
protein contains more than one binding site for the ligand. 
When this is the case, and with a low value of n l k l l n 2 1 2 2 ,  
where ni is the number of binding sites of class i and ki is 
the site binding (affinity) constant for binding sites of class 
i, the method of Levine will, theoretically, overestimate 
the value of k (13). 

A third possible explanation for the large value of k l  
obtained using the new method of data analysis (6) is that 
different experimental conditions were employed. Factors 
such as the pH, temperature, and buffer system used, the 
method of albumin isolation, and presence of fatty acids 
can affect both the number and the affinity of binding sites 
(14). 

Since the binding of a drug by albumin may greatly af- 
fect the in uiuo actions of the drug, it is important that 
large discrepancies in reported binding constants be re- 
solved. I t  is also important that possible limitations of new 
methods of data analysis be examined both theoretically 
and experimentally, since many investigators may even- 
tually employ the new method. Theoretical limitations of 
the method of Levine were discussed previously (13). T o  
evaluate experimentally the limitations of this method, the 
binding of furosemide by human albumin was re-examined 
using the quenching of intrinsic protein fluorescence by 
both the Levine (6) and Steiner et al. (15) methods. The 
method of Steiner et al. is theoretically sound and appli- 
cable when the protein contains more than one binding site 
for the ligand. 

EXPERIMENTAL 

Materials and Methods-Fatty acid free human albumin1 and fu- 
rosemide2 as a pure powder were used as received. All protein solutions 
were prepared using 0.125 M phosphate buffer at pH 7.4. The buffer was 
prepared immediately prior to the experiment using analytical grade 
monosodium and disodium phosphates and water purified by reverse 
osmosis followed by distillation. 

Fluorescence measurements were made with a spectrofluorometes, 
and spectrophotometric measurements were made with a spectropho- 
tomete#. Rectangular quartz fluorescence cells with a path length of 10 
mm were used for both fluorescence and spectrophotometric measure- 
ments. 

Albumin solutions of 1.9,6.0,10,50, and 100 pmoleshter were utilized 
in this study. All albumin solutions were corrected for moisture content 
and purity and were -2-hr old at  the start of each experiment. Furo- 
semide solutions (0.g1.2 mmoleshter) were prepared immediately prior 
to use and were protected from light. Furosemide solutions were prepared 
using a portion of the albumin solutions under investigation to avoid 
dilution of the albumin solution upon addition of drug. 

The decrease in the magnitude of intrinsic albumin fluorescence upon 
the addition of microliter volumes of furosemide solution to 2 ml of 
protein solution was measured at ambient temperature (24.5 f 0.8O).  
Excitation and emission wavelengths of 292 and 370 nm, respectively, 
were used to minimize the absorption of light by furosemide. Excitation 
and emission slit widths of 2 and 12 nm, respectively, were used, except 
at the higher protein concentration (100 pmoleshiter) where an emission 
slit width of 10 nm was utilized. The fluorescence intensity of cells con- 
taining buffer only and albumin only, a t  the same concentration as the 
sample cell, was measured prior to each measurement of sample cell 
fluorescence intensity. These reference solutions were used to correct the 

1 Miles Laboratories, Inc., Elkhart, IN 46514. * Hoechst-Roussel Pharmaceuticals, Inc., Somerville, NJ 08876. 
Model 650-lOM, Perkin-Elmer Corp., Norwalk, CT 06856. 
DU-8, Beckman Instruments, Inc., Irvine, CA 92713. 
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Table I-Binding Constants for the Interaction of Furosemide 
with Human Albumin Previously Reported Using a Variety of 
Experimental Methods and Conditions 

~~ 

nl kl, kl/mole n2 k2, kl/mole Reference 
1 13,000 - - 

1 27 
1.42 50.7 3.4 15.8 
- 237" - 31a 
0.90 168 4.56 9.6 
1.3 26.8 2.2 0.59 
1 120 3 3 

- - 

Rough approximation. 

sample fluorescence for background fluorescence and any variations in 
instrument response or protein fluorescence. The solutions were only 
exposed to the excitation light for the few seconds required for each 
measurement. 

Four fluorescence quench titrations were performed at  each albumin 
concentration investigated except 100 pmoleshiter, where six titrations 
were conducted. For a given albumin concentration, the fluorescence 
quench titrations were identical in that fluorescence measurements were 
always made at  the same total molar drug concentration to total molar 
protein concentration ratio, DIP. Each sample fluorescence measurement 
was corrected for the inner filter effect based on the absorbance of the 
solution at the wavelengths of excitation and emission (16). Three ab- 
sorbance titrations were performed at each albumin concentration in- 
vestigated. The absorbance titrations at any given protein concentration 
were identical to the fluorescence quench titrations at the same protein 
concentration, in that fluorescence and absorbance measurements were 
obtained at the same values of DIP. The mean absorbance of the sample 
solutions at both 292 and 370 nm at  each DIP value was used to correct 
the corresponding fluorescence measurements a t  the same protein con- 
centration and DIP value. 

After correcting for the inner filter effect, each fluorescence mea- 
surement was converted to percent initial fluorescence. The mean percent 
initial fluorescence a t  each value of DIP at each protein concentration 
was calculated and plotted as a function of DIP. These quench curves 
were used to calculate values of r ,  the ratio of molar concentration of 
bound ligand to total molar protein concentration, and [L] ,  the molar 
concentration of free ligand at  each protein concentration using both the 
method of Levine (6) and the method of Steiner et 01. (15). The values 
of r and [ L ]  were then used to construct a Scatchard plot (17) based on 
the following equation: 

(Eq. 1) 

Binding constants were obtained by a computer fit (18) of the binding 
data obtained using the method of Steiner et al. (15). Since the method 
of Levine (6) assumes that essentially no ligand is bound to secondary 
albumin binding sites until the primary binding site is saturated, the data 
obtained by this method are treated on the assumption that albumin 
contains a single binding site for ligand. In this case, a Scatchard plot (17) 
and linear regression can be used to obtain values of n l  and k l  or Eq. 2 
(6) can be used to calculate k l  directly from the quench curve: 

where: Q = (Fo - F)/m, Fo = fluorescence at  DIP = 0, F = fluorescence 
at  a given value of DIP, m = slope of the initial portion of the quench 
curve, i.e., at low values of DIP, and P = total molar albumin concen- 
tration. 

Using Eq. 2, a value of k l  can be calculated for each experimental point 
on the quench curve that lies above the straight line fitted to the initial 
portion of the quench curve. Equation 2 assumes that nl = 1 and that Q 
= r .  

RESULTS 

The quench curves obtained at  each albumin concentration investi- 
gated are presented in Fig. 1. For clarity, a few experimental points ob- 
tained at  the lower albumin concentrations and DIP values >7, and at 
the higher albumin concentrations and DIP values <1, are not presented 
in this figure. As expected, the mean percent initial fluorescence a t  any 
given DIP value decreases as the albumin concentration increases. The 
coefficient of variation for the individual values of mean percent initial 
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Figure 1-Fluorescence quench curves obtained for the interaction of 
furosemide with 1.9 (a), 6.0 (A), 10 (O), 50 (A), and 100 (0) pmo- 
leslliter of human albumin. 

fluorescence ranged from 0.001 to 0.043 and the standard deviation for 
these individual values ranged from 0.1 to 0.9 for all but the largest al- 
bumin concentration. At  an albumin concentration of 100 pmoleshiter, 
the coefficient of variation for the individual values of mean percent 
initial fluorescence ranged from 0.001 to 0.104 and the standard deviation 
for these individual values ranged from 0.1 to 2.5. As a result of the larger 
data variability observed at an albumin concentration of 100 pmoleshiter, 
six, rather than four, fluorescence quench titrations were performed at 
this protein concentration. The larger variability observed at  the highest 
albumin concentration may be due to the larger inner filter effect andlor 
the smaller decrease in observed fluorescence between additions of fu- 
rosemide solution. Data could not be obtained at higher protein con- 
centrations due to the large sample absorbance encountered at relatively 
low DIP values. 

Figure 1 shows that the quench curves obtained at  the two largest al- 
bumin concentrations investigated (50 and 100 pmoleshiter) are identical 
a t  low DIP values and are very similar throughout the DIP range inves- 
tigated. The portion of these curves that is identical represents the per- 
cent of initial fluorescence observed when all of the added ligand is bound 
(19), i.e., a plot of percent initial fluorescence as a function of r .  The fact 
that these two quench curves are very similar at higher DIP values 
suggests that a larger portion of the quench curve obtained at an albumin 
concentration of 100 pmoleshiter represents a plot of percent initial 
fluorescence as a function of r .  Therefore, the quench curve obtained at 
an albumin concentration of 100 pmoleshiter and the method of Steiner 
et al. (15) were used to construct a Scatchard plot (17) of the data ob- 
tained at albumin concentrations of 1.9.6.0, and 10 pmoleshiter. The 
quench curve obtained at  an albumin concentration of 50 pmoleshiter 
could not be used due to its similarity to the quench curve obtained at 
an albumin concentration of 100 pmoleshiter. 

The Scatchard plot obtained using the method of Steiner et al. (15) 
is presented in Fig. 2. This plot becomes unusual in appearance at values 
of r > -1.5, in that the data obtained at different protein concentrations 
no longer represent a single curve, and the instantaneous slope of each 
curve becomes increasingly negative. This shows that the quench curve 
obtained at  an albumin concentration of 100 pmoleshiter does not rep- 
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Figure %-Scatchard plot obtained for the binding of furosemide by 
1.9 (a), 6.0 (A), and 10 (0) pmoleslliter of human albumin using the 
method of Steiner et al. (15). 

resent the stoichiometric binding of ligand at  DIP values >1.5. Use of this 
quench curve at these values results in an overestimate of the affinity of 
albumin for ligand at  higher r values and this results in an increase in the 
slope of the Scatchard plot a t  r >1.5. Assuming two classes of binding 
sites, a fit of the data of r <1.5 presented in Fig. 2 to h. 1 yields n1= 0.70, 
k l  = 166 kl/mole, n2 = 5.5, and k2 = 17.7 klImole. These constants were 
used to compute the solid line in Fig. 2. The deviation of this line at lower 
r values results from the computer fit of the data to J3q. 1, rather than to 
rl [L]  as a function of r. 

The method of Levine (6) a h  was used to interpret the quench curves 
obtained at albumin concentrations of 1.9,6.0, and 10 pmoleshter. Using 
J3q. 2, a value of k 1 was calculated for each experimental point on the 
quench curve of DIP <1 that lies above the straight line fitted to the 
initial portion of the quench curve. The results are presented in Table 
11. 

The method of Levine (6) was also used to construct a Scatchard plot 
(17) of the data obtained a t  albumin concentrations of 1.9,6.0, and 10 
pmoles/liter. This Scatchard plot is presented in Fig. 3. As discussed, 
linear regression analysis of the Scatchard plot (17) is used in the method 
of Levine (6) to obtain values of n l  and kl. Values of n l  and k l  were not 
obtained for the data of Fig. 3 due to the nonlinearity of this plot. 

Table 11-Affinity Constant (kl) Values Obtained for the 
Binding of Furosemide by its Primary Site on Human Albumin 
Using the Method of Levine (6) and Eq. 2 

~ 

1.9 pmole/litera 
(rn = 25.2) 

D1P kl, Ml/mole 

0.47 18.8 
0.71 11.8 
0.95 19.0 

Mean 16.5 
SD 4.08 cv 0.247 

6.0 pmole/litera 
(m = 48.4) 

DIP k I ,  MlImole 

0.25 4.68 
0.35 2.81 
0.47 2.40 
0.60 2.18 
0.72 2.21 ~ ~~ .. ~ 

0.84 2.16 
0.99 2.56 

2.72 
0.898 
0.330 

10 pmole/litera 
(m = 55.1) 

DIP k 1, MlImole 

0.31 4.60 
0.40 2.37 
0.51 2.00 
0.61 1.64 
0.71 1.66 
0.82 1.69 
0.95 1.86 

2.26 
1.06 
0.469 

Albumin concentration. 
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Figure 3-Scatchard plot obtained for the binding of furosemide by 
1.9 (O), 6.0 (A),and 10 (0) pmoleslliter of human albumin using the 
method of Leoine (6). 

DISCUSSION 

The quenching of the intrinsic fluorescence of human albumin upon 
the binding of furosemide was used to study this drug-protein interaction. 
The quench curves obtained (Fig. 1) show that at the lower albumin 
concentrations examined, only a few, if any, of the experimental points 
lie on the quench curve obtained at  the largest albumin concentration. 
This shows that only a small section, if any, of the initial portion of the 
quench curves obtained at  the lowest three albumin concentrations 
represents the fluorescence observed when all of the added furosemide 
is bound. Thus, the initial apparently linear portion of the quench curves 
obtained a t  albumin concentrations of 1.9,6.0, and 10 pmoleshter do 
not represent the stoichiometric binding of furosemide as is assumed by 
the method of Levine. 

Binding constants for both the primary and secondary binding sites 
on human albumin for furosemide were determined from the quench 
curves using the method of Steiner et al. (15). The quench curve obtained 
a t  an albumin concentration of 100 pmoleshiter through a DIP value of 
1.5 was used as the stoichiometric curve. If any portion of this curve does 
not represent the stoichiometric binding of furosemide, the binding 
constants obtained will be too high rather than too low. The values of the 
binding constants obtained in this study using the method of Steiner et 
01. (15) are similar to the values obtained previously (Table I) with the 
exception of the k l  value obtained using the method of Levine (6). The 
lower value of n 1 and the higher value of n2 obtained in the present study 
is at least partially due to the limited range of r values that could be ob- 
tained. 

The quench curves obtained at  albumin concentrations of 1.9,6.0, and 
10 pmoleshiter (Fig. 1) were also analyzed by the method of Levine (6) 
using both Eq. 2 and a Scatchard plot (17) (Fig. 3). The quench curves 
obtained at albumin concentrations of 50 and 100 pmoles/liter were not 
analyzed by this method, since they represent the stoichiometric binding 
of furosemide. The values of k 1 obtained using Eq. 2 are presented in 
Table 11. For each albumin concentration examined, the k l  value obtained 
appears to be dependent on the experimental point (DIP) used in the 
calculation of kl .  As the DIP value increases, the value of k l  appears to 
decrease to some minimum value and then increase. The value of k l  does 
not vary in the random fashion expected due to experimental error. This 
apparent dependence of k 1 on DIP implies that one or more of the as- 
sumptions of this method of data analysis is invalid for this particular 
drug-protein interaction. The coefficient of variation values for the mean 
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values of k l  are very high relative to the coefficient of variation values 
obtained for the individual experimental points of the quench curve. The 
nonlinearity of the Scatchard plot obtained using this method of data 
analysis (Fig. 3) also implies that one or more of the assumptions of this 
method is invalid for this particular drug-protein interaction. 

The Scatchard plot previously obtained by this method for the binding 
of furosemide by human albumin was not published (6). Thus, the ex- 
perimental data suggest that one or more of the assumptions on which 
the method of Levine is based is invalid as was previously suggested (13) 
based on theoretical considerations. 

The mean value of k l  (1.65 X lo7 M-l) obtained using Eq. 2 and an 
albumin concentration of 1.9 pmolesfliter is very similar to the value of 
1.3 X lo7 M-’ previously obtained (6) using the same albumin concen- 
tration, experimental conditions, and method of data analysis. As shown 
in Table 11, the mean value of kl decreased and the value of m increased 
as the albumin concentration increased. This is to be expected, since the 
initial apparently linear portion of the quench curve obtained at each 
protein concentration does not represent the stoichiometric binding of 
the ligand. This shows how difficult it is to determine the stoichiometric 
region of a quench curve when data are collected at a single protein 
concentration. The method of Levine assumes that this stoichiometric 
region can be determined using a single protein concentration. 

Based on these results, the reason for the large value of k l  previously 
obtained (6) for the binding of furosemide by human albumin using the 
new method of data analysis is not that other experimental methods, such 
as equilibrium dialysis, resulted in erroneously low values of this constant. 
Since the same set of data was analyzed by two different methods in the 
present investigation, the large difference in the values of k l  obtained 
cannot be attributed to a difference in experimental conditions. Instead, 
the results of this study show that the new method of data analysis (6) 
overestimates the value of k l  in this particular drug-protein interaction. 
As discussed previously (13), the method of Levine will, theoretically, 
overestimate the value of kl when the protein contains more than one 
binding site and has a low value of nlkl/n&z. The experimental results 
of the present work support these theoretical findings. This overesti- 
mation of kl also results from the inaccurate determination of the stoi- 
chiometric region of the fluorescence quench curve obtained at  a single 
albumin concentration. 

As discussed previously (13), the method of Levine (6) has several 
advantages over the method of Steiner et al. (15) and results in accurate 
estimates of k 1 for certain ligand-protein interactions, such as the binding 
of bilirubin by human albumin. However, the method of Levine will 
overestimate the value of kl when the protein contains more than one 
binding site for the ligand and the value of nlkl/n& for the interaction 
is low. The binding of furosemide by human albumin is an example of 
such an interaction. For this reason, the binding constant obtained using 

this new method of data analysis (6) should always be verified by an ad- 
ditional experimental method. When a drug-protein interaction is being 
investigated for the first time, and the method of intrinsic protein fluo- 
rescence quenching is the only experimental method used, the data 
should always be analyzed by the method of Steiner et 01. (15). 
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Abstract 0 A stability-indicating GLC method for the analysis of pro- 
methazine hydrochloride in polyethylene glycol delivery systems is re- 
ported. This method is capable of distinguishing the intact drug from its 
thermal and photodegradation products. A linear relationship between 
peak height ratio (promethazine-promazine) and promethazine con- 
centration is found up to a concentration of 600 pg/ml. Kinetic studies 
were performed to determine the photolytic and thermal degradation 
rates of promethazine hydrochloride as a function of pH. The activation 
energies a t  pH 2.98,3.94, and 5.12 were obtained from linear Arrhenius 
plots and were found to be 6601,5888,5570 cal/mole, respectively. The 
first-order rate constant increased with increasing pH. The photolytic 
degradation of promethazine hydrochloride does not follow simple 
first-order kinetics. 

Keyphrases 0 Promethazine hydrochloride-thermal and photolytic 
degradation studies, stability-indicating GLC assay Thermal degra- 
dation-promethazine hydrochloride, photolytic degradation, stabil- 
ity-indicating GLC assay 0 Photolytic degradation-promethazine 
hydrochloride, thermal degradation, stability-indicating GLC assay 

Evaluation of the stability of promethazine hydrochlo- 
ride in rectal delivery systems containing polyethylene 
glycols requires an assay method that is specific for the 
drug in the presence of degraded products and vehicles. 
There have been several spectrophotometric methods 
developed (1-3), but none of them has adequate specificity 
for stability testing. A direct GLC method without prior 
extraction has been used (4), but in the presence of poly- 

I I I 1 1  I I J 
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Figure 1-Chromatogram of promethazine hydrochloride blank vehicle 
extract (A), and 300 pglml of promethazine hydrochloride in polyeth- 
yleneglycol aqueous solution in the presence of promatine as internal 
standard, ( B ) .  

ethylene glycol, the flame ionization detectors are ad- 
versely affected. In addition, the injection of water and 
ethanol into the gas chromatographic system causes a 
rapid column deterioration. In the present investigation, 
a GLC method with a simple organic phase extraction was 
developed to specifically determine promethazine hy- 
drochloride in polyethylene glycol suppositories under- 
going stability testing. 

EXPERIMENTAL 

Materials-Promethazine hydrochloride' and promazine hydro- 
chlorideZ were used as received. All solvents and chemicals were com- 
mercial analytical grade3. Precoated silica gel plates4 were used. 

Chromatographic Conditions-A dual-column GC5 with a flame 
ionization detector was used. A silylated, coiled glass column, 183 cm in 
length, 0.6-cm o.d., 0.4-cm i.d., was packed with 3% OV-17 on 100-120 
mesh Gas Chrom Q6. The column was conditioned for 36 hr at 280" and 
was treated with a silylating agent, N,0-bis(trimethylsilyl)acetamide7. 
Nitrogen carrier gas flow, hydrogen flow, and air flow were 37,37, and 
350 ml/min, respectively. The column, detector, and sample injection 
port temperatures were 250,300, and 260", respectively. 

Polyethylene Glycol Vehicle Solution-A stock solution was pre- 
pared using the excipients and preservatives employed in the manufac- 
ture of the suppositories. Appropriate dilutions were made with deionized 
water. The resulting solutions reflect the actual amount of each of the 
ingredients in the formulation. 

Internal Standard Solution-Fifty milligrams of promazine hy- 
drochloride2 was placed in a 100-ml volumetric flask and appropriately 
diluted with deionized water. 

Standard Solutions-Sixty milligrams of promethazine hydrochloride 
was placed in a 100-ml volumetric flask and diluted with deionized water. 
Two, 4,6,8,  and 10 ml of the above solution were placed in five 10-ml 
volumetric flasks and diluted with deionized water. The concentration 
of promethazine hydrochloride was 120,240,360,480, and 600 pglml, 
respectively. 

Standard Curve of Promethazine Hydrochloride in Water-One 
milliliter of each standard solution was placed in a 12-ml centrifuge tube 
and to each tube was added 1.0 ml of the internal standard and 0.3 ml of 
5 N NaOH. The centrifuge tube was mixed thoroughly with a vortex 
mixer for 30 sec. Then 4.0 ml of n-hexane was added to the tube and the 
tube placed on the vortex mixer for 1 min. The mixture was centrifuged 
at  2000 rpm for 2 min. Three microliters of the hexane layer was injected 
directly into the GC. 

Standard Curve of Promethazine Hydrochloride in Polyethylene 
Glycol Vehicle-The procedures were the same as for the determination 
of promethazine hydrochloride in water, except for the addition of 0.1 
ml of the polyethylene glycol vehicle solution to each centrifuge tube prior 
to extraction. This volume of solution represents the amount of each of 
the excipients in each polyethylene glycol suppository after the suppos- 
itory has been dissolved for analytical purposes. This procedure compares 
with the extraction of promethazine hydrochloride from a supposi- 
tory. 

1 Napp Chemicals, Inc., Ladi, N.J. 
2 Wyeth Labs, Inc., Philadelphia, Pa. 

Fisher Scientific Co., Fair Lawn, N.J. 
Analahs. Inc.. North Haven, Conn. 
Tracor Instruments Inc., Austin, Tex. 

6 Supelco, Inc., Bellefonte, Pa. 
7 Pierce Chemical Co.. Rockford, Ill. 
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Table &Standard Curve of Promethazine Hydrochloride in 
Water and in Polyethylene Glycol Vehicle 

Polyethylene Glycol 
Water Vehicle 

Concentration, MeanPeak CV , MeanPeak c v, 
pg/ml n HeightRatio % Height Ratio % 

120 3 0.290 4.30 0.280 3.37 
240 3 0.580 1.40 0.580 0.81 
360 3 0.860 0.97 0.850 1.11 
480 3 1.13 0.42 1.17 3.04 
600 2 1.38 3.62 - - 

Thermal Degradation of Promethazine Hydrochloride-To test 
the validity of the assay for promethazine in the presence of its degra- 
dation products, the thermal degradation of promethaziie hydrochloride 
in aqueous solution was performed. Promethazine hydrochloride, 5 g, 
was dissolved in 100 ml of water; oxygen was then bubbled through the 
solution for 30 min. The solution was placed in a screw-capped light-proof 
amber bottle saturated with oxygen and kept at 65" for 5 days. The 
mixture was cooled, made alkaline with 1 N NaOH, and extracted with 
methylene chloride. The aqueous layer was acidified with 1 N H#04 and 
extracted with methylene chloride (5). 

Both organic phases were evaporated to dryness in the dark under a 
nitrogen stream to afford a solid residue. Approximately 100 mg of the 
residue was dissolved in 2 ml of dichloromethane. A total of 9 pl was ap- 
plied to a silica gel G.F. TLC plate4, (0.25 mm, 5 X 20 cm) and chroma- 
tographed in the dark (acetone-6N ammonia; 100:2). 

The solvent was evaporated and the plate was placed under a short- 
wavelength UV light for visualization. The spots were scraped individ- 
ually and placed in a conical centrifuge tube with a glass stopper. One 
milliliter of dichloromethane was added to each tube and the mixture 
was agitated with a vortex mixer for -1 min. The tube was centrifuged 
and the supernatant was transferred to a small test tube and evaporated 
to dryness under a nitrogen stream. The residue was dissolved with 1 ml 
of methanol. One microliter of this solution was injected into the GC. 

To investigate the influence of pH, 40 ml of 0.05% promethazine hy- 
drochloride in Stirensen citrate buffer solutions (pH 2.98,3.94, and 5.12) 

10' 

7 10- 

E 
d 

c .- 

Lo 

9 
0 

lo-' 

I 1 1 
3.0 4.0 5.0 

PH 

Figure 2-Influence of p H  on the thermal degradation rates of pro- 
methazine hydrochloride. Key: (A) 60°, (@) 70°, ( 0 )  BOO, and (0) 
9oo. 

Table 11-Regression Coefficients for Promethazine 
Hydrochloride Standard in Water 

Regression With Polyethylene Without Polyethylene 
Coefficients Glycol Glycol 

12 
0.0133 
0.0025 
0.998 

was placed in 100-ml light-proof amber volumetric flasks and kept at 
temperatures of 60,70,80, and 90°, accurate to within f0.2", in a ther- 
mostatically controlled oil bath. A solution containing 0.1% of EDTA 
[tetrasodium(ethylenedinitrilo)tetraacetate] was added to the pro- 
methazine buffer solutions before heating. The solutions were adjusted 
to the same ionic strength (p  = 0.2) with potassium chloride. The pH of 
the solutions was measured at  the beginning and at  the end of the heating 
periods. Then 1 ml of the test solution was withdrawn from the flasks, 
immediately cooled, and analyzed as previously described. These samples 
were not chromatographed by TLC. Immedately after the sample was 
withdrawn from the volumetric flask, the flask was recharged with a 
stream of oxygen in order to maintain excess oxygen tension. 

Photolytic Degradation of Promethazine Hydrochloride-Pro- 
methazine hydrochloride (0.3% w/v) was dissolved in water. The solution 
was placed in a quartz reactor tubes, length 43 cm, 2.6-cm 0.d. and 2.4-cm 
id., which was equipped with a water cooling tube, 1.2-cm 0.d. and ex- 
posed to UV light (300 nm) by means of a photolytic reactofi a t  10° for 
74 hr. 

Following the exposure time, 70 ml of the solution was freeze-dried. 
The residue was dissolved in 7 ml of methanol. Fifty microliters of the 
solution was applied to a silica gel G.F. TLC plate (0.25 mm, 10 X 20 cm2) 
and chromatographed using acetone-methanol-6 N NHs (140601) as 
the mobile phase. 

The solvent was evaporated and the plate was placed under a short 
wavelength UV light for visualization. The GC specimen was prepared 

10 
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C .- 
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28 29 30 

l IT("K)- '  x lo-' 
Figure 3-Arrhenius plots of log kobs versus l/T at different pH values. 
Key: (0 )  pH 2.98, (A) pH 3.94, (0) pH Fj.12. 
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Table 111-The Apparent Pseudo First-Order Rate Constants of 
Thermal Degradation of Promethazine Hydrochloride at 
Different DA and Temueratures 

Temperature pH 

60" 2.98 
3.94 
5.12 

70" 2.98 
3.94 
5.12 

80" 2.98 
3.94 
5.12 

90" 2.98 
3.94 
5.12 

Rate Constants", Half-Life, 
min-1 x 105 hr 

5.38 (0.4Ub 214.7 
14.8 (0.66) 78.3 
21.1 (0.49) 54.7 
22.6 (0.67) 51.1 
52.9 i2.4) 
65.4 (4.1) 
63.1 (1.7) 

142.9 (3.8) 
172.7 (3.5) 

21.8 
17.7 
18.3 
8.1 
6.7 

140.6 (5.1) 8.2 
263.8 (4.9) 4.4 
320.9 (23.7) 3.6 

kob. Data in the parentheses represent the standard deviations 

as described under Thermal Degradation of Promethazine HCI. One 
microliter of solution was injected into the GC. 

One hundred milliliters of 0.05% promethazine hydrochloride-S6- 
rensen buffer solutions (pH 2.93, 3.94, and 5.12) was placed in quartz 
reactor tubes as described above and exposed to UV light (330 nm) by 
means of a photolytic reactor a t  30 f 5". EDTA 0.1% was added to the 
promethazine-buffer solutions and the ionic strength adjusted to p = 
0.2 with potassium chloride. The pH of the solutions was measured at  
the beginning and at  the end of the exposure periods. Periodically, 1 ml 
of test solution was withdrawn from the flasks, immediately cooled, and 
analyzed as previously described. 

RESULTS AND DISCUSSION 

Promethazine and promazine gave retention times of 8.5 and 10.0 min, 
respectively (see Fig. 1). Blank vehicle extracts yielded no interferences 
as illustrated in the same figure. 

Quantitation of promethazine hydrochloride in water was obtained 
from a standard curve in which the peak height ratio (promethazine 
hydrochloride-promazine hydrochloride) was plotted against the pro- 
methazine hydrocNoride concentration. The results are shown in Table 
I. There is a linear relationship between peak height ratio of promethazine 
hydrochloride to promazine hydrochloride and the concentration of 
promethazine hydrochloride in water over the range of 120-600 pg/ml. 
The least-squares regression equation for the curve is y = 0.0023~ + 
0.0256 and the correlation coefficient is 0.998. The results of nine replicate 
assays carried out over several days indicate that the assay method has 
adequate precision. The coefficients of variation of the assays are 1.4 and 
1.1% in the presence and absence of polyethylene glycol vehicle. 

The results of the quantitation of promethazine hydrochloride in water 
in the presence of polyethylene glycol vehicles are shown in Table I. There 
is a linear relationship between peak height ratio of promethazine hy- 
drochloride to promazine hydrochloride and the concentration of pro- 
methazine hydrochloride with polyethylene glycol vehicle over the range 
of 120-480 pg/ml. The least-squares regression equation is y = 0.0025~ 
- 0.0133, and the correlation coefficient is 0.998. 

The regression fits of promethazine hydrochloride standard in water 
with and without polyethylene glycol vehicles are shown in Table 11. The 
slope and intercept of the standard curves with and without polyethylene 
glycol vehicles were not significantly different (F test, p > 0.05). 

The thermally degraded promethazine hydrochloride solution was 
separated with the TLC system previously described. Seven spots with 
Rf values of O.O,O.lO, 0.16,0.41,0.57,0.64, and 0.73, visualized under UV 
light, were obtained. The R/ value of promethazine was 0.4 which was 
confirmed with pure promethazine applied on the same TLC plate. The 
extracts of each spot were injected into the GC. None of the spots present 
in the TLC system interfered with the GLC procedure for promethazine 

Table IV-Photolytic Degradation of Promethazine 
Hydrochloride at Different pH, at 30" 

Degradation, % of Promethazine Hydrochloride Remaining 
hr pH 2.98 pH 3.94 pH 5.12 

0 100.0 100.0 
0.5 82.4 84.3 
1.0 81.1 81.2 
2.0 78.2 79.2 
2.0 - - 
4.0 72.7 75.5 
7.0 63.8 66.4 

12.0 51.7 54.2 
24.0 27.7 32.7 
36.0 10.7 15.2 
48.0 1.6 4.0 

100.0 
85.0 
83.7 

74.9 

67.3 
53.8 
30.7 
13.0 
3.1 

- 

- 

100.0 
- 

- 
69.8 

54.8 
42.4 
27.9 
6.4 
0.73 

- 

100.0 
85.9 
81.4 
79.5 

73.8 
65.2 
55.3 
36.1 
20.2 
8.8 

- 

100.0 
87.5 
85.0 
81.8 

74.5 
63.5 
53.3 
31.8 
14.6 
4.1 

- 

and promazine. Only spots with Rr values of 0.73 and 0.41 showed sig- 
nificant peaks in the GC with retention times of 5.99 and 7.39 min, re- 
spectively. 

The degradation of promethazine hydrochloride from pH 2.98 to 5.12 
followed pseudo first-order kinetics at constant pH, temperature, and 
ionic strength. Linear semilogarithmic plots of percent of promethazine 
hydrochloride remaining uersus time in three different pH-value buffer 
solutions at  60,70,80, and 90" were obtained. The pseudo first-order rate 
constants, kob, for each pH value at four different temperatures are given 
in Table 111. 

Arrhenius plots were constructed and found to be straight lines as il- 
lustrated in Fig. 2. From the slopes of the lines, the apparent activation 
energies of the thermal degradation reactions at  pH 2.98,3.94, and 5.12 
were calculated to be 6601,5888,5570 cal/mole, respectively. 

The influence of pH on degradation rate of promethazine hydrochlo- 
ride is shown in Fig. 3. The rate constant increased with increasing pH 
in this experimental range. 

The photolytically degraded promethazine hydrochloride was sepa- 
rated by the TLC system previously described. Five spots, Rf 0.81,0.58, 
0.52, 0.44, and 0.00, were obtained. Only the spot with Rf 0.44, which 
represents promethazine, gave a good response by GC. None of the other 
spots interfered with the GLC procedure for promethazine and proma- 
zine. 

The photolytic degradation rate of promethazine hydrochloride was 
studied in three buffer solutions (pH 2.98, 3.94, and 5.12). The results 
are shown in Table IV. No linear relationship could be found from the 
logarithmic percent of promethazie remaining uersus time plots a t  three 
different pH values a t  30". The photolytic degradation of promethazine 
hydrochloride under intense UV light did not follow simple kinetics. 
These results are in agreement with a previous report (6). 

In summary, a GLC method with an organic phase extraction was de- 
veloped and is being used to specifically determine promethazine hy- 
drochloride in polyethylene glycol suppositories undergoing stability 
testing. 
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Abstract Aspects of the degradations of mitomycin and porfiromycin 
were studied. The initial degradation processes of the compounds in an 
acidic medium were investigated. Influences of pH, buffers, and other 
additives such as halogenides and dioctyl sodium sulfosuccinate [sodium 
1,4-bis(2-ethylhexyl)sulfosuccinate] were studied. The hydrogen ion 
catalyzes the degradation of both the uncharged and the protonated 
species. Anions also promote the degradation of the compounds in an 
acidic medium. Rate constants for all of the catalytic reactions could be 
determined. From the pH profiles, after correction for buffer influences, 
accurate pK. values for the aziridine nitrogens could be obtained. The 
protective influence of the dioctyl sulfosuccinate ion could be explained. 
From the data obtained a plausible mechanism for the initial acidic 
degradation reactions was developed. 

Keyphrases 0 Degradation-in acidic solution, mitomycin, porfir- 
omycin, pK, determination Mitomycin-degradation in acidic solu- 
tion, rate constant determination Porfuomycin-degradation in acidic 
solution, rate constant determination pK. determination-aziridine 
nitrogens, mitomycin, porfiromycin 

Mitomycin (I), an important antitumor antibiotic 
originating from Streptomyces caespitosus (l), appears 
to be unstable in solution. Several investigators studied 
aspects of the degradation of I and of porfiromycin (II), 
which differs from I only in the methyl substituent on the 
aziridine nitrogen. The structure of I was determined by 
studying the products resulting from acid hydrolysis (2). 
Knowledge of the physicochemical properties of I was 
expanded by synthesizing derivatives and studying the 
acid hydrolysis (3). From these studies i t  became obvious 
that the degradations of I and I1 follow very complex 
patterns. Suggestions that the aziridine ring opens prior 
to the rapid solvolytic cleavage of the 9a-methoxyl group 
in acidic media have been reported previously (2). The 
degradation of I1 was studied using spectrophotometric 
techniques and the appearance of 12 different products 
during acidic and alkaline hydrolysis were reported (4,5), 
in general agreement with other sources (2,3). Kinetic data 
of the degradative transformation of II were also presented 
(4,5). Most degradation processes followed pseudo first- 
order kinetics. 

I : R = H  
11: R = CHj 

The acid catalysis of the degradation of protonated I1 
has a smaller specific rate constant than that of the non- 
protonated species. This results in an estimated pKa of the 
protonated group in I1 of -1.5. Furthermore, a study of the 
influence of buffers on the degradation led to the conclu- 
sion that buffer components such as HZP04- and 

CHBCOOH have catalytic effects on certain steps in the 
degradation process. Indications were found for both 
general acid and specific acid-base catalysis on the sol- 
volysis. The primary degradation mechanism is the hy- 
drolysis of the fused aziridine ring, while mild alkaline 
conditions lead to substitution of the amino group attached 
to the quinoid ring by a hydroxyl group (5). Although data 
on the degradation of I and I1 appear in the literature, no 
systematic study is available which includes the influences 
of external factors (ionic strength, buffer components, 
etc. 1. The present study was undertaken to elucidate the 
mechanism of the primary degradation of I and I1 in acidic 
solution and to establish the influence of a number of ex- 
ternal factors on the process. 

During previous work on the physicochemical properties 
of I and 11, pKa values of several groups in the molecules 
were determined (6). To complete the prototropic char- 
acterization of the compounds, more accurate pKa values 
of the aziridine nitrogen in I and I1 will be presented as a 
result of a closer look a t  the kinetics of the initial acidic 
degradation. 

EXPERIMENTAL 

Materials-Mitomycin’ and porfiromycinZ were used as supplied. All 
other materials were reagent grade, and deionized water was used 
throughout. 

Methods-Kinetic Studies of Z and ZZ Degradation-The appropriate 
compound was dissolved in methanol to a concentration of 3 X M. 
This was used as the stock solution. For stability tests the stock solution 
was diluted with buffer solutions at the appropriate pH (after addition 
of any other additive) to a concentration of 3 X M. The degradation 
of the compound was observed by monitoring the absorbance at 363 nm 
(4, 5) using an absorption spectrophotometer with an automatic cell 
positioner3. All measurements were performed at 40 f lo. The pH was 
measured with a glass-reference electrode using an appropriate pH 
meter4. Absorption spectra were taken with a recording spectropho- 
tometers. Calculation of the first-order rate constants were done using 
plots of log (percent undegraded compound) uersus time. 

Assay of I and IZ-The percentage of remaining I and I1 during the 
degradation, in general, can be calculated from the relationship: 

?6 undegraded I or I1 = 5 x 100 (Eq. 1) 
Ao 

in which At is the absorbance at  363 nm at time t and A0 is the absorbance 
at  time zero. Equation 1 is valid when the resulting absorbance (A  ,) after 
completion of the degradation approaches zero. 

In the case of the degradation of the mitosanes, however, the primary 
degradation product in acidic medium has an absorbance that is not 
negligible. Exact measurements of this absorbance revealed A ,  to be 0.18 

Supplied by Bristol M ers B. V., Bussum, The Netherlands. 

Shimadzu UV-140 Double Beam Spectrophotometer with ACP-140 Cell Po- 

Metrohm Herisau E516 Titriskop pH meter. 
Shimadzu UV-200 Double Beam Spectrophotometer with Kipp BD 40 Re- 

*Supplied by Cyanamid: Pearl River, N.Y. 

sitioner. 
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Table I-Determination of kob of the Degradation of I at Different Acidities and Total Phosphate Concentrations at 40" a 

Total Phosphate Concentration 
HdpH 10-2M 5 x lO-'M 10-lM 5 x 10-1 M 
-1.02 7.1 x 10-21-1.1.5) 

0.37 
2.16 

iI5 x io-n(-i.ii j 
8.2 X 10-3(-2.08) 

3.16 2.4 X 10-3(-2.62) 
4.64 6.0 X 10-5(-4.22) 

7.2 X 10-2(-1.14) 
1.5 X 10-2(-1.81) 
8.3 X 10-3(-2.08) 

1.1 X 10-4(-3.95) 
3.1 x 10-3(-2.50) 

8.0 X 10-2(-1.09) 
1.4 X 10-'(-1.84) 

3.8 X 10-3(-2.42) 
1.4 X 10-4(-3.85) 

7.4 X 10-2(-1.13) 
1.4 X 10-2(-1.84) 

5.5 X 10-3(-2.26) 
3.4 X 10-'(-3.47) 

8.5 X 10-3(-2.07) 9.6 x 10-3(-2.02) 

a Table values expressed as k o h  in sec-l (log k o h ) .  

Ao. A first approximation of the exact percentage of the undegraded 
compound was made by modifying Eq. 1 to: 

Ao 
Four repetitions of this approximation led to a refinement of Eq. 2 to: 

% undegraded I or I1 = 

Ai(At - A,)(Ao + A , )  + Ao(Ao + A , ) ( A ,  - A,)A!  + AJA',)  
A: 

(Eq. 3) 

which has been used to calculate the percent undegraded compound as 
a function of time. 

RESULTS 

Degradation Kinetics of I and I1 in Acidic Solution-Studies on 
the stability of I1 in both acidic and alkaline solutions have been pub- 
lished (4,5). The structures of a number of degradation products were 
determined, the pK. of the aziridine nitrogen was estimated, rate con- 
stants for the degradation in acidic as well as in alkaline solution were 
determined, and an overall mechanism for the degradation of I1 was de- 
scribed. The influence of several buffer components on the degradation 
was also studied. Some data on the kinetics of the degradation of I have 
been published (7). So far no data are available on the mechanism of the 
initial degradation steps of I and I1 nor the nature of the buffer influences 
on the degradation. Determination of the exact pH profiles for the deg- 
radation of both compounds should lead to more accurate pK, values for 
the aziridine nitrogen. 

Standard Deviation in k.b--The standard deviation in the overall 
rate constant, koh, for degradation of I in an acid solution was determined 
at  pH 3.0 and buffer concentration M total phosphate. At 40 f 1" 
all experiments showed linearity between log [I] and time, indicating the 
process as pseudo first-order, which is in agreement with the literature 
data (2,4,5,7). The value of k o b  (and log kob)  and the standard devia- 
tion, calculated from 16 observations, is 2.3 f 0.1 X sec-l (and -2.64 
f 0.03). 

pH Profiies for the I and I1 Degradat io lgIn  unbuffered solutions 
pH values of partially degraded solutions of I will differ from the starting 
value due to the disappearance of a compound with pK, -1.5 and the 
appearance of a compound with pK. -7. Starting at pH 5.0, for instance, 

Table 11-Rate Constants for  Catalyzed Degradation Reactions 
of I and I1 at 40" 

Rate Constant I I1 

kb -1 x 10-6 sec-1 -6 x 10-6 sec-1 
kK 1.0 x 10-2 mole-' sec-1 

k lH+ HZPO4- 5.7 X 10-1 mole-' sec-1 
k h  4.07 mole-' sec-' 2.89 mole-' sec-' 

kimtate- 8.7 X mole-' sec-' 

5.7 x 10-3 mole-' sec-1 

9.6 X lo-' mole-' sec-' 
k h ! 0 4  0 0 

kficetic acid 0 0 

kH3P04 0 0 

k'. citric . acid . 0 0 
iIZPO4- 5.4 x mole-' sec-1 4.7 x 10-4 mole-' sec-1 

kh2-cikate- -8 X mole-1 sec-l -9 X mole-' sec-' 
kEl- 3.8 X mole-' sec-' 5.9 X mole-' sec-' 
&A,- 5.1 X LO-' mole-' sec-' 
kt- 6.4 X mole-' sec-l 
k6n.i- 3.2 X mole-' sec-1 

a solution with [I] = 3.0 X M, after being kept a t  40" for 4 hr, has a 
pH of 5.6. This pH shift results in a change in kok. 

To keep the pH constant during the process, buffer solutions of various 
compositions and concentrations were used. Since the influences of buffer 
components were already recognized (4), accurate pH profiles for the 
degradation processes have to be corrected for these influences. For these 
corrections k o b  was determined a t  several HdpH values. In the Ho/pH 
region <3.0, the pH was adjusted with perchloric acid and various con- 
centrations of sodium biphosphate were added. At pH values >3.0, the 
pH was adjusted using various concentrations of sodium biphosphate 
and dropwise addition of either dilute perchloric acid or sodium hy- 
droxide. A t  each pH value and each phosphate concentration, kob was 
determined (Table I). From Table I it becomes clear that a t  pH <2 the 
influence of phosphate or phosphoric acid on k o h  becomes negligible. 
At pH >3 this influence is very important. 

Considering the reported value for the pK, of I of -1.5 (4) a t  pH >3.5, 
the compound should be exclusively in the unprotonated form. In that 
case k o h  can be expressed as: 

kobs = kk + kL[H+] + kidfeer[buffer] (Eq. 4) 
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Figure 1-pH Profiles of mitomycin (- - - -) and porfiromycin (-) 
degradation; p K ,  of mitomycin is 1.19 and the p K ,  of porfiromycin is 
0.91. 
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Table 111-Influence of Dioctyl Sodium Sulfosuccinate on kob for  Degradation of I and I1 in a n  Acidic Solution at 40' a 

1.97 8.3 X 10-3(-2.08) 6.3 x 10-3(-2.20) -0.12 
2.10 1.04 X 10-2(-1.98) 7.9 x 10-3(-2.10) -0.12 

2.91 3.0 X 10-3(-2.55) 1.7 X 10-3(-2.77) -0.22 

3.47 7.8 X 10-4(-3.11) 5.0 X 10-4(-3.30) -0.19 

2.49 5.5 X 10-3(-2.26) 3.2 X 10-3(-2.49) -0.23 

3.08 2.3 X 10-3(-2.63) 8.8 X 10-4(-3.05) -0.42 

3.84 4.0 X 10-4(-3.40) 1.5 X 10-4(-3.81) -0.41 
4.23 2.5 X 10-4(-3.89) 1.2 X 10-'(-3.93) -0.04 

a The 11 and [II] was 3 X 10-6 M, the dioctylsodium sulfosuccinate concentration was 1.25 X M. In the presence of dioctyl sodium sulfosuccinate. e In the absence 
of dioctJ sodium sulfosuccinate. 

where kf, is the first-order rate constant for degradation in water only, 
k h  is the second-order rate constant for proton-catalyzed degradation 
of the unprotonated compound, and [H+] is the hydrogen ion concen- 
tration. The third term of Eq. 4 is the s u m  of several terms representing 
the products of the second-order rate constants for the degradation 
catalyzed by each of the buffer components and the concentrations of 
these buffer components. For each pH this sum can be written as the 
product of an overall second-order rate constant (k[de , )  and the total 
buffer concentration ([buffer]), expressed in terms of total phosphate 
concentration. For each pH the pseudo first-order rate constant for 
[buffer] = 0, k' = kf, + kb[H+], can be calculated as the intercept from 
a plot of k o b  versus [buffer]. The corrected pH profiles for the degra- 
dation of I and I1 are obtained by plotting log k' uersus pH. These pH 
profiles are given in Fig. 1. The curves show log k' uersus pH to have a 
slope of negative unity both in the regions Ho < -0.8 and pH >3.2 indi- 
cating that there is specific proton catalysis on the degradation of the 
protonated as well as the unprotonated forms of I and 11, while, in 
agreement with other findings (41, the rate constants for the proton- 
catalyzed degradation of the protonated species are smaller than those 
for the uncharged forms. This phenomenon permits the calculation of 
the pK. for the aziridine nitrogen in I and II from the curves of Fie;. 1. For 
I this pK. turns out to be 1.19, while for I1 the pK. is 0.91. The latter pK. 
value is substantially different from a previously determined value (41, 
probably due to the corrections made for the buffer influence. 

The difference between the pK, values for I and I1 are in agreement 
with the usual differences in pK, between secondary h d  tertiary amines 
(8). It is also possible to calculate the second-order rate constants kp 
and kb of the proton-catalyzed degradation of the protonated and un- 
protonated species. kp can be determined from: 

kob = kkH+ + kp[H'] (Eq. 5) 

which is valid at I-b < -0.8. At these high acidities hiHH' << k p [ H + ]  so 
that Eq. 5 simplifies to: 

from which kF' can be calculated. 
The rate constants kh for the proton-catalyzed degradation of un- 

charged I, and k', for the degradation in water only, can be determined 
from the expression: 

k' = k', + kb[H+] (Eq. 7) 

obtained from Eq. 4 after correction for buffer influences. Equation 7 is 
valid at pH > 3.2, where [IH+] becomes extremely small. A plot of k' 
uersus [H+ yields a straight line with slope k k  and intercept k',. The 
values of k i t ,  kp, kk, k{, kf, and kit are listed in Table 11. 

Influence of Buffer Components-From the previous experiments 
it is obvious that biphosphate ions have a positive influence on the deg- 
radation of I and 11. Other sources (4,5) also indicate positive catalytic 
effects of buffer components on the degradation rate of I1 in an acid so- 
lution. A catalytic effect of undissociated acetic acid has been suggested 
(5), although the experimental conditions also permit the conclusion that 
acetate ions produced the catalytic effect. Even though the aziridine ring 
is not attacked by the strong nucleophilic hydroxyl ion (41, it is known 
that other nucleophiles, such as chloride, promote the opening of the 
aziridine ring in an acidic medium (9-11) with the formation of chlori- 
nated degradation products. Therefore, it appears that the acetate ion, 
rather than acetic acid, promotes the cleavage of the aziridine group. The 
influence of uncharged acetic acid on the degradation of I is studied a t  
pH 2.77, where acetic acid exists almost completely in the uncharged form 
while [IH+] << [I]. All other conditions kept constant, variation of the 
[acetic acid] is the only factor influencing kob, according to Eq. 4. How- 

ever, no significant changes in k o b  occur on changing the [acetic acid] 
from M to 5 X 10-l M. The term kidW[buffer] in that case must be 
zero and, consequently, k:etii,acid must be zero. 

Influences of the phosphate buffer components of pH 1-5 can be de- 
termined as follows. Phosphoric acid has pK,1 2.16 and p K s  7.21. In the 
region of 4.2 < pH < 5.2, phosphate buffers almost exclusively consist 
of HzPO4- ions, so that this ion can be considered the only potential 
catalytic species. In this case, Eq. 4 can be rewritten as: 

kob = kf, + kh[H'] + kbp04-[HzP04-] (Eq. 8) 

and a plot of kob uersus [H2P04-] yields a straight line with slope 

The influence of molecular H3PO4 on the degradation of both the 
protonated and the unprotonated species as well as the influence of 
HZPO4- on the degradation of the protonated species also can be estab- 
lished. To achieve this, solutions of pH 3.2-3.6 were prepared using dif- 
ferent concentrations of total phosphate. At a given pH [H3P04] = (f) 
[total phosphate], and [HzP04-] = (1 - f )  [total phosphate], where f is 
the fraction remaining. For each pH, f can be calculated using the Hen- 
derson-Hasselbach equation. 

In the chosen pH region, [M+] approaches zero and [I1 = [Itod]. In this 
case Eq. 4 is valid with one adjustment. The value of k%po4- can be ex- 
pected to be large due to the electrostatic attraction between ions of op- 
posite charge. The term k#&4-[H2P04-][IH+] cannot be neglected a 
priori, but has to be included in Eq. 4, which then must be written as: 

kob = kf, + k$[H+] + k&04[HaP04] 

k!31p04-. 

+ kH,,-[HzP04-] + kF$04-[HzP04-] - [IH+' (Eq. 9) 
IItQtall 

or, after rearrangement: 

kob = k; + kh[H'] 

1 DH+I 
[Itatall 

+ [total phosphate] f k b O 4  + (1 - f)kk2PO4- + - (1 - f)kF$04- 

(Eq. 10) 

Graphical treatment of Eq. 10 by plotting kob uersus [total phosphate] 
yields a straight line with slope: 

( 

[IH'l 
[Itotall 

(f k f i m 4  + (1 - f )kf i lpO4- + - (1 - nk',":,4-) 

Knowing the value of kb2pg4-, combination of the slopes of plots at two 
different pH values in the region 3.2-3.6 yields both the values of kL,04 
and These values, and the corresponding rate constants for 11, 
are listed in Table 11. 

influence of Other Additiv-The influence of halide ions has been 
established by adding various concentrations of the appropriate sodium 
salts to solutions of I at pH 4.2, while [HzP04-] is kept constant a t  

Table IV-Entbalpy of Activation (AH) for the Initial 
Degradation of I at Various pH Values in the Acidic Region 

Ho/pH AH, kJ/mole 

-1.02 
1.34 
2.06 
2.80 
3.66 
4.74 
5.02 
5.20 

78 
77 
77 
76 
73 
76 
68 
68 

Journal of pharmaceutical Sciences I 551 
Vol. 72, No. 5, May 1983 



M. In this case one extra term involving the influence of the halide ion 
has to be included in &. 8, yielding (in the case of chloride): 

kob = kf, + kh[H+] + kh*oc-[H2POd-] + kb-[CI-] (Eq. 11) 

From Eq. 11 kh- can be obtained either by plotting kob uersus [Cl-1, 
yielding a straight line with slope k!-l-, or by calculating the rate constant 
using various concentrations of C1- and the data in Table 11. The specific 
rate constants for the halide ions and sulfate are also listed in this 
table. 

The influence of ion-pairing compounds like dioctyl sodium sulfo- 
succinate [sodium 1,4-bis(2-ethylhexyl)sulfosuccinat.e] on the degradation 
was also studied. A t  various pH, using phosphate buffers with [total 
phosphate] = M, dioctyl sodium sulfosuccinate was added to a 
concentration of 1.25 X M while [I] and [II] both were adjusted to 
3 X M. In Table 111 the pseudo first-order rate constants, k o b ,  for 
degradation in the presence as well as in the absence of dioctyl sulfo- 
succinate anion at  various pH are listed. The data illustrate clearly the 
decrease in hob on addition of dioctyl sodium sulfosuccinate in the pH 
range of 1.5 to 4.0. The decrease for I1 is even more dramatic than for I, 
probably due to the more lipophilic properties of I1 and, hence, the in- 
creased lipophilic character of the ion pair. A t  pH > 5 the inhibition of 
the degradation disappears, probably because the compounds are vir- 
tually not in the protonated form at these acidities. A t  pH < 1.5 the in- 
hibition also vanishes due to protonation of the sulfonic acid group and 
subsequent loss of the ion-pairing properties of the additive. 

Influence of Temperature-The temperature influence on the 
degradation rate is determined using an Arrhenius plot from: 

AH 
In k o b  = l n A  +- RT (Eq. 12) 

in which A represents the frequency factor, AH the enthalpy of activa- 
tion, R the gas constant, and T the temperature in 'Kelvin. The AH 
values for the initial degradation of I at  various pH values in the acidic 
region, using buffers with [total phosphate] = lo-* M, are listed in Table 
IV. AH appears to be constant in the region pH < 5 and the values are 
in good agreement with those previously obtained (7). In the region pH 
> 5 AH tends to lower somewhat. This may be an indication that other 
degradation processes occur in this pH region. 

DISCUSSION 
Although an overall scheme for the degradation of I1 (4) and mecha- 

nisms for the aziridine ring to open in deuteroacetic acid (2) and in water 
(12) have been published, no explanation for the very fast opening of the 
aziridine ring in I and I1 in comparison with other aziridines (13) has been 
given. The fmt degradation products of I and I1 isolated after degradation 
in an acidic solution appear to be compounds 111 and IV, respectively, 
where the 9-methoxyl group is cleaved, the m a  double bond is formed, 
and the aziridine ring is opened to form a 2-amino-I-hydroxy compound. 
The C-9 carbon carries two hetero atoms, N-4 and the methoxy oxygen, 
and this configuration can be considered as an amineacetal. It is most 
likely that, as in acetal hydrolysis, cleavage of the methoxyl group starts 
with protonation of the oxygen, followed by the formation of methanol 
and a 9a-carbenium ion (14). Protonation of the aziridine nitrogen de- 
stabilizes this carbenium ion, which explains the shape of the pH profiles 
of the degradation. Subsequent deprotonation of C-9 results in the for- 
mation of the M a  double bond. It has been indicated that compound 
IV exists in one isomer, always with the hydroxyl group a t  C-1 and the 
amino group at C-2 (15). The positions of the groups at  C-1 and C-2 are 
mainly cis-orientated. Thus the cleavage of the aziridine ring starts with 
protonation of the nitrogen followed by opening of the ring and formation 
of a carbenium ion at  C-1. 

The stability of this carbenium ion is enhanced by the presence of the 
9=9a double bond. This serves as an explanation for the stereospecificity 
of the reaction with respect to the positions of the hydroxyl and amino 
groups. Attack of a water molecule on the carbenium ion is the final step 
in the reaction. The major compound formed is cis-2,7-diamino-l-hy- 

111: R = H 
IV: R = CH, 

r 

1 

J 

k 

1 

Scheme I-Mechanism for the initial degradation of mitomycin and 
profiromycin in acidic medium. 
droxymitosene (15) which indicates that this attack must have some 
stereospecificity. An explanation for the predominant existence of the 
cis-isomer might be the possibility of the existence of weak hydrogen 
bonds between the attacking water molecule and the ester oxygen of the 
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9-methylcarbamoyl and 2-amino groups. In the entire process the for- 
mation of the 9a-carbenium ion is the rate-determining step (16). The 
mechanism for acid degradation is presented in Scheme I. 

The decrease in k& on addition of dioctyl sodium sulfosuccinate in 
the pH region 1.5-4 can be explained by the formation of an ion pair 
between the dioctyl sulfosuccinate anion and the protonated species. The 
octyl groups of the anion sterically hinder the protonation and subsequent 
cleavage of the 9a-methoxyl group. At  pH > 5 the degree of protonation 
of the aziridine group, with pK. 1.19 and 0.91 for I and 11, respectively, 
becomes so small that the ion pair is virtually nonexistent and, hence, 
the protective influence of the additive disappears. 

All buffer components and other additives with a negative charge had 
positive influences on the rate constants. Uncharged buffer species, such 
as phosphoric acid, acetic acid, and citric acid did not have a catalytic 
influence on the degradation processes, which differs from previous 
findings (4). The influences of the anions on the degradation can be as- 
sociated with influences on the aziridine ring opening. In general, 
nucleophiles have negative effects on the stability of the aziridine moiety 
(9-11.14). Degradation products containing chlorine, for instance, were 
isolated (9,lO). Analogues of these products in the degradation of mito- 
sanes like I and 11, however. could not be isolated. All rate constants for 
catalysis by singly charged anions are of the same order of magnitude 
(Table 11) with the exception of dihydrogen citrate (H2-citrate-). This 
suggests a general ionic strength effect rather than more specific anionic 
catalysis on the degradation. In the case of H2-citrate- the rate constant 
is determined at pH 3.06, being the p k ~  of citric acid. Although the pKa2 
of this acid is 4.74, the [H-citrate2-] was considered to be negligible for 
the calculation of k ~ ~ - d t ~ ~ b -  of I and 11. This is of course very approximate 
and makes the reported values of only a rough estimate which 
most likely includes an influence of H-citrate2-. The rate constants for 
the HsPOd--catalyzed degradation of the protonated species are several 
orders of magnitude bigger than the other constants. This must be due 
to the fact that as a result of the opposite charges of the reacting species, 
electrostatic attraction causes a much greater possibility of encounter 
and, therefore, reaction. 
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Abstract The prototropic properties of mitomycin and porfiromycin 
were studied. pK, values for two potentially basic groups and one acidic 
function could be established by titration. The kinetics of the tautom- 
erization preceding the prototropic reaction in an alkaline medium were 
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Mitomycin (I), originating from Streptomyces caespi- 
tosus (l), is an important antitumor antibiotic. The com- 
pound is unstable in solution and aspects of the degrada- 
tion of I and porfiromycin (II), which differs from I only 
in the methyl substituent on the aziridine nitrogen, have 
been studied by several investigators (2-6). For a sys- 
tematic study of the chemistry of these compounds, in- 

cluding the stability, it is necessary to characterize the 
phototropic properties of I and 11. 

From the structures it can be seen that the compounds 
have several basic groups, including the aziridine nitrogen, 
the N-4 nitrogen, and the 7-amino function. In the litera- 
ture data are available only on the protonation of one basic 
function; these data are either unreliable or are approxi- 
mations. The pK, of a basic group in I has been deter- 

I : R = H  
11: R = CH, 
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9-methylcarbamoyl and 2-amino groups. In the entire process the for- 
mation of the 9a-carbenium ion is the rate-determining step (16). The 
mechanism for acid degradation is presented in Scheme I. 

The decrease in k& on addition of dioctyl sodium sulfosuccinate in 
the pH region 1.5-4 can be explained by the formation of an ion pair 
between the dioctyl sulfosuccinate anion and the protonated species. The 
octyl groups of the anion sterically hinder the protonation and subsequent 
cleavage of the 9a-methoxyl group. At  pH > 5 the degree of protonation 
of the aziridine group, with pK. 1.19 and 0.91 for I and 11, respectively, 
becomes so small that the ion pair is virtually nonexistent and, hence, 
the protective influence of the additive disappears. 

All buffer components and other additives with a negative charge had 
positive influences on the rate constants. Uncharged buffer species, such 
as phosphoric acid, acetic acid, and citric acid did not have a catalytic 
influence on the degradation processes, which differs from previous 
findings (4). The influences of the anions on the degradation can be as- 
sociated with influences on the aziridine ring opening. In general, 
nucleophiles have negative effects on the stability of the aziridine moiety 
(9-11.14). Degradation products containing chlorine, for instance, were 
isolated (9,lO). Analogues of these products in the degradation of mito- 
sanes like I and 11, however. could not be isolated. All rate constants for 
catalysis by singly charged anions are of the same order of magnitude 
(Table 11) with the exception of dihydrogen citrate (H2-citrate-). This 
suggests a general ionic strength effect rather than more specific anionic 
catalysis on the degradation. In the case of H2-citrate- the rate constant 
is determined at pH 3.06, being the p k ~  of citric acid. Although the pKa2 
of this acid is 4.74, the [H-citrate2-] was considered to be negligible for 
the calculation of k ~ ~ - d t ~ ~ b -  of I and 11. This is of course very approximate 
and makes the reported values of only a rough estimate which 
most likely includes an influence of H-citrate2-. The rate constants for 
the HsPOd--catalyzed degradation of the protonated species are several 
orders of magnitude bigger than the other constants. This must be due 
to the fact that as a result of the opposite charges of the reacting species, 
electrostatic attraction causes a much greater possibility of encounter 
and, therefore, reaction. 
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Mitomycin (I), originating from Streptomyces caespi- 
tosus (l), is an important antitumor antibiotic. The com- 
pound is unstable in solution and aspects of the degrada- 
tion of I and porfiromycin (II), which differs from I only 
in the methyl substituent on the aziridine nitrogen, have 
been studied by several investigators (2-6). For a sys- 
tematic study of the chemistry of these compounds, in- 

cluding the stability, it is necessary to characterize the 
phototropic properties of I and 11. 

From the structures it can be seen that the compounds 
have several basic groups, including the aziridine nitrogen, 
the N-4 nitrogen, and the 7-amino function. In the litera- 
ture data are available only on the protonation of one basic 
function; these data are either unreliable or are approxi- 
mations. The pK, of a basic group in I has been deter- 
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Figure 1-Relation between absorbance and acidity; determinution 
OfpK.  (at room temperature) of the 7-amino group and N-4 nitrogen. 
Key: (8) mitomycin degradation product (IV), absorbance monitored 
at 310 nm, p K e  -1.3; and (0) mitomycin analogue (III),  absorbance 
monitored at 268 nm, pK.2 -1.2. 

mined by titration with acid to be 3.2 (2), but I in acid 
medium is very unstable. By a kinetic model, the pK, of 
the protonated group in I1 was estimated to be -1.5, and 
it was suggested that this pK, could be assigned to the 
aziridine nitrogen in I1 (4). The present study was under- 
taken to determine the p& values of the other prototropic 
groups in I and I1 in an attempt to complete the prototro- 
pic characterization of the compounds. 

EXPERIMENTAL 

Materials-Mitomycinl and porfiromycin2 were used as supplied. All 
other materials were reagent .grade, and deionized water was used 
throughout. 

Methods-Measurement of pK.  Values-For the measurement of 
pK. values of I11 and IV, the compounds were titrated with perchloric 
acid while the absorbances at 268 and 310 nm, respectively, were moni- 
tored as a function of acidity (pH or Ho). The pK, values of the basic 
groups were calculated from these relationships. For the determination 
of the pK. of the acidic function in I, a titration of the compound with 
sodium hydroxide was performed while monitoring the absorbance at  
363 nm. Up to pH 13 the degradation was too slow to interfere with the 

94 

0.4. 
I .  

10 11 12 13 14 
PH 

Fwre 2-Relation between absorbance at 363 nm and pH; determi- 
nation of pK.  of the acidic function of mitomycin at room temperature, 
pK.4 12.44. 

1 Supplied by Bristol M ers B. V., Bussum, The Netherlands. 
Supplied by Cyanamix Pearl River, N.Y. 

Table I-First-Order Rate Constants for Deprotonation (kd.,,) 
and half-lives ( t 1 / 2 )  of I at Various pH Values at 40' 

12.0 
12.7 
13.0 
13.4 

8.2 * 0.5 X 
5.5 f 0.6 X 
3.4 f 0.4 X 
2.8 f 0.2 x 

8.5 f 0.6 
13 f l  
20 f l  
25 i l  

change in absorbance due to deprotonation. At  pH values >13 a cantin- 
uous decrease in absorbance at  363 nm was observed, which was due to 
degradation of the compound in a strong alkaline solution (5). Conse- 
quently, the absorbance-pH relationship could only be obtained in- 
completely and Al-, the absorbance of the deprotonated species, was not 
measurable. In terms of absorbance, the acidity constant K,  can be ex- 
pressed as 

where AI is the absorbance of uncharged I, At- is the absorbance of 
deprotonated I, and A is the absorbance of the solution at  a given pH. 
Equation 1 can be rearranged to: 

(AI - A)[H+] = Kn(A - Kn)(AI-)  (Eq. 2) 

A plot of A uersus (A1 - A)[H+] yields a straight line with slope Kn and 
intercept (-K.)(Al-), thus leading to the values of K., pK,, and A]-. 

Kinetic Study of I Deprotonation-For the study of the kinetics of 
I deprotonation, several solutions in water with concentrations varying 
from 1.5 X M were prepared. After mixing equal 
volumes of sodium hydroxide solutions at  various pH with the afore- 
mentioned solutions of I, the decrease in absorbance at  363 nm was 
monitored using stopped-flow equipment3. Measurements of pH were 
done with a glass-reference electrode using an appropriate pH mete+. 
Rate constants and half-lives were calculated using plots of log (percent 
uncharged I) oersus time. 

M to 1.8 X 

RESULTS 

The basic groups of I and 11, apart from the aziridine function, are the 
N-4 nitrogen and the 7-amino group. The pK,, of the N-4 nitrogen can 
be established by titration of an analogue of I (111) with perchloric acid. 
The absorption spectrum of uncharged I11 has a maximum at  280 nm. 
During protonation this maximum shifts to 268 nm, with an increase in 
absorptivity. Thus it is possible to follow the degree of protonation by 
monitoring the absorption at 268 nm, provided that no degradation occurs 
during the process. A solution of I11 in 1 M perchloric acid (I-b -0.3) does 
not show changes in absorptivity at 268 nm when kept at 40' for 1 hr. The 
relation between the absorbance a t  268 nm and the acidity, expressed 
in terms of the Hammett acidity scale, is shown in Fig. 1. The pK. of the 
nitrogen in 111 calculated from this relationship is -1.2 and almost cer- 
tainly this value can also be assigned to the N-4 nitrogen in I and 11. 

The spectra of I and I1 quickly change in acidic solution due to cleavage 
of the 9a-methoxyl group and opening of the aziridine ring, thus pro- 
ducing degradation products IV and V, respectively. Compound IV in 
acidic solution also undergoes degradative processes but at a much slower 
rate (4,5). The pK. of the 2-amino group in the compound is -7 (5) so 
that degradations of I and I1 at pH 5 result in the formation of protonated 
IV and V, respectively. These compounds are sufficiently stable to be 
titrated with perchloric acid to establish the pK,, of the other basic 
functions. The absorption maximum of IV in the neutral form is 310 nm; 
on acidification this maximum disappears. 

The absorption band a t  -250 nm changes in shape while the absorp- 
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.. 
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Durrum 110 with Durrum 13000 Spectrophotometer. ' Metrohm Herisau E516 Titriskop pH meter. 
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Table 11-Rate Constants (kdep) and Half-Lives ( t l / z )  of I at 
Various Concentrations at T w o  Different pH Values a t  40" 

PH [I] X 106 M kdep. SeC-' t 1/2, sec 

7.7 
3.0 8.7 X 8.0 
6.0 6.8 X 10.2 
9.0 4.7 x 10-2 15.0 

13.0 3.0 3.5 x 10-2 20.0 
6.0 3.3 x 10-2 21.0 
9.0 3.4 x 10-2 20.5 

12.0 1.5 8.9 X 

H 
IV: R = H  
V: R = CH, 

tivity increases. The pK, can be established from the relation between 
the absorbance at  310 nm and the acidity (Fig. 1). The more acidic part 
of the curve is unreliable because degradation of IV in that acidity region 
cannot be neglected. The pH of the protonated group, determined using 
Eq. 2 after rearrangement, appears to be -1.3. The N-4 nitrogen in IV 
is much less basic than in I due to the introduction of the 9===9a double 
bond, as can be seen from indole (pK. -2.5) (7). Therefore, the pK, of 
IV can be assigned to the 7-amino group. From the similarity in the 
structures of I, 11, and IV, it becomes clear that this pK,, value also can 
be assigned to the 7-amino groups in I and 11. 

The absorption spectrum of I does not change between pH 6 and 10. 
At  pH < 6 a gradual shift in spectrum with time takes place due to deg- 
radation, while at pH > 10.5 a sudden change in the absorption spectrum 
occurs. The maximum at 363 nm (pH 10.5) shifts to 295 nm (pH 13.0) 
with a sharp decrease in absorptivity. This shift could be due to a confi- 
gurative change in the molecule, stabilized by deprotonation of I a t  the 
higher pH. The pK, of the acidic function can be determined from the 
relation between the absorbance at  363 nm and the pH, provided no 
degradation occurs. Although alkaline degradation of I1 takes place at  
rates comparable to those in acidic medium (4), the stability of I in the 
region pH < 13 is sufficiently high to permit the determination of the pK,, 
using Eq. 2. The curve cannot be completed because the degradation of 
I cannot be neglected at pH > 13. The relation between the absorbance 
at 363 nm and pH, represented in Fig. 2, leads to the calculation of a pK,, 
of 12.44. 

Although the change in absorptivity with change in pH at  363 nm in 
the region of pH > 10.4 is very rapid, it is not instrumentally instanta- 
neous. The kinetic process involved can be monitored using stopped-flow 
equipment. These experiments indicate that the reaction follows (pseudo) 
first-order kinetics. The relation between the apparent rate constant for 
deprotonation, kdep, and the pH is presented in Table I. The influence 
of the initial [I] at a pH > pK, and at  a pH < pK, is listed in Table 11. The 
data of Table I show that kdep decreases with increasing pH. 

At pH 13.0, kdep is independent of [I] in the chosen concentration range 
but at pH 12.0 an increase of [I] causes a decrease in kdep as presented 
in Table 11. The data obtained at pH > pK. indicate that the process 
follows first-order kinetics, but the data a t  pH < pK,, contradict such a 
conclusion. A plausible explanation for the results is that aggregation 
occurs between the molecules a t  higher concentrations of uncharged I. 
At  pH < pK, the majority of the molecules appears in the protonated 
neutral form so that in this pH region the possibility of aggregation will 
be relatively high. Other properties, such as the absorptivity, may change 
also with an increase in the concentration. In Fig. 3 the relation between 
the absorbance at 290 nm and [I] at  pH 10 is presented. The curve shows 
linearity between absorbance and concentration up to 1.5 X M I. 
A t  concentrations over 2.0 X M the absorbance is no longer linear 
with [I], which means that the chromophore is influenced by interaction 
with other molecules. 

Scheme 

r 
I 0 

DISCUSSION 

The data presented above lead to the following conclusions on the 
prototropic nature of I and 11. Both compounds have three basic func- 
tions: 

1. The 7-amino group, with p&1- 1.3 at  room temperature. 
2. The N-4 nitrogen, with pK,,2 -1.2 at room temperature. It is possible 

that pK,,a is a little higher, due to mesomeric effects of the 7-amino 
group. 

3. The aziridine nitrogen, with pK.3 -1.5 (4). 
The compounds also have an acidic function, with pKO4 12.44 at room 
temperature. This pK, must be assigned to the 7-aminr+quinoid moiety 
in the compounds, as is shown in Scheme I. The keto-enol tautomerism 
in this structure is responsible for the spectral changes, while the ab- 
sorbance value marks the position of the equilibrium. The tautomeric 
reaction has a finite rate. 
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Figure 3-Relation between absorbance at 290 nm and mitomycin 
concentration at pH 10 at room temperature. 
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The degree of protonation (a) of the reaction can be written as: 
a=-= 11-1 Ka 

[I + I-] K ,  + [H+] (Eq. 3) 

The overall rate constant kdep consists of: 

kdep = kt'[I] + kt'-[I-] = kt'(1 - (Y) + ktl-(a) (Eq. 4) 

where kt l  is the rate constant for tautomerization of uncharged I and ktI- 
the same constant for I- (deprotonated I). Combination of Eqs. 3 and 
4 yields: 

Assuming that, with respect to tautomerization, I is much more active 
than I- or that kt' >> ktl-, it is obvious that on increasing the pH, the term 
ktl([H+]/Ka + [H+]) will decrease more rapidly than the term 
ktl-([H+]/Ka + [H+]) increases which will result in a lower value of k d e p  
Under the assumption that ktI- is so small that the term ktl-(Ka/Ka + 
[H+]) can be neglected, Eq. 5 permits the estimation of kt', using pK, 
12.44 of the acidic group and the values for kdsp listed in Table I. The 
calculation results in a k,I of 1.4 f 0.4 X lo-' sec-l and a half-life ( t l l z )  
of the process of 5.0 sec. The explanation of the concentration dependence 
of kdep at pH < pK, lies in the aforementioned possibility of interaction 
between the 7-amino-quinoid moieties on increasing [I]. The occurrence 
of these interactions is shown by the changes in absorptivity at higher 
[I] a t  pH 10, where the compound is present almost completely in the 
uncharged form. The decrease in the molar absorptivity must be due to 
interaction of the 7-amino-quinoid chromophores. Since the tautomer- 
ization occurs in the same functional group in the molecule, this inter- 

NOTES 

action most likely also causes a decrease in the overall rate constant kdep 
at higher [I] a t  pH 12.0, as the concentration of the unaffected 7- 
amino-quinoidal function decreases due to this interaction. Equation 
4 shows that on decreasing [I] and [I-], kdep will decrease. At pH 13.0, 
where [I] = 0.2 [I + I-], the concentration of uncharged I in the range 
studied is too low for aggregation to occur. 
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Abstract The distribution of ['qCIbretylium tosylate in the body and 
the relationship between tissue and plasma concentrations was deter- 
mined following intravenous administration of the drug to Charles River 
rats. The renal excretion of bretylium was rapid in rats and follows an 
active process. On the average, 50% of the administered dose was excreted 
in the urine within 1 hr. In the postequilibrium phase, the plasma con- 
centration declined with a half-life of 5 hr. Bretylium concentrations in 
all tissues, except the heart, declined rapidly according to a triexponential 
equation. The liver and kidney bretylium concentrations declined in 
parallel to the plasma concentration with mean tissue-plasma concen- 
tration ratios of 6.04 and 12.3, respectively, in the /3 phase. However, the 
concentration of hretylium in the heart increased gradually and peaked 
at  2 hr, with a tissue-plasma concentration ratio of 121, which, in turn, 

declined to a value of >60 after 8 hr. The data indicated that ( a )  bretyl- 
ium is rapidly distributed into the liver and kidney immediately after 
reaching the systemic circulation; ( b )  the distribution into the heart oc- 
curs a t  a slower rate compared with the other organs, and the drug has 
a high affinity to the myocardium; and ( c )  since the heart is the site of 
action and there is no direct correlation between the concentrations in 
myocardium and plasma, the antiarrhythmic effect of bretylium may not 
be related to the plasma concentration. 
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tissue distribution of [14C]bretylium tosylate in rats, plasma 

Bretylium tosylate is a quaternary ammonium salt given 
in the treatment of cardiac arrhythmia. I t  suppresses 
ventricular fibrillation within minutes of intravenous 
infusion (1). The suppression of ventricular tachycardia, 
however, developed more slowly, usually 20-120 min after 

intramuscular administration of 4 mg/kg of bretylium 
tosylate in humans (2). The effect of bretylium in the intact 
heart was shown to be biphasic, with an initial transient 
increase in blood pressure and heart rate followed by an 
opposite and more prolonged depression of these same 
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The degree of protonation (a) of the reaction can be written as: 
a=-= 11-1 Ka 

[I + I-] K ,  + [H+] (Eq. 3) 

The overall rate constant kdep consists of: 
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where kt l  is the rate constant for tautomerization of uncharged I and ktI- 
the same constant for I- (deprotonated I). Combination of Eqs. 3 and 
4 yields: 
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[H+]) can be neglected, Eq. 5 permits the estimation of kt', using pK, 
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calculation results in a k,I of 1.4 f 0.4 X lo-' sec-l and a half-life ( t l l z )  
of the process of 5.0 sec. The explanation of the concentration dependence 
of kdep at pH < pK, lies in the aforementioned possibility of interaction 
between the 7-amino-quinoid moieties on increasing [I]. The occurrence 
of these interactions is shown by the changes in absorptivity at higher 
[I] a t  pH 10, where the compound is present almost completely in the 
uncharged form. The decrease in the molar absorptivity must be due to 
interaction of the 7-amino-quinoid chromophores. Since the tautomer- 
ization occurs in the same functional group in the molecule, this inter- 

NOTES 

action most likely also causes a decrease in the overall rate constant kdep 
at higher [I] a t  pH 12.0, as the concentration of the unaffected 7- 
amino-quinoidal function decreases due to this interaction. Equation 
4 shows that on decreasing [I] and [I-], kdep will decrease. At pH 13.0, 
where [I] = 0.2 [I + I-], the concentration of uncharged I in the range 
studied is too low for aggregation to occur. 
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the relationship between tissue and plasma concentrations was deter- 
mined following intravenous administration of the drug to Charles River 
rats. The renal excretion of bretylium was rapid in rats and follows an 
active process. On the average, 50% of the administered dose was excreted 
in the urine within 1 hr. In the postequilibrium phase, the plasma con- 
centration declined with a half-life of 5 hr. Bretylium concentrations in 
all tissues, except the heart, declined rapidly according to a triexponential 
equation. The liver and kidney bretylium concentrations declined in 
parallel to the plasma concentration with mean tissue-plasma concen- 
tration ratios of 6.04 and 12.3, respectively, in the /3 phase. However, the 
concentration of hretylium in the heart increased gradually and peaked 
at  2 hr, with a tissue-plasma concentration ratio of 121, which, in turn, 

declined to a value of >60 after 8 hr. The data indicated that ( a )  bretyl- 
ium is rapidly distributed into the liver and kidney immediately after 
reaching the systemic circulation; ( b )  the distribution into the heart oc- 
curs a t  a slower rate compared with the other organs, and the drug has 
a high affinity to the myocardium; and ( c )  since the heart is the site of 
action and there is no direct correlation between the concentrations in 
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be related to the plasma concentration. 
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Bretylium tosylate is a quaternary ammonium salt given 
in the treatment of cardiac arrhythmia. I t  suppresses 
ventricular fibrillation within minutes of intravenous 
infusion (1). The suppression of ventricular tachycardia, 
however, developed more slowly, usually 20-120 min after 

intramuscular administration of 4 mg/kg of bretylium 
tosylate in humans (2). The effect of bretylium in the intact 
heart was shown to be biphasic, with an initial transient 
increase in blood pressure and heart rate followed by an 
opposite and more prolonged depression of these same 
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Table I-Tissue to Plasma Concentration Ratios of [14C]Bretylium Tosylate During 8 hr After Drug Administration 

Tissue-Plasma Concentration Ratio 
Hours Serum Red Blood Cellsa Liver Kidney Heart Lung Spleen 

O.l* 1.13 ~ ~~ 

0.5 1.30 
1.0b 1.69 
2.0 1.80 
4.0 2.19 
6.0 1.86 
8.0 2.16 

1.23 
1.41 
1.82 
2.05 
2.56 
1.89 
2.48 

14.1 25.8 3.23 3.23 3.19 
19.2 27.0 16.1 - - 
16.2 19.3 57.9 16.4 6.86 
11.6 17.3 121 
6.69 14.6 94.1 9.78 11.6 
4.69 9.48 60.0 7.93 8.07 
6.74 12.8 69.5 

- - 

- - 

MeanC 
&Phase 2.07 2.31 6.04 12.3 74.5 8.86 9.84 
Ratio 

" Amount 0 1  drug in red hltnd cells was determined by amount in whole h l d  minus amount in plasma, where amount in plasma was determined by plasma conrentration 
Ivolume of whole blood (I-hematwrit)] and red bltxxl cell concentration was determined by amount/(viilume of whole blood X hematocrit). * Average ratios from eight 
rats for red blood cells, liver, kidney, and heart. Lung and spleen values and all other values are average ratios from four animals. The /3-phase ratio was calculated from 
the linear portion of each curve, ix., 4-8 hr for each tissue. 

parameters (3). These effects probably can be related to 
the time course of bretylium in the heart following ad- 
ministration. 

In dogs, the myocardial drug concentrations were shown 
to increase gradually with a peak occurring at 1.5-6.0 hr 
after intravenous administrations of 2 and 6 mg/kg of 
bretylium tosylate (4). The myocardial tissue-serum 
concentration ratio increased progressively to 6.4-12.6 
after 12 hr. In the same study, the antifibrillatory effect 
was correlated with the myocardial levels of bretylium but 
not with serum concentrations. 

Pharmacokinetic studies in humans and animals showed 
that bretylium has a very large volume of distribution 
(5-7), indicating a high affinity to tissues. Over 80% of a 
5-mg/kg bretylium tosylate dose is excreted unchanged in 
urine by active renal excretion processes (5,8). The average 
biologic half-life of bretylium is 8 hr in four normal subjects 
(5) and becomes longer in patients with impaired renal 
function (9). 

In rats, the biologic half-life of bretylium is -5 hr (7). An 
average of 94-95% of a 10-mg/kg [14C]bretylium tosylate 
dose was recovered in 72 hr, of which 63-6596 was excreted 
unchanged in urine and 3631% was eliminated unchanged 
in feces following intravenous administration, indicating 
a pronounced biliary excretion (7,8). The purpose of the 
present investigation was to examine the distribution 
pattern of bretylium in well-perfused organs, heart, kidney, 
and liver, which are the sites of pharmacological action, 
urinary excretion, and possible metabolism of the drug, 
respectively, in rats. 

EXPERIMENTAL 

This investigation was carried out in two separate studies and on two 
different occasions. For this purpose, male Charles River rats' weighing 
3 U 0 0  g were used. Custom synthesized [W]bretylium hyla te  labeled 
on the benzylic carbons (specific activity 27.3 pCi/mg, 99% purity) was 
purchased2. The labeled compound was mixed with cold bretylium tos- 
ylate3 and dissolved in saline to produce the injection solution (5 mg/ml, 
specific activity 3.4 pCi/mg). 

In study I, 28 animals were divided into seven groups of four rats each. 
Each animal received an intravenous injection of 10 mg/kg of [14C]- 
bretylium tosy1ate;and each group was then sacrificed by portal vein 
bleeding under ether anesthesia a t  the following times postdose: 0.1,0.5, 
1,2,4,6, and 8 hr. A portion of the blood sample was centrifuged in a tube 
containing dry heparin to separate plasma, and the other was allowed 
to coagulate and then centrifuged to collect serum. An aliquot of the 

Charles River Breeding Laboratories, Wilmington, Mass. * New England Nuclear, Boston, Mass. 
3 American Critical Care, McGaw Park, Ill. 

heparinized blood was dispensed into a combustion cup for total radio- 
activity determination in whole blood. The kidneys, liver, and heart were 
removed. 

Study I1 was performed approximately 1 year later. Sixteen animals 
were divided into four groups of four rats each. Each animal received an 
intravenous dose of 10 mg/kg of [W] bretylium tosylate, and each group 
was sacrificed at 0.1,1,4, and 6 hr after drug administration, in the same 
manner as described in study I. Again plasma and serum were collected. 
In addition, the kidneys, liver, heart, lung, spleen, and carcass were 
separated. All urine and feces were quantitatively collected. 

Immediately after removal, the organs were sliced, blotted in tissue 
paper to remove excess blood, and weighed. To the organs, the carcass, 
and the feces, a saline solution 3-5 times the weight of the organ was 
added. The mixture was then homogenized4 in an ice bath. An aliquot 
of each homogenate was frozen and stored until assay. 

The total radioactivity in plasma was determined on an aliquot of the 
samples in a liquid scintillation counteP. The total radioactivity in blood, 
tissue, and feces samples was measured after combustion6 of an aliquot 
of the homogenate and by counting the processed samples in the liquid 
scintillation counter. 

Mean concentrations (n = 4) in the plasma, serum, red blood cells, liver, 
and kidney were fitted to a triexponential equation, describing a typical 
three-compartment open model (7). The concentration in the heart did 
not follow the same model. The terminal disposition half-life in myo- 
cardium was calculated using nonlinear regression analysis of a concen- 
tration-time profile. The data from study I1 served for comparative 
purposes and allowed the estimation of the percentage of the dose re- 
maining in various tissues a t  different times. 

RESULTS AND DISCUSSION 

Figure 1 depicts the time course of bretylium concentration in various 
tissues and plasma following intravenous administration. The data from 
study 11, which was c o n d u d  1 year later, were included. There was good 
agreement between the two sets of data showing an excellent reproduc- 
ibility of bretylium pharmacokinetics in rats. The concentrations in 
plasma, liver, and kidney declined in parallel following intravenous ad- 
ministration. In general, there was a good fit of these data to a triexpo- 
nential equation describing a three-compartment open model. The 
elimination half-life was 5 hr, which is in agreement with the previously 
reported value (7). 

The accumulation and decline of bretylium concentration in the heart 
resembled the simulated time course of the drug in a deep peripheral 
compartment. There was a gradual accumulation of bretylium in the 
heart with a peak occurring between 1-2 hr. This was also in agreement 
with reported data of a gradual increase in myocardium levels in dogs (4). 
The postdistribution decline in bretylium heart concentration, however, 
was more rapid, showing a biological half-life of 2 hr. It is possible that 
this decline is part of a redistribution process and that concentration in 
the heart will eventually reach an equilibrium with that in plasma and 
other tissues. Since the heart is the site of action, it will be expected that 
antiarrhythmic action will be associated with the concentration of 
bretylium in myocardium. Such a situation has been demonstrated in 

Polytron Homogenizer, Brinkman Instruments, Inc., Westbury, N.Y. 
Models 425 and 460C, Packard Instruments, Inc., Downers Grove, Ill. 
Sample Oxidizer Model B306, Packard Instruments, Inc.. Downers Grove, 
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Table 11-Percent of Dose Excreted in Urine and Feces and Remaining in Selected Organs Following Intravenous Administration of 
Bretvlium Tosslate to Rats 

Percent of Dosea 
Hours Blood Kidney Liver Heart Ween Lung Urine Feces 

I 

0.1 4.49 12.0 29.6 0.972 0.364 0.786 - - 
(0.327) (3.68) (1.87) (0.029) (0.053) (0.084) 

1.0 0.916 1.14 5.69 1.43 0.156 0.653 49.2 1.29 ~ ~~ 

(0.120) (0.187) (1.04) (0.104) (0.006) (0.042) (3.30) (1.25) 
4.0 0.339 0.375 0.694 0.579 0.069 0.099 55.9 0.733 

(0.011) (0.208) (0.123) (0.209) (0.004) (0.020) (6.12) (1.465) 
6.0 0.215 0.143 0.388 0.288 0.038 0.061 61.1 3.48 

(0.066) (0.016) (0.097) (0.101) (0.015) (0.010) (1.66) (1.04) 

Mean of four rats, standard deviation in parentheses. 

dogs (4). Thus, until an equilibrium between myocardium and plasma 
levels is attained, it is reasonable to presume that there will be no corre- 
lation between antiarrhythmic action and plasma concentration. 

Table I summarizes the tissue-plasma concentration ratios of serum, 
red blood cells, liver, kidney, heart, lung, and spleen tissues. Table I1 
summarizes the tissue content of bretylium and amounts excreted in 

300\ 

0.1 I 
I I 1 1 I I I i 

2 4 6 8 
HOURS 

Figure 1-Mean concentration of bretylium in plasma (a), red blood 
cells (m), liver (A), kidney (*), and heart (+) following intravenous 
administration of 10 mg/kg of bretylium tosylate in rats in study I .  The 
respective open symbols represent data from study II .  Observations from 
study I were used to fit the curves. Each data point is the mean of four  
animals. The concentrations in plasma are given by micrograms per 
milliliter and in  the tissues by micrograms per gram. 

urine and feces at various times after intravenous administration of the 
drug. For both liver and kidney, which are well-perfused organs, the 
tissue-plasma concentration ratios were generally higher in the distri- 
bution phase than in the P-phase during which average equilibrium ratios 
of 6.0 and 12.3, respectively, were attained. At 0.1 hr, the uptake of 
bretylium in liver and kidney accounted for 30 and 12% of the dose, re- 
spectively. The high bretylium levels in the liver and kidney are consistent 
with rapid elimination of the drug: -50% of the dose is excreted in urine 
within 1 hr (Table 11). Also, it was demonstrated that about one-third 
of the dose is eliminated by biliary excretion (7). 

The heart-plasma concentration ratio increased gradually from 3.2 
after 6 min to 121 after 2 hr. The peak ratio was much higher than that 
observed in dogs, 12.6 (4), which may indicate species differences in 
bretylium distribution in the body. There was a sharp decrease in the 
heartplasma concentration ratio to -70 after 8 hr. The continuous 
change in this concentration ratio is consistent with delayed onset of 
action followed by a more prolonged effect reported in the literature (3, 
4). 

For red blood cells, there was also a gradual increase in the tissue- 
plasma concentration ratios, reaching an apparent equilibrium within 
2 hr. This gradual change in the ratios may be due to either a rapid dis- 
tribution in the cells followed by a slower rate of redistribution in the 
plasma or a gradual uptake of the drug by red blood cells against a con- 
centration gradient, presumably by an active mechanism. The lung and 
spleen uptake also appears to be similar to that in the red blood cells. An 
active tissue uptake has been suggested for another quaternary ammo- 
nium compound, tetraethylammonium, in rats (10). 

One hr after drug administration, on the average, 49 and 1.3% of the 
dose were found in the urine and feces, respectively. The initial rapid 
elimination of bretylium in urine was proportional to the initial high 
plasma concentration (8 gg/ml). When the plasma level declined to <1 
pg/tnl(l hr postdose), the urinary excretion accounted for -12% over the 
next 5 hr. Of the remaining 50% at  1 hr, 10% of the dose could be ac- 
counted for in blood, kidney, liver, heart, spleen, and lung tissues. This 
amount decreased significantly to -2% at  6 hr following administra- 
tion. 

The data suggest that at 1 hr, 3% of the dose should be accounted €or 
in the carcass. The overall radioactivity determined in the carcass, 
however, was equivalent to 50% of the dose. Unfortunately, the homog- 
enization of the carcass was later found to be incomplete, and it is possible 
that this caused the overestimation of body content by nearly 10%. Pre- 
viously, it was shown that about one-third of the bretylium dose was 
eliminated in the feces through biliary excretion (7). Therefore, the in- 
testines might contain most of the radioactivity which was found in the 
carcass. 

In summary, bretylium is rapidly distributed in the body, particularly 
in the liver and kidneys, immediately after reaching systemic circulation. 
While there was a parallel decline in liver, kidney, and plasma concen- 
trations of bretylium, there was no correlation between plasma and heart 
concentrations of the drug. The heart showed high affinity to bretylium 
with its concentration reaching 120 times plasma levels within 2 hr. These 
data suggest that the antiarrhythmic effect of bretylium will not be as- 
sociated with its plasma concentrations until an equilibrium between 
heart and plasma concentrations is attained. 

REFERENCES 

(1) G. Sanna and R. Arcidiacono, Am. J .  Cardiol., 32,982 (1973). 
(2) D. W. Romhilt, S. S. Bloomfield, and R. J. Lipicky, Circulation, 

(3) K. Chattergee, W. J. Mandel, J. K. Vyden, W. W. Parmley, and 
45,800 (1972). 

J. S. Forrester, J. Am. Med. Assoc., 223,757 (1973). 

558 I Journal of Pharmaceutical Sciences 
Vol. 72. No. 5, May 1983 



(4) J. L. Anderson, E. Patterson, M. Conlon, S. Pasyk, B. Pitt, and 

(5) P. K. Narang, J. Adir, J. Josselson, A. Yacobi, and J. Sadler, J. 

(6) J. L. Anderson, E. Patterson, J. G. Wagner, J. K. Stewart, H. L. 

(7) B. L. Kamath, H. F. Stampfli, C. M. Lai, and A. Yacobi, J. Pharm. 

Sci., 70,667 (1981). 

macol. Ther., 11,829 (1970). 

Med., 300,1390 (1979). 

D. D. Shen, J. Pharmacokinet Biopharm., 8,373 (1980). 

B. Lucchesi, Am. J. Cardiol., 46,583 (1980). 

Pharmacokinet Biopharm., 8,365 (1980). 

Behm, and B. R. Lucchesi, Clin. Pharmacol. Ther., 28,468 (1980). 

(8) R. Kuntzman, I. Tsai, R. Chang, and A. H. Conney, Clin. Phar- 

(9) J. Adir, P. K. Narang, J. Josselson, and J. H. Sadler, N. Engl. J. 

(10) M. Mintun, K. J. Himmelstein, R. L. Schroder, M. Gibaldi, and 

Room Temperature Phosphorescence Determination of 
Propranolol in Pharmaceutical Formulations 

RICKY P. BATEH and J. D. WINEFORDNER" 
Received March 19,1982, from the Uniuersity of Florida, Department of Chemistry, Gainesuille, FL 32611. 
14,1982. 

Accepted for publication May 

Abstract A simple, rapid, and specific procedure was used for the 
analysis of propranolol in pharmaceutical formulations. The procedure 
consisted of dissolving (diluting) appropriate quantities of preparations 
and standards in (with) a 2 M potassium icdide-ethanol-water solution, 
spotting 5 p1 of each resultant solution onto filter paper disks, deter- 
mining the phosphorescence intensities at room temperature, and com- 
paring sample signal levels with those of standards. The results indicated 
that room temperature phosphorescence can be easily applied to the 
analysis of pharmaceutical formulations where active ingredients are 
generally contained in a wide variety of matrices. 

Keyphrases 0 Propranolol-room temperature phosphorescence de- 
termination in tablets and injections Phosphorescencedetermination 
of propranolol in tablets and injections /3-adrenergic agents-pro- 
pranolol, room temperature phosphorescence determination, tablets and 
injections 

Propranolol hydrochloride, a 0-adrenergic blocker, is 
commonly used for the treatment of nonacute hyperten- 
sion, angina pectoris, and cardiac arrhythmias. With the 
patent on the only marketed product nearing its  expira- 
tion, generic brands of propranolol will soon become 
available. Because generic manufacturers often use a va- 
riety of materials (diluents, binders, etc.) in their formu- 
lations, a specific procedure is needed for the quantitation 
of the active ingredient in the formulation. 

The current USP procedure (1) for propranolol is 
cumbersome, and as a result, many pharmaceutical man- 
ufacturers are currently investigating fluorometry and 
high-performance liquid chromatography (HPLC) for 
quality control. 

The present report describes a simple and rapid room 
temperature phosphorescence procedure applicable to the 
determination of propranolol in several pharmaceutical 
preparations. While room temperature phosphorescence 
has been shown to be analytically useful, real sample ap- 
plications have been limited (2, 3). Overall, room tem- 
perature phosphorescence offers good selectivity with 
moderate sensitivity and detection power. 

EXPERIMENTAL 

Reagents-Propranolol hydrochloride' (I) and hydrochlorothiazide2 
(11) were used as received. All pharmaceutical preparations were pur- 

l Ayerst Laboratories, New York. N.Y.: Inderal, propranolol hydrochloride; 

* Ciba Pharmaceutical Co., Summit, N.3: 
Inderide, propranolol hydrochloride with h drochlorothiazide. 

I 

rI 
chased through a local hospital pharmacy3. All other materials were of 
analytical reagent grade. 

Apparatus-All room temperature phosphorescence measurements 
were made with a spectrophotofluorometefi fitted with a 150-W xenon 
arc lamps, a laboratory-constructed phosphoroscope (4) for bar, room 
temperature phosphorescence (5), and a potted photomultiplier tube6. 
A ratio photometer' supplied high voltage to the photomultiplier tube 
in addition to serving as a DC amplifier. All line voltages were regulated 
with an AC regulato9. 

Standard and Sample Preparation-A standard stock solution (400 
pg/ml) was prepared by dissolving an accurately weighed portion of 
propranolol hydrochloride in a 2 M potassium iodide solution (etha- 
nol-water, 50:50). Standard solutions (5,10,20,50,100,200, and 300 
pg/ml) were prepared daily by mixing appropriate volumes of the stock 
solution with the ethanolic solution. Samples were prepared for assay 
bJdissolution-dilution idwith the ethanolic solution. For analysis of 
representative samples, 20 tablets were weighed and powdered with a 
mortar and pestle, and four portions (equivalent to 100 pg/ml of active 
ingredient in a total volume of 10 ml) were dissolved in the ethanolic 
solution. This procedure was repeated for each solid sample. For the 
analysis of liquid preparations, appropriate volumes (same equivalence 
as tablets) of the samples were diluted with the ethanolic solution. Four 
different test solutions were prepared for each pharmaceutical formu- 
lation; each test solution contained 100 pg/ml of active ingredient. 

Procedure-Bar, room temperature phosphorescence analysis con- 
sisted of an aluminum bar, a cover plate with four holes (each -0.64-cm 
diameter) and filter paper disksg. The filter paper disks were placed under 
the cover plate and the cover plate was tightened into place on the bar 
with four screws. Samples were spotted onto the paper disks in 5-pl vol- 

9 Pharmacy Stores, Shands Teaching Hospital, Gainesville, Fla. 
Aminco-Bowman SPF, American Instrument Co., Jessup, Md. 
Canrad-Hanovia, Newark, N.J. 
1P21, Hamamatsu, Middlesex, N.J. 

1 American Instrument Co. 
SSorenson 1001, Nomalk, Conn. 

Grade 903. Schleicher & Schuell. Keene, N.H. 
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Abstract A simple, rapid, and specific procedure was used for the 
analysis of propranolol in pharmaceutical formulations. The procedure 
consisted of dissolving (diluting) appropriate quantities of preparations 
and standards in (with) a 2 M potassium icdide-ethanol-water solution, 
spotting 5 p1 of each resultant solution onto filter paper disks, deter- 
mining the phosphorescence intensities at room temperature, and com- 
paring sample signal levels with those of standards. The results indicated 
that room temperature phosphorescence can be easily applied to the 
analysis of pharmaceutical formulations where active ingredients are 
generally contained in a wide variety of matrices. 
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Propranolol hydrochloride, a 0-adrenergic blocker, is 
commonly used for the treatment of nonacute hyperten- 
sion, angina pectoris, and cardiac arrhythmias. With the 
patent on the only marketed product nearing its  expira- 
tion, generic brands of propranolol will soon become 
available. Because generic manufacturers often use a va- 
riety of materials (diluents, binders, etc.) in their formu- 
lations, a specific procedure is needed for the quantitation 
of the active ingredient in the formulation. 

The current USP procedure (1) for propranolol is 
cumbersome, and as a result, many pharmaceutical man- 
ufacturers are currently investigating fluorometry and 
high-performance liquid chromatography (HPLC) for 
quality control. 

The present report describes a simple and rapid room 
temperature phosphorescence procedure applicable to the 
determination of propranolol in several pharmaceutical 
preparations. While room temperature phosphorescence 
has been shown to be analytically useful, real sample ap- 
plications have been limited (2, 3). Overall, room tem- 
perature phosphorescence offers good selectivity with 
moderate sensitivity and detection power. 

EXPERIMENTAL 

Reagents-Propranolol hydrochloride' (I) and hydrochlorothiazide2 
(11) were used as received. All pharmaceutical preparations were pur- 

l Ayerst Laboratories, New York. N.Y.: Inderal, propranolol hydrochloride; 

* Ciba Pharmaceutical Co., Summit, N.3: 
Inderide, propranolol hydrochloride with h drochlorothiazide. 
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rI 
chased through a local hospital pharmacy3. All other materials were of 
analytical reagent grade. 

Apparatus-All room temperature phosphorescence measurements 
were made with a spectrophotofluorometefi fitted with a 150-W xenon 
arc lamps, a laboratory-constructed phosphoroscope (4) for bar, room 
temperature phosphorescence (5), and a potted photomultiplier tube6. 
A ratio photometer' supplied high voltage to the photomultiplier tube 
in addition to serving as a DC amplifier. All line voltages were regulated 
with an AC regulato9. 

Standard and Sample Preparation-A standard stock solution (400 
pg/ml) was prepared by dissolving an accurately weighed portion of 
propranolol hydrochloride in a 2 M potassium iodide solution (etha- 
nol-water, 50:50). Standard solutions (5,10,20,50,100,200, and 300 
pg/ml) were prepared daily by mixing appropriate volumes of the stock 
solution with the ethanolic solution. Samples were prepared for assay 
bJdissolution-dilution idwith the ethanolic solution. For analysis of 
representative samples, 20 tablets were weighed and powdered with a 
mortar and pestle, and four portions (equivalent to 100 pg/ml of active 
ingredient in a total volume of 10 ml) were dissolved in the ethanolic 
solution. This procedure was repeated for each solid sample. For the 
analysis of liquid preparations, appropriate volumes (same equivalence 
as tablets) of the samples were diluted with the ethanolic solution. Four 
different test solutions were prepared for each pharmaceutical formu- 
lation; each test solution contained 100 pg/ml of active ingredient. 

Procedure-Bar, room temperature phosphorescence analysis con- 
sisted of an aluminum bar, a cover plate with four holes (each -0.64-cm 
diameter) and filter paper disksg. The filter paper disks were placed under 
the cover plate and the cover plate was tightened into place on the bar 
with four screws. Samples were spotted onto the paper disks in 5-pl vol- 
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Table 1-Results for the Determination of Active Ingredients in Pharmaceutical Formulations * 

Formulation, 
mg Active Ingredient/ 

Dosage Form 

Concentration Coefficient 

pg/mlb Variation, ‘70 
Found Experimental, of 

Experimental Amount (mg) 
of Active Ingredient/ 

Dosage Formc 

Propranolol Mean Range 
20 98 90-108 
40 97 88-108 
80 102 94-108 

1 (injection I-ml ampule) 103 94-111 

40/25 102 94-110 
80125 101 94-110 

PropranololIHydrochlorothiazide 

5.2 
7.2 
4.0 
4.4 

5.0 
4.5 

20 
39 
82 

1 

41 
81 

~ 

0 All test samples were 100 pg/ml of active ingredient. b Calculated from 16 measurements of each of four samples. c Mean value calculated from 16 determinations 
of active ingredients in each of four weighed portions. 

umes with a micropipetlo. After spotting, the bar was slipped into the 
sample compartment (equipped with a phosphoroscope can with a 
chopping rate of 200 Hz) and the samples were allowed to dry for 7 min 
under a flow of dehumidified nitrogen gas (-20 litedmin). During the 
drying process, signals increased over a period of -6 min a t  which time 
a plateau was reached for -2 min. Measurements were made on this 
plateau. This procedure was repeated 16 times for each sample and 
standard. The excitation and emission wavelengths used in the analyses 
were 306 and 492 nm, respectively. 

Quantitation-Quantitation was achieved by comparing the relative 
phosphorescence intensities of the samples with those of the standards. 
For the analyses, the linear range of the propranolol standard solutions 
extended from 20 to 300 pglml. Linear regression analysis gave the line 
y = 0 .725~  - 7.34 with a correlation coefficient of +0.999. 

RESULTS AND DISCUSSION 

The results in Table I indicate that room temperature phosphorescence 
can be successfully applied to the determination of propranolol in 
pharmaceutical preparations. Precision studies with 16 determinations 
of each sample and standard gave coefficients of variation between 4 and 
8%. While room temperature phosphorescence is well established as a 
method of analysis with great selectivity, its sensitivity generally lags 
behind that of other techniques. 

Both propranolol and hydrochlorothiazide phosphoresce when 2 M 
NaOH is added to the ethanolic solution. However, because of the weaker 
phosphorescence signal of hydrochlorothiazide, it  was not possible for 
it to be quantitatively determined in the prepared mixtures. Only pro- 
pranolol appeared to phosphoresce when present in the ethanolic solu- 
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Figure 1-Room temperature phosphorescence obtained from 100- 
pglml propranolol hydrochloride in  an ethanolic solution and from a 
mixture of 10O-pglml propranolol hydrochloride and 50-pglml hydro- 
chlorothiazide. 
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Figure %-Room temperature phosphorescence obtained from a mix- 
lure of IOO-pg/ml propranulol hydrochloride and 50-~(g /rnl  hydro- 
chlorothintide with 2 M NaOH in an ethanolic solution. 

tion, and this component was analyzed in the prepared mixtures. Figures 
1 and 2 illustrate what is spectrally observed without and with the ad- 
dition of 2 M NaOH to the ethanolic solutions. 

The selectivity factor in room temperature phosphorescence was ad- 
vantageous in that no compound other than propranolol appeared to 
phosphoresce. Because pharmaceuticals are proprietary in nature, no 
absolute assurance of any other species contributing to the phosphores- 
cence of the sample can be given. It would be expected that those species 
in the formulations that may phosphoresce are minor constituents and 
are subsequently diluted when the sample is prepared for analysis. Thus, 
this procedure is reported to be quite simple and specific for the deter- 
mination of propranolol in pharmaceutical formulations. 
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Abstract 0 A commercial antacid suspension containing aluminum 
hydroxide and magnesium hydroxide products was used as a model 
sample to study the use of a californium-252 thermal neutron activation 
as a method for quantifying aluminum content as well as for the simul- 
taneous assay of aluminum and magnesium. A 3.5-pg californium-252 
source was used for the activation, and the induced aluminum-28 and 
magnesium-27 activity was simultaneously measured by sodium iodide 
crystal gamma-ray spectrometry using dual single-channel analyzers and 
scalers. The antacid suspension was contained in a chamber designed with 
the unique capability of serving as the container for counting the induced 
radioactivity in addition to being the irradiation chamber itself. Ten 
replicate irradiations were performed, and the precision was compared 
with 10 replicate analyses of the antacid suspension using the official 
ethylenediaminetetraacetic acid titration method. For aluminum the 
precision was 1.4 uersus 0.62% for the titration method. For the magne- 
sium the precision was 5.3 uersus 0.79% for the titration method. This 
pilot study demonstrated that use of more intense californium-252 
sources, which are commonly available, would provide a method that is 
competitive with the ethylenediaminetetraacetic acid titration method 
in precision and in other aspects as well. 

Keyphrases Californium-252-thermal neutron activation, method 
of simultaneously analyzing aluminum and magnesium in pharmaceutical 
dosage forms Dosage forms-method of simultaneously analyzing 
aluminum and magnesium using californium-252 thermal neutron acti- 
vation Aluminum-method of anlaysis in pharmaceutical doaage forms 
using californium-252 thermal neutron activation 0 Magnesium- 
method of analysis in pharmaceutical dosage forms using difornium-252 
thermal neutron activation 

AnaIysis of aluminum in pharmaceutical formulations 
by thermal neutron activation in a reactor has been pro- 
posed (1) as an alternative to the official but somewhat 
cumbersome ethylenediaminetetraacetic acid titration 
method (2). However, limited access to reactors often 
makes neutron activation an uneconomical and inconve- 
nient analysis technique. The recent availability of high 
intensity, relatively inexpensive, californium-252 neutron 
sources provides another means of analyzing pharma- 
ceuticals for certain activable constituents. This report is 
a study of the feasibility of using californium-252 neutron 
activation analysis for aluminum quantification as well as 
for the simultaneous assay of aluminum and magnesium. 
A commercial antacid suspension containing aluminum 
hydroxide and magnesium hydroxide products was chosen 
as a typical sample for this study. However, the technique 
should apply to other products containing one or both of 
these minerals such as aluminum hydroxychloride or 
sterile penicillin G procaine suspension, which often is 
formulated with aluminum stearate. 

EXPERIMENTAL 

The californium-252 neutron source was in the form of a needle 5-cm 
long and 0.5-cm in diameter. The californium-252 content at the time 
of irradiation was 3.5 pg, which gave an emission rate of 8.1 X lo6 neu- 
tronshec. 

The chamber (Fig. 1) in which the suspension was contained during 
irradiation also had the unique capability of serving as the chamber for 
counting the induced radioactivity following irradiation. During irra- 
diation the chamber was placed upright in a tank of water moderator, 
such that the level of the water was the same height as the level of solution 
in the chamber. After irradiation the californium-252 source and its 
surrounding plexiglass moderator sleeve were removed from the chamber. 
The chamber was then simply inverted and placed over a sodium iodide 
crystal for counting, thereby resembling a Marinelli-type counting 
chamber. All irradiations were for exactly 36 min, followed by a 90-sec 
delay, and then a 36-min count. The predominant activation reactions 
of aluminum and magnesium (Table I) are caused by neutrons ther- 
malized by the water moderator and by water present in the antacid 
suspension. 

The instrumentation required for analysis of the gamma rays emitted 
from the magnesium-27 and aluminum-28 can be economically assembled 
by using dual single-channel analyzers and scalers. One analyzer-scaler 
was used to count the 0.83-MeV full-energy peak of magnesium-27 and 
the other analyzer-scaler simultaneously counted the 1.78-MeV peak 
of aluminum-28. The magnesium-27 analyzer was calibrated with a 
manganese-54 (0.835 MeV) standard source, and the aluminum-28 an- 
alyzer was calibrated with an aluminum-26 (1.81 MeV) standard. Figure 
2 is a gamma-ray spectrum obtained using a multichannel analyzer to 
count the antacid sample showing the two full energy peak bands used 
to measure the magnesium-27 and aluminum-28 with the dual single- 
channel analyzers. 

CY LI NDR ICAL 
MODERATOR 

d I 
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Figure 1-Cross-section of cylindrical irradiation-counting chamber 
showing the californium-252 (Cf 252) source position. Diameter = 14.5 
cm; height = 14.5 cm; uolume = 2.1 liters. 
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Table I-Magnesium and Aluminum Reaction Parameters (3) 

Parameter 

Reaction 
Isotope abundance 
Cross section (thermal) 
Half-life 
Gamma-ray energy 
Interferences 
Cross section 

Magnesium 

26Mg(n,~ )27Mg 
11.2% 
27 mba 
9.5 min 
0.83,O.Ol MeV 
None 
- 

Aluminum 

27Al(n,y)28AI 
100% 
210 mb 
2.3 min 
1.78 MeV 
27Al(n,p)27Mg 
3 mb 

a Millibarns. 

Table 11-Aluminum and Magnesium Analysis of Commercial 
Antacid Suspension by Californium-252 Neutron Activation 
Analysis and by the Official Ethylenediaminetetraacetic Acid 
Titration Method 

Neutron Activation, net 
countsa USP Method, % 

Aluminum Magnesium Equivalent Magnesium 
28 27 Aluminum Oxide Hydroxide 

5218 1221 
5384 1147 
5333 1102 __._ ~~~~ 

5243 1244 
5333 1180 
5 165 I I27 
5347 1080 
5285 1121 
5224 1187 
5154 1146 

Mean 5229 1166 
SD 75.6 61.2 

2.20 
2.21 
2.19 
2.18 
2.20 
2.17 
2.20 

4.04 
4.00 
3.98 
3.96 
3.97 
3.99 
4.03 ~ 

2.20 3.97 
2.18 4.05 
2.21 4.01 
2.19 4.00 
0.0135 0.0316 

(1.4%) (5.3%) (0.62%) (0.79%) 

a Aluminum-28 background = 252 counts; magnesium-27 background = 1282 

Ten replicate irradiations of the commercial antacid suspension were 
performed over a 16-day period. The counts of all replicates were nor- 
malized to the time of the fmt irradiation in order to correct for the decay 
of the californium-252 during the course of the experiment. A separate 
irradiation of only aluminum, in the form of a commercial aluminum 
hydroxide gel containing 9% equivalent aluminum oxide, was used to 
determine the Compton contribution of the aluminum-28 activity to the 
0.830-MeV peak of magnesium-27. This constant ratio of the alumi- 
num-28 peak counts to the counts in the magnesium-27 peak from alu- 
minum-% was used to remove the aluminum-28 contribution to the total 
magnesium-27 counts for each of the 10 irradiations. 

Because of its low cross-section, the 27Al(n,p)27Mg-interference re- 
action should not contribute significantly to the magnesium-27 peak. 
However, any contribution from that reaction would be eliminated when 
the Compton contribution to the magnesium-27 peak from aluminum-28 
was subtracted. 

To compare the precision of the californium-252 neutron activation 
analysis method with that of the official method, replicate analyses of 
the commercial antacid suspension were performed on 10 different days 
over a 2-week period by the official ethylenediaminetetraacetic acid ti- 
tration method (2). 

counts. 

RESULTS AND DISCUSSION 

The gross counting rates for the magnesium-27 and aluminum-28 peak 
channels were corrected for background, and in the case of the magne- 
sium-27, for the aluminum-28 contribution to the 0.83-MeV magne- 
sium-27 peak. The results are given in Table I1 along with the results of 
the ethylenediaminetetraacetic acid titration analysis. 

It can be seen from Table I1 that the califomium-252 method provides 
a precision for aluminum-28 that is considerably better than for mag- 
nesium-27. This is expected because of the higher thermal neutron ac- 
tivation cross section (Table I) for the 27Al(n,y)28Al-reaction. The pre- 
cision for both aluminum and magnesium can be improved considerably 
by using a more intense californium-252 source than the relatively weak 
one which was used for this pilot study. Because of the large volumes used 
and the minimum amount of sample manipulation required, it can be 

10‘ 
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1.78 

.- 
0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 

GAMMA-RAY ENERGY, Mev 

Figure 2-Gamma-ray spectrum of neutron irradiated antacid sus- 
pension containing magnesium and aluminum showing the magne- 
sium-27 and aluminum-28 peaks. 

assumed that the overall error in this technique is due entirely to the 
counting error. In this case the precision, expressed as the counting error, 
decreases inversely as the ratio of the square root of the total counts. 
Consequently, for example, if a californium-252 source 30 times the 
strength of the source utilized in this experiment were used, the magne- 
sium-27 precision would be improved to (Jm/d-) (5.3%) = 
0.97%, and the aluminum-28 precision would be improved by the same 
factor to a value of 0.26%. 

This improved magnesium-27 value is competitive with the precision 
for the USP magnesium hydroxide method shown in Table 11, and the 
aluminum-28 determination is more precise than the USP method for 
aluminum. Sources of californium-252 of this intensity, -100 pg, are 
commonly available, relatively inexpensive, and the amount of shielding 
required is not restrictive. This technique, when used with an appropriate 
companion standard, should have potential application as an accurate, 
in-house quality control technique for products containing aluminum 
and magnesium. 
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Abstract 0 Combined GLC-mass spectrometry revealed that an un- 
identified sparteine isomer was the major component of an alkaloid ex- 
tract of the aboveground portions of Lupinus argenteus Pursh. var. 
stenophyllus (Rydb.) Davis (Leguminosae). After isolation, this alkaloid 
was characterized as the least common of the known sparteine isomers, 
(-)-a-isosparteine. A preliminary pharmacological study showed (-)- 
a-isosparteine to have a more rapid onset and a shorter duration of action 
when compared with (-)-sparteine on rat myocardium. 
Keyphrases Lupinus argenteus var. stenophyllus-( -)-a-isospar- 
teine, GLC-mass spectrometry, sparteine isomer 0 (-)-a-Isosparteine- 
Lupinus argenteus var. sterzophyllus, GLC-mass spectrometry, sparteine 
isomer GLC-mass spectrometry-(-)-a-isosparteine from Lupinus 
argenteus var. stenophyllus, sparteine isomer 

The legume genus Lupinus is a rich source of a wide 
variety of quinolizidine alkaloids. Due to high concentra- 
tions of these quinolizidine bases, lupines have been im- 
plicated in acute toxicoses and death in grazing livestock 
(1-3). Additionally, certain lupines have been shown to 
cause crooked calf disease (4), and the quinolizidine al- 
kaloid anagyrine appears to  be the teratogen responsible 
for congenital deformities (5). 

The silvery lupine, L. argenteus Pursh., has long been 
considered to be highly toxic to grazing sheep (6,7). Re- 
cently this species has been found to exhibit marked tox- 
icity in cattle as well (4). A chemical study of the previously 
uninvestigated stenophyllus variety of the silvery lupine 
revealed the presence of a-isolupanine (0.60% of dry 
weight), thermopsine (0.36%), sparteine (0.05%), 
A5-dehydrolupanine (0.04%), anagyrine (0.01%), lupanine 
(O.Ol%), and /3-isosparteine (0.005%) (8). The concentra- 
tions of these quinolizidine alkaloids provided an expla- 
nation for the acute toxicity associated with this plant and 
suggested that it may be teratogenic. 

The present study was directed a t  characterizing the 
major component of the alkaloid fraction from the 
aboveground portions of mature, flowering L. argenteus 
Pursh. var. stenophyllus (Rydb.) Davis. At the time of the 
initial investigation (8), the most abundant alkaloid in this 
plant was thought to  be an unknown sparteine isomer. 
However, the data presented here show that this com- 
pound is (-)-a-isosparteine. 

Sparteine was originally isolated in 1851 from Cytisus 
scoparius (L.) Link. (9) and has since been found to occur 
in many other members of the Leguminosae as well as in 
species belonging to the Monimiaceae, Papaveraceae, and 
Scrophulariaceae (10). The known isomers of sparteine, 
a-isosparteine and P-isosparteine, have a much more re- 
stricted distribution and were isolated at a later date (11). 
Genisteine, for instance, was first isolated in 1918 from C. 
scoparius (12), and its identity as (-)-a-isosparteine was 
confirmed in 1951 (13). Since that time (-)-a-isosparteine 
has been isolated from only two other legumes, Lupinus 
caudatus Kell. (14) and Genista tinctoria L. (15). 

EXPERIMENTAL' 

Plant Material-The flowering aboveground portions of Lupinus 
argenteus Pursh. var. stenophyllus (Rydb.) Davis (Leguminosae) were 
used2. 

Extraction and Fractionation-The air-dried powdered plant ma- 
terial (500 g) was homogenized with ethanol in a blender'. After filtration, 
the ethanolic extract was concentrated to 30 ml in uacuo, acidified with 
10% aqueous acetic acid, and extracted with two successive 200-ml por- 
tions of ether, ethyl acetate, and chloroform. The acidic aqueous solution 
was made basic with 58% ammonium hydroxide and extracted with four 
200-ml portions of chloroform. The combined chloroform extracts were 
filtered through anhydrous magnesium sulfate and evaporated to give 
a brown syrup (6 g), which solidified on standing. 

Chromatographic Systems-The following TLC systems utilized 
0.25-mm silica gel G layers: system A, chloroform-methanol-58% am- 
monium hydroxide (1WlO:l); system B, cyclohexane-diethylamine (9:l). 
Alkaloids were detected using Dragendorffs reagent, and both systems 
provided a good separation of the major alkaloid from the available 
sparteine isomers and the other components of the extract. 

The GLC system consisted of 3% OV-17 on Gas Chrom Q(2-m X 2 
mm-i.d. glass column) and a program of 4'/min from 140 to 265'. This 
system produced a good resolution of the alkaloid mixture with the major 
component being eluted first. 

Mass Spectral Analysis-The major component of the alkaloid 
fraction was analyzed using combined GIX-MS. The effluent from the 
3% OV-17 GLC column entered the mass spectrometer through a glass 
jet separator maintained at 220'. The ion source temperature was 220' 
with an ionizing voltage of 70 eV. The mass spectrum of the major alkaloid 
component in the extract was basically the same as that recorded for the 
available sparteine isomers (8). 

Isolation of the Major Alkaloid-A portion (2.5 g) of the alkaloid 
fraction was dissolved in ethanol4doroform (1:l) and chromatographed 
(preparative TLC, 36 silica gel PF 254 plates, 1 mm thickness, TLC sys- 
tem B). The large band at  Rf 0.61 was scraped from the plates, and the 
alkaloid material was eluted from the silica gel scrapings with three 
100-ml portions of methanol. The eluates were combined and processed 
in the usual fashion (16) to give a light-brown oil which crystallized im- 
mediately upon exposure to air. Recrystallization of the free base from 
dry acetone gave 745 mg of colorless needles, mp 60-62'. The melting 
point remained constant after sublimation. Portions of the isolated free 
base were converted to the following derivatives using standard proce- 
dures: bisulfate, mp 244-245'; picrate, mp 205-207'; perchlorate, mp 
302-304'; methiodide, mp 217-218'. The free base was used to determine 
the specific rotation, [a]$ = -48.1' (c = 0.006 g/ml in methanol). 

Quantitation of the Major Alkaloid-Using a previously described 
GLC method (17), the major alkaloid was found to be present in the dry 
plant material at a level of 0.7256. This represents 40% of the total alkaloid 
content in the plant. 

Synthesis of dsosparteine-Starting with sparteine sulfate4, the 
method of Leonard and Beyler (18) was used to produce a-didehydros- 

IR spectra were determined neat using a Beckman IR-33 spectrophotometer. 
'H-NMR spectra were recorded on a Perkin-Elmer model R-24 spectrometer. 
W-NMFt spectra were obtained on a Varian XL-200 spectrometer. GLC was 
conducted using a Hewlett-Packard model 5720A gas chromatograph. Combined 
GLC-mass spectrometry was carried out with a Du Pont 321 Dimaspec low-reso- 
lution mass spectrometer interfaced with a 320 data reduction system. Melting 
points were determined on a Fisher-Johns melting point apparatus and are un- 
corrected. Optical rotations were measured with a Perkin-Elmer model 241 polar- 
imeter. 

Collected in Boulder Basin, Blaine County, Idaho, on August 19, 1977 and 
identified by Dr. Karl Hoke, Department of Botany, Idaho State Univenit A 
voucher specimen (No. 51553) is on deposit a t  the Idaho State University HerLr- 
ium, Pocatello, ID 83201. 

3 Waring. 
Merck and Co., lot. no. 52421. 
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parteinium bisulfate. A portion of this compound (122 mg) was converted 
to the free base and hydrogenated over palladium-on-carbon catalyst for 
15 hr at room temperature and 45 Ibs of pressure. This reaction mixture 
was filtered, concentrated in uacuo to 1 ml, and chromatographed over 
a small (4 g) silica gel column. The free base (26 mg) was eluted with ether 
containing 10% of a mixture of methanol-58% ammonium hydroxide (73) 
and was found to have mp 59-60’ [lit. (19) mp 60-62’1 after sublima- 
tion. 

RESULTS AND DISCUSSION 

During the course of a chemical investigation of L. argenteus var. 
stenophyllus, large quantities of the major alkaloid were isolated in 
chromatographically pure form. Spectral data (IR, ‘H-NMR, and MS) 
suggested the isolate to be an isomer of sparteine. Initially, the alkaloid 
was thought to be (-)-a-isosparteine, since the two known isomers of this 
compound, sparteine and P-isosparteine, were shown to be present in the 
plant (8). However, chromatographic (TLC and GLC) comparisons with 
a commercial sample5 of (-)-a-isosparteine refuted this original postu- 
late. Differences in observed and literature melting points for both the 
free base and numerous derivatives also supported the view that the 
major alkaloid from L. argenteus var. stenophyllus was an unknown 
sparteine isomer. 

An X-ray crystallographic study was performed on the perchlorate salt 
of the isolated alkaloid in an effort to establish its molecular structure. 
Data from this investigation revealed the compound to be a-isosparteine 
perchlorat@ and corresponded very closely with a previous X-ray dif- 
fraction study of a-isosparteine (20). Synthesis of a-isosparteine sup- 
ported the information from the X-ray diffraction study with the syn- 
thetic material corresponding in all respects (TLC, GLC, IR, ‘H-NMR, 
‘W-NMR, MS, and mp of the free base) with the isolated alkaloid. This 
evidence together with an observed [a]$ = -48.1O [lit. (14) [a]:: = 
-51.3’1 established the major alkaloid from L. argenteus var. steno- 
phyllus as (-)-a-isosparteine. A reference sample of 1-a-isosparteine, 
purchased from a second commercial supplier7, was also identical with 
the isolated and synthesized products. 

The initial anomalous observations involving chromatographic dif- 
ferences between isolated and reference materials were resolved by de- 
termining that the initial commercial sample, labeled a-isosparteine, was 
misbranded. The mislabeled commercial sample5 is, from TLC and 
13C-NMR evidence, actually a mixture of sparteine: (-)-a-isosparteine, 
41. Further, there have been confusing discrepancies in the literature 
regarding the melting points of a-isosparteine and some of its derivatives. 
For example, the degree of crystal hydration greatly affects the melting 
point of the free base a-isosparteine. A previous study (14) reported the 
monohydrate as mp 1O8-11Oo, while another study (19) found the an- 
hydrous free base to be mp 60-62’. The a-isosparteine isolated in this 
study apparently crystallized in the anhydrous form. The same situation 
probably exists with the picrate, mp 205-207’ [lit. (21) mp 221-222’1 and 
the perchlorate, mp 302-304’ [lit. (14) mp 262-263’1. The bisulfate mp 
244-245’ [lit. (22) mp 244-245’1 and the methiodide, mp 217-218’ [lit. 
(19) mp 217-218’1 correlated well with literature values. 

The present study establishes L. argenteus var. stenophyllus as the 
richest source of (-)-a-isosparteine yet reported. For example, less than 
0.01% of (-)-a-isosparteine was found (14) in L. caudatus while this work 
demonstrated a concentration of 0.72% in the title plant. Additionally, 
L. argenteus var. stenophyllus is now the only plant known to produce 
and accumulate all three sparteine isomers. 

K & K Laboratories [ICN Pharmaceuticals, 1-a-isosparteine (genisteine), lot 

6 W. H. Watson, personal communications, December 12, 1979 and June 2, 

7 Pfaltz and Bauer Inc., genisteine, no. G00900. 

no. 709563. 

1980. 

Sparteine has been used for many years in the management of various 
cardiac arrhythmias (23). In isolated atria, sparteine exhibits a positive 
inotropic action and prolongs the refractory period (24). Preliminary 
pharmacologic studies in this laboratory have revealed that (-)-a-isos- 
parteine exhibits basically the same action as does (-)-sparteine but 
possesses a more rapid onset and a shorter duration when compared using 
rat myocardial tissue8. A more complete pharmacologic characterization 
of (-)-a-isosparteine is presently in progress. 
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Abstract 0 The existence of active electron pairs on some nitrogen atoms 
in phenformin hydrochloride is inferred from the presence of a hydrogen 
catalytic polarographic wave. This finding emphasizes the ability of 
biguanides to form hydrogen bridges with other molecular species such 
as amino acids and proteins, as well as to form coordination complexes 
with zinc and other metallic cations by means of these electron pairs. The 
antidiabetic action of phenformin and other related biguanides can be 
explained in terms of competition between these molecules and insulin 
to coordinate cationic oligoelements together with their ability to form 
hydrogen bonds between the biguanide moiety and insulin itself. 

Keyphrases tl Insulin-complexation with zinc in vim, effect of 
phenformin determination by polarography Phenformin-effect on 
insulin-zinc complexes, determination by polarography Polarogra- 
phy-determination of effect of phenformin on insulin-zinc com- 
plexes. 

Some aspects of the biological behavior of biguanides 
such as the blood sugar-lowering effect and metabolic in- 
teractions have been widely studied (1,2). Biguanides form 
stable coordination complexes with divalent cations of 
oligoelements existing in living organisms. Phenformin 
[N-(2-phenylethyl)imidodicarbonimidic diamide] and other 
related oral antidiabetic biguanides form very strong 
complexes with Zn2+ and other divalent cations (3). This 
finding suggests that biguanides produce alterations in the 
distribution and ratios of divalent cations in biological 
media (4). It was shown ( 5 , 6 )  that phenformin adminis- 
tered in uiuo produced consistent and significant effects 
on hepatic mitochondria1 divalent metal ion content 
through a more complex mechanism than competitive 
binding. All of these facts point to the use of biguanides as 
regulators of oligoelement proportions in living organ- 
isms. 

Structures for this type of complex have been suggested, 
but the one reported by Rby and Saha (7) (I) is the most 
widely accepted. 

The antidiabetic action of biguanides (phenformin as 
an example) can be derived from this complexation phe- 
nomenon. This action must be consistent with the fol- 
lowing sequence of events: 

H H 

H' 
1 

H 
II 

H 

m 

1. Natural insulin is stored in the &cells of the pan- 
creas in the form of insoluble insulin-zinc granules (8). 

2. Biguanides form stronger complexes than insulin 
does with Zn2+. Formation of such complexes releases in- 
sulin from the granules allowing it to go through cellular 
membranes and enter the systemic circulation. 

This scheme is consistent with the physicochemical 
properties of biguanides and phenformin in particular: 

1. These molecules are soluble in biological hydro- 
organic media, which explains their widely observed, fast 
conveyance and action (9). 

2. At pH values close to human physiological pH, the 
stable form of biguanides is the cationic monoprotonated 
form, BH+ (10). These cations retain the delocalized 
7r-electronic structure of the biguanide group of the free 
base, as can be seen from the persistence of the 232-nm 
band of the UV spectra of bases, at pH values less than the 
pK,? of biguanides, and in any case at  pH values <7. Ac- 
cording to a previous report (ll), the protonated biguanide 
group can be formulated in several resonant forms (Fig. 
l), all of them with nitrogen atoms exhibiting localized 
electron pairs, which accounts for the ability of mono- 
protonated biguanides to form hydrogen bonds and coor- 
dination compounds with metallic cations. 

These structural features call for the solubilization of 
the insulin-zinc granules in the pancreatic P-cells, which 
involve the accessibility of insulin-zinc complexes to big- 
uanides at a molecular level. Such accessibility requires the 
breaking of the hydrogen bonds that link insulin poly- 
amino acid chains in the building of granules. This 
breaking process should be enhanced, because of the strong 
ability of biguanides themselves to form hydrogen bonds. 
Both the ability to form hydrogen bonds and to chelate 
with zinc are located at the electron pairs of nitrogen. 

This work was directed to characterize this structural 
feature by using direct current (DC) and superimposed 
alternating current of first harmonic (ACI) polarographic 
techniques on phenformin as a representative of oral 
antidiabetic biguanides. 

EXPERIMENTAL 

A polarographl was used and pH measurements were carried out by 
means of a pH meter2. Polarographic parameters were fixed (unless their 

r 1 

L 2 

Figure 1-Resonant forms for biguanide monoprotonated group. 

Metrohm E-506 Polarograph. 
Radiometer pH M-62. 
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E, rnV 

Figure 2-Tomes representations; il, limit current; 1, DC current; E, 
potential versus AglAgC1, saturated lithium chloride. Key: (0) pH 6.87; 
(A) pH6.79; (0) pH6.13. 

influence was considered) as follows: dropping time, T, 0.6 sec; height of 
the mercury-containing vessel, h,  54 cm; temperature, T ,  25'; phenformin 
hydrochloride concentration, c, 3.8 X M, the ionic strength was 
adjusted t o p  0.5 with 1:l inert electrolyte; mercury flow, m,  0.88 mg/sec 
(at the referred height h ) .  

A sample volume of 25 ml of freshly prepared solution was used in all 
of the polarographic experiments. Gelatin was used as a suppressor in 
a proportion of 0.01% by weight, in the polarographic recordings of 
phenformin only. Auxiliary and reference silver/silver chloride electrodes 
together with a 1:l electrolyte-saturated salt bridge were used. 

The polarographic result found by means of the DC technique agreed 
well with the ones found using the ACI technique. 

Phenformin hydrochloride was used as supplied3, and the melting point 
(175 f 1') and IR spectra were tested. Two aqueous suspensions of in- 
sulin-zinc complexes both of 40 IU/ml were used4: a mixture of 70% 
crystalline and 30% amorphous porcine and bovine and a 100% amor- 
phous porcine insulin-zinc suspension, respectively. 

RESULTS AND DISCUSSION 

An irreversible cathodic polarographic wave is detected in buffered 
lithium-phosphate-chloridegelatin aqueous solutions of phenformin 
in the pH range 47. This wave involves a one-electron transfer according 
to the slopes of Tomes representations obtained from DC data (Fig. 2). 
This wave does not appear in the same media in the absence of phen- 
formin. 

The peak potential, Ep, depends slightly on phenformin concentration 
(Fig. 3), but the height of the wave is independent of that concentration 
at  pH values >5.5. 

Such polarographic behavior implies the presence of active catalytic 
centers for the reduction of hydrogen ions, and more precisely it points 
to the existence of localized electron pairs over nitrogen on phenformin, 
since such active centers occur in other related substances (12). 

The formation of ZnZ+-phenformin complexes (MFj)  has been studied 
by DC polarography in Britton-Robinson buffered media. Provided that 
the detected polamgraphic wave results are quasi-reversible, the procedure 

3 Funk Laboratories S. A., Barcelona, Spain. 
Novo Laboratories, Copenhagen, Denmark. 

1200 1400 1600 1 800 2000 

= 3.8 x 10-4 M; (2) c = 4.6 x 10-4 M; (3) c = 5.3 x 10-4 M; (4) = 6.1 

-E, mV 

Figure 3-Effect of phenformin concentration on AC, waves. Key: (1) 

X M. E, potential versus AgIAgC1, saturate 
lithium chloride; AE = 30 mV, pH 5.40. 

developed by Lingane (13) to express the variation of half-wave potential 
on complexation has been used: 

M; (5) c = 6.8 X 

.0.0591 0.0591 
log CF + - log P(MF,) na (Eq. 1) U l I 2  = I n(y 

where A E 1 1 2  = EL2 - E$:! expresses the difference between half-wave 
potentials of free and complexed zinc cation, respectively, and CF is the 
ligand concentration. 

The dependence of U l l 2  measured values with log C F  adjusts well to 
a linear equation for a concentration range of 4 X 10-4 < CF < 7 X 10-4 
M, and [Zn2+] = 2 X M (T  = 25O; pH 4.97). From this linear de- 
pendence, a ligand number o f j  = 2 is found, and the adjusted stability 
constant is ~ ( M F ~ )  = 2 X 10" M+. [Despite the fact that the stability 
constant value found indicates that the phenformin-ZnZ+ complex is a 
quite stable complex, it must be noted that biguanides form stronger 
complexes with some other metallic cations (14)]. 

The stoichometry of zinc-insulin complexes is less clear. As reported 
previously (151, zinc ions appear to combine preferentially with imidazole 
groups. Several Zn2+-imidazole relationships have been noted: from 1:1 
complexes to 1:3 and 1:4. There is strong binding between two metal 
ions and three imidazole dimers, especially in crystalline metal-insulin 
complexes (16). These authors suggest that the first zinc ion is bound by 
three coordination bonds, being the association constant of the order of 
the ones normally found for zinc-imidazole interactions ( N lOS), and the 
bonding of the second Zn2+ appears to be lo4 times stronger. 

Insulin binds strongly with zinc cations in both amorphous and crys- 
talline complexes, impeding the polarographic reduction of Zn2+ (15). 
The polarographic reductions observed in the study of amorphous in- 
sulin-zinc suspensions (curve A, Fig. 4) and crystalline-amorphous 
mixture suspensions (curve C, Fig. 4C) are due to free zinc cations whose 
concentrations polarographically derived are: [Zn2+]~ = 1.64 X M, 
and [Zn2+]c = 2.24 X 10-5M. 

The addition of phenformin to insulin-zinc complex suspensions 
modifies the polarographic recordings (curves B and D, Fig. 4). In the case 
of the addition to amorphous complex suspension (curve B) a shift to 
more negative values of half-wave potential is observed, indicating that 
phenformin has complexed zinc cations. The increasing curve height 
(curve B from A) indicates that the phenformin complexed Znz+ con- 
centration (recorded in B) [ Z n 2 + ] ~  = 2.1 X 10-5 M, is greater that the 
previous free Zn2+ concentration [Zn2+]~. This increase in the reducible 
phenformin complexed Zn2+ concentration can only be explained if some 
insulin-zinc complexes have been broken by the action of phenformin. 

In the case of the amorphous and crystalline insulin-zinc mixture 
(curves C and D, Fig. 4) a quite different behavior is observed. Also the 
half-wave potential is shifted to more negative values, indicating the 
complexation of Zn2+ with phenformin, but the increase in reducible Zn2+ 
concentration [ Z n 2 + ] ~  = 2.36 X M is less than in the previous case 
of pure amorphous insulin-zinc suspensions. This small increase corre- 
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Figure 4-Phenformin effect on DC reduction waves of insulin-zinc. T = 298OK; Britton-Robinson buffer (pH5,45 and p = 0.5); E versus Ag/&Cl, 
saturated potassium chloride; [Zn2+1 measured by DC polarography. (A) 8.366glliter amorphous insulin-zinc; (B) 8.366glliter amorphous insu- 
lin-zinc with phenformin (4 X M); (C) 8.366glliter crystalline (70%) and amorphous (30%) insulin-zinc; ( 0 )  8.366glliter crystalline (70%) 
and amorphous (30%) insulin-zinc with phenformin (4 X M). 

sponds only to the amorphous part of the mixture as can be derived from 
the increase detected in the first case, indicating that the crystalline in- 
sulin-zinc complex remains stable despite the presence of phen- 
formin. 

The polarographic experiments showed that there is a competition 
between phenformin and insulin toward zinc cations. The antidiabetic 
behavior of phenformin can be related to this competition. This com- 
petition is not restricted to &cells environment, rather it will work in any 
part of the living organism where these molecules meet and also can ex- 
plain the protection of insulin against biochemical degradation (17). 
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Abstract Isopromethazine hydrochloride was synthesized in gram 
quantities by using a method which ensures that the isopromethazine 
is not contaminated with promethazine hydrochloride. 

Keyphrases 0 Isopromethazine hydrochloride-synthesis Pro- 
methazine hydrochloride-synthesis of isopromethazine 0 Promethazine 
isomer-synthesis 0 Antihistamine-isopromethazine synthesis 

Promethazine (N,N,a-trimethyl-lOH-phenothiazine- 
10-ethanamine, I) is an antihistamine that is usually syn- 
thesized by the reaction of either 2-chloro-1-dimethyla- 
minopropane (1-7) or 1-chloro-2-dimethylaminopro- 
pane (2) with phenothiazine in the presence of bases such 
as sodium hydroxide, sodium amide, or phenyllithium (l), 
or with the Grignard derivative of phenothiazine (7). When 
P-haloamines are treated with bases, aziridinium salts are 
frequently formed (8,9), and the three-membered ring can 
be opened by a nucleophile at either ring carbon to produce 
isomeric alkylation products (10) (Scheme I). Thus, in the 
alkylation of phenothiazine with 2-chloro-1-dimethyla- 
minopropane, N,N,P-trimethyl-lOH-phenothiazine-lO- 
ethanamine (isopromethazine, 11) is obtained in addition 
to the desired 1'. These isomeric compounds can be sepa- 
rated by fractional crystallization (6), but small amounts 
of I1 usually remain in the purified samples of I. Therefore, 
a sample of pure I1 was needed as a reference standard for 
the analysis of I (13-17)2.3. 

EXPERIMENTAL 
Phen~thiazine~ was recrystallized from 95% ethanol. Butyllithium4 

(1.6 M in hexane) and 2-chloropropionyl chloride4 were used without 
further purification. Previously unopened anhydrous ethyl ether and 
tetrahydrofuran were used without further drying. NMR5, MS6, and IR 
spectra' were obtained. Melting points were uncorrected. 

N,N~-Trimeth~l-lOHphenothiazine-lO - a - oxoethanamine 
(V)-To a solution of phenothiazine (15.9 g, 0.08 mole) in 500 ml of dry 
ether under a nitrogen atmosphere and cooled to -20 to -30', 50 ml of 
1.6 M n-butyllithium in hexane was added with stirring. The resulting 
bright-yellow solution was stirred for 30 min, then N,N-dimethyl-2- 
chloropropionamide (18) (IV, 10.9 g, 0.08 mole) in 25 ml of ethyl ether 
was added over 1 hr. The solution was warmed to room temperature, the 
unreacted 10-Ethiophenothiazine was hydrolyzed with water, the organic 
layer was dried over sodium sulfate, and the solvent was removed under 
reduced pressure to yield 21.7 g of residue, which was dissolved in toluene 
and transferred to a silica gel (60-200-mesh) column. Elution with toluene 
removed unreacted phenothiazine (6 g) and traces of highly colored im- 
purities. Subsequent elution with toluene-thy1 acetate (8515) afforded 
11.4 g of nearly colorless amide (V, mp 161-163' [lit. (19) mp 165-167O1 
76% based on unrecovered phenothiazine). 'H-NMR (CDCh60 MHz): 

Under certain conditions, I1 has been reported as the predominant isomer ( 1  1, 
12). 

* A  small sample of I1 (Chemical Reference Substance) may be obtained from 
the European Pharmacopoeia Commission, 67006 Strasbourg, Strasbourg, 
France. 

The USP (17) does not mention I1 in its monograph on promethazine hydro- 
chloride. 

Aldrich Chemical Co. 
Perkin-Elmer R12B or Varian XL-200 spectrometer. 
Varian M A T - 3 1  1A spectrometer. 
Perkin-Elmer 621 spectrophotometer. 

1.9 (C-CH3,3H, d, J = 8 Hz), 2.9,3.1 (N-CH3,6H, twos), 4.8 (CH, IH, 
q, J = 8 Hz), 7.1 ppm (ArH, 8H, m); l3C-NMR (CDCl3): 15.97, 36.23, 
37.37,56.93, 116.27, 123.03, 124.35, 127.15, 127.79, 143.64, 169.84 ppm; 
I R  1645 cm-' (v C=O, s); mass spectrum (80 eV, 300"): mlz 298 (M+), 
226 (M - C~HGNO), 198 (M - C ~ H I ~ N O ) ,  194 (M - C3H6NO - S), 154 
(M - CSHloNO - CS), 72 (C&jNO, 100%). 

Anal.-Calc. for CliHleN2OS: C, 68.42; H, 6.08; N, 9.39; S, 10.75. 
Found: C, 68.41; H, 5.91; N, 9.42; S, 10.46. 
N,N,~-Trimethyl-lOH-phenothiazine-lO-ethanamine Hydro- 

chloride-To a solution of lithium aluminum hydride (2 g, 0.053 mole) 
in 500 ml of dry tetrahydrofuran, V (5.0 g, 0.0167 mole) in 50 ml of tet- 
rahydrofuran was added. The reaction mixture was stirred for 2 hr, then 
the excess hydride was destroyed with ethyl acetate and dilute sodium 
hydroxide solution. The reaction mixture was filtered and the solvent 
removed under reduced pressure. The residue was dissolved in ether and 
treated with hydrogen chloride gas to yield the crude hydrochloride of 
11. This material was recrystallized from acetonitrile to  yield 3.9 g of 
nearly colorless prisms (72970, mp 196-198' [lit. (5) mp 193-194O]). 'H- 

6H,s),3.2-3.8 (CH2,2H,m),4.78 (CH,lH,m),6.9-7.2 ppm (ArH,8H, 
m); 13C-NMR (CDC13): 21.72, -42 (broad), 52.53,57.79, 117.14,123.73, 
126.40,127.73,127.95,143.52 ppm; IR: 2300 cm-' (v N+H, broad); mass 
spectrum (80 eV, 300'): m/z 284 (M - HCI), 226 (M - HCI - C~HSN), 

100%), 36,38 (HCI). 
Anal.-Calc. for C17H21ClN2S: C, 63.62; H, 6.59; C1, 11.05; N, 8.73. 

Found C, 63.78; H, 6.83; C1,10.97; N, 9.02. 
N-(2-Hydroxy-1-propy1)phthalimide-A solution of l-amino-2- 

propanol (5 g, 0.066 mole) and N-carboethoxyphthalimide (10 g, 0.05 
mole) in 200 ml of 1,2-dichloroethane was stirred 2 hr at room tempera- 
ture. An aqueous solution of potassium carbonate was added, and after 
stirring 15 min, the organic phase was separated, washed with water, and 
dried. The solvent was removed under reduced pressure, and the oily 
residue was recrystallized from ether-hexane to yield 1.7 g of the 
phthalimide, mp 86-87'. 

NMR (CDCb, 200 MHz): 1.84 (C-CH3,3H, d, J = 8 Hz), 2.72 (N-CHy, 

198 (M - HCl - C ~ H I ~ N ) ,  194 (M - HCI - C3HsM - S), 58 (C3HsN, 

CH 
I 3  

CI--CH,~HN(CH,), 
Base or - 

CH,CHCH2N(CH3), 
I 
h 

X- 
Phenothiazine * 

I (major isomer) 

+ 
CH,CHCH,N(CH.& 

I 

I1 (minor isomer) 
Scheme I 
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H 
I 

CH&HCN(CH& 
I 
c1 

a:B n-BuLi 

-20 to -30° 

CH&HCH&(CH& 
I 

Li 
I 

I1 V 
Scheme I1 

Anal.-Calc. for CIIH11NOa: C, 64.37; H, 5.40; N, 6.83. Found C, 64.39; 
H, 5.22; N, 6.71. 

The reaction of this material with phosphorus tribromide in pyridine 
yielded a white crystalline compound (mp 162-164’) that  contained no 
bromine by elemental analysis; the compound was not identified. 

RESULTS AND DISCUSSION 

Due to the rearrangements noted with 8-haloamines (8, 9), it was 
necessary to use an alkylating agent, which precluded the formation of 
isomeric products. This involved selecting a 2-halopropylamine with the 
amino group protected to prevent aziridine formation. The approach 
utilized (Scheme 11) is similar to that reported previously (20). Compound 
111 was prepared from phenothiazine and n-butyllithium by the proce- 
dure of Gilman and Diehl(21), and IV was prepared from dimethylamine 
and 2-chl~1mpropionyl chloride by the procedure of Weaver and Whalen 
(18). When I11 was prepared at -20 to -30” and allowed to react with IV, 
a 76% yield of V resulted. This material was separated from unreacted 
phenothiazine by chromatography on silica gel. The reaction of V with 
lithium aluminum hydride in tetrahydrofuran afforded a 72% yield of 
11, which was isolated as the hydrochloride salt. The nearly colorless 
prisms (mp 196-198’) exhibited no loss of weight when heated in a 
thermal balance, indicating no solvent of crystallization. 

The isopromethazine hydrochloride was shown to be identical to a 
European Pharmacopoeia Reference Standard2 by UV and IR spec- 
troscopy and hy GLC on a 3% OV-101 on Chromosorb W column a t  230’ 
(retention time, 6.69 min). The GLC analyses of both prepared and 
standard isopromethazine hydrochloride indicated traces of phenothi- 
mine (retention time, 3.73 min) and an unidentified compound (retention 
time, 3.24 min), which may have been formed by degradation on the 
column. The analyses indicated that no promethazine hydrochloride 
(retention time, 7.72 min; detection limit, 4.1%) was presenta. 

When Ill was prepared at room temperature and allowed to react with 
IV, a mixture of products including phenothiazine and V was obtained. 
One of the products appeared to be one of the dimers of phenothiazine 
(22,23) (mass spectrum: m/z 396). 

Another approach to the preparation of I1 involved the protection of 
the side-chain amine as a phthalimide. The reaction of 2-hydroxy-ami- 
nopropane with N-carboethoxyphthalimide (24) produced N 4 2 - h ~ -  

MI. Bobby R. Rader, Food and Drug Administration, Los Angeles, Calif., per- 
sonal communication. 

droxy-1-propy1)phthalimide (mp 87-88’; elemental analysis and ‘H- 
NMR spectrum were satisfactory for this compound). However, attempts 
to replace the hydroxyl group with a halogen using either phosphorus 
tribromide in pyridine or triphenylphosphine and carbon tetrachloride 
were unsuccessful. 

The use of a haloamide as a alkylating agent for 111 produced I1 in good 
yield. This method should prove useful as a general route to phenothi- 
azine-containing compounds. 
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Abstract A simple and sensitive method is reported for the quanti- 
tative determination of the bronchodilator tulobuterol in human serum. 
Tulobuterol and an internal standard were extracted from alkalinized 
serum with ether and then back-extracted into dilute hydrochloric acid. 
After alkalinization and extraction of the aqueous solution, the extract 
was evaporated to dryness. The residue was silylated and subjected to 
mass fragmentography. 

Keyphrases 0 Tulobuterol-serum, extraction, derivatization, mass 
fragmentography Bronchodilator-tulobuterol, serum analysis, mass 
fragmentography Mass fragmentography-analysis, tulobuterol, 
serum 

Tulobuterol (I) is a newly synthesized bronchodilator 
having a potent and long-lasting effect (1, 2). An elec- 
tron-capture GLC determination of this drug in human 
serum was reported previously (3). This method was spe- 
cific and sensitive, but the procedure was tedious and time 
consuming. Application of mass fragmentography to the 
detection of plasma albuterol and terbutaline, which 
possess similar chemical structures to tulobuterol, has been 
reported (4-6). This paper describes a sensitive and rapid 
analytical method for determining tulobuterol in human 
serum by mass fragmentography. The analytical results 
are compared with those obtained by electron-capture 
GLC. 

c1 
/ 

OH CH3 

I 

OH kH3 

II 
EXPERIMENTAL 

Materials-Tulobuterol hydrochloride was synthesized previously 
(7). The internal standard, a-[(tert  -butylamino)methyl]benzyl alcohol 
(11). was synthesized using a previously described method (8). N,O-  
Bis(trimethy1silyl)acetamide' (111) was employed as the derivatization 
reagent. Other reagents and solvents were of analytical grade and were 
used without further purification. 

Drug Administration and Sample Collection-Four healthy, male 
volunteers each received a 2-mg oral dose of tolubuterol hydrochloride 
in the form of a syrup solution2 or tablets. Blood samples of -8 ml were 
withdrawn before the administration and at  0.5,1,1.5,2,3,4, and 6 hr. 

Nakarai Chemical, Ltd.. Kyoto, Japan. 
Prepared by dissolving the granulated drug in 20 ml of water. 

Table I-Typical Tulobuterol Calibration Curve 

Drug Concentration, Peak Area 
ng/ml Ratioa Ratiob 

1 0.096 0.096 
2 0.141 0.071 
4 0.295 0.074 
7 0.573 0.082 
10 0.76fi 0.071 

Ratio of drug-internal standard. Peak area ratio divided by drug concen- 
tration. 

After standing for -30-60 min, the serum was separated by centrifugation 
(2000xg, 10 min) and stored frozen until analysis. 

Appara t~s-GLC~-MS~.~  determinations were performed using a 
glass column of 2-m length and 2-mm id., packed with 2% OV-1 on 
100-120 mesh chromosorb G (HP16, operating at  165". The injector, 
separator, and ion source were held at 210,290, and 150°, respectively. 
The ionization energy and trap current were 70 eV and 30QpA, respec- 
tively. Measurements were performed by single-ion monitoring at  m/z 
86. 

Extraction Procedure and Sample Preparation-A solution of 
internal standard (1 ml of an 8-ng/ml solution in methanol) was evapo- 
rated to dryness under reduced pressure in a 15-ml glass centrifuge tube, 
and 1 ml of serum and 0.5 ml of 1 N NaOH were added. The tube was 
stoppered and extracted with 6 ml of ether by a reciprocating shaker at 
160 strokedmin for 5 min. After centrifugation (2000Xg, 5 min), the ether 
layer was transferred to a second tube containing 5 ml of 0.1 N HCl. The 
tube was shaken, centrifuged, and the ether layer removed. 

Four milliliters of the aqueous layer was transferred to a third tube and 
alkalinized with 1 ml of 1 N NaOH. After extraction with 6 ml of ether, 
the tube was shaken and centrifuged. Five milliliters of the ether phase 
was transferred to a fourth tube and evaporated to dryness in a water bath 
a t  50'. The residue was dissolved in 100 pl of I11 (hi solution in ethyl 
acetate), and 1 p1 was chromatographed. 

RESULTS AND DISCUSSION 

Figure 1 shows a mass fragmentogram obtained from a serum sample 
to which a known amount of tulobuterol hydrochloride had been added, 
together with those obtained from a serum blank and from a volunteer 
receiving tulobuterol hydrochloride by the oral route. The peaks of 
tulobuterol and internal standard were well resolved and no interfering 
peaks from endogenous materials were present. 

The mean percent recovery and standard deviation of tulobuterol 
hydrochloride were 65.02% and f3.45, respectively. The corresponding 
values for the internal standard were 63.82% and f2.52. Results were 
obtained from six determinations using serum with 5 ng/ml of tulobuterol 
hydrochloride and 8 ng/ml of the internal standard added. Although the 
recoveries of tulobuterol hydrochloride and internal standard in the 
present assay are low, they are reproducible. Attempts to improve the 
drug recovery led to either added complexities or irreproducibility. 

The ratio of the peak area of tulobuterol to that of the internal standard 
was calculated. Statistical analysis indicated excellent linearity in the 
range of 1-10 ng/ml serum with a correlation coefficient of 0.998, a slope 
of 0.0775, and an intercept of 0.002 (Table I). 

3 JGC-POK, JEOL, Tokyo, Japan. 
JMS D-300. JEOL, Tokyo, Japan. 
JMA-2000. JEOL. Tokvo. Jaoan. 

6 Wako Pure Chemical Iidust;ies, Ltd., Osaka, Japan. 
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Figure 1-Mass fragmentograms of serum extracts. Key: (A) serum to which known amounts of tulobuterol hydrochloride (4 ng) and internal 
standard (8 ng) were added; (B) serum free from drug; and (C) serum of volunteer who took 2 mg of tulobuterol hydrochloride orally (Subject I ,  
3 hr). 

Although a previous assay (3) has been used extensively to determine 
serum levels of tulobuterol < lo  ng/ml in humans, the present assay was 
found to be linear up to 50 ng/ml. When six replicate 1-ml samples of 
serum each containing 7 ng of tulobuterol hydrochloride/ml were ana- 
lyzed, the mean value was 7.03 ng of tulobuterol hydrochloride/ml with 
a standard deviation of f0.17 and a coefficient of variation of 2.42%. 
When serum samples containing 2 ng of tulobuterol hydrochloride/ml 
were analyzed, the mean value was 2.03 ng of tulobuterol hydrochloride 
with a standard deviation of f0.10 ng/ml and a coefficient of variation 
of 4.93%. 

T o  show the applicability of the method described, a serum concen- 
tration-time profile of tulobuterol was established from four volunteers 
following an oral dose of tulobuterol hydrochloride (Fig. 2). The 
among-subject variability was estimated by examination of the differ- 
ences in the peak concentration and time to reach the peak. 

Tulobuterol and some urinary metabolites can be determined simul- 
taneously by mass fragmentography (9). Two major modifications were 
made in the present assay, compared with the single-extraction procedure 
used previously for tulobuterol in urine, viz., ethyl acetabacetone (31, 
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Figure 2-Serum tulobuterol concentrations after oral administration 
of tulobuterol hydrochloride to human subjects. Key: subjects 1 (0) and 
2 (O), administered in the form of a syrup solution; subjects 3 (A) and 
4 (A), administered in the form of tablets. 

v/v) extraction from a solution made alkaline with ammonium hydroxide. 
The extraction solvent was changed to ether, and back-extraction into 
the aqueous layer (pH -1.0) and reextraction into the ether layer were 
added. Interference from endogenous materials in the serum was avoided 
with the improved cleanup procedure, although this was time consuming 
and lowered the overall recovery of tulobuterol. This method was inap- 
plicable for determinations in human serum due to the low serum levels 
(<lo ng/ml) at a therapeutic dose (1-2 mg). 

Alhuterol and terbutaline were quantitated a t  low plasma levels using 
the relatively high mass ion [M - 86]+ after forming the tert-butyldi- 
methylsilyl derivatives (4, 5). In the case of tulobuterol, however, the 
relative intensity of [M - 861+ was <0.1%, which does not ensure ade- 
quate sensitivity. 

To validate the present mass fragmentographic method, serum spec- 
imens were assayed by both mass fragmentography and electron-capture 
GLC. The analytical data obtained by both methods were correlated by 
linear regression analysis, yielding a correlation coefficient of 0.905 and 
a slope of 0.987 (Fig. 3). 

In the latter method, an additional step was needed for the removal 
of excess derivatizing reagent (trifluoroacetic anhydride). Moreover, . 

5 

4 

- 
E 
z3 
0' 
Y 

. 
V 

" 2  
/ 

. 
I .  

f 
1 2 3 4 5 

GC-MF, ng/ml 

Figure 3-Correlation of serum concentrations of tulobuterol by mass 
fragmentography (CC-MF) and electron-capture GLC (GC-EC). The 
line was calculated by least-squares linear regression analysis; y = 
0 .987~  f 0.060 and r = 0.905. 
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measurement time of one sample in the electron-capture GLC (-15 min) 
is longer than that in the mass fragmentography. The mass fragmen- 
tography appears to be more readily adaptable to large numbers of 
samples. 
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To the Editor: 
The distribution kinetics and metabolism of drugs in 

blood are of importance in pharmacokinetic studies. For 
instance, if a drug equilibrates slowly between plasma and 
blood cells, the time elapsed between collection and cen- 
trifugation of a blood sample could have a significant effect 
on the plasma concentration measured, which might differ 
considerably from the true in uiuo concentration. This has 
been recently shown with gentamicin and furosemide (1, 
2). A similar problem might also be anticipated if a drug 
undergoes in uitro metabolism in the blood. The above 
phenomenon has been referred to as the storage effect of 
blood (1,2). This communication reports our preliminary 
studies on the metabolism of procainamide in blood and 
the storage effect of blood samples for procainamide and 
its metabolites. 

Freshly withdrawn', heparinized control blood from five 
healthy subjects, aged 25-41 years, was used. None of the 
subjects received any medication for at least 1 month prior 
to the study. The whole blood (10 ml) in test tubes2 from 
each subject was spiked with procainamide? stock solution 
(2 mg/ml of free base) to yield a concentration of 20 pg/ml. 
After manually mixing for 30 sec, each blood sample was 
quickly divided (1.0 ml) into 10 vials. The sealed vials were 
then stored (time zero) in a refrigerator ( 5 O ) .  To prevent 
any interaction between the drug and the stopper, the 
screw caps of the test tubes and vials used were all lined 
with aluminum foil. Similar preparations were carried out 

I Vacutainer, Division of Becton, Dickinson and Co., Rutherford, N.J. 
2 Fisher Scientific Co., Pittsbur h Pa .' Hydrochloride salt, E. R. Squi%d& Sons, Inc., Princeton, N.J. 

with blood samples kept at ambient temperature (25 f 
1.0'). These temperatures were chosen in order to simulate 
common procedures for handling blood samples. The vials 
were removed and centrifuged immediately a t  various 
times up to 48 hr. All the plasma samples were frozen until 
analyzed for procainamide and its metabolite, N-acetyl- 
procainamide, using a modified high-performance liquid 
chromatographic (HPLC) method which was developed 
earlier in this laboratory (3). 

Briefly, the assay involved the addition of 0.25 ml ace- 
tonitrile to 0.1 ml of plasma sample in a test tube2. After 
vortex-mixing and centrifugation, 20 p1 of the supernatant 
solution was injected directly onto the column. The in- 
strumentation consisted of a solvent delivery pump4, a 
syringe-loading sample injector5, a cation exchange col- 
umn6, and a fixed-wavelength detector7 with 254-nm filter. 
The mobile phase was made of 75% (v/v) 0.12 M ammo- 
nium phosphate acidified with phosphoric acid (0.2%) and 
25% acetonitrile; the flow rate was 2.5 ml/min. By this 
method, the detection limit was 0.2 pg/ml for both pro- 
cainamide and N-acetylprocainamide in plasma. 

Figure 1 shows the typical plasma concentration profiles 
of procainamide from the above studies in three subjects. 
Assuming that procainamide initially was only confined 
to plasma, based on the individually determined hemat- 
ocrits, one could estimate its concentrations from the three 
subjects to be 40,40, and 35 pg/ml, respectively. However, 
the results (Fig. 1) show much lower concentrations 
(15.6-18.7 pglml) obtained immediately after spiking and 
brief mixing, indicating an initial rapid and extensive 
distribution of the drug to blood cells. Adsorption of the 
drug onto the glass tube could be ruled out, since there was 
no initial loss of procainamide from the whole blood in 
subsequent studies. 

The plasma concentrations, in general, decreased with 
time (Fig. 1). However, fluctuations in the measured con- 
centration were usually found during the initial 12 hr of 

Model 6000A, Waters Associates, Milford, Mass. 
Model 71T1,  Rheodyne. Berkeley, Calif,, 
Partisil PSS 10k5 SCX. Whatman, Clifton, N.d. 

' Model 140. Waters Associates, Milford, Mass. 
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measurement time of one sample in the electron-capture GLC (-15 min) 
is longer than that in the mass fragmentography. The mass fragmen- 
tography appears to be more readily adaptable to large numbers of 
samples. 
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To the Editor: 
The distribution kinetics and metabolism of drugs in 

blood are of importance in pharmacokinetic studies. For 
instance, if a drug equilibrates slowly between plasma and 
blood cells, the time elapsed between collection and cen- 
trifugation of a blood sample could have a significant effect 
on the plasma concentration measured, which might differ 
considerably from the true in uiuo concentration. This has 
been recently shown with gentamicin and furosemide (1, 
2). A similar problem might also be anticipated if a drug 
undergoes in uitro metabolism in the blood. The above 
phenomenon has been referred to as the storage effect of 
blood (1,2). This communication reports our preliminary 
studies on the metabolism of procainamide in blood and 
the storage effect of blood samples for procainamide and 
its metabolites. 

Freshly withdrawn', heparinized control blood from five 
healthy subjects, aged 25-41 years, was used. None of the 
subjects received any medication for at least 1 month prior 
to the study. The whole blood (10 ml) in test tubes2 from 
each subject was spiked with procainamide? stock solution 
(2 mg/ml of free base) to yield a concentration of 20 pg/ml. 
After manually mixing for 30 sec, each blood sample was 
quickly divided (1.0 ml) into 10 vials. The sealed vials were 
then stored (time zero) in a refrigerator ( 5 O ) .  To prevent 
any interaction between the drug and the stopper, the 
screw caps of the test tubes and vials used were all lined 
with aluminum foil. Similar preparations were carried out 

I Vacutainer, Division of Becton, Dickinson and Co., Rutherford, N.J. 
2 Fisher Scientific Co., Pittsbur h Pa .' Hydrochloride salt, E. R. Squi%d& Sons, Inc., Princeton, N.J. 

with blood samples kept at ambient temperature (25 f 
1.0'). These temperatures were chosen in order to simulate 
common procedures for handling blood samples. The vials 
were removed and centrifuged immediately a t  various 
times up to 48 hr. All the plasma samples were frozen until 
analyzed for procainamide and its metabolite, N-acetyl- 
procainamide, using a modified high-performance liquid 
chromatographic (HPLC) method which was developed 
earlier in this laboratory (3). 

Briefly, the assay involved the addition of 0.25 ml ace- 
tonitrile to 0.1 ml of plasma sample in a test tube2. After 
vortex-mixing and centrifugation, 20 p1 of the supernatant 
solution was injected directly onto the column. The in- 
strumentation consisted of a solvent delivery pump4, a 
syringe-loading sample injector5, a cation exchange col- 
umn6, and a fixed-wavelength detector7 with 254-nm filter. 
The mobile phase was made of 75% (v/v) 0.12 M ammo- 
nium phosphate acidified with phosphoric acid (0.2%) and 
25% acetonitrile; the flow rate was 2.5 ml/min. By this 
method, the detection limit was 0.2 pg/ml for both pro- 
cainamide and N-acetylprocainamide in plasma. 

Figure 1 shows the typical plasma concentration profiles 
of procainamide from the above studies in three subjects. 
Assuming that procainamide initially was only confined 
to plasma, based on the individually determined hemat- 
ocrits, one could estimate its concentrations from the three 
subjects to be 40,40, and 35 pg/ml, respectively. However, 
the results (Fig. 1) show much lower concentrations 
(15.6-18.7 pglml) obtained immediately after spiking and 
brief mixing, indicating an initial rapid and extensive 
distribution of the drug to blood cells. Adsorption of the 
drug onto the glass tube could be ruled out, since there was 
no initial loss of procainamide from the whole blood in 
subsequent studies. 

The plasma concentrations, in general, decreased with 
time (Fig. 1). However, fluctuations in the measured con- 
centration were usually found during the initial 12 hr of 
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Figure 1-Procainamide plasma concentration-time profiles from 
blood spiked with 20 pgfml, and kept at ambient temperature (upper 
panel) or 5' (lower panel). Key: (0) subject 1; (a) subject 2; ( A )  subject 
3. 

study. Similar results were obtained when blood samples 
were spiked with 6 pg/ml of procainamide. These unusual 
distribution kinetics were observed in most of our studies 
either a t  25 or 5'. It is felt that the above findings, espe- 
cially those showing larger fluctuations, could not be an 
artifact, since the assays were conducted in duplicate and 
their coefficients of variation were <3.5%. In addition, si- 
multaneous analysis of blood procainamide concentration 
in separate studies showed essentially a declining pattern, 
presumably due to metabolism of the drug in blood. At 
present, the cause or exact mechanism is unclear. Never- 
theless, a possible reason might be the formation of 
Schiff bases between the drug and free fatty aldehydes on 
cell membranes, as proposed for gentamicin (1). 

The formation of N-acetylprocainamide occurred in all 
the in uitro studies. This was shown by the appearance of 
peaks in the chromatograms (Fig. 2), with their retention 
time identical to that from the authentic samples. Typical 
time profiles of N-acetylprocainamide from subject 2 are 
depicted in Fig. 3. The in uitro formation of this metabolite 
in the present study appeared to be temperature depen- 
dent and to  follow approximately a zero-order process, 
which could last up to 24 hr in some subjects. Based on the 
apparent linear portion of the curves (Fig. 3), the mean 
appearance rates of N-acetylprocainamide in plasma a t  
5 and 25' were calculated to be 4 . 0 5  and 0.10 pg/ml/hr, 
respectively. It should be noted that although N-acetyla- 
tion of procainamide has been found to take place in whole 
blood (4), the distribution kinetics and its implication were 
not reported. 

3 
3 

3 

2 

1 

I 
6 Min 
H 

Figure 2-Typical HPLC chromatograms from the blood of the first 
subject spiked with 20 pgglml of procainamide and kept at ambient 
temperature for various periods of time: left,  immediately after spiking 
(time zero); middle, 12 hr; right, 24 hr. Key: ( I )  unknown metabolite; 
(2) N-acetylprocainamidc (3) procainamide. 
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Figure 3-N-Acetylprocainamide plmma concentration-time profiles 
from the blood of the second subject spiked with 20 pgglml of procain- 
amide and kept at 5' (A) and 25' (0). 
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Figure 4-Procainamide (0) and N-acetjlprocainamide (A)  plasma 
concentration-time profiles in a blood sample kept at ambient tem- 
perature. 

A second metabolite with shorter retention than N- 
acetylprocainamide (Fig. 2) was found in all chromato- 
grams except those from samples obtained at earlier times. 
This unidentified metabolite was also found in many cases 
after the administration of procainamide to rabbits (5) and 
humans (6). Recent studies (7) have shown that desethyl 
procainamide and desethyl N-acetylprocainamide might 
be two additional metabolites of procainamide. However, 
identification of the unknown product was not made due 
to the lack of authentic samples. According to the relative 
peak heights, the appearance rate of this unidentified 
metabolite in plasma also followed a zero-order process in 
the first 12 hr of study. 

To ascertain whether metabolism took place in plasma 
or blood cells, pooled plasma was spiked with procain- 
amide to yield an initial concentration of 20 pg/ml and kept 
a t  ambient temperature for various periods of time. No 
metabolite formation could be found up to 48 hr, indicating 
that blood cells are the sole site of metabolism in whole 
blood. Since the plasma concentrations of procainamide 
were essentially identical during the study, no degradation 
of plasma samples could be assumed. 

The results of the above in uitro studies suggest that the 
time between collection and centrifugation of a blood 
sample may have a considerable influence on the measured 
plasma levels of procainamide and its metabolites. This 
was supported by another experiment in which -10 ml of 
blood was collected shortly before the next scheduled dose 
from an adult male patient on chronic oral procainamide 
therapy (Fig. 4). During the 24 hr of storage, the difference 

between the minimum and maximum plasma concentra- 
tions measured for procainamide was - 35% and that for 
N-acetylprocainamide was 24%. Similar effects also were 
observed from two rabbits, whose blood was collected in 
syringes8 after intravenous dosing of procainamide. 

In light of the results of this study, it appears that a 
prudent approach is to separate plasma as soon as the 
blood sample is collected; this might minimize the differ- 
ence between the true in uiuo plasma concentration and 
the measured in uitro concentration. More work is required 
in order to fully assess the potential significance of the 
present findings in the pharmacokinetic studies. 
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Nonlinear Regression Approach for 
Determining Whether Absorption and 
Elimination Rate Constants are Equal in the 
One-Compartment Open Model with First-Order 
Processes 

Keyphrases Pharmacokinetics-one-compartment open model, 
nonlinear regression analysis, absorption rate constants, elimination rate 
constants 

To the Editor: 
Recently Bialer reported a simple method for deter- 

mining whether absorption and elimination rate constants 
are equal in the one-compartment open model with first- 
order processes (1). The basis for this method is that 
whenever the product of time of peak drug concentration 
( tmax)  is equal to total area under curve (AUC) divided by 
the base of natural logarithm ( e ) ,  the absorption rate 
constant ( l z ,  must be equal to the elimination rate con- 
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Figure 4-Procainamide (0) and N-acetjlprocainamide (A)  plasma 
concentration-time profiles in a blood sample kept at ambient tem- 
perature. 

A second metabolite with shorter retention than N- 
acetylprocainamide (Fig. 2) was found in all chromato- 
grams except those from samples obtained at earlier times. 
This unidentified metabolite was also found in many cases 
after the administration of procainamide to rabbits (5) and 
humans (6). Recent studies (7) have shown that desethyl 
procainamide and desethyl N-acetylprocainamide might 
be two additional metabolites of procainamide. However, 
identification of the unknown product was not made due 
to the lack of authentic samples. According to the relative 
peak heights, the appearance rate of this unidentified 
metabolite in plasma also followed a zero-order process in 
the first 12 hr of study. 

To ascertain whether metabolism took place in plasma 
or blood cells, pooled plasma was spiked with procain- 
amide to yield an initial concentration of 20 pg/ml and kept 
a t  ambient temperature for various periods of time. No 
metabolite formation could be found up to 48 hr, indicating 
that blood cells are the sole site of metabolism in whole 
blood. Since the plasma concentrations of procainamide 
were essentially identical during the study, no degradation 
of plasma samples could be assumed. 

The results of the above in uitro studies suggest that the 
time between collection and centrifugation of a blood 
sample may have a considerable influence on the measured 
plasma levels of procainamide and its metabolites. This 
was supported by another experiment in which -10 ml of 
blood was collected shortly before the next scheduled dose 
from an adult male patient on chronic oral procainamide 
therapy (Fig. 4). During the 24 hr of storage, the difference 

between the minimum and maximum plasma concentra- 
tions measured for procainamide was - 35% and that for 
N-acetylprocainamide was 24%. Similar effects also were 
observed from two rabbits, whose blood was collected in 
syringes8 after intravenous dosing of procainamide. 

In light of the results of this study, it appears that a 
prudent approach is to separate plasma as soon as the 
blood sample is collected; this might minimize the differ- 
ence between the true in uiuo plasma concentration and 
the measured in uitro concentration. More work is required 
in order to fully assess the potential significance of the 
present findings in the pharmacokinetic studies. 
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Nonlinear Regression Approach for 
Determining Whether Absorption and 
Elimination Rate Constants are Equal in the 
One-Compartment Open Model with First-Order 
Processes 

Keyphrases Pharmacokinetics-one-compartment open model, 
nonlinear regression analysis, absorption rate constants, elimination rate 
constants 

To the Editor: 
Recently Bialer reported a simple method for deter- 

mining whether absorption and elimination rate constants 
are equal in the one-compartment open model with first- 
order processes (1). The basis for this method is that 
whenever the product of time of peak drug concentration 
( tmax)  is equal to total area under curve (AUC) divided by 
the base of natural logarithm ( e ) ,  the absorption rate 
constant ( l z ,  must be equal to the elimination rate con- 

574 f Journal of Pharmaceutical Sciences 
Vol. 72, No. 5, May 1983 

0022-3549/83/ 0500-0574$0 l.OOf 0 
@ 1983, American Pharmaceutical Association 



stant ( h e ) .  This method is mathematically sound, but when 
applied to clinical study data, tmax and Cm, are difficult 
to determine with sufficient accuracy, and the true tma, 
and Cmax may be missed with routine sampling protocol. 
Additionally, the calculation of the AUC requires an ac- 
curate estimate of the half-life of the terminal portion of 
the concentration-time curve to estimate the residual area 
remaining after the last measured concentration. The 
terminal half-life estimation requires fitting the terminal 
portion concentration-time of the curve or, preferentially, 
the entire profile by some standard fitting procedure to an 
a priori model. Thus, satisfaction of the criterion stated 
above may not be obvious. It is, therefore, of interest to see 
if there is an alternate method which can achieve the same 
result. 

In a one-compartment open model with first-order ab- 
sorption and elimination the plasma-drug concentration 
(cb) is defined generally by: 

The relevance of this equation and the relationship be- 
tween k, and ke have been discussed extensively in stan- 
dard texts (2,3). Generally speaking, when k,  is larger than 
k e , the terminal phase reflects the process of elimination. 
The other case is the flip-flop model where ka is smaller 
than ke, and the terminal phase reflects the process of 
absorption. In the special case where ka is equal to k e  Eq. 
1 becomes mathematically irrelevant, since the derivation 
of Eq. 1 requires that k, f ke. In this case, the general 
equation describing the plasma-drug concentration has 
to be derived from the basic model setting k = ka = k,. By 
employing a standard technique such as Laplace trans- 
form, Eq. 2 can be obtained (1,2): 

There are a number of techniques commonly used to 
obtain values for the rate constants of absorption and 
elimination. These include the manual method of residuals 
(feathering) and computer-based nonlinear regression 
techniques using least-squares criteria. The Wagner- 
Nelson method makes no specific compartmental model 
assumption and can also be used to estimate ka. However, 
when k, = k,, absorption occurs throughout the whole 
process. Therefore, any technique that involves assuming 
the terminal phase reflects solely an absorption or elimi- 
nation process will fail to reveal the true rate constants. 
This is not the case for nonlinear least-squares regression 

Table I-Simulated Concentration Data Using Eq. 2 with 
FDlVd = lOand k = k. = k, = 0.5 

Concentration 
Time Concentration with 5% Noise 

0.25 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
8.0 

1.10 
1.95 
3.03 
3.68 
3.35 
2.71 
2.05 
1.49 

1.10 
1.95 
3.18 
3.68 
3.52 
2.85 
2.05 
1.42 

0.73 0.69 
10.0 0.34 0.36 
12.0 0.15 0.14 

analysis. Provided that there is some minute difference 
between k, and ke, nonlinear regression may be applied 
to  the data. To test this alternative, data with only 
rounding error were generated using Eq. 2 with FD/vd = 
10, k = k, = ke = 0.5 (Table I). Concentrations with 5% 
random noise are also listed in Table I. 

With no a priori knowledge of the values of k, and k,, 
the two rate constants were estimated by using the method 
of residuals, the Wagner-Nelson method (4), the deci- 
sion-making program AUTOAN ( 5 ) ,  and the nonlinear 
regression program NONLIN (6). The results are listed in 
Table 11. 

Application of the graphical method of residuals re- 
vealed no problems except that the residual line seemed 
to show some curvature. The values for k, and k, obtained 
by this method were 0.87 and 0.39, respectively. The 
Wagner-Nelson method also revealed no problems and the 
values for ka and ke obtained by this method were 0.67 and 
0.40, respectively. The same data were fitted by the deci- 
sion-making program AUTOAN. Curve stripping, the first 
part of the AUTOAN output, indicated that the best 
number of exponential is 3 and the data are best described 
by a one-compartment open model with two first-order 
input steps, kl and kz. The second part of the AUTOAN 
output using the 1969 version of NONLIN to fit the data 
according to this model yielded values for kl, kz, k,, and 
R2 of 0.707, 2.634,0.450, and 0.855, respectively. Finally, 
using rate constants obtained from the method of residuals 
as initial estimates, and assuming the model described by 
Eq. 1, the 1974 version of NONLIN successfully converged 
to  the real values. The goodness of fit was exemplified by 
the R2 value and the small standard deviation of the pa- 
rameters estimates (Table 11). 

The method of residuals, the Wagner-Nelson method, 
curve stripping, and nonlinear regression are probably the 

Table 11-Comparison of Real and Estimated Values Obtained by the Method of Residuals, the Wagner-Nelson Method, AUTOAN, 
and NONLIN a 

- - Real Values 10 0.500 0.500 - 
Method of Residualsb 7.4 0.39 0.87 - 
Wagner-Nelson Method 7.7 0.40 0.67 - 
AUTOAN 5.79 0.450 - 0.707 2.634 0.855 

AUTOAN" 6.64 0.695 - 0.771 1.030 0.718 

- 1.000 NONLIN 9.98 0.499 0.501 - 

- 0.997 NONLIN" 10.31 0.506 0.501 - 

- - 
- - 

(23.01) (1.937) - (3.937) (8.343) 

(67.17) (6.86) - (13.05) (11.85) 

(0.06) (0.003) (0.003) 

(0.89) (n.042) 1n.n491 

0 Standard deviation of the parameter estimates in parentheses. Using data with only rounding error. Using data with 5% noise. 
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most routine procedures for determining model rate con- 
stants. The first three methods are obviously bad choices 
when ka = k,. A nonlinear regression analysis program 
such as NONLIN, with the simplest model, successfully 
revealed the real values of ka and k,. Bialer’s criteria (1) 
can serve as additional proof of the NONLIN output. 

It should be emphasized that although nonlinear re- 
gression techniques successfully converged to the real rate 
constants used to generate the data in the example, this 
does not imply that Eq. 1 is the only model which can be 
fitted to the data. The problems associated with obtaining 
a reliable value for a pharmacokinetic parameter, such as 
absorption rate constants after oral administration, have 
been previously identified. For example, a multiple-com- 
partment open model may also be collapsed to a one- 
compartment open model under certain conditions (7). In 
reality, the true model is rarely known, and in most cases 
one can not distinguish one model from another. However, 
this study demonstrated that if Eq. 1 represents a true 
model, nonlinear regression analysis separates the rate 
constants where other methods can not. 

(1) M. Bialer, J .  Pharmacokinet. Biopharm., 8,111 (1980). 
(2) M. Gibaldi and D. Perrier, “Pharmacokinetics,” Dekker, New York, 

(3) J. G. Wagner, “Fundamentals of Clinical Pharmacokinetics,” Drug 

(4) J. G. Wagner and E. Nelson, J. Pharm. Sci., 53,1392 (1964). 
(5) A. J. Sedman and J. G. Wagner, “AUTOAN: A Decision-Making 

Pharmacokinetic Computer Program,” Publication Distribution Service, 
Ann Arbor Mich., 1974. 

(6) C. M. Metzler, G. L. Elfring, and A. J. McEwen. (Abstract), Bio- 
metrics, 30,562 (1974). 

(7) R. A. Ronfeld and L. 2. Benet, J .  Pharm. Sci., 66,178 (1977). 
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Kinetic Interpretation of the 
Microparameters in Compartmental Modeling 
When Adjoining Compartments are Sampled 
~~ ~ ~ 

Keyphrases 0 Pharmacokinetic analysis-compartmental modeling 
0 Compartmental modeling-kinetic interpretation of microparameters 

Diffusional transport hypothesis-compartmental modeling 

To The Editor: 
In linear compartmental modeling, the rate of mass 

transfer of drug from compartment i to compartment j is 
kijxi, and for the reverse transfer k j i x j ,  where the k’s are 

constant microparameters and the x’s stand for the 
amounts in the compartments (1). It appears tempting to 
justify compartmental pharmacokinetic analysis by at- 
taching special kinetic significance to the microparameters. 
However, it is well recognized that this type of modeling 
is merely an abstract mathematical way of accounting for 
the combined effect of many complex disposition pro- 
cesses, which are too difficult or impossible to consider 
individually, in order to explain the concentration profile 
in a sampled compartment; typically the blood. It is also 
recognized that in pharrnacokinetic practice when dealing 
with prediction and adjustment of blood levels, in the 
calculation of dosage regimens and in the evaluation of 
drug input, there is no need for compartmental modeling. 
I t  would be irrational to do so, because the required cal- 
cilln+ims can (at least for dose-linear systems) be done 
si I on the basis of the principles of superposition, 
convolution, or deconvolution. However, there are cases 
in pharmacokinetics where more than one tissue com- 
partment is sampled for the drug. A compartmental type 
of kinetic analysis is then definitely justified. The blood- 
brain barrier (BBB) transfer kinetics of theophylline in 
dogs has recently been investigated. In the analysis, the 
classical linear compartmental approach was avoided be- 
cause it appears completely irrational to assume that the 
transfer across a membrane is proportional to amounts and 
not to a concentration differential. A model-independent 
approach combined with a more rational compartmental 
transport mechanism was applied instead. In analyzing the 
equations resulting from this approach an interesting re- 
lationship was discovered between the diffusion and 
binding parameters and the microparameters in a classical 
compartmental approach. I t  is of interest to communicate 
these findings which bring the classical compartmental 
modeling into a different perspective. 

The Diffusion Approach: The diffusion rate of the drug 
across the BBB is proportional to the difference between 
the free drug concentrations on the two sides of the bar- 
rier: 

Subscripts c and s denote cerebrospinal fluid (CSF) and 
serum, respectively; V ,  C ,  and F stand for volume, total 
drug concentration, and free (unbound) fraction, respec- 
tively; while K1 is a positive diffusion constant. Equation 
1 assumes that the drug is not metabolized in the CSF, 
which is consistent with our current knowledge about the 
metabolic systems present on the CNS side of the BBB (2). 
The equation can readily be solved by Laplace transforms 
to give the following expression relating the total concen- 
tration of the drug in the CSF to the total concentration 
in the serum: 

where * denotes convolution. 
The derivation of Eq. 2 assumes that F, and F, do not 

depend significantly on the drug concentration. The free 
fractions depend on the unbound protein concentration 
as well as on the affinity of the protein for the drug. Usually 
only a small fraction of the available binding sites is oc- 
cupied at  therapeutic drug concentrations; therefore, the 
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most routine procedures for determining model rate con- 
stants. The first three methods are obviously bad choices 
when ka = k,. A nonlinear regression analysis program 
such as NONLIN, with the simplest model, successfully 
revealed the real values of ka and k,. Bialer’s criteria (1) 
can serve as additional proof of the NONLIN output. 

It should be emphasized that although nonlinear re- 
gression techniques successfully converged to the real rate 
constants used to generate the data in the example, this 
does not imply that Eq. 1 is the only model which can be 
fitted to the data. The problems associated with obtaining 
a reliable value for a pharmacokinetic parameter, such as 
absorption rate constants after oral administration, have 
been previously identified. For example, a multiple-com- 
partment open model may also be collapsed to a one- 
compartment open model under certain conditions (7). In 
reality, the true model is rarely known, and in most cases 
one can not distinguish one model from another. However, 
this study demonstrated that if Eq. 1 represents a true 
model, nonlinear regression analysis separates the rate 
constants where other methods can not. 
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~~ ~ ~ 

Keyphrases 0 Pharmacokinetic analysis-compartmental modeling 
0 Compartmental modeling-kinetic interpretation of microparameters 

Diffusional transport hypothesis-compartmental modeling 

To The Editor: 
In linear compartmental modeling, the rate of mass 

transfer of drug from compartment i to compartment j is 
kijxi, and for the reverse transfer k j i x j ,  where the k’s are 

constant microparameters and the x’s stand for the 
amounts in the compartments (1). It appears tempting to 
justify compartmental pharmacokinetic analysis by at- 
taching special kinetic significance to the microparameters. 
However, it is well recognized that this type of modeling 
is merely an abstract mathematical way of accounting for 
the combined effect of many complex disposition pro- 
cesses, which are too difficult or impossible to consider 
individually, in order to explain the concentration profile 
in a sampled compartment; typically the blood. It is also 
recognized that in pharrnacokinetic practice when dealing 
with prediction and adjustment of blood levels, in the 
calculation of dosage regimens and in the evaluation of 
drug input, there is no need for compartmental modeling. 
I t  would be irrational to do so, because the required cal- 
cilln+ims can (at least for dose-linear systems) be done 
si I on the basis of the principles of superposition, 
convolution, or deconvolution. However, there are cases 
in pharmacokinetics where more than one tissue com- 
partment is sampled for the drug. A compartmental type 
of kinetic analysis is then definitely justified. The blood- 
brain barrier (BBB) transfer kinetics of theophylline in 
dogs has recently been investigated. In the analysis, the 
classical linear compartmental approach was avoided be- 
cause it appears completely irrational to assume that the 
transfer across a membrane is proportional to amounts and 
not to a concentration differential. A model-independent 
approach combined with a more rational compartmental 
transport mechanism was applied instead. In analyzing the 
equations resulting from this approach an interesting re- 
lationship was discovered between the diffusion and 
binding parameters and the microparameters in a classical 
compartmental approach. I t  is of interest to communicate 
these findings which bring the classical compartmental 
modeling into a different perspective. 

The Diffusion Approach: The diffusion rate of the drug 
across the BBB is proportional to the difference between 
the free drug concentrations on the two sides of the bar- 
rier: 

Subscripts c and s denote cerebrospinal fluid (CSF) and 
serum, respectively; V ,  C ,  and F stand for volume, total 
drug concentration, and free (unbound) fraction, respec- 
tively; while K1 is a positive diffusion constant. Equation 
1 assumes that the drug is not metabolized in the CSF, 
which is consistent with our current knowledge about the 
metabolic systems present on the CNS side of the BBB (2). 
The equation can readily be solved by Laplace transforms 
to give the following expression relating the total concen- 
tration of the drug in the CSF to the total concentration 
in the serum: 

where * denotes convolution. 
The derivation of Eq. 2 assumes that F, and F, do not 

depend significantly on the drug concentration. The free 
fractions depend on the unbound protein concentration 
as well as on the affinity of the protein for the drug. Usually 
only a small fraction of the available binding sites is oc- 
cupied at  therapeutic drug concentrations; therefore, the 
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free fraction is relatively constant and independent of the Predicting the Dose-Dependent 
drug concentration (3). 

The diffusional transport hypothesis (Eq. 1) was verified 
kinetically in the following manner according to Eq. 2: A 
suitable arbitrary function was chosen to approximate the 
C, ( t )  response. (The fitting of a two-exponential expres- 
sion to the C,, t data appeared to give an excellent ap- 
proximation.) The fitting of the arbitrary function to  the 
serum data was done simultaneously with the fitting to the 
CSF data of a second function resulting from convoluting 
the first function according to Eq. 2. Good correlations to 
the CSF and serum data were observed. 

The Classical Compartmental Approach: The rate of 
change of the amount, xc ,  of drug in the CSF is 

& = k  sc x s - kcsxc (Eq. 3) dt 
where k,, and k,, are the first-order rate constants for the 
transfer of drug from serum to CSF and reverse, respec- 
tively. Solving Eq. 3 through Laplace transforms gives: 

x c ( t )  = kscxs(t)*e-kcst (Eq. 4) 

so that 

(Eq. 5) 

By comparing Eqs. 5 and 2 the following relations are ob- 
tained: 

Vckcs = FcKI (Eq. 6) 

Vsksc = FsK1 (Eq. 7) 
One can, therefore, in this case of compartmental analysis 
with data available from adjoining compartments, relate 
the microparameters of the abstract mass transfer of 
classical compartmental modeling to the more meaningful 
parameters of a rational, diffusional-based transport 
mechanism (Eq. 1). 

The relationships (Eqs. 6 and 7) may be stated simply 
as follows: The intercompartmental clearances are equal 
to the intercompartmental diffusion rate constant multi- 
plied by the free fraction of the drug in the respective 
compartment. 

The above analysis is valid for any complexity of the 
compartmental system as long as one of the two sampled, 
adjoining compartments is not connected to other com- 
partments. 
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Bioavailability of Hydrocortisone and 
Chlorothiazide in Humans 
~ ~ ____ 

Keyphrases 0 Bioavailability-dose dependency, hydrocortisone, 
chlorothiazide 0 Hydrocortisone-dose-dependent bioavailability, 
saturable absorption kinetics 0 Chlorothiazide-dose-dependent bio- 
availability, saturable absorption kinetics 

To the Editor: 
A recent report (1) described the occurrence and 

mechanisms of dose-dependent saturable absorption ki- 
netics for several commonly used drugs. Equations were 
also derived, on the basis of the classical Michaelis-Menten 
approach, to predict such dose-dependent absorption ki- 
netics (1). In the present communication, these equations 
are applied, in an effort to predict the recently reported, 
nonproportional dose bioavailability data on hydrocorti- 
sone (2) and chlorothiazide (3). 

Predicted values for hydrocortisone plasma levels 
(Cmm), area under the curve (AUC) and AUC corrected for 
variance in the first-order rate constant for drug elimina- 
tion (AUCkel) as well as chlorothiazide urine recovery were 
calculated using the parameters obtained from the derived 
equations reported earlier (1). Tables I and I1 list these 
calculated parameters and compare the observed values 
with the predicted values for each dose of hydrocortisone 
and chlorothiazide, respectively. The excellent correlations 
between the observed and predicted values attest to the 
validity of the saturable absorption predictive model for 
those two drugs. It should be noted that the dose-depen- 
dent hydrocortisone tablet data (4) also can be treated in 
a similar manner with good predictability. 

The saturable absorption of chlorothiazide is probably 
related to the existence of an absorption window (l), in- 
asmuch as the average urinary recovery of chlorothiazide 
is increased in humans in the presence of food (5) and in 
dogs following propantheline bromide administration (6). 

Table I-Comparison of Observed and Predicted Values for 
Hydrocortisone 

AUCb,n -hr/ml AUC c,n /ml d+-eF Ts€+-Ea- 
Dose, 
mc 
5 119 114 293 278 171 162 
10 175 188 447 502 248 267 
20 263 278 835 838 377 396 
40 389 366 1340 1259 553 521 

r value 0.990 0.996 0.991 

C, = 533 ng/ml when the Michaelis constant (K,) is 18.2 mg. AUC,.. = 
2531 n hr/ml when K,,, = 40.4 mg. C (AUCI.,),, = 763 ng/ml when K, = 18.5 
mg. &served values (Ob) from previously publighed work (2). Predicted values 
(Pred) calculated using previously derived equations (1). 

Table 11-Comparison of Observed and Predicted Urine 
Recovery for Chlorothiazide 

Recovery, mga 
Dose, mg Obs* PredC 

50 28.3 28.0 
100 47.0 47.8 
250 83.3 82.7 

r value 0.999 
Recovery = 161.6 mg when K, = 238.2 m Observed values (Obs) from 

previously puflzhed work (3). Predicted values (Fred) calculated using previously 
derived equations (1). 
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free fraction is relatively constant and independent of the Predicting the Dose-Dependent 
drug concentration (3). 

The diffusional transport hypothesis (Eq. 1) was verified 
kinetically in the following manner according to Eq. 2: A 
suitable arbitrary function was chosen to approximate the 
C, ( t )  response. (The fitting of a two-exponential expres- 
sion to the C,, t data appeared to give an excellent ap- 
proximation.) The fitting of the arbitrary function to  the 
serum data was done simultaneously with the fitting to the 
CSF data of a second function resulting from convoluting 
the first function according to Eq. 2. Good correlations to 
the CSF and serum data were observed. 

The Classical Compartmental Approach: The rate of 
change of the amount, xc ,  of drug in the CSF is 

& = k  sc x s - kcsxc (Eq. 3) dt 
where k,, and k,, are the first-order rate constants for the 
transfer of drug from serum to CSF and reverse, respec- 
tively. Solving Eq. 3 through Laplace transforms gives: 

x c ( t )  = kscxs(t)*e-kcst (Eq. 4) 

so that 

(Eq. 5) 

By comparing Eqs. 5 and 2 the following relations are ob- 
tained: 

Vckcs = FcKI (Eq. 6) 

Vsksc = FsK1 (Eq. 7) 
One can, therefore, in this case of compartmental analysis 
with data available from adjoining compartments, relate 
the microparameters of the abstract mass transfer of 
classical compartmental modeling to the more meaningful 
parameters of a rational, diffusional-based transport 
mechanism (Eq. 1). 

The relationships (Eqs. 6 and 7) may be stated simply 
as follows: The intercompartmental clearances are equal 
to the intercompartmental diffusion rate constant multi- 
plied by the free fraction of the drug in the respective 
compartment. 

The above analysis is valid for any complexity of the 
compartmental system as long as one of the two sampled, 
adjoining compartments is not connected to other com- 
partments. 
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To the Editor: 
A recent report (1) described the occurrence and 

mechanisms of dose-dependent saturable absorption ki- 
netics for several commonly used drugs. Equations were 
also derived, on the basis of the classical Michaelis-Menten 
approach, to predict such dose-dependent absorption ki- 
netics (1). In the present communication, these equations 
are applied, in an effort to predict the recently reported, 
nonproportional dose bioavailability data on hydrocorti- 
sone (2) and chlorothiazide (3). 

Predicted values for hydrocortisone plasma levels 
(Cmm), area under the curve (AUC) and AUC corrected for 
variance in the first-order rate constant for drug elimina- 
tion (AUCkel) as well as chlorothiazide urine recovery were 
calculated using the parameters obtained from the derived 
equations reported earlier (1). Tables I and I1 list these 
calculated parameters and compare the observed values 
with the predicted values for each dose of hydrocortisone 
and chlorothiazide, respectively. The excellent correlations 
between the observed and predicted values attest to the 
validity of the saturable absorption predictive model for 
those two drugs. It should be noted that the dose-depen- 
dent hydrocortisone tablet data (4) also can be treated in 
a similar manner with good predictability. 

The saturable absorption of chlorothiazide is probably 
related to the existence of an absorption window (l), in- 
asmuch as the average urinary recovery of chlorothiazide 
is increased in humans in the presence of food (5) and in 
dogs following propantheline bromide administration (6). 

Table I-Comparison of Observed and Predicted Values for 
Hydrocortisone 

AUCb,n -hr/ml AUC c,n /ml d+-eF Ts€+-Ea- 
Dose, 
mc 
5 119 114 293 278 171 162 
10 175 188 447 502 248 267 
20 263 278 835 838 377 396 
40 389 366 1340 1259 553 521 

r value 0.990 0.996 0.991 

C, = 533 ng/ml when the Michaelis constant (K,) is 18.2 mg. AUC,.. = 
2531 n hr/ml when K,,, = 40.4 mg. C (AUCI.,),, = 763 ng/ml when K, = 18.5 
mg. &served values (Ob) from previously publighed work (2). Predicted values 
(Pred) calculated using previously derived equations (1). 

Table 11-Comparison of Observed and Predicted Urine 
Recovery for Chlorothiazide 

Recovery, mga 
Dose, mg Obs* PredC 

50 28.3 28.0 
100 47.0 47.8 
250 83.3 82.7 

r value 0.999 
Recovery = 161.6 mg when K, = 238.2 m Observed values (Obs) from 

previously puflzhed work (3). Predicted values (Fred) calculated using previously 
derived equations (1). 
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Additional evidence for such site-specific absorption of 
chlorothiazide is presented by way of similar observations 
for the related drug hydrochlorothiazide in humans (7, 
8). 

The mechanism for the dose-dependency of hydrocor- 
tisone has been suggested to be an increased first-pass 
metabolism (2). By means of carefully planned studies, 
saturable binding and formulation factors were ruled out 
as determinants of the nonproportional dose-concentra- 
tion relationship for hydrocortisone. Ease of absorption 
and linear absorption at  the higher dosages used in pre- 
vious studies (9,lO) were cited as the reasons for excluding 
saturable absorption as a contributing factor. 

However, critical analysis of the two cited references (9, 
10) on hydrocortisone absorption revealed the following 
information. First, a limited zone for absorption of hy- 
drocortisone and hydrocortisone acetate existed in the 
small intestine of humans, inasmuch as the absorption 
from the proximal zone was nearly twice that from the 
distal zone. Absorption within the zones was linear. Sec- 
ond, the acetate ester was more efficiently absorbed than 
hydrocortisone. Third, both rate and extent of absorption 
was decreased in a malnourished patient in relapse with 
severe malabsorption. Last, absorption was higher when 
the gut was perfused under comparable conditions, using 
1-5% glucose-Ringer’s rather than Ringer’s solution. This 
was probably due to the increased viscosity of the glu- 
cose-Ringer’s solution and/or its energy-supplying po- 
tential as theorized previously (11). It should be mentioned 
that both the suspension and tablet studies (2,4) admin- 
istered the hydrocortisone dose with 180 ml of fluid, 
probably causing the drug to be washed past the zone of 
maximal absorption. The parallels between these obser- 
vations for hydrocortisone and those aforementioned for 
chlorothiazide and hydrochlorothiazide absorption are all 
too obvious. 

Further proof of a dose-dependent absorption phe- 
nomenon being operative for hydrocortisone is obtained 
by comparing the systemic availability, calculated by di- 
viding mean AUC values after the suspension and tablet 
doses by those obtained after equivalent intravenous doses 
(2 ,4 ,  12). The average systemic availability (FIV) of hy- 
drocortisone was 71,58,56,52, and 54% from the 5-, lo-, 
20-, 30-, and 50-mg doses. In other words, there was a de- 
crease in F,  the fraction absorbed, with increasing dose, 
which contributed to the decrease in FIV with increasing 
dose seen in the tablet study (4). If, as suggested (2), there 
was a dose-dependent increase in the metabolism of an 
increased free fraction during the first pass, the systemic 
availability should increase, not decrease, with increasing 
dose. The latter would occur because of saturation of the 
hepatic enzymes by the increasing drug fraction. Increased 
systemic availability with increasing dose has been ob- 
served in the literature for propoxyphene (13) and several 
other drugs (14) known to undergo first-pass metabolism 
in humans. Additional factors that could possibly con- 
tribute to the dose-dependent bioavailability of hydro- 
cortisone in humans include micromeritic and polymorphic 
effects with attendant stability and dissolution problems, 
as were observed with other corticosteroids (15). 

In conclusion, hydrocortisone and chlorothiazide ab- 
sorption after increasing, single, oral doses in humans, can 
be described by site-specific saturable absorption kinetics 

in the therapeutic dose range. The consequent dose-de- 
pendent bioavailability of these two drugs can be effec- 
tively predicted by use of the appropriate equations re- 
ported earlier (1). Use of these equations in the clinical 
setting should aid in the development of efficacious dosing 
protocols for any drug whose oral absorption is limited by 
the magnitude of the administered dose. 
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To the Editor: 

Equations to calculate the amount of drug absorbed per 
milliliter of the volume of distribution and the percent 
absorbed as functions of time for the one-compartment 
open model (1) are commonly referred to as Wagner- 
Nelson equations. The nature of such plots when the 
equations are applied to data obeying the two-compart- 
ment open model with first-order absorption was discussed 
by Wagner (2). In this communication modified equations 
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Additional evidence for such site-specific absorption of 
chlorothiazide is presented by way of similar observations 
for the related drug hydrochlorothiazide in humans (7, 
8). 

The mechanism for the dose-dependency of hydrocor- 
tisone has been suggested to be an increased first-pass 
metabolism (2). By means of carefully planned studies, 
saturable binding and formulation factors were ruled out 
as determinants of the nonproportional dose-concentra- 
tion relationship for hydrocortisone. Ease of absorption 
and linear absorption at  the higher dosages used in pre- 
vious studies (9,lO) were cited as the reasons for excluding 
saturable absorption as a contributing factor. 

However, critical analysis of the two cited references (9, 
10) on hydrocortisone absorption revealed the following 
information. First, a limited zone for absorption of hy- 
drocortisone and hydrocortisone acetate existed in the 
small intestine of humans, inasmuch as the absorption 
from the proximal zone was nearly twice that from the 
distal zone. Absorption within the zones was linear. Sec- 
ond, the acetate ester was more efficiently absorbed than 
hydrocortisone. Third, both rate and extent of absorption 
was decreased in a malnourished patient in relapse with 
severe malabsorption. Last, absorption was higher when 
the gut was perfused under comparable conditions, using 
1-5% glucose-Ringer’s rather than Ringer’s solution. This 
was probably due to the increased viscosity of the glu- 
cose-Ringer’s solution and/or its energy-supplying po- 
tential as theorized previously (11). It should be mentioned 
that both the suspension and tablet studies (2,4) admin- 
istered the hydrocortisone dose with 180 ml of fluid, 
probably causing the drug to be washed past the zone of 
maximal absorption. The parallels between these obser- 
vations for hydrocortisone and those aforementioned for 
chlorothiazide and hydrochlorothiazide absorption are all 
too obvious. 

Further proof of a dose-dependent absorption phe- 
nomenon being operative for hydrocortisone is obtained 
by comparing the systemic availability, calculated by di- 
viding mean AUC values after the suspension and tablet 
doses by those obtained after equivalent intravenous doses 
(2 ,4 ,  12). The average systemic availability (FIV) of hy- 
drocortisone was 71,58,56,52, and 54% from the 5-, lo-, 
20-, 30-, and 50-mg doses. In other words, there was a de- 
crease in F,  the fraction absorbed, with increasing dose, 
which contributed to the decrease in FIV with increasing 
dose seen in the tablet study (4). If, as suggested (2), there 
was a dose-dependent increase in the metabolism of an 
increased free fraction during the first pass, the systemic 
availability should increase, not decrease, with increasing 
dose. The latter would occur because of saturation of the 
hepatic enzymes by the increasing drug fraction. Increased 
systemic availability with increasing dose has been ob- 
served in the literature for propoxyphene (13) and several 
other drugs (14) known to undergo first-pass metabolism 
in humans. Additional factors that could possibly con- 
tribute to the dose-dependent bioavailability of hydro- 
cortisone in humans include micromeritic and polymorphic 
effects with attendant stability and dissolution problems, 
as were observed with other corticosteroids (15). 

In conclusion, hydrocortisone and chlorothiazide ab- 
sorption after increasing, single, oral doses in humans, can 
be described by site-specific saturable absorption kinetics 

in the therapeutic dose range. The consequent dose-de- 
pendent bioavailability of these two drugs can be effec- 
tively predicted by use of the appropriate equations re- 
ported earlier (1). Use of these equations in the clinical 
setting should aid in the development of efficacious dosing 
protocols for any drug whose oral absorption is limited by 
the magnitude of the administered dose. 
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To the Editor: 

Equations to calculate the amount of drug absorbed per 
milliliter of the volume of distribution and the percent 
absorbed as functions of time for the one-compartment 
open model (1) are commonly referred to as Wagner- 
Nelson equations. The nature of such plots when the 
equations are applied to data obeying the two-compart- 
ment open model with first-order absorption was discussed 
by Wagner (2). In this communication modified equations 
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are derived which apply to plasma, serum, or whole blood 
concentrations of unchanged drug during a dosage interval 
of any multiple-dose regimen including the steady state. 
As before (1) the derivation assumes applicability of the 
one-compartment open-disposition model but no partic- 
ular kinetics of absorption need be assumed. 

Let AT represent the amount of drug which is absorbed 
from time zero (beginning of the dosage interval con- 
cerned) to some time T in the dosage interval (i.e.,  0 I T 
I T where r is the time at  the end of the dosage interval); 
Ab represent the total amount of drug remaining in the 
body at time T; A! be the amount of drug in the body a t  
time zero, resulting from administration of doses previous 
to the one of interest; A m  be the total amount of drug me- 
tabolized between time zero and time T; A ,  be the total 
amount of drug excreted in the urine between time zero 
and time T; V be the volume of distribution; C, be the drug 
concentration in the interval 0 I T I 7; Cx be the drug 
concentration at  time zero as above; and k, represent the 
elimination rate constant of the simple one-compartment 
open model. Then mass balance gives: 

(Eq. 1) AT = A b  - A t  + A ,  + A, 

Taking the derivative of Eq. 1 with respect to time 
gives: 

but, 

and, 

and, 

Substituting from Eqs. 3-5 into Eq. 2 gives: 

(Eq. 6) d A  dC, dC: -- - V- - V- + Vk,C, dt dt dt 

Integrating Eq. 6 by term between the limits t = 0 and t = 
T gives: 

T 
AT = Vc, - VC: + Vk, C,dt (Eq. 7) 

Division of both sides of Eq. 7 by V gives: 
T 

(Eq. 8) AT - = C, + k, V C,dt - C: 

Equation 8 is the same as the single-dose Wagner-Nel- 
son equation (1) except that C, replaces C and there is the 
additional term 4 0 ,  on the right-hand side. This indicates 
that for multiple-dose data the usual Wagner-Nelson 
calculation is performed, namely Cn + k e  JOT Cndt , then 
the value C: is subtracted from each value calculated. It 
should be noted that an incorrect set of AT/V values would 

be obtained if C: was subtracted from each Cn value first, 
followed by the usual Wagner-Nelson calculation. 

The total amount of drug absorbed per milliliter of the 
volume of distribution from the dose of interest A,IV is 
given by: 

A, = k, C,dt V (Eq. 9) 

Equation 9 gives the correct asymptotic value of AT/V,  
when the dose of interest is given at  steady state and when 
absorption of the dose of interest is complete between the 
time zero and r. If one or both of these conditions are not 
met and absorption is not zero order, then it is very diffi- 
cult to obtain an accurate asymptotic value of the func- 
tion. 

The fraction absorbed (based on the amount of drug 
absorbed, not the dose) to time T is given by: 

ATIV AT Fraction absorbed = - - - A,/V - A r  

To appropriately apply Eqs. 8-10 the protocol for most 
routine multiple-dose pharmacokinetic studies will have 
to be modified. Modifications should include: ( a )  the dose 
of interest should be the last of a series of doses and pref- 
erably steady state should have been reached; ( b )  there 
should be intensive sampling of blood during the absorp- 
tion phase; (c) the blood concentrations should be followed 
down well beyond the end of the dosage interval at 7 hr to 
allow an estimation of k, which is not biased by continuing 
absorption; and (d)  in evaluating the integrals of Eqs. 8 and 
9 it is best to use a combination such that the ordinary 
trapezoidal rule is used when the concentration is in- 
creasing or constant and the logarithmic trapezoidal rule 
when the concentration is decreasing. 

Greater accuracy will be attained by determining the 
kinetics of absorption (if feasible a t  all) by resolving frac- 
tion absorbed values (Q. 10) rather than AT/V values (Eq. 
8).  If absorption is zero order then the slope of the straight 
line when the fraction absorbed is plotted versus time on 
reactilinear graph paper will be the correct zero-order 
constant even when the drug obeys two-compartment ki- 
netics as well as one-compartment kinetics. This has been 
supported by simulations, and details will be published 
elsewhere. When absorption is first order and the one- 
compartment open model holds the ratio of the fraction 
absorbed values given by the method to the actual fraction 
absorbed, values will be equal to 1/( 1 - e-kar) where k ,  is 
the first-order absorption rate constant and r is the uni- 
form dosing interval. In almost all cases this ratio will have 
a numerical value between 1.001 and 1.100. An exception 
will be a very long half-life drug which is dosed too fre- 
quently. 

(1) J. G. Wagner and E. Nelson, J.  Pharrn. Sci., 52,610 (1963). 
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External Scintigraphy in Evaluating Delivery 
Techniques of Sodium Cromolyn- 
[99mTc] Diethylenetriaminepentacetic Acid 
Aerosol in the Lungs of the Horse 

Keyphrases Scintigraphy-noninvasive method of study, aerosol 
dispersion, horse respiratory tract 0 Nebulization--99mTc-labeled so- 
dium cromolyn, device comparison Sodium cromolyn-technec- 
tium-99m labeling, nebulization, scintigraphy in the horse 

To the Editor: 
Aerosol delivery of drugs has been used in the prophy- 

laxis and therapy of acute and chronic conditions of the 
lower respiratory tract. The aerosol methods for drug de- 
livery allow targeting of the drug in the lungs, thereby 
eliminating the need for systemic administration. This in 
turn may reduce the level and frequency of dosing as well 
as the incidence and severity of adverse drug effects, 
thereby improving the therapeutic effect-toxicity ratio (1, 
2). Administration of the same dose of nebulized drug 
using different nebulization devices and modes may con- 
ceivably give rise to the same blood levels if the drug is 
systemically absorbed; however, this does not imply uni- 
form distribution of the drug throughout the lung mass. 

External scintigraphy may provide a good opportunity 
for noninvasive study of the distribution of aerosols labeled 
with gamma ray-emitting nuclides in the lungs. In this 
investigation, external scintigraphy was used to explore 
two different modes of administering nebulized sodium 
cromolyn to the horse. Four male and two female horses 
ranging in age from 2 to 6 years and in weight from 338 to 
540 kg were used in this study. These animals were free 
from clinical signs of respiratory disease. 

Two different devices were used to nebulize a solution 
of sodium cromolynl(7 ml, 2% w/v) in separate nebulizer 
studies on the same six animals. The first device was an air 
compressor assembly2, connected to a nebulizer chambel.3. 
A corrugated delivery tube (105-cm length, 3.2-cm diam- 
eter) was connected to the outlet of the nebulizer and to 
the face mask4 which completely covered the nostrils and 
muzzle of the horse. The diameter of 63.1% of the droplets 
produced from this nebulizer was <6.5 pm5. The second 
device consisted of a noncollapsible nylon tube (100-cm 
length, 0.5-cm diameter) which bore a sintered glass disk 
at one end and was connected with a hand-operated neb- 
ulizer at the other end. The tube was inserted through the 
nostril and placed in the pharynx of the horse. The diam- 
eter of 99.6% of the droplets produced by this nebulizer was 
>8.5 pm5. 

The sodium cromolyn solution (7 ml) was mixed with 
1 ml of [99mTc] diethylenetriaminepentacetic acid (I6, 40 
mCi/ml) in the nebulizer to form a homogeneous solution. 
In both techniques, the delivery of the nebulized sodium 

1 Cromovet, Fisons Animal Health, Fisons Limited, Pharmaceutical Division, 

2 De Vilbiss Pulmo-Aide series 561 Portable Compressor. 
Cromovet Nebuliser, Fisons Animal Health. Fisons Limited, Pharmaceutical 

Cromwet Face Mask Kit, Fisons Animal Health, Fisons Limited. Pharma- 

5 Droplet size estimates were provided hy Fison Limited, Pharmaceutical Divi- 

6 Mallinckrtdt Diagnostics, Mallinckrodt. St. Louis, Mo. 

Leicestershire, England. 

Division, Leicestershire, England. 

ceutical Division, Leicestershire, England. 

sion. 

Figure 1-Scintigraphic images of the distribution of sodium cromo- 
Iyn-[99mTc]I aerosol in the respiratory tract of a horse administered 
through an air compressor-nebulizer-face mask. Radioactivity in the 
(A)  nostrils and muzzle, (B) larynx, and (C) trachea;and (0) homoge- 
neous spread of activity in the lung. 

cromolyn- [99mTc]I solution to the lung required multiple 
inhalations by the animal. Blood samples (5 ml) taken 
immediately after the aerosol administration was com- 
pleted showed that the radioactivity levels were <2000 
dpm/ml, implying that only a small amount of [99"Tc]I had 
diffused into the circulation at that point. 

Each horse was lightly sedated with 100 mg iv of xylaz- 
ine7, before administration of the nebulized sodium cro- 
molyn solution. Each horse was then placed parallel to the 
front of the detector of a gamma cameras fitted with a 
high-resolution parallel-hole collimator. Scintigraphic 
images in the right lateral plane were obtained of the head, 
neck, and thorax. A maximum of 100,000 counts were 
collected for each image. Areas of high activity, such as the 
nostrils and thorax, required 2-3 min to yield 100,000 
counts, while areas of low activity, such as the trachea, 
yielded only 20,000-60,000 counts in the same period. 

Similar distribution patterns were present in all six 
animals that were administered the nebulized sodium 
cromolyn solution using the nebulizer connected to the air 
compressor. A large amount of radioactivity was evident 
around the nostrils and muzzle, but there was relatively 
little in the nasal cavity (Fig. 1A). A distinct localized area 
of radioactivity was detected in the larynx (Fig. 1B). There 
was very little radioactivity in the trachea, but a homoge- 
neous spread of radioactivity was evident in the lung (Fig. 
1C and D). 

The distribution pattern of sodium cromolyn solution 
was different when the hand-operated nebulizer was used. 
A large amount of radioactivity was present in the posterior 
pharynx, corresponding to the position of the fritted glass 
disk (Fig. 2A). Radioactivity extended down the trachea, 
reaching a peak at the thoracic inlet, suggesting that 
pooling may have occurred at this level (Fig. 2B). The 
YgmTc-labeled sodium cromolyn solution was very poorly 

~~ 

Kompun (xylazine). Hagvet, Division of Cutter Lahoratories, Shawnee, 

Siemens Gammasonics, PhoKanima HP (formerly Searle Diagnostics), Des 
lians. 

Plaines. 111. 
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Figure %-,%intigraphic images of the distribution of sodium cromo- 
lyn-[9gmTc]l aerosol in the respiratory tract of a horse administered 
through. a hand-operated nebulizer. Radioactivity in the (A) posterior 
pharynx and trachea, (B) thoracic inlet, and (C) and ( 0 )  caudodorsal 
region of the lung. 

distributed in the lungs using this method of administra- 
tion, detectable radioactivity being largely confined to the 
caudodorsal region (Fig. 2C and D). 

A simple visual comparison of images showed that sat- 
isfactory pulmonary distribution of sodium cromolyn 
aerosol in normal horses occurred following administration 
by the combination air compressor-nebulizer-face mask. 
Preliminary analysis of the distribution data of the ra- 
dioactivity in the respiratory tract indicated that 7.5% of 
the initial dose remained in the nebulizer, while 3040% 
remained in the tubing and face mask. It is estimated that 
40-50% of the radioactivity was confined to the nostrils and 

BOOKS 

muzzle, while 10-15% of the radioactivity was distributed 
in the lungs. 

In conclusion, external scintigraphy may provide a 
convenient noninvasive method for evaluating the dif- 
ferent techniques and modes of aerosol administration and 
visualizing their distribution in the lungs of the horse. 
Further research is in progress to assess the effect of the 
droplet size on the resolution of the technique and the 
distribution of the aerosol in the lungs. In addition, an 
effort is being made to develop a model in which the count 
rates taken from the lung area are weighted for tissue at- 
tenuation and variable geometry so that more accurate 
estimates can be obtained. 

(1) A. Pines, H. Raafat, G. M. Siddiqui, and J. S. B. Greenfield, Br. 
Med. J . ,  1,663 (1970). 

(2) R. E. Wood, J. D. Klinger, M. J. Thomassen, and H. A. Cash, in 
“Proceedings of the 8th International Cystic Fibrosis Congress,” J. 
Sturgess, Ed,, Canadian Cystic Fibrosis Foundation, Toronto, Canada, 
1980, p. 365. 
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REVIEWS 

Recent Advances in the Biology of Alcoholism. Edited by C. S. LIE- 
BER and B. STIMMEL. (Advances in Alcoholism and Substance 
Abuse, Vol. 1 No. 2). The Haworth Press, 28 East 22nd Street, New 
York, N.Y. 10010.1982. Hardcover. 
This book contains several authoritative and timely review articles 

about the effects of ethanol on the liver and the endocrine system. The 
coverage is much narrower than indicated by the title: effects of the drug 
on the brain are not included. The chapters are papers delivered in a 1980 
symposium at the Alcohol Research and Treatment Center at the Bronx 
VA Hospital; several of the papers are by Dr. Lieber and his group at the 
Center. The authors are recognized experts in their fields, which vary 
from pure biochemistry to clinical gastroenterology. 

J.-P. Von Wartburg provides a lucid review of alcohol metabolism by 
alcohol and aldehyde dehydrogenases, including recent genetic infor- 
mation about racial differences in responses to alcohol. S. Orrenius writes 
a concise description of metabolic drug interactions from a biochemist’s 
point of view, and Lieber and Pirola follow with a detailed clinically 
oriented review of the same topic, with many specific examples. Both 
reviews of drug interaction emphasize and explain the role of MEOS, the 
hepatic microsomal ethanol-oxidizing system. Lieber also contributes 

a general chapter on the effects of ethanol on the liver, largely from his 
own extensive work. The final chapter by T. J. Cicero covers recent im- 
portant advances in our understanding of effects of ethanol on the en- 
docrine system, with emphasis on the factors that affect testosterone 
levels. This is a logical and sensible essay which minimizes controversy 
and brings scattered data together into a reasonably coherent picture. 

Technical details such as typographical errors, poor quality paper, and 
inadequate reproduction of some figures detract slightly from the oth- 
erwise admirable text. More important is the lack of an index, which will 
greatly reduce the usefulness of this book. 

Reviewed by Dora B. Goldstein 
Department of Pharmacology 
Stanford University School of Medicine 
Stanford, CA 94305 

Handbook of Dissolution Testing. By WILLIAM A. HANSON. 
Pharmaceutical Technology Book Division, 320 N. A St., P.O. Box 50, 
Springfield, OR 97477.1982.163 pp. 13 X 22 cm. Price $26.50. 
This book describes in detail the two official USP-NF dissolution test 

methods and the nonofficial flow-through method. The author views 
dissolution testing solely as a quality control test whether or not the test 
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Figure %-,%intigraphic images of the distribution of sodium cromo- 
lyn-[9gmTc]l aerosol in the respiratory tract of a horse administered 
through. a hand-operated nebulizer. Radioactivity in the (A) posterior 
pharynx and trachea, (B) thoracic inlet, and (C) and ( 0 )  caudodorsal 
region of the lung. 

distributed in the lungs using this method of administra- 
tion, detectable radioactivity being largely confined to the 
caudodorsal region (Fig. 2C and D). 

A simple visual comparison of images showed that sat- 
isfactory pulmonary distribution of sodium cromolyn 
aerosol in normal horses occurred following administration 
by the combination air compressor-nebulizer-face mask. 
Preliminary analysis of the distribution data of the ra- 
dioactivity in the respiratory tract indicated that 7.5% of 
the initial dose remained in the nebulizer, while 3040% 
remained in the tubing and face mask. It is estimated that 
40-50% of the radioactivity was confined to the nostrils and 

BOOKS 

muzzle, while 10-15% of the radioactivity was distributed 
in the lungs. 

In conclusion, external scintigraphy may provide a 
convenient noninvasive method for evaluating the dif- 
ferent techniques and modes of aerosol administration and 
visualizing their distribution in the lungs of the horse. 
Further research is in progress to assess the effect of the 
droplet size on the resolution of the technique and the 
distribution of the aerosol in the lungs. In addition, an 
effort is being made to develop a model in which the count 
rates taken from the lung area are weighted for tissue at- 
tenuation and variable geometry so that more accurate 
estimates can be obtained. 
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results correlate with the drug bioavailability. Hence, throughout the 
book, major emphasis is given to the procedural details and the regulatory 
requirements of the test, but little on its importance as predictor of drug 
bioavailabilitv. 

uverau consiaeration for dissolution testing, presented in Chapter 1, 
gives a brief historical perspective of the dissolution test development. 
Only the contributions made by the author and the individuals associated 
with the USP Drug Standards Laboratories were credited with the early 
developments in this field. It is unfortunate that the authoT failed to 
recognize the contributions made by industry, government, and academia. 
Instead, the author wrongly criticized them for suggesting test methods 
because they all had “a private axe to  grind.” 

Chapter 2 deals with the discussion of the classical Noyes-Whitney 
equation with respect to the dissolution test conditions. The necessity 
of having laminar, nonturbulent fluid dynamics recommended by the 
author is unwarranted. Some degree of turbulence is actually desirable 
for achieving homogeneous mixing of the dissolved drug. A detailed de- 
scription of the official USP-NF methods including allowable design 
variables and compendia1 constraints set for those methods is described 
in Chapter 3. The following chapter gives a description of the flow- 
through apparatus and a few other nonofficial methods. Here, as well as 
in Chapter 8, the author advocates the use of only the official methods. 
It is doubtful that such a view will be shared by the scientific community, 
simply because it can stifle future progress in the field. Chapters 5 and 
6 deal with the various test variables and provide guidelines for settingup 
the official test methods. The last chapter deals with the methods em- 
ployed for the automated monitoring of dissolution rates. Overall, the 
book gives practical guidance for the routine analysis of dissolution rates 
by the current official methods. 

Reviewed by Ashok C. Shah 
Pharmacy Research Unit 
The Upjohn Company 
Kalamazoo, Michigan 49001 

Analytical Profiles of Drug  Substances, Vol. 11. Edited by KLAUS 
FLOREY, Academic Press, 111 Fifth Avenue, New York, NY 10003. 
1982.665 pp. 15 X 23 cm. Price $39.00. 
In continuation of the yearly volumes of this series, this collection gives 

(in about 550 pages) analytical profiles of 16 drug substances: amino- 
phylline, ascorbic acid, captopril, cefotaxime, cefoxitin sodium, clofibrate, 
clotrimazole. dopamine hydrochloride, ergonovine maleate, flufenamic 
acid, hexestrol, mestranol, noscapine, penicillin G benzathine, phenyl- 
butazone, and sulfadiazine. 

A new feature has been introduced in this volume: profile supplements. 
These profiles are intended to be a regular part of future volumes. The 
profile supplements, occupying about 110 pages, are for five substances 
that  originally appeared in Volume 1: levarterenol bitartrate, mepro- 
bamate, triamcinolone, triamcinolone acetonide, triamcinolone diacetate. 
The supplements are not a republishing of the original monographs, they 
are only additions and/or changes. The paragraph numbering of the 
original profile has been retained, so that the new or altered data can 
easily be correlated with the original. This volume does not contain the 
‘Addendum’ section which was a feature of several previous volumes. 

The profiles in this hard-bound book contain the following nine major 
sections: description, physical properties, methods of preparation, sta- 
bility-degradation, methods of analysis, metabolism, biopharmaceutics 
and pharmacokinetics, toxicity, and references. There are numerous 
figures of structures and spectra, and tables of properties and chroma- 
tographic systems. Since each profile is by a different author, this basic 
outline may be expanded to other topics or somewhat curtailed, de- 
pending upon the information available from the extensive review of the 
literature and unpublished works. The difference in authorship causes 
a difference in type size and face style from profile to profile. A cumulative 
index gives the volume and page number of each substance that is the 
subject of a particular profile. 

This volume, like others in the series, is a valuable reference for those 
interested in pharmaceutical formulation and pharmaceutical quality 
assurance and should be available as a reference for those requiring in- 
formation on drug metabolism, biopharmaceutics, and pharmacoki- 
netics. 

Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphin, PA 19130 

Modern Methods of Pharmaceut ical  Analysis. Edited hy ROGER 
E. SCHIRMER. CRC Press Inc., Boca Raton, FL 33431.1982.18 X 25 
cm. Vol. I, 304 pp. Vol. 11,264 pp. Price $81.00 ea. Vol. 111. 244 111). 
Price $72.00. 
Modern Methods of Pharmaceutical Analysis is a three-volume set 

mostly written by R. E. Schirmer. Of the 13 chapters, Dr. Schirmer has 
written eight. The remaining five have been authored by three scientists 
from Eli Lilly and Co. Each volume is self-contained with identical For- 
wards and Introductions. Volume Ill contains the cumulative index; the 
indexes in the first two volumes are restricted to their respective con- 
tents. 

It is not completely clear to this reviewer the rationale for assigning 
specific chapters to each volume unless it was to restrict each of the 
“guest” authors to only one volume per author or to keep the number of 
pages per volume approximately equal. Volume I contains five chapters 
starting with Separation of Drugs from Excipients. The remaining four 
chapters describe the following spectroscopic methodologies: UV and 
Visible Absorption Techniques, IR Methods of Analysis, Fluorometric 
Analysis, and Optical Rotation. Other methods of separation and purity 
analysis are not encountered until Volume 111. Its five chapters are 
Gas-Liquid Chromatography, High-Performance Liquid Chromatog- 
raphy, Thermal Analysis, Phase-Solubility Analysis, and The Determi- 
nation of Isomeric Purity. Situated in the middle is Volume I1 with Nu- 
clear Magnetic Resonance Spectroscopy, Polarography, and Coulom- 
etry. 

A better title might have been “Industrial Methods of Pharmaceutical 
Analysis.” The selection of chapters is based on the analytical problems 
defined by the editor as those commonly encountered in the pbarma- 
ceutical industry. These include analysis of the raw materials, synthetic 
intermediates, the final drug entity, and the formulated product. The 
analytical methodology must detect types and levels of impurities and 
degradation products. Lacking is a chapter on mass spectrometry, al- 
though there is a brief mention of its use as a detector in chromatography 
and determination of isomeric purity. Also there is no chapter on im- 
munoassay methodology. 

In general each subject is well covered. There is a detailed topic outline 
for each chapter. The typical format is to begin with a discussion of the 
principles of the analytical technique followed by a description of the 
specific instrumentation. Then, depending on the analytical method, 
there may be an overview of the sample preparation. Each chapter con- 
cludes with pharmaceutical applications and a reasonable number of 
examples. For the most part, the individual chapters should not be con- 
sidered exhaustive reviews of the pharmaceutical analysis literature. 
Nevertheless, good bibliographies accompany each chapter. There is good 
consistency, which probably is due to the majority of the chapters being 
written by one person. 

This is an expensive set of volumes for individual purchase, considering 
the fact that the basic information of theory, instrumentation, and sample 
preparation already will be adequately covered in one or more advanced 
undergraduate or graduate level analytical chemistry textbooks. The cost 
of the latter is generally lower due to their volume of sales. The on-line 
searches of the Chemical Abstracts data bases permit the analytical 
chemist to rapidly obtain the most current applications. A few years ago 
this reviewer probably would have ended with the usual recommendation 
for library purchase. This is not true in today’s economic times. Libraries 
and individuals should first determine if their collections are adequate 
and current before making such a major purchase. 

Reviewed by John H. Block 
School of Pharmacy 
Oregon State  University 
Coruallis, OR 97331 

Dictionary of Organic  Compounds, 5th Ed. Edited by J. BUCK- 
INGHAM, J. D. G. CADOGAN, R. A. RAPHAEL, C. W. REES, and 
an INTERNATIONAL ADVISORY BOARD. Chapman and Hall, 733 
Third Avenue, New York, NY 10017.1982.7766 pp. 28 X 20.5 cm. Price 
$1950.00 (Canada $2350.00). 
The fifth edition of Heilbron’s Dictionary of Organic Compounds, now 

in five volumes with two additional volumes of indexes, includes about 
50,000 entries listing more than 150,000 compounds. The intent of the 
Dictionary is to describe structural, chemical, and physical properties 
of common organic compounds of importance to chemists, biochemists, 
pharmacologists, and biologists. The present edition includes some types 
o f  information not listed previously. Leading literature references are 
included, and annual supplements (including about 2000 entries each) 
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results correlate with the drug bioavailability. Hence, throughout the 
book, major emphasis is given to the procedural details and the regulatory 
requirements of the test, but little on its importance as predictor of drug 
bioavailabilitv. 

uverau consiaeration for dissolution testing, presented in Chapter 1, 
gives a brief historical perspective of the dissolution test development. 
Only the contributions made by the author and the individuals associated 
with the USP Drug Standards Laboratories were credited with the early 
developments in this field. It is unfortunate that the authoT failed to 
recognize the contributions made by industry, government, and academia. 
Instead, the author wrongly criticized them for suggesting test methods 
because they all had “a private axe to  grind.” 

Chapter 2 deals with the discussion of the classical Noyes-Whitney 
equation with respect to the dissolution test conditions. The necessity 
of having laminar, nonturbulent fluid dynamics recommended by the 
author is unwarranted. Some degree of turbulence is actually desirable 
for achieving homogeneous mixing of the dissolved drug. A detailed de- 
scription of the official USP-NF methods including allowable design 
variables and compendia1 constraints set for those methods is described 
in Chapter 3. The following chapter gives a description of the flow- 
through apparatus and a few other nonofficial methods. Here, as well as 
in Chapter 8, the author advocates the use of only the official methods. 
It is doubtful that such a view will be shared by the scientific community, 
simply because it can stifle future progress in the field. Chapters 5 and 
6 deal with the various test variables and provide guidelines for settingup 
the official test methods. The last chapter deals with the methods em- 
ployed for the automated monitoring of dissolution rates. Overall, the 
book gives practical guidance for the routine analysis of dissolution rates 
by the current official methods. 

Reviewed by Ashok C. Shah 
Pharmacy Research Unit 
The Upjohn Company 
Kalamazoo, Michigan 49001 

Analytical Profiles of Drug  Substances, Vol. 11. Edited by KLAUS 
FLOREY, Academic Press, 111 Fifth Avenue, New York, NY 10003. 
1982.665 pp. 15 X 23 cm. Price $39.00. 
In continuation of the yearly volumes of this series, this collection gives 

(in about 550 pages) analytical profiles of 16 drug substances: amino- 
phylline, ascorbic acid, captopril, cefotaxime, cefoxitin sodium, clofibrate, 
clotrimazole. dopamine hydrochloride, ergonovine maleate, flufenamic 
acid, hexestrol, mestranol, noscapine, penicillin G benzathine, phenyl- 
butazone, and sulfadiazine. 

A new feature has been introduced in this volume: profile supplements. 
These profiles are intended to be a regular part of future volumes. The 
profile supplements, occupying about 110 pages, are for five substances 
that  originally appeared in Volume 1: levarterenol bitartrate, mepro- 
bamate, triamcinolone, triamcinolone acetonide, triamcinolone diacetate. 
The supplements are not a republishing of the original monographs, they 
are only additions and/or changes. The paragraph numbering of the 
original profile has been retained, so that the new or altered data can 
easily be correlated with the original. This volume does not contain the 
‘Addendum’ section which was a feature of several previous volumes. 

The profiles in this hard-bound book contain the following nine major 
sections: description, physical properties, methods of preparation, sta- 
bility-degradation, methods of analysis, metabolism, biopharmaceutics 
and pharmacokinetics, toxicity, and references. There are numerous 
figures of structures and spectra, and tables of properties and chroma- 
tographic systems. Since each profile is by a different author, this basic 
outline may be expanded to other topics or somewhat curtailed, de- 
pending upon the information available from the extensive review of the 
literature and unpublished works. The difference in authorship causes 
a difference in type size and face style from profile to profile. A cumulative 
index gives the volume and page number of each substance that is the 
subject of a particular profile. 

This volume, like others in the series, is a valuable reference for those 
interested in pharmaceutical formulation and pharmaceutical quality 
assurance and should be available as a reference for those requiring in- 
formation on drug metabolism, biopharmaceutics, and pharmacoki- 
netics. 

Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphin, PA 19130 

Modern Methods of Pharmaceut ical  Analysis. Edited hy ROGER 
E. SCHIRMER. CRC Press Inc., Boca Raton, FL 33431.1982.18 X 25 
cm. Vol. I, 304 pp. Vol. 11,264 pp. Price $81.00 ea. Vol. 111. 244 111). 
Price $72.00. 
Modern Methods of Pharmaceutical Analysis is a three-volume set 

mostly written by R. E. Schirmer. Of the 13 chapters, Dr. Schirmer has 
written eight. The remaining five have been authored by three scientists 
from Eli Lilly and Co. Each volume is self-contained with identical For- 
wards and Introductions. Volume Ill contains the cumulative index; the 
indexes in the first two volumes are restricted to their respective con- 
tents. 

It is not completely clear to this reviewer the rationale for assigning 
specific chapters to each volume unless it was to restrict each of the 
“guest” authors to only one volume per author or to keep the number of 
pages per volume approximately equal. Volume I contains five chapters 
starting with Separation of Drugs from Excipients. The remaining four 
chapters describe the following spectroscopic methodologies: UV and 
Visible Absorption Techniques, IR Methods of Analysis, Fluorometric 
Analysis, and Optical Rotation. Other methods of separation and purity 
analysis are not encountered until Volume 111. Its five chapters are 
Gas-Liquid Chromatography, High-Performance Liquid Chromatog- 
raphy, Thermal Analysis, Phase-Solubility Analysis, and The Determi- 
nation of Isomeric Purity. Situated in the middle is Volume I1 with Nu- 
clear Magnetic Resonance Spectroscopy, Polarography, and Coulom- 
etry. 

A better title might have been “Industrial Methods of Pharmaceutical 
Analysis.” The selection of chapters is based on the analytical problems 
defined by the editor as those commonly encountered in the pbarma- 
ceutical industry. These include analysis of the raw materials, synthetic 
intermediates, the final drug entity, and the formulated product. The 
analytical methodology must detect types and levels of impurities and 
degradation products. Lacking is a chapter on mass spectrometry, al- 
though there is a brief mention of its use as a detector in chromatography 
and determination of isomeric purity. Also there is no chapter on im- 
munoassay methodology. 

In general each subject is well covered. There is a detailed topic outline 
for each chapter. The typical format is to begin with a discussion of the 
principles of the analytical technique followed by a description of the 
specific instrumentation. Then, depending on the analytical method, 
there may be an overview of the sample preparation. Each chapter con- 
cludes with pharmaceutical applications and a reasonable number of 
examples. For the most part, the individual chapters should not be con- 
sidered exhaustive reviews of the pharmaceutical analysis literature. 
Nevertheless, good bibliographies accompany each chapter. There is good 
consistency, which probably is due to the majority of the chapters being 
written by one person. 

This is an expensive set of volumes for individual purchase, considering 
the fact that the basic information of theory, instrumentation, and sample 
preparation already will be adequately covered in one or more advanced 
undergraduate or graduate level analytical chemistry textbooks. The cost 
of the latter is generally lower due to their volume of sales. The on-line 
searches of the Chemical Abstracts data bases permit the analytical 
chemist to rapidly obtain the most current applications. A few years ago 
this reviewer probably would have ended with the usual recommendation 
for library purchase. This is not true in today’s economic times. Libraries 
and individuals should first determine if their collections are adequate 
and current before making such a major purchase. 

Reviewed by John H. Block 
School of Pharmacy 
Oregon State  University 
Coruallis, OR 97331 

Dictionary of Organic  Compounds, 5th Ed. Edited by J. BUCK- 
INGHAM, J. D. G. CADOGAN, R. A. RAPHAEL, C. W. REES, and 
an INTERNATIONAL ADVISORY BOARD. Chapman and Hall, 733 
Third Avenue, New York, NY 10017.1982.7766 pp. 28 X 20.5 cm. Price 
$1950.00 (Canada $2350.00). 
The fifth edition of Heilbron’s Dictionary of Organic Compounds, now 

in five volumes with two additional volumes of indexes, includes about 
50,000 entries listing more than 150,000 compounds. The intent of the 
Dictionary is to describe structural, chemical, and physical properties 
of common organic compounds of importance to chemists, biochemists, 
pharmacologists, and biologists. The present edition includes some types 
o f  information not listed previously. Leading literature references are 
included, and annual supplements (including about 2000 entries each) 
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results correlate with the drug bioavailability. Hence, throughout the 
book, major emphasis is given to the procedural details and the regulatory 
requirements of the test, but little on its importance as predictor of drug 
bioavailabilitv. 

uverau consiaeration for dissolution testing, presented in Chapter 1, 
gives a brief historical perspective of the dissolution test development. 
Only the contributions made by the author and the individuals associated 
with the USP Drug Standards Laboratories were credited with the early 
developments in this field. It is unfortunate that the authoT failed to 
recognize the contributions made by industry, government, and academia. 
Instead, the author wrongly criticized them for suggesting test methods 
because they all had “a private axe to  grind.” 

Chapter 2 deals with the discussion of the classical Noyes-Whitney 
equation with respect to the dissolution test conditions. The necessity 
of having laminar, nonturbulent fluid dynamics recommended by the 
author is unwarranted. Some degree of turbulence is actually desirable 
for achieving homogeneous mixing of the dissolved drug. A detailed de- 
scription of the official USP-NF methods including allowable design 
variables and compendia1 constraints set for those methods is described 
in Chapter 3. The following chapter gives a description of the flow- 
through apparatus and a few other nonofficial methods. Here, as well as 
in Chapter 8, the author advocates the use of only the official methods. 
It is doubtful that such a view will be shared by the scientific community, 
simply because it can stifle future progress in the field. Chapters 5 and 
6 deal with the various test variables and provide guidelines for settingup 
the official test methods. The last chapter deals with the methods em- 
ployed for the automated monitoring of dissolution rates. Overall, the 
book gives practical guidance for the routine analysis of dissolution rates 
by the current official methods. 
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clotrimazole. dopamine hydrochloride, ergonovine maleate, flufenamic 
acid, hexestrol, mestranol, noscapine, penicillin G benzathine, phenyl- 
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A new feature has been introduced in this volume: profile supplements. 
These profiles are intended to be a regular part of future volumes. The 
profile supplements, occupying about 110 pages, are for five substances 
that  originally appeared in Volume 1: levarterenol bitartrate, mepro- 
bamate, triamcinolone, triamcinolone acetonide, triamcinolone diacetate. 
The supplements are not a republishing of the original monographs, they 
are only additions and/or changes. The paragraph numbering of the 
original profile has been retained, so that the new or altered data can 
easily be correlated with the original. This volume does not contain the 
‘Addendum’ section which was a feature of several previous volumes. 

The profiles in this hard-bound book contain the following nine major 
sections: description, physical properties, methods of preparation, sta- 
bility-degradation, methods of analysis, metabolism, biopharmaceutics 
and pharmacokinetics, toxicity, and references. There are numerous 
figures of structures and spectra, and tables of properties and chroma- 
tographic systems. Since each profile is by a different author, this basic 
outline may be expanded to other topics or somewhat curtailed, de- 
pending upon the information available from the extensive review of the 
literature and unpublished works. The difference in authorship causes 
a difference in type size and face style from profile to profile. A cumulative 
index gives the volume and page number of each substance that is the 
subject of a particular profile. 

This volume, like others in the series, is a valuable reference for those 
interested in pharmaceutical formulation and pharmaceutical quality 
assurance and should be available as a reference for those requiring in- 
formation on drug metabolism, biopharmaceutics, and pharmacoki- 
netics. 
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mostly written by R. E. Schirmer. Of the 13 chapters, Dr. Schirmer has 
written eight. The remaining five have been authored by three scientists 
from Eli Lilly and Co. Each volume is self-contained with identical For- 
wards and Introductions. Volume Ill contains the cumulative index; the 
indexes in the first two volumes are restricted to their respective con- 
tents. 

It is not completely clear to this reviewer the rationale for assigning 
specific chapters to each volume unless it was to restrict each of the 
“guest” authors to only one volume per author or to keep the number of 
pages per volume approximately equal. Volume I contains five chapters 
starting with Separation of Drugs from Excipients. The remaining four 
chapters describe the following spectroscopic methodologies: UV and 
Visible Absorption Techniques, IR Methods of Analysis, Fluorometric 
Analysis, and Optical Rotation. Other methods of separation and purity 
analysis are not encountered until Volume 111. Its five chapters are 
Gas-Liquid Chromatography, High-Performance Liquid Chromatog- 
raphy, Thermal Analysis, Phase-Solubility Analysis, and The Determi- 
nation of Isomeric Purity. Situated in the middle is Volume I1 with Nu- 
clear Magnetic Resonance Spectroscopy, Polarography, and Coulom- 
etry. 

A better title might have been “Industrial Methods of Pharmaceutical 
Analysis.” The selection of chapters is based on the analytical problems 
defined by the editor as those commonly encountered in the pbarma- 
ceutical industry. These include analysis of the raw materials, synthetic 
intermediates, the final drug entity, and the formulated product. The 
analytical methodology must detect types and levels of impurities and 
degradation products. Lacking is a chapter on mass spectrometry, al- 
though there is a brief mention of its use as a detector in chromatography 
and determination of isomeric purity. Also there is no chapter on im- 
munoassay methodology. 

In general each subject is well covered. There is a detailed topic outline 
for each chapter. The typical format is to begin with a discussion of the 
principles of the analytical technique followed by a description of the 
specific instrumentation. Then, depending on the analytical method, 
there may be an overview of the sample preparation. Each chapter con- 
cludes with pharmaceutical applications and a reasonable number of 
examples. For the most part, the individual chapters should not be con- 
sidered exhaustive reviews of the pharmaceutical analysis literature. 
Nevertheless, good bibliographies accompany each chapter. There is good 
consistency, which probably is due to the majority of the chapters being 
written by one person. 

This is an expensive set of volumes for individual purchase, considering 
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preparation already will be adequately covered in one or more advanced 
undergraduate or graduate level analytical chemistry textbooks. The cost 
of the latter is generally lower due to their volume of sales. The on-line 
searches of the Chemical Abstracts data bases permit the analytical 
chemist to rapidly obtain the most current applications. A few years ago 
this reviewer probably would have ended with the usual recommendation 
for library purchase. This is not true in today’s economic times. Libraries 
and individuals should first determine if their collections are adequate 
and current before making such a major purchase. 
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in five volumes with two additional volumes of indexes, includes about 
50,000 entries listing more than 150,000 compounds. The intent of the 
Dictionary is to describe structural, chemical, and physical properties 
of common organic compounds of importance to chemists, biochemists, 
pharmacologists, and biologists. The present edition includes some types 
o f  information not listed previously. Leading literature references are 
included, and annual supplements (including about 2000 entries each) 
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are planned. Obviously, the selection of compounds is of paramount 
importance for a work of this type: the fifth edition has maintained the 
careful and useful selection that has characterized the previous edi- 
tions. 

Compounds are listed by the most commonly used name, with other 
names included. The structural formula is included with the entry, which 
shows the stereochemical configuration where required. The R,S and E,Z 
systems have replaced the older D.L and cis-tram stereochemical con- 
ventions. Other information provided in each entry includes the molec- 
ular formula and weight, source, physical data for stereoisomeric forms, 
melting points of both compound and derivatives, spectral data, and use. 
Hazard and toxicity information is included in this edition, along with 
a Registry of Toxic Effects of Chemical Substances number. Biblio- 
graphic references include both old and new references (up to 19811, and 
many indicate the type of information included. Physical constants such 
as p& and optical rotations are often listed in the entry; specific refer- 
ences generally indicate synthetic methods, reviews, and some spectro- 
scopic data. Crystallization solvents are also frequently mentioned. 

The selection of compounds for inclusion followed these criteria: 
fundamental organic compounds of simple structure, most compounds 
of widespread industrial or commercial use, all important natural prod- 
ucts, and other compounds of particular chemical or biological interest. 
More than 12,000 natural products have been entered, and this may well 
be the most current and extensive compilation of natural products 
available. Also, more than 10,OOO heterocyclics and 1,500 organometallics 
are recorded. In regard to compounds of pharmaceutical interest, about 
450 drug substances are listed under C alone, which compares with 118 
substances listed under this letter in the USP X X .  

Page layouts and the typographic plan for each entry have been im- 
proved over those of previous editions, and the pages have a distinctly 
uncluttered appearance. The structural formulae also reflect a new 
standard. A greater clarity, and consequent ease of use, has been 
achieved. 

Changes over previous editions include a much greater amount of 
stereochemical data, the inclusion of hazard warnings and toxicity data, 
greater use of Chemical Abstracts Seroice names, as well as USAN and 
BAN names and CAS Registry numbers. Also, the annotation of the 
bibliography is a marked improvement. 

Multiple indexes are also included for the first time. Four indexes are 
provided a Name index, which includes alternative names; a Molecular 
Formula index; a Heteroatom index; and a GAS Registry Number index. 
The latter provides a link to computer-based information services which 
incorporate these numbers. 

Heilbron's Dictionary of Organic Compounds has been valued by or- 
ganic chemists for practically 50 years; the fifth edition should be as 
valuable to biochemists, biologists, and pharmacologists. It is recom- 
mended for every library serving these disciplines as a most time-saving 
and convenient source of information on the more useful organic com- 
pounds. 

Reviewed by William 0. Foye 
Massachusetts College of Pharmacy and 

Allied Health Sciences 
Boston, M A  02115 
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are planned. Obviously, the selection of compounds is of paramount 
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substances listed under this letter in the USP X X .  
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standard. A greater clarity, and consequent ease of use, has been 
achieved. 

Changes over previous editions include a much greater amount of 
stereochemical data, the inclusion of hazard warnings and toxicity data, 
greater use of Chemical Abstracts Seroice names, as well as USAN and 
BAN names and CAS Registry numbers. Also, the annotation of the 
bibliography is a marked improvement. 

Multiple indexes are also included for the first time. Four indexes are 
provided a Name index, which includes alternative names; a Molecular 
Formula index; a Heteroatom index; and a GAS Registry Number index. 
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EDITORIAL 

Adverse Drug Reactions-A Continuing Problem 
During the past year, there have been several major drug recalls 

and withdrawals from the market. We are referring here to those 
cases involving toxicity and adverse reactions associated with the 
active ingredient itself, rather than recalls resulting from product 
tampering, faulty manufacturing of dosage forms, or other con- 
siderations relating to the quality of the drug product. 

Two of the more publicized such recalls were for benoxaprofen 
(Oraflex) and zomepirac (Zomax). 

Various interested observers of the national pharmaceutical 
scene have drawn a variety of conclusions from this rash of recalls. 
The conclusions have been diverse and, in many cases, filled with 
conjecture and hypothesis. As such, they have ranged from “look 
how poorly the new drug approval system is working to allow all 
these unsuitable drugs to be placed on the market” to the other 
extreme, namely, “look how well the new drug approval system 
is working since these adverse reactions were identified and the 
drugs pulled off the market.” But in any event, everyone seems 
agreed that there are, and will continue to be, instances where 
significant drug toxicity does not become evident until the 
product involved goes into general distribution and thereby ex- 
periences widespread use in patients. 

Given that situation, a problem with a drug will only come to 
light if a sufficient number of physicians, pharmacists, or other 
health care practitioners in a position to monitor patient reaction 
to therapy ( a )  note that a patient has suffered an untoward effect, 
( b )  make the critical mental connection between drug and un- 
toward reaction, and (c )  duly report it to the manufacturer and/or 
the Food and Drug Administration. 

Unfortunately, however, this sequence often does not occur. 
In fact, the usual pattern is that-after the first such clinical 
experiences are reported in the letters columns of medical jour- 
nals-there is then a flurry of similar reports from practitioners 
who had previously failed to make the mental association in pa- 
tients they had treated earlier. But aside from efforts to make 
practitioners more alert, to sharpen their association skills, and 
to urge them to be conscientious in reporting adverse reactions, 
there seems to be little that can be done to improve the reporting 
system from the field. 

Moving on, then, after adverse reaction reports have been filed 
with FDA, what happens next? 

The apparent general supposition on the part of the public, 
members of Congress, and many members of the health care 
professions is that an alarm is immediately triggered, the FDA 
springs into action, and the drug is immediately whisked off the 
market. In essence, a reaction is assumed that would be compa- 
rable in speed and effectiveness to that expected from our na- 
tional military defense in the event of a nuclear attack. 

Obviously, however, even under the best of circumstances and 
even under ideal operating conditions, no adverse reaction system 
will work that well. 

So, how well is the present FDA system working? 
The answer appears to be: Not very well. In fact, rather poorly, 

indeed. 
A little over a year ago, on March 8,1982, the watch-dog agency 

in the federal government-the General Accounting Office, or 
GAO-released a report on 21 selected prescription drugs and 
found that it took an average of five months for adverse drug 
reaction (ADR) reports just to be entered into the computer files 
of the FDA’s Division of Drug Experience. 

In summarizing their findings, the GAO said: “Based on a 
sample of almost 2,000 adverse reaction reports submitted by 
manufacturers, ( I )  42% of these reports never reached the Drug 
Experience Division, ( 2 )  an additional 14% had been received 
but either had not been evaluated or were in a backlog waiting 
to be entered into the system, and (3)  reports that had been 
entered into the system [were entered] an average of five months 

[after they were received at FDA].” 
This was not the first time the GAO had delved into FDA’s 

ADR reporting system. In fact, it was a follow-up to a 1974 report 
that had pointed out many qualitatively similar deficiencies. In 
its current 1982 report, the GAO concluded that the new review 
“of FDA’s monitoring of prescription drugs showed that many 
of the problems found in 1974 still exist.” 

Now in the spring of 1983, the efficiency and effectiveness of 
the FDA’s system has again come into question. 

As part of the “fallout” from the Zomax recall, the U S .  House 
of Representatives Subcommittee on Intergovernmental Rela- 
tions held oversight hearings on April 26-27 specifically targeted 
at reviewing ( a )  the decision to approve the marketing of Zomax, 
( b )  the ADR reports that followed its approval, and ( c )  the de- 
cision to remove it-at least temporarily-from the market. And 
from those specific considerations, questions and concerns 
gradually broadened to the more general subject of the agency’s 
ADR reporting system in overall. 

Press reports summarizing the two-day congressional hearing 
cryptically concluded that even FDA officials admit significant 
flaws still exist in the system. For example, The Wall Street 
Journal reported 

“The FDA’s system for tracking reports of adverse drug re- 
actions is significantly flawed, agency officials suggested in 
congressional testimony. 

“One official told a House subcommittee that he had been 
surprised to learn from Johnson & Johnson that the company 
knew of nearly twice as many instances of adverse reactions 
(1,100) from its prescription pain reliever Zomax than the 
agency had known about (500 to 600).” 

Our purpose here is not to point an accusing finger at  FDA or 
anyone else. The FDA has long recognized its weakness in this 
area and explains that limitations of personnel and resources are 
the root cause of such weakness in this as well as several other 
areas of its responsibility. This prompts many agency observers 
to wonder whether some readjustment of its priorities and bud- 
getary allocations might not significantly relieve the situation. 

But, for purposes of our present consideration, let us accept 
the FDA’s explanation at  face value. Doing so suggests to us that 
the broad issue of postmarketing drug surveillance, that was such 
a dominant health care concern 3 to 5 years ago-if not the 
dominant concern-is still very much alive. I t  has not been re- 
solved. It has not gone away. It has simply been pushed aside. 
And it has been pushed aside not only by FDA but also by other 
relevant groups-the drug industry, health care practitioners, 
their professional societies, and pertinent trade and consumerist 
organizations. 

Although practically studied to death by various groups and 
organizations in the mid- to late-l970s, followed by the usual 
pattern of reports and recommendations, no clear-cut simple 
solution to the problem was identified. About the most that in- 
terested analysts seemed to be able to agree upon was that efforts 
should be directed at  expanding and upgrading the existing 
system and fostering a greater awareness among practitioners 
for their need to participate as an on-going practice. 

It is human nature that old, chronic problems spark little in- 
terest, and correspondingly little attention is usually devoted to 
them. In this instance, the potential major health hazards are 
clearly evident. Hence, they dictate that we cannot allow disin- 
terest or “boredom” to divert us from devoting the needed efforts 
and resources toward improving this “significantly flawed” 
system. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract 0 The extended Hildebrand solubility approach was used to  
reproduce the solubilities of p-hydroxybenzoic acid in a dioxane-water 
system. The solubility parameter of p-hydroxybenzoic acid was deter- 
mined and found to be -15 ( ~ a l l c m ~ ) ” ~ .  Residual plots (scattergrams) 
were used in conjunction with Rz, F, and standard deviation values to 
determine whether a quadratic, cubic, quartic, or higher degree polyno- 
mial was required in the calculations. The earlier iteration method for 
back-calculations of solubilities was replaced by the more reliable root- 
finder method’. The solubility profile of p-hydroxybenzoic acid in di- 
oxane-water mixtures did not follow a log linear relationship even in the 
ranges where the solubility parameters of the water-cosolvent mixture 
might be expected to produce a straight-line function, as observed in 
other studies. 

Keyphrases Dioxane-extended Hildebrand solubility approach, 
p-hydroxybenzoic acid, water p-Hydroxybenzoic acid-xtended 
Hildebrand solubility approach, water Hildebrand solubility approach, 
extended-p-hydroxybenzoic acid in mixtures of dioxane and water 
Solubility parameters-p-hydroxybenzoic acid in mixtures of dioxane 
and water 

The theory of solutions is one of the most challenging 
and least understood branches of physical chemistry. The 
Hildebrand-Scatchard theory of regular solution (1-3) is 
the pioneer approach in this field. In recent years the sol- 
ubility parameter concept has been extended to the 
practical realm of industrial and commercial paints, inks, 
polymers, plastics, insecticides, and pharmaceuticals. 
Recently, the Hildebrand-Scatchard equation has been 
successfully modified and the solubilities of methylxan- 
thines estimated in binary solvents within an error of 510’30 
values approximating those of experimentally determined 
solubilities (4, 5). The original Hildebrand-Scatchard 
equation has been discussed in a number of papers (4-6) 
in this series and need not be repeated here. 

International Mathematical and Statistical Library. 

BACKGROUND 

The Hildebrand-Scatchard approach may be used to estimate solu- 
bility only for relatively nonpolar drugs in nonpolar solvents according 
to regular solution theory (1). The solubility parameter, 6, is the square 
root of cohesive energy density (l), with subscripts 1 and 2 for solvent 
and solute, respectively. In pharmaceutical solutions, the geometric mean 
(1) of 612 and 6z2, that is, 6162 = (612622)1’z, is too restrictive and ordinarily 
provides a poor fit to experimental data in irregular solutions. Instead, 
6162 can be replaced by W, which is allowed to take on values as required 
to yield correct mole fraction solubilities, X2: 

0%. 1) -log X2 = -log Xz’ + + 62’ - 2W) 

where 
. A H 1  1 log XZ’ rn - - - 

2.30331 ( T ,  ;) 
and 

(Eq. 2) 

AH,,$ is the heat of fusion of the solute and R is the gas constant. T,,, 
is the melting point of the solute, T is the temperature of interest, and 
both are in OK. The volume fraction of the solvent ($1) is expressed as: 

(Eq. 4) 

V1 and VZ are the molar volumes of solvent and supercooled solute, re- 
spectively. For drugs in binary solvent mixtures, it has been found (4-6) 
that the W values may be regressed in a power series on the solvent sol- 
ubility parameters: 

w = co + Cldl + C2612 + . . . . . + C,61” (Eq. 5) 

. One obtains a reasonable estimate, Wcalc, by this procedure. Wcdc is 
then substituted in Q. 1 for W to obtain mole fraction solubilities in polar 
binary solvents which are usually within <lO% of the experimental re- 
sults. 

According to well-known thermodynamic principles, the relationship 
of mole fraction solubility to ideal mole fraction solubility and activity 
coefficient may be expressed as: 

-log xz = -log X z i  + log (YZ (Eq. 6) 

00223549/83/ 0600-O587$0 1. OOf 0 
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Table I-Solubility of p-Hydroxybenzoic Acid in Dioxane-Water Mixtures at 25 * 

.. 
0 
U 
Q 

Volume Mole Equation 18 
Fraction Solubility Molar Fraction Solubility, S p ,  1- Percent 

of Dioxane, f parameter, 61 Volume, V1 Solubility, Xp moleshiter A* K c  daood ,tf, ,r.lr, X z  eelc Residual Error 

Xi=0.00747 -* -/*- --_ 
c 

0.0 
0.20 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.80 
0.85 
0.90 
0.95 
1.00 

23.45 18.08 
20.76 21.22 
18.07 25.88 
16.73 29.20 
16.06 31.25 
15.39 33.65 
14.71 36.33 
14.04 39.64 
12.70 48.32 
12.03 54.27 
11.33 61.84 
10.68 71.84 
10.01 85.71 

o.oO06o 
0.0072 
0.0302 
0.0478 
0.0585 
0.0710 
0.0820 
0.0939 
0.115 
0.121 
0.127 
0.122 
0.0844 

0.0335 0.0687 
0.330 0.0649 
1.06 0.0558 
1.45 0.0512 
1.64 0.0490 
1.83 0.0469 
1.95 0.0456 
2.05 0.0445 
2.10 0.0439 
2.02 0.0450 
1.89 0.0463 
1.62 0.0494 
0.968 0.0570 

1.070 
1.047 
1.034 
1.034 
1.038 
1.044 
1.052 
1.061 
1.087 
1.102 
1.122 
1.141 
1.152 

23.42 
20.59 
17.79 
16.53 
15.94 
15.37 
14.82 
14.29 
13.23 
12.67 
12.05 
11.42 
10.52 

15.96 
0.25 

-10.87 
-15.75 
-18.23 
-20.86 
-22.84 
-24.70 
-27.05 
-28.93 
-26.60 
-24.59 
-18.47 

16.02 
-0.01 

-10.50 
-15.59 
-18.13 
-20.58 
-22.90 
-24.88 
-27.24 
-27.22 
-25.98 
-23.44 
-19.09 

0.00059 
0.0075 
0.0291 
0.0472 
0.0581 
0.0699 
0.0823 
0.0947 
0.116 
0.123 
0.123 
0.114 
0.0890 

o.oooo1 
-0.0003 

0.001 1 
0.0006 
0.0004 
0.0011 

-0.0003 
-0.0008 
-0.001 
-0.002 

0.004 
0.008 

-0.0046 

1.7 

3.6 
1.3 
0.7 
1.5 

-0.4 
-0.9 
-0.9 
-1.7 

3.1 
6.6 

-5.5 

-4.2 

0 V2 = 94.35 cmVmole, 62 = 15.3 (callcm3)1'2, X2i = 0.00747. log X2i = -2.1267. Eqs. 3 and 4. K = W/&&. a proportionality factor (13). Eq. 15. 

where ( ~ 2  is the activity coefficient of the solute in the solution. Equation 
1 may be written, in light of Eq. 6, as: 

and 

(log n2)lA = hi2  + 62' - 2 W (Eq. 8) 

Log nZ/A may be regressed directly against 61, bypassing W, and ob- 
viating the need for 6 2  as described in earlier work (6). The estimated 
solubility, X 2  is identical to that obtained with W d c  except for 
rounding-off errors. The entire procedure, referred to as the Extended 
Hildebrand Solubility Approach (4), is conducted by a computer pro- 
gram, the regression subroutine of which is found in SPSS (7). The pro- 
gram allows a stepwise addition of independent variables, analysis of 
variance, and examination of the residuals, X p  - Xz cdc. by means of 
scatter plots. These plots are useful in indicating when the proper degree 
of the polynomial has been reached. 

EXPERIMENTAL 

Materials-p-Hydroxybenzoic acid2 was recrystallized from aqueous 
ethanol (8) then dried at 105' overnight. The heat of fusion, 7510 cal/ 
mole, of p-hydroxybenzoic acid was determined by differential scanning 
calorimetry3. The melting point obtained from this method is 485.9OK 
which is consistent with the value from a hot-stage method4. A pure grade 
of dioxane5 was used as received. Since p-hydroxybenzoic acid is a weak 
acid with pK, equal to 4.54 (K, = 2.9 X at 25O (9), the pH of water 
affects its solubility. Furthermore, the dissociation constant, K,, de- 
creases in organic aqueous mixtures (9, 10). To ensure that the p-hy- 
droxybenzoic acid was in undissociated form, the pH of the water was 
adjusted to 2.0 using hydrochloric acid. The pH 2 hydrochloric acid- 
aqueous solution was used alone or mixed with dioxane as the binary 
solvent for this study. 

Solubility Analysis-The solubility of p-hydroxybenzoic acid was 
determined in binary solvent mixtures of dioxane and water. A suitable 
amount of dioxane, water, or binary solvent was introduced into screw- 
capped vials containing an excess amount of solute. After being sealed 
with several turns of electrical tape, the vials were submerged in water 
a t  25 f 0.1O and were shaken at 100 cpm for 24 hr in a constant-temper- 
ature bath6. Preliminary studies showed that this time period was suf- 
ficient to ensure saturation at 25O. 

After equilibrium had been attained, each vial was removed and ana- 
lyzed. The solutions were transferred to a syringe and filtered using a 
filter'of pore size <1 pm. After suitable dilution, the solutions were as- 
sayed using a spectrophotometefi set at the wavelength of maximum 
absorption of the solute. The solubility of the solute was determined at  
least six times for each solvent, and the average value was taken. The 
experimental variation in solubility was <3% in replicate samples and 

2 Matheson Coleman Bell, Norwood, OH 45212. 
3 Perkin-Elmer DSC Model 1 B, Norwalk, Conn. 
4 Digital Melting Point Analyzer Model 335, Fisher Scientific Co., Fair Lawn, 

NJ 07410. 
Mallinckrodt Chemical Works, St. Louis, MO 63160. 

6 Blue-M Electric Co., Blue Island, Ill. 
7 Filter Paoer. Glass Fiber. Whatman Grade FG/F. 

was consistent with a titrimetric assay method used with a number of 
samples. The densities of the saturated solutions were determined with 
calibrated pycnometers at 25O and the variation was <0.03% for six de- 
terminations. 

Stability of Solute-The stability of the solute was tested by 
subjecting the saturated solutions to TLC9 using 2-propanol-ammo- 
nia-water (8l:l) (11) as a developing system, then observing the devel- 
oped TLC plate under a long wavelength UV-lamplo. There was no evi- 
dence of decomposition within 36 hr. 

Ideal Solubility-The ideal solubility of p-hydroxybenzoic acid may 
be calculated from the heat of fusion of the solid and the melting tem- 
per a t  u r e : 

A H 1  1 m - - - 
2.303R (T,,, k) log x2i 

7510 1 
(2.303)(1.987) (A- s) log Xp' = 

giving: 

log Xzi  = -2.127 X2 = 0.00747 

U 

-I 
0.08 

g 
O_ 0.06 
0 a 
V 

N z 
w 
rn > 0.02 

0.04 

X 

(Eq. 9) 

~ ~ ~ 

Polygram SILGAJV 254, Brinkman Ir.struments, Inc., Westbury, NY 

Chromato-WE Cabinet Model CC-20, Ultra-Violet Products, Inc., San Ga- 
11590. 

briel. Calif. BBeckmai Mbdel25 Spekrophotometer. 
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STANDARDIZED RESIDUAL 
(Expressed in Standard Deviation Units) 

-250 -4SD ( 
I I 

0 

0 
0 

0 
0 

0 
0 

1 SD 2SD 
I I log 0 

No. A ( C a ' C )  Residual SD units 
1 17.2444 -1.2875 -0.56 

0 2 

0 3 
0 4 

0 5 
6 
7 
8 
9 

10 

11 

12 
0 13 

-0.1179 

-12.8684 
-17.4991 
-19.3853 

-20.9854 

-22.3169 
-23.3405 

-24.5295 

-24 -6949 

-24.5620 

-24.1590 
-23 -4618 

0.3633 

2.0037 
1.7514 

1.1607 

0.1226 

-0.5243 

-1.3574 
-2.5171 

-2.2385 

-2.0309 

-0.4257 
4.9874 

0.16 

0.87 
0.76 

0.50 

0.05 

-0.23 

-0.59 
-1.09 

-0.97 

-0.89 

-0.19 
2.17 

Figure 2-Plot of residuals obtained from quadratic regression equation, Eq. 16, for p-hydroxybenzoic acid in dioxane-water mixtures a t  %O. 

(Log aZ)lAeoie is plotted along the vertical axis and residuals along the horizontal axis as described in this report. The residual in Table I is the 
difference between the observed x2 and XZeok. whereas the residuals in Figs. 2,3, and 4 are [(logaz)lA(obs)] - [(logaz)/ A(calc)]. 

RESULTS AND DISCUSSION 

The solubility of p-hydroxybenzoic acid in dioxane-water a t  25" is 
found in Table I, and the solubility profile is shown in Fig. 1 where X2 
is plotted against 61. 

Estimating the Solubility Parameter of p-Hydroxybenzoic Acid 
from its Solubility Profile-It has been shown (12) that the solubility 
parameter of a solid can be estimated from the point of maximum solu- 
bility in a binary solvent, such as ethyl acetate and ethanol. When a sol- 
vent mixture is found that yields a peak in the solubility profile for a 
regular solution, 61 is assumed to equal 6 2 .  

In an irregular solution, these relations do not obtain exactly as in a 
regular solution, and the geometric mean, Wlz = (61262Z)1/2, seldom can 
be assumed to apply. W ~ Z  and 6162 may be related by introducing a pro- 
portionality factor, K (13)": 

W1z = Kbl62 (Es. 10) 

Equation 8 then becomes: 

(Es. 11) 

The partial derivative of (log az)/A is taken with respect to 61 and the 
result is set equal to zero to obtain the value of 6 2  a t  the peak in the sol- 
ubility profile: 

(Eq. 12) 

and 

61 = K62 (Eq. 13) 

Thus, in irregular solutions, 61 is not equal to 6 2  at  the maximum in the 
solubility profile, but is equal to K62 (13). As can be seen in Table I and 
Fig. 1, the maximum solubility of p-hydroxybenzoic acid in dioxane- 
water is a t  a solvent solubility parameter of 11.33 (i.e., dioxane-water 
9010%, v/v) and K = 1.122. Therefore, the solubility parameter of p- 
hydroxybenzoic acid is 10.10 as obtained from: 

Solubility parameters of solid drugs can also be obtained by a group 
contribution method developed by Fedors (15). The 6 value of p-hy- 
droxybenzoic acid obtained from Fedors' methodI2 is 15.3. A method for 

l1 It should be noted that K as defined by Walker (13) and used here does not 
have the same meaning as K employed in another previous paper (14). In Ref. 14, 
K is a constant for a solute over the entire composition of a binary solvent. Here, 
and in other papers of this series, K varies across the solvent composition. The 
constant in Ref. 14 should probably he designated by another symbol, such as K 

(CO*H) + 78.33 (OH)]'/* = (234.88)'/2 = 15.3 

obtaining the solubility parameter of a drug molecule using internal 
pressure values and accurately measured solution densities was also 
previously suggested (16). 

It has been shown that the solubility parameter of the solute obtained 
from the peak of the solubility profile may vary depending on the mixed 
solvent used (6). If the cosolvent has the tendency to form a complex with 
the solute, the maximum solubility may be shifted to the 61 value of a 
mixed solvent which contains a high percentage of this solvating cosol- 
vent. Dioxane is a Lewis base and p-hydroxybenzoic acid a Lewis acid; 
these molecules have a tendency to form a complex, which may account 
for the shift of maximum solubility to the lower 61 value of the dioxane- 
water mixture. It is not necessary to know 6 2  to calculate the solubility 
in mixed solvents, for it has been found (4-6) that the estimated solubility 
can be obtained from a regression of (log a2)IA against 61, obviating the 
need of 62.  The back calculation of p-hydroxybenzoic acid solubility in 
dioxane-water is discussed later. 

Effect of Solute on the Solubility Parameter of the Solution-The 
amount of solute in a saturated solution may alter the solubility param- 
eter of the reference solvent (17) when in high concentration, since: 

6app = Zdi@i (Eq. 15) 

where & is the volume fraction of component i in the solution. The sol- 
ubility parameters of the saturated solutions, dapp. are listed in Table I. 
The two solubility parameters, 61 and sapp, are almost identical when the 
mole fraction solubility is <0.1 (volume fraction of dioxane is <70%). The 
solubility parameter of the saturated solution is a little higher (less than 
one unit) than that of the reference solvent when the solvent mixture 
contains >80% of dioxane. In the extended Hildebrand approach, (log 
a2)IA is regressed on the solubility parameter of the solvent in a poly- 
nomial equation. A similar approach can be taken by regressing (log a2)IA 
against Bapp, the solubility parameter of the solution. These two solubility 

Table 11-Demonstration of Trial-and-Error Process for the 
Back-Calculation of p-Hydroxybenzoic Acid in Water Using 
E4s. 18 and 19 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

X? 
0.001 
0.0001 
0.0005 
O.OOO6 
0.00055 
0.00058 
0.00059 
0.000595 
0.000592 
0.0005917 
0.0005919 
0.00059195 
0.00059193 

-100323 
342188 
32358 
-2594 
14082 
3902 
626 

-990 
-21 

75 
10 
-5 

0 
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STANDARDIZED RESIDUAL 
(Expressed in Sandard Deviation Units) 

-2SD , -1,SD 0,O 1tD 2:D 

a 
0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

log Qa 
No. A(ca1c) Residual 80 unit8 

1 15.0454 0.9m 0.59 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

2.5640 
-10.8254 
-16.7334 
-19.3055 
-21.5499 
-23.4366 
-24.8546 
-26.1580 
-25.9339 
-24.9973 
-23.4310 
-21.0603 

-2.3186 
-0.0393 

0.9857 
1.0808 
0.6871 
0.5954 
0.1567 

-0.8886 
-0.9994 
-1.6036 
-1.1537 

2.5f%O 

-1.50 
-0.03 

0.64 
0.70 
0.44 
0.38 
0.10 

-0.57 
-0.65 
-1.04 
-0.75 

1.67 

Figure 3-PIot of residuals obtained from cubic regression equation. Eq. 17, for p-hydroxybenzoic acid in dioxane-water mixtures a t  B0 

parameter systems yield the same results except for rounding-off 
error. 

Extended Hildebrand Approach Using Polynomial Regreeeion 
and Scattergrams-The (log ap)/A for p-hydroxybenzoic acid was re- 
gressed against 61 values of dioxane-water mixtures at 25O. Three poly- 
nomial equations and associated statistical parameterd3 are qua- 
dratic: 

-I log 21.02 (110.36) - 7.6338 (f1.3152)61 
A 

n = 13,s = 2.30, r2 = 0.972, F = 173, F(2,10,0.01) = 7.56 

cubic: 

142.51 (134.32) - 31.582 (f6.683)61 
A 

-/- 1.82625 (f0.41788)bi2 - 0.0303307 (f0.0083899)8i3 (Eq. 17) 

n = 13, s = 1.55, r2 = 0.989, F = 259, F(3,9,0.01) = 6.99 

and quartic: 

-- log a2 - 564.07 (f54.45) - 142.18 (f14.12)dl 
A 

+ 12.396 (f1.339)6i2 - 0.46689 (10.06504)613 

+ 0.0065807 (f0.0008284)61' (h. 18) 

n = 13, s = 0.55, r2 = 0.999, F = 1550, F(4,8,0.01) = 7.01 

The residual plots (scattergrams) (7) of these equations are shown in 
Figs. 2-4 for quadratic, cubic, and quartic, respectively. In the figures, 
the horizontal axis represents the residuals standardized by dividw each 
by its standard deviation, while the vertical axis represents (log a p ) / A d c  
against which the residuals are plotted. The residual, or deviation of an 
estimated value, (log a2)/Ade, from the observed value, (log a 2 ) / A 0 ~ ,  
indicates which regression equation is the most suitable. As can be seen 
in Fig. 2, the residuals are not randomly scattered along the vertical axis. 
Therefore, the quadratic equation is not satisfactory, although R2 is very 
high. In Fig. 3 the ordered arrangement of the points of Fig. 2 has mostly 
disappeared, and in Fig. 4 the residuals are scattered randomly along the 
vertical axis. None of the points in Fig. 4 is outside of a range of 2 u. By 
comparing the statistics of the quadratic, cubic, and quartic equations 
(Eqs. 16,17, and 181, it is observed that the quartic equation is the best 
choice due to its high r2 and F values, and its small s value. The random 
scattering of points in the scattergram also shows Eq. 18 to be superior. 

uation are: ra is the squared 
correlation coefficient (index of determination); s i s x e  standard deviation or av- 
erage of deviations about the arithmetic mean; F is the Fisher F ratio; n is the 
number of -; and F ( k .  n - k - 1.0.01) is the table value of Fwith k-indewdent 

l8 The statistical quantities associated with each 

variables; end k and (n - k - 1) d&& of freedom at the 99% confdenk level. 
The f values in parentheses associated with each regression coefficient, B,  is the 
standard error of B. 

In the back calculation, (log a p ) / A d  obtained from Eq. 18 was multiplied 
by A and the antilog was taken to  obtain the activity coefficient, awe. 
The estimated solubility was obtained from X2 dc = XYap dc. 

The values of A as listed in Table I are calculated (see Eqs. 3 and 4) 
from experimental solubilities and molar volumes. The back-calculated 
solubilities may be obtained using Eqs. 3 and 4 and an iteration p d u r e  
(18) beginning with a value of 1.0 for $1 and iterating until Xp or 41 no 
longer changes by more than some desired small value. However, a simple 
iteration procedure does not always behave in a wellconditioned manner. 
Assuming that the quartic equation (Eq. 18) is a function of 61, i.e.,f(&), 
and combining it with Eqs. 3 and 4, one obtains: 

f(Xp) = (log Xp' - log X2)(2.303RT)[V1(1- Xp) 
+ V2X212 - VZ[Vl(l - X2)12f(bl) = 0 (Eq. 19) 

X 2  can now be solved by a trial-and-error root finding method. For ex- 
ample, in pure water, fD = 0,61= 23.45,62 = 15.3 (cal/cm3)1/2, V1= 18.08, 
Vp = 94.35 and log Xzi = -2.1267, and substituting 23.45 for 81 in Eq. 
18 one obtains f(6l) = (log a p ) / h C  = 16.020. Table I1 lists the steps 
during the trial-and-error procedure. This computation can be carried 
out easily by use of a programmable hand calculator. The root finder 
subroutine, ZBRENT, found in IMSL (19) can also be used for the 
computation; the earlier iteration procedure of the extended Hildebrand 
solubility approach has been replaced in this study by the root finder 
method (19). The back-calculated solubilities from Eq. 18 are listed in 
Table I and also plotted in Fig. 1. The results compare well with the ob- 
served solubilities, having errors <7%. 
Log Solubility and Volume Fraction of the Cosolvent-A log linear 

relationship between molesfliter or mole fraction solubility and volume 
fraction of the cosolvent has been proposed (20,21). The log solubility 
of p-hydroxybenzoic acid in units of molesfliter and mole fraction were 
plotted against the volume fraction of the cosolvent, diosane, in Fig. 5 
to test whether this relationship holds for p-hydroxybenzoic acid solu- 
tions. Also marked along the horizontal axis (top of the figure) is the 
solubility parameter of the mixed solvents. It is evident from Fig. 5 that 
a log linear relation is not observed in the binary solvent mixture, dioxane 
and water, as the curves are quite nonlinear. They can, however, be re- 
produced by use of the following quadratic expressions: 

log Sp = -1.430(f0.050) + 4.874(10.192)f - 3.374(&0.175)f2 
r2 = 0.990, s = 0.056, F = 474, F(2,10,0.01) = 7.56 (Eq. 20) 

and 

log X2 = -3.178(10.051) + 5.226(fO.l94)f - 3.047(fO.l76)f2 
r2 = 0.994, s = 0.057, F = 806, F(2,10,0.01) = 7.56 (Eq. 21) 

where S2 is the molar and X p  the mole fraction solubility of p-hydroxy- 
benzoic acid in dioxane-water mixtures with various volume fractions 
f of dioxane at 25O. 

In another study (22) it was shown that the log linear rule often holds 
for drugs in binary solvents of water combined with an organic cosolvent 
particularly when the cmlvent  interacts strongly with the solute and 
when the solubility parameter of the cosolvent is several units above that 
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STANDARDIZED RESIDUAL 
(Expressed in Standard Deviation Units) 

-250 , -1,”” OiO 19” 2:D 

0 

0 
0 

a 
0 

0 

0 

0 
0 
0 

0 

0 
0 

(talc) 
No. A Residual SD units 
1 16.0248 -0.0679 -0.12 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 

-0.0327 
-10.5570 
-15.6597 
-18.2040 
-20.6693 
-22.9922 
-24.9750 
-27.3573 
-27.3418 
-26.1098 
-23.5700 
-19.2316 

0.2781 
-0.3077 
-0.oeeo 
-0.0206 
-0.1935 

0.1510 
0.2771 
0.3107 
0.4085 

-0.4911 
-0.0139 

0.7572 

0.50 
-0.56 
-0.16 
-0.04 

-0.35 
0.27 

0.50 
0.56 
0.74 

-0.89 
-1.84 

1.39 

Figure 4-Plot of residuals obtained from quartic regression equation, Eq. 18, for p-hydroxybenzoic acid in dioxane-water mixtures a t  2 5 O .  The 
almost complete scatter here indicates that Eq. 18 is superior to Eqs. 16 and 17 (Figs. 2 and 3). 

of the wlute. Although dioxane appears to interact with p-hydroxy- 
benzoic acid and elevates the solubility of the drug above the ideal solu- 
bility line, Xzi ,  dioxane does not solvate or complex the solute sufficiently 
to yield a straight line relationship. Furthermore, the Solubility parameter 
of p-hydroxybenzoic acid lies between the solubility parameters of water 
and dioxane and this militates against a log linear relationship. Instead, 
these conditions create a peak value on a plot of log solubility versus 
volume fraction of cosolvent or versus solubility parameter of mixed 
solvent. 

61, SOLUBILITY PARAMETER OF SOLVENT 
20.8 18.1 15.4 12.7 10.0 

0.5 I 1 1 1 I I 

-3.0 t/ 
t 

-3.51 I 1 1 

0 0.2 0.4 0.6 0.0 1.0 
VOLUME FRACTION, f, DIOXANE IN WATER 

Figure 5-Log solubility of p-hydroxybenzoic acid in dioxane-water 
mixtures a t  25”. Curves A and Bare back-calculated from Eqs. 21 and 
20, respectively. Key: (*) rnoledliter; (@) mole fraction. 

CONCLUSIONS 

The solubility parameter of p-hydroxybenzoic acid was estimated by 
determining the peak in the solubility profile, Fig. 1, and by a group- 
contribution method (15). Interaction of the solute with the cosolvent, 
dioxane, may have unduly lowered the 62 value obtained by the peak 
solubility technique. The two methods do not yield values that agree 
closely; the 62 value was taken as -15 ( c a l / ~ m ~ ) ~ / ~ ,  a reasonable value for 
this highly polar compound. 

The effect of a saturated solution of the solute on the solubility pa- 
rameter of the mixed solvent was tested in this system and was found not 
to influence 61 markedly. In predicting solubilities using the extended 
Hildebrand solubility approach, the slight effect on 61 does not change 
the back-calculated solubility values. 

To estimate solubilities of p-hydroxybenzoic acid in mixtures of di- 
oxane and water, (log &/A was regressed in a polynomial on 61 of the 
solvent mixtures according to the extended Hildebrand solubility ap- 
proach. The residual plots (scattergrams) for the quadratic, cubic, and 
quartic equations serve together with the standard deviation, r2 and F 
values to indicate whether a quadratic equation is satisfactory or whether 
a cubic, quartic, or higher-order polynomial is required to fit the data. 
From an analysis of r2, F, and the scattergram, it was observed that the 
quartic equation was required to reproduce the solubility data of p -  
hydroxybenzoic acid. 

The iteration procedure for the back-calculation of solubilities was 
studied in detail in this paper, because it was found to be a problem in 
earlier works, causing an oscillation between two values or a divergence 
rather than convergence to the proper mole fraction solubility. A root 
finder method, involving trial-and-error, or better, use of an IMSL sub- 
routine [ZBRENT (19)] proved to be the solution to this problem. 

The solubility of p-hydroxybenzoic acid in dioxane-water mixtures 
was observed not to follow a log linear relationship: a regularity earlier 
observed for some drugs in water combined with nonaqueous cosolvents. 
The failure of the log linear relationship is expected (22) in this case, 
however, since the solubility parameter of p-hydroxybenzoic acid (62 N 

15) lies between that of water (61 = 23.4) and the cosolvent, dioxane (61 
= 10). 
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Abstract The interaction of riboflavin-2’,3’.4’,5‘-tetrabutyrate (I) with 
salicylic acid (II), aspirin (acetylsalicylic acid, III), and salicylamide (IV) 
has been spectroscopically investigated to determine the binding 
mechanism. NMR and absorption spectra were measured in nonpolar 
solvents. The association constant K of the formation of complex was 
calculated from the absorption spectra. Compounds I and I1 form a 1:l 
cyclic hydrogen-bonded dimer through the N-3 proton and the C-2 car- 
bonyl oxygen of the i d o x a z i n e  ring, and the carboxylic hydroxyl proton 
and carbonyl oxygen of 11. Compounds I and I11 form a 1:1 cyclic hydro- 
gen-bonded dimer by the same mode. Compound IV forms a 1:l cyclic 
hydrogen-bonded dimer with I through the N-3 proton and the C-2 car- 
bonyl oxygen of the isoalloxazine ring, and the amino proton and the 
carbonyl oxygen of IV. Salicylates produce marked changes in the ab- 
sorption spectra of I. These spectral changes are attributed to the for- 
mation of the hydrogen-bonded dimer. I t  appeared that the strongest 
complex was formed with salicylic acid, a weaker one with aspirin, and 
an even weaker one with salicylamide. 

Keyphrases 0 Riboflavin-molecular interactions with salicylic acid 
derivatives, NMR and absorption spectroscopy in nonpolar solvents, 
association constant determinations for hydrogen-bonded dimers 
Salicylates-molecular interactions with riboflavin, NMR and absorption 
spectroscopy in nonpolar solvents, association constant determinations 
for hydrogen-bonded dimers 

Salicylate, one of the oldest synthetic drugs, remains the 
most widely used analgesic and antipyretic agent. It is 
known that the hydrogen bonding of salicylates in bio- 
logical systems is related to their drug action (1). It has 
been determined experimentally that higher concentra- 
tions of salicylates result in marked stimulation of respi- 
ration while low concentrations depress this function (2-7). 
Salicylic acid derivatives act as uncoupling agents on the 
isolated mitochondrial respiration and lower the respira- 
tion rate of dinitrophenol-uncoupled mitochondria; inhi- 
bition of state 3 mitochondrial respiration by salicylic acid 

derivatives is accompanied by an increase in the oxidized 
state of all electron transport systems (8). 

The electron-transfer from nicotinamide adenine di- 
nucleotide (NADH) to flavoprotein, or the charge-transfer 
complex thus formed, was studied by a number of authors 
to give an account of the function of the respiratory chain 
(9-13). It has been determined that reduced NAD-coupling 
enzyme’ complex converts spontaneously to the hypo- 
thetical intermediate as oxidized NAD-coupling enzyme2, 
which is considered indispensable to the formation of 
adenosine triphosphate (ATP) in the respiratory chain 
(14). Simultaneously, the electrons in (NADox)+ can be 
transferred to flavoprotein. I t  is generally agreed that 
salicylates, which act as uncoupling agents, cause the 
breakdown of some high-energy intermediate involved in 
the phosphorylation process. However, the mechanism of 
such a breakdown has not previously been determined. 
The mechanism of action of salicylate could be described 
as: ( a )  salicylate associates with the adenine moiety of 
flavin adenine dinucleotide (FAD) or NAD, ( b )  salicylate 
inhibits the interaction of the flavin moiety with the ade- 
nine moiety of FAD or NAD, ( c )  salicylate affects the 
electronic environment due to an association with flavin, 
or ( d )  salicylate inhibits the interactions of FAD and the 
flavin mononucleotide (FMN) with apoprotein. Therefore, 
it seems worthwhile to examine the molecular interaction 
between salicylate and riboflavin. In this paper a detailed 
analysis of the NMR and absorption spectra of the com- 
plex will be presented and a structure of the complex will 

1 Enzyme-coupled reduced nicotinamide adenine dinucleotide. * Enzyme-coupled oxidized nicotinamide adenine dinucleotide. 
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Abstract The interaction of riboflavin-2’,3’.4’,5‘-tetrabutyrate (I) with 
salicylic acid (II), aspirin (acetylsalicylic acid, III), and salicylamide (IV) 
has been spectroscopically investigated to determine the binding 
mechanism. NMR and absorption spectra were measured in nonpolar 
solvents. The association constant K of the formation of complex was 
calculated from the absorption spectra. Compounds I and I1 form a 1:l 
cyclic hydrogen-bonded dimer through the N-3 proton and the C-2 car- 
bonyl oxygen of the i d o x a z i n e  ring, and the carboxylic hydroxyl proton 
and carbonyl oxygen of 11. Compounds I and I11 form a 1:1 cyclic hydro- 
gen-bonded dimer by the same mode. Compound IV forms a 1:l cyclic 
hydrogen-bonded dimer with I through the N-3 proton and the C-2 car- 
bonyl oxygen of the isoalloxazine ring, and the amino proton and the 
carbonyl oxygen of IV. Salicylates produce marked changes in the ab- 
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Salicylate, one of the oldest synthetic drugs, remains the 
most widely used analgesic and antipyretic agent. It is 
known that the hydrogen bonding of salicylates in bio- 
logical systems is related to their drug action (1). It has 
been determined experimentally that higher concentra- 
tions of salicylates result in marked stimulation of respi- 
ration while low concentrations depress this function (2-7). 
Salicylic acid derivatives act as uncoupling agents on the 
isolated mitochondrial respiration and lower the respira- 
tion rate of dinitrophenol-uncoupled mitochondria; inhi- 
bition of state 3 mitochondrial respiration by salicylic acid 

derivatives is accompanied by an increase in the oxidized 
state of all electron transport systems (8). 

The electron-transfer from nicotinamide adenine di- 
nucleotide (NADH) to flavoprotein, or the charge-transfer 
complex thus formed, was studied by a number of authors 
to give an account of the function of the respiratory chain 
(9-13). It has been determined that reduced NAD-coupling 
enzyme’ complex converts spontaneously to the hypo- 
thetical intermediate as oxidized NAD-coupling enzyme2, 
which is considered indispensable to the formation of 
adenosine triphosphate (ATP) in the respiratory chain 
(14). Simultaneously, the electrons in (NADox)+ can be 
transferred to flavoprotein. I t  is generally agreed that 
salicylates, which act as uncoupling agents, cause the 
breakdown of some high-energy intermediate involved in 
the phosphorylation process. However, the mechanism of 
such a breakdown has not previously been determined. 
The mechanism of action of salicylate could be described 
as: ( a )  salicylate associates with the adenine moiety of 
flavin adenine dinucleotide (FAD) or NAD, ( b )  salicylate 
inhibits the interaction of the flavin moiety with the ade- 
nine moiety of FAD or NAD, ( c )  salicylate affects the 
electronic environment due to an association with flavin, 
or ( d )  salicylate inhibits the interactions of FAD and the 
flavin mononucleotide (FMN) with apoprotein. Therefore, 
it seems worthwhile to examine the molecular interaction 
between salicylate and riboflavin. In this paper a detailed 
analysis of the NMR and absorption spectra of the com- 
plex will be presented and a structure of the complex will 
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enough to allow the effect of self-association of I molecules to be ignored. 
The absorbance changes of I were measured at 436 and 446 nm, the as- 
sociation constants were calculated, and the experimental data were 
treated statistically. 

t I I I I 

Figure 1-Stoichiometric pairing of I and 11: dependence of the 
chemical shifts of the riboflavin N-3 (0) and salicylic acid carboxyl(8) 
protons in a mixing experiment of I and II. Total concentration was 
constant a t  0.08 M. 

be proposed. These results may provide a basis for inter- 
preting the mode of action of salicylic acid derivatives. 

EXPERIMENTAL 

Materials-Riboflavin-2’,3’,4’,5’-tetrabutyrate3 (I) was obtained 
commercially. It was recrystallized from chloroform and the purity was 
confirmed by TLC. Salicylic acid4 (111, aspirin5 (III), and salicylamide5 
(IV) were used after recrystallization from chloroform. Deuterochloro- 
form was purified by filtration through an alumina gel column, 5 cm in 
length. Carbon tetrachloride was treated with methanolic potassium 
hydroxide solution, washed with water several times, dried over calcium 
chloride overnight, and fractionally distilled from phosphorus pentoxide 
through a 120-cm column packed with glass helices. The distillate was 
refluxed and again fractionally distilled. Benzene was treated with con- 
centrated sulfuric acid several times. After repeated washing with po- 
tassium hydroxide solution, it was dried over calcium chloride overnight, 
fractionally distilled from phosphorus pentoxide through a 120-cm col- 
umn packed with glass helices, and crystallized twice. It was refluxed and 
again fractionally distilled. 

Methode’H-NMR spectra were recorded on a 90-MHz spectrometer 
equipped with a temperature-control unit6. For the measurement of 
NMR spectra, the samples of I and salicylate at various molar ratios were 
dissolved in deuterochloroform. Sample volumes of 5 ml in 5-mm diam- 
eter tubes with polytef caps were used. Tetramethylsilane (0.3%) wa9 
added to the deuterochloroform to provide the field lock signal; chemical 
shifts were measured from the signals. The probe temperature was 35’. 
Absorption spectra were measured in a UV visible spectr~photometer~ 
connected to a linear recorde$. Fused quartz cells of 10-mm light path 
were used, each of which was fitted with a polytef stopper. The slit width 
was chosen so that the effective band width of the exit beam was suffi- 
ciently narrow compared with the width of absorption bands. 

To determine the association constant of complex of the absorption 
spectra as precisely as possible, ternary solutions which contained small 
amounts of I and I1 (or 111) in nonpolar solvents, such as carbon tetra- 
chloride and benzene, were used. For each set of I and I1 (or III), several 
solutions containing equal quantities of I and different amounts of I1 (or 
111) were prepared. The actual concentration of I was of the order of 
M (3 X lo+, 5 X M), while that of I1 (or 111) ranged 
from 0 to 10-2 M (or 2 X M). The concentration of I was small 

and 8 X 

3 Dae Woong Pharm. Co. Ltd., Seoul, Korea. 
4 E. Merck, Darmstadt, West Germany. 
5 I1 Sung Corp., Seoul, Korea. 
6 Perkin-Elmer R 32 NMR Spectrometer. 
7 Unicam SP 1750 Ultraviolet Spectrophotometer. 
8 Unicam AR 25 Linear Recorder. 

RESULTS 

NMR Spectra-The ‘H-HMR spectra of riboflavin and salicylic acid 
derivatives in deuterochloroform are relatively simple in the downfield 
region. In the spectrum of 11, the absorption of the carboxyl proton is 
observed below 10 ppm, the phenol proton is not evident at low concen- 
trations but is weakly observed at  high concentrations, and the aromatic 
protons appear at 6.9-8.1-ppm. The carboxyl proton of I11 is not evident. 
In the spectrum of IV, absorption of the amino proton was observed at  
4 ppm and that of the hydroxyl proton below 12 ppm. As the concen- 
tration of IV increased, the signal for the hydroxyl proton moved only 
slightly, but the signal for the amino proton shifted downfield. 

n 
IT ii 

M * H ,  

1 6  
VI 

The N-3 proton of I is the most deshielded proton in the molecule and 
occurs farther downfield than all the other resonances. The C-6 and C-9 
protons of I are both downfield from the residual nondeuterated chlo- 
roform peak. These two protons are concentration independent. When 
these protons take part in hydrogen bonding to form cyclic self-associa- 
tion dimers or I-salicylate pairs or triplets, they become less shielded and 
their resonances shift downfield. The exact positions of the hydroxyl, 
amino, and imino resonances depend on the degree of association and 
hydrogen-bond formation; therefore, both vary with temperature and 
concentration. 

To obtain information on the characteristics of complex in deutero- 
chloroform, experiments were performed at  constant total concentration. 
Unlike the results obtained from optical methods, these curves do not 
show a maximum (or minimum) at the relative concentrations indicative 
of the stoichiometry of the reaction (15). Figure 1 shows the dependence 
of the chemical shifts for the N-3 proton of I and the carboxyl proton of 
I1 when I was mixed with 11. The N-3 proton signal of I shifted downfield 
as the relative concentration of I1 increased. The carboxyl proton signal 
of I1 also moved downfield as the concentration of I increased. From these 
observations it can be inferred that the association between I and I1 is 
stronger than the self-association of either compound. When I was mixed 
with 111, the dependence of the chemical shifts on the N-3 proton of I was 
similar to that of I1 (Fig. 2). In the case of IV, the N-3 proton signal of I 
changed slightly and the amino proton signal of IV moved downfield 
slightly as the concentration of I increased and that of IV decreased (Fig. 
3). This implies that the association between I and IV is stronger than 
the self-association of IV and approximately the same as the self-asso- 
ciation of I. It may be assumed by the shape of the slope of all three curves 
that 1:l complexes are formed in each case (15,16). 

The chemical shifts of the N-3 proton of I were plotted against the 

VII 

Journal of Pharmaceutical Sciences I 593 
Vol. 72, No. 6. June 1983 



10.0 

-1 a 9.2 u 
I 
w 
I 

8.8 c 

I I I I I 
0 0.02 0.04 0.06 0.08 R I B 0 F L A V I N . M  

0.08 0.06 0.04 0.02 0 ASPIR1N.M 

Figure 2-Stoichiometric pairing of I and 111: dependence of the 
chemical shifts of the riboflavin N-3proton in a mixing experiment of 
I and III. Total concentration was constant at 0.08 M .  
concentration of the three salicylic acid derivatives a t  35O, keeping the 
concentration of I constant at 0.04 M (Fig. 4). The slopes of the N-3 
proton curves of I for II and III are much greater than that of the chemical 
shift due to the self-association of I, while that for IV is slightly greater. 
These data can be interpreted to indicate that I associates somewhat more 
strongly with II or III than with IV, which is consistent with the other data 
obtained. The carboxyl proton signal of I1 was more upfield as the con- 
centration of I1 was increased while keeping the concentration of I con- 
stant (not shown). From this fact alone, it can be inferred that the asso- 
ciation between I and I1 is stronger than the self-association of I1 and the 
mole ratio of complex is the 1:l type. 

Figure 5 shows the chemical shift of the carboxyl and phenol protons 
of I1 plotted against the concentration of I, while keeping the concen- 
tration of I1 constant a t  0.1 M. The curve of the carboxyl proton of 11 is 
convex upward, while the curve of the phenol proton is concave upward. 
As the concentration of I increased, the carboxyl proton signal appeared 
to broaden whereas the phenol proton signal sharpened. The downfield 
shift and broadening effect of the carboxyl proton are presumably because 
this proton takes part in the hydrogen bonding to form a 1-11 complex. 
The upfield shift and sharpening effect of the phenol proton indicate the 
possibility of a stacked configuration or two components of the complex 
not being in one plane. The N-3 proton signal of I was more upfield as the 
concentration of I was increased while keeping the concentration of I1 
constant (not shown). From this fact, it can be suggested that the asso- 
ciation between I and I1 is stronger than the self-association of I and the 
mole ratio of the complex is the 1:l type. A similar phenomenon was 
observed with 111 on addition of I while keeping the concentration of 111 
constant a t  0.06 M (not shown). In the case of IV, the curve of the amino 
proton is straight upward (Fig. 6). The phenol proton signal decreased 
in intensity and then disappeared without a shielding effect as the con- 
centration of I was increased (not shown). This implies that only the 
amino proton takes part in hydrogen bonding to form a I-IV complex. 

9.oL 
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Figure 3-Stoichiometric pairing of I and IV: dependence of the 
chemical shifts of the riboflavin N-3 (a) and salicylamide amino (0) 
protons in a mixing.experirnent of I and IV.  Total concentration was 
constant at 0.08 M. 

1 1 I I 1 I 
0.02 0.04 0.06 0.08 0.10 

CONC. OF SALICYLATE, M 
Figure 4-Effects of the concentrations of salicylates on the chemical 
shifts of the riboflavin N-3  proton in deuterochloroform, keeping the 
concentration of I constant at  0.04 M. Key: (0) salicylic acid, (0) as- 
pirin, and (.) salicylamide. 

Besides the observation of complex formation in the downfield shift 
of the protons directly involved, a secondary effect also may be noted 
which is due to a change in the electron density at sites where several 
bonds are altered in the donor or acceptor atoms during hydrogen-bond 
formation. Small changes may be produced in the ring currents and the 
electron densities in the acceptor molecules, resulting in shifts in the 
resonances of the other protons. It is also possible to produce small 
changes in the ring resonance positions due to  neighboring unsaturated 
ring systems. The resonances of the C-6 and C-9 protons of I are not 
shielded. But small upfield shifts were observed in all of the ring protons 
of I1 and 111. In the case of IV, some of the ring protons moved downfield 
slightly and others shifted upfield. 

Absorption Spectra-As shown in Fig. 7, a marked spectral change 
was produced on adding I1 to I in a nonpolar solvent, carbon tetrachloride. 
It may be assumed that this spectral change is due solely to the formation 
of a hydrogen bond between I and 11. This view is further substantiated 
by the existence of several isosbestic points in each set of spectra. The 
shorter wavelength band shifted to the red, the longer band shifted to 
the blue, and hyperchromism of the longer band was observed. Frequency 
shifts due to hydrogen bonding were determined from the spectra of the 
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Figure 5-Effects of the concentration of I on the chemical shifts of the 
carboxyl (a) and the phenol (0) protons of II in deuterochloroform, 
keeping the concentration of I I  constant at 0.1 M. 
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6.3 I- Table I-Measured and Calculated Properties of I and 
Salicylates on Absorption Spectra 

I I 1 
0 0.025 0.05 

CONC. OF RIBOFLAVIN, M 
Figure 6-Effects of the concentration of I on the chemical shifts of the 
salicylamide amino protons in deuterochloroform, keeping the con- 
centration of IVconstant a t  0.05 M. 

free and hydrogen-bonded species (resulting from the difference between 
the energy of the hydrogen bond in the excited and ground states). These 
phenomena were observed with I11 or IV in carbon tetrachloride. In the 
other nonpolar solvent, benzene, similar phenomena also were ob- 
served. 

Determination of the association constant of the complex is possible 
from spectral data if the complex shows a significantly different spectrum 
from that of its components. The association constant of the hydrogen- 
bonding complex was obtained using the following: 

where Acob = cob  - en, ta and tc are the molar absorptivities at a given 
frequency of I in uncomplexed form and in pure complex, respectively, 
c O h  is the observed absorptivity a t  a given frequency of I in complexed 
media, c b  is the concentration of sdicylates (on some scale defined in 
the Experimental section), and K is the association constant of the 
complex (17). This can be easily derived with the assumption that the 
concentration of I is negligibly small compared with that of salicylate; 
such is actually the case in the present study. From this equation, a plot 
of I/Acoba uersus 1/Cb is expected to give a straight h e .  When both the 
concentration of I and the cell length are kept constant throughout a set 
of spectra, the absorptivities (e) in the equation may be replaced by the 
corresponding absorbances (A). Thus l/AAob was plotted against 1/cb 
for various frequencies. These plots gave straight lines, and the extrap- 
olation of the lines for each of the salicylates led to K values which were 

Range of Salicylate Association 
Salicylate Concentration, A4 Solvent constant ( K ) ,  M-1 

I1 1 X 10-3-1 X Benzene 450 
111 1 X 10-3-1 X Benzene 370 

I11 2 X lO-'-l X Carbon 350 

I1 1 X 10-3-1 X Carbon 435 
tetrachloride 

tetrachloride 

equal to one another within experimental error. One example of such plots 
is shown in Fig. 8. The K values were calculated from the plots and are 
summarized in Table I. These association constants were obtained by 
averaging the values from three different concentrations of I ( 3  x 10-5, 
5 X and 8 X M). 

DISCUSSION 

High-resolution 'H-NMR techniques provide a direct observation of 
the hydrogen bonding in solution. As shown in the NMR spectra, the N-3 
proton of I, the carboxyl protons of I1 and 111, and the amino protons of 
IV seem to participate in the bonding. The NMR method utilized here 
measures the chemical shifts of the donor proton in hydrogen-bond for- 
mation. The acceptor atoms do not have protons and therefore do not 
give rise to resonances. Hence, no direct information can be gained on 
the identity of these acceptors. Using IR spectra, it was determined which 
carbonyl group of riboflavin was involved (18). In the 6-pm region of the 
spectra, the association through the C-2 carbonyl group of the isoallox- 
azine ring predominates. This is consistent with the suggestion that, in 
the hydrogen bonding on the isoalloxazine ring, the C-2 carbonyl group 
is preferred to the one at C-4 (19). This can be illustrated by the fact that 
the proton affinities of the heteroatoms in the isoalloxazine ring are ac- 
tually different from one another (14,19-21). As determined previously 
(14), the charge density of the C-2 carbonyl oxygen atom in the isoal- 
loxazine ring is greater than that of the C-4 carbonyl oxygen atom; the 
N-3 proton is extremely labile and a good electron acceptor since the 
charge density of N-3 nitrogen atom is higher than any of the other het- 
eroatoms. The change of the absorption spectra supports hydrogen-bond 
formation at  the aforementioned binding sites (22). 

Thus, the most probable hydrogen bonding is represented in the fol- 
lowing manner. Compounds I and II form the 1:l cyclic hydrogen-bonded 
dimer (V) through the N-3 proton and the C-2 carbonyl oxygen of the 
isoalloxazine ring, and the carboxylic hydroxyl proton and carbonyl 
oxygen of 11. Compounds I and 111 form the 1:l cyclic hydrogen-bonded 
dimer (VI) in the same manner. Compound IV forms the 1:l cyclic hy- 
drogen-bonded dimer (VII) with I through the N-3 proton and the C-2 

Figure 7-Effects of I1 on the absorbance spectrum of 1(5 

2 
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Figure 7-Effects of I1 on the absorbance spectrum of I ( 5  X I W 5  M) in carbon tetrachloride. Salicylic acid was added from 0 to I X 
(-) free molecule, (- - - -) spectra in the presence of I I  in order of increasing concentration of 11, (a - - - -) spectra in the presence of I X 
11. 
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Figure 8-Relationship between 1/&bs and 1ICb values of the 1-11 system in benzene obtained according to the association constant equation. 
Key: (0) 436 nm, (a) 446 nm. 

carbonyl oxygen of the isoalloxazine ring, and the amino proton and 
carbonyl oxygen of IV. The frontier orbital density of N-5 is the greateat 
of all the atoms in the isoalloxazine ring (20). Therefore, N-5 seems to 
be the entrance of electrons. The formation of various types of hydrogen 
bonding affects the frontier orbital density of N-5 of the isoalloxazine 
ring (22). Considering that salicylates interact with riboflavin at  the 
aforementioned sites, the electron affinity of the isoalloxazine ring and 
the frontier electron density of N-5 increase, which accelerates the elec- 
tron flow from the substrate to the coenzyme (19-26). The hydrogen 
bonding involved in flavoproteins may be considered to be significant 
with respect to their catalytic activity. 

In nonpolar solvents (carbon tetrachloride and benzene) marked ab- 
sorption spectral changes due to hydrogen bonding were produced when 
salicylates were added to I. Frequency shifts were observed. It is known 
that the energy of the hydrogen bond in the excited state is differentiated 
from that in the ground state. The association constants of I with I1 or 
111 in nonpolar solvents are large, however, with IV it is too small to be 
calculated from the absorption spectral data. The NMR data produced 
similar results. On the other hand, in chloroform solution the absorption 
spectral change due to hydrogen bonding was weak (not shown). This 
could be attributed to the solute-solvent interaction. 

Although 11,111, and IV are very similar structurally, their effects on 
the body may be quite diverse. Sodium salicylate and 111 effectively de- 
press oxidative phosphorylation while IV is a weak or ineffective un- 
coupling agent. Compound I11 is more potent than sodium salicylate as 
an analgesic and antipyretic, and IV is much leas effective than either (27, 
28). These facts are consistent with the experimental results obtained 
in this study. The use of deuterochloroform, carbon tetrachloride, and 
benzene as solvents in these experiments enabled observation of these 
interactions free of strong solute-solvent association effects. This envi- 
ronment may mimic in some ways the inside of the enzyme-substrate 
complex from which water may be excluded. It has been suggested that 
FAD in the enzyme is surrounded by a hydrophobic environment even 
in the aqueous phase (29,30). If one considers that the oxidation-re- 
duction process in these systems occurs in a lipophilic rather than an 
aqueous environment, i t  may be worthwhile to research the direct in- 
teraction between salicylates and the riboflavin moiety in a nonpolar 
system. Further quantitative analysis of these data should lead to a more 
precise fundamental understanding of the riboflavin-salicylate complex 
formation. 
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Abstract 0 The pharmacokinetics of 5-fluorouracil were studied over 
a 60-min period in rats that received 12.5,25.0, and 50.0 mg/kg iv. The 
plasma concentration-time relationship and the detectability in bile and 
parotid saliva (a route of elimination heretofore given little or no atten- 
tion) were examined. Protein binding of 5-fluorouracil a t  concentrations 
chosen to approximate those found in plasma was determined by equi- 
librium dialysis. Bile-plasma and parotid saliva-plasma concentration 
ratios were calculated. 5-FluorouraciI concentrations were quantitated 
by high-performance liquid chromatography. Plasma concentrations at  
all doses studied appeared to rapidly decline. The half-life, however, a t  
the 5O.O-mg/ky dose (27 min) was significantly longer (p  < 0.025) than 
the corresponding half-life a t  the 25.0-mg/kg dose (22 min). This may 
be attributed to an easily saturable hepatic degradation. Although an 
observed decline in bile-plasma and parotid saliva-plasma concentration 
ratios a t  higher doses may represent saturation of these excretary routes, 
the small amounts of 5-fluorouracil detected in bile and parotid saliva 
probably contribute negligibly to the elimination of the total drug 
equivalents administered. Parotid saliva-plasma concentration ratios 
were not useful in predicting plasma protein binding as determined by 
equilibrium dialysis. Excretion of intravenously administered 5-fluo- 
rouracil in saliva, however, exposes the upper GI tract to this agent and 
may play a part in causing stomatitis in patients receiving the drug by 
this route. 

Keyphrases 5-Fluorouracil-concentrations in rat plasma, bile, and 
parotid saliva as determined by high-performance liquid chromatogra- 
phy, protein binding, pharrnacokinetics 0 Chemotherapeutic agents- 
5-lluorouracil, concentration in rat plasma, bile, and parotid saliva, 
protein binding, pharmacokinetics in uiuo 0 Pharmacokinetics-of the 
chemotherapeutic agent 5-fluorouracil in rats, concentrations in plasma, 
bile, and parotid saliva 

5-Fluorouracil, an antineoplastic agent which inhibits 
the synthesis of DNA (l), is extensively used in the treat- 
ment of neoplasms of the breast and GI tract (2), with a 
trend toward utilizing it in combination with several che- 
motherapeutic agents in complex schedules for dissemi- 
nated disease (3-5). Information concerning the concen- 
tration-time course in plasma and body excretions may 
be helpful in establishing dose schedules with a pharma- 
cological rationale. In this work a simple, sensitive, and 
specific method, high-performance liquid chromatography 
(HPLC), was used to study the decline of 5-fluorouracil 
concentration in plasma and its excretion in bile and par- 
otid saliva, a route of excretion heretofore given little or 
no attention. Bile-plasma and parotid saliva-plasma 
concentration ratios were calculated and the significance 

Table 1-Concentration of 5-Fluorouracil in Rat Plasma 
Following Intravenous Administration 

Minutes Concentration in Plasma, pg/mlo 
Postdose 12.5-meke Doseb 25.0-make Doseb 50.0-mpkp Dosec 

5 9.9 f 0.9 33.6 f 1.7 52.8 f 3.8 
10 8.2 f 1.2 21.6 f 2.1 45.5 f 4.7 
15 6.0 f 0.6 15.1 f 1.3 34.2 f 3.7 
30 3.5 f 0.8 9.0 f 1.7 23.0 f 1.9 
60 1.6 f 0.2 5.9 f 1.4 11.7 f 1.0 

Data expressed as mean f SE. b n = 5. n = 6. 

of biliary and parotid saliva excretion as routes of elimi- 
nation were evaluated. The extent to which 5-fluorouracil 
is bound to rat plasma proteins, a t  a concentration chosen 
to approximate amounts detected in rat plasma, was 
measured by equilibrium dialysis. The calculated per- 
centage of free drug in plasma was determined from the 
parotid saliva-plasma concentration ratios and compared 
with the calculated percentage of free drug determined by 
equilibrium dialysis. 

EXPERIMENTAL 

Material-All solvents and reagents were analytical grade. A com- 
mercial preparation of 5-fluorouracill (injectable form) and 5-fluorocy- 
tosinel (powder form) were utilized. 

Apparatus-The liquid chromatograph* was fitted with a loop injector 
and fixed-wavelength UV detector (254 nm). A 1-mV recorder:' was uti- 
lized and the detector was attenuated at  0.20 AUFS. A prepacked, 300 
X 3.9-mm (i.d.) reverse-phase p-Bondapak Cla analytical column4 was 
run at ambient temperature. One liter of 5% glacial acetic acid was added 
to 27 mg of heptane sulfonic acid for the mobile phase. The mixture was 
pumped isocratically through the column at  a flow rate of 1.5 ml/min. 

Animal Experiment-Male Wistar rats, 220-270 g, were anesthetized 
and prepared for drug administration and parotid saliva collection by 
the method described by Piraino, DiGregorio, and Ruch (6). In addition, 
the bile duct was surgically exposed and cannulated with polyethylene 
tubing". Blood samples (0.5 ml) were collected in heparinized tubes at 
0, 5, 10, 15, 30, and 60 min after the administration of 5-tluorouracil 
through the femoral vein. Parotid saliva and bile were collected over 0-15, 
15-30, and 30-60 min postdose. 

Equilibrium Dialysis-One-milliliter samples of rat plasma con- 
taining 60.0 or 12.5 pg of 5-fluorouracil were placed into bags formed from 
standard dialysis tubin$. The bags were tied and put in 50-mi cuIture 
tubes containing 10 ml of 0.067 M phosphate buffer and spiked to yield 
a solution of 1OC% of the 5-fluorouracil concentration that was placed in 
the plasma compartment. The tubes were sealed tightly and agitated in 
a shaker-water bath maintained at  37' for 4-12 hr. 

Extractions-Extractions were done using a modified method of 
Christophides et al. (7). Plasma (200 pl), bile (100 pl), parotid saliva 
(50-100 pl), or dialysis tubing was added to 0.5 ml of saturated sodium 
sulfate solution and 50 pl of sodium acetate (200 ghiter). 5-Fluorocy- 
tosine, the int.erna1 standard, was dissolved in distilled water to yield a 
solution of 1.00 pg/ml, and 100 pl was added to the sample before ex- 
traction. The sample was then shaken with 5 ml of a solution of ether and 
n-propyl alcohol (41 v/v) for 5 min. After centrifugation the aqueous 
phase was removed and discarded. The organic phase was evaporated 
under a steady stream of air in a water bath maintained at 55'. The res- 
idue was redissolved in 20-50 pl of distilled water, and a 5-10 pl aliquot 
was injected into the liquid chromatograph. Quantitation was performed 
using the method of internal standards. 

Calculations-Linear regression analysis of the serum Level data from 
each animal after logarithmic transformation of the serum concentration 
data was used to calculate half-lives, volumes of distribution, and total 
body clearances. Statistical significance was determined at  p < 0.05 using 
two-sided variance analysis to determine the significance of differences 
between the groups studied. 
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Table 11-Concentration of 5-Fluorouracil in  Rat Bile Following 
Intravenous Administration 

Table IV-Bile-Plasma Concentration Ratios Following 
Intravenous Adminstration of 5-Fluorouracil to Rats 

Minutes Concentration in Bile, pg/mla Minutes Concentration Ratioa 
Postdose 12.5-mgkg Doseb 25.0-mgkg Doseb 50.0-mgkg Dosec Postdose 12.5-mgkg Dose 25.0-mgkg Doseb 50.0-mg/kg DoseC 

15 6.1 f 0.9 17.3 f 2.2 28.5 f 2.9 
30 3.8 f 0.3 8.2 i 1.5 11.6 f 2.1 
60 2.9 f 0.4 4.4 f 0.7 7.3 f 1.1 

15 1.03 f 0.12 1.18 f 0.18 0.84 f 0.04 
0.54 f 0.12 30 1.28 f 0.24 

60 1.80 f 0.22 1.00 i 0.39 0.64 f 0.09 
0.95 f 0.17 

a Data expressed as mean f SE. * n = 5. c n  = 6. 

RESULTS AND DISCUSSION 
The separation and identification of 5-fluorouracil was suitable for 

monitoring plasma, bile, and parotid saliva concentrations of the drug. 
The retention time for 5-fluorouracil was 2.0 min; the internal standard, 
5-fluorocytosine, had a retention time of 4 min. The separation was re- 
producible and sensitive for extracted plasma, bile, and parotid saliva. 
Calibration curves for spiked plasma, bile, and parotid saliva were linear 
when the injected sample contained 0.05-5.0 pg of 5-fluorouracil, cor- 
responding to concentrations over a range of 0.25-25 pg/ml. Extraction 
recoveries were 65% for 5-fluorouracil. 

Following surgery, parotid saliva and bile flow rates did not differ 
among experimental groups over the range of doses administered. The 
mean (fSE) plasma, bile, and parotid saliva 5-fluorouracil concentrations 
in rats receiving 12.5,25.0, and 50.0 mg/kg iv are presented in Tables 1-111. 
The plasma half-lives (fSE) for the 12.5-, 25.0-, and 50.0-mg/kg doses 
were 22 i 2, 25 f 5, and 27 f 3 min, respectively. The half-life a t  the 
50.0-mg/kg dose was significantly longer ( p  C 0.025) than the corre- 
sponding half-life a t  the 12.5-mg/kg dose. Total body clearances ( fSE)  
were 2.4 f 0.2,1.6 f 0.2, and 1.4 f 0.1 liters/kg/hr in rats receiving 12.5, 
25.0, and 50.0 mg/kg iv of 5-fluorouracil, respectively. Volumes of dis- 
tribution (fSE) were 1.23 i 0.11,0.89 f 0.10, and 0.94 f 0.10 liters/kg. 
While volumes of distribution did not change significantly over the range 
of doses studied, the total body clearance of 5-fluorouracil decreased 
significantly ( p  < 0.001) in animals that received 50.0 mg/kg compared 
with the group which received 12.5 mg/kg. The mean ( M E )  bile-plasma 
and parotid saliva-plasma concentration ratios were calculated and are 
presented in Tables IV and V. Compared with bile-plasma concentration 
ratios at 60 min for a dose of 50.0 mgkg, bileplasma concentration ratios 
were approximately two times higher with the administration of 25.0 
mg/kg and four times higher with the administration of 12.5 mg/kg (Table 
IV). The parotid saliva-plasma concentration ratios also tended to de- 
crease at  higher doses (Table V). The free plasma 5-fluorouracil con- 
centrations predicted using the parotid saliva-plasma concentration 
ratios 60 min following the intravenous administration of 5-fluorouracil 
were 49,36, and 24% for the 12.5-, 25.0-, and 50.0-mg/kg doses, respec- 
tively. 

When determined by equilibrium dialysis, however, the extent to which 
5-fluorouracil is bound to rat plasma at 18.7 f 2.0 and 65.7 f 0.9 pg/ml, 
was <lo%. The percentage of drug calculated to be free from protein 
binding was >90% for the aforementioned concentrations. The percent 
protein-bound drug did not vary significantly between 0.40 and 12-hr 
incubation when the drug was added to both sides of the system. 
Ninety-eight percent of the measured concentration of 5-fluorouracil 
added to the dialysis system was accounted for by drug assayed from both 
sides of the dialysis system after equilibrium. No 5-fluorouracil binding 
to the dialysis membrane was detected. 

5-Fluorouracil, an antimetabolite, is an antineoplastic agent extensively 
used for a variety of solid neoplasms and has toxicities that include bone 
marrow suppression and damage to the GI tract (8). Stomatitis and 
esophagopharyngitis are common side effects. In the past, pharmacoki- 
netic studies using rats have shown saturation of degradative metabolism 
,at high doses, which is presumed to correlate with the clinical observation 
that increasing doses of 5-fluorouracil results in unproportional increases 
in toxicity (9, 10). This investigation examined the plasma concentra- 
tion-time relationship and the detectability and excretion in parotid 

Table 111-Concentration of 5-Fluorouracil in Rat Parotid 
Saliva Following Intravenous Administration 

Minutes 
Postdose 12.5-mg/ke Dose 25.0-make: Doseb 50.0-me/ke DoseC 

Concentration in Parotid Saliva, pg/mla 
- I  " -  - -  

15 3.0 f 0.7 7.3 f 0.3 7.6 f 0.6 
30 1.6 f 0.1 3.9 f 0.4 5.9 f 0.5 
60 0.7 f 0.1 1.7 f 0.4 2.8 f 0.7 

a Data expressed as mean f SE. b n = 5. n = 6. 

a Data expressed as mean f SE. b n = 5. c n = 6. 

saliva and bile of intravenously administered 5-fluorouracil in rats. The 
excretion of 5-fluorouracil in body fluids, in addition to the plasma- 
concentration time course, may be useful in predicting the mechanisms 
of clinically encountered toxicities. 

In this work 5-fluorouracil plasma concentrations dropped rapidly after 
intravenous administration. This is consistent with the hypothesis that 
only a small amount of pharmacologically active drug remains in the 
tissues, while most of the dose administered is rapidly eliminated from 
the body (11). As reported previously, the plasma half-life of 5-fluo- 
rouracil was found to increase at  higher doses (9). While differences in 
plasma half-life were not striking, the half-life a t  the 50.0-mg/kg dose 
appeared significantly ( p  < 0.05) prolonged compared with the corre- 
sponding half-life a t  the 12.5-mg/kg dose. 

5-Fluorouracil is metabolized primarily via the liver by an easily sat- 
urable pathway (9, 10). Although bile flow rates were unchanged, the 
proportion of 5-fluorouracil excreted in bile, as reflected by the bile- 
plasma concentration ratio a t  a dose of 50.0 mg/kg, was approximately 
one-fourth and one-half of that a t  the 12.5- and 25.0-mg/kg doses, re- 
spectively. A decline in the bile-plasma concentration ratio a t  higher 
doses is consistent with a saturable hepatic excretory process. The relative 
decrease in biliary excretion probably does not contribute greatly to a 
longer plasma half-life a t  higher doses, since 5-fluorouracil is mainly 
eliminated by urinary excretion (12). In general, low molecular weight 
compounds are not eliminated primarily uia bile even in rats with ligated 
renal pedicles (13). A longer half-life a t  higher doses remains best ex- 
plained by saturation of the degradative metabolism. The dependency 
of half-life on dose can not be attributed to changes in the volumes of 
distribution since these tended to decrease a t  higher doses. Total body 
clearances, however, of 5-fluorouracil decreased at higher doses consistent 
with a saturable elimination. Ongoing clinical investigations are assessing 
how alterations in urinary excretion of 5-fluorouracil and its metabolites 
can account for some of the variation observed in response to therapeutic 
doses (14). 

Although urinary and biliary excretion have been previously studied, 
heretofore little or no information has been available concerning the 
detectability and excretion of 5-fluorouracil in saliva. This work dem- 
onstrates that this chemotherapeutic agent is excreted in detectable 
amounts in rat parotid saliva after intravenous administration. The 
concentration of 5-fluorouracil in parotid saliva is low and probably 
contributes negligibly to the total drug equivalents eliminated from the 
body. The calculated percentage of free 5-fluorouracil in plasma predicted 
by the parotid saliva-plasma concentration ratios consistently yielded 
values too low to reflect the percentage of free drug in plasma as deter- 
mined by equilibrium dialysis. Parotid salivary excretions of 5-fluo- 
rouracil may be affected by back-diffusion, ion trapping, alterations in 
blood supply, and damage of the parenchyma of the gland. It is hypoth- 
esized that cytological changes in the salivary glands of mice following 
sublethal doses of 5-fluorouracil may impair the discharge of secretory 
materials (15). Furthermore, excretion in the saliva exposes the mucosa 
of the upper GI tract to 5-fluorouracil after intravenous administration. 
This may correlate with the clinical observation that intravenously ad- 
ministered 5-fluorouracil has been found to cause stomatitis (11). 
Structural changes similar to those found in the parotid glands of mice 
have been described in the pancreas (16) of Brunner's glands (17) of rats. 
5-Fluorouracil may affect these metabolically active organs by incorpo- 

Table VSal iva-Plasma Concentration Ratios Following 
Intravenous Administration of 5-Fluorouracil to Rats 

Minutes Concentration Ratios0 
Postdose 12.5-mg/kg Doseb 25.0-mg/kg Dose 50.0-mg/kg DoseC 

_ _ _ _ _ _ _ ~  

15 0.50 f 0.10 0.50 f 0.05 0.24 i 0.04 
30 0.56 f 0.13 0.49 f 0.10 0.27 f 0.04 
60 0.49 f 0.08 0.36 f 0.05 0.24 f 0.04 

Data expressed as mean f SE. * n = 5. n = 6. 
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rating into RNA, since it has been reported to inhibit protein synthesis 
in mammals by this mechanism (16). 

In the past rat studies have been used to develop optimal scheduling 
programs and predict mechanisms of toxicity of 5-fluorouracil (9, 18). 
Findings of these investigations are presumed to correlate with clinical 
observations. In this work, concentrations of 5-fluorouracil in the excreted 
fluids of rats were used to supplement information derived from the 
plasma concentration time course. This work has demonstrated that 
unmetabolized 5-fluorouracil is excreted in detectable amounts in rat 
bile and parotid saliva. Biliary excretion appears to occur oia a saturable 
process. Excretion of 5-fluorouracil in parotid saliva exposes the upper 
GI tract to this agent, even when administered intravenously. These 
routes of excretion appear to contribute negligibly to the total drug 
equivalents eliminated from the body. 
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Abstract 0 Reserpine was shown to generate a liquid membrane. 
Transport of adrenaline, noradrenaline, dopamine, 5-hydroxytryptamine, 
glutamic acid, and y-aminobutyric acid in the presence of the reserpine 
liquid membrane was studied. The data indicate that the phenomenon 
of liquid membrane formation is likely to play a role in the mechanism 
of reserpine action. 

Keyphrases Reserpine-liquid membrane phenomenon, biogenic 
amines, neurotransmitter amino acids, surface activity 0 Liquid mem- 
brane phenomenon-reserpine action, biogenic amines, neurotransmitter 
amino acids, surface activity 

Surface activity is exhibited by a wide variety of bio- 
logically active agents (1). The fact that surface activity 
may play a role in the mechanism of action of some drugs 
is evident from the correlations obtained (2) between 
surface activity and biological effects. Previous researchers 
(3) have concluded that in the case of psychotropic drugs, 
surface activity is the primary factor which determines 
their potency and not the specific chemical structure. 

According to a previous hypothesis (4), surface-active 
agents, when added to water or aqueous solutions, generate 
liquid membranes which completely cover the interface 
at  concentrations equal to the critical micelle concentra- 
tion of the surfactant. It is, therefore, logical to expect that 
the liquid membranes generated by surface-active drugs 
may play a role in the mechanism of their action. Studies 
on haloperidol, a surface-active neuroleptic drug, were 
recently undertaken (5) ,  and it was shown that the liquid 
membrane generated by haloperidol contributes signifi- 
cantly to the mechanism of its action. 

To establish the role of liquid membrane phenomena in 
the mechanism of action of surface-active drugs, it is 
necessary to conduct studies, on structurally dissimilar 
drugs. Reserpine, a drug structurally different from ha- 
loperidol, is discussed in the present report. Existence of 
a liquid membrane generated by reserpine was demon- 
strated and data on the transport of biogenic amines and 
relevant neurotransmitter amino acids, through the liquid 
membrane generated by reserpine, were obtained. 

EXPERIMENTAL 

Materials-Reserpine*, dopamine chlorhydrate2, adrenaline hydrogen 
tartratez, ~-noradrenaline3, 5-hydroxytryptamine creatinine sulfate4, 
L-glutamic acids, y-aminobutyric acids, and distilled water (glass-distilled 
once from potassium permanganate) were used. 

Methods-The critical micelle concentration (CMC) of aqueous re- 
serpine was determined from the variation of surface tension with con- 
centration. The surface tensions were measured using a tensiometer'j. 
To prepare aqueous solutions of reserpine, the necessary volume of an 
ethanolic solution of known concentration of the drug was added to the 
aqueous phase with constant stirring. Since the aqueous solution of re- 
serpine always contained some alcohol, in no case >1%, the blanks used 
also contained the same amount of alcohol in water. The CMC value of 
aqueous reserpine was found to he 1.6 X 10-6 M. 

The all-glass cell described earlier (5,6) was used for transport studies. 
A cellulose nitrate millipore filter', which acted as a support for the liquid 
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rating into RNA, since it has been reported to inhibit protein synthesis 
in mammals by this mechanism (16). 

In the past rat studies have been used to develop optimal scheduling 
programs and predict mechanisms of toxicity of 5-fluorouracil (9, 18). 
Findings of these investigations are presumed to correlate with clinical 
observations. In this work, concentrations of 5-fluorouracil in the excreted 
fluids of rats were used to supplement information derived from the 
plasma concentration time course. This work has demonstrated that 
unmetabolized 5-fluorouracil is excreted in detectable amounts in rat 
bile and parotid saliva. Biliary excretion appears to occur oia a saturable 
process. Excretion of 5-fluorouracil in parotid saliva exposes the upper 
GI tract to this agent, even when administered intravenously. These 
routes of excretion appear to contribute negligibly to the total drug 
equivalents eliminated from the body. 
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Surface activity is exhibited by a wide variety of bio- 
logically active agents (1). The fact that surface activity 
may play a role in the mechanism of action of some drugs 
is evident from the correlations obtained (2) between 
surface activity and biological effects. Previous researchers 
(3) have concluded that in the case of psychotropic drugs, 
surface activity is the primary factor which determines 
their potency and not the specific chemical structure. 

According to a previous hypothesis (4), surface-active 
agents, when added to water or aqueous solutions, generate 
liquid membranes which completely cover the interface 
at  concentrations equal to the critical micelle concentra- 
tion of the surfactant. It is, therefore, logical to expect that 
the liquid membranes generated by surface-active drugs 
may play a role in the mechanism of their action. Studies 
on haloperidol, a surface-active neuroleptic drug, were 
recently undertaken (5) ,  and it was shown that the liquid 
membrane generated by haloperidol contributes signifi- 
cantly to the mechanism of its action. 

To establish the role of liquid membrane phenomena in 
the mechanism of action of surface-active drugs, it is 
necessary to conduct studies, on structurally dissimilar 
drugs. Reserpine, a drug structurally different from ha- 
loperidol, is discussed in the present report. Existence of 
a liquid membrane generated by reserpine was demon- 
strated and data on the transport of biogenic amines and 
relevant neurotransmitter amino acids, through the liquid 
membrane generated by reserpine, were obtained. 

EXPERIMENTAL 

Materials-Reserpine*, dopamine chlorhydrate2, adrenaline hydrogen 
tartratez, ~-noradrenaline3, 5-hydroxytryptamine creatinine sulfate4, 
L-glutamic acids, y-aminobutyric acids, and distilled water (glass-distilled 
once from potassium permanganate) were used. 

Methods-The critical micelle concentration (CMC) of aqueous re- 
serpine was determined from the variation of surface tension with con- 
centration. The surface tensions were measured using a tensiometer'j. 
To prepare aqueous solutions of reserpine, the necessary volume of an 
ethanolic solution of known concentration of the drug was added to the 
aqueous phase with constant stirring. Since the aqueous solution of re- 
serpine always contained some alcohol, in no case >1%, the blanks used 
also contained the same amount of alcohol in water. The CMC value of 
aqueous reserpine was found to he 1.6 X 10-6 M. 

The all-glass cell described earlier (5,6) was used for transport studies. 
A cellulose nitrate millipore filter', which acted as a support for the liquid 
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Table I-Values of L at Various Concentrations of Reserpine 

Concentration of Reserpine 0.800 1.200 1.600 6.400 
X l W M  0 (0.5 CMC) (0.75 CMC) (1 CMC) (4 CMC) 

2.482 
f 0.086 
- 

2.191 
f 0.055 

2.165 

1.918 
0.090 
2.006 

1.848 1.431 
f 0.031 f 0.057 - - 

f 0.071 f 0.064 
Experimental values. Calculated values on the basis of mosaic model. 

membrane, separated the transport cell into two compartments, C and 
D (Fig. 1) ($6). 

Measurements of hydraulic permeability were carried out using the 
method described earlier (5,6) at various concentrations of reserpine, 
ranging from 0 to 6.4 X M. The concentration range was selected 
to get data from both the lower and the higher sides of the reserpine 
CMC. 

For solute permeability of biogenic amines and amino acids, two sets 
of experiments were performed. In the first set, compartment C of the 
transport cell (Fig. 1) (5,6) was filled with the solution of the respective 
permeable solutes prepared in 6.4 X M aqueous solutions of reser- 
pine, and compartment D was filled with distilled water. In the second 
set of experiments, compartment C was filled with the aqueous solution 
of the permeable solutes, and compartment D was fded with the aqueous 
solution of reserpine of 6.4 X 10-6 M concentration. In the control ex- 
periments no reserpine was used. The concentration of reserpine of 6.4 
X M, well above its CMC, was deliberately chosen for solute per- 
meability measurements to ensure formation of a complete layer of liquid 
membrane on the supporting membrane. The values of the solute per- 
meabilities (0) were estimated using (7,8): 

0%. 1) 

where AT is the osmotic pressure difference, J, is the solute flux per unit 
area of the membrane, and J,, is the volume flux. The method of mea- 
surement was described earlier (5). 

Since reserpine is known to be photosensitive (9), in all the perme- 
ability experiments, the part of the transport cell containing reserpine 
solution was covered with black paper. All measurements including CMC 
determinations were carried out at 37 f 0.1O. 

Estimation of Biogenic Amines-Transport of adrenaline, nor- 
adrenaline, dopamine, and 5-hydroxytryptamine was estimated in the 
presence of reserpine. Reserpine was observed to interfere with fluoro- 
metric estimation of biogenic amines; therefore, the estimations were 

(A) AT J.=o = w  

2 4 6 8 10 12 14 16 18 20 

AP X lo-' (Nm-') 

Figure I-Hydraulic permeability data. Curves I, II,111, IV, and Vare 
for0;O.R X 1.2 X 1.6 X 10-6;6.4 X 10-6M, concentrations 
of reserpine, respectively. 

carried out using a spectrophotometel8 by measuring absorbance at 282.4 
nm ( A d .  Calibration curves were constructed by noting the absorbance 
of the solutions of varying concentrations of .biogenic amines; prepared 
in a solution of a fixed concentration of reserpine, which was equal to its 
concentration in solute permeability experiments. The calibration curves 
thus constructed were found to be linear in accordance with Beer's 
law. 

Estimation of Amino Acids-The amounts of glutamic acid and 
y-aminobutyric acid were estimated from the amount of their reaction 
products with ninhydrin5, measured spectrophotometrically9 at  570 
nm. 

RESULTS AND DISCUSSION 

From the hydraulic permeability data a t  various concentrations of 

J,, = LAP (Eq. 2) 

where J ,  represents volume flux per unit area of the membrane, AP the 
applied pressure difference, and L the hydraulic conductivity coefficient, 
holds good in all cases. The values of L (Table I) show a progressive de- 
crease with an increase in concentration of reserpine up to its CMC, be- 
yond which the decrease is only nominal. This trend is indicative of 
progressive coverage of the supporting membrane with the reserpine 
liquid membrane in accordance with a previous hypothesis (4). The de- 
crease in the values of L beyond the CMC of reserpine possibly is due to 
an increase in density of the liquid membrane as postulated previously 
(4). 

Analysis of the flow data (Fig. 1, Table I) in relation to a mosaic 
membrane model (10, 11) further supports the existence of the liquid 
membrane in series with the supporting membrane. Following the 
arguments given earlier (5,6) it can be shown that if the concentration 
of the surfactant is n times its CMC, with n 51, the values of L would be 
equal to [(l - n)Lc + nLs] where Lc and Ls represent the values of L a t  
0 and CMC of the surfactant, respectively. 

The values of L,  computed at  various concentrations of reserpine, lower 
than its CMC value, match favorably with the values obtained experi- 
mentally (Table I). 

The values of w for the biogenic amines and amino acids recorded in 
Table I1 indicate that the maximum reduction in the permeability values 
is observed in the second set of experiments where compartment D was 
filled with reserpine and compartment C with permeable solute. When 
reserpine is present in compartment D (Fig. 1) (5,6) the liquid membrane 
generated will present the hydrophobic surface to the permeable solute 
that is present in compartment C. Since reserpine is known to act by re- 
duction in the uptake of biogenic amines (12), i t  appears that this specific 
orientation of reserpine with the hydrophobic ends facing the various 
solutes may be necessary even in biological cells. 

Reserpine is known to inhibit intraneuronal storage of catecholamines 
(12). Although inhibition of the ATP-Mg2+-dependent uptake mecha- 
nism in isolated chromaffin granules has been considered to be a factor 
governing this mechanism (13), effects on other subcellular particles is 
also believed to occur by a common, nonspecific mechanism (3). The 
results of the present experiments indicate that the liquid membrane 
phenomenon is such a nonspecific mechanism. The phenomenon appears 
to be of special significance because the liquid membrane is formed at  
micromolar concentrations of the drug. 

While some of the wide-ranging actions of reserpine can be explained 
on the basis of blocking of catecholamine uptake (12). it is difficult to find 
a common mechanism for other effects such as inhibition of experimen- 
tally provoked thrombus formation in rats (141, decreased oxygen utili- 
zation in the brain (15) and liver (161, antitumor effects (17), extrapy- 
ramidal symptoms (18), and reduction of thyroid secretion (19). Im- 

reserpine (Fig. l ) ,  it is observed that the linear relationship: 

Varian Car 17 D Spectrophotometer. 
Bausch and)Lomb bpectronic-20. 
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Table 11-Solute Permeability (0) of Biogenic Amines and 
Amino Acids in The Presence of 6.4 X 10-6 M Reserpine 

Dopamined 1137.0 738.2 883.6 
Noradrenalined 1155.0 67.8 658.3 
Adrenalined 1165.0 567.3 880.2 
5-Hydroxy- 1063.0 311.6 518.9 

Glutamic acid‘ 403.6 217.5 491.7 
y -aminobutyric 695.1 407.1 1115.0 

tryptamined 

acidf 

Control value, when no reserpine was used. Reserpine in compartment D of 
the transport cell. Reser ine in compartment C of the transport cell. d Initial 
concentration used, 10 pgf)ml. Initial concentration used, 500 pg/ml. / Initial 
concentration used, 200 pg/ml. 

pairment of catecholamine release by reserpine has also been reported 
(20), for which no explanation has been given at  a molecular level. The 
liquid membrane phenomenon seems to offer a common mechanism for 
all such effects. Alteration in transport of biologically relevant molecules 
by the reserpine liquid membrane could be a plausible explanation. 

Reserpine is also known to reduce the permeability of biological cells 
to 5-hydroxytryptamine (20), which may contribute to its sedative effect. 
The present set of experiments also shows reduction in permeability of 
5-hydroxytryptamine because of reserpine liquid membrane. Reserpine 
is known to lower electroshock threshold in rats (21), which is related to 
depletion of y -aminobutyric acid in the brain. Since reserpine liquid 
membrane reduces the permeability of this amino acid (Table II), the 
above effect can be at least partially assigned to the formation of a liquid 
membrane by reserpine in situ. 

Although reduction in the permeabilities of biogenic mines and amino 
acids (Table II), due to the liquid membrane generated by reserpine, is 
passive in nature, it is also likely to be accompanied by a subsequent re- 
duction in their active transport. Access of the permeable solutes to the 
active site located on the biological membrane is likely to be effectively 
reduced due to the resistance offered by the reserpine liquid mem- 
brane. 
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Abstract The response patterns of the time profile of plasma drug level 
to dose elevation after subcutaneous administration of a practically 
water-insoluble drug in aqueous suspension were investigated. Equations 
to predict the plasma drug concentration a t  any time and the time T,,, 
at  which it reaches the maximum (C,,,,) a t  different doses were derived 
using empirical equations describing the subcutaneous absorption kinetic 
process as an input function of one- and two-compartment models. 
Computer simulation for the one-compartment model showed that C,, 
tended to increase curvilinearly with dose elevation accompanied by the 
retardation of Tm,. It also showed that this tendency was noticeable in 
dose elevation at  fixed injection volume and became more significant for 
drugs with a smaller absorption rate and/or a larger elimination rate. This 
suggested that a more effective means of raising the drug plasma level 
for such drugs would be improvement of the formulation. The validity 
of the information obtained from the simulation was confirmed by various 
subcutaneous administration experiments of N1-acetylsulfamethoxazole 
aqueous suspensions in rats. Further, the multiple-point injection method 
was ascertained to be useful for avoiding the nonlinear increase in plasma 
drug concentration with dose elevation appearing in the subcutaneous 
administration of aqueous suspensions. 

Keyphrasea 0 Absorption-studies on practically water-insoluble drugs 
following injection, plasma concentration after different subcutaneous 
doses of a drug in aqueous suspensions in rats Aqueous suspen- 
sions-studies on absorption of practically water-insoluble drugs fol- 
lowing injection, plasma concentration after different subcutaneous doses 
in rats 

Aqueous suspensions are extensively used as a paren- 
teral dosage form for practically water-insoluble drugs. 
Despite their usefulness for early screening and preclinical 
testing of newly developed drugs in laboratory animals, 
little is known about the patterns of plasma drug level 
change with time and dose after subcutaneous, intra- 
muscular, or intraperitoneal administration. This is un- 
doubtedly due to insufficient information on the absorp- 
tion kinetics for aqueous suspensions when using such 
administration routes. 

Drug administration via the subcutaneous route is 
convenient for early animal experiments because it allows 
injections of a larger volume than possible with the intra- 
muscular route and does not involve the first-pass effect 
sometimes observed when the intraperitoneal route is used 
(1). Previous studies on the subcutaneous absorption ki- 
netics of practically water-insoluble drugs in aqueous 
suspension using the local clearance method in rats (2) gave 
a kinetic equation which was not of the first order and 
which differed from that for oily (3) or surfactant micellar 
solutions'. The rate constant, which was empirically de- 
rived from the experimental results, was a complex func- 
tion of the initial drug concentration and injection volume, 
i .e.,  the dose (2). 

I K. H i r a m  and H. Yamada. unpublished result>. 

The purpose of the present study was to examine plasma 
drug levels after different subcutaneous doses of a prac- 
tically water-insoluble drug in aqueous suspension. First, 
pharmacokinetic approaches were made using the previ- 
ously obtained kinetic equation for absorption as an input 
function of one- and two-compartment models to generate 
equations describing the time course of the plasma drug 
level. Next, computer simulations were undertaken to  
clarify the response patterns of the plasma drug concen- 
tration-time curve for the change in dose or absorption 
rate constant. Then the validity of the information ob- 
tained from the simulation was checked experimentally 
in rats with aqueous suspensions of Nl-acetylsulfam- 
ethoxazole. In addition, the usefulness of multiple-point 
injections for drugs having an exceedingly slow absorption 
rate was examined experimentally. 

THEORETICAL 

Previous investigations have shown that the drug absorption process 
from aqueous suspensions injected subcutaneously (2) or intramuscularly 
(4) can be represented, if the injected particles loosely agglomerate and 
if dissolution (or release) of the drug from the surface of the particle ag- 
glomerate is the rate-limiting step for overall drug absorption, by: 

(Eq. 1) 
where WO and W are the dose and the amount of the drug remaining at  
the injection site a t  any time t ,  respectively, and j is defined as an ap- 
parent absorption rate constant2. This constant could be related to the 
initial drug concentration CO and the injection volume VO by the following 
empirical equation: 

W = Wo(1 - j t ) 3  (0 5 t 5 l / j )  

where the term f is a constant that depends on the drug, preparation 

absorption elimination 

I k e i  
injection metabolized 

site and/or  excreted 

hI2 

I kai 
B @ Ex-] = 

injection 
site 1.10  

metabolized 
and/or excreted 

Figure 1-(A) One- and (B) two-compartment models with nonlinear 
subcutaneous absorption. 

.I - I I . he term "apparent" is used. since the assumption that Ey. 1 retlects the true 
;il~sorption of the drug into the systemic circulation was not checked directly by 
experiments althwigh its validity was indirectly confirmed by the local clearance 
method (2,4h.'l'he validity will he verified in the latter halfof this paper. 
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conditions (particle size, etc.), injection site, and physiological state of 
the subject. The exponents g and h in this equation are constants de- 
termined experimentally. For the subcutaneous route in rats, the ex- 
perimental values for g and h are -0.66 and -0.32, respectively (2). 

Applying the above kinetic equations as an input function of a one- 
or two-compartment model, the following pharmacokinetic approaches 
can be made to derive equations which give the plasma drug concentra- 
tion as a function of time. 

One-Compartment Model-For the one-compartment model (Fig. 
lA), the elimination rate of the drug (dX,ldt) can be defined as: 

dX,ldt = kelCVd (Eq. 3) 

where X, is the amount of the drug eliminated from time 0 to t and C 
represents the plasma concentration of the drug. The parameters ke1 and 
v d  are the apparent first-order elimination rate constant and the ap- 
parent volume of distribution, respectively. Differentiation of &. 1 with 
respect to time gives the rate of absorption of the drug from the injection 
site: 

dWldt = -3Wi( l  (Eq. 4) 

And from mass balance: 
dCVd dW dXe 
-I---- 

dt  dt dt 
Combining Eqs. 3-5 results in: 

(Eq. 5) 

(Eq. 6) 

Solving for C gives two relationships between the plasma drug con- 
centration and time. 
For0 I t I t * :  

C = P[Q(1 - e-&d') + Rt + St2] (Eq. 7) 

C = C*e-Mt-t*) (Eq. 8) 
The terms t*, P, Q, R, S, and C* are written by setting y = i lkel  as fol- 
lows: 

and for t > t *: 

(Eq. 9) I t* = IIj, P = 3wO/vd, Q 7(1+ 27 + 27') 

R = -2jy( l+ y), S = j2r, 
C* = P[Q(l - ,-&*It*) + Rt* + St* 2] 

When the plasma concentration reaches maximum (C,) at  time 2'- 

(Eq. 10) 

T,, is given as one of the real solutions of this transcendental equation. 
(Numerical analysis may be useful for solving this equation.) C,, is 
obtained by substituting T,, for t in Eq. 7. 

Two-Compartment Model-Analytical treatment for a multicom- 
partment model with a complex input function not having a simple La- 
place transform, is not as simple as a one-compartment model. Also, a 
previous general treatment for linear mamillary models (5,6) may not 
be applicable for such a model. 

Recently, a valuable partial transformation approach was reported (7), 
which avoids Laplace transformation of the input function and the use 
of convolution integrals, and can be used for treatment of a linear mul- 
ticompartment model with complex input functions in one or more 
compartments. According to this approach: 

X = 9(t)[X(O) + x' 9(-t)f(t)dt] (Eq. 11) 

where the ith component of vector X or f is the amount Xi at time t or 
the input function fi(t) in the ith compartment, respectively, and X ( 0 )  
is the vector X at time t = 0. The ijth component 9ij of matrix 9 is given 
by: 

9ij = L- l(lsijl/lsl) (Eq. 12) 

where L-' is the inverse Laplace transform operator, IS1 is the deter- 
minant of the matrix S, and Sij is the cofactor corresponding to the ijth 
element. Here, the matrix S is def ied as: 

S = -K + diag(s + El, s + E2, . . ., s + En) (Eq. 13) 

(0 < T,, < t*), then dCldt = 0. Therefore: 

Qkele-kJTm + R + 2ST- = 0 

A 

6 
HOURS 

10 

Figure 2-Computer-predicted plasma levels after different subcu- 
taneous doses of a drug in aqueous suspension (A) and oily solution (B) 
at  fixed injection volume (0.5 ml). Plasma concentrations were calcu- 
lated from hypothetical parameters: hi, 0.5 hr-l; V d ,  25 ml; jfl) (at CO 
= 5 mglml and VO = 0.5 ml), 0.10 hr-l (tllz, 2.06 hr); k, 0.336 hr-l (t112, 
2.06 hr). 

where the ijth element kij of the matrix K is the first-order intercom- 
partmental transfer rate constant between the ith and j th  compartments, 
and Ei is the sum of the exit rate constants of the ith compartment. The 
symbol s represents the Laplace operator and s + Ej is the ith diagonal 
element of the diagonal matrix, diag(s + E l ,  s + E2,.  . ., s + En). 

Using Eq. 11 for analytical treatment of the two-compartment model 
with an input function of &. 4 (Fig. 1B) yields the following equations 
which describe the drug amounts in the central and peripheral com- 
partments (XI and XZ, respectively) as a function of time. Thus, for 0 
I t  I t * :  

+ 3(k21 - 8)wo [Qz(1 - e-Pt) + R2t + S2t2] (Eq. 14) 
a - B  

and: 

xz=B_(y 3k12Wo [Q1(1 - e-.') + Rlt + Slt2 

- Qz(1 - e-ot) - Rzt - S2t2] (Eq. 15) 

For t > t* (setting t' equal to t - t*): 

By introducing the apparent volume (V,) of the central compartment, 
the plasma drug concentration ( C )  is given as: 

c = X , / V ,  (Eq. 19) 

In addition, TmaX (0 < T,,, I t * )  is also given as one of the real solutions 
of the following transcendental equation: 

(a - k21)(Qlae-~~~m- + R1+ 2S1Tm,,) 
+ (k21- B)(Q2/3e-dTm- + R2 + 2S?T,,,) = 0 (Eq. 20) 

Thus, plasma concentration C at any time t ,  Tmsx, and Cmax can be 
readily calculated for different doses of a drug when only one absorption 
rate constant (under certain administration conditions) and other 
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Figure 3-Relationship between C,, (A) or T,, (B) and subcuta- 
neous dose of aqueous suspension at fixed injection volume (a) or fixed 
drug concentration (b). These curves were obtained using hypothetical 
parameters: kl, 1.0 hr-l; v d ,  25 ml; j(1) (at CO = 5 m g h l  and VO = 0.5 
mlj, 0.0238 hr-1. 

pharmacokinetic parameters are known; this confers one- or two-com- 
partment characteristics on the body. In the present study, using the 
one-compartment model as an example, the response pattern of the 
plasma drug concentration-time curve to a change in dose or absorption 
rate constant was examined through some simulations and experi- 
ments. 

EXPERIMENTAL 

Calculation of Plasma Concentration-The apparent absorption 
rate constant j at any drug concentration (CO) and at any injection volume 
(VO), i.e., at  any dose, was calculated from one set of known data b( l )  a t  
Co(1) and Vo(l)], assuming the same injection site and an aqueous sus- 
pension of the same prescription, using the following equation derived 
readily from &. 2 

(Eq. 21) 

In this study, the experimentally determined values of -0.66 and -0.32 
were used for g and h, respectively (2). Drug plasma concentration C at  
any time t was calculated from Q. 7 or 8 using values of j obtained from 
Q. 21, pharmacokinetic parameters (k,l and Vd), and dose Wo. T ,  was 
obtained by solving Eq. 10 with the aid of numerical analysis (Newton- 
Raphson method). For calculation of the sulfamethoxazole plasma con- 
centration after subcutaneous doses of N'-acetylsulfamethoxole in 
aqueous suspension, the experimental value of 0.17 hr-' (CO = 5 mg/ml; 
VO = 0.5 mi of N'-acetylsulfamethoxazole), which was reported in a 
previous paper (2). was used as j ( 1 ) .  All of the above calculations were 
carried out with a FACOM 270-20/30 computer. 

A 

0 6 10 
DOSE, mg DOSE, mg 

Figure 4-Curvilinear increase in C,, with dose elevation at different 
j(1) (section A) or bl values (section B) under fixed injection volume 
(0.5 ml). These curves were calculated from hypothetical parameters: 
v d ,  25 ml; bl in section A, 1.0 hr-1; j(1) in section B, 0.05 hr-1. j(l) shows 
the j value at CO = 5 mglml and Vo = 0.5 ml. 

A I 
8C 

B 

Eo- 0- h o  5 5 10 10 0 
DOSE, mg DOSE, mg 

Figure 5-Retardation of T,,, with dose elevation at different j(1) 
(section A) or k,l values (section B) under fixed injection volume (0.5 
ml). These curves were calculated from the same hypothetical param- 
eters: v d ,  25 ml; k,r in section A, 1.0 hr-1; j(1) in section B, 0.05 hr-'. 

Materials and Test Suspensions-N'-Acetylsulfamethoxazole? was 
selected as a model of a practically water-insoluble drug and aqueous 
suspensions of the different concentrations (5,10,20,50, and 100 mg/ml), 
prepared according to the controlled preparation method described in 
a previous report (4), were used as test suspensions for the subcutaneous 
administration experiments. N1-Acetylsulfamethoxazole3 and a dis- 
persion medium4 used for these preparations were the same as those re- 
ported in the previous paper (2). The mean particle diameter, distribution 
constant, and sedimentation volume of the test suspensions were 3.7-4.2 
pm, 2.4-2.6, and 1.7-1.8 cm3/g, respectively. These colloidal properties 
were similar to those reported in the previous paper (2). In addition, 
sulfamethoxazole solutions (concentration: 1.25, 2.50, and 5.0 mg/ml; 
medium: saline) were also used for the intravenous administration ex- 
periments. These solutions were prepared using the sodium salt? of sul- 
famethoxazole; pH values were adjusted to 8.0 with 1 N HCl. 

Animal Experiments-Male Wistar albino rats weighing 250-292 
g were used in all animal experiments. All test suspensions were admin- 
istered into the dorsal subcutaneous region of the rats according to the 
manner described in a previous paper (3). Blood samples were withdrawn 
periodically through a tail vein. The rats were placed in a conventional 
cage with free access to water and food, except for a short period during 
drug administration and blood sampling when they were placed under 
light anesthesia with ether. One hundred microliters of plasma was col- 
lected for the following assay. A group of three to six rats was used in each 
experiment. 

In vitro incubation of N1-acetylsulfamethoxazole (I) a t  37' [concen- 
tration of I in medium, 76 pg/ml (below solubility level of I)] with fresh 
rat plasma or saline shaken with subcutaneous connective tissues and 
interstitial materials5, caused >90% of I to be transformed into sulfa- 
methoxazole (11) within a 30-sec period. A similar conversion has been 
reported (8) for N1-acetylsulfisoxazole using human plasma. It is inferred 
from these findings that N1-deacetylation of I occurs immediately after 
dissolution in the injection site medium and that I1 is actually the com- 
pound being absorbed. In practice, I could not be detected in blood 
samples taken a t  10 and 20 min and 1,2,  and 5 hr after subcutaneous 
administration of an aqueous suspension of I (dose: 5 mg/0.5 ml/rat) even 
in carefully conducted experiments6. 

Although I, when dissolved in the injection site medium, is deacetylated 
to 11, the resultant 11 disappeared much more rapidly' than the dissolu- 
tion of I. Thus, no significant accumulation of I1 at the injection site was 

:1 Shionogi Research Laboratories, Shionogi & Co., Ltd., Fukushima-ku, Osaka 
558, dapan. 

4 0.5% (w/v) Methylcellulose (Metolose SM-15) + 0.005% (w/v) polysorbate 80 
+ 0.9% (w/v) NaCI. 

5 This incubation medium was obtained as follows: The rat was injected at four 
different points with 0.5 sc ml of saline. Immediately after the injections, the con- 
nective tissues containing saline depot were excised, minced, shaken with 2 ml of 
saline for :u) min, and centrifuged at :3ooO rpm lirr 10 min. The resultant supernatant 
was used as the medium. 

Immediately after blood sampling, 0.2 ml of blocd was mixed vigorously with 
2 ml of 0.03 N HCI kept at Oo and 2 ml of 6% (w/v) HC104 was added. The mixture 
was shaken well and centrifuged at So. A portion of the clear, deproteinized solution 
was injected into the high-performance liquid chromatographic (HPLC) system 
as follows: Shimadzu LC-3A mlumn, Nucleosil 1OC18 (4-mm i.d. X 300 mm); mobile 
phase, pH 6.3 phosphate buffer (50 mM)-acetonitrile (31. v/v); flow rate. 2 ml/min; 
detection, UV (290 nm): retention time, 14.1 min for 1; detection limit for I (deter- 
mined using blocd samples inactivated with HCI then added with I) ,  1-2 fig/ml of 
h l y d .  

' For example, the half-life of 11 in aqueous solution in the injection site was -8.3 
min (dose, 260.4 pg/0.5 d r a t ) .  while that of I in aqueous suspension was -70 min 
(dose. 2.5 md0.5 ml/rat). 

604 I Journal of pharmaceutical Sciences 
Vol. 72. No. 6, June 1983 



HOURS 

0.001 0.01 0.1 1 .o 
j .  hr-' 

Figure 6-Relationship between maximum plasma concentration 
( C m d  and absorption rate constant (9 at different values under 
a fixed dose. These curves were obtained using hypothetical parameters: 
v d ,  25 ml; WO, 2.5 mg. 

observed under the present administration conditionss. Therefore, 
postabsorptive pharmacokinetic parameters of I were estimated from 
plasma concentration-time profiles after intravenous administration of 
11. All test solutions of I1 were injected into a tail vein, and blood samples 
were periodically taken from the vein in the other side of the tail. 

Analytical Method-Sulfamethoxazole in rat plasma was measured 
according to the fluorometric method with fluorescamine reported pre- 
viously (9). T o  100 pl of plasma were added 2 ml of pH 4.7 buffer (1 N 
HCl-1 N CH:$OONa, 3:7, v/v) and 6 ml of 1,2-dichloroethane. This was 
shaken well and then centrifuged. Three milliliters was withdrawn from 
the 1,2-dichloroethane layer, 3 ml of pH 10.6 buffer (0.1 N NaHC03-O.l 
N Na&O:j, 1:9, v/v) was added, and the mixture was shaken and centri- 
fuged. To 2 ml of the buffer layer (after dilution with the same buffer as 
necessary) were added 5 ml of pH 2.6 buffer (1 N HCl-1 N CH&OONa, 
1:1, v/v) and 1 ml of fluore~camine~ reagent (0.2 mg/ml in acetone), and 
the mixture was shaken vigorously for several seconds. After this had been 
left standing for -40 min, its fluorescent intensity was measured with 
a spectrophotometerlO a t  excitation and emission wavelengths of 405 and 
490 nm (uncorrected), respectively. 

RESULTS AND DISCUSSION 

Simulation Study-Plasma Levels after Different Subcutaneous 
Doses of a Drug in Aqueous Suspension-General patterns in the re- 
sponse of plasma concentration to the change in the subcutaneous dose 
of a drug in aqueous suspension were examined under various adminis- 
tration conditions, using computer simulation with hypothetical data 
in a one-compartment model. Figure 2A shows computer-simulated time 
courses of the plasma level after different subcutaneous doses of a drug 
in aqueous suspension a t  a fixed injection volume (plasma concentration 
shown here was calculated from Eq. 7 or 8 using; values generated from 
Eq. 21). The values of the absorption rate constantj(1) and other phar- 
macokinetic parameters k,l and v d  used for these computations are 
shown in the legend. For comparison, plasma concentration-time curves 
for oily solutions are also shown in Fig. 2B as an example of first-order 
absorption (rate constant, k). Figure 2A shows the typical features of the 
subcutaneous administration of aqueous suspension, i.e., the curvilinear 
increase of the maximum plasma concentration and the retardation of 
T,,, with dose elevation. I t  should be noted that these tendencies differ 
from those of the preparations with first-order absorption characteristics 
such as oily (3) and surfactant micellar solutions' as shown in Fig. 2B. 
The above two features were more evident in dose elevation with fixed 
injection volume than with fixed drug concentration, as can be seen from 
Fig. 3. 

Figure 4 compares the degree of deviation from the linear response of 
the maximum plasma concentration C,,, to dose elevation among dif- 
ferent j (  1) values (A) or k,l values (B). In this figure, the ratio of C,, a t  
any dose to the C,,, where CO = 0.5 mg/ml and VO = 0.5 ml was taken 
as a measure representing such a degree and is plotted against the dose. 
The downward deviation of this plot from the broken line, which showed 

8 The percentages of the dose disappearing from the injection site at 40,90, and 
180 min after administration of I in aqueous suspension (dose, 2.5 mg/0.5 ml/rat) 
were -3I16J, and 75%, respectively, while those for I1 appearing at the site were 
--5,6. and 4%. respectively (each value was the mean of two experimental deter- 
minations). 

9 F. Hoffmann-La Roche Co., A. G., Basel, Switzerland. 
lo Hitachi Model 203, Hitachi, Ltd., Japan. 

Figure 7-Plasma concentration-time curves following three intra- 
venous doses of sulfamethoxazole in rats. The data points in the same 
symbol show the plosmu concentrations for each rat. Key (dose per rat): 
(0, 0) 2.50 mg; (A, A) 1.25 mg; (0, +) 0.625 mg. 

a proportional relationship between Cmax and the dose, demonstrates 
the phenomenon of deviation from the linear response. The deviation 
became larger for drugs with smaller absorption rate constants,j(l), and 
those with larger elimination rate constants, k,l. Figure 5 shows the re- 
tardation of Tma, with dose elevation a t  variousj(1) values (A) or k,l 
values (B). Similarly, the ratio of Tmax a t  any dose to the T,,, a t  CO = 
0.5 mg/ml and Vo = 0.5 ml was used as an index for this retardation. This 
figure indicated that the retardation of T,,, with dose elevation became 
more marked the larger thej(1)  value and the smaller the k,l value. 

For the subcutaneous administration of a drug in aqueous suspension, 
these simulations indicated that the rate of systemic drug availability 
decreases with increasing dose and that this decrease becomes more 
significant for drugs having a smaller j (1)  and a larger k,l. 

Relationship Between Peak Plasma Level and Absorption Rate 
Constant-The parenteral drug absorption rate from an aqueous sus- 
pension can be altered by modifying not only preparation conditions such 
as particle size but also administration conditions such as drug concen- 
tration and injection volume (2, 4). The relationship between the ab- 
sorption rate constant j and the maximum plasma concentration C,,, 
a t  a fixed dose was examined by computer simulation. Figure 6 shows this 
relationship at various values of the elimination rate constant k,l on a 
log-log scale. This figure demonstrates that the curve representing such 
a relationship becomes closer to a straight line having a slope of unity with 
smaller ; and larger k , ~ ,  while it tends to level off with larger; and smaller 
k , ~ .  This also suggests that an attempt to elevate the drug plasma level 
by particle size reduction is more effective for drugs with a smaller j value 
[for example, due to a lower water solubility (211 and a larger k,l value. 

Comparison of the Results from Simulation Analyses with Ex- 
periments-Equation 1 was derived from a model in which injected 
particles loosely agglomerate and dissolution (or release) of the drug from 
the surface of the particle agglomerate is the rate-limiting process for 
overall drug absorption. Equation 2 was derived from the experimental 
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Figure 8-Experimental and calculated plasma concentrations of 
sulfamethoxazole after subcutaneous doses of N l-acetylsulfamethox- 
azole aqueous suspension at fixed initial drug concentration (10 mglml) 
in rats (mean body weight, 286g). Each experimental value was given 
by the mean (open circle) and standard deviation (vertical bar) of three 
or four rats. Calculated values (solid line) were obtained with the fol- 
lowing parameters: k,l, 0.072 hr-l;  vd. 49.5 ml; j(l), 0.17 hr-l. 
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Figure 9-Experimental and calculated plasma concentrations of 
sulfamethoxazole after different subcutaneous doses of Nl-acetylsul- 
famethoxazole aqueous suspensions a t  fixed injection volume (0.048 
mi) in rats (mean body weight, 277 g) .  Each experimental value was 
given by the mean and standard deviation of four to six rats. Calculated 
values (solid line) were obtained with the following parameters: Ll, 0.072 
hr-l; v d ,  48.0 mi; j(l), 0.17 hr-l. 

results by the local clearance method in rats (2, 4). Based on the as- 
sumption that these equations reflect the true overall absorption of the 
drug (or active metabolites) into the systemic circulation, the results 
obtained by computer simulation should be valid. However, until now 
the validity of this assumption had not been checked directly by exper- 
imentation. To check the feasibility of the above simulation results, 
plasma drug levels after subcutaneous doses using aqueous suspensions 
of N'-acetylsulfamethoxazole (I) were followed in rats and compared with 
the calculated levels. 

As mentioned in Experimental, I is very rapidly deacetylated to sul- 
famethoxazole (11) immediately after dissolution in the injection site 
medium, inferring absorption as 11. However, absorption of I1 formed a t  
the inject,ion site occurred more rapidly than dissolution of I, and, thus, 
no significant accumulation of I1 at the injection site was observed under 
these injection conditions. This indicates that  the rate-limiting process 
in overall absorption of I from aqueous suspension is the dissollition step 
and that the disappearance rate of I estimated by the local clearance 
method can be regarded as approximately equivalent to the overall ab- 
sorption rate of I. 

In this case, the absorption behavior for I is summarized in Scheme 
I: 

Injection Si te  Blood 

I very rapid 
rapid I"' 

rapid 
WtI(so1ution) 5 WIIab 

Scheme I 
The amount of I (W&) absorbed via I1 ( WIIah) can be represented as: 

where WO is the amount injected. Since WI = WI(801id) + WI(solut,on) >> 
WIIfrolution), therefore: 

w a h  N WO - WI (Eq. 23) 

By differentiation of this equation with respect totime (t ), the following 
equation was obtained: 

dWatJdt = -dWi/dt (Eq. 24) 

Accordingly, the disappearance rate of I (d Wlldt ) is approximately equal 
to the overall absorption rate of I (dWah/dt). 

The equation for the absorption kinetics (Eq. I) is based on the premise 

HOURS a 

Figure 10-Experimental and calculated plasma concentrations of 
sulfamethoxazole after subcutaneous doses of N1-acetylsulfamethox- 
azole aqueous suspension by the multiple-point injection method in 
rats (mean body weight, 284 g ) .  CO and Vo for each injection point were 
I0 mglml and 0.048 mi, respectively. Each experimental value was given 
by the mean and standard deviation of four to six rats. Calculated values 
(solid line) were obtained with the following parameters: bl, 0.072 h r l ;  
v d ,  49.1 ml; j(l), 0.1 7 hr-1. 

that  dissolution (or release) is the rate-limiting step for overall drug ab- 
sorption. Compound I satisfies this premise and is adequate as a model 
compound for this study, although it undergoes site metabolism to 11. 

First, plasma concentrations of sulfamethoxazole (11) after different 
intravenous doses were measured to  examine the postabsorptive phar- 
macokinetic characteristics of N1-acetylsulfamethoxazole (I) in rats. The 
reason for the use of I1 instead of I is explained in detail in Experimental 
and in the previous paragraphs. Figure 7 shows semilogarithmic plots 
of plasma concentrations of I1 as a function of time for each dose in a rat. 
From the nearly linear relationship of these curves, with a similar slope 
and linear response of the plasma levels to the intravenous dose, the 
pharmacokinetic characteristics of I1 could be explained approximately 
by a one-compartment model under the described experimental condi- 
tions. 

From each plot in this figure, the apparent elimination rate constant 
k,l and distribution volume v d  were estimated by the least-squares 
method. The mean (standard deviation, SD)  values of k,l and Vi (equal 
to v d  per body weight) for these six experiments were 0.072 (0.008) hr-' 
and 0.173 (0.006) mllg, respectively. These parameters are used below 
together with the absorption rate constant j ( l ) ,  described in Experi- 
mental, to calculate plasma concentrations of I1 after different subcu- 
taneous doses of aqueous suspensions of I in rats. 

Single-Point Injection-Plasma concentrations of I1 after different 
subcutaneous doses of I in aqueous suspension were determined in rats 
and compared with calculated plasma concentrations. Figures 8 and 9 
show the results of these comparisons for different doses a t  fixed drug 
concentration and fixed injection volume, respectively. These compari- 
sons indicated that the observed plasma concentrations for all the doses 
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Figure 1 1-Comparison of predicted plasma levels after subcutaneous 
administrations of aqueous suspensions among three injection methods 
a t  a fixed dose. The curves in section A were calculated from the pa- 
rameters of N1-acetylsulfamethoxazole (the same as shown in Fig. lo), 
and those in section R from hypothetical parameters as follows: k,l, 0.5 
hr-'; v d ,  48 ml; j(l), 0.01 hr-l. Key: a, 100 rnglml-0.05 mi; b, 10 mgl 
ml-0.5 ml; c, 10 mglml-0.05 ml (10-point injection). 
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examined corresponded with the calculated curves. Also, it should be 
noted that the curves in Figs. 8 and 9 showed the typical characteristics 
of‘ subcutaneous administration of aqueous suspensions, i .e . ,  the non- 
linear increase in C‘,,, and retardation in T,,, with dose elevation. 

These findings appear to support the validity of the aforementioned 
assumption that Eqs. 1 and 2 reflect the true overall absorption of a drug 
in aqueous suspension into the systemic circulation. 

Multiple-Point Injection-As mentioned above, dose elevation by 
a single subcutaneous injection of aqueous suspension may result more 
or less, in a nonlinear increase in plasma drug concentration. In most 
screening tests or preclinical testing of new drugs in laboratory animals, 
this phenomenon may be undesirable. I t  can he overcome by increasing 
the number of injection points in the neighboring subcutaneous area for 
dose elevation while keeping the drug concentration and injection volume 
lixed. In this multiple-point injection method, the drug absorption from 
each point can be expected to occur independently a t  nearly equal rates, 
and, therefore, the plasma drug level would increase in proportion to the 
number of injection points, i.e., the dose, if the postabsorptive disposition 
of the drug in the body occurs in a linear manner. 

To confirm this expectation, plasma sulfamethoxazole concentrations 
after 1 -, 5-, and 10-point subcutaneous injections of Nl-acetylsulfam- 
ethoxazole aqueous suspension (Co, 10 mg/ml; Vo, 0.048 ml) were followed 
in rats and compared with calculated plasma concentrations. Figure 10 
shows a good agreement between the experimental and calculated values. 
Therefore, this multiple-point injection method seems to be a simple and 
convenient way to obtain a high plasma drug level without retardation 
of T,,, after subcutaneous administration of a suspension. 

Figure 11A compares the predicted plasma concentration-time curves 
following subcutaneous doses of NI-acetylsulfamethoxazole aqueous 
suspension among the three injection methods a t  a fixed dose: Cn-V,, 
(a) 100 mg/ml-0.05 ml; (b) 10 mg/ml-0.5 ml; (c) 10 mg/ml-0.05 ml, 10- 
point injection. This figure shows that the multiple-point injection is 
useful for obtaining a higher plasma drug level a t  a fixed dose. Figure 11B 
shows similar computer-simulated curves for another drug which hasj(1) 
and k,, values one order of magnitude below and above those in Fig. 11A, 
respectively. The comparison of the two figures suggests that  multiple- 
point injection is especially effective for drugs with a small absorption 
rate constant and a large elimination rate constant. 

The good agreement between the observed and calculated plasma 
concentrations presented in Figs. 8 and 9 support the validity of the as- 
sumption that Eqs. 1 and 2, derived from the experimental results by the 

local clearance method (2), reflect the true pat.tern of drug absorption 
into the systemic circulation. From this finding, it can be predicted that 
with multiple-point injection, C,,, should be proportional to the dose 
without a change in T,,,, unlike the case of single-point injection; this 
prediction was verified by the results shown in Fig. 10. In addition, it is 
indicated that the plasma concentration-time curve should differ con- 
siderably even at  a fixed dose depending on the administration conditions 
(Fig. 11). All results of this study confirm the suitability of the analytical 
treatment chosen for subcutaneous drug absorption from aqueous sus- 
pensions. 

Information from the simulation study presented here should be useful 
for predicting the dose-response pattern of plasma concentration-time 
curves after subcutaneous administrations in aqueous suspensions of 
other practically water-insoluble drugs with similar pharmacokinetic 
characteristics. I t  should also be applicable to intramuscular adminis- 
trations and to drugs with two- or multicompartmental characteristics 
in the body. 
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Abstract  0 Subcutaneous drug absorption rates from aqueous sus- 
pensions were measured in the mouse and the rabbit by a local clearance 
method and compared with those in the rat. A plot of the cube root of the 
residual fraction (W/Wo) of the drug a t  the injection site uersus time ( t  ) 
gave a good linear relationship for the former two species. This implied 
that the kinetic equation for the absorption process in the rat, ( W I W O ) ~ ’ ~  
= 1 - j t  , could be applied to them. In addition, the absorption rate con- 
stants (j) of the mouse and rabbit were close to that of the rat when the 
drug concentration (CO) in the suspension and the injection volume (VO) 
were fixed. These results led to the presumption that the correlation 
between j and CO or VO in the mouse and rabbit might be similar to that 
in the rat, and therefore, drug plasma levels for the former two at  any dose 
might be roughly predictable even from one j value of the rat. The validity 
of this assumption was confirmed by comparison of the observed and 
predicted plasma concentrations after different subcutaneous doses of 
aqueous suspensions of N1-acetylsulfamethoxazole in the mouse and 
rabbit. These findings strongly supported the idea that for the subcuta- 
neous administration of the drug in aqueous suspension under fixed dose 
per body weight, the rate of bioavailability should decrease with animal 
size, and therefore, the plasma drug level in larger species is not likely 
to be as high as that expected, from the data obtained for smaller 
species. 

Keyphrases 0 Absorption-studies of practically water-insoluble drugs 
following injection, comparison of subcutaneous absorption rates from 
aqueous suspensions, mouse, rat, rabbit 0 Aqueous suspensions-studies 
on the absorption of practically water-insoluble drugs following injection, 
comparison of subcutaneous absorption rates, mouse, rat, rabbit 

Previous reports (1,2) showed that the absorption rate 
process after intramuscular or subcutaneous administra- 
tion of practically water-insoluble drugs in aqueous sus- 
pensions was not linear and had a complicated dose de- 
pendency. Therefore, single administration of such drug 
preparations led to nonlinear response of the plasma4rug 
concentration, that is, a curvilinear increase of i t s  peak and 
retardation of the time at which the peak occurred with 
increasing dose (3). 

In earlier testings of pharmacological activities and 
dispositions of new drugs under development in laboratory 
animals, the dose elevation experiment is often done, not 
only when examining the dose response in one animal 
species, but also when maintaining the same or a similar 
dose per body weight for scale-up in various animal species. 
Accordingly, the problem arises that the rate of bioavail- 
ability a t  the same dose per body weight may vary for 
different species; that is, the rate of bioavailability for 
larger animals given a comparatively large amount of the 
drug may be lower compared with that for smaller animals. 
Since such a phenomenon, in some cases, may result in 
significant species differences in the drug potency, clari- 
fication of this problem is important. 

In the present report, three laboratory animals, having 
different body weights, the mouse, rat, and rabbit, were 

selected as representatives to examine this problem. First, 
subcutaneous absorption time courses were compared 
among the three species using the local clearance method 
to determine whether a significant species difference ex- 
isted in the absorption rate. Next, plasma concentrations 
after subcutaneous doses were followed to confirm the 
validity of the above comparison using Nl-acetylsulfam- 
ethoxazole in aqueous suspension. It is indicated that there 
is a “pitfall of dose per kilogram” in interpreting the results 
obtained from subcutaneous administration experiments 
of aqueous suspensions in various animal species. 

EXPERIMENTAL 

Materials-Suspensions of p -aminoazobenzene, p-hydroxyazoben- 
zene, o -aminoazotoluene, and N*-acetylsulfamethoxazole were used as 
models for practically water-insoluble drugs as reported previously (2). 
The sodium salt of sulfamethoxazole was used for the intravenous in- 
jection preparation as reported previously (3). For the fluorometry of 
sulfamethoxazole in plasma, fluorescaminel was used. All other chemicals 
were of reagent or analytical grade. 

Preparation of Test Suspensions and Solutions-The same vehicle2 
described in the previous paper (3) was used to prepare the test aqueous 
suspensions. All suspensions were prepared according to the controlled 
preparation method reported previously (1). Their colloidal properties? 
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Figure I-Comparison of absorption rates follouiing subcutaneous 
injections of p-aminoarobenzene aqueous suspension among three 
animal species. Each plot represents the mean and standard deviation 

of three or four animals. Co, 5 mglml; Vo, 0.5 ml. Key: + mouse; 

rat; rabbit. 

I F. Hoffmann-La Roche and Co., A. G. Diagnostica, Basel, Switzerland. 
’’ 0.6% (w/v)  Methylcellulose (Metolose SM-15) + 0.005% (w/v) polysorbate 80 

,i Mean partirle diameter, :3.6-42 Fm; distrihution ronstant, 2.6-2.7; sedimen- 
+ ?.9@6 (w/vl NaCI. 

tation volume. 1.7-2.8 rm”/g. 
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Table I-Comparison of Subcutaneous Absorption Rate Constants ( j )  from Various Aqueous Suspensions among Three Animal 
Species 

cop vo, 
Compound mg/ml ml 

p-Hydroxy- 50 0.05 
azobenzene 

p-Hydroxy- 5 0.5 
azobenzene 

p-Amino- 5 0.5 
azobenzene 

j ,  hr-I 
Mousea Rata Rabbita 

0.022 (0.004) 0.018 (0.002) 0.026 (0.005) 
I '  NS- I NS- I 

NS 
0.048 (0.004) 0.043 (0.002) 0.042 (0.004) 

NS-' NS- I 
NS 

NS- ' p < 0.05- I 
NS 

0.043 (0.009) 0.057 (0.004) 0.040 (0.004) 

Each j value was obtained from the data shown in Figs. 1 and 2 by the least-squares method and is given with the standard error in parentheses. A t test was performed 
between j values of two animals each. NS = not significant ( p  > 0.1). 

were similar to those reported previously (2). In addition, sulfamethox- 
azole solutions were prepared by the same method described in the pre- 
vious paper (3) and used for the intravenous administration experi- 
ments. 

Animal Experiments-Animals-ICR Jcl strain mice (male, 26-34 
g), Wistar albino rats (male, 250-305 g), and mongrel rabbits (male, 
2.64.0 kg) were used. During the experiments, they were kept in cages 
with free access to water and food. 

Absorption Experiment Procedure-All the test suspensions were 
administered into the subcutaneous region near the center of the shorn 
dorsum of the animals, and their absorption rates were measured by the 
local clearance method described previously (4). In the mouse and rat 
experiments, each animal received a single injection. In the rabbit ex- 
periments, three successive injections were given at designated time in- 
tervals into different sites sufficiently apart from each other but within 
the dorsum of each animal; the amount of the drug remaining at  each 
injection site was measured separately. When the experimental period 
ended, the mice and rats were sacrificed by exsanguination, and the 
rabbits were killed by intravenous administration of sodium pentobar- 
bita14. The drug remaining in the injection site was recovered from the 
excised tissues including the depot by extraction with ethyl acetate, and 
its amount was determined. A group of three to six animals was used in 
each experiment. 

Plasma Drug Leuel-All the aqueous suspensions of Nl-acetylsulfa- 
methoxazole were administered subcutaneously to mice or rabbits in the 
manner described above. Blood samples from the mice were withdrawn 
from the heart at set time intervals and from the rabbits, from an ear vein 
periodically (serial sampling). One-hundred microliters of plasma was 
collected for the following analysis. In  uitro incubation of N1-acetylsul- 
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Figure %-Comparison of absorption rates following subcutaneous 
injections of p-hydroxyazobenzene aqueous suspensions among three 
animal species. Each result is given (1s the mean and standard deviation 
of three or four animals. (A): CO, 5 mglml; VO, 0.5 ml. (B): Co, 50 mglml; 

VO. 0.05 ml. Key: mouse; -$- rat; 3 rabbit. 

famethoxazole with fresh plasma at  37' showed that this compound was 
very quickly transformed into sulfamethoxazole. The following intra- 
venous administrat.ion experiments using sulfamethoxazole instead of 
N1-acetylsulfamethoxazole were done in mice and rabbits to examine 
postabsorptive pharmacokinetic characteristics of Nl-acetylsulfam- 
ethoxazole subcutaneously administered. Test solutions of sulfameth- 
oxazole were administered uia a tail vein for mice (0.05 ml) and an ear 
vein for rabbits (2.5 ml), then blood samples were taken from the heart 
for the former and from another ear vein for the latter. For each rabbit, 
the above subcutaneous and intravenous administration experiments 
were performed alternately every 7-10 days for a 2-month period. 

Analytical Method-The remaining amounts of p -aminoazobenzene, 
p-hydroxyazobenzene, and o-aminoazotoluene from the injection site 
were analyzed colorimetrically after extraction, as described previously 
(2). The plasma concentrations of sulfamethoxazole after subcutaneous 
injections of N1-acetylsulfamethoxazole and intravenous injections of 
sulfamethoxazole in mice or rabbits were determined according to a 
fluorometric method with fluorescamine as described in the previous 
report (3). 

Prediction of Plasma Drug Concentration-Sulfamethoxazole- 
plasma concentrations after different subcutaneous doses of the con- 
trolled suspension of N1-acetylsulfamethoxazole in mice or rabbits were 
predicted from their postabsorptive pharmacokinetic parameters 
(elimination rate constant and volume of distribution) and one basic 
absorption rate constant j(1) in rats using the equations5 presented in 
the previous report (3). The postabsorptive pharmacokinetic parameters 
were estimated from the plasma concentration-time curves after different 
intravenous doses of sulfamethoxazole in mice and rabbits. The experi- 
mental value of 0.17 hr-l (Nl-acetylsulfamethoxazole concentration in 
the test suspension, 5 mg/ml; injection volume, 0.5 ml) from a previous 
report (2) was used as j(1). 
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Figure 3-Plosm concentration of sulfamethoxazole after intravenous 
doses in mice (26-34 g). Key: (*) 0,502 mglmouse; (0) 0.103 mgl 
mouse. 

5 Equation 7 or 8 and Eq. 21 in the previous report (3). 4 Pitman-Moore, Inc., N.J. 
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Table 11-An Example for Comparison of Subcutaneous 
Absorption Rate Constants ( j )  at Fixed Dose per Body Weight 
among Three Animal Species 

calculated y\ /from j (rat) 

Body 
Weight co, V O ,  Dose, 

Animal ke me/ml ml mdkr! j/j(rat)O 

Mouse 0.03 5 0.05 8.3 2.1 
Rat 0.3 5 0.5 8.3 1.0 
Rabbit 3 50 0.5 8.3 0.29 

Estimated from l3q. 2 (using g = -0.66 and h = -0.32). 

RESULTS AND DISCUSSION 

Comparison of Subcutaneous Absorption Rates among Three 
Animals-Previous studies (5,6) have reported the species difference 
in the absorption rates of solid drugs implanted subcutaneously. However, 
few detailed investigations have been done on the species difference in 
subcutaneous absorptions from aqueous suspensions as well as from other 
conventional dosage forms. Therefore, the difference in the rate of bio- 
availability among various animal species has been discussed little until 
now. The subcutaneous absorption rates of practically water-insoluble 
drugs in aqueous suspension were compared directly among three popular 
laboratory animal species, the mouse, rat, and rabbit, using a local 
clearance method. For this comparison, the dorsal subcutaneous region 
of each animal was selected as the model injection site. 

Figure 1 shows the results for subcutaneous administrations of the 
controlled aqueous suspension of p-aminoazobenzene. In this compari- 
son, the initial concentration (CO) of p-aminoazobenzene in the suspen- 
sion and the injection volume (Vo) were fixed as given in the legend. The 
cube root of the residual function (W/Wo) a t  the injection site for each 
animal species was plotted against time. A previous report (2) indicated 
that such a plot gave a good linear relationship for rats. This appeared 
to be also true for mice and rabbits, as indicated in Fig. 1. It was surprising 
that the slopes of these absorption time curves were close to each other. 
These tendencies were further examined by similar experiments using 
other test suspensions of p-hydroxyazobenzene. Figure 2 shows the re- 
sults. The comparisons under the two conditions of different CO and VO 
also showed tendencies similar to those shown in Fig. 1. These results 
suggested that the kinetic equation for rats should also be applicable for 
describing the subcutaneous absorption process from aqueous suspen- 
sions in other animals such as mice and rabbits; that is: 

(Eq. 1) (W/W0)113 = 1 -;t  

where j was defined as an absorption rate constant (2). 
Table I summarizes the absorption rate constants with their standard 

errors estimated from the data in Figs. 1 and 2 by the least-squares 
method. This table shows that the difference in j among these three 
species is not very significant and this tendency may be true for other 
suspensions with variable drug concentrations and injection volumes. 
This also implies that the following relationship derived from the rat 
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Figure 4-Observed and predicted plasma concentrations of sulfa- 
methoxazole after subcutaneous administration of N ‘-acetylsulfam- 
ethoxazoie aqueous suspension in mice (30.6 f 1.6g). Each observed 
value represents the mean and standard deviation of three mice. Co = 
51.6 mg/ml, VO = 0.05 ml. The predicted value (solid line) was obtained 
using the following parameters: hf, 0.711 hr-l;  v d .  7.19 ml; j(1) (at co 
= 5 mglml and VO = 0.5 ml in rats), 0.17 hr-1. 
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Figure 5-Plasma concentration after different intravenous doses of 
sulfamethoxazole in rabbits. The value next to each curve shows the dose 
of sulfamethoxazole (mglrabbit). Mean body weights of the rabbits 
during the experiments: No. I ,  3.96 kg; No. 2,2.70 kg. 

experiments may also be applied to the subcutaneous absorption in mice 
and rabbits: 

j = fC$Voh (Eq. 2) 

where g and h are the constants determined empirically [for rats, the 
experimental values of g and h were -0.66 and -0.32, respectively (2)]. 
The term f represents a constant that depends on such biological factors 
as the injection site and its physiological or histological state when the 
drug and suspension are the same. Such factors would influence the in 
vivo dispersion and dissolution of the injected particles and, hence, the 
absorption rate. Accordingly, the above results seem to show that the 
difference in the apparent in vivo dissolution rates of the drug among the 
three species may not be very large. 

Comparison of Predicted and Observed Plasma Drug Concen- 
trations in Mouse and Rabbit-It has been shown (3) that Eqs. 1 and 
2, which had been derived empirically based on the results obtained from 
the local clearance method, reflected the true absorption of a drug into 
the systemic circulation in rats. The check, from the same point of view, 
was also performed in mice and rabbits, as described below. 

The results shown above indicate that the absorption rate did not vary 
considerably for the mouse, the rat, and the rabbit when the drug con- 
centration and injection volume were fixed, and that Eqs. 1 and 2 might 
be applicable for animals other than rats. These results also presented 
a possibility that the absorption rate constant j for the rat can be used, 
in rough approximation, as a substitute for that used for the mouse and 
rabbit. To confirm the validity of this presumptive evidence from the 
absorption experiments by the local clearance method, plasma drug 
concentration after different doses of the controlled aqueous suspension 
of N1-acetylsulfamethoxazole were followed in the mouse and the rabbit, 
then compared with those predicted from their individual postabsorptive 
pharmacokinetic parameters and the absorption rate constant of the 
rat. 

Mouse-Prior to subcutaneous administration experiments of N l -  
acetylsulfamethoxazole (I) aqueous suspension, intravenous adminis- 
tration experiments of sulfamethoxazole (11) aqueous solution were un- 
dertaken to examine the postabsorptive pharmacokinetic characteristics 
of I. The reason for use of 11 instead of I was explained in detail in Ex- 
perimental, Figure 3 shows semilogarithmic plots of plasma concentra- 
tions of I1 versus time after two intravenous doses (0.103 and 0.502 
mg/mouse) of I1 in mice. Although the experimental values were slightly 
scattered, the plasma concentration-time curve for each dose could be 
approximated as a straight line. The plasma level appeared to be in 
proportion with the dose. These results suggested that the analytical 
treatment by a one-compartment model should be approximately pos- 
sible for I1 in mice under the present experimental conditions. From the 
data in Fig. 3, the estimates (standard error, SE) of the apparent elimi- 
nation rate constant (k , l )  and volume of distribution per body weight 
(vd’) were calculated by the least-squares method to be 0.711 (0.020) hr-’ 
and 0.235 (0.047) ml/g, respectively. These parameters were used to 
predict plasma concentrations of I1 after the subcutaneous administration 
of I in aqueous suspension. 
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Rabbit No. I Rabbit No. 2 Table 111-Predicted and Observed Percent Absorbed of o- 
Aminoazotoluene at 7.5 hr after Subcutaneous Administration of 
Its Aqueous Suspension under Fixed Dose per Body Weight in 
Three Animal Species a 

0 0  

Percent Absorbed” 
Animal Known Predicted Observed 

Mousec - 65.7 60.9 f 12.5 
Ratd 36.9‘ 
Rabbit/ - 9.2 12.2 f 4.0 

a A t  the same Co and Vo as shown in Table 11. Mean f SD of three to six ani- 
weight, 29-32 g. d Body weight, 290-305 g. Reported previously (2). 

0.98 

mals. c 
f Body weigit, 2.85-3.20 kg. v )  

Figure 4 compares the observed plasma level of 11 with the predicted 
level after the subcutaneous dose of I in aqueous suspension in mice 
(concentration of I in the suspension, 51.6 mg/ml; injection volume, 0.05 
ml). The predicted plasma concentrations were calculated from the above 
estimated k , ~  and v d  ( v d ‘  X mean body weight) in mice and one subcu- 
taneous absorption rate constant in rats, j(l), which had been reported 
in a previous paper (2), according to the procedure5 described in the 
previous report (3). As is evident from Fig. 4, the observed plasma con- 
centrations were in fair agreement with the predicted plasma-concen- 
tration curve. These results suggest the applicability of the above rough 
approximation in which the subcutaneous absorption rate constant of 
a drug from aqueous suspension in rats can be used as a substitute for that 
in mice. 

Rabbit-Similar examinations were also performed with rabbits. 
Figure 5 shows time courses of the sulfamethoxazole (11) plasma con- 
centration on a semilogarithmic scale after different intravenous doses 
of I1 in two rabbits (Nos. 1 and 2). The plasma concentration of I1 ap- 
peared to be nearly proportional to the dose for each rabbit. Within a 
short period after injection (0-20 min), some curvatures showing the 
distribution phase were observed in the plasma drug concentration-time 
curves and this was similar to results reported previously (7). However, 
these curvatures were minute under the present experimental conditions, 
so each time profile was regarded as a straight line. This allowed use of 
the one-compartment model for treatment of the data in Fig. 5. The ap- 
parent elimination rate constant, k,l and volume of distribution per body 
weight, vd’, were estimated for each rabbit. Their estimated values (SE)  
were 0.584 (0.042) hr-’ and 0.199 (0.007) mug for rabbit 1 and 1.50 (0.09) 
hr-l and 0.285 (0.057) ml/g for rabbit 2. Since differences in the param- 
eters R,I and vd’ were very large between these two rabbits, individual 
data for these parameters were used below to predict the plasma drug 
concentration in each rabbit. 

Figure 6 compares the observed and predicted plasma concentrations 
of I1 after different subcutaneous doses of N1-acetylsulfamethoxazole 
(I) in aqueous suspension in each rabbit. In rabbit 1, the plasma con- 
centrations after three doses with a fixed injection volume (1.0 ml) were 
followed and in rabbit 2, those after two doses with a fixed concentration 
of I (50 mg/ml) were examined. The predicted plasma concentrations 
were obtained using one absorption rate constant j(l), which was the 
same as that used in the mouse experiments, and k,l and v d  values for 
each rabbit are represented by the solid line in Fig. 6. The experimental 
plasma concentrations, on the whole. appeared to be close to the predicted 
curves for both rabbits, although slight deviations were occasionally seen. 
These results suggest that the rough approximation, in which the sub- 
cutaneous absorption rate constant in rats is used as a substitute for that 
in rabbits, is possible. 

The above findings in mice and rabbits support the prediction obtained 
from the local clearance method, that the subcutaneous absorption rate 
of a drug in aqueous suspension may not vary considerably among the 
mouse, rat, and rabbit under the same administration conditions and that 
Eq. 2 may be approximately applicable for the mouse and rabbit as well 
as the rat. 

Problem in Animal Scale-up: The Pitfall of Dose per Kilo- 
gram-The action, metabolism, and disposition of new drugs under 
development are usually examined in various animal species under similar 
dose per kilogram schedules and species differences are often discussed. 
This may be adequate in most cases. However, for the case of subcuta- 
neous administration of drugs in aqueous suspension, such discussions 
should be handled with caution. 

The results mentioned above suggest that Eq. 2 originally derived in 
the rat might be approximately applicable for different animal species 
(at least for mice and rabbits). This implies that an unexpected phe- 
nomenon for early screening tests may occur in animal scale-up: we call 
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Figure 6-Observed and predicted plasma concentrations of sulfa- 
methoxazole after subcutaneous administrations of N ‘-acetylsulfam- 
ethoxazole aqueous suspensions in rabbits. The medicted value (solid 
line) was obtained wingthe following parameters: kel and Vd, 0.M hr-’ 
and 789 ml (Rabbit No. 1, VO = 1.0 ml), 1.50 hr-1 and 770 ml (Rabbit No. 
2, Co = 50 mg/ml); j(1) (at CO = 5 mg/ml and VO = 0.5 ml in rats), 0.1 7 
hr-1. 

this the pitfall of dose per kilogram. This pitfall is concretely demon- 
strated by the following example. Let us consider a case in which the same 
dose per kilogram of a drug in aqueous suspension is administered sub- 
cutaneously to three animal species with different body weights: the 
mouse, rat, and rabbit. In this case, the amount of drug administered ( WO) 
must differ among these animal species. Table I1 shows an example of 
such an administration schedule. Here, the drug concentration CO in the 
suspension or the injection volume VO for each animal is appropriately 
modified to fix the dose per kilogram. As estimated from Eq. 2, the sub- 
cutaneous absorption rate constants in these three animal species under 
given administration conditions differ from each other. The ratio of the 
rate constant in the mouse or rabbit to that in the rat,j/j(rat), which can 
be estimated from Eq. 2 using g = -0.66 and h = -0.32, are also listed 
in Table 11. Comparisons of these ratios show that the; value in the mouse 
is about sevenfold as large as that in the rabbit. 

The validity of the above predictions was confirmed experimentally 
using the controlled aqueous suspension of another compound o-ami- 
noazotoluene, which has a measured subcutaneous absorption rate con- 
stant for rats (2). The absorption rate constants (j) in the mouse and the 
rabbit after subcutaneous administration of this test suspension under 
the conditions (CO and Vo) shown in Table I1 can be readily predicted 
from the j/j(rat) ratios. Then the absorbed fractions (W,dWo) of o- 
aminoazotoluene in the mouse and the rabbit a t  any time ( t )  are calcu- 
lated from their individual j values using the equation WadWo = 1 - 
(1 - $)3. The calculation showed that 60-70% of the dose is absorbed at  
7.5 hr after administration in the mouse but only -10% in the rabbit 
(Table 111). Experimental results for the mouse and the rabbit agreed 
well with the calculated values, as shown in Table 111. This ascertains the 
validity of the predictions in Table 11. 

The results mentioned above strongly suggest that the absorbed 
amount of the drug per kilogram for a period after the subcutaneous 
administration of the drug in aqueous suspension differs considerably 
among animal species when the same dose per kilogram is given to them: 
the rate of bioavailability decreases with animal scale-up. This means 
that the plasma drug level in large animal species may not be as high as 
expected from the data in small animal species if the elimination rate 
constant and the apparent volume of distribution per kilogram for the 
former species are not much smaller than those for the latter. Such a 
phenomenon may emerge more significantly and seriously for drugs with 
a slower absorption rate, due to a lower water solubility, for example. This 
can be understood from the simulation study in our previous report 
(3). 

Accordingly, in the case where species-specific differences in the drug 
action and disposition are discussed based on the data generated by 
subcutaneous administration of a drug in aqueous suspension, attention 
should be paid to the difference in the rate of bioavailability among the 
species. And it should be noted that the phenomenon called the “pitfall 
of dose per kilogram” may occur not only for the system presented here 
but also for drug administration in other heterogeneous dosage forms or 
for injections into tissues other than the subcutis (e.g., intramuscular 
administrations). In addition, caution should be exercised against this 
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pitfall when extrapolating the data from small animal species to hu- 
mans. 
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Abstract 0 Two high-performance liquid chromatographic (HPLC) 
assay procedures were developed for the determination of salicylamide 
and its metabolites in serum, urine, and saliva. One method involves re- 
verse-phase ion-pair chromatography and UV detection, and is used to 
determine salicylamide, salicylamide glucuronide, and salicylamide 
sulfate. The other method, with a different mobile phase and without the 
ion-pairing reagent, is used to determine gentisamide (the hydroxylated 
metabolite of salicylamide), gentisamide glucuronide, and gentisamide 
sulfate. The assays are performed by direct injection of the sample after 
protein precipitation with ethanol containing the internal standard. 
Increased sensitivity for the determination of low concentrations of sal- 
icylamide is obtained by organic extraction of this drug from serum or 
saliva. Calibration curves for the conjugates of salicylamide and gen- 
tisamide were obtained, in the absence of authentic standards, by partial 
enzymatic hydrolysis, using the decrease of the conjugate peaks and the 
concomitant increase of free salicylamide or gentisamide concentrations 
to determine peak area rati-oncentration relationships. Application 
of the HPLC assay procedures to the determination of salicylamide ex- 
cretion products in the urine of three normal human subjects resulted 
in 98.6% (range: 97.1-100.10/0) recovery of a 1-g oral dose of the drug. All 
five metabolites of salicylamide were found in urine, but only salicylamide 
glucuronide, salicylamide sulfate, and gentisamide glucuronide were 
found consistently and in appreciable quantities. Salicylamide and all 
of its metabolites except gentisamide sulfate were found in human and 
rat serum, and unconjugated salicylamide as well as gentisamide were 
found in human saliva. 

Keyphrases 0 High-performance liquid chromatography-assay for 
salicylamide and metabolites in biological fluids, drug conjugate cali- 
bration curves in the absence of authentic standards Salicylamide- 
determination in biological fluids, high-performance liquid chromatog- 
raphy Metabolites-salicylamide, determination in biological fluids, 
high-performance liquid chromatography 

Salicylamide has analgesic, antipyretic, and hypnotic 
activities (1-3) but its clinical effectiveness is limited (4-6) 
due to extensive presystemic biotransformation after oral 
administration (7, 8). The drug is, however, a valuable 
research tool for the exploration of drug conjugation re- 
actions (9, lo), drug absorption (11-14) and metabolism 
interactions (15, 161, route of administration effects on 
drug disposition (17,18), effects of disease on drug dispo- 
sition (19-21), drug concentration-effect relationships 
(22), product inhibition (231, fetal development (241, and 

the clinical assessment of metabolic immaturity and dis- 
orders (25-27). 

Salicylamide is eliminated almost entirely by bio- 
transformation (Scheme I). Many assay methods are 
available for the determination of this drug in biological 
fluids (9,14,22,28-36), but none of these provide for the 
direct determinations (i.e., without prior hydrolysis) of 
salicylamide conjugates. Apparently only an indirect col- 
orimetric method (9) and a qualitative TLC method (37) 
have been used for the determination of gentisamide, the 
hydroxylated metabolite of salicylamide. To facilitate 
future pharmacokinetic studies with salicylamide, we have 
developed high-performance liquid chromatographic 
(HPLC) procedures for the direct determination of sali- 
cylamide, gentisamide, and their glucuronide and sulfate 
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pitfall when extrapolating the data from small animal species to hu- 
mans. 
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Abstract 0 Two high-performance liquid chromatographic (HPLC) 
assay procedures were developed for the determination of salicylamide 
and its metabolites in serum, urine, and saliva. One method involves re- 
verse-phase ion-pair chromatography and UV detection, and is used to 
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icylamide is obtained by organic extraction of this drug from serum or 
saliva. Calibration curves for the conjugates of salicylamide and gen- 
tisamide were obtained, in the absence of authentic standards, by partial 
enzymatic hydrolysis, using the decrease of the conjugate peaks and the 
concomitant increase of free salicylamide or gentisamide concentrations 
to determine peak area rati-oncentration relationships. Application 
of the HPLC assay procedures to the determination of salicylamide ex- 
cretion products in the urine of three normal human subjects resulted 
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five metabolites of salicylamide were found in urine, but only salicylamide 
glucuronide, salicylamide sulfate, and gentisamide glucuronide were 
found consistently and in appreciable quantities. Salicylamide and all 
of its metabolites except gentisamide sulfate were found in human and 
rat serum, and unconjugated salicylamide as well as gentisamide were 
found in human saliva. 

Keyphrases 0 High-performance liquid chromatography-assay for 
salicylamide and metabolites in biological fluids, drug conjugate cali- 
bration curves in the absence of authentic standards Salicylamide- 
determination in biological fluids, high-performance liquid chromatog- 
raphy Metabolites-salicylamide, determination in biological fluids, 
high-performance liquid chromatography 

Salicylamide has analgesic, antipyretic, and hypnotic 
activities (1-3) but its clinical effectiveness is limited (4-6) 
due to extensive presystemic biotransformation after oral 
administration (7, 8). The drug is, however, a valuable 
research tool for the exploration of drug conjugation re- 
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Salicylamide is eliminated almost entirely by bio- 
transformation (Scheme I). Many assay methods are 
available for the determination of this drug in biological 
fluids (9,14,22,28-36), but none of these provide for the 
direct determinations (i.e., without prior hydrolysis) of 
salicylamide conjugates. Apparently only an indirect col- 
orimetric method (9) and a qualitative TLC method (37) 
have been used for the determination of gentisamide, the 
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future pharmacokinetic studies with salicylamide, we have 
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(HPLC) procedures for the direct determination of sali- 
cylamide, gentisamide, and their glucuronide and sulfate 

0 
II 

/ Salicylamide Sulfate 

8””6””” - 
\ 

Salicylamide \ Salicylamide Glucuronide 

Gentisamide 
Sulfate 

Gentisamide 
Scheme I 

612 f Journal of pharmaceutical Sciences 
Vol. 72. No. 6, June 1983 

0022-3549f 831 060&06 12$0 1. 00/ 0 
@ 1983, American Pharmaceutical Association 



I I I I 1 
0 5 10 15 20 

C 

I I 1 I 
0 5 10 15 20 

B 

r 
0 

D 

I ,  b 10 15 ;O 

0 
I a 

8. 
C 

I 
L 

MINUTES 

Figure I-Chromatograms of human serum and urine samples obtained 
hefore and after ingestion o f  1 g o f  salicylamide by a healthy human 
suhject. Key: (A) serum before drug ingestion; (B) serum obtained 1 hr  
after drug ingestion; (C) control urine diluted 1:25 with water; (0) urine 
obtained between 1.6 and 2.5 hr after drug ingestion and diluted 1:25 
with water. Abbreviations: (SAM)  salicylamide, (SAMS) salicylamide 
sulfate, (SAMG) salicylamide glucuronide, (IS.) internal standard. 

conjugates in human and rat serum and urine, and human 
saliva. The assay development for the conjugated metab- 
olites was carried out without authentic standards and 
exemplifies a general approach that can be used when 
conjugated drug metabolites are not available in pure 
form. 

EXPERIMENTAL 

A high-performance liquid chromatograph' equipped with a UV de- 
tectorl, automatic injector", integrator4, and an octadecyltrichlorosi- 
lane-bonded column5 was used in this investigation. The column tem- 
perature was ambient and the flow rate of the mobile phase varied be- 
tween 1.6 and 2.0 ml/min in the different assays. The injection volume 
was 25 pl .  

Urine samples were assayed after dilution with distilled water and 
filtration through a membrane filtel.6. One milliliter of the diluted sample 
was added to 0.5 ml of a lOO-pg/ml aqueous solution of the internal 
standard, o-methoxybenzoic acid7. Serum samples were assayed after 
protein precipitation. One part by volume of serum was added to 2 parts 
absolute ethanol containing the internal standard (concentration -40 
d m l ) .  

An extraction procedure was developed to increase the sensitivity of 

1 Model M6000A, Waters Associates, Milford, Mass. 
2 Model 440, Waters Associates, Milford, Mass. 
3 WISP 710B. Waters Associates, Milford, Mass. 
4 Data Module, Waters Associates, Milford, Mass. 
6 pBondapak CIS, Waters Associates, Milford, Mass. 
6 Metricel, Lot 3056031, Gelman Sciences Inc., Ann Arbor, Mich. 
7 Lot 95C-0165, Sigma Chemical Co., St. Louis, Mo. 
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Figure 2-Chromatograms of rat serum and urine samples obtained 
before and after intravenous administration of salicylamide. Key: ( A )  
serum before drug administration; (B) serum ohtained 30 min after 
administration of salicylamide, 62.5 mglkg; (C) control urine ddutrd 
1:25 with water; (0) urine collected -4 hr  after administration of sali- 
cylamide, 125 mg/kg, and diluted 1:25 with water. Abbreviations: (SAM) 
salicylamide, (SAMS)  salicylamide sulfate, (SAMG) salicylamide 
glucuronide, (IS.) internal standard. 

the assay for unconjugated salicylamide in human serum or saliva. One 
milliliter of sodium acetate buffer (2 M, pH 5.0) plus 1 g of sodium 
chloride were added to 1 ml of saliva or serum. This mixture was shaken 
with 6 ml of ether for 10 min and centrifuged. A 4-ml aliquot of the ether 
phase was removed and the extraction procedure was repeated. The two 
4-ml aliquots (one from each extraction) were combined, evaporated to 
dryness under nitrogen, and redissolved in 0.2 ml of methanol containing 
the internal standard, o-methoxybenzoic acid (concentration -25 

Salicylamide and its conjugated metabolites were assayed by re- 
verse-phase ion-pair chromatography with UV detection at  254 nm. The 
mobile phase consisted of 3 mM tetrabutylammonium hydroxideH in a 
mixture of 8 parts methanol and 92 parts (v/v) acetic acid 7%. 

Low concentrations of unconjugated salicylamide, such as found in 
human serum or saliva, were assayed after extraction with UV detection 
at 313 nm. The mobile phase consisted of 1% acetic acid in 25% (v/v) 
methanol-water solution. Gentisamide and its conjugates were assayed 
by a separate procedure. The sample preparation and internal standard 
were the same as described for salicylamide and its conjugates; only one 
sample preparation was necessary. UV detection was a t  313 nm and the 
mobile phase consisted of 1% acetic acid in 15% (v/v) methanol-water 
solution. Unconjugated salicylamide is also separated and detected by 
this procedure. 

The intraday reproducibility of the serum salicylamide and gentisa- 
mide assay procedures a t  various concentrations was determined using 
blank human serum with added salicylamide or gentisamide or pooled 
rat  serum samples obtained after administration of salicylamide. 

Gentisamide was synthesized by a previously described procedure (38). 

d m l ) .  

Lot 081797, Aldrich Chemical Co., Milwaukee, Wis. 
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Table I-Reproducibility of Calibration Curves for the 
Conjugates of Salicylamide and Gentisamide 

3 In 
Number Slope 

Metabolite of Samplesa Ratiob r 2' A 

Salicylamide 
glucuronide 

Salicylamide 
sulfate 

Gentisamide 
glucuronide 

Gentisamide 
sulfate 

14 
6 

12 
6 

13 
29 
5 
3 
9 

0.772 0.982 
0.772 0.998 
0.497 0.984 
0.505 0.992 
1.17 0.998 
1.17 0.992 
0.754 0.994 
0.744 0.994 
0.750 0.974 

0.772 0.982 
0.772 0.998 
0.497 0.984 
0.505 0.992 . ~~~ . . . ~  

1.17 0.998 
1.17 0.992 
0.754 0.994 
0.744 0.994 
0.750 0.974 

0 Samples assayed in duplicate. * Ratio of the slope of the calibration curve for 
the metabolite to the slope of the calibration curve for the parent compound (sali- 
cylamide or gentisamide). Concentration of the metabolites are expressed in terms 
of the parent compound. C Coefficient of determination for the linear regression 
of the peak area ratio of the metabolite and the concentration of the metabolite 
(expressed in terms of salicylamide or gentisamide). 

It was characterized by NMR, mass spectroscopy, melting point, TLC, 
HPLC, and elemental analysisg. 

For assay development, the conjugates of salicylamide and gentisamide 
were quantitated after partial or complete enzymatic hydrolysis of bio- 
logical samples or sample fractions collected from the HPLC which 
contain these conjugates. HPLC fractions containing the individual 
conjugates were lyophilized and reconstituted to various volumes; these 
solutions were analyzed before and after enzymatic hydrolysis. 

Hydrolysis of the glucuronide conjugates was carried out with a 
/3-glucuronidaseIo preparation which, in preliminary studies, produced 
negligible hydrolysis of the sulfate conjugates. Equal volumes of sample, 
P-glucuronidase (typically 1250 Fishman Ulml) dissolved in sodium 
acetate buffer (pH 4.5), and 2.0 or 0.1 M sodium acetate buffer pH 4.5 
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Figure 3-Chromatograms of human serum and urine samples obtained 
before and after ingestion of I g of salicylamide by a healthy human 
subject. Key: (A) serum before drug ingestion; (B) serum obtained I hr 
after drug ingestion; (C) control urine diluted 1.25 with water; (0) urine 
obtained between 1.5 and 2.5 hr after drug ingestion and diluted 1:ZS 
with water. Abbreviations: (GAM) gentisamide, (SAM) salicylamide, 
(GAMG) gentisamide glucuronide, (1,s.) internal standard. 

M. E. Morris and G. Levy, manuscript in preparation. 
lo Lot 76C-7370, Sigma Chemical Co.. St. Louis, Mo. 
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Figure 4-Chromatograms of rat serum and urine obtained before and 
after intravenous administration of salicylamide. Key: (A) serum before 
drug administration; (B) serum obtained 30 min after administration 
ofsalicylamide, 125 mglkg: (C) control urine diluted 1 : l O  with water; 
(0) urine collected -S hr after administration of salicylamide, 62.5 
mglkg, and diluted I : IO with water. Abbreviations: (GAMS) gentisamide 
sulfate, (GAM) gentisamide, (SAM) salicylamide, (GAMG) gentisamide 
glucuronide, (IS.) internal standard. 

were mixed and incubated a t  37' for varying periods of time. Since only 
partial hydrolysis of the conjugates was desired, the hydrolysis times were 
kept short (0.5-4 hr). The sulfate conjugates were hydrolyzed with a 
0-glucuronidase-sulfatase" mixture, with and without the addition of 
the 6-glucuronidase inhibitor, saccharo-1,4-lactone1*, a t  a final concen- 
tration of 0.33 mglml. Hydrolysis was carried out similarly to that de- 
scribed for the glucuronide conjugates except that a 2.0 or 0.1 M sodium 
acetate buffer (pH 5.2) was used with the /3-glucuronidase-sulfatase 
preparation (which was usually diluted six- to tenfold with buffer). A 
limpet sulfatase preparationL3 with low P-glucuronidase activity was tried 
for the quantitation of salicylamide sulfate, but was found to be unsuit- 
able due to assay interference. 

The enzymatic hydrolyses of the gentisamide conjugates were carried 
out with 0.1 M buffer solutions, since there was some loss of gentisamide 
when added to the 2.0 M acetate buffer. No such problem was noted with 
salicylamide, and, therefore, most hydrolysis experiments with salicyl- 
amide conjugates were carried out using the 2.0 M buffer. 

Assay calibration curves were obtained from the results of the hy- 
drolysis of biological samples or HPLC fractions containing the conju- 
gates. The peak area ratio of the conjugate (ratio of the area of the con- 
jugate peak-area of the internal standard peak) was plotted against the 
concentration of the conjugate, measured and expressed in terms of the 
parent compound salicylamide or gentisamide. The slope of this plot, 
calculated by linear regression, and the slope of the plot of the parent 
compound were determined on the same day. The ratio of the two slopes 
was calculated. The hydrolysis experiments and slope value determina- 
tions for each conjugate were repeated several times within a 6-month 
period to check the reproducibility of the slope ratios. 

The serum, saliva, and urine samples used in the assay development 

l L  Glusulase, Lot 00550A, Endo Laboratories, Garden City, N.Y. 
l 2  Lot 410104, Calbiochem-Behring Corp.. LaJolla, Calif. 
l 3  Lot 47C-9540, S-8629, Sigma Chemical Co., St.  Louis, Mo. 
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Table 11-Recovery of Salicylamide and Metabolites in Urine of Normal Human Subjects Determined by HPLC and Colorimetric 
Methods a 

HPLC Colorimetricb 
Total Salicylamide, Total Gentisamidec, Total Salicylamide, Total Gentisamide', 

Subject mg mg Recovery, % of dose mg mg Recovery, % of dose 

A-1 (M, 86)d 821 
A-2 792 

867 
852 

150 
181 
140 
147 

97.1 
97.3 

100.1 
99.9 

820 
796 
872 
824 

156 
185 
140 
151 

97.6 
98.1 

101.2 
97.5 

" Volunteers ingested 1 g of salicylamide in aqueous solution and urine was collected for 24 hr. Total salicylamide and total gentisamide were determined using previous 
methods (refs. 9 and 37, respectively). Expressed in terms of salicylamide. Gender and body weight in kilograms in parentheses. 

Table 111-Composition of Salicylamide Metabolites in Urine of Human Subjects Determined by HPLC Assav a 

Subject Salicylamide Glucuronide Salicylamide Sulfate Salicylamide Gentisamide Glucuronide Gentisamide Sulfate Gentisamide 

A-1 47.8 34.3 ND 14.9 ND 0.39 
A-2 45.5 33.1 0.68 16.3 1.76 ND 
B 59.5 26.3 0.88 13.1 0.79 ND c: 51.5 33.7 0.39 14.7 ND ND 

Salicylamide (1 g) in aqueous solution was ingested and urine collected for 24 hr. Results are expressed as percent of dose. b Not detected. 

were obtained from healthy human volunteers who ingested salicylamide 
orally (1 g in aqueous solution), or from rats following intravenous ad- 
ministration of salicylamide or gentisamide (62.5-125 mgkg) via a right 
jugular cannula. 

The results of the HPLC assay were compared with results obtained 
by colorimetric techniques in terms of urinary recovery of metabolites 
from healthy volunteers and rats. Three volunteers (one on two occasions) 
ingested 1 g of salicylamide in aqueous solution and collected urine over 
a 24-hr period. Urinary recovery of total salicylamide (free and conju- 
gates) determined by HPLC was compared with that determined by the 
colorimetric method of Levy and Matsuzawa (9). Total gentisamide was 
determined by HPLC and colorimetrically by the method of Recher et 
al. (37). This method involves the acid hydrolysis of gentisamide and its 
conjugates to gentisic acid and determination using Folin-Ciocalteu re- 
agentI4. Two rats were administered gentisamide (100 mgkg iv) uia a 
right jugular cannula and urine was collected for 48 hr. All samples were 

+ 
c( 

I 1 1 - 
0 3 6 0 3 6 

MINUTES 

Figure 5-Chromatograms of extracts of human saliva obtained before 
(A) and 45 min after (B) ingestion of 1 g of salicylamide in aqueous so- 
lution by a healthy human subject. Abbreviations: (SAM) salicylamide, 
(GAM) gentisamide, (IS.) internal standard. * 

' 4  Lot 707013. Fisher Scientific Co., Fair Lawn, N.J. 

stored at -2OO until analyzed. They were assayed by HPLC and colori- 
metrically (37). 

RESULTS AND DISCUSSION 

Salicylamide and its glucuronide and sulfate conjugates in human or 
rat serum and urine are readily separated and detected by HPLC (Figs. 
1 and 2). There are no interferences by endogenous substances. Use of 
the ion-pairing reagent tetrabutylammonium hydroxide and the low pH 
of the mobile phase (-2.6) cause a selective increase in the retention time 
of salicylamide sulfate with only a small effect on the retention time of 
the glucuronide. Gentisamide and its conjugates are also detected by this 
assay, but their retention times are inconvenient: gentisamide and its 
glucuronide are eluted before salicylamide glucuronide, while gentisamide 
sulfate elutes after salicylamide sulfate. 

r I I I 
0 5 10 15 20 

"1 
I 

I I I I 
0 5 10 15 

MINUTES 

Figure 6-Chromatograms of chromatographic fractions of human 
urine containing either salicylamide sulfate (SAMS) or salicylamide 
glucuronide (SAMG), before and after enzymatic hydrolysis. Key: (A) 
fraction containing salicylamide sulfate (diluted 1:2 with water); (B) 
salicylarnide sulfate fraction after enzymatic hydrolysis with 8-glucu- 
ronidase-sulfatase mixture (diluted 1:2 with water); (C) fraction con- 
taining salicylamide glucuronide (diluted 1: lO  with water); (0) sali- 
cylamide glucuronide fraction after enzymatic hydrolysis with b-glu- 
curonidase (diluted 1 : l O  with water); (1,s.) internal standard; (SAM) 
salicylamide. 
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Table IV-Urinary Excretion Products of Gentisamide in Rats After Administration of Gentisamide a 

HPLC Colorimetric 
Rat  Gentisamide Glucuronide*, mg Gentisamide Sulfateb, mg Free Gentisamide, mg Total Gentisamide, mg Total Gentisamide, mg 

16.5 14.7 1.98 33.2 32.2 
0 17.6 16.7 1.51 35.9 33.9 
N 

0 Dose of gentisamide was 100 m g k g  iv; N and 0 received 40.1 and 43.7 mg, respectively. lirine was collected for 48 hr. Expressed in terms of gentisamide. 

A separate HPLC assay procedure was developed for gentisamide and 
its glucuronide and sulfate conjugates. The internal standard used in this 
procedure, o-methoxybenzoic acid, is the same as that used in the assay 
of salicylamide and its metabolites. This affords the convenience of only 
one sample preparation for both assays. The gentisamide assay involves 
use of a mobile phase without an ion-pairing reagent and UV detection 
a t  313 nm rather than at 254 nm. At this wavelength, gentisamide and 
its conjugates and salicylamide absorb more strongly, thereby increasing 
the sensitivity of the assay. On the other hand, the conjugates of sali- 
cylamide have little absorptivity a t  313 nm and do not appear in the 
chromatograms. Gentisamide and its glucuronide and sulfate conjugates 
are well separated and detected in serum and urine (Figs. 3 and 4). 
Gentisamide sulfate has not been reported previously as a metabolite of 
salicylamide. In these experiments, i t  was found regularly in rat urine 
but only in some human urine samples after salicylamide administration. 
I t  is a quantitatively minor metabolite. 

Gentisamide sulfate is relatively stable, showing negligible hydrolysis 
in rat urine at room temperature over 24 hr. Gentisamide glucuronide 
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Figure 7-Chromatograms, before and after enzymatic hydrolysis, of 
a rat urine sample obtained after intravenous administration ofgen- 
tisamide (CAM), 100 mglkg. Key: (A) before hydrolysis; (B) after partial 
hydrolysis with B-glucuronidase. [There was no hydrolysis of gentisa- 
mide sulfate (CAMS) since the peak height ratio of this metabolite to 
the internal standard is the same as that in A, ]  (C) after partial hy- 
drolysis with P-glucuronidase-sulfatase mixture; (0) after partial 
hydrolysis with ,9-glucuronidase-sulfatase mixture plus saccharo- 
1,4-lactone, 0.33 mglml. [There was no hydrolysis ojgentisamide glu- 
curonide (GAMG) in D since the peak height ratio of this metabolite 
to the internal standard is the same as that in A,] (I.S.) internal stan- 
dard. 

is less stable; rat urine samples containing this metabolite should not be 
keep at room temperature for >4 hr. The glucuronide is more stable in 
human urine and serum. 

The relationship between detector response (peak area ratio relative 
to the internal standard) and concentration of salicylamide and gen- 
tisamide is linear over a wide range (at least 4-200 pg/ml for salicylamide 
and 2-100 pglml for gentisamide). The intraday variability of the assay 
for serum salicylamide in the 10-200 yg/ml concentration range was in- 
dependent of concentration ( n  = 5-10 a t  each of six concentrations), with 
a coefficient of variation from 1.7 to 3.4%. The coefficient increased to 
5.5% a t  a serum salicylamide concentration of 4 wg/ml. The coefficient 
of variation for gentisamide in serum (n = 10 per concentration) ranged 
from 7.0 to 3.3% at concentrations from 2 to 28 pg/ml. The lowest of these 
concentrations is approximately twice the minimum detectable con- 
centration in these assays. 

To increase the sensitivity of the assay for salicylamide, particularly 
for determinations in serum and saliva, an organic extraction procedure 
was used and the wavelength for detection was changed from 254 to 313 
nm. Use of sodium chloride in the extraction procedure increased ex- 
traction efficiency from -75 to 95%. The coefficient of variation of this 
more sensitive assay a t  concentrations of 1-3 pglml is <3%. Using the 
extraction procedure, a chromatogram of saliva obtained from a human 
subject 45 min after an oral dose of salicylamide indicated the presence 
of both salicylamide and gentisamide (Fig. 5). 

During the assay development for gentisamide conjugates, some loss 
of gentisamide was observed at high (1-2 M )  acetate buffer concentra- 
tions. This was not a function of the pH or ionic strength and was not 
accompanied by formation of gentisic acid. Use of 0.1 M acetate (but not 
citrate) buffer prevented the loss of gentisamide which may have been 
due, a t  least in part, to precipitation. 

Calibration (reference) curves for the HPLC assay of salicylamide and 
gentisamide conjugates were obtained by partial selective hydrolysis of 
urine samples containing these metabolites (Figs. 6 and 7). The decrease 
in peak area ratio of a conjugate and the corresponding increase in peak 
area ratio of the unconjugated compound provided the necessary data 
for the construction of the calibration curves. The curves were linear over 
the concentration range examined (-2-60 pg/ml in terms of the parent 
compound). The slope values of these curves were calculated as a ratio 
relative to the slope for the unconjugated compound, which was deter- 
mined on the same day under the same conditions. The slope ratio values 
for the con,jugated metabolites of salicylamide were determined on several 
occasions over 6 months and were found to be highly reproducible (Table 
I ) .  Peak area rather than height ratios were used for the calibration 
curves, since peak height ratios are sensitive to changing column condi- 
tions (retention times). This was found to be a problem particularly with 
salicylamide sulfate, the metaholite with the longest retention time. 

The suitability of the HPLC procedures and calibration curves for 
metabolic studies was tested and confirmed by determining the excretion 
products of salicylamide in the urine of three human subjects by the 
HPLC method and by a previously used colorimetric method which re- 
quires hydrolysis of the conjugated metabolites. The recovery of sali- 
cylamide excretion products was excellent and the results obtained by 
the two methods were in good agreement (Table 11). The HPLC assay 
revealed the presence of salicylamide and five of its metabolites in human 
urine, including gentisamide sulfate, a metabolite not previously reported 
(Table 111). The amounts of salicylamide glucuronide, salicylamide sul- 
fate, and total gentisamide recovered are similar to those found in other 
studies (9, 16,21). 

The results for total gentisamide determined by colorimetry are slightly 
higher than those obtained by HPLC (Table 11). This may be because 
the colorimetric analysis requires correction for a relatively high (-1 
mg/hr) blank value for excretion rate. The colorimetric method detects 
2,3,4-trihydroxybenzamide and 2,3-dihydroxybenzoic acid as gentisic 
acid (the form in which gentisamide is assayed by colorimetry) and may 
therefore be affected by as yet unidentified minor metabolites of sali- 
cylamide and gentisamide. 

A limited study of the disposition of gentisamide in rats revealed ex- 
tensive biotransformation of this compound, including substantial for- 
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mation of gentisamide sulfate (Table IV). The good agreement between 
the HPLC and colorimetric assay results for total gentisamide demon- 
strate the suitability of the HPLC assay for gentisamide and its metab- 
olites. 

In conclusion, a combination of two HPLC procedures with the same 
sample preparation (deproteinization and addition of internal standard) 
were developed for the direct determination of salicylamide and its me- 
tabolites in biological fluids. One of these metabolites, gentisamide sul- 
fate, is reported for the first time. The excretion products of salicylamide 
in human urine can account for essentially the total amount of admin- 
istered drug. The HPLC assays for the conjugated metabolites were de- 
veloped without synthetic or isolated pure standards by a procedure that 
should be useful also for conjugates of other drugs. 
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Synthesis, Isolation, and Characterization of Two 
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Abstract 0 A selective oxidation of thioridazine to give exclusively its 
ring sulfoxides and a separation of the resulting products as diastereo- 
isomeric pairs of enantiomers (DL. LD and DD, LL) are reported. These 
pairs were characterized by TLC, high-performance liquid chromato- 
graphic, IR, UV, ‘H-NMR, 13C-NMR, GC-MS, and elemental analyses, 
and by reduction to thioridazine by lithium aluminum hydride. Structural 
data for the separated diastereoisomeric pairs or their nitric acid salts 

A single ring sulfoxide of thioridazine has been detected 
by TLC (1-5), high-performance liquid chromatography 
(HPLC) (6,7),  and GC (8-10). Also, EKG abnormalities 
have been attributed “to a single ring sulfoxide” in plasma 

were obtained from NMR and IR studies. Gram quantities of each of the 
two diastereoisomeric pairs of enantiomers were isolated in better than 
99% purity. 

Keyphrases Thioridazine-oxidation to ring sulfoxides, separation 
of the diastereoisomeric pairs of the ring sulfoxides by crystallization of 
the nitric acid salts, I3C-NMR analysis of thioridazine ring sulfoxides 

(8). Recently “two very similar ring sulfoxides” of thio- 
ridazine were identified (11) as urinary metabolites and 
prepared (with other products) by chemical oxidation. 

Evidence is presented here that these ring sulfoxides are 
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mation of gentisamide sulfate (Table IV). The good agreement between 
the HPLC and colorimetric assay results for total gentisamide demon- 
strate the suitability of the HPLC assay for gentisamide and its metab- 
olites. 

In conclusion, a combination of two HPLC procedures with the same 
sample preparation (deproteinization and addition of internal standard) 
were developed for the direct determination of salicylamide and its me- 
tabolites in biological fluids. One of these metabolites, gentisamide sul- 
fate, is reported for the first time. The excretion products of salicylamide 
in human urine can account for essentially the total amount of admin- 
istered drug. The HPLC assays for the conjugated metabolites were de- 
veloped without synthetic or isolated pure standards by a procedure that 
should be useful also for conjugates of other drugs. 
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Abstract 0 A selective oxidation of thioridazine to give exclusively its 
ring sulfoxides and a separation of the resulting products as diastereo- 
isomeric pairs of enantiomers (DL. LD and DD, LL) are reported. These 
pairs were characterized by TLC, high-performance liquid chromato- 
graphic, IR, UV, ‘H-NMR, 13C-NMR, GC-MS, and elemental analyses, 
and by reduction to thioridazine by lithium aluminum hydride. Structural 
data for the separated diastereoisomeric pairs or their nitric acid salts 

A single ring sulfoxide of thioridazine has been detected 
by TLC (1-5), high-performance liquid chromatography 
(HPLC) (6,7),  and GC (8-10). Also, EKG abnormalities 
have been attributed “to a single ring sulfoxide” in plasma 

were obtained from NMR and IR studies. Gram quantities of each of the 
two diastereoisomeric pairs of enantiomers were isolated in better than 
99% purity. 

Keyphrases Thioridazine-oxidation to ring sulfoxides, separation 
of the diastereoisomeric pairs of the ring sulfoxides by crystallization of 
the nitric acid salts, I3C-NMR analysis of thioridazine ring sulfoxides 

(8). Recently “two very similar ring sulfoxides” of thio- 
ridazine were identified (11) as urinary metabolites and 
prepared (with other products) by chemical oxidation. 

Evidence is presented here that these ring sulfoxides are 
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Table I-Chromatographic Detection of Oxidation Products of 
Thioridazine (I) and Mesoridazine (111) as TLC Spots or HPLC 
Peaks 

Table II-Rr Values and Color Detection for the Oxidation 
Products of Thioridazine Formed by Hydrogen Peroxide (in 
Acetic Acid and Aqueous Solvent) and by Nitrous Acida 

Compound 
SamDlea I I I F b  IISb 111 IVc Svstemd 

R f ,  System VI, Reagentsb Rf, System 11' 
Compound System I d  Folin H2S04 100" Found Reported' 

A X X X X I, 11, V', VI 
B X X X X x I, II ,Vf,  VI 
C X x I.VP 
D X X X X x I; 11, VI 
E X X X X x I ,V'  
F X X X X x I ,  v 
G X X I. I I I h .  IVhJ. V' 

0 Sample A is a synthetic mixture. B-F are oxidation mixtures from hydrogen 
peroxide treatment and G from nitrous acid treatment. C involves the oxidation 
of mesoridazine. b IIS and IIF were found in about equal amounts in all samples 
of oxidized I. C Further identified by its intense blue fluorescence under Iong- 
wavelength UV irradiation. d Various solvent systems, I-IV and VI, on silica gel 
TLC. and an HPLC method, V, were used. Chromatograms are presented in Fig. 
1. / Approximate compound ratios 2.8:12.514.4:37.7:29.9, respectively. 8 Percent 
of IV (peak area) = 90.1. h Failed to separate IIF and 11s. Gave R! 0.45, close to 
the literature report of R/ 0.46 (13-15). 

actually diastereoisomeric pairs of enantiomers (DL, LD 
and DD, LL). TLC and HPLC methods used to detect and 
distinguish these diastereoisomeric pairs and a crystalli- 
zation method that yields gram amounts of each pair with 
better than 99% purity are described. These pure materials 
have been used to develop an HPLC assay of thioridazine 
and its metabolites in plasma (12). 

RESULTS AND DISCUSSION 

TLC-Literature methods (1,2,13-15) were used. Thioridazine (I), 
the pairs of enantiomeric ring sulfoxides (IIF and IIS, fast and slow mi- 
grators on silica gel, respectively), the side-chain sulfoxide of thioridazine 
[mesoridazine (HI)], and thioridazine disulfoxide (IV) were detected 
(Table I) in the reaction products from hydrogen peroxide oxidation of 
thioridazine. Many minor products were also produced. On silica gel, the 
ring sulfoxides generally tend to elute between thioridazine and mesor- 
idazine. The more polar disulfoxide elutes after mesoridazine, and the 

1 

1 .  

I I 1 I I I 

0 10 20 30 40 
MINUTES 

Figure 1-High-performance liquid chromatograms. Key: a,  reference 
mixture; b, product of reaction of thioridazine and hydrogen peroxide 
in refluxing alcohol, as previously described ( I ) ;  and c ,  product of re- 
action of thioridazine hydrochloride and nitrous acid. (1 )  Thioridarine: 
(2 and 3) thioridazine ring sulfoxides; (4) mesoridazine; and (5) thio- 
ridazine disulfoxide. In curve b,  the polarity of the mobile phase was 
increased after peak 4 to achieve elution of the disulfoxide. 

I 
IIF 
11s 

0.71 B-G - - 0.75 0.83 
0.62 - B-Vf - 0.55 0.54 
0.54 - B-Vf - 0.50 0.54 

I11 0.39 P - - 0.43 0.45 
IV 0.23 - - P 0.28 0.29 

a Nitrous acid oxidation products gave only two spots for the ring sulfoxides (IIF 
and 11s). h Sprays or operations (2) done in sequence to produce the colors shown; 
H = blue, G = green, P = pink, V = violet. C Acetone-12 N ammonium hydroxide 
(10:7) (2) .  d Chloroform-95%ethanol-l2 N ammonium hydroxide (80201).  R 
values from the literature (2). including value for a single ring sulfoxide. 1 Initiai 
H-G spots turned B-V after several hours. 

less polar sulfone, sulforidazine, elutes just after thioridazine. Both the 
disulfoxide and sulfone are readily distinguished by their pronounced 
fluorescence under long-wavelength U V  irradiation. Although sulfo- 
ridazine may occur in relatively high concentrations in thioridazine 
metabolism (161, it was not found as a product in the chemical oxidations 
performed in this study. Sulfoxidation occurs before any appreciable 
N-oxidation is observed. 

HPLC-A highly sensitive assay method (12), which employs a silica 
gel column, was used to provide qualitative and semiquantitative data 
on the distribution of products in some of the oxidation mixtures. Figure 
1 (curve a) illustrates a typical chromatogram, obtained from a mixture 
of ring sulfoxides (IIF and 11s) and reference standards of I and 111. 
Products from the hydrogen peroxide oxidations (Experimental, 
Methods 1-111) included both ring sulfoxides, which eluted with the same 
retention times as shown in Fig. 1 (curve a). 

Literature Reports of a Single Ring Sulfoxide-The approach 
taken in this study was to show that ordinary oxidations of thioridazine, 
including some published methods (1,17), gave two enantiomeric pairs 
(IIF and 11s) of the ring sulfoxides (two TLC spots and not one) and to 
examine TLC systems, including some reported in the literature (1, 2, 
13-15), for their effectiveness in separating IIF and 11s. Next, the isola- 
tion of larger amounts of each ring sulfoxide (IIF and 11s) was undertaken 
to provide samples for identification, particularly by instrumental 
techniques. 

Both ring sulfoxides (IIF and 11s) were found in about equal amounts 
in all the samples of oxidized thioridazine (Table I; samples and detection 
systems are described in detail in the Experimental section). TLC sys- 
tems I and 11, as well as HPLC system V, separated IIS and IIF, but TLC 
systems 111 and IV failed to give a separation. Samples A, B, and D were 
used to evaluate a reported TLC system (2); solvent system I1 and spray 
system VI produced the Rf values and colors presented in Table 11. Al- 
though this report (2) described a single spot for thioridazine ring sulf- 
oxide, a small but clear separation was obtained in the present work. All 
materials gave colors that matched those described (2). 

Under conditions of more extensive oxidation, more thioridazine di- 
sulfoxide (IV) formed at  the expense of the ring sulfoxides (11) and 
mesoridazine (111). After a reaction time of 24 hr, concentrated aqueous 
hydrogen peroxide gave primarily the disulfoxide (IV) and a small 
amount of mesoridazine (III), whereas dilute aqueous hydrogen peroxide 
generated the usual major products, I, IIF, 11.5, 111, and IV, with some 
minor products appearing as very faint spots on the TLC plates. 

Analysis of Commercial Samples of Thioridazine Ring Sulfox- 
ide-Two samples were assayed by HPLC system V (12). The first con- 
tained - 98% of IIS and 2% of IIF, and the second - 85% of IIS and 15% 
of IIF. TLC (system I )  gave a rough confirmation of these results. The 
IR spectrum of the first commercial sample matched that of analytically 
pure 11s. 

Study of the Reaction of Zehnder et al. (1)-To determine whether 
ring sulfoxides IIF and 11s were produced under these reaction condi- 
tions, the solution of the crude reaction product (sample E) was examined 
by TLC (Table I) and by HPLC (Fig. 1, curve b). Thioridazine (I), the 
two ring sulfoxides (IIF and US), mesoridazine (III), and the disulfoxide 
(IV) appeared at essentially the same Ri values and retention times ob- 
served for products of the hydrogen peroxide oxidations. The two ring 
sulfoxides were found in about equal amounts. Retention times in Fig. 
1, curve b, matched those of the reference mixture (sample A) in Fig. 1, 
curve a. The area percentages for substances in curve b are: I, 4.4; IIF, 
15.6; IIS, 17.3; III,34.4; and IV, 23.3. 

Effect of pH-Zehnder et al. (1)  refluxed thioridazine hydrochloride 
with hydrogen peroxide in ethanol, mildly acidic conditions. Sample E, 

' 
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Table 111-Physical and Analytical Data for Thioridazine Ring 
Sulfoxides 

Melting Analyses 
ComDound Point Calc. Found Puritv. %a 

Nitric Acid Salts 
VF 254.5-255.0" C 56.10 55.87 99.9 

H 6.05 6.03 

!24.0" - - - 

IIF 119.0-120.0° C 65.25 65.00 - 

IIS 141.0-142.0° C 65.25 65.32 - 

Free Basesc 

H 6.78 6.81 

11 
H 6.78 6.90 

H 6.78 6.77 
113.5-128.5' C 65.25 65.06 - 

a Based on HPLC analyses of nitric acid salts neutralized with 12 N ammonium 
hydroxide. Mixture of both salts (VF and VS) obtained as the reaction product. 

The free bases, IIF, IIS, and 11, were obtained from the corresponding salts, VF, 
VS, and V. 

obtained in this way, gave an amount of mesoridazine roughiy equal to 
the total amount of the ring sulfoxides. By substitution of the free base 
of thioridazine in the refluxing medium, sample F was obtained under 
mildly basic conditions and was found to contain about three times as 
much mesoridazine as the amount of total ring sulfoxides. Thus, oxidation 
under mildly basic conditions favors side-chain sulfoxidation. A previous 
report (16) found that the rates of formation of mesoridazine and sulfo- 
ridazine (side-chain sulfoxidation) in plasma are greater than that of ring 
sulfoxidation. One might speculate that oxidation of thioridazine under 
acidic conditions in the stomach could favor formation of ring sulfoxides 
and contribute to toxic side reactions (8). 

Disadvantages of Hydrogen Peroxide Oxidations-Complex 
product mixtures are obtained, and intricate, inefficient separations must 
be used to isolate the pure ring sulfoxides from the hydrogen peroxide 
oxidations. Thus, a new method for the oxidation of thioridazine exclu- 
sively to its ring sulfoxides and a technique for their separation as two 
pairs of enantiomers should be useful for analytical studies of thioridazine 
metabolites and perhaps for toxicological studies. 

Nitrous Acid Oxidation of Thioridazine Hydrochloride-The 
nitric acid salts of the ring sulfoxides (VF and VS) are generated exclu- 
sively when thioridazine hydrochloride is oxidized with nitrous oxide 
(sample G ,  Table I). The freshly prepared reaction mixture was imme- 
diately examined by HPLC system V; the product was > W o  thioridazine 
ring sulfoxides (Fig. 1, curve c), which eluted at the same retention times 
as the analytically pure sulfoxides (Fig. 1, curve a, peaks 2 and 3). TLC 
(Table I, system I) also showed essentially only the ring sulfoxides. 

Formation of the nitric acid salts can be described by these equations 
(18) (T = thioridazine). 

(Eq. 1 )  

(Eq. 2) 

(Eq. 3) 

(Eq. 4) 

(Eq. 5) 

TO(II ) tHNOj+TO.HNO~(V)  (Eq. 6)  

Nitrous acid can be an effective oxidizing agent (Eqs. 1 and 2). The nitric 
acid salt V (Eq. 6) is readily generated from nitrous acid, which is unstable 
and decomposes to nitric acid (Eq. 3), and also through other reactions 
(Eqs. 4 and 5 ) .  The observed oxidation with nitrous acid is not due to 
nitric acid. Substitution of sodium nitrate for sodium nitrite in the re- 
action procedure failed to give any oxidation of thioridazine. 

Separation of Ring Sulfoxides as Free Bases-Attempts to isolate 
the ring sulfoxides (IIF and 11s) by HPLC followed by crystallization 
yielded only small amounts of material of - 95% purity, as determined 
by HPLC analyses. The UV spectra (A,,, = 279 nm, weak peak at  342 
nm) of the collected fractions were identical. The free bases crystallized 
well from hexane or heptane, but such recrystallization failed to purify 
them. Vacuum sublimation (175O, 1 mm) of the mixed free bases yielded 
no isomeric enrichment. 

2HN02 + T(I) + TO(I1) t 2NO + H20 
4HN02 - 4 N 0  + 0 2  + 2Hz0 

3HN02 s HNO:r t 2 N 0  t HzO 
2 N 0  t 02 - 2NO2 

2N02 t H20 t' HN03 t HN02 

Table IV-W-NMR Data (ppm) for Thioridazine Ring 
Sulfoxides in  Deuterochloroform a 

Peak 
Number 

Compound 
IIF 11s 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

145.50 
138.51 
138.23b 
132.85 
131.98b 
131.65b 
124.60 
121.93 
121.06 
118.98 ~~~ ~~ 

115.73 
112.20 
78.73c 
77.33c 
77.14c 
75.53 
62.01 
56.78 

145.50b 
138.61 
138.07 
132.79 
131.8gb 
131.72b 
124.69 
121.85 
120.96 ~~~ ~ ~ 

119.00 
115.61 
112.23 
78.74' 
77.34' 
77.14' . 
75.54 
61.92 
56.80 

19 44.92 44.86 
20 
21 
22 

~~ ~~ 

43.25 
30.66 
29.23 

.. _. 

43.18 
30.68 
29.28 

23 25.42 25.45 
24 24.08 24.13 
25 15.40 15.35 

a TMS added as an internal standard. Four aromatic carbons nearest the ring 
sulfur. Deuterochloroform lines in spectrum of IIF and IIS demonstrate instru- 
ment reproducibility to 0.01 ppm. 

Separation of Ring Sulfoxides as Nitric Acid Salts-A mixture 
of the nitric acid salts of the ring sulfoxides (V) was separated by frac- 
tional crystallization (19) from 95% ethanol. After six recrystallizations, 
all cuts contained essentially one isomer and some were fairly pure, e.g., 
99.9% VF and 96.8% VS, as determined by peak ratios from HPLC 
analyses. After two more recrystallizations from fresh solvent, VS was 
99.3% pure (Table 111). 

These high-purity samples gave TLC Rf values that matched those 
of the original reaction mixture (Table 11). The elemental analyses of the 
materials were consistent for the nitric acid salts of the ring sulfoxide 
isomers of thioridazine, and their melting points were sharp (Table 
111). 

Characterization of the Ring Sulfoxides as Free Bases (IIF and 
11s)-The free bases were obtained from the purified nitric acid salts 
and gave material with sharp melting points. Elemental analyses were 
consistent for the isomeric ring sulfoxides of thioridazine (Table 111). 

NMR Studies of Thioridazine Ring Sulfoxides as Free Bases- 
The 'W-NMR spectra of IIF and IIS are tabulated (Table IV). The fact 
that most of the signals in the spectra of the two compounds agreed to 
within 0.1 ppm shows that the two types of ring sulfoxides (IIF and 11s) 
are very similar. Nevertheless, a difference in stereochemistry of the 
sulfoxide groups of IIS and IIF is suggested by the differences in the 
signals from the four aromatic carbons nearest the ring sulfur. 

NMR Studies of Thioridazine Ring Sulfoxides as Nitric Acid 
Salts-The 1:C-NMR spectra of V F  and VS (Table V), taken a t  30' in 
deuterium oxide, are also clearly different for the nonprotonated aromatic 
carbons located next to the sulfoxide group. The broadening of peaks for 
aliphatic carbons can be explained if the protonated piperidine coordi- 
nates with the sulfoxide group. If the change in the precession frequencies 
of the aliphatic carbons resulting from the formation of a complex is 
comparable to the rate of forming and breaking the complex, line 
broadening will occur. 

A t  90" (Table V) either the complex is forming and breaking rapidly 
enough to average the chemical shifts, or it is broken up and the chemical 
shifts are characteristic of the freely rotating side chain resulting in sharp 
aliphatic peaks. Merging of aromatic signals a t  90" is attributed to con- 
formational mobility of the molecules which leads to some averaging of 
the aromatic carbon-13 chemical shifts. 

Chemical Shifts of S- and N-Methyl Proton Signals of Thio- 
ridazine and Related Compounds-As side-chain sulfoxidation in- 
creases, only the S-methyl signal is shifted to lower field, but ring sul- 
foxidation causes a shift of both the S -  and N-methyl proton signals to 
lower field relative to thioridazine (Table VI). 

The N-methyl proton singlets from the ring sulfoxide free bases (IIF 
and 11s) did not show different chemical shifts. The differences in 
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TableV--f3C-NMR Data (ppm) for the Nitric Acid Salts of the 
Thioridazine Ring Sulfoxides In Deuterium Oxide 

Table VI-Chemical Shifts (pprn) a of S- and N-Methyl Proton 
Signals of Thioridazine and Related Compounds 

Compound (Side-Chain Group) S-Methyl N-Methyl 

Shifts Observed After Progressive Side-Chain Sulfoxidation 
2.40 2.20 

Peak 
Number 

Compound 
VF vs 

- 

At 30' a 
2.70 2.20 
3.00 2.20 
3.00 - 

146.59 
138.4gb 
137.53b 

146.75 
138.85b 
137.1gb 
134.04 
131.16 
130.96 
123.14 
119.05 
118.24 
117.26 
112.09 
42.13 
26.82 
20.68 
14.00 

134.16 Shifts Caused by Ring Sulfoxidation 
and Splitting Generated by Subsequent Protonation' 

IIF (CH3S) 2.59 2.40 
IIS (CH3S) 2.59 2.40 
VF (CH3SId 2.59 2.38,2.44O 
VS (CHqS) 2.59 2.30. 2.36e 

5 
6 
7 
8 

~.~ ~. 

131.24 
131.00 
123.08 
119.14 

9 118.66 
10 
11 
12 

117.04 
112.39 
41.99 0 In deuterochloroform: compared to thioridazine ( I ) .  b Meth rlwlfonylphe- 

nothiazine (VII fur comparison as parent Structure of sulfuridazine b1). Protons 
were retained on the mure basic iperidine nitrogens. d A sensitive Fourier-trans- 
form NMR instrument was neec!ed since VF was rather insoluhle in deuterochlo- 
roforrn. e JNHXH = 5 Hz. Centers of these dnutilets are chemically shifted hv 0.08 
gpm. Both doublets collapsed to singlets on treatment with deuterium oxide. 

structure. IH-NMR dearly rules out the N-oxide in favor of the S-oxide 
structure because of the chemical shift of the N-methyl group. W - N M R  
gives the unambiguous determination of the site of this oxidation as the 
ring sulfur atom. 

euterochloroform (100%) must he used to observe sharp peaks. 

13 14.02 
14 
15 

At 9ooc 
134.07 
131.35 

134.01 
131.42 

1 
2 ~ 

3 
~~~ ~~ 

130.95 
123.14 
119.99 
117.02 

iji.oi 
123.26 
120.10 
117.22 

4 
5 
6 
7 113.19 113.19 

61.98 
55.44 
42.77 

8 
9 

10 

61.94 
55.41 
42.57 

EXPERIMENTAL 

Materials-All chemicals were official or reagent grade. Thioridazine 
hydrochloride, thioridazine free base, and two samples of ring sulfoxide 
were obtained commercially'. 3-Methylsulfonylphenothiazine (21) and 
sulforidazine (22) were synthesized. 

Instruments-A grating IR spectrophotometer2, a UV-visible spec- 
trophotometer with recorder3, a 60-MHz NMR spectrometer4, and a 
Fourier-transform 80-MHz NMR spectrometefi were used. The 60-MHz 
instrument was used only for 'H-NMR studies of free bases. The 80-MHz 
instrument was operated at 79.542 MHz for 'H-NMR and at  20 MHz for 
W-NMR. An electron-impact (70 eV) GLC-MSs, operated with an 
88-cm X 2-mm i.d. glass column6, was used for the lithium aluminum 
hydride reduction studies. A GLC-MS7 equipped with a 61-cm X 2-mm 
i.d. glass column8 was used for analysis of the ring sulfoxides; alterna- 
tively, these compounds were directly inserted into a postcolumn va- 
porizer operated at  270'. All UV spectra were obtained with methanol 
solutions. All melting points were taken on a melting-point stageg. All 
IR frequencies are reported as corrected values. A molecular model setlo 
was used for structural analyses. The HPLC system is reported elsewhere 
(12). 

TLC-All chromatograms were performed with fluorescent, precoated 
silica gel sheets]', cut to 50 X 75 mm, by ascending development under 
equilibrated conditions in a tank lined with filter paper12. Spots were 
located by irradiation with short- or long-wavelength UV or by this se- 
quential treatment: spray with Folin reagent'", spray with 50% HzS04, 
and heat a t  100' for a few minutes (2). 

Reactions of Thioridazine and Mesoridazine with Hydrogen 
Peroxide-Method I, Oxidation in Acetic Acid-Thioridazine and 
mesoridazine bases were oxidized with hydrogen peroxide in glacial acetic 
acid at  45' as described previously (17). The reaction product was ex- 
amined by TLC with a solvent system composed of chloroform-95% 
ethanol-12 N ammonium hydroxide (80201).  The sample was spotted 

Sandoz Pharmaceuticals, Hanover, NJ 07936. 
Model 3-200, Pye Unicam Ltd.. Cambridge, England. 
Spektralphotometer DM 4 and linear recorder Model 300, Carl Zeiss, Ober- 

Models T60-A and FT-BOA, Varian Associates, Palo Alto, CA 94303. 
Model 5992A, Hewlett-Packard, Palo Alto, CA 94304. 
OV-101 (2%) and 0.2% carbowax 20M on 100/200 mesh Chromosorb W-HP. 

kochen, West Germany. 

11 27.11 38.97 
12 
13 
14 

26.80 
21.49 
20.33 

27.25 
26.86 
21.50 

15 14.53 20.39 
16 - 14.63 

Twelve aromatic peaks were tabulated in both VF and VS. Many of the peaks 
from aliphatic carbons appeared as broad areas at the baseline and were not tabu- 
lated by the spectrometer. * Nonprotonated aromatic carbons located next to the 
sulfoxide group, 0.96 p m apart for VF and 1.66 ppm apart for VS. Nine sharp 
aliphatic peaks were ogserved and tabulated. Some of the aromatic signals are 
merged at the higher temperature. 

chemical shifts of the N-methyl protons in VF and VS may be due to 
differences in the ring sulfoxide stereochemistry, which influences their 
coordination with the protonated N-methylpiperidinyl moiety. An 
analogous coordination occurs between the sulfoxide group in dimeth- 
yl sulfoxide and the hydroxyl groups in alcohols (20). The lack of disso- 
ciation of the protonated amine in the rather nonpolar deuterochloroform 
is suggested as the cause of N-methyl proton splitting in these com- 
pounds. Ratios of the salts (VF and VS) in mixtures can be determined 
by deuterium exchange and by integration of the piperidyl N-methyl 
peaks. Such mixtures are usually soluble enough to permit accurate es- 
timation of the ratios of VF to VS to within 2-5% with a conventional 
NMR spectrometer. 

Reductions with Lithium Aluminum Hydride-In anhydrous ether, 
lithium aluminum hydride reduced a mixture of the ring sulfoxides (IIF 
and 11s) to a single product, thioridazine. The reduction product matched 
reference standard thioridazine in TLC (system I), IR spectra, and 
GC-MS data. Mesoridazine was also reduced under similar conditions 
and gave the same TLC, IR, and GLC-MS characteristics for the reaction 
product, thioridazine. 

Mass Spectra of Ring Sulfoxides-Essentially identical spectra were 
obtained when IIF and IIS were passed through the GC-MS. Pro- 
grammed-temperature GC of IIF and IIS gave identical retention times; 
the peaks of these polar compounds were broad and appeared after the 
thioridazine peak. Upon direct injection, postcolumn with a heated va- 
porizer, both materials produced spectra showing the molecular ion. The 
spectra of both IIF and IIS had many peaks in common with thioridazine, 
including the molecular-ion peak for thioridazine and the base peak for 
the N-methylpiperidyl fragment. 

The ring sulfoxides theoretically exist as two diastereoisomeric pairs, 
and these pairs are separable by physical means such as chromatography 
or fractional recrystallization. These compounds are of interest because 
of the known metabolic conversion of thioridazine to such oxidation 
products. Methods for syntheses of the materials in pure form are de- 
scribed. Elemental analyses and IR data are consistent with the S-oxide 

Hewlett-Packard. 
Oll'ax IIA, Vitek Systems, Inc., McDonnell Douglas Corp., Hazelwood. MO 

fi'2nA') 
.I.I"1*. 

OV-225 (1.5%) on Chromosorb G, Applied Science Laboratories, State College, 

Fisher Scientific Co., Pittsburgh, PA 15219. 
Dreiding stereomodels. Fisher Scientific Co. 

PA 16801. 

' I  Silica gel 60 F-254.0.20-mm thick, on aluminum, E. Merck, Darmstadt, Ger- 

l 2  Whatman No. 1, Whatman, Inc., Clifton, Nd 07014. 
many. 

Phenol Reagent Solution, 2 N ,  Folin-Ciocalteau. Fisher Scientific Co. 
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beside reference standards of thioridazine (I) and mesoridazine (111) and 
synthetic samples of the thioridazine ring sulfoxides (IIF and 11s). The 
chromatograms were inspected by short- and long-wavelength UV irra- 
diation and by a detection system used for locating and identifying the 
spots by color (1). An HPLC system (12) was also used to identify the 
reaction products and to obtain approximate product ratios. 

Method IlLThioridazine hydrochloride (40.7 mg) was treated in four 
different reactions with increasing concentrations of aqueous hydrogen 
peroxide. The drug was dissolved in the following amounts of water, and 
the following amounts of hydrogen peroxide were added to the solutions 
over about a 2-min period: 5 ml of water, 0.1 ml of 15% HzOz; 15 ml of 
water, 0.1 ml of 15% H202; 5 ml of water, 25 pl of 15% H202; and 15 ml of 
water, 25 pl of HzOz. The studies examined whether more strenuous 
oxidation conditions would favor formation of the dioxide over that of 
the ring sulfoxides (IIF and 11s). Products from these reactions were 
examined by TLC as in Method I. 

Met hod 111-Thioridazine hydrochloride and 40% hydrogen peroxide 
were refluxed 4 hr in ethanol, as described previously (1). The crude re- 
action product was examined by TLC and HPLC. This oxidation process 
was also conducted on thioridazine free base to determine whether there 
was a difference in the distribution of reaction products under mildly 
basic conditions. 

Samples Prepared for  Oxidation Studies-Sample A consisted of 
a mixture of reference standards of I and 111 with synthetic IIF and IIS, 
prepared as described below. The rest of the samples were reaction 
products formed by the following oxidations: B, I with hydrogen peroxide 
in glacial acetic acid (17); C, I11 with hydrogen peroxide in glacial acetic 
acid; D, the hydrochloride of I with hydrogen peroxide in aqueous solu- 
tion; E, the hydrochloride of I with hydrogen peroxide in refluxing ethanol 
(1); F, I with hydrogen peroxide in refluxing ethanol; G, I with nitrous 
acid. 

Chromatography Systems Used to Study Oxidation Products- 
Systems I--1V and VI were used with silica gel TLC: I, chloroform-95% 
ethanol-12 N ammonium hydroxide (80:201); 11, acetone-12 N ammo- 
nium hydroxide (1007) (2); 111, ethyl acetate-glacial acetic acid-water 
(5:2:2) (1); IV, a solution of 1.5 gof ammonium acetate in 10 ml of water 
mixed with 50 ml of methanol (13-15). System V was an HPLC method 
(12); identification was made by observation of an increase of peak re- 
sponse without appearance of new peaks after the samples were spiked 
with appropriate individual components of sample A. System VI: TLC 
plates were sprayed with Folin reagent, then with 50% sulfuric acid, and 
were heated a t  100° for a few minutes. TLC identifications were made 
by observing Rr values which were identical to those of the components 
of sample A. 

Specific Oxidation of Thioridazine to Generate Only the Ring 
Sulfoxides of Thioridazine and Isolation as Nitric Acid Salts (VF  
and  VS)-To a solution of 1.521 g of thioridazine hydrochloride in 100 
ml of deionized water was added 10 drops of concentrated hydrochloric 
acid. To this mixture a sodium nitrite solution (1 g/10 ml) was added 
dropwise with stirring until the solution turned from blue to yellow-brown 
or started to turn orange. A small portion of this reaction mixture was 
analyzed immediately by HPLC; the ring sulfoxides had been formed 
exclusively. The mixture was extracted with two 30-ml portions of 
chloroform. The chloroform was removed by evaporation (steam bath) 
and then heptane (50 ml) was added to the glassy residue, and the solvent 
was again removed (steam bath) to give a yellow-orange powder. Residual 
heptane was removed by decantation. A small amount of this decanted 
heptane was boiled to dryness and contained no dissolved substances. 
The hard granular solid (VF and VS) after air drying weighed 1.07 g. The 
reaction was repeated with 3- and 6-1: portions of thioridazine hydro- 
chloride to yield 2.18 and 5.02 g, respectively. Melting points are given 
in Table 111. 

The nitric acid salts of the thioridazine ring sulfoxides (5.7 g) were 
fractionally crystallized (19) from 95% ethanol to give 290 mg of 99.9% 
V F  and 360 mg of 99.3% VS. Purity was determined by HPLC (12). 
Melting points are given in Table 111. 

Conversion of the Nitr ic  Acid Salts to Free Bases-The salt (VF 
or VS), 140 mg, was dissolved in 10 ml of warm deionized water. Con- 
centrated ammonium hydroxide (60 pl) was added and an oil separated. 
The mixture was extracted with two 5-ml portions of chloroform, and the 
combined extracts were passed through filter paper!, to remove water. 
The chloroform was removed (steam bath, nitrogen flush), and then 
methanol (5 ml) was added and removed in the sanie manner. The 
product was recrystallized from hexane or heptane to give a mixture of 
IIF and 11s (from VF and VS). When VF and VS were treated individu- 

ally, analytically pure IIF and 11s were obtained. Melting points and 
analyses are given in Table 111. IR (Nujol mull or KBr disk): IIF, 1019 (s) 
and 1050 (s) cm-l; IIS, 1028 (s) and 1050 (s) cm-’; (cast films): both IIF 
and IIS, 1028 (s) and 1050 (s) cm-* and superimposable from 4000 to 6000 
cm-’. IR sulfoxide bands: 11,1020 and 1045 cm-I (S=O) (1). IR (KBr) 
commercial sample of ring sulfoxide (11s-IIF = 8515): 1028 (s) and 1050 
(s) cm-I and superimposable from 4000 to 6000 cm-’ with a spectrum 
of 11s; mass spectrum: mlz (relative abundance, percent), IIF, 386 (0.5) 

Reduction of Thioridazine Ring Sulfoxides to Thioridazine with 
Lithium Aluminum Hydride-The mixed nitric acid salts VF and VS 
(0.1 g) were converted to the thioridazine sulfoxide free bases IIS and IIF 
as described directly above. A solution of the free bases in 1.3 ml of an- 
hydrous ether was stirred under a nitrogen atmosphere, and then a slurry 
of 0.1 g of lithium aluminum hydride in 1.3 ml of anhydrous ether was 
slowly added. A vigorous reaction occurred, and the solution turned or- 
ange and then yellow. After the reaction subsided, the mixture was re- 
fluxed for 24 hr. Water was added and the mixture was extracted three 
times with heptane-toluene (4:l). The solvent was removed to give 35 
mg of thioridazine. Mesoridazine was reduced to thioridazine in the same 
manner. The products were compared with thioridazine by TLC, IR 
spectrophotometer, and GC-MS (identical retention times with thio- 
ridazine): m/z 370 (M+), 98 (base peak, N-methyl piperidinyl fragment); 
instrument correlation index for thioridazine. 0.911. 

(M+); 370 (M - 16),98; IIS, 386 (2.0) (M+); 370 (M - 16), 98. 
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Abstract 0 A highly sensitive and selective method of analysis of plasma 
for thioridazine and its major metabolites, including two isomers of the 
ring sulfoxide, is presented. It is suitable for following the metabolism 
of thioridazine for 24 hr after a single dose. The method involves ex- 
traction of the materials from plasma, high-performance liquid chro- 
matographic separation, and postcolumn oxidation and fluorometric 
detection. The sensitivity of the method to thioridazine and its metab- 
olites is 2 ng/ml. Recoveries ranged from 87.8 to 100.6% at  levels between 
20 and 400 ng/ml. 

Keyphrases 0 Thioridazine-isomeric ring sulfoxides, metabolism, 
high-performance liquid chromatography with fluorometric detection, 
determination in plasma 0 High-performance liquid chromatogra- 
phy-thioridazine metabolism, formation of two isomeric ring sulfoxides, 
determination in plasma 

In preparation for a clinical study designed to compare 
the bioavailability of various brands of thioridazine tablets, 
it was necessary to develop a sensitive, specific method for 
the determination of thioridazine and its major metabo- 
lites in plasma. The metabolites of interest were sulfo- 
ridazine (thioridazine 2-sulfone), mesoridazine (thio- 
ridazine 2-sulfoxide), and the two isomers of thioridazine 
ring sulfoxide (thioridazine 5-sulfoxide) for which analyses 
have not been reported in the literature. 

The concentrations of thioridazine and its metabolites 

in biological fluids have been measured by fluorometric (1, 
2), TLC ( 2 4 ,  GLC (2,6-14), and high-performance liquid 
chromatographic (HPLC) (15-17) methods. Most of these 
methods were developed to measure thioridazine and its 
metabolites in the blood of patients who were placed on a 
therapeutic regimen of thioridazine. For the study of the 
metabolism of thioridazine arising from a single dose, a 
method capable of detecting these compounds in the range 
of 10-500 ng/ml of plasma was needed. None of the 
methods reported in the literature provide both the sen- 
sitivity and specificity necessary. 

Although the fluorometric methods provide the required 
sensitivity, they are not specific and do not differentiate 
among the metabolites. The GLC methods are not suitable 
at levels <50 ng/ml because of the instability of the me- 
tabolites on the chromatographic columns. The TLC 
procedures lack the necessary sensitivity. 

The method of Muusze and Huber (15), which employs 
an HPLC separation of thioridazine and its metabolites 
followed by postcolumn oxidation and fluorescence, 
showed the most promise. However, at a sensitivity that 
would allow the detection of the eluted compounds at 
levels <50 ng/ml, the baseline signal from the fluorometer 
became excessively noisy. To eliminate the noisy baseline 
and allow the detection of lower levels of the metabolites, 
the detection system was modified to extract the eluted 
products into a phosphoric acid solution of potassium 
permanganate for oxidation. 

I I 
I I 
I I 

J ,  , 0.4 C T .  nzoz  
I I 

R E C O R D E R  

=7 
INTEGRATOR I 

I 1 1 1 1 I I 
200 300 400 500 600 700 800 

WAVELENGTH, nm 
Figure 1-Transmittance spectra of excitation (A) and emission (l?) 
fil ters. 

F LUOROMETER 
Figure 2-HPLC detection system. Key: A ,  PTl8;  B,  14-turn phasing 
coil, 2.4-mm i.d.; C,  A6; D, IX mixing coil, 1-mm i.d.; E,  BO; and F, Pump 
16. 
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Table I-Linearity Data for Thioridazine and Metabolites (Spiked Plasma) 

Ratioa 
I I1 I11 IV 

Concentration b CC Id CC Id C' Id C C  I d  

- - Blanke 0.089 0.090 - - - - 
10 0.346 0.347 0.131 -f 0.079 0.068 0.050 -I 
20 0.755 0.741 0.287 0.278 0.170 0.163 0.117 0.107 
50 1.45 1.42 0.572 0.569 0.343 0.332 0.241 0.230 

100 
250 
400 
500 

. ~ . .  

-8 2.76 1.09 1.10 0.673 0.672 0.480 0.486 
-b! 6.42 -g 2.70 -8 1.58 -8 1.16 
-B 10.49 -R 4.30 -d 2.45 - B  1.78 
-R 12.62 -R 5.48 -6. 3.15 -Y 2.26 

Slope 36.2 39.6 95.7 92.6 154.2 161.7 213.2 224.2 
Intercept -3.9 -6.3 -4.8 -2.7 -3.8 -4.4 -2.3 -5.1 
Correlation 0.9942 0.9997 0.9987 0.9998 0.9991 0.9997 0.9989 0.9998 

Coefficient 
0 Standard peak height to internal standard peak height. I = thioridazine; I1 = thioridazine ring sulfoxide (fast eluter); 111 = thioridazine ring sulfoxide (slow eluter); 

No 11,111, or IV = mesoridazine. 
IV detected in blank. I' fntegrator failed to  detect peak. 8 Peaks were off-scale on the recorder. 

n /ml of plasma. c Peak height taken from recorder chart. Recorder set a t  20 mV full scale. Peak height reported by integrator. 

Although that study (15) reported only a single thio- 
ridazine ring sulfoxide, another study (18) reported the 
presence of two isomers. The mobile phase used in the 
HPLC system was modifed to permit the separation of all 
the metabolites of interest, including the two ring sulfoxide 
isomers, and to allow the use of an internal standard. 

EXPERIMENTAL 

Apparatus-The HPLC system consisted of a pump', a syringe in- 
jector', a recorder2, an integrator3, a 3.2- X 250-mm column packed with 
10-pm spherical particle silica4, a 2- X 50-mm precolumn of solid-core 
silica5, a peristaltic pump6, mixing coils and connecting tee&, and a flu- 
orometer7 equipped with excitation8 and emissiong filters. The trans- 
mittance spectra of these filters are shown in Fig. 1. Samples were stored 
in a freezer10 at -40'. A vortex mixer11 and a centrifugelz were used in 
the extraction of the plasma samples. The detection system was assem- 
bled as shown in Fig. 2. 

Reagents-Potassium permanganate, sodium nitrite, diethylamine, 
hydrogen peroxide, and phosphoric acid were reagent grade. Ethyl ace- 
tate, heptane, I-chlorobutane, methylene chloride, and 2-propanol were 
HPLC grade. The water was deionized. Thioridazine hydrochlorideI3, 
mesoridazine besylatel3, thioridazine ring sulfoxide nitric acid 8altsl4 (181, 
sulforidazine'4, and triflupromazine hydroch1oridel6 were used as stan- 
dards. Plasma was obtained from the Red Cross blood bank. 

The potassium permanganate solution was prepared by dissolving 100 
mg of potassium permanganate in 1 liter of 5% aqueous phosphoric acid. 
The hydrogen peroxide solution was prepared by diluting 1 ml of 30% 
hydrogen peroxide to 250 ml with water. 

HPLC Operating Conditions-The mobile phase was l-chlorobu- 
tane-2-propanol-water-diethylamine (927.90.080.016). The flow rate 
was 1.5 ml/min at  2 5 O .  The potassium permanganate solution flow rate 
was 2.0 ml/min, and the hydrogen peroxide solution flow rate was 0.4 
ml/min. The flow rate through the fluorometer flowcell was 1.8 ml/min. 
The recorder sensitivity was set at 20 mV full scale (the output of the 
fluorometer was 100 mV full scale). The fluorometer sensitivity was ad- 
justed so that the internal standard peak height was - 80% of full scale 
on the recorder when 100 pl of sample extract was injected. The integrator 

1 Model 6000A pump and model U6K injector, Waters Aasociates, Milford, MA 
a.3-3 
U I I J I .  * Model PSOIWGA, Texas Instruments, Inc., Houston, TX 77001. 

3 Model 3390A. Hewlett-Packard, Palo Alto, CA 94304. 
10-um LiChrosphere Si-500, Alltech Associates, Inc., Deerfield, IL 60015. 
Corasil, 30-50 i m ,  Waters Associates. 
Technicon Instruments Corp., Tarrytown, NY 10591. See Fig. 2 for part 

Schott UG-11. 
Wratten 2B. 

numbers. 
7 Ratio Fluorometer 2, Farrand Optical Co., Inc., Valhalla, NY 10595. 

lo  Model ULT 1535-A-5-6, Rheem Manufacturing Co., West Columbia, SC 

l 1  Model M-16715, Thermolyne Corp.. Dubuque, 1A 52001. 
12 Spinette, International Equipment Co., Damon Corp., Needham Heights, MA 

14 Prepared in our lahoratory. 
I s  USP reference standard. 

29169. 

o''t?4. 
Sandoz Pharmaceuticals, Hanover, NJ  07936. 

was set to measure peak heights. Instrument operating conditions were 
maintained for 0.5 hr before injection of the first sample or standard 
solution. 

Preparation of the Internal Standard Solution-An aqueous so- 
lution of triflupromazine hydrochloride (10 mg/25 ml) was transferred 
to a separatory funnel. A I-ml portion of 0.1 N hydrochloric acid and a 
I-ml portion of sodium nitrite solution (1Og/100 ml) were added, and the 
funnel was shaken for 2 min. The solution was made alkaline with con- 
centrated ammonium hydroxide, the oxidized triflupromazine was ex- 
tracted with one 50-ml portion of methylene chloride, and the extract 
was diluted to 100.0 ml with methylene chloride. A 3.0-ml aliquot of the 

1 

c '  

B L  

A- 

t I I I I I ,  
20 25 5 10 15 0 

MINUTES 
Figure 3-HPLC chromatograms. Key: A, extract of blank plasma; B, 
standards added to plasma at a level of -100 nglml each; C,  extract from 
whole hlood of patient on thioridazine therapy; ( I )  thioridazine; (2) 
sulforidazine; (3) internal standard; (4 and 5) thioridazine ring sul- 
/oxides; and (6) mesoridazine. 
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Table 11-Recovery Data for  Thioridazine (ng/ml of Plasma) 
from Four  Spiked Samples of Plasma 

Samplea 
Sample 1 2 3 4 

1 
2 
3 
4 

Mean 
SD cv. % 

393.7 141.6 71.5 
380.2 147.3 73.8 18.4 --. ~ 

9.19 4.10 1.82 0.62 
2.42 2.78 2.47 3.35 

Added 407.8 163.0 81.5 20.4 
Percent recovery 93.2 90.4 90.5 90.2 

0 For concentrations of other components in these samples, see Tables 111-V. 

methylene chloride solution was diluted to 250 ml with heptane-ethyl 
acetate-diethylamine (100:100:1). The internal standard solution gave 
an HPLC peak with a retention time identical to that of triflupromazine 
sulfoxide prepared from a previous procedure (19). The latter material 
was crystallized from ethyl acetate and dried (55', 3 mm, 3 hr) to give a 
product, mp 94-96', which was submitted for carbon and hydrogen ele- 
mental analysis. 

Anal.-Calc. for C ~ & I I ~ F ~ N ~ O S :  C, 58.68; H, 5.20. Found: C, 58.43; H, 
5.33. 

Preparat ion of Sample Solutions-A 2.0-ml aliquot of plasma was 
transferred to a 16- X 100-cm screw-capped test tube containing 2.0 ml 
of the internal standard solution and 3 ml of heptane-ethyl acetate (1:l). 
The tube was capped, mixed on a vortex mixer for 2 min, centrifuged for 
5 min, and placed in the freezer until the plasma was frozen. The organic 
layer was decanted into a second tube. The frozen plasma was allowed 
to thaw and was re-extracted with 3 ml of heptane-ethyl acetate (1:l). 
The organic layers were combined and evaporated to dryness (steam bath, 
nitrogen stream). The residue was dissolved in 0.5 ml of the HPLC mobile 
phase. 

A 

4 

2.3 

B 

4 

1 

5 10 15 2 0  25 0 5 10 15 20 25 
MINUTES 

Figure 4-HPLC chromatograms. Key:  A, extract of plasma with -10 
ng of each standardlrnl added; R, extract of blank plasma with internal 
standard added; ( I  and 2) plasma blanks; (3) thioridazine; (4)  internal 
standard; (5 and 6) thioridazine ring sulfoxides; and (7) mesorida- 
zine. 

Tab le  111-Recovery Data for  Thioridazine Ring Sulfoxide (Fast  
Eluter)  (ng/ml of Plasma) from Four Spiked Samples of Plasma 

Sample0 
Sample 1 2 3 4 

1 
2 
3 
4 

Mean 
SD 
C V ,  % 

42.96 38.9 207.7 393.2 
18.7 35.9 201.2 388.7 
16.6 35.5 i8s.i 394.6 
16.6 40.8 193.7 390.9 
17.3 37.8 197.7 391.8 

1.21 2.52 8.57 2.60 
7.00 6.68 4.34 0.66 

Added 19.7 39.3 196.8 393.6 
Percent recoverv 87.8 96.2 100.4 99.5 

For concentrations of other components in these samples, see Tables 11, IV. and 
Sample contaminated: not used in calculation of mean, SD, and C V  V. 

Preparat ion of Standard Solutions-Portions of the salts of thio- 
ridazine, rnesoridazine, and the ring sulfoxides equivalent to 20 mg of the 
corresponding free bases were each dissolved in 95% ethanol and diluted 
to 100.0 ml. These solutions were diluted with 95% ethanol to give mixed 
standard solutions containing 0.8, 1.6, 4, 8, 20, 32, and 40 pg of each 
standard/ml. A 25.~1 aliquot of each solution was added to 2 ml of plasma. 
At this low level, the ethanol neither denaturated the plasma nor in- 
fluenced the partition coefficients in the extractions. The sample-prep- 
aration procedure was used for the extraction of the standard solu- 
tions. 

Recovery of Thioridazine and Metabolites from Plasma-Four 
plasma samples containing thioridazine and each of its metabolites at  
levels of 20 to 400 ng/ml were prepared. Aqueous solutions of the etha- 
nolic standard solutions were added to the plasma to avoid denaturing 
of the plasma and to avoid changes in the partition coefficients in the 
extraction steps. Four aliquots of each prepared plasma sample and four 
aliquots of blank plasma were extracted. 

Stability of Thioridazine and Its Metabolites in Plasma-Aliquots 
of one of the plasma samples used in the recovery experiment were 
transferred to test tubes and stored in the freezer. At intervals over a 
3-week peritd, the samples were removed from the freezer and extracted. 
The dried extracts were stored in the freezer until the end of the 3-week 
period; all extracts were then injected into the HPLC system on the same 
day. In a second experiment, samples were removed from the freezer and 
stored at room temperature for 0, 1,2,5, and 24 hr before extraction; all 
five of these extracts were injected on the same day. 

HPLC Separation and Analysis-A 100-pl aliquot of the extract of 
each standard and sample was injected into the liquid chromatograph. 
The ratios of each peak height to the peak height of the internal standard 
were calculated f'rom the integrator output and from the recorder chart 
for those peaks that remained on scale. Linear regression calculations 
were performed on the standards, and the slope and intercept so obtained 
were used to calculate the concentration of the sample solutions. 

RESULTS AND DISCUSSION 

Preliminary tests showed that, a t  levels <50 ng of metabolite per ml 
of plasma, the peak height measurement by the integrator was more re- 
liable than the area measurement. Integration would sometimes stop 
before the baseline was reached at  the end of the peak, causing relatively 
large errors in the calculations based on peak area. 

The peak height ratios of the plasma standards were subjected to a 

Table  IV-Recovery Data for  Thioridazine Ring Sulfoxide (Slow 
Eluter)  (ng/ml of Plasma) from Four  Spiked Samples of Plasma 

Sample" 
Sample 1 2 3 4 

1 
2 
3 
4 

Mean 
SD 
CV. To 

28.8b 39.2 206.3 378.2 
20.2 37.2 206.1 396.6 
18.0 40.0 199.7 410.0 
19.0 36.6 197.9 400.2 
19.1 38.2 202.5 396.2 
1.10 1.61 4.33 13.33 
5.77 4.21 2.14 3.36 

~~ ~ 

Added 20.7 41.4 206.9 413.8 
Percent recovery 92.2 92.3 97.9 95.7 

For concentrations of other components in these samples, see Tables 11, 111. 
and V. * Sample contaminated; not used in calculation of mean, S D ,  and CV. 
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Table V-Recovery Data for Mesoridazine (ng/ml of Plasma) 
from Spiked Samples of Plasma 

Table VII-Stability of Compounds * in Plasma Samples a t  
Room TemDerature 

Sample 
Samplea 

1 2 3 4b 
Peak Height Ratiosb 

Hours I i1 i11 IV 

1 
2 
3 
4 

Mean 
SD cv. % 

81.0 379.6 198.5 - 
81.4 355.7 197.3 - 
79.2 384.9 195.7 - 
78.1 362.0 197.6 - 
79.9 370.6 197.3 - 
1.55 13.9 1.17 - 
1.94 3.76 0.59 - 

79.5 397.4 198.7 20.0 
- 

Added 
Percent recovery 100.5 93.3 99.3 

0 For concentrations of other components in these samples, see Tables 11-IV. 
b Level of mesoridazine in sample 4 not detectable in the presence of 400 ngof the 
ring sulfoxidehnl of plasma. 

linear regression analysis (Table I). Each of the four compounds tested 
showed a linear response in the 10- to 500-ng/ml range. The peak height 
ratios calculated from the recorder chart could be used interchangeably 
with those calculated by the integrator. Occasionally the integrator failed 
to detect peaks at levels of 10-20 ng/ml. The recorder chart then provided 
a convenient backup for measurement of the peak height ratio. 

Recoveries (Tables 11-V) ranged from 87.8 to 100.5%, and coefficients 
of variation ranged from 0.6 to 7.0%. The largest variations were found 
for the ring sulfoxides in the 20- to 4O-ng/ml range. The recovery of sul- 
foridazine was not studied due to lack of sufficient material. 

The results of the stability tests (Tables VI and VII) show that thio- 
ridazine and its metabolites are stable in frozen plasma for at least 3 weeks 
and are stable in plasma at  room temperature for a t  least 24 hr. 

Figure 3 shows the integrator curves for blank plasma, plasma with 
each standard added at  the 100-nghl level, and a whole blood sample 
from a patient on thioridazine therapy. Figure 4 shows the recorder 
tracing of a plasma sample with each standard added at the 10-nglml level 
and that of a plasma blank with the internal standard added. The esti- 
mated detection limit for each standard in plasma is 2 ng/ml. 

The HPLC system gives good resolution of thioridazine and its major 
metabolites. When used with the new sample extraction procedure and 
the new procedures for postcolumn extraction, oxidation, and fluoro- 
metric detection reported here, the system provides a highly sensitive 
and specific method of analysis with minimum interferences. 

A modification of the procedure has been used to measure thioridazine 
and its metabolites in postmortem whole blood samples. Thioridazine, 

Table VI-Stability of Compounds in Frozen Plasma Samples 
(Sample 3) 

Days in Peak Height Ratiosb 
Freezer I I1 I11 IV 

1 1.839 1.200 0.912 
2.1 22 1.362 1.035 2 2.062 

2 1.957 1.969 1.282 0.955 
5 2.096 2.032 1.339 1.012 _ ~~~ 

1.870 2.034 1.274 0.955 
0.963 14 2.067 1.993 1.304 

21 1.997 2.162 1.372 1.031 
21 2.048 2.005 1.289 0.958 

Mean 1.982 2.021 1.303 0.978 
SD 
c v ,  % 5.82 4.92 4.27 

14 

0.1154 0.1Ooo 0.0556 0.0435 
4.45 

a I = thioridazine; I1 = thioridazine ring sulfoxide (fast eluter); 111 = thioridazine 
ring sulfoxide (slow eluter); IV = mesoridazine. b Standard peak height-internal 
standard peak height. 

0 1.951 1.805 1.223 0.911 
1 1.870 1.744 1.142 0.862 
2 1.971 1.818 1.216 0.922 
5 2.073 1.844 1.228 0.919 

24 i.963 1.842 1.195 0.920 
Mean 1.966 1.811 1.201 0.907 
SD 0.0723 0.0411 0.0350 0.0253 cv. % 3.66 2.25 2.95 2.80 

a I = thioridazine; I1 = thioridazine ring sulfoxide (fast eluter); 111 = thioridazine 
ring sulfoxide (slow eluter); IV = mesoridazine. !J Standard peak height-internal 
standard peak height. 

sulforidazine, the two ring sulfoxides, and mesoridazine were detected 
a t  levels that ranged from 20 ng to 20 pg/mll6. 
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Abstract 0 The quassinoids (brusatol, bruceantin, bisbrusatolyl esters, 
and bisbruceantinyl esters of succinic and malonic acids) were observed 
not to be universal protein synthesis inhibitors. Rather, they were se- 
lective for both the types of cancers, e.g., P-388 lymphocytic leukemia, 
Ehrlich and hepatoma carcinoma and L-1210 lymphoid leukemia, as well 
as types of normal tissues (e.g., lymphocytes), in which they demonstrated 
protein synthesis inhibition. The data suggest that the observed differ- 
ence in the magnitude of protein synthesis inhibition of two P-388 lym- 
phocytic leukemia cell lies by the quassinoids was at  the ribosomal levels, 
whereas the observed difference in normal livers from various strains of 
mice involve differences in cell membrane transport of the quassinoids 
into the various tissues. Detailed studies indicated that the mode of action 
of the quassinoids as protein synthesis inhibitors was identical in all of 
the cells where inhibition was observed; i.e., the elongation step of protein 
synthesis was blocked by the quassinoids. The data derived from assays 
for polyuridine-directed polyphenylalanine synthesis of isolated ribo- 
somes demonstrated that the ID50 values obtained were consistent with 
the observed inhibition of whole cell protein synthesis inhibition for P-388 
cells, as well as for BDFl and DBA/2 liver cells. The ID50 values obtained 
from various cells, e.g., P-388 cells and normal liver, were all in the pM 
range and are consistent with previously published values for the qu- 
assinoids in the rabbit reticulocyte and yeast systems. 

Keyphrases 0 Brusatol-effects on protein synthesis of murine tumors 
0 Bruceantin-effects on protein synthesis of murine tumors 0 Bis- 
brusatolyl esters-effects on protein synthesis of murine tumors 0 
Protein synthesis-inhibition by quassinoids, P -388 lymphocytic leu- 
kemia cells 

Recently a number of quassinoids including brusatol (I), 
bruceantin (ID, bisbrusatolyl malonate (III), bisbrusatolyl 
succinate (IV), bisbruceantinyl malonate (V), and bis- 
bruceantinyl succinate (VI) were observed to inhibit in 
uitro protein synthesis of P-388 lymphocytic leukemia cells 
(1). The inhibition of protein synthesis correlated posi- 
tively with P-388 tumor cell growth inhibition (2), and 
further work demonstrated that the elongation step of 
protein synthesis was being inhibited by the quassinoids 
(1-3). In earlier studies, this laboratory observed that 
different lines of P-388 lymphocytic cells, P-388-UNC and 
P-388-NIH, metabolically responded quantitatively dif- 
ferently to the quassinoids; ie., in the two cell lines dif- 
ferent magnitudes of protein synthesis inhibition were 
observed. Thus, the objectives of the present study were 
to examine ( a )  the effects of time of incubation to deter- 
mine how rapidly the agents act on protein synthesis, ( 6 )  
the effects of quassinoids on protein synthesis in two lines 
of P-388 cells as well as other murine tumor lines, ( c )  the 
effects of quassinoids on normal tissue protein synthesis 
to determine if they are ubiquitous mammalian protein 
synthesis inhibitors, and ( d )  the effects of the quassinoids 
on in uiuo protein synthesis using multiple doses and dif- 
ferent concentrations (mg/kg) of drugs. 

EXPERIMENTAL 

Sources of Compounds-The sources of the quassinoids as well as 
their physical and chemical characteristics have previously been reported 

I: R =  

c> 
co 11: R = 

OH 

\O(CHJ, CO' 

I I I : n = l ; R =  co 

Iv: n = 2 ; R =  
co 

V: n = 1 ;  R = 
co 

VI: n = 2; R = 
co 

Structures of Quassinoids 

(4,5). All of the agents were homogenized in 0.05% polysorbate-&water 
for use in the in uiuo and in vitro studies. 
Sources of Tumor and Normal Cells-P-388 lymphocytic leukemia 

cells were obtained through the National Cancer Institute. The P-388- 
UNC tumor line was obtained in June 1978 and the P-388-NCI was ob- 
tailled in December 1980. Both P-388 lymphocytic leukemia lines were 
maintained in DBA/2 or BDFl male mice (-18 9). On day zero, 106 P-388 
cells were implanted intraperitoneally, and on day 9 the cells were har- 
vested for the in uitro studies. Antineoplastic activity was determined 
for P-388 screen by the NCI protocol (6). The L-1210 lymphoid leukemia 
line was maintained in DBAI2 male mice (-20 9). On day zero, 105 cells 
were implanted intraperitoneally, and the cells were harvested on day 
8 for in uitro studies. The hepatoma 129 line was maintained similarly 
to the P-388 line except the host species was male C3H mice (-18 g). Cells 
for the in uitro study were removed on day 8. The renal cell carcinoma 
(RC02) was maintained in CDF male mice (-20 g). On day zero, 0.1 ml 
of ascites fluid was implanted into new donor mice. Three weeks later, 
cells were harvested for in uitro studies. 
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Table I-The Effect of Quassinoid Esters on Protein Synthesis of Two Strains of P-388 Lymphocytic Leukemia Cells for 90-min 
Incubation 

Control, % 

5 p M  10pM 15pM 25pM 50pM 5pM 10pM 15pM 25pM 50jtM 
P-388-UNC P-388-NCI 

0.05% Polysorbate 80 
Brusatol 
Bruceantin 
Bisbrusatolyl malonate 
Bisbrusatolyl succinate 
Bisbruceantinyl malonate 
Bisbruceantinyl succinate 

1 0 0 f 7  
23 f 6 
75 f 7 
54 f 5 
58 f 4 
7 2 f 5  
78 f 6 

1 0 0 f 7  
22 f 4 
57 f 6 
1 7 f 4  
28 f 4 
60 f 6 
68 f 5 

1 0 0 f 7  
19 f 4 
49 f 7 
14 f 3 
23 f 3 
45 f 4 
5 0 f 4  

All of the solid tumors were maintained in male C57B1/6 mice (-22 g). 
On day zero a fragment (-30 mg) was implanted into the mice. For the 
B-16 melanotic melanoma, brain glioma 261 and the ependymoblastoma, 
the fragment was implanted into the inguinal region of the hind leg. For 
the Lewis lung, the tumor was implanted intramuscularly into the hind 
leg. Cells were harvested on day 14 and homogenized with a loose pestle 
to obtain individual cells in 0.25 M sucrose and 0.001 M EDTA (ethy- 
lenediaminetetraacetic acid), pH 7.4. 

The Ehrlich ascites tumor line was maintained in CF1 male mice (-20 
g) by implanting 2 X 106 cells on day zero. Cells were collected on day 8. 
The sarcoma 180 ascites tumor line was maintained in Swiss Webster 
male mice (-20 9). Cells were harvested on day 8. The KB human epi- 
dermoid carcinoma of the mouth was maintained as a tissue culture in 
minimum essential medium and 10% fetal calf serum containing the 
antibiotics, penicillin and streptomycin (7). 

Normal tissues were selected from the strain of mice that acted as host 
for the tumor transplant. Normal kidneys were obtained from CDFl male 
mice; normal brain tissue was obtained from C&1/6 male mice; normal 
liver was obtained from C3H male mice, and spleen lymphocytes were 
obtained from DBAR male mice. 

In Vitro Whole Cell Leucine Incorporation into Protein-These 
studies were conducted with l@ cells (homogenized and whole cell) from 
tumor or normal tissues, 1 pCi of L-leucine [4,5-3H, 56.5 Ci/mmole] 
with minimum essential medium in a total volume of 1 ml, which was 
incubated 60 min at 37'. The time of incubation was varied in the P-388, 
L-1210, hepatoma, and Ehrlich ascites studies from 30-120 min. The 
reaction was stopped with 10% trichloroacetic acid, and the insoluble 
protein was collected on filters' by vacuum suction and the filters 
counted2 (8,9). The results are expressed as dpm/W cells. 

Polyuridine-Directed Polyphenylalanine Synthesis-Tumor 
lysates were prepared by a previous method (10). The following were 

l o o F  80 

-. 
1.25 2.5 5.0 

(fl) 
Figure I-The effect of various concentrations (pM) of brusatol on 
whole cell protein synthesis of P-388-UNC cells and the influence of 
time of incubation. Key: (0) 30 min; (A) 45 min; (0) 60 min; (D) 90 min; 
(A) 120 min. 

1 Millipore nitrocellulose. 
2 Fisher Scintiverse in a Packard Counter. 

~~ ~ 

1 0 0 f 7  1 0 0 f 7  100f8 1 0 0 f 8  1 0 0 f 8  1 0 0 f 8  1 0 0 f 8  
1 8 f 3  1 6 f 3  2 4 f 7  2 3 f 5  2 0 f 6  1 8 f 5  1 3 f 3  
3 8 f 6  3 2 f 4  2 8 f 4  1 9 f 4  1 8 f 6  1 7 f 3  1 9 f 3  
5 f 2  5 f 2  8 5 f 7  7 0 f 6  5 5 f 5  5 0 f 7  5 0 f 7  
- - 8 7 f 9  7 5 f 5  6 3 f 6  - - 
- - 8 1 f 7  7 6 f 6  6 8 f 6  - - 

- 9 0 f 8  7 8 f 6  7 0 f 7  - - - 

isolated from tumor lysates by literature techniques: runoff ribosomes 
( l l ) ,  pH 5 enzymes (lo), and uncharged tRNA (12). The reaction medium 
(13) contained 50 mM tris(hydroxymethyl)aminomethane, pH 7.6,12.5 
mM magnesium acetate, 80 mM KCl, 5 mM creatine phosphate, 0.05 
mg/ml creatine phosphokinase, 0.36 mg/ml polyuridine (poly(U)]- 
( A d A w  = 0.34), 0.5 pCi [3H]phenylalanine (536 mCi/mmole), 75 pg 
uncharged tumor cell tRNA, 70 pg of tumor pH 5.0 enzyme preparation, 
and 0.9 Am of P-388 tumor cell or liver runoff ribosomes. Test drugs were 
present in 0-30 pM concentration. Incubation was for 20 min at 30" after 
which a 35-pl aliquot was spotted on filter papers3 which were treated 
for 10 min in boiling 5% trichloroacetic acid and washed with cold 5% 
trichloroacetic acid, ether-ethanol (l: l) ,  and ether. The filter papers were 
dried and counted in scintillation fluid2. 
In Vivo Studies of Protein Synthesis Inhibition-In order to de- 

termine the effects of quassinoids on normal in uiuo protein synthesis, 
CF1 male mice (-22 g) were injected with brusatol, bruceantin, or bis- 
brusatolyl malonate a t  a dose of 0.6 mg/kg ip for 3 days. On the 4th day, 
1 hr prior to sacrifice, 1OpCi of [3H]leucine was injected intraperitoneally. 
The liver, kidney, spleen, and lung were excised, and the protein was 
extracted by a previous method (14) and counted. Protein content was 
determined by another method (15). In oiuo P-388 tumor cell studies were 
conducted to determine the dose response effect on protein synthesis by 
implanting lo6 cells on day zero into BDFl mice. On days 7,8, and 9. 
brusatol, bruceantin, or bisbrusatolyl malonate was injected intraperi- 
toneally from 0.10 to 0.60 mg/kg/day. On day 10, the cells were harvested 
and extracted as described above. In other studies, brusatol and bru- 
ceantin were injected as a single dose on day 7, as two doses on days 7 and 
8, and three doses on days 7,8,  and 9 at  0.3 mg/kg/day. Cells were har- 
vested 6 hr after the last dose. Protein was extracted (14), counted, and 
protein content (15) determined. Results are expressed as dpm/mg of 
isolated protein. 

RESULTS 

In initial studies, brusatol (I), bruceantin (111, and bisbrusatolyl mal- 
onate (111) were incubated with P-388-UNC lymphocytic leukemia cells 
between 30-120 min. Brusatol required more than 60 min incubation to 
obtain maximal inhibition (Fig. 1). Little difference was observed in the 
extent of inhibition after 90- or 120-min incubations. Similar data were 
obtained with bruceantin and bisbrusatolyl malonate. Thus, 90-min in- 
cubations were used routinely in subsequent experiments. Under these 
conditions, brusatol was the most effective inhibitor causing an inhibition 
of 75-8070 at concentrations between 1.25 and 5 pM (Fig. 1). The qu- 
assinoid esters, 111 and IV, caused the same magnitude of protein syn- 
thesis inhibition but required concentrations of 10-15 p M  (Table I). 
Compound I1 was not that active as a protein synthesis inhibitor at this 
concentration range in P-388 cells (Table I).. Concentrations above 10 
pM were required for I1 to afford more than 50% inhibition of protein 
synthesis. 

Comparison between two P-388 lymphocytic leukemia lines of tumor 
(P-388-UNC and P-388-NCI) shows that the quassinoids have a differ- 
ential effect on tumor growth suppression as well as protein synthesis 
inhibition (Table I). Compounds I and I1 at  0.6 mg/kg/day were slightly 
more active against the growth of the P-388 NCI tumor line compared 
with the P-388-UNC line (Table 11). Compound 111 was less active against 
the growth of the P-388-NCI tumor line compared with the P-388-UNC 
tumor line. Protein synthesis was inhibited (Table 11) in a similar manner; 
e.g., I and I1 were slightly better inhibitors in the P-388-NCI tumor cell 
system, whereas 111 had less effect on protein synthesis in the P-388-NCI 
tumor line. Approximately the same degree of inhibition of protein 

~~ ~ ~ 
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Table 11-The Effects of Quassinoids on In Vivo P-388 
Lymphocytic Leukemia Tumor Growth 

TIC% at 0.6 mghglday 
P-388 UNC P-388 N U  

I Brusatol 149 156 
I1 Bruceantin 146 162 

I11 Bisbrusatolyl malonate 212 135 
IV Bisbrusatolyl succinate 217 161 
V Bisbruceantinyl malonate 139 139 

VI Bisbruceantinyl succinate 153 151 
5 Fluorouracil(l2.5 mg/kg) 186 209 

synthesis was observed for homogenized cell preparations from both 
P-388 lines (data not shown). Since I11 is a dimer connected through an 
ester group, the question arose whether the difference in response in both 
antineoplastic activity and inhibition of protein synthesis could be the 
property of the ester linkage. Thus, three other esters were examined: 
bisbrusatolyl succinate (IV), bisbruceantinyl malonate (V), and bisbru- 
ceantinyl succinate (VI). As can be seen in Table 11, all three of these 
esters demonstrated less antineoplastic activity in the P-388-NCI tumor 
line compared with the P-388-UNC tumor line. The same analogy can 
be observed with respect to protein synthesis inhibition; i.e., the esters 
had less activity as protein synthesis inhibitors in the P-388-NCI tumor 
cell line (Table 11). 

In uiuo protein synthesis studies in BDFl mice inoculated with tumor 
P-388-NCI lymphocytic leukemia cells demonstrated that after a 3-day 
administration of the quassinoids from 0.10 to 0.60 mghtg, brusatol had 
the strongest effect on protein synthesis inhibition causing greater than 
80% inhibition at  0.10 mg/kg/day (Fig. 2). Compound I1 required a dose 
of 0.30 mgkg to produce greater than 80% inhibition, whereas bis- 
brusatolyl malonate only caused Two inhibition at 0.60 mg/kg for 3 days. 
Examination of single and multiple dosing of I, 11, and 111 at  0.3 mg/kg 
shows that 6 hr after the first dose I caused >WO inhibition of in uiuo 
protein synthesis (Fig. 3). Bruceantin, on the other hand, only caused 25% 
inhibition of protein synthesis 6 hr after a single dose, two doses caused 
77% inhibition, and three doses were required to cause >90% inhibition 
of protein synthesis. Three doses of bisbrusatolyl malonate were required 
to cause greater than 50% inhibition of protein synthesis. Thus, the in 
uiuo studies on the effects of quassinoids on P-388-NCI leukemia cell 
protein synthesis afforded consistent results with in uitro studies. 

The quassinoids are potent inhibitors of the polyuridine-directed 
polyphenylalanine synthesis reaction of P-388 ribosomes. The IDS values 
obtained for I, 11, and I11 were for the P-388-UNC ribosomes 6.4, 11.5, 
and 1.9, respectively, and for the P-388-NCI ribosomes 0.4,0.6, and 25 
pM, respectively. 

Since the specificity of the quassinoids as protein synthesis inhibitors 
varied so strikingly between the two P-388 cell lines, the effects of these 
compounds on the inhibition of in uitro protein synthesis of a series of 
unrelated murine tumors were also examined. As can be seen in Table 
111, compounds I, 11, and I11 were found to be potent protein synthesis 
inhibitors in both Ehrlich and hepatoma 129 carcinomas at  various 

J 
0 
c 6 0 -  
I- z 
8 
U 
0 4 0 -  
ae 

2 0 .  

concentrations. Again, 90-min incubations resulted in the maximum 
degree of protein synthesis by the quassinoids for inhibition in Ehrlich 
and hepatoma cells (data not shown). A moderate protein synthesis in- 
hibition was observed by the quassinoids in the L-1210 lymphoid leu- 
kemia, B- 16 melanotic melanoma, and ependymoblastoma tumor cells. 
Compounds I and I1 at  the high concentrations (50 pM) produced mild 
inhibition of protein synthesis in the brain glioma 261 tumor cells. The 
quassinoids actually stimulated whole cell protein synthesis in the Lewis 
lung carcinoma, renal cell carcinoma, and human KB tissue culture 
system. 

As can be observed from Table 111, normal lungs from C3H mice and 
normal kidneys from CDF mice demonstrated the same pattern of protein 
synthesis as the Lewis lung carcinoma and renal cell carcinoma of that 
tissue, i .e.,  an increase in protein synthesis after 90-min incubation with 
the quassinoids. The quassinoids inhibited both normal spleen lym- 
phocytic and lymphoid leukemia cells in DBAI2 mice. However, the 
quassinoids did not cause protein synthesis inhibition of normal liver 
from C3H mice but did cause inhibition of the hepatoma from this same 
strain of mice. 

As can be noted in Table 111, only protein synthesis from noncancerous 
livers of BDFl and DBA/2 mice was inhibited by the quassinoids a t  
50-pM concentrations. All other whole cell liver studies from different 
strains of mice, CF1, CDF, and C&B1/6, demonstrated no inhibition of 
protein synthesis by the quassinoids. Since liver cells from most strains 
of mice seemed to be relatively resistant to inhibition by the quassinoids, 
the effect of these compounds on polyuridine-directed polyphenylalanine 
synthesis in uitro for two of these cell types was determined. In BDFl 
liver, compounds I, 11, and 111 afforded IDw values of 0.3,0.6, and 25 pM, 
whereas the DBN2 liver ribomes, the IDSO values were 0.4,0.7, and >50 
pM, respectively. Bruceantin afforded an IDSO of >50 pM with CF1 liver 
ribosomes. 

DISCUSSION 

The quassinoids do not appear to be universal protein synthesis in- 
hibitors. Instead, they are selective for the tissue type as well as non- 
cancerous and cancerous tissue cell types. In some cases this selectivity 
appears to be due to inherent differences at the ribosome level, while in 
other cases it seems to be a result of differences in tissue cell permeability 
to the quassinoids. In whole cell studies the quassinoids require an in- 
terval of time before they effectively bring about protein synthesis in- 
hibition. This phenomenon may be due to delayed transport of the qu- 
assinoid into the cell, to a time lag necessary for binding of the quassinoids 
to their intracellular target, or to metabolism of the quassinoids to an 
active species which inhibits protein synthesis. 

The quassinoids did appear to exhibit a quantitative difference in 
blocking protein synthesis of the P-388-NCI and P-388-UNC lympho- 
cytic leukemia lines. The bis-quassinoid esters were not as active in the 
P-388-NCI tumor line compared with the P-388-UNC leukemia line. In 
the in uiuo studies, the inhibition of protein by compounds I, 11, and 111 
after 3 days administration was dose related. Brusatol was more active 
than bruceantin, and bisbrusatolyl malonate was the least active in the 

0.1 0 0.20 0.30 0.40 0.50 0.60 0 

mgtkgtday 

Figure 2-The effect of dose of f @ j  brusatol, ( m j  bruceantin, and (A) bisbrusatolyl malonate on in vivobrotein synthesis of P-388-NCI cells. 
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Table 111-The Effects of Brusatol, Bruceantin, and  Bisbrusatolyl Malonate on In Vitro Protein Synthesis on Normal and Carcinoma 
Tissues From the Same Species of Mice a 

Control, '% 
Brusatol Bruceantin Bisbrusatolyl Malonate 

Cancerous Tissues Control 10 25 50 10 25 50 10 25 50 

Ehrlich Ascites Carcinoma in CF1 
Hepatoma from C3H 
L-1210 Lymphoid Leukemia in DBAI2 
B-16 Melanotic Melanoma in C57B1/6 
Ependymoblastoma in Cs7B1/6 
Glioma 261 in Cs7B1/6 
Sarcoma 180 
Lewis Lung Carcinoma from C57B1/6 
Renal Cell Carcinoma from CDF 
Normal Tissue 
Liver from C3H 
Liver from DBAI2 
Liver from BDF 
Lung from C57B1/6 
Kidney from CDF 
Spleen Lymphocytes from DBA/2 

1 0 0 f  5 1 9 f  3 
1 0 0 f 8  7 4 f 6  
1 0 0 f 1 0  7 2 f 5  
1 0 0 6 9  7 1 f 6  
1 0 0 f 8  8 9 f  8 
1 0 0 f 5  104f  7 
1 0 0 f 6  1 0 2 6 8  
1 0 0 4 7  1 3 7 f 8  
1 0 0 4 8  9 2 f  7 

1 0 0 f 9  1332 12 
1 0 0 5 7  9 2 f 6  
1 0 0 f 6  8 3 f 7  
1 0 0 f 7  137 f 8 

12 

1 0 0 f 7  1 1 6 f 8  
1 0 0 f 6  9 4 f 6  

23 f 4 
76 f 6 
69 f 4 
64 f 6 
79 f 9 
62 f 6 
64 f 7 

105 f 6 
387 f 40 

2 3 f 3  1 5 f 2  2 2 f 3  
6 6 f 4  7 8 f 7  7 9 f 6  
7 1 f 6  7 8 6 7  7 9 f 8  
6 0 f 7  7 9 f 5  5 8 f 4  
6 0 f 6  8 4 f 6  8 1 f 5  
58 f 7 112 f 7 100 f 6 
5 0 f 6  1 1 0 f 7  8 8 f 4  

123 f 7 133 f 8 132 f 9 
499 f 35 94 f 6 130 f 7 

2 0 f 3  2 5 f 4  2 7 4 3  2 8 f 3  
7 6 f 5  7 2 f 6  7 8 f 7  7 9 f 7  
7 6 f 5  7 2 f 6  7 8 f 7  7 9 f 6  
5 2 2 3  8 5 I 6  7 8 f 7  7 6 2 7  
7 6 f 6 1 3 0 f 9  8 1 f 8  7 8 f 8  
7 6 f 5  1 0 2 f 6  1 0 3 f 7  1 1 0 f 8  
6 6 f  7 122 f 8  107 f 8  81 f 9 

1 0 8 f 7  111 f 6  1 0 6 f 5  134f  16 
208 f 13 131 f 10 243 f 15 380 f 16 

25 50 12 25 50 12 25 50 
1 6 5 f  12 1 2 2 2  10 1 2 2 f  12 1 2 9 1  9 

8 4 f 6  4 4 f 5  9 4 f 6  7 5 f 3  4 9 f 4  7 9 f 7  7 4 f 5  7 9 f 8  
4 3 f 5  2 2 f 4  8 2 f 4  6 1 f 5  3 1 f 4  7 2 f 6  7 1 f 7  5 9 f 6  

1 3 9 7  13 1 4 2 2  15 7 6 7  6 9 4 f  9 

105 f 6 123 f 7 133 f 8 132 f 9 
110 f 9 122 f 11 106 f 6 127 f 12 
9 6 f 7  9 2 f 5  8 0 f 6  7 4 f 6  

1 0 8 f 7  111 f 6  1 0 6 f 5  134f  16 
127 f 8 129 f 12 145 f 20 
6 3 4 5  8 3 f 5  7 6 f 6  6 5 f 4  

107 f 6 

pM Concentrations. 

P-388-NCI tumor line. The same relationship can also be observed among 
the quassinoids with respect to the time after administration of the agents 
to obtain significant protein synthesis inhibition. These quantitative 
differences were positively correlated with the antineoplastic activity 
of the quassinoids obtained in the individual P-388 tumor lines. However, 
in both P-388 tumor lines, the quassinoids acted identically as elongation 
inhibitors in polyuridine-directed polyphenylalanine synthesis in the 
fractionated system. Previous studies have shown that inhibition of the 
polyuridine-directed polyphenylalanine synthesis is a measure of their 
effectiveness as antineoplastic agents (2). This system does not require 
initiation or termination factors. Thus, an inhibitor of this reaction can 
be considered to be an elongation inhibitor of protein synthesis. Detailed 
studies have previously demonstrated that the peptidyl transferase re- 
action is blocked by the quassinoids (1-3). The ID50 values obtained for 
each of the quassinoids in the two P-388 cell lines were consistent with 
the observed whole cell protein synthesis inhibition; i.e., I and I1 produced 
ID50 values of lower magnitude in the P-388-NCI line, whereas I11 af- 
forded an ID50 value of lower magnitude in the P-388-UNC line. The fact 
that these quassinoids were equally effective in whole cell suspensions 
and in homogenates as well as fractionated protein-synthesizing systems 
derived from P-388 cells rules out differences in transport or metabolism 
of these drugs by the two different cell lines. In this case the quantitative 
differences between the sensitivities of these two cell lines appear to reside 
at the ribosome level. 

The quassinoids were potent protein synthesis inhibitors of some 
murine tumors: Ehrlich ascites and hepatoma carcinoma were signifi- 
cantly inhibited, whereas L-1210 lymphoid leukemia, B-16 melanotic 

Figure 3-The effwt of (0) brusatol, (H) bruceantin, and (A) bis- 
brusatolyl malonate on in vivoprotein synthesis of P-388-NCI6 hr after 
I ~ 2, and 9 doses at 0.3 rnglkg ip.  

melanoma, and brain ependymoblastoma were moderately inhibited. 
However, the quassinoids had no effect on other tumors including human 
KB cells. A reason for this observation is not obvious, but may involve 
the transport or metabolism of the quassinoids a t  different rates or 
manners by the individual tumors or intrinsic differences in ribosome 
sensitivity to the drugs. In those tumors where whole cell protein syn- 
thesis was inhibited (Ehrlich ascites, hepatoma, and L-1210 lymphoid 
leukemia), similar times were required to observe maximum protein 
synthesis inhibition (90 min) as were observed for P-388 cells. There did 
not appear to be a selectivity of protein synthesis inhibition between 
normal and cancer cells in the same mouse species. Except for hepatoma 
in C3H mice, the quassinoids were not specific inhibitors in cancer cells 
exclusively, but inhibited protein synthesis of some normal tissues such 
as spleen lymphocytes, which were proliferating regularly, and DBA/2 
and BDFl liver cells. Interestingly, the ID50 values obtained in the pol- 
yuridine-directed polyphenylalanine system of ribosomes isolated from 
different strains of mice again shows that in those livers where good in- 
hibition by the quassinoids of whole cell protein synthesis was observed, 
the ID50 values were of a low magnitude (0.4 and 0.6 pM), whereas when 
the whole cell inhibition was not significant, the ID50 values were high 
(>50 pM in CF1 liver). The ID% value for inhibition of polyphenylalanine 
synthesis in fractionated systems appeared to be in the same concen- 
tration range for both DBA/2 and BDFl liver cells and P-388 tumor cells. 
The poor inhibition of protein synthesis in some tumors and normal liver 
cells, may be due to inability of the quassinoids to enter the cell, partic- 
ularly in view of the fact that  no inhibition was observed in whole cells 
of CF1 liver, yet in the ribosomal fractionated system an IDm of -50 pM 
was observed. The observation that the quassinoids do not inhibit protein 
synthesis of all tumors may explain why bruceantin bas not been observed 
in clinical trials to be effective against certain solid tumors. Perhaps it 
may be necessary to ascertain if the quassinoids are potent in uitro pro- 
tein synthesis inhibitors of human solid tumors obtained by biopsy prior 
t o  administering the drug in uiuo. 
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Abstract 0 Methadone, phencyclidine, and their metabolites were ex- 
tracted from plasma and separated on a high-performance liquid chro- 
matographic (HPLC) column using the fluorescent 9,lO-dimethoxyan- 
thracene-2-sulfonic acid as a counterion. The chromatographed mobile 
phase was subsequently extracted on-line with chloroform. The separated 
organic phase, containing the fluorescent ion-pairs of the investigated 
amines, was analyzed in the flow cell of a fluorometer (excitation 380 nm, 
emission 445 nm). The phase separator volume was as small as possible 
to avoid dead volume. The method was also applied to the bioassay of 
cocaine with a sensitivity of 1-6 ng/ml of plasma. Application of these 
assays gave a red blood cell-plasma water partition coefficient for 
methadone of 3.39 f 0.26 ( S D )  in a concentration range up to 20 pg/ml, 
and demonstrated a time-dependent partition with a diffusion half-life 
of 1.44 min f 0.26 min (SD). The protein binding of methadone deter- 
mined by ultracentrifugation was concentration dependent and varied 
between 7 M 2 %  at the highest concentration studied (9 pg/ml). The 
presence of the major metabolite did not have any influence on the pro- 
tein binding. The results were confirmed by using the red blood cell- 
partitioning method to determine the protein binding. 

Keyphrases 0 Phencyclidine-high-performance liquid chromato- 
graphic assay of methadone and metabolites by postcolumn ion-pair 
extraction, on-line fluorescent detection of counterion with applications 
0 Methadone-high-performance liquid chromatographic assay of 
phencyclidine and metabolites by postcolumn ion-pair extraction, on-line 
fluorescent detection of counterion with applications 0 High-perfor- 
rnance liquid chromatography-assay of methadone, phencyclidine 
ion-pair extraction of counterion with applications 

Classical high-performance liquid chromatography 
(HPLC) detection of drugs and their metabolites in bio- 
logical fluids is by spectrophotometry and fluorescence. 
These methods were expanded by application of electro- 
chemical detectors (1) and derivatization reactions (2) to 
get high sensitivities. Unfortunately, these direct detection 
methods are inadequate for some pharmacokinetic studies 
of drugs that are given in low doses and show low levels in 
biological fluids. Sensitive HPLC methods have not yet 
been developed (3) for methadone (I) and its major me- 
tabolite, 2-ethylidene-3,3-diphenyl-1,5-dimethylpyrroli- 
dine (11) (Scheme I), nor for phencyclidine (111) and its 
hydroxylated metabolites (V, VI). These drugs have in- 

I1 
Scheme I-Major pathway of methadone metabolism. 

sufficient UV-absorbance, no fluorescence, and cannot be 
readily derivatized. Classical carbonyl reactions are not 
possible with methadone due to the steric effects of the two 
phenyl rings. Although cocaine (IV) can be spectropho- 
tometrically detected in HPLC, greater sensitivity than 
the 15 ng/ml reported (4) would be advantageous in fo- 
rensic and pharmacokinetic studies. 

All of these substances are tertiary amines which are 
readily protonated. They can be extracted into organic 
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Abstract 0 Methadone, phencyclidine, and their metabolites were ex- 
tracted from plasma and separated on a high-performance liquid chro- 
matographic (HPLC) column using the fluorescent 9,lO-dimethoxyan- 
thracene-2-sulfonic acid as a counterion. The chromatographed mobile 
phase was subsequently extracted on-line with chloroform. The separated 
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logical fluids is by spectrophotometry and fluorescence. 
These methods were expanded by application of electro- 
chemical detectors (1) and derivatization reactions (2) to 
get high sensitivities. Unfortunately, these direct detection 
methods are inadequate for some pharmacokinetic studies 
of drugs that are given in low doses and show low levels in 
biological fluids. Sensitive HPLC methods have not yet 
been developed (3) for methadone (I) and its major me- 
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dine (11) (Scheme I), nor for phencyclidine (111) and its 
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sufficient UV-absorbance, no fluorescence, and cannot be 
readily derivatized. Classical carbonyl reactions are not 
possible with methadone due to the steric effects of the two 
phenyl rings. Although cocaine (IV) can be spectropho- 
tometrically detected in HPLC, greater sensitivity than 
the 15 ng/ml reported (4) would be advantageous in fo- 
rensic and pharmacokinetic studies. 
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Figure I-(A) Schematic representation o/ HPLC system with postcolumn extraction; (B) phase separator. 

solvents as ion-pairs with aromatic sulfonic acids such as 
9,10-dimethoxyanthracene-2-sulfonic acid, (VII). This 
counterion is highly effective in ion-pair extraction and has 
a strong fluorescence which can be used for indirect de- 
tection of amines with high sensitivity (5-8). 

111 IV 

These properties can be utilized after HPLC separation 
by postcolumn ion-pair extraction and fluorescent detec- 
tion of the ion-pair. This was described previously ( 5 , 8 )  
where a system was applied to both normal-phase and 
reverse-phase chromatography. However, a proper phase 
separator is critical in such systems to provide only one 
phase for the detector. Commercially available phase 
separators frequently show significant peak broadening 
and lessened specificity and sensitivity due to relatively 
large dead volumes (7). Thus a new phase separator was 
constructed with a polytef filter and the developed assay 
systems applied to the determination of the protein 
binding and red blood cell partitioning of methadone. The 
plasma protein binding of radiolabeled methadone, re- 
ported in the literature, varies widely between 40 and 90% 
(9-12) with a possible concentration dependence (12). 

e 
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Figure 2-Chromatograms of I rnl of plasma alkalinized, extracted with hexane, evaporated to dryness under nitrogen, and reconstituted in 250 
pl of 0.025 M acetate buffer, pH 3.6 with 100 p i  injected into the chromatograph. (A) The initial plasma contained 200 nglml of internal standard 
I I .  (B)  The initial plasma contained 50 nglml phencyclidine (III), phencyclidine metabolite (V), the cis- and trans-isomers of phencyclidine me- 
tabolite VI. and 100 nelml of I I  as internal standard. (C)  The initial plasma contained 60 nglml of cocaine (IV), I I ,  methadone ( I ) ,  and 100 nglml 

Y .  

of phencyclidine ( I I I )  as internal standard. 

EXPERIMENTAL 
Materials-The following analytical grade materials were used: so- 

dium acetate', acetic acid', dibasic and monobasic sodium phosphates', 
sodium chloride', and volumetric concentrates of sodium hydroxide2. 
Acetonitrile3 and chloroform" were HPLC-grade; hexane4 was UV-grade. 
Methadone5 (I), 2-ethylidene-3,3-diphenyl-1.5-dimethylpyrrolidine5 (II), 
phencyclidine5 (111). l-(l-phencyclohexyl)-4-hydroxypiperidine5 (V) 
4-phenyl-4-piperidinocy~lohexanol~ (VI), cocaine5 (IV), and the sodium 
salt of 9,10-dimethoxyanthracene-2-sulfonic acid6 (VII) were used as 
received. Sodium chloride injection USP7, sodium heparin injection 
USPs, and disposable syringesg were used in the preparation of red blood 
cell suspensions. 

Apparatus-For the HPLC assay, the following were used: two 
pumpsl0, an automatic injector", a cyano column'2, a fluorescence de- 
tector13, a phase separator constructed from a purchased mixing tee14 
and equipped with a filter made of polytef15, and a data stationI6. Plasma 
protein binding was determined with an ~ltracentrifuge'~.  A laboratory 
centrifuge18 was used in the separation of organic extract from plasma 
and aqueous phases. 

HPLC Systems-A postcolumn extraction procedure was used in all 
HPLC assays (Fig. 1). The mobile phase was a mixture of 0.025 M acetate 
buffer, adjusted to a measured pH of 3.6, and acetonitrile (80:20). It 
contained 30 mghiters of 9,lO-dimethoxyanthracene-2-sulfonic acid. The 
flow rate was 2 mllmin with a back pressure of 10 MPa. Immediately after 
passing the 50O-heated column, the chromatographed mobile phase was 
mixed with chloroform from another pump a t  a flow rate of 2 mllmin. The 
extraction of the ion-pairs into the chloroform was performed in a 0.61-m 

Mallinckrodt Inc., Paris, KY 40361. 

Burdick & Jackson Laboratories Inc., Muskegon. MI 49442. 

Fluka AG, CH-9470, Buchs. Switzerland. 

2 Ricca Chemical Co., Arlington, T X  76012. 
3 Fisher Scientific Co., Fair Lawn, NJ 07410. 

5 National Institute on Drug Abuse, Research Technology Branch, Rockville, 
MD 20852. 

7 McCaw Laboratories, Irvine, CA 92714. 
8 The Upjohn Co., Kalamazoo. MI 49001. 
9 Monoject, Division of Sherwood Medical, A. Brunswick Co.. St.  Louis, MO 

10 Series 3B Micrncomputer Controlled Pump Module. Perkin-Elmer. Norwalk. 

Model 4208 Auto Sampler, Perkin-Elmer, Norwalk, CT 06856. 
l2 CN-pBondapak column. Waters Associates, Milford, MA 01751. 
13 Model 650 Fluorescence Spectrophotometer, Perkin-Elmer, Norwalk. CT 

"Tee for 0.8-mm bore tubing. Rainin Instrument Co. Inc.. Woburn. MA 

'5 76-XF oure TFE filter membrane. Laboratory Sumlies  Co.. Chemware Inc.. 

63103. 

CT 06856. 

06856. 

01801. 
. .. 

Hicksville, NU 11801. 

Norcross. GA 30092. 

02194. 

Model Sigma 15 Data Station, Perkin-Elmer, Norwalk, CT 06856. 
l 7  Beckman Ultracentrifuge Model LS-50 with rotor Ti 50. Beckman Instruments. 

Lab centrifuge. International Centrifuge Equipment Co.. Needham Hts., MA 

extraction coil, followed by separation in the constructed phase separator 
(Fig. IB). 

The phase separator used a mixing tee14 with upper and lower outlets. 
I t  was maintained a t  a perpendicular angle. Its lower outlet was fitted 
with a hydrophobic filter made of polytef to increase the efficiency of the 
phase separation by repelling droplets of the aqueous phase. The back 
pressures of the two outlets were adjusted so that a constant fraction of 
the organic phase ran through the lower outlet of the phase separator into 
the fluorometer with 90% of the extraction mixture going to waste. The  
excitation wavelength was 380 nm (slit 10 nm), emission 445 nm (slit 5 
nm). 

Extraction Procedure from Plasma-Freshly prepared dog plasma 
(1.00 ml) samples were spiked with an appropriate amount of drug and 
an internal standard. Cocaine, phencyclidine, or its metabolite 1-( 1- 
phenylcyclohexyl)-4-hydroxypiperidine (V) were used as internal stan- 
dards in the methadone assay. The methadone metabolite (11) was used 
as an internal standard for the assay of phencyclidine and its metabolites. 
The plasma was alkalinized with 200 pl of 1 N sodium hydroxide and 
extracted with 6 ml of hexane for 10 rnin with slow shaking. 

The tubes were centrifuged a t  2000 rpm for 10 min, and 5 ml of the 
organic phase was evaporated to dryness under a nitrogen stream. The 
residue was reconstituted in 250 pl of 0.025 M acetate buffer at pH 3.6, 
and 100 pl was injected into the HPLC system. 

Plasma Protein Binding by Ultracentrifugation-Fresh hepari- 
nized dog blood was centrifuged for 15 rnin at  3000 rpm. Plasma aliquots 
(5 ml) were spiked with different amounts of methadone, and 1 ml was 
taken for analysis. After ultracentrifugation a t  35,000 rpm for 18 hr, 1 
ml of the supernatant plasma water was analyzed for methadone. 

The influence of the presence of the major metabolite of methadone 
(11) on the protein binding of methadone was studied in ratios of l:lO, 
1:2,2:1, and 101 of 1I:I. 

Red Blood Cell-Buffer Parti t ion Studies of Methadone and  its 
Metabolite (11)-Fresh heparinized dog blood was centrifuged for 15 
min a t  3000 rpm. The plasma was removed and isoosmotic phosphate 
buffer pH 7.4, was added to the erythrocytes. Red blood cells were gently 
suspended and centrifuged for 10 min a t  2000 rpm. This washing proce- 
dure was repeated three times. Red blood cell suspensions in phosphate 
buffer were spiked with methadone and its metabolite (11) to yield total 
drug concentrations in the range of 1-20 pg/ml. The hemocrit was de- 
termined routinely using a microcentrifuge with capillary tubes. The 
spiked suspensions were allowed to equilibrate for 60 min and then 
centrifuged for 10 min at  ZOO0 rpm. An aliquot of the supernatant solution 
was analyzed and the red blood cell-buffer partition coefficient was 
calculated. 

Determination of the Protein Binding b y  R e d  Blood Cell Parti- 
tion Method (13)-Fresh heparinized dog blood was spiked with dif- 
ferent amounts of methadone, shaken carefully, and centrifuged for 30 
rnin. The plasma concentrations were determined as described previ- 
ously. 
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Table I-Statistics of Calibration Curves a After Extraction from Plasma (1.00 ml) 

Compound Internal Standard C I S b  mc bd SX..VC 

Methadone phencyclidine 50.0 131.8 -3.2 3.0 
Methadone metabolite (11) phencyclidine 50.0 109.1 -3.2 3.6 
Cocaine phencyclidine 50.0 36.8 -0.3 0.6 
Phencyclidine I1 100.0 83.1 -0.4 3.3 
Phencyclidine metabolite (V) I1 100.0 54.6 -2.3 1.8 
Phencyclidine metabolite (Ma) I1 100.0 70.7 -7.0 2.9 
Phencvclidine metabolite (VIb) I1 100.0 97.3 -1.1 1.1 

~ 

Concentrations in ng/ml of plasma uersus peak height ratio relative to internal standard. * Concentration of the internal standard in ng/ml. c Slope of the calibration 
curve. d Intercept of the calibration curve. Standard error of estimate y on x, concentration in ng/ml plasma on peak height ratio. 

Table 11-Red Blood Cell-Plasma Parti t ion Coefficients for  Methadone at Different Concentrations of D r u g  

45 1.20 18.0 10.80 0.40 3.71 
10 1.67 3.5 2.415 0.31 3.29 
90 2.66 18.0 11.88 0.34 3.59 
20 3.14 3.5 2.415 0.31 3.64 

100 4.48 14.0 9.66 0.31 2.92 
30 5.01 3.5 2.415 0.31 3.29 

180 5.69 18.0 12.06 0.33 3.30 
40 6.22 3.5 2.415 0.31 3.70 

300 12.71 14.0 9.66 0.31 3.21 
500 20.37 14.0 9.66 0.31 3.28 

mean 3.39 
SD 0.26 

,I Total amount of drug added to a red blood cell suspension. Drug concentration (pglml) in plasma water. Volume (ml) of the red blood cell suspension. d Volume 
(ml) of the plasma water. Hematocrit. f Red blood cell-plasma water partition coefficient. 

RESULTS AND DISCUSSION 

HPLC System with a Postcolumn Extraction-This HPLC system 
(Fig. 1) can determine amine concentrations indirectly. Substances are 
chromatographed as ion-pairs on the column with the ion-pairing VII 
in the mobile phase used for the detection after coextraction into chlo- 
roform in stoichiometric ratios with an organic amine. Stoichiometric 
highly fluorescent dimethoxyanthracene sulfonic acid of the ion-pairs 
can be detected with high sensitivity in the flow cell of a fluorometer. 

A general and highly sensitive method was developed with the system 
to analyze methadone, phencyclidine and its metabolites, and cocaine. 
The designed phase separator (Fig. 1B) has a small inner volume and a 
hydrophobic filter made of polytef to repel water droplets in the separated 
organic layer. Such droplets would contain the counterion (VII), which 
would give irregular and interfering background in the fluorescent de- 
tection. 

Mobile phase was limited to < ~ W O  acetonitrile to maintain a reasonable 
extractability into the chloroform. However, this lengthened the retention 
times for methadone and its metabolite (II), on the cyano column, the 
most polar reverse-phase column available. Column heating to 50' less- 
ened the retention times. The described system and conditions were 
applicable for all the studied compounds with retention times: methadone 
(I), 17 min; methadone metabolite (II), 14 min; phencyclidine (III), 10 
min; phencyclidine metabolite (V), 7 min; phencyclidine metabolite (VI), 
5 and 6 min (cis and trans forms); cocaine (IV), 6 min. 

In the chromatogram the background from biological fluids was sat- 
isfactory when hexane was used for extraction (Fig. 2A); however, it was 
unsatisfactory when chloroform was used for extraction. Typical chro- 
matograms of substances a t  50-60 nglml in plasma are shown in Figs. 2B 
and 2C. Calibration curves were set up to determine the sensitivity of the 
method. Statistics for calibration curves of the substances are given in 
Table I. The limit of sensitivity for all compounds was in the range 1.0-6.0 
ng/ml of plasma (2 X s x y ) .  

Determination of the Red Blood Cell-Plasma Water  Parti t ion 
Coefficient-The red blood cell partition coefficient of a drug can be 
defined as: 

where D is the red blood cell partition coefficient, CRBC is the concen- 
tration of the drug in the erythrocytes, Cpw is the concentration in plasma 

water, ARBC is the amount of drug in the erythrocytes, APW is the amount 
in plasma water, At,t is the total amount of drug added to the red blood 
cell suspension, VB is the volume of the red blood cell suspension, and 
Vpw is the volume of plasma water. 

Red blood cell-plasma water partition coefficients were determined 
for 10 different concentrations of methadone (Table 11) and averaged D 
= 3.39 f 0.26 (SD). There was no concentration dependence for parti- 
tioning in the studied concentration range up to  20 pg/ml. 

The partitioning was time dependent. Diffusion half-life into the red 
blood cells was determined for three different concentrations and the 
average was 1.44 f 0.26 ( S D )  min (Fig. 3). 

Protein Binding of Methadone by Ultracentrifugation-The ul- 
trafiltration method for the determination of the protein binding of 

P 
8 

/o~-o-o- 

A- C A A - A  

I 1 1 1 I 1 
6 12 18 

MINUTES 

Figure 3-Time dependence of the red blood cell partitioning in three 
different concentrations of methadone, The curires through the exper- 
imental values, concentrations of drug in red blood cells (CHRC)  oi'er 
time, were fitted for a diffusion half-life of 1.44 min. The concentrations 
of methadone in plasma water were: (A) 5.7 pglml; ( R )  2.7 pglml: (C) 
1.2 pglml. 
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Table 111-Percent Protein Binding of Methadone by the Ultracentrifugation Method 

99.9 
199.6 
497.5 
990.1 

1960.0 

27.2 
59.1 

124.1 
342.6 
677.5 

0.272 
0.296 
0.249 
0.346 
0.346 

0.005 
0.010 
0.025 
0.050 
0.100 

1.001 
1.002 
1.005 
1.010 
1.020 

72.8 
70.4 
75.2 
65.6 
65.8 

4760.0 1870.0 0.393 0.250 1.050 61.9 
9090.0 3636.0 0.400 0.500 1.100 62.3 

a Concentration of methadone in plasma before ultracentrifu ation in ng/ml. Concentration of methadone in plasma water after ultracentrifugation in ng/ml. c Ratio 
between the concentrationsafter and before ultracentrifugation. PVolume in ml of spiked solution that was added to 5 ml of plasma. Dilution factor (5 + Vdd)/5. f Percentage 
of methadone bound to plasma proteins. 

Table  IV-Protein Binding of Methadone in Presence of i ts  Maior Metabolite (11) at Different Drun-Metabolite Ratios 

R" C P E b  cpost= r d  Vdile rnf fb x 100, %R 

10.5 1.996 0.679 0.340 0.1 1 1.022 66.9 
10.5 1.996 0.717 0.359 0.11 1.022 65.0 
2.0 1.942 0.743 0.383 0.15 1.030 62.9 
2.0 1.942 0.623 0.321 0.15 1.030 69.0 
0.5 1.887 0.511 0.271 0.30 1.060 74.4 
0.5 1.887 0.684 0.362 0.30 1.060 65.5 
0.1 1.640 0.656 0.400 1.10 1.220 64.7 
0.1 1.640 0.622 0.379 0.10 1.220 66.7 

Drugmetabolite ratio for 2 pg of methadone/ml of plasma. * Concentration of methadone in plasma before ultracentrifugation in pglml. Concentration of methadone 
Ratio between the concentrations after and before ultracentrifugation. Volume of ml of spiked solution that was in plasma water after ultracentrifugation in pg/ml. 

added to 5 ml of plasma. f Dilution factor (5 + Vdi1)/5.8 Percentage of methadone bound to plasma proteins. 

methadone was not useful because of high binding to the ultrafilters. 
Therefore, the protein binding was determined by the ultracentrifugation 
method, where methadone-spiked plasma was separated into plasma 
proteins and plasma water and the plasma water was assayed. The cal- 
culation of the fraction of drug bound to the plasma proteins was based 
on the following principles. 

The equilibrium constant between protein-bound methadone and 
methadone in the plasma water can be defined as: 

(Eq. 2) 

where cb is the concentration of protein-bound methadone, cy is the 
concentration of the free methadone in the plasma water, cpr is the pro- 
tein concentration of the plasma, Ab is the amount of methadone bound 
to  the protein, Af is the amount of methadone free in the plasma water, 
Ap, is the amount of protein in the plasma water, and Vpw the volume 
of the plasma water. If the protein concentration in plasma is con- 
stant: 

K, = Kcp, (Eq. 3) 

Ab -=- ~ = ~ b -  A b X V P W - A b X  'PW 

Cr Af Apr Ar CPrVPw A ~ c P ~  

then, 
A 

K =L (Eq. 4) 
A r  

Since the plasma is slightly diluted by a volume Vdil of the spiking 
solution, the dilution factor is: 

r n =  (Eq. 5 )  
VPW + Vdil 

VPW 
and the protein concentration after spiking is: 

8 CPr 
cp, = - 

rn 
Thus, the equilibrium in the diluted plasma is: 

K = % ! = - - -  I Ab - Abrn 
cr A& AZP,  

(Eq. 7) 

Table V-Plasma Protein Binding of Methadone by the Red 
Blood Cell-Plasma Parti t ion Method 

10.0 4.5 0.49 1.90 63.1 
20.0 4.5 0.49 4.05 67.2 
30.0 4.5 0.49 5.79 64.1 

a The red blood cell-plasma water partition coefficient used was 3.39. * Total 
He- 

Concentration of methadone in plasma in pg/ml. f Percentage of 
amount of methadone added to the blood in mg. c Volume of blood in ml. 
matocrit. 
methadone bound to plasma proteins. 

and 

Ab K,=rn -  
Af 

where the primed values are the amounts in the diluted sample 
studies. 

Methadone concentrations were assayed before (cpre in plasma) and 
after ultracentrifugation (c,, in plasma water). The ratios of these two 
concentrations are: 

(Eq. 9) 
C p o s t  - A; r=- -  
Cpre A;+Ab 

Thus, from Eqs. 8 and 9: 
1 - r  K . = r n -  

r (Eq. 10) 

The fraction of methadone bound to the plasma proteins, fb, is 

so that on realization of Eqs. 4,10, and 11, the fraction bound is 

and can be calculated from the ratio of the methadone concentrations 
before and after ultracentrifugation. The results are summarized in Table 
111. Protein binding of methadone was concentration dependent in 
agreement with the previous studies by equilibrium dialysis (12) of 
100-10,OOO ng/ml of plasma. Protein binding varied 7542% to give the 
low value a t  the highest 9 pg/ml of plasma studied. 

The determination of the protein binding of methadone was repeated 
in the presence of different amounts of its major metabolite (11). Ratios, 
R,  between parent drug and metabolite were 101,2:1, 1:2, and 1 : lO  for 
a methadone concentration of 2 pg/ml of plasma. The results in Table 
IV indicate no significant effect of a 10-fold greater concentration of 
metabolite on the protein binding of methadone. 

Protein Binding of Methadone by Red Blood Cell-Plasma Par- 
titioning-Protein binding of a drug can be calculated from the known 
or assayed concentrations in blood and plasma after equilibration on the 
premise that only free drug can partition into the erythrocytes. The 
fraction of the drug bound to the plasma proteins can be calculated (13) 
from: 

where Amt  is the total amount of drug added to  the volume v b  of the 
blood, D is the red blood cell-plasma water partition coefficient, H the 
hematocrit, and CPi the concentration of the drug in the plasma. The 
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results in Table V agree with the results that were obtained by the ul- 
tracentrifugation method. Significant amounts of methadone are bound 
to the plasma proteins in the therapeutic range. The results confirm 
previous data (12). but disagree markedly from the results of other in- 
vestigators (9,lO). 
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Abstract The sublimation rate of frozen solutions was studied as a 
function of freezing rate, thickness of dried product (11, temperature, 
residual air pressure, and solute concentration. Data are presented for 
pure water, aqueous potassium chloride, aqueous povidone, and aqueous 
dobutamine hydrochloride-mannitol (System I). The resistance of the 
dried product to water vapor flow (8,) was evaluated from the sub- 
limation rate and the sample temperature. The primary experimental 
technique was based on freeze-drying a cylindrical microsample iso- 
thermally, with the sample suspended from one arm of a vacuum mi- 
crobalance. Methodology to evaluate resistance data from vial freeze- 
drying experiments is also described. In separate experiments, samples 
in the form of a thin (15-pm) film were visually observed through a mi- 
croscope during freeze-drying. Freeze-drying of most samples appeared 
to occur by water vapor escaping through open channels created by prior 
sublimation of ice. Contrary to the usual theoretical model, fip is neither 
independent of temperature nor directly proportional to 1. Rather, 
decreases with increasing temperature and the 1 dependence is normally 
oftheform8,= (Ao+A11)/(1 +Azl),whereAi (i=O,1,2)areconstants. 
In several cases, 8,  is very large near 1 = 0, decreases sharply at 1 N 0.1 
cm, and obeys the above equation where 1 > 0.2 cm, a result suggesting 
an amorphous surface skin which cracks on desorption of water. The 
temperature dependence of 8, suggests that, as the sample temperature 
approaches the eutectic (or collapse) temperature, hydrodynamic surface 
flow of adsorbed water is an important flow mechanism. 

Keyphrases Sublimation rate-measurement for frozen aqueous 
solutions, microbalance technique, as a function of process variables 0 
Freeze-drying-methodology of rate measurements for aqueous solutions, 
influence of process variables, mechanisms of mass transfer in the dried 
solid 0 Dosage forms-freeze-drying of aqueous solutions, effect of 
process variables on sublimation rate, mechanisms for mass transfer 
through the dried solid 

As sublimation of ice proceeds during freeze-drying, a 
dried product layer above the ice is produced which acts 
as a barrier, or resistance, for transport of water vapor. The 
dried product resistance is generally regarded as the most 
important factor in determining the drying rate at fixed 
sample temperature and therefore has a major impact on 
the process economics. However, published experimental 
data are confined to food products or biological tissue 
samples, and the effects of major process or formulation 

variables on the dried product resistance have not been 
studied. 

This report describes the direct experimental determi- 
nation of the resistance of the dried product as a function 
of freezing rate, thickness of dried product, temperature, 
residual air pressure, and solute concentration. Data are 
presented for aqueous potassium chloride, aqueous povi- 
done, and aqueous dobutamine hydrochloride-mannitol 
in a 1.12:l weight ratio (System Ill. Sublimation rate data 
for pure water are also presented. To aid in the interpre- 
tation of the resistance data, the freeze-drying process was 
also observed microscopically using thin (-15-pm) samples 
confined between two glass coverslips. Procedures for 
determining the dried product resistance from vial 
freeze-drying studies are also described. Comparison of 
resistance data determined from vial freeze-drying with 
corresponding data determined by the microbalance 
procedure confirms that microbalance data are indeed 
predictive of the dried product resistance encountered in 
vial freeze-drying. 

BACKGROUND 

Freeze-drying, or lyophilization, is a process where a solvent (normally 
water) is removed from a frozen solution by sublimation. Freeze-drying 
has several advantages over competing processes for production of 
pharmaceuticals. First, as freeze-drying is a low temperature process, 
chemical decomposition is minimized. Second, since the solution may 
be sterile filtered immediately before introduction into a vial and no 
powder-handling steps are involved in the subsequent processing of a 
parenteral product, particulate levels may be reduced to a minimum. Due 
to the high capital equipment costs and typically long processing times, 
freeze-drying is frequently regarded as an expensive process. However, 
due to a lack of fundamental understanding of freeze-drying, a given 
process is often not optimized for the maximum production rate consis- 
tent with product quality. Consequently, freeze-drying, in practice, often 
is much more expensive than necessary. 
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results in Table V agree with the results that were obtained by the ul- 
tracentrifugation method. Significant amounts of methadone are bound 
to the plasma proteins in the therapeutic range. The results confirm 
previous data (12). but disagree markedly from the results of other in- 
vestigators (9,lO). 
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Abstract The sublimation rate of frozen solutions was studied as a 
function of freezing rate, thickness of dried product (11, temperature, 
residual air pressure, and solute concentration. Data are presented for 
pure water, aqueous potassium chloride, aqueous povidone, and aqueous 
dobutamine hydrochloride-mannitol (System I). The resistance of the 
dried product to water vapor flow (8,) was evaluated from the sub- 
limation rate and the sample temperature. The primary experimental 
technique was based on freeze-drying a cylindrical microsample iso- 
thermally, with the sample suspended from one arm of a vacuum mi- 
crobalance. Methodology to evaluate resistance data from vial freeze- 
drying experiments is also described. In separate experiments, samples 
in the form of a thin (15-pm) film were visually observed through a mi- 
croscope during freeze-drying. Freeze-drying of most samples appeared 
to occur by water vapor escaping through open channels created by prior 
sublimation of ice. Contrary to the usual theoretical model, fip is neither 
independent of temperature nor directly proportional to 1. Rather, 
decreases with increasing temperature and the 1 dependence is normally 
oftheform8,= (Ao+A11)/(1 +Azl),whereAi (i=O,1,2)areconstants. 
In several cases, 8,  is very large near 1 = 0, decreases sharply at 1 N 0.1 
cm, and obeys the above equation where 1 > 0.2 cm, a result suggesting 
an amorphous surface skin which cracks on desorption of water. The 
temperature dependence of 8, suggests that, as the sample temperature 
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As sublimation of ice proceeds during freeze-drying, a 
dried product layer above the ice is produced which acts 
as a barrier, or resistance, for transport of water vapor. The 
dried product resistance is generally regarded as the most 
important factor in determining the drying rate at fixed 
sample temperature and therefore has a major impact on 
the process economics. However, published experimental 
data are confined to food products or biological tissue 
samples, and the effects of major process or formulation 

variables on the dried product resistance have not been 
studied. 

This report describes the direct experimental determi- 
nation of the resistance of the dried product as a function 
of freezing rate, thickness of dried product, temperature, 
residual air pressure, and solute concentration. Data are 
presented for aqueous potassium chloride, aqueous povi- 
done, and aqueous dobutamine hydrochloride-mannitol 
in a 1.12:l weight ratio (System Ill. Sublimation rate data 
for pure water are also presented. To aid in the interpre- 
tation of the resistance data, the freeze-drying process was 
also observed microscopically using thin (-15-pm) samples 
confined between two glass coverslips. Procedures for 
determining the dried product resistance from vial 
freeze-drying studies are also described. Comparison of 
resistance data determined from vial freeze-drying with 
corresponding data determined by the microbalance 
procedure confirms that microbalance data are indeed 
predictive of the dried product resistance encountered in 
vial freeze-drying. 

BACKGROUND 

Freeze-drying, or lyophilization, is a process where a solvent (normally 
water) is removed from a frozen solution by sublimation. Freeze-drying 
has several advantages over competing processes for production of 
pharmaceuticals. First, as freeze-drying is a low temperature process, 
chemical decomposition is minimized. Second, since the solution may 
be sterile filtered immediately before introduction into a vial and no 
powder-handling steps are involved in the subsequent processing of a 
parenteral product, particulate levels may be reduced to a minimum. Due 
to the high capital equipment costs and typically long processing times, 
freeze-drying is frequently regarded as an expensive process. However, 
due to a lack of fundamental understanding of freeze-drying, a given 
process is often not optimized for the maximum production rate consis- 
tent with product quality. Consequently, freeze-drying, in practice, often 
is much more expensive than necessary. 
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Figure 1-High-vacuum microscope cold stage. Key: (A)  vacuum 
chamber, (B) rubber seal, (C) lid, (0) sample, (E) temperature-con- 
trolled plate, (F) entrance and exit ports (tubes), (G) thermistor surface 
probe, (H)  tube connected to the uacuurn line, ( I )  observation holes. 

The freeze-drying process may be divided into three stages: freezing, 
primary drying, and secondary drying. For pharmaceutical products, the 
solution is normally filled into vials to a depth of -1 cm, and the vials are 
placed on refrigerated shelves in the freeze-drying chamber. The specific 
freezing process influences the size and shape of the ice crystals formed 
and, therefore, affects the structure of the porous solid product remaining 
after drying (1-3). Thus, the freezing stage may influence strongly the 
time required to complete the next two steps of the process as well as 
influence the properties of the final product. After the solutions are frozen 
the chamber is evacuated, and the shelf temperature is increased to 
provide energy for the sublimation of ice during primary drying. A frozen 
solution dries from the top, thereby producing a dried product layer above 
the ice which increases in thickness as sublimation proceeds. Secondary 
drying begins locally when all ice has been removed from that region. 
Thus, in general, secondary drying proceeds simultaneous with primary 
drying in different regions of the same sample. Normally, secondary 
drying continues for some time after all ice has been removed from the 
sample. During secondary drying, the water removed from the solid phase 
is either bound as a crystalline hydrate or dissolved in an amorphous 
solid. 

The objective of freeze-drying process development is to minimize the 
process time within the constraints imposed by product quality specifi- 
cations. Excessive chemical decomposition must be avoided, residual 
water content often must be low for acceptable stability (4), and the 
product appearance must conform to standards. To avoid the foaming 
or puffing that develops during solution vacuum-drying, freeze-drying 
must be carried out below the eutectic temperature for a crystalline solute 
or below the collapse temperature for an amorphous solute ( 2 , 3 , M ) .  
Selection of the shelf temperature and chamber pressure required to 
maintain the ice temperature just below the eutectic or collapse tem- 
perature in all vials during primary drying is a problem in coupled heat 
and mass transfer. Heat must be transferred from the shelf to the vial 
bottom and through the frozen solution to the sublimation interface to 
compensate for the heat removed by sublimation. The rate of heat 
transfer increases with increased shelftemperature and chamber pressure 
(9). Therefore, in principle the ice temperature may be maintained 
constant by adjustment of shelf temperature and chamber pressure. 

Assuming that heat is supplied to maintain constant ice temperature, 
the sublimation rate, and therefore, the total time required for primary 
drying, will depend on the total resistance to transport of water vapor 
from the ice-vapor interface to the condenser. The total resistance has 
three contributors: resistance of the dried product (a porous solid), re- 
sistance of the semistoppered vial, and resistance in transfer from the 
chamber to the condenser. Mass transfer is discussed in terms of resis- 
tance, which is defined as the ratio of the difference in water partial 
pressure to the water flow rate. Resistance is used rather than perme- 
ability (the reciprocal of resistance) since the total resistance is additive 
for component resistances in series. That the dried product resistance 
is dominant in most freeze-drying applications (10, l l )  is supported by 
theoretical calculations. Using mass flow equations developed for the flow 

of rarified gases through tubes and orifices (11,12) and assuming the dried 
product equivalent to a bundle of capillary tubes, the resistance may be 
calculated from the dimensions of the vial, stopper, and freeze-dryer and 
estimates of the pore size of the dried product. Due to the small dimen- 
sions of the pores in a typical dried product, flow in the dried product is 
Knudsen or free molecular flow (11,12) and contributes --9o% of the total 
resistance. Clearly, the dried product resistance is an important pa- 
rameter which may dominate the economics of the freeze-drying process. 
It is this property with which we are concerned in this study. 

The most common procedure used to estimate the dried product re- 
sistance is an indirect method which involves measurement of gas flow 
rate and corresponding pressure difference across a previously freeze- 
dried specimen of known area and thickness (11). A theoretical model 
is used to evaluate pore-size parameters for the porous solid which, in 
turn, are used to calculate the resistance to water vapor flow during ice 
sublimation from the sample. However, the validity of the model (in 
particular the assumption that the resistance is directly proportional to 
the thickness of the dried layer) may be questioned when the dried 
product is produced from a frozen solution. Microscopic data (2,3,13, 
14) suggest that the dried product is not necessarily homogeneous, and 
the mass transfer rate is not always limited by flow in capillary channels. 
Given the complexity of freeze-drying from frozen solutions, it would 
seem prudent to avoid the use of theoretical models and evaluate resis- 
tances directly from the sublimation rate data. 

Quantitative sublimation rate data are available for several frozen 
systems (15-18), but [with the exception of one study on guinea pig liver 
(18)] either the vapor pressure difference across the dried product is not 
available (16-17) or the sample geometry does not allow resistance data 
to be evaluated for dried product thicknesses of practical interest. A re- 
cording high-vacuum microbalance apparatus designed to determine 
Sublimation rates of frozen solutions at controlled temperatures has been 
described (19). The sample form is a thin (-1-mm) disk of known area. 
Since the temperature of subliming ice is known and the partial pressure 
of water a t  the dried product-vacuum chamber interface is maintained 
near zero, the water vapor pressure gradient across the dried product is 
determined and the dried product resistance may be evaluated. The 
sample holder design limits studies to relatively low sublimation rates 
(i.e., temperatures <-30°), and the effect of dried product thicknesses 
characteristic of those encountered in vial freeze-drying (-1 cm) cannot 
be studied. 

The methodology chosen for this research is based on determination 
of the sublimation rate of a frozen sample with a recording high-vacuum 
microbalance and, in this respect, is similar to the methodology used by 
MacKenzie and Luyet (19). However, the sample cell design is more 
convenient and permits resistance data to be obtained at  higher tem- 
peratures (--loo) for dried product thicknesses up to 1 cm. The sample 
is contained in a 1.3-mm diameter glass tube which is embedded in an 
aluminum heat exchanger, allowing isothermal operation a t  the ther- 
mostat temperature for most systems of interest. 

EXPERIMENTAL 

Materials-The potassium chloride used was recrystallized reagent 
grade material; the mannitol (USP) and povidone (USP, viscoSity average 
molecular weight of 35,000) were used as received. The dobutamine hy- 
drochloride was commercial material2 used without further purification. 
Solutions were prepared by weighing the appropriate quantities of dis- 
tilled water and solute. System I was aqueous dobutamine hydrochlo- 
ride-mannitol in a 1.12:l weight ratio with total solids being 53 mg/ml. 
Conversion of concentration from weight percent to volume percent was 
accomplished assuming the solute specific volume in solution is the same 
as that in the solid3. 

Freeze-Drying Microscope-The high-vacuum cold stage (Fig. 1) 
used in conjunction with an optical microscope4 for visual observation 
of freeze-drying is similar to the designs suggested by Flink and Geil- 
Hansen (20). A nickel-plated brass vacuum chamber (A) -10 cm in di- 
ameter and 1.5 cm in height was sealed using a rubber “0” ring (B) and 
a stainless steel lid (C). The sample (D) was a thin (-15-pm) film con- 
strained between two glass coverslips. Thermal contact between the 
bottom coverslip and the temperature-controlled plate (E) was achieved 
by glueing the coverslip to the plate with silicone stopcock grease. The 
plate (E) was nickel-plated brass. The distance from the sample to  the 

2 Eli Lilly and Co. 
3 Densities used were 1.98 g/ml (potassium chloride), 1.10 g/ml (povidone), and 

1.50 a/ml (System I) .  
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Figure %--Microbalance sublimination appa- 
ratus. (A) balance tube-condensor assembly, 
Key: (A) connecting “0” ring joint, (B)  sublima- 
tion cell (enlarged as Fig. 2B), (C) suspension 
wire, (0) glass balance tube, (E) glass side arm 
tube, (F) high-vacuum union, (GI thermocouple 
probe, (H) heat shield, ( I )  high-vacuum wax seal, 
(J) thermocouple wires: (B) sublimation cell, 
Key: (A) sample, (B) glass capillary tube, (C) 
high-vacuum wax film, (D and E)  top and bottom 

couple junction, (G) aluminum disk, (H) thin coat 
of high-vacuum wax. 

D 

-E  

E TrmpntumSensing Cavity of the heat exchanger, respectiuely, (F) thermo- 

top of the lid was 4 4  mm, allowing the vacuum cold stage to be used with 
any microscope system having a working distance >5 mm. Temperature 
control was achieved by passing cold nitrogen gas through channels in 
the plate. Tubes (F) served as entrance and exit ports for gas flow. The 
plate was fixed in position -2 mm from the bottom of the chamber by 
a plastic spacer (not shown) on the underside of the plate. Temperature 
of the sample was measured by a thermistor surface probe5 (G) ,  which 
was fixed to the top coverslip with silicone stopcock grease. Low pressures 
(0.02-0.05 torr) were achieved by a tube (H) connected to a vacuum line. 
Holes (I) cut in the lid and vacuum chamber bottom to allow observation 
of the sample were covered with glans coverslips sealed to the metal with 
silicone rubber glue. Rubber supports insulated the cold stage assembly 
from the microscope stage. 

In operation, 5 X of solution was placed on a 24 X 24-mm coverslip and 
an 18 X 18-mm coverslip was placed on the droplet, causing the solution 
to spread evenly over the area of the smaller coverslip. The sample was 
mounted on the plate (E), the temperature probe (G)  waa attached, and 
the lid (C) was placed on the chamber. Nitrogen from a pressurized tank 
was passed through a 3-A molecular sieve drying tower and then through 
copper heat-exchanger coils immersed in liquid nitrogen. Temperature 
control in the plate was achieved by manual control of the gas flow rate 
(0-5 liter/min, for ambient to -50”); with periodic adjustment of the 
nitrogen pressure, temperature control of f 0 . 5 O  may be achieved. Ac- 
curacy of the temperature measuring system within 1 0 . 5 O  was established 
by eutectic and melting point determinations on selected materials 
spanning the temperature range of interest. The sample was frozen by 
cooling at  a rate of -l”/min. The samples studied supercooled -10” 
below the equilibrium freezing point and froze completely within a few 
seconds. 

Freeze-Drying Microbalance-Design-The sample was suspended 
from one arm of an electronic vacuum microbalance6 which in turn was 
connected to a high-vacuum line. For operation at  zero pressure, an oil 
diffusion pump backed by a mechanical pump reduced the air pressure 
above the sample to -5 X torr. For operation a t  high residual air 
pressure, a controlled leak was located -115 cm downstream from the 
sample through 2.5-cm diameter tubing. The controlled leak was simply 
a manually adjusted needle valve. During controlled-leak experiments, 
only the mechanical pump was operated. Pressure measurements in the 
range of 0.001-10 torr were made with a capacitance manometer7 located 
near the leak site, Residual air pressures <0.001 tom were monitored with 
a cold cathode ionization gauges-175 cm downstream from the sample 
after the vapor stream had passed through a liquid nitrogen cold 
trapg. 

The sublimation cell, or sample holder, was enclosed by a balance 
tube-condenser assembly (Fig. 2A) which was connected to the balance 
using an “0” ring joint (A). The sublimation cell (B) was suspended from 
the balance beam by a 0.25-mm diameter nichrome wire (C). During 

operation, the glass balance tube (D) was immersed in a thermostat and 
the glass side arm tube (E) was immersed in dry ice-acetone to serve as 
the condenser. A high-vacuum union (F)’O allowed rapid connection of 
the balance tube to the rest of the assembly. A copper-constantan ther- 
mocouple probe (G)  was fitted inside a cylindrical cavity formed by the 
bottom portion of the sublimation cell. A circular aluminum foil heat 
shield (H) isolated the thermocouple probe from thermal radiation 
coming from the sample tube bottom so that the thermocouple probe 
more accurately sensed the temperature of the sample when the sample 
and thermostat temperatures differed. High-vacuum waxll (I) was used 
to seal the thermocouple wires (J) to the sample tube (forming a vacuum 
seal a t  the point where the wires left the tube) and to support the ther- 
mocouple probe in a fixed position at  the bottom of the balance tube. 

Temperature measured with YSI model 42SL telethennometer. Yellow Springs . .  
Instrument-Co. ~ Figure 3-Actual microbalance sublimation cell assembly. 

6 Sartorius Model 4102, Brinkmann Instruments, Westbury, NY 11590. 
7 MKS Model 220 Baratron, MKS Instruments, Inc., Burlington, MA 01803. * Konteshiartm, Evanston, Ill. 
SSeparate experiments indicates that the air pressure measured 175 cm 

downstream from the sample is a factor of -5 lower than that above the sample. 
lo CAJON Ultra Torr Union, Cajon Co., Solon, OH 44139. 

Apiezon Type W. 
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Figure 4--Balance tube assembly for vapor composition measure- 
ments. 

A critical aspect of the sublimation rate measurement is the ability to 
control and measure the sample temperature. The sublimation cell (Figs. 
2B, 3) is essentially a glass capillary tube in good thermal contact with 
an efficient radiative heat exchanger. This design allows the heat required 
for sublimation to be transferred from the thermostat to the sample with 
minimal temperature gradients. The sample (A) was in a glass capillary 
tube (B) which was fixed into a cylindrical hole in the aluminum heat 
exchanger by a thin film of high-vacuum waxll (C) .  To maximize radiative 
heat transfer, the aluminum was given a black anodized finish. The total 
weight of the sublimation cell was 1.17 g. The top portion of the heat 
exchanger had four fins (D) at  90" with respect to each other (Fig. 3), 
while the bottom portion (E) was a cylindrical cavity termed the tem- 
perature sensing cavity. The thermocouple probe protruded into this 
cavity without touching the sublimation cell. To increase the efficiency 
of heat exchange between the thermocouple probe and the sublimation 
cell, the effective area of the probe was increased by glueing the ther- 
mocouple junction (F) to an aluminum disk (G) with a thin coat of 
high-vacuum wax (H). 

Temperature Measurement-Ideally, the probe measures the cell 
temperature, which is identical to the sample temperature. In practice, 
the probe temperature does not exactly measure the cell temperature and, 
a t  high sublimation rates, the sample temperature is lower than the cell 
temperature. A theoretical analysis of heat transfer in the apparatus and 
a series of calibration experiments (Appendix I) yielded the following 
relationship between the probe temperature ( T,), the sample tempera- 
ture (TJ, and ambient temperature (T.). 

where P is the pressure in the balance tube in torr and m is the sub- 
limation rate in mg/min. The parameters K, and K. were evaluated by 
fitting the theoretical model to calibration data, yielding a K, of 10.2 and 
K .  of 0.010 at  P = 0 and K .  of 0.006 for P between 0.05-1 torr, respec- 
tively'*. The probe temperature measured with the system at  ambient 
pressure was identical to the thermostat temperature as measured by the 
probe thermocouple. Thus, the temperature data for each experiment 
were corrected for thermocouple inaccuracy by comparing the probe 
temperature at ambient pressure with the thermostat temperature 
measured with a glass mercury thermometer (accuracy f0.1'). 

With the above procedures. the magnitude of the uncertainty in T. was 
estimated to be 0.5" (due mostly to the uncertainty in K.) plus 15% of 
the correction term (Eq. 1) proportional to ml2. Thus, the temperature 
uncertainty was f 0 . 5 O  for most of the sublimation experiments but in- 

I* Due to a small probe area and significant heat transfer from the ambient 
through the 30-gauge thermocouple wires (0.023-cm diameter). the thermocouple 
probe assembly shown here is only partiall successful in directly measuring the 
cell temperature. The  design has recent1 L e n  improved by using smaller ther- 
mocouple wire (0.0076-cm diameter) angallowing the wire to equilibrate to the 
thermostat temperature before entry into the balance tube through the bottom. 
Also, the probe area is increased by press fitting the thermocouple junction into 
a finned heat exchanger similar in design to the top portion of the sublimation cell. 
The area is 1.7 om2, as compared with 0.7 cm2 for the probe used to  generate the 
data reported here. With the new finned probe, the value of K. (Q. 1) is O.OO0 and 
K, is 7.1. With the finned probe, the uncertainty in 7'. is estimated at f O . Z O  with 
m = 0. 

creased to f1.5O for the experiments with pure water at high temperature 
and zero pressure. 

Background Mass Loss Correction-The rate of mass loss, computed 
by numerical differentiation from the recorder versus time curve13, 
contains a background contribution, i.e., mass loss other than sublimation 
of ice from the sample. The background mass loss arises from loss of ad- 
sorbed water from the balance system and the sublimation cell surface; 
it was determined experimentally by blank runs. No temperature effects 
were noted between -15 and - 2 5 O ,  and the background effect was as- 
sumed to be independent of temperature. The background contribution 
to the rate of mass loss ( h ~ )  decreased with time according to the em- 
pirical equation: 

A mB=- 
1 + kt" (Eq. 2) 

where t is the time expired after sublimation begins and A, k ,  and n are 
constants. With m~ in mg/min, the values of A,  k, and n, determined by 
regression analysis of several blank runs, are 0.01252,0.10836, and 1.0554, 
respectively. The background correction is significant only for small 
values of t. 

Chamber Pressure and Composition Measurements-Routinely, the 
pressure in the balance tube and the composition of vapor are not mea- 
sured. However, such data were determined during representative sub- 
limation experiments. For this series of experiments, a modified balance 
tube assembly was used (Fig. 4). With the liquid nitrogen cold bath re- 
moved, the total pressure at point A was measured using either gauge l7 
or 2s, depending on the pressure range studied. The valve was then closed 
and the cold bath was placed over the cold finger, condensing all water 
vapor. The residual pressure (due to air) was then measured. This residual 
pressure was slightly lower than the air pressure in the original vapor since 
the air remaining in the cold finger was a t  a lower temperature. The 
original air pressure was obtained from the measured residual pressure 
using an empirically determined correction factor (l.103 for the apparatus 
used). The correction factor was determined by measuring the pressure 
reduction induced by placing the cold bath on the cold finger a t  high 
pressure when the vapor was almost entirely air. With the air and total 
pressures in the sample determined, the water vapor pressure in the 
sample was obtained by difference14. 

In high-vacuum operation, the mole fraction of water vapor in the 
sample tube is unity (within experimental error) and the partial pressure 
of water vapor is <0.01 torr, even for sublimation of pure ice a t  high 
temperature. Thus, the partial pressure of water vapor above the sample 
was negligible compared with the vapor pressure of ice in all experiments 
carried out a t  high vacuum. When sublimation was carried out with a 
controlled air leak into the vacuum system to investigate the effect of air 
pressure on the sublimation rate, the mole fraction of air in the sample 
tube (Xz) is found to obey the empirical expression: 

XZ = exp(-0.602 h), (Eq. 3) 

where m is the sublimation rate in mg/min. The equation is valid for 
sublimation from pure ice and frozen solutions over the range in total 
pressures studied (0.04-0.8 torr). With the frozen solutions studied, m 

Is The  balance measures the sum of the gravitational force on the sample and 
the momentum force resulting from subliming water molecules. As long as the su- 
blimation rate is independent of time, the momentum force is independent of time 
and the rate of mass loss is correctly computed from the balance readout. However, 
when the sublimation rate is time dependent, the momentum force is time depen- 
dent and contributes to the apparent rate of mass 106s (computed from the balance 
readout). A maximum value for this effect may be estimated by assuming all sub- 
liming water molecules leave the sample a t  right angles to the sample surface. 
Taking the momentum as the product of the root mean square velocity and the mass 
of the water molecule, imposing conservation of momentum leads to: 

where m is the apparent (or measured) sublimation rate. m is the true Sublimation 
rate, dmfdf is the time derivative of the sublimation rate, R is the gas constant, M1 
is the molecular weight of water, T is the absolute temperature, and g is the gravi- 
tational constant. Evaluation of the fundamental constants yields: 

dlnm maim = 1 -I 1.0 - dt  
where time is in min. The correction term dlnmldt is largest for experiments with 
pure water a t  high temperature; but even for this case, the correction is only 
-4%. 

l 4  The cold cathode gauge (gauge 2, Fig. 4) readout was calibrated for air. A cal- 
ibration curve giving water vapor pressure as a function of gauge reading was ob- 
tained by determining the gauge response, while ice in the cold finger slowly sub- 
limed a t  known temperature and essentially zero air pressure. The water vapor 
pressure was taken as the equilibrium vapor pressure of ice at the measured tem- 
perature corrected for thermal transpiration effects (21). 
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was small enough that X Z  equaled 1.00 and, even for the studies with pure 
water, the vapor in the sample tube was mostly air. In experiments with 
a controlled leak, the total pressure in the balance tube was the same as 
the total pressure measured at the normal pressure measurement position 
(located 115 cm downstream from the sample). 

Vial Freeze-Drying-Apparatus-Vial freeze-drying was carried 
out in a commercial laboratory free~e-dryer '~  which was modified by 
inclusion of a temperature-controlled shelf (530 cm2 area), thermocouple 
(copper-constantan, 30-gauge) measurement of shelf and product tem- 
perature, and pressure measurement5 in the sample chamber and inside 
one of the vials. 

Pressure inside a vial was measured by connecting a glass tube to the 
interior of the vial a t  a location between the vial neck and the top surface 
of the product. This tube was joined to another tube leading out of the 
vacuum chamber to the vial pressure sensor. Vial pressure, chamber 
pressure, and all thermocouple outputs were displayed as a function of 
time by a 24-channel recorder16. 

Calculation of Sublimation Rate-Calculation of the resistance of the 
dried product requires the following data: the vapor pressure of ice 
(evaluated from the product temperature'?), the pressure in the vial's, 
the area of the product (calculated from the vial dimensions), and the 
sublimination rate. Since the apparatus did not allow the mass of a vial 
to be monitored continuously, the sublimation rate was evaluated by an 
alternate procedure. 

Phenomenologically the sublimation rate, m (in g/hr), is given by: 

m = R,'(P, - P,) (Eq. 4) 

where R, is the stopper (or closure) resistance and P, and P, are the 
pressures in the vial and chamber, respectively. Theoretical consider- 
ations suggest that the stopper resistance as defined by Eq. 4 should be 
pressure dependent (12) and may depend slightly on the sublimation rate 
(22). Empirically for the stoppers used in this researchlS, the stopper 
resistance was found to be essentially independent of sublimation rate 
and varied with pressure as: 

R, = RJF (Eq. 5) 

where P i s  the mean pressule across the stopper [P = (P ,  + P,)/2)] and, 
as a first approximation, R, is a constantm. Combining Eqs. 4 and 5 
yields: 

m = K,'(P: - Pf)/2 (Eq. 6) 

Since the total mass of water removed during drying ( A c )  is known 
from the solution concentration and fill volume, the value of R, for a given 

l5 Virtis Unitrap. 
l6 Esterline Angus Speed Servo 11. 
l7 Product temperature was routinely measured in the center of the vial at the 

bottom, in the center about 8 mm up from the bottom, and at the bottom edge. 
Normally, temperature differences within the vial were small (<lo)  and the ther- 
mocouple nearest the sublimation surface was used to evaluate the temperature 
uf the sublimin ice. If the temperature gradient was significant, the temperature 
of the ice was cafculae u+ng the measured temperature gradient and the estimated 
distance between the ice interface and the nearest thermocouple. 

l8 The partial pressure of water vapor was required but both theoretical calcu- 
lations and experimental data (23) indicated that the vapor in the vial was essen- 
tially 100% water. 

l9  In the semistoppered position used during freeze-drying, the 20-mm finish 
closure has two openings of -0.4-cm diameter. The 13-mm finish closure, used only 
for the -15' experiments with System I, has two openings of -0.2-cm diameter, 
West Co. 

Application of the theories describing flow of rarified ases (12. 22) to the 
problem of water vapor flow through the closure opening, in8catesRs varies with 
pressure and sublimation rate according to the form: 

R;' = a + bric + c / [ P ]  

where a,  b and c are constants and the bracket symbols, [ I ,  indicate the mean for 
a given experiment. The term in a represents a transport coefficient for viscous flow 
according to Poiseuille's law, the term in b is a correction of Poiseuille's law for short 
tubes, and Lhe term in c represents the contribution of free molecular or Knudsen 
llow. As  the pressure decreases and water-stopper collisions become much more 
frequent than water-water collisions, the term in e dominates and R .  (Eq. 4) be- 
comes independent of pressure. 

Regression analysis of Ks data for the 20-mm closure determined from Eq. 7 for 
runs where P 1 varied between 0 08 and 0.35 mm and m varied between 0.25 and 
0.6 g h r  resdted in a = 183, b = i8.0, and c = 3.7. For the pressures and sublimation 
rates encountered in this research, the term in a dominated, indicating the flow 
mechanism as mostly viscous. Moreover, during any given experiment designed 
to measure dried product resistance, variations in m and P during primary drying 
are modest, causin only slight variation in F.. Typically, R, deviates from its mean 
value by no more ttan - f5% during the portion of primary drying where product 
resistance data is evaluated, and F, may be re arded as a constant without intro- 
ducing significant error. For experiments wit[ the 13-mm closure, P was nearly 
constant s o p s  also was considered constant. 

experiment may be evaluated by integration of Eq. 6 over the time period 
TD, where P, > P,, giving: 

(Eq. 7) 

where the integration is performed numerically. Since slight variations 
in stopper placement causes variations in R,, a value of R, was determined 
for each experiment. Once E, was determined using Eq. 7, the sublimation 
rate a t  any time during primary drying was evaluated using Eq. 6. 

Freezing Procedures-Frozen solutions for microbalance studies 
were prepared by loading the capillary with 13 X of solution using a sy- 
ringe, taking care not to introduce air bubbles. The sublimation cell was 
suspended from the balance and the balance tube was put into place. The 
balance tube was then immersed in 2-propanol at -4OO (contained in a 
Dewar flask). When the sample froze, the probe temperature uersus time 
plot showed a small change in slope, thereby allowing the freezing tem- 
perature to be determined. The studied solutions supercooled 20-25' 
below the equilibrium freezing point before freezing began. After the 
probe temperature decreased to <-35O, the 2-propanol bath was removed 
and the balance tube was immersed in a thermostat a t  the temperature 
desired for freeze-drying. 

With pure water, 10% v/v potassium chloride, and 22.8% v/v povidone, 
the temperature history of the sample during freezing was studied by 
placing two thermocouple junctions (0.0076-cm diameter wire) in the 
capillary tube. One junction was placed near the tube bottom while the 
other was placed in the solution a t  the top of the capillary tube. 

NORMALIZED DRIED PRODUCT RESISTANCE 

The normalized dried product resistance (8,) is defined by: 

(Eq. 8) 

where A, is the geometric cross-sectional area of the product normal to 
the direction of water vapor flow, PO is the equilibrium vapor pressure 
of ice at the temperature of the subliming ice, Pf is the vapor pressure 
of water above the dried product, and riz is the sublimation rate. Thus, 
the normalized dried product resistance is a per-unit-area (or area-nor- 
malized) dried product resistance which is a function of the thickness of 
the dried product layer. 

In a vial freeze-drying experiment, Pf is the pressure of water vapor 
in the vial. Since the vapor in the vial during primary drying is essentially 
all water vaporlS, PF is taken as the measured vial pressure. In a micro- 
balance experiment, Pf is essentially zero during high-vacuum operation. 
During operation with a controlled leak, Pf is calculated from the total 
pressure and the vapor composition given by Eq. 3. Under all conditions 
studied in this research, Pp was small compared to PO and was normally 
ne ligible. With area in cm2, pressure in torr, and m in g hr-l, the units 
o f i ,  are cm2 tom hr g-I and numerically represents the approximate time 
(in hours) to freeze-dry a solution 1 cm thick a t  a temperature of 
-20". 

The thickness of the dried product ( 1 )  is evaluated from: 

(Eq. 9) 

where mo is the initial sample mass, mt is the mass remaining a t  time t ,  
PI is the density of ice, and t is the porosity or volume fraction of ice. In 
the microbalance experiment the masses were evaluated directly from 
the recorder output. In a vial freeze-drying experiment the mass differ- 
ence, mo - mt, was calculated by numerical integration of the sublimation 
rate over the relevant time interval. 

Equation 9 assumes that the ice-vapor boundary remains planar and 
normal to the axis of the cylindrical container during sublimation. Sub- 
limation of ice from pure ice and frozen aqueous potassium chloride 
contained in a 1.3-mm diameter capillary tube was examined micro- 
scopically by glueing the capillary tube to a glass coverslip and using the 
aforementioned microscopic observation techniques. The observations 
demonstrated that this assumption is justified for microbalance experi- 
ments. During vial freeze-drying the assumption is valid as a first ap- 
proximation until near the end of primary drying. 

RESULTS AND DISCUSSION 

Freezing Rates-Representative data for potassium chloride and 
povidone are shown in Fig. 5. Onset of freezing is indicated by the sharp 
increase in temperature, while completion of the freezing process is in- 
dicated by a return to the cooling rate characteristic of the sample before 
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Figure 5-Fre~zing curues for microbalance samplm of potassium chloride lo' ,  u/i' (A) and 22.8'0 ulopouidone (B). Key: (0) top and (0) 
bottom oleach sample. 

freezing. For both water and potassium chloride, freezing began simul- 
taneously a t  the top and bottom; for povidone freezing began a t  the 
bottom -4 sec before the top started to freeze. In all cases, freezing was 
complete a t  the bottom before the top was completely frozen. The time 
elapsed between onset and completion of freezing was 13.8 f 4.2 sec for 
pure water, 10.2 f 0.3 sec for povidone, and 31.2 f 6.0 sec for potassium 
chloride (mean f S D  calculated from replicate experiments). 

Cooling curves for the samples frozen in vials qualitatively show the 
same features exhibited for the microbalance samples (Fig. 5). The 
samples supercooled, some ice formed throughout the solution quickly, 
and there was a delay in freezing the remainder of the water, with the top 
being the last to completely freeze. However, potentially significant 
quantitative differences exist between the microbalance and vial-freezing 
behavior. The degree of supercooling for vial-frozen solutions was <50% 
of that found for the corresponding microbalance solutions, and the time 
elapsed between onset and completion of freezing was -30 min for vial- 
frozen samples. Thus, a vial-frozen sample is subjected to a much slower 
freezing rate, which may allow ice crystals to anneal or grow in size during 
freezing. 

In both the freeze-drying microscope and microbalance studies, 
freezing was completed very quickly after the first ice crystals formed; 
a slow-freezing process which accurately imitates vial freezing was not 
possible. However, as a first approximation to  a vial-freezing process, a 
sample quick-frozen normally in the microscope or microbalance appa- 
ratus was annealed at - -8' for 0.5 hr, after which the temperature was 
reduced to the desired freeze-drying temperature at a rate of 4.4O/min. 
This procedure was intended to allow ice crystal growth similar to that 
which occurs during slow-freezing in a vial. 

Microscopic Observation of Freeze-Drying-Photomicrographs 
(Fig. 6) illustrate the change in structure of a given material on annealing 
for 0.5 hr a t  -8O. The darker region at the left of the photograph is the 
dried sample, while the lighter region on the right still contains ice. 
Photographs in the left column are quick-frozen samples where the entire 
sample freezes within seconds, while the right column contains the cor- 
responding annealed samples. Local regions which contain only ice or 
void are transparent and appear light. The solute is concentrated between 
the ice crystals and also appears to deposit in a very thin film on the 
surfaces of the glass coverslips used to contain the sample. The solute 
concentrated between ice crystals appears dark in both dried and undried 

regions. The solute deposited on the coverslips is normally semitrans- 
parent in the region still containing ice but, a t  least for crystalline solutes 
(i.e., potassium chloride), appears dark after the ice has sublimed. 

Annealing increased the size of the ice crystals and therefore also in- 
creased the size of the voids or pores left after sublimation of the ice. The 
effect was modest for System I but was marked for both potassium 
chloride and povidone, where qualitative changes in structure accom- 
panied the growth of ice crystals. The dendrite (1) pattern of ice crystals 
formed when the aqueous potassium chloride solution froze (Fig. 6A) was 
lost on annealing (Fig. 6B). The pattern in aqueous povidone (Fig. 6C), 
which might be classified as irregular dendrite (1, 2), was transformed 
by annealing to an ice structure largely composed of large globular ice 
crystals completely surrounded by solute (Fig. 6D). This globular ice 
structure (Fig. 6C) is qualitatively similar to the ice structure in con- 
centrated (50% solute) aqueous povidone (13). 

All nonannealed samples appeared to freeze-dry predominantly by 
a MacKenzie type I mechanism (13), where water vapor escaped uia open 
channels or pores created by prior sublimation of ice until the boundary 
between dried solute and vacuum chamber (edge of sample) was reached. 
Both amorphous samples (System I and povidone) showed a glassy region 
(without ice crystals) a t  this boundary which developed cracks during 
drying. This region was presumably a film of solute containing absorbed 
water which, on partial dehydration, decreased in volume sufficiently 
to form cracks. Annealed povidone freeze-dried largely by a MacKenzie 
type I1 mechanism (13). Here, the water vapor dissolved in and diffused 
through the solute wall surrounding the ice crystal before leaving the 
globular cavity. The arrow in the lower center of Fig. 6D indicates the 
ice-vapor interface in the interior of one partially dried cavity. Thus, the 
rate of freeze-drying for a type I1 mechanism potentially is determined 
by solid-state diffusion of water in the amorphous solute, while the rate 
for a type I mechanism is determined by flow of water vapor in the porous 
matrix created by the solute pore structure. 

The annealing temperature (-8') was higher than the eutectic tem- 
perature of aqueous potassium chloride (-11') (24) and the collapse 
temperature of the povidone used (-17O), but was lower than the collapse 
temperature of System IZ1. Thus, both potassium chloride and povidone 
were present in a fluid state during annealing, but the solute in System 
I was a nonflowable amorphous solid during annealing. The observation 
that ice crystal growth was rapid in the potassium chloride and povidone 
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Table I-Microbalance Sublimation Rate Data for Pure Water a 

-24 
-30 
-43 
-29 
-29 

-21.6 
-27.2 
-42.5 
-28.4 
-28.1 

0 0.100 f 0.035e 0.175 f 0.045 0.19 f 0.02 
0 0.067 f 0.013 0.153 f 0.024 0.143 f 0.005 
0 0.0418 f 0.0021 0.075 f 0.003 0.079 f 0.003 
0.176 0.126 f 0.038 0.226 f 0.036 0.24 f 0.03 
0.309 0.152 f 0.016 0.313 f 0.025 0.31 f 0.02 

~ ~ ~ ~ ~ 

0 Parameters for the normalized product resistance equation R ,  = A0 + All; units of ap are cm2 torr hr g-1. * Number of replicate experiments. Temperature of subliming 
Mean temperature of subliming ice over the entire experiment. 0 Mean f SE; intended only to provide information on reproducibility between replicate ice at I = 0. 

experiments. 

systems but slow in System I during annealing suggests that the rate of 
ice crystal growth is determined, in part, by the fluidity of the solute 
phase. 

Sublimation of Pure Ice-Resistance data calculated from Eq. 8 for 
pure ice are summarized in Table I. When pure ice is sublimed, RP reflects 
the resistance in transforming water from the solid state to the vapor state 
(i.e., the phase change) plus the resistance in transport of water vapor 
from the ice-vapor interface to the top of the capillary tube. The value 
of I, as calculated from Eq. 9, is the distance from the icevapor interface 
to the location of this interface at time zero. Since the interface is 0.1 cm 
below the top of the capillary tube at  time zero, the total tube length 
above the interface ( 1 ~ )  is given by: IT = 0.1 + 1. The 8, data were found 
to increase linearly with increasing I :  

Rp = A ~  + (Eq. 10) 

where A0 and A1  are constants for a particular temperature. Since the 
sublimation rates are high and decrease as 1 increases, the sample tem- 
perature increases slightly during an experiment. Thus, both the initial 
temperature, t(Z = 0), and the mean sample temperature during the ex- 
periment, ( t  ), are reported. The mean normalized product resistance, 
( RP), defined by: 

(Eq. 11) 

is also tabulated. 
The evaporation coefficient (a,) where 0 C a, < I ,  represents the ratio 

of the actual sublimation rate to the sublimation rate calculated from 
simple kinetic theory under conditions of zero resistance offered by the 
sample container (i.e., the capillary tube). The evaporation coefficient 
is defined by: 

where h ( l ~  = 0) is the sublimation rate extrapolated to IT = 0, M1 is the 
molecular weight of water, R is the gas constant, and T is the absolute 
temperature (25). All quantities are in CGS units. Combination of Eqs. 
8,10, and 12, evaluation of constants, and conversion to consistent units 
give: 

a, = (l.122)10-3fi/(Ao - 0.1Ai) (Eq. 13) 

Evaporation coefficients calculated from Eq. 13 and the data in Table 
I where PF = 0 compare favorably with literature data (25-27) (Fig. 7). 
Since potential errors in sample temperature measurement are much 
higher for pure ice than for frozen solutions, the agreement shown in Fig. 
7 provides strong evidence for the validity of the temperature measure- 
ment procedures used in this research. 

An increase in residual air pressure (i.e., P$' > 0) increases both the 
resistance of the phase change, measured by Ao, and the resistance of the 
capillary tube, measured by A1. Both effects presumably originate from 
collisions between water molecules and air. However, even when PF is 
approximately equal to the equilibrium vapor pressure of ice (0.350 torr), 
the sublimation rate remains high, decreasing by a factor of -2 from the 
rate a t  zero pressure. 

Dried Product Resistance-Representation of Data by Empirical 
Equations-The variation of normalized product resistance (a,) with 
thickness of dried product (1) is represented by the empirical equa- 
tion: 

(Eq. 14) 

where 1' = 0 for most systems studied ( i e . ,  Eq. 14 is valid over the interval 
0 5 15 1 cm). 

A, = (A0 + A 11)/(1 + A&, 1' I 1 5 1 cm 

~ ~ ~ _ _ ~  ~ 

21 System I does not exhibit a collapse temperature up to - 6 . 5 O ,  where partial 
melting of the ice crystals (melt-back) occurs. 

The parameters Ao, A1, and A2 are determined by regression analysis 
of the raw data. The data are summarized in Table I1 where the first 
column provides a curve identification number for each set of experi- 
mental conditions, and the corresponding, the Ai (i = 0,1,2) parameters, 
mean normalized product resistance ( ( I? , ) ) ,  and value of the normalized 
product resistance at 1 = 0 [8,(0)], which are reported in each row. The 
value of n gives the number of independent replicate experiments. The 
Ai ( i  = 0, 1,2) and resistance data tabulated are mean values with the 
corresponding uncertainty being the standard deviation of the mean. The 
uncertainty f i e s  are given only to indicate the reproducibility between 
replicate experiments. Reproducibility of Rp data (approximately given 
by the reproducibility of the corresponding (ap) data) was frequently 
much poorer than one might predict from the scatter in RP versus 1 data 
from a single experiment, a result perhaps attributable to real differences 
between samples caused by the inability to precisely control the freezing 
process. Even for the same chemical system, reproducibility of the raw 
data (Fig. 8) varies from excellent (curve 16) to poor (curve 15). 

In general, Eq. 14 is a valid representation of the raw data even as 1 - 
0, and RP(O) = Ao. However, for curves 13,14,16, and 17, Eq. 14 is valid 
only for 1 > 0.2 cm [ap(0) > Ao]. In the following discussion all RP versus 
1 data were calculated from Eq. 14 where this equation was a valid rep- 
resentation of the raw data. In those cases where Eq. 14 was not valid, 
mean values of the raw data are used. 

Dependence of 8, on I-Theoretid models in common use ( 1 1 , ~ )  
assume the equivalent of 4, (I 1, which results in the quantity of ice 
sublimed being directly proportional to the square root of time. Essen- 

Qulok Cmzm Annrled 
KCI, 5% VN 

a 6 

Povldone, 5% V N  
C 

E 
System I, 3.6% VN 

D 

F 

Figure 6-Microscopic observations of freeze-drying annealed and 
nonannealed (quick-frozen) samples at -25'. Darker region of each 
photograph is the dried sample, lighter region still contains ice. The 
arrow indicates the ice-vapor interface. 
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Table 11-Microbalance Sublimation Rate Data for Selected Frozen Aqueous Solutions 

Curve Annealed Solute, % 
ID No. n ? (v/v) t o  PFtorr A0 A1 A2 ( R p )  Rp(0) 

I 2 
2 6 
3 2 
4 4 
5 2 
6 2 
7 2 
8 2  

9 3  
10 4 
11 2 
12 2 
13 2 
14 2 

15 2 
16 2 
17 2 

No 
No 
No 
Yes 
No 
No 
No 
No 

No 
No 
Yes 
No 
N O  
No 

No 
No 
No 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
2.5 

10.0 

5.0 
5.0 
5.0 
5.0 

10.0 
22.8 

3.6 
3.6 
3.6 

Potassium Chloride 
-13.9 0 1.5 f 0.6 41.2 f 4.4 
-20.9 0 2.98 f 0.29 37.5 f 4.8 
-29.8 0 2.29 f 0.25 27.3 f 0.2 
-22.0 0 1.22 f 0.24 7.1 f 0.5 
-21.3 0.102 4.7 f 0.8 30.7 f 4.7 
-19.6 0.696 3.83 f 0.37 22.6 f 3.4 
-21.6 0 1.22 f 0.18 10.1 f 1.9 
-19.4 0 0.1 f 1.7 113 f 27 

-26.0 0 L . 7 f 0 . 3  3.8 f 1.3 
Povidone 

-31.2 0 1.2 f 0.2 5.2 f 0.9 
-26.3 0 0.84 f 0.16 5.1 f 1.0 
-31.2 0.186 0.54 f 0.14 11.5 f 0.4 
-26.2 0 2.9 f 0.4b 3.6 f 0.2b 
-25.8 0 3.6 f 0.6b 3.6 f O B b  

Dobutamine Hydrochloride-Mannitol (System I) 
- 0 3.3 f 0.7 50.5 f 24.3 
-21.2 0 4.0 f 0.4b 24.8 f 0.6b 
-21.4 0.190 3.3 f l.lb 25.6 f 1.6b 

7.7 f 0.2 
2.90 f 0.48 
0.93 f 0.04 
0.20 0.08 
1.45 f 0.34 
1.57 f 0.24 
1.05 f 0.28 
4.5 f 1.3 

0.00 
0.00 
0.50 f 0.27 
0.00 
0.00 
0.00 

6.0 f 3.2 
0.00 
0.28 f .2ab 

4.27 f 0.16 1.5 I O . 6  ~ 

8 3  f 0.6 
10.2 f 0.1 
4.25 f 0.16 

2.98 f 0.29 
2.29 f 0.25 
1.22 f 0.24 

11.0 f 0.6 
8.0 f 0.1 

4.7 f 0.8 
3.83 f 0.37 

3.88 f 0.07 
15.6 f 0.7 

1.22 f 0.18 
0.1 f 1.7 

3.6 f 0.3 1.7 f 0.3 
3.8 f 0.3 

2.61 f 0.06 
6.3 f 0.1 

1.2 f 0.3 
0.84 f 0.16 
0.54 f 0.14 

4.7 f 0.5 
5.4 f 0.2 

6.1 f 0.gb 
13.3 f O.gb 

6.8 f 0.5 
18.7 f 0.1 
16.6 f 1.4 

3.3 f 0.7 
13.8 f 1.3 
7.3 f 4.0 

~ ~ 

0 Parameters for the normalized product resistance equation R ( 1 )  = (A0  + A l l V ( 1  + Apl). Normalized product resistance equation represents data for only 1 > 0.2 
rm. As / - 0, th resistance increases to e , ( O ) .  Only one of the dupyicate experiments on System I a t  Py  = 0.190 showed this phenomenon, resulting in the unusually high 
uncertainty in 6,(0). 
tially four classes of A, dependence on 1 have been observed in this re- 
search (Fig. g), none of which correspond to a simple proportionality to 
1. With the possible exception of curve 8 (Table II), all data show a non- 
zero intercept a t  1 = 0 and the dependence of 8,  on 1 is frequently non- 
linear. Type I curves show a linear dependence of 8,  on 1 throughout the 
range 0 I 1 I 1. A type I1 curve exhibits a sharp decrease in I?, at  low I ,  
followed by a linear increase in A, with increasing 1 for 1 > 0.2 cm. Type 
I11 and type IV curves are concave toward the 1 axis, the curvature being 
slight for type I11 curves but severe for type IV. 

The observation that R,(O) is significantly larger than zero suggests 
the presence of a surface barrier resulting from a different structure for 
the dried product near the surface, a conclusion consistent with scanning 
electron microscopic observations (14). A large resistance accompanying 
the phase change at  the ice-vapor interface would give the same result. 
However, the ff ,(O) data for solution systems (Table 11) are generally one 
to two orders of magnitude greater than 8,(0) for pure ice (Table I), and 

0 
0 V 
0 

V 
V 

O V  0 

V 
0 
0 

V 

0 
0 

0 

rnl I I 1 I 1 I I I r v n  1 I I 1 , I  I I I rp-rr~n-q-rrrrri i i i  
) -70 -60 -50 -40 -30 -20 

ICE TEMPERATURE, deg 

Figure 7-Euaporation coefficients for ice obtained by this research 
(O), and (for comparison) taken from Rels. 25 (D), 26 (O), and 27 
(V). 

it does not appear reasonable that the phase change resistance for ice 
crystallized from a solution would be that much higher than the corre- 
sponding resistance for ice crystallized from pure water. As suggested 
by the microscopic observations discussed earlier, the surface barrier for 
type I1 curves appears to be a relatively high-resistance amorphous skin 
which, after some water desorption, cracks and decreases in effective 
resistance. 

The nonlinearity of the type 111 and type IV curves may be related, in 
part, to a gradual variation in dried product structure as 1 increases. 
However, the observation that the curvature is temperature dependent 
( i e . ,  compare curves 1-3,15, and 16) indicate that product heterogeneity 
is not the only factor. 

Effect of Solute Concentration on 8,-An increase in concentration 
changed the 8,  uersus 1 curve for potassium chloride from a type I11 to  
a type IV curve (Fig. 10). The resistance curves for povidone (Fig. 11) 
show a transition from type I a t  low concentration to type I1 a t  high 
concentration, where the resistance at 1 = 0 increased sharply a t  high 

0 0.50 1 
THICKNESS OF DRIED PRODUCT,cm 

Figure 8-Reproducibility of resistance data. Key: (0) curve 16, ex- 
periment 1; (@) curve 16, experiment 2; (A) curue 15, experiment 1; (A) 
curue 15, experiment 2. The lines represent predictions of curues 16 (A) 
and 15 (B) calculated using Eq. 29. 
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0 :  , 1 1 I , , , 1 , , 
0 0.50 1 

THICKNESS OF DRIED PRODUCT, cm 
Figure 9-Curves for k,, dependence on dried product thickness. Key: 
(0) 5% pouidone at -26O, type I;  (0) 22.8% pouidone a t  -26O, type II; 
(0) 5 %  potassium chloride at -30°, type III; (A) 10% potassium 
chloride at -20°, type IV. 
concentration. Evidently, the postulated amorphous skin phenomenon 
increases in significance as the concentration increases. 

The mean normalized product resistance ( ( A , ) )  increased as the 
concentration increased (Fig. 12). For potassium chloride, the increase 
was essentially linear in volume percent solid, while in the case of povi- 
done, (ap) increased sharply with increasing concentration only at  low 
concentration. Above -10% solute (v/v), (a,) for povidone is nearly in- 
dependent of concentration. Therefore, the drying time for a 1-cm deep 
potassium chloride solution will be twice as long for a 10% as for a 5% 
solution22. As a first approximation, the drying time for a 1-cm deep 
povidone solution is independent of concentration between 10% and at  
least 23% solute. 

Effect of Annealing-The microscopic studies (Fig. 6) indicate that 
annealing resulted in larger ice crystals with correspondingly larger voids 
or pores in the dried solid. For potassium chloride, both quick-frozen and 
annealed samples appeared to freeze-dry by a type I mechanism, but 
annealing a povidone system caused a change from a type I to a type I1 
freeze-drying mechanism. Assuming resistance decreases as pore size 
increases, one would expect that annealing the potassium chloride system 
would result in a lower product resistance. Since annealing a povidone 
system changes the freeze-drying mechanism, the net effect of annealing 
on the product resistance is not obvious. 

Comparison of quick-frozen with annealed samples shows a significant 
decrease in fip at all 1 values on annealing. This effect is very pronounced 
for potassium chloride (Fig. 13) and smaller, though still significant, for 
povidone (Fig. 14). Annealing potassium chloride resulted in a transition 
from a type 111 curve (nonlinear) to a curve which is nearly type I (linear). 
Intuitively, one would expect variations in product structure with 1 to 
be reduced by annealing. Thus, the observed effect of annealing on the 
resistance curve type appears consistent with the postulate that curvature 
in a resistance curve is related to structural heterogeneity. 

22 The reviewer suggested that the concentration dependence of (l?,,) for po- 
tassium chloride may be related to the increase in the ratio of eutectic-pre-eutectic 
ice as the solute concentration increases. Eutectic ice refers to ice which crystallizes 
with simultaneous crystallization of solute while pre-eutectic ice denotes ice formed 
prior to the crystallization of solute. Assuming equilibrium data (24) may be used 
to calculate the relative amount of eutectic ice formed in a nonequilibrium freezing 
prncess, the fraction of ice crystallizing as eutectic ice varies from 0.21 for 2.5% (v v) 

should hp dominated hy the pore structure created by pre-eutectic ice while at 18% 
otituium chloride the eutectic ice structure should largely determine the resistance 1 . .  ehavior. Mwoscopic observations indicate that eutectic ice is much more finely 

divided than pre-eutectic ice, and water vapor originating from sublimation of 
eutectic ice must pass through a network of relatively small pores. Since theory (11) 
indicates that resistance to vapor flow hrough pores increases as the pore size de- 
creases, one would expect a higher (h,, a t  higher solute concentration, as ob- 
served. 

to 0.90 lor 10% (v/v) potassium chloride. Thus, at 2.5% potassium chloride, ( R ) 

o ; , , , ,  1 1 1 1  

0 0.50 1 
THICKNESS OF DRIED PRODUCT, cm 

Figure 10-Effect of solute concentration on np for potassium chloride 
at -21°, Pf = 0. Key: (0) 2.5% d v ;  (0) 5.0% u lv ;  (0) 10.0% vlv.  

Effect of Residual Air Pressure-The data (Table 11) indicate a sig- 
nificant increase in J?, with increasing air pressure (PB) for 5% povidone 
at  -31' and essentially no pressure effect for System I. The effect of 
pressure on a, for 5% potassium chloride is small and erratic, probably 
reflecting sample-to-sample freezing variation more than the effect of 
pressure. To eliminate the effects of sample variation, the effect of air 
pressure was studied for a given sample by determining the sublimation 
rate as a function of pressure at  constant 1;  i.e., during the experiment 
the pressure was increased stepwise and then decreased stepwise. The 
mean of the Pp values (at corresponding pressures) for the increasing and 
decreasing parts of the experiment generate a set of a, values a t  constant 
1 as a function of air pressure. The results (Fig. 15) indicate increased 
with increasing air pressure, the effect being very small for 5% potassium 
chloride at  -21°, but quite significant for 5% povidone at  -31O. 

One would expect that increasing air pressure would yield an increasing 
probability of gas phase molecular collisions between water and air. When 
the frequency of water vapor-air collisions in the dried product becomes 
comparable in magnitude to the frequency of water vapor collisions with 

L 151 

u z 1 0  
a 

0 0.50 1 
THICKNESS OF DRIED PRODUCT, cm 

Figure 11-Effect of solute concentration on Rp forpouidone at -26O, 
Pp = 0. Key: (0) 5.0% u/v ;  (0) 10.0% u/v ;  (0) 22.8% u/v. 
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W 7 A 

CONCENTRATION, % volume 

Figure 12-Mean normalized product resistance /( a, )) versus solute 
concentration for (0) potassium chloride at -21'; (0) pouidone at 
-26'. 

the dried product matrix, the resistance due to water-air collisions should 
become a measurable fraction of the resistance originating from water- 
matrix collisions. Thus, increasing the air pressure above the sample 
should increase the product resistance, as observed. As the pore size de- 
creases, the frequency of water-matrix collisions increases and the air 
pressure at  which water-air collisions become comparable to water- 
matrix collisions will increase. Thus, the product resistance should be 
less sensitive to air pressure as the pore size decreases. The product re- 
sistance of potassium chloride at  zero air pressure was much greater than 
the corresponding resistance for povidone, suggesting that the pore size 
in freeze-dried potassium chloride is much smaller. Consequently, the 
slope of the resistance uersus air pressure curve should be less for po- 
tassium chloride than for povidone. The difference in pore size between 
potassium chloride and povidone is probably a result of the formation 

I I I I  I t 1  I 

0 0.50 1 
THICKNESS OF DRIED PRODUCT, cm 

Figure 13-Effect of annealing on a, for potassium chloride 5% ufu 
at -21", Pf = 0. Key: (A) not annealed; (0) annealed. 

4 1" 
0 0  1 

0 0.50 
THICKNESS OF DRIED PRODUCT, cm 

Figure 14-Effect of annealing on l%, for 5% ufu pouidone at -26", Pf 
= 0. Key: (A) not annealed; (0) annealed. 
of eutectic ice in the potassium chloride system. Being amorphous, 
povidone does not form a eutectic. 

The arrows in Fig. 15 indicate the values of the vapor pressure of ice 
at the corresponding product temperatures (-21.2' for potassium 
chloride and -31' for povidone). The normalized product resistance 
increased smoothly as the residual air pressure approached and exceeded 
the vapor pressure of ice. Thus, the common observation that the sub- 
limation rate decreases sharply as the chamber pressure approaches the 
vapor pressure of ice (29) is not a result of increasing product resistance. 
Indeed, sublimation proceeded rapidly even when the residual air pres- 
sure was well above the vapor pressure of ice. This apparent anomaly may 
be resolved by reference to Q. 8, where the driving force for sublimation 
is taken as the difference in pressure of water vapor between the ice-vapor 

E 
0 z "L___ 0 0 PP. 0.50 torr 1- 

Figure 15-Effect of residual air pressure on a,, for potassium chloride 
5Pb uluat -21.2O, 1 = 0.52cm (0) and 5% vfupouidone at -31.0", 1 = 
0.70 cm (0). The arrows indicate the vapor pressure of ice (Pa, at -21.2" 
(A) and -31.0' (B). 
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THICKNESS OF DRIED PRODUCT, cm 

Fi we 16-Effect of temperature on a, for potassium chloride 5% v/v, 
P f =  0. Key: (0) -13.9'; (0) -20.9'; (0) -29.8'. 

interface (PO) and the region above the dried product (e). With the 
microbalance apparatus, Pp is essentially zero even when the chamber 
pressure is well above the vapor pressure of ice. However, in an apparatus 
designed for vial freeze-drying, an increase in chamber pressure by means 
of a controlled air leak increases the value of Pp. Indeed, as a first ap- 
proximation, Pf is equal to the chamber pressure. If the shelf temperature 
is adjusted to maintain constant product temperature, PO is constant, 
and the driving force for sublimation decreases sharply as the chamber 
pressure approaches PO, thereby sharply decreasing the sublimation 
rate. 

Effect of Temperature-The effect of temperature (Figs. 1618)  on 
8, is quite dramatic for potassium chloride and System I, but is barely 
significant for povidone (between -26 and -31O). An increase in tem- 
perature resulted in a transition from a type 111 (potassium chloride) or 
a type I1 (System I) curve to a type IV curve with a significant reduction 
in (8,) (Fig. 19). 

It might be postulated that the observed temperature effect is really 
a pressure effect. That is, the higher temperature produces a higher mean 
pressure in the porous medium which, in turn, changes the gas flow 
mechanism from a free molecular (Knudsen) flow to a viscous flow 
mechanism. For viscous flow, the dried product resistance is inversely 
proportional to the mean pressure in the dried product (11,12), which 
is one-half the vapor pressure of ice for the data in Figs. 1618. Thus, if 
the mean pressure were high enough to result in viscous flow of water 
vapor, an increase in temperature would decrease the dried product re- 
sistance. However, based on the usual theories for flow of rarified gases 
in channels (11,12), the mean pressure was far too low for viscous flow 
of water vapor in the dried product. 

For the usual capillary-tube model describing gas flow in a porous 
system (11,12,30), the normalized product resistance is given by: 

8 p  = 8 k [ l  - (1  - 35~/128)X/(1 + x )  + (3*/128)X2/(1 + x)]-' 
(Eq. 15) 

where X is the ratio of the capillary pore diameter (D) to the mean free 
path (A): X = D/A. The low pressure limit for a, is the Knudsen flow 
resistance ( 8 k )  which, in CGS units of dynes sec g-l, is given by: 

(Eq. 16) 

where T is the tortuosity (or ratio of the actual length of a capillary tube 
to the thickness of the dried product) and f denotes a momentum ac- 
commodation coefficient representing the fraction of gas molecule-tube 
colliiions which result in diffuse reflectance upon collision (i.e., for diffuse 
reflectance the velocity of a molecule after collision is independent of its 
incident velocity). Normally, f is assumed to be unity. 

Since the mean free path is inversely proportional to pressure, X ap- 

0 0.50 1 
THICKNESS OF DRIED PRODUCT, cm 

Figure 17-Effect of temperature on RP for System I, Pf = 0. Key: (a) 

proaches zero at  low pressure and 8, - 8 k .  At high pressure, X >> 1 and 
transport of water vapor is by a viscous flow mechanism yielding 8, = 
f i k  (128/3~)/X. For a freeze-drying experiment where the mean pressure 
in the dried product is one-half of the vapor pressure of ice, numerical 
evaluation yields X = Pa (pm)/146. Thus, the condition X >> 1 implies 
D >> 100 pm for the highest pressure studied in this research. However, 
the pore diameters determined either from the sample surface areaz3 (30) 
or microscopic examination (Fig. 6) are <<lo0 pm, indicating X << 1. 
Thus, the vapor flow mechanism in freeze-drying closely approximates 
Knudsen flow, not viscous flow. 

The pore diameter for freeze-dried potassium chloride evaluated from 
the surface area is -10 pm, while the microscopic data (Fig. 6) indicate 
that the larger pores or channels have a diameter of -30 pm. Assuming 
that f is independent of temperature and vapor pressure, and taking D 
= 30 pm, the calculated change in I?, on increasing the temperature from 
-30 to -14O is an increase of 5%, obviously not consistent with the data 
which show a decrease in resistance of -60%. 

If the momentum accommodation coefficient (f) were assumed to 
decrease as the freeze-drying temperature increases, the data could be 
reconciled with Eqs. 15 and 16. Accommodation coefficients are extremely 
sensitive to the nature of the surface and, particularly for very clean solid 
surfaces, may be much less than unity (12,21,31). However, as surface 
impurities are introduced or the vapor is adsorbed on the surface, ac- 
commodation coefficients generally increase, and at  a surface coverage 
of one or more monolayers, diffuse scattering (ie., f = 1) is observed (31). 
This result is consistent with the observation that the energy accom- 
modation coefficient is unity for liquids and their own vapors (31) and 
the conclusion that under conditions where the energy accommodation 
coefficient is unity, the momentum accommodation coefficient is also 
unity (32). Thus, if the surface coverage would decrease below monolayer 
coverage as the freeze-drying temperature increased, there would be 
justification for assuming the temperature dependence of 8, is due to 
a decrease in f. 

As the temperature increases at constant water activity, the surface 
coverage will decrease slightly (33), at  least in the submonolayer region. 
However, in the freeze-drying system, an increase in temperature also 
increases the thermodynamic activity of water, which increases the sur- 
face coverage. The net effect of increasing the temperature will depend 
on the nature of the adsorption isotherm. Extrapolation of adsorption 
data for water-alkali halide systems (34-36) to the temperature range 
of interest in freeze-drying indicates that the mean surface coverage in 
the dried product at -30" is considerably in excess of monolayer, and the 

-14.0'; (0) -21.2'. 

m The specific surface areas for vial freeze-dried samples, determined by BET 
(Brunauer-Emmett-Teller) treatment of gas adsorption, are: potassium chloride 
(4 m2/g), povidone (0.7 m2/& and System 1 (3 m2/g). 

Journal of pharmaceutical Sciences I 645 
Vol. 72, No. 6, June 1983 



0 0.50 1 
THICKNESS OF DRIED PRODUCT, cm 

Figure 18-Effect of temperature on for 59; VJV povidone, Pf = 0. 
Key: (0) -26.0; (0) -31.2'. 

surface coverage increases with increasing temperature. Thus, the mean 
momentum accommodation coefficient should be close to unity a t  all 
temperatures; if there is a small change in f with increasing temperature, 
this change should be an increase toward a limiting value of unity. Thus, 
the observed decrease in resistance as the freeze-drying temperature 
increases cannot be attributed to changes in f .  Rather it appears that 
there exists some flow mechanism other than that described by Eq. 
16. 

Equation 16 describes only the flow of water vapor in the open channels 
of the porous system. However, experimental and theoretical studies of 
the flow of condensable gases in porous media indicate that surface flow 
of the adsorbed gas can be the dominant flow mechanism when the mass 
of the adsorbed phase in the sample greatly exceeds the mass of the vapor 
phase (30.37-39). Since the mass of the adsorbed phase is proportional 
to the product of the specific surface area ( S )  and the fraction of surface 
coverage ( O ) ,  surface flow may be important even below monolayer cov- 
erage (i .e. ,  O < 1) provided the specific surface area is large. Alternately, 
surface flow may be important with samples of moderate surface area 
provided the pressure is high enough to result in multilayer coverage (i.e., 
0 > 1). In the submonolayer case, surface flow proceeds by a diffusion 
mechanism involving activated translational motion from an occupied 
adsorption site to an unoccupied site. In the multilayer case, particularly 
when O >> 1, surface flow is more properly described as hydrodynamic 
flow of the adsorbed gas analogous to either flow of a thin liquid film along 
a surface (large pores) or capillary flow of a liquid (micropores). 

We therefore postulate that, at least at high temperature where surface 
coverage is high, mass transfer in freeze-drying may be dominated by 
hydrodynamic surface flow of the adsorbed water. As the freeze-drying 
temperature increases, the surface coverage ( 0 )  and the fluidity of the 
adsorbed phase increase, both effects increasing the rate of surface flow. 
Adsorption data (34,40) for potassium chloride indicate that O increased 
very rapidly as the thermodynamic activity of water approached the water 
activity of the saturated solution, and the adsorbed film reached a 
thickness of 0.1-1 pm before the solid dissolved. Similarly one would 
expect that, as the temperature of a freeze-drying system approaches the 
eutectic temperature (or collapse temperature for an amorphous solute), 
O would increase rapidly. Indeed, microscopic observations of a potassium 
chloride-water system freeze-drying near the eutectic temperature (13) 
of - 1 1 O  appear consistent with an adsorbed film of liquid -1 pm in 
thickness near -13' which decreased sharply in thickness as the tem- 
perature decreased. Since the evidence suggests that O increases dra- 
matically as the eutectic temperature is approached, one might also ex- 
pect the ratio of surface flow-gas flow to increase as the temperature 
increases, resulting in surface flow being dominant near the eutectic (or 
collapse) temperature where O is very large. Thus, we propose that the 
observed decrease in dried product resistance resulting from an increase 

3.9 4:O 4:l 
1 031T, OK-' 

Figure 19-Mean normalized product resistance ((a,, )) versus re- 
ciprocal absolute temperature. Key: (A) povidone, 5% vlv; (a) potas- 
sium chloride 5% v/u; (B) System I .  

in temperature is a consequence of the emergence of surface flow as an 
additional flow mechanism for transport of water. 

Comparison of Microbalance and Vial Results-The question of how 
closely a microsample freeze-drying in a capillary tube represents a ma- 
cnwample freeze-drying in a vial remains. In principle, since the diameter 
of the capillary tube is much greater than the pore diameter of the dried 
product, the normalized resistance should be. independent of the sample 
geometry. However, differences in pore structure caused by differences 
in thermal history are potentially quite important. Moreover, the effect 
of a nonzero partial pressure of water vapor above the surface of the dried 
product (0.1 torr for vial studies versus 0.00 tom for microbalance studies) 
may be significant, at least for an amorphous product where the resistance 
is determined partially by permeability and cracking of the amorphous 
skin covering the surface. 

Since the thermal history of an annealed microbalance sample more 
closely resembles the thermal history of a vial-frozen sample, one expects 
better agreement of the vial data with the annealed microbalance samples 
than with the quick-frozen microbalance samples. Indeed, for potassium 
chloride the agreement between vial and annealed microbalance results 
is nearly quantitative (Table III), whereas the quick-frozen microbalance 
resistance data are higher by nearly a factor of 2. The data for System I 
(Table 111) demonstrate that the effect of temperature is qualitatively 
the same for both vial- and quick-frozen microbalance results. In both 
cases, the resistance increased linearly with 1 for the -21O data, but when 
the temperature was increased to - -15O, the resistance became inde- 
pendent of 1 over the range of 1 values studied and the value of (8,) de- 
,creased. In the case of povidone, the vial resistance data are in much 
better agreement with the quick-frozen microbalance data. This obser- 
vation may suggest that annealing is a poor approximation for a slow- 
freeze when the product changes its freeze-drying mechanism on an- 
nealing, as is the case with povidone (Fig. 6).  In any case, it may be con- 
cluded that agreement between vial and microbalance data is a t  least 
qualitative and may be quantitative for some materials if the thermal 
histories of the samples are similar. 

CONCLUSIONS 

The effect of the potential process variables on the resistance of the 
dried product layer have been studied by direct determination of sub- 
limation rate under isothermal conditions using a microbalance tech- 
nique. The results have at least qualitative validity for vial freeze-drying. 
Contrary to popular theoretical models, the resistance of the dried 
product layer is not directly proportional to its thickness (a result at- 
tributed to heterogeneity in solute structure) and is not independent of 
temperature. Current theoretical models assume mass transfer is ex- 
clusively uia the gas phase. This study suggests that, a t  least at higher 
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temperatures, hydrodynamic surface flow of adsorbed water is an im- 
portant flow mechanism which may account for the observed temperature 
dependence of the dried product resistance. 

APPENDIX I: HEAT TRANSFER THEORY AND 
TEMPERATURE MEASUREMENTS 

Although the sublimation cell is designed to maximize heat transfer, 
numerical estimates suggest that, a t  least for the high sublimation rates 
expected for pure water, the temperature difference between thermcetat 
and the subliming ice could be significant. In this section, a theoretical 
model is developed which, on experimental evaluation of heat transfer 
parameters, allows the ice temperature to be determined from mea- 
surement of probe (or thermostat) temperature, sublimation rate, and 
residual air pressure in the chamber. The heat transfer coefficients were 
evaluated with a series of sublimation experiments where the sample 
temperature was measured by a thermocouple (denoted J) embedded 
in the sample 1 mm from the bottom of the capillary tube. 

Assuming steady state: 

mms =Qs = q h + q p c + Q J + q a c  (&. A171 

where m is the sublimation rate (g/sec), m8 is the heat of sublimation 
(cal/g), 8. is the rate of heat removal by sublimation, qh is the heat 
transfer rate from thermostat (bath) to the sublimation cell by radiation 
and conduction, Qpc is the heat transfer rate from the probe to the cell 
by radiation and conduction, QJ is the heat transfer rate from ambient 
to the J thermocouple junction in the sample through the 30-gauge 
(0.23-mm diameter) thermocouple wires, and qac is the heat conducted 
from the balance at ambient temperature to the cell uia radiation and 
conduction through the hang-down wire. Numerical estimates indicate 
cjh >> qpc. Since heat transferred to  the cell is then transferred to the 
subliming ice (sample), the rate of heat transfer from cell to sample (q-) 
is: 

Q c s = Q b ~ +  4pc + Qac (Es. A181 

The heat transfer rates, Qi,  (i = a, b, c, p; j = c, s, J) are assumed to be of 
the form: 

(Eq. A19) 

where kij are heat transfer parameters and Ti and Tj are the absolute 
temperatures of apparatus components i and j ,  respectively. While Eq. 
A19 is rigorous for heat transfer uia conduction, the form of Eq. A19 is 
only an approximation for heat transferred uia radiationu. 

The probe thermocouple wire makes thermal contact a t  three points 
with the surroundings at  ambient temperature (Ta), with the bath at 
temperature Tb, and with the cell a t  temperature T,. The thermal re- 
sistance of the wire between the ambient contact and the bath contact 
is denoted R w l ,  the thermal resistance of the bath-wire contact (through 
the apiezon wax) is denoted Rwb, and the thermal resistance of the wire 
from the bath-wire contact to the probe junction is denoted Rw2. With 
these definitions, analysis of the steady-state heat flow in the probe wire 
yields: 

Gpc = kpc(Tp - Tc) = kap(Ta - Tp)  + kbp(Tb - Tp)  
(Eq. A20) 

where Tp is the probe temperature and k., and kbp are composite heat 
transfer coefficients given by: 

(Eq. A21) 

24 For radiative heat transfer between two bodies (22): 
4 . .  = o..(T? - rf) 

'I  Zl I 

where T, and T, are the absolute temperatures of bodies i and j, respectively, and 
ail depends on system geometry and emissivities of the bodies. When the tern er 
ature difference (7'; - T,) is significantly less than the mean temperature (3): 

q,, = 4 Thaij(7'i - T j )  = kij(Ti - T j )  

which is of the same form as Eq. A19. However, the kij parameter for radiative heat 
transfer is temperature dependent, whereas the corresponding parameter describing 
conductivity is essentially independent of temperature. As a first approximation, 
vdid for modest temperature ranges, the temperature dependence of kij for radi- 
ative heat transfer can be ignored. Also, for purposes of numerical estimates, the 
approximation, aij = euA;, will be used, where e is the emissivity (1 for the bodies 
of interest in this research), Aij is the area common to both bodies, and u is the 
Stefan-Boltzmann constant. 

Table 111-Comparison of Microbalance and Vial Resistance 
Data 

Normalized Product Resistance (I?,,), cm2 hr torr g-' 
Microbalance, Microbalance, 

1,  cm Vial' Annealed Quick-Frozen 

5% Potassium Chloride, - 2 1 O  
0.27 3.8 f 0 . 5 O  3.0 f 0.1 7.4 f 0.5* 

8.4 f 0.6 0.41 4.9 f 0.6 3.8 f 0.1 
0.53 4.9 f 0.7 4.5 f 0.2 9.0 f 0.6 
0.70 5.4 f 0.6 5.4 f 0.2 9.6 f 0.7 

0.31 2.4 f 0.8 2.10 f 0.05 2.9 f 0.2 
3.5 f 0.3 0.48 3.8 f 0.2 

0.58 4.1 f 0.1 2.94 f 0.07 3.9 f 0.3 
0.71 5.0 f 1.0 3.19 f 0.08 4.4 f 0.4 

5% Povidone, -26O 

2.65 f 0.06 

0.92 5.5 f 0.6 3.79 f 0.09 5.2 f 0.4 
System Ic, -21O 

0.17 4.8 i 0.5 
0.28 6.0 f 0.5 
0.38 7.0 f 0.4 
0.48 8.0 f 0.7 

8.5 f 0.1 
10.9 f 0.1 
13.4 f 0.1 
15.9 f 0.1 

System Ic ,  -14O (Microbalance), -15' (Vial) 
0.30 6.5 f 1.8 6.6 f 0.5 
0.48 6.1 f 1.7 7.1 f 0.5 
0.74 5.8 f 1.0 7.5 f 0.6 
1.03 6.0 f 0.8 7.1 f 0.6 

a The resistance data represent the mean of four re licate experiments for po- 
tassium chloride, two replicate experiments for povifone, and two replicate ex- 
periments for System I. * Uncertainties are estimated standard errors as calculated 
from reproducibility of replicate experiments. The microbalance sam les are 
amorphoua but the vial samples contain some poorly crystallized mannitol)(X-ray 
and microscopic observations). 

and 

With perfect thermal contact of the probe wire with the bath (Rwb = 0), 
kbp = RS, and k ,  = 0. 

combination of Eqs. A17420 and use of the approximations25 k p J k h  
<< 1, k&h << 1, (T. - Ti)/ (T,  - T.) = 1 (i = p, J), yields: 
Tp - T., = (1 + rpak:')(l + rp)-la-lA&i 

(1 + rp)-'[kap/kbp - k ~ a - ' ( l  -k rP(Yk;') - k,&h](T, - T.) 
(Eq. A23) 

T b  - Tp = r p ( l +  rp)-lkzA&h 

and 

- (1 + rp)-'(kap/kbp + kd,,kz + r , ,ka&h)(Ta - T.) (Eq. A241 

T b  - T. = (Y-'m,m - (CY-'kd + k&h)(Ta - Ts) 
(Eq. A25) 

with (Y and rp defined by: 

(Y k h k , ( k h  + k-)-' (Eq. A26) 

and 

r p  = k p J k b p  (Eq. A27) 

The temperature of the subliming ice is denoted T.. 
Since both the bath-cell and probe-cell heat transfer coefficients, k k  

and k,, respectively, include contributions from vapor phase heat con- 
duction, both coefficients are pressure dependent. Using the Smolu- 
chowski theory (12) to relate the thermal conductivity of a gas to pressure, 
the heat transfer Coefficients (ki,, i = p,b) are of the form: 

where 

(Eq. A28) 

(Eq. A29) 

The energy accommodation coefficient (a,) is a numerical constant near 

25 As a first approximation, the ratio k , / k h  is equal to the ratio of the probe 
area-cell area, which is 4.06. 
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Figure 20-Temperature versus time curve for a calibration experiment 
at zero pressure using a 10-mg sample of pure water. Key for lines: (A) 
thermostat; (B) probe; (C) J thermocouple. 

unity (3); k?, represents the radiative heat transfer coefficient; k, is de- 
fined by k?, = A&,, where Ai is the area of the probe or cell; A0 is the 
free-molecule heat conductivity of the gas a t  0' (12); X is the heat con- 
ductivity of the gas a t  ambient pressure (-1 atm); di is the separation 
distance of the hot and cold surfaces, where d, = 0.3 cm and d,  = 0.6 cm; 
P and T are the pressure and absolute temperature, respectivelym. 

Preliminary calculations indicate that, as a first approximation, the 
term (1 + rpakil:)(l + rP)-l is essentially independent of pressure. Thus, 
the pressure dependence in the coefficients of m in both Eqs. A23 and 
A25 is due to the pressure dependence of a, which (from Eqs. A26 and 
A28) may be written in the form: 

where the approximation Ti = 1 has been used and the superscript zero 
on a parameter represents the value of that parameter a t  zero pres- 
sure. 

When the sample temperature is not measured directly by a thermo- 
couple embedded in the sample (Le., as in a normal sublimation experi- 
ment), k~ = 0 by definition. A theoretical estimate indicates that k, is 
<1 X 10-5. With thii estimate and the experimental value found for kk, 
the approximation k,, = 0 results in a temperature error of <0.2'. Thus, 
with k,, = 0, combination of Eqs. A23 and A24 gives: 

T. = Tp - (1 + rO,crokil)(l + r0,)-'cY-'nf7,m 
(h. A311 

The parameter k, in Eq. A31 now refers to the value of the cell-sample 
heat transfer coefficient in the absence of the J thermocouple wire. 

In a temperature calibration experiment the sublimation cell is sup- 
ported by copper-constantan thermocouple wires (0.23-mm diameter) 
where the measuring junction (J) is located -1 mm from the bottom of 
the capillary tube. This configuration allows the sample temperature to 
be measured but also prevents the sample mass from being determined. 
After equilibration of the sample (10.0 mg of pure water) with the ther- 
mostat, the chamber was evacuated to the desired pressure and sub- 
limation started. Thermostat, probe, and J thermocouple (TJ) temper- 
atures were monitored as a function of time. When the preasure decreases 
below -1 mm and sublimation started (time zero), TJ sharply decreased 
(Fig. 20) until a steady state was reached at  approximately time T I .  The 
TJ reading abruptly increased at  time T B  when the ice-vapor interface 
moved below the bottom of the J thermocouple and thermal contact was 
broken. When the sublimation rate was high, TJ passed through a min- 
imum at  time T., where T .  = 0.9 TB. Interpreting T .  as the time when the 
ice-vapor interface just covers the measuring junction J, TJ(T.) = T., 
where T .  is the temperature of the subliming ice. 

In a calibration experiment, the sublimation rate in mg/min at  time. 
ri(i = 1,s) is calculated from mi = (8.8/T~)fi, where 8.8 is the difference 
between the total sample mass of 10.0 mg and the mass remaining at  T B ,  

- (1 + rp)- ' (kaphp)(Ta - Tp) 

Table IV-Values of Heat Transfer Parameters Evaluated from 
Temperature Calibration Data 

Parameter Value 

1.55 X f 0.07 X cal sec-l 'K-l $ 2.2 X f 0.04 X cal sec-' O K - '  

T P  
k .& hn 0.61 f 0.28 

0.016 f 0.012 

a Parameters refer to experiment without a thermocouple embedded in the 
sample. 

the latter calculated assuming the J thermocouple is exactly 1 mm from 
the bottom of the capillary tube. The factor fi is the ratio of the sub- 
limation rate a t  ~i to the average rate over the time interval 0 I t I 78. 
This factor, which is near unity, is determined from sublimation exper- 
iments where mass is monitored (i.e., no J wire). 

A total of 16 calibration experiments were conducted over the bath 
temperature and chamber pressure ranges -39' < Tb < - 15' and 0 < 
P < 0.6 mm, respectively, generating the data set (Tb, T,, T,, T ~ , T , T B ,  
P )  for each experiment. These data were used to evaluate the heat 
transfer parameters appearing in Eqs. A23-A27 uia regression anal- 
ysis. 

The parameters k, and k d  were evaluated by an iterative procedure. 
First k, was evaluated from the time dependence of TJ and a preliminary 
estimate of k , ~ ,  using only data where the sublimation rate was high 
(Appendix 11). Next, k k  and kd were evaluated by regression analysis 
using Eqs. A25 and A3OZ6. The resulting value of k~ was then used to 
obtain a second approximation of k,, etc. Convergence was obtained after 
two iterations. Finally, the ratios r: and k,,dkb, were evaluated from the 
data by regression analysis using Eqs. A23, A27, and A28. The resulting 
parameters with their corresponding standard errors are listed in Table 
IV. Agreement between data and the theoretical model is within the 
anticipated experimental error. Due to the difficulty in placing the J 
thermocouple always at the same level in the sample, measurement of 
the average sublimation rate is subject to sizable random error. 

With the evaluated parameters (Table IV), Eq. A31 becomes Eq. 1 
(text): 

where K, is 10.2 and K .  is 0.010 and 0.006 at P = 0 and P = 0.061.0 torr, 
respectively. The sublimation rate m is in mg/min. In principle, K, is a 
smooth function of pressure through rp. However, the step function 
representation given above is a simpler yet adequate representation of 
the data. With the improved probe design described earlier12, k, = 0 and 
rp >> 1 experimentally ( r ,  = 14 in theory). In this case, K, = 0 and K, 
= 7.1. 

APPENDIX I 1  THEORY O F  CELL-SAMPLE HEAT 
TRANSFER COEFFICIENT 

Heat is transferred from the aluminum cell to the sample through the 
wall and bottom of the glass capillary tube. Since the area available for 
heat transfer decreases as the length of the ice column decreases during 
sublimation, the parameter characterizing this heat transfer (k,) may 
not be constant. Moreover, in a calibration experiment, the presence of 
the thermocouple wire in the capillary tube changes the thermal con- 
ductivity of the system and, consequently, k, The purpose of this section 
is to present a semiquantitative theoretical argument which indicates 
that k, is indeed a constant during sublimation of all but the last traces 
of ice, and to provide a theoretical basis for the evaluation of k, under 
conditions of a sublimation rate experiment (no thermocouple in the 
sample) using calibration data obtained where a thermocouple is in the 
sample. The length of the ice column at time zero is denoted L.  

A simple steady-state model for heat transfer in the cell-sample system 
is illustrated by Fig. 21. Heat conducted from ambient to the sample via 
the J thermocouple (Qd), assumed to dissipate at the ice-vapor interface, 
is not shown. The temperature in the aluminum cell (T,) is assumed in- 
dependent of the distance variable, x.  The ice a t the ice-vapor interface 
( x  = I )  is a t  a mean temperature T,, while the average temperature of the 

The parameter k, is calculated from theory (22) with unit emissivit for a 
temperature of 253'K. For air. literature data (12) for A0 and X then y i e d  A& 
= 68.9 cm-I torr-', Xlk ,  = 0.662 cm. The distance parameters d ,  and d p  are ap- 
proximately measured as 0.6 and 0.3 cm, respectively. The calculations are not 
sensitive to small variations in d ,  and d,. The enthalpy of sublimation Ans is 660 
cal/g (41). 
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sample in any volume element of thickness (dx) is T, where T is a function 
of x. 

In any volume element bounded by planes at  x - dxl2 and x + dxl2, 
the heat flow out of the volume element through the plane at x - dxl2 
( 6 q 3 )  is the sum of the radial heat flow through the container wall (dq1) 
and the vertical heat flow into the volume element a t  the plane x + dxl2 
(I&). The radial heat flow, &j 1, is proportional to the length of the volume 
element, dx, and the temperature difference T ,  - T 

6Q1= k d x ( T ,  - T )  (h. A32) 

where k, is a heat transfer coefficient for heat flow through the apiezon 
wax and the capillary tube wall, and reflects the heat-flow rate for a tube 
of unit length with a temperature difference of 1' applied. The vertical 
heat transfer rate is of the form: 

(Eq. A33) 

where for i = 2, xi = x + dxl2 and for i = 3, xi = x - dxl2. The parameter 
kl is the product of the cross-sectional area and the thermal conductivity 
of the material present in the capillary tuben. During a calibration ex- 
periment both ice and the J thermocouple wires contribute to kl. From 
Eqs. A33 and A32 and the steady-state requirement 643 = 641 + S q z ,  we 
find: 

(Eq. A34) 

With the transformation of variables: 

y = T , - T  (h. A351 

(Eq. A361 
and 

2 = (x - l ) / ( L  - 1 )  
Eq. A34 becomes: 

- where: 

(Eq. A37) 

One boundary condition follows from the requirement that the vertical 
heat flow at the ice-vapor interface ( z  = 0) is equal to the total heat flow 
from cell to sample (q,): 

(Eq. A39) 

where, denoting Q. as the heat removed by sublimation, 4, = Qs 7 qd. 
This relationship assumes qd is dissipated at.the t = 0 surface. Q8 18 the 
product of the sublimation rate and the heat of sublimation per gram: 

quirement that q, is given by the s u m  of the heat flow through the bot- 
tom (dog) and the integral of 6q1 over the length of the ice column, 0 5 
z 5 1. Since 649 = k a y ( l ) ,  the boundary condition becomes: 

Q - ' -  - m u , .  The second boundary condition is obtained from the re- 

27 The parameter kl is given by: 
kl = Xr2K1 

where r is the radius of the capillary tube (0.0648 cm) and KI  is the thermal con- 
ductivity of the material within the capillary tube (ice and, in a calibration exper- 
iment, the d thermocouple wires of diameter 0.23 mm): 

1 
KI = - A i ~ i  

AT i 
where, AT is the total tube cross-sectional area, while A, and ~i are the cross-sec- 
tional area and thermal conductivity for the rth material (i = ice, copper, con- 
stantan). 

Based on handbook data for thermal conductivities, kl (cal cm sec-l "K-l) is 
calculated as 6.9 X lO-5for a normal sublimation experiment (without a thermo- 
couple junction in the sample) and 5.0 X 10-4 for a calibration experiment. The 
parameters k, and k B  may be estimated from the relationships: 

k, = 2dlW/h. -  + Ig/Kg)-', 

k~ = Hr2(lw/K, + Lg/Kg)-' 

where I ,  and yr. are the thickness and thermal conductivity of the wax, respec- 
tively, and lg and K~ are the corresponding parameters for the glass tube. By mea- 
surement, I,, = 10-2 cm, I, = 0.037 cm. Assuming the aplezon wax has the same 
thermal conductivity as paraffin, K,. = 6 X loV4 cal cm-l sec-l OK-'. Since K = 
2.6 X 10W cal cm-I sec-l OK-', k, = 1.3 X cal cm-' sec-l OK-' and kr, = X 
10-4 cal sec-1 O K - ' .  

TC 

x = 0 ( t ime zero ice level) 

c x = I, T, = ice temperature 

AT12 = ice temperature 

x + dxl2.  T + A T f 2  = ice temperature 

64, 

Figure 21-Schematic of heat flow in the sublimation cell 

with k~ representing the heat transfer coefficient through the bottom 
of the capillary tube. Solution of the differential equation (Eq. A37) 
subject to the boundary conditions (Eqs. A39 and A40) yields: 

1 (Eq.A41) 
y(z )  = bq, e-az + C 0 ( 1  - b k g )  cosh(az) I cosh(a)[tanh(a) + bkg] 

where: 
b-' = (Eq. A42) 

The constant k,, defined by qc. = k,(T, - T.) where (T ,  - T,) = y(z 
= O), is then: 

[tanh(a) + bkB] 
[l + bkg tanh(a)] 

k, = b-l (Eq. A43) 

The parameter k~ (cal cm sec-l OK-') is 6.9 X with only ice in the 
capillary tube and is 5.0 X in a calibration experiment where ther- 
mocouple wires are presentz7. Rough estimatesz7 yield, k, = 1.3 X 
cal cm-' sec-l OK-' and k g  = 4 X 10-4 cal sec-' OK-'. Therefore, in a 
sublimation rate experiment (no J wire) && = 14 and for L - 1 > 0.1 
cm (through 409'0 of the sublimation experiment), a > 1.4 and Eqs. A41 
and A43 simplify to give: 

(Eq. A44) y(z) = b&e-Oz, L - 1 > 0.1 em 

and 
k,=&&, L - l > O . l c m  (Eq. A45) 

As the last traces of ice are sublimed, 1 Z= L and k, = kg. Since the esti- 
matea indicate k~ << m, the theory suggests that as 1 - L ,  the value 
of k, should decrease sharply causing a decrease in ice temperature and 
a corresponding decrease in the Sublimation rate in those cases where the 
sublimation rate is high. This qualitative prediction is verified in ex- 
periments with pure water at high temperature (i.e., -2OO) where the 
sublimation rate is found to sharply decrease when L - 1 is 4 . 1  or 
less. 

Equation A41 may be used to evaluate k, from the time dependence 
of TJ determined in a calibration experiment. The resulting value of k, 
may then be used with the calculated value of kl to evaluate k, using Eq. 
A43. Denoting TJ as the temperature measured by the thermocouple 
junction in the sample at  location x J, T ,  - TJ = y(z J), where z J is given 
by Eq. A36 with x = x J = 0.72 cmm. Equation A41 and the relationship 
Tb - T, = kzo, then results in: 

Tb - TJ = k z  + b - G(k, ,  1 )  (Eq. A46) 

where the function G(k,, 1 )  denotes the terms enclosed in brackets on 

28 At time rs, the J thermocouple measures the surface temperature of the ice, 
the surface located at XJ. From the interpretation given earlier, XJ represents the 
value of x at the top of the thermocouple measuring junction. Since the junction 
head is -0.5 mm in diameter and the bottom of the junction is at x = 0.77 cm. XJ 
= 0.72 cm. Since 1 = X J  at time r ,  and L = 0.87 cm, L - I = 0.15 cm at rs. 

(7) 
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the right-hand side of Eq. A41. As indicated, C depends on k ,  and the 
position of the ice-vapor interface, which in turn depends on time. The 
time when the ice-vapor interface is a t  the same location as the ther- 
mocouple ( i e . ,  azj = 0) is denoted 7.. The time T I  represents a time large 
enough to establish steady-state heat flow but small enough so that  the 
ice-vapor interface is still several millimeters above the thermocouple. 
With the above definitions for T,  and T I :  

where for fixed T. and T I ,  H is a function of k, only, given by: 

where a. and a1 are values of the parameter a (Eq. A38) at times T. and 
TI, respectively, and z1 is the value of ZJ (Eq. A36 with x = XJ) corre- 
sponding to time T I .  Equation A48 is not sensitive to the precise choice 
of 11. For convenience, 71 is always taken as T I  = 0.4 TB,  where T B  is the 
time for the ice-vapor interface to move below the bottom of the J ther- 
mocouple. Sublimation rate experiments (no J wire) indicate that with 
a sample of 10.0 mg of water ( L  = 0.87 cm), L - 1 = 0.53 cm a t  11 (= 
0 . 4 ~ ~ ) .  Thus, from Eq. A36,z1= 0.7228. The parameter k~ is related to 
k ,  by kB = (r/2)kwZ7 with r representing the radius of the capillary tube 
(0.0648 cm.). Since kl may be calculated from theoryz7, a ’ ,  a,, and k B  
depend only on k ,  and H(k, )  is easily tabulated as a function of k,. 

With 9- = QE - k,j(T, - TJ), and Qs = N s m ,  values of q-at times 
11 and I, are evaluated from the sublimation rates (ni) at these times and 
a value of k.J is estimated from the calibration data. Sublimation rates 
are evaluated from T B  data as outlined in Appendix I. Using only data 
where the sublimation rate is high, the value of k,  is relatively insensitive 
to the choice of k ~ .  

Thus, with Tb, TJ, and q, determined a t  T~ and T I ,  H(k, )  is deter- 
mined from the data, which then determines an experimental value for 
k,. The iterative procedure outlined in Appendix I determines both k,j 
and k,, yielding the result k ,  = 0.035 f 0.003. For a sublimation rate 
experiment (no J wire), k ~ =  6.9 X cal cm sec-’ OK-’ 27, which then 
gives (Q. A451 k ,  = 1.55 X cal sec-’ OK-’. The value of k ,  obtained 
is larger than the theoretically estimated valuez7. A strict interpretation 
of the theory would imply that the wax sealing the capillary tube in the 
aluminum cell offers essentially zero thermal resistance. However, the 
difference between the experimental and theoretical k ,  values probably 
reflects, in large part, the theory’s neglect of vertical heat transfer in the 
walls of the glass capillary tube. In any case, use of the experimental k ,  
should yield a reliable value of k,  for experimental use. 
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Abstract 0 The effects of various nonionic and ionic surfactants and 
two bile salts (sodium cholate and sodium taurocholate) on the GI ab- 
sorption of @-lactam antibiotics were investigated using the in situ rat 
GI perfusion technique. Addition of 10 mM polyoxyethylene-23-lauryl 
ether in the perfusion solution reduced the absorption of propicillin by 
the stomach and markedly increased the absorption of propicillin and 
cefazolin by the small intestine. Ester-type nonionic surfactants and bile 
salts exerted no significant influence on the intestinal absorption of these 
antibiotics. 

Keyphrases Surfactants-effects on GI absorption of 8-lactam an- 
tibiotics in rats Propicillin-effects of surfactants on GI absorption 

Cefazolin-effects of surfactants on GI absorption Absorption, 
GI-effects of surfactants, &lactam antibiotics 

Nonionic surfactants have often been employed in 
pharmaceutical preparations to formulate dispersed and 
solubilized systems, since they are less toxic to biological 
systems (1). It is known that drug-surfactant interactions 
modify the rate of intestinal absorption of drugs (2); some 
tend to enhance drug absorption and others tend to retard 
it. 

GI absorption of nonabsorbed or poorly absorbed classes 
of P-lactam antibiotics can be promoted in rats and dogs 
by nonionic, anionic, and cationic surface-active agents. 
It was suggested that this promotion of antibiotic ab- 
sorption was attributable to alteration of the membrane 
permeability of surfactants (3,4). In previous studies (5, 
6), nonionic and cationic surfactants were found to entrap 
penicillin molecules under pH conditions found in the 
stomach, resulting in remarkable stabilization and solu- 
bilization of penicillins. On the other hand, anionic sur- 
factant micelles facilitated P-lactam cleavage. These re- 
sults (3-6) indicated that acid-labile penicillins coated with 
relatively nontoxic nonionic surfactant micelles may in- 
crease the bioavailability after oral administration. The 
present study was undertaken to determine the effects of 
anionic, cationic, and nonionic surfactants, as well as bile 
salts on the GI absorption of p-lactam antibiotics using the 
in situ rat GI perfusion technique. 

EXPERIMENTAL 

Materials-Propicillin potassium1 (993 pg/mg) and cefazolii sodium2 
(966 pg/mg) were used as received. Most surfactants employed were 
supplied by a commercial source3. Polyoxyethylene-23-lauryl ether (I), 
cetyltrimethylammonium bromide (II), and sodium lauryl sulfate (111) 
were the same as used in a previous study (6). Sodium taurocholate and 
sodium cholate were obtained commercially4. All other chemicals were 
of reagent grade and used without further purification. 
In Situ GI Absorption Procedures-Male albino rats of the Wistar 

strain, weighing -200 g, were fasted overnight (20 hr) prior to the ex- 

Takeda Chemical Industries, Osaka, Japan. 
Fujisawa Pharmaceutical Co., Osaka, Japan. 
Nikko Chemicals Co., Tokyo, Japan. ' Wako Pure Chemical Industries, Osaka, Japan. 

periments, with water freely available. The rats were anesthetized 1 hr 
prior to surgery with urethan (1.3 g/kg ip). The procedures for rat surgery 
and absorption experiments using the GI recirculating method were those 
reported previously (7-9). The small intestine employed was a 30-cm 
length from the pylorus. The stomach or small intestine was washed with 
50 ml of isotonic buffer solution of the desired pH, and then with 10 ml 
of the same buffer solution containing an appropriate concentration of 
surfactant. The drug solution was prepared using the buffer-surfactant 
solution maintained at  37' and perfused in a recirculating fashion with 
a pump at a rate of 10 ml/min for the stomach and 2 ml/min for the in- 
testine. Unless otherwise stated, the antibiotic concentrations were 1 and 
5 mg/ml for the stomach and intestinal experiments, respectively. The 
perfusion was maintained at  the desired pH with a pH-stat5 during the 
absorption experiments. The perfusion periods were 3 and 2 hr for the 
stomach and intestinal experiments, respectively. 

At the end of the absorption experiments, the recirculating drug so- 
lution and the isotonic buffer solution perfused to wash the GI tract were 
collected into an appropriate volumetric flask, and the required amount 
of the same buffer solution was added to achieve the desired volume. To 
obtain the final sample, the solution was filtered through a 0.45-pm 
membrane filtefi. The initial sample was prepared by dilution of un- 

(3.92) 

0 0.1 0.2 
l/PERFUSION VOLUME, ml;' 

Figure 1-Effect of perfusion solution uolume on the apparent ab- 
sorption rate constants kPp) of propicillin from in situ rat stomach 
at various pHs (in parentheses) and 370. The drug solution was perfused 
at a flow rate of 10 mllmin and the pH of the solution was maintained 
constant with a pH-stat. The points indicate experimental values: (0) 
in the presence of I0 mM I and (0) in the absence of1 redrawn from Ref. 
a. 

pH-Stat titrator assembly consisting of a T " 2  titrator and ABU12b autob- 

SartBrius-membranfilter, GmbH, 34 GBttingen, West Germany. 
urette, Radiometer, Copenhagen, Denmark. 

002245491 831 0600-065 1$0 1.001 0 
@ 1983, American pharmaceutical Association 
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Figure 2-Plots of the in situ rat stomach absorption clearance CL, 
of propicillin versus the p H  of the perfusion solution. The points indi- 
cate experimental values: (0) in the presence of 10 rnM I and (0) in the 
absence of I redrawn from Ref. 8. 

perfused drug solution with isotonic buffer solution to the same 
volume. 

The apparent first-order rate constants for the drug disappearance 
from the perfusate, kapp, were calculated as follows: 

1 c  kapp = - - In 2 
t co (Eq. 1) 

where t represents the perfusion period and Ct and CO represent the drug 
concentrations in the final and initial samples, respectively. 

Analytical Procedures-Propicillin and cefazolin in samples from 
the in situ absorption experiments were determined by reverse-phase 
high-performance liquid chromatography (HPLC) under the following 
conditions. The liquid chromatograph7 was equipped with a UV de tec td  
set at 254 nm. The stationary phase, made by chemically bonding a oc- 
tadecylsilanol group to totally porous silica gel, was prepacked into a 
stainless steel columngJO. The mobile phases were 10 and 30% (v/v) ac- 
etonitrile-0.01 M ammonium acetate for cefazolin and propicillin, re- 
spectively. The instrument was operated at  ambient temperature and 
at  a flow rate of 1 ml/min. Samples were injected via a 10O-pI loop in- 
jector" on flow. Peak heights were used for quantification. 

During the in situ intestinal absorption experiments, 0.2-ml aliquots 
of blood were taken periodically from the jugular vein and assayed by the 

60 
ae 
ru- 
0 
Z 40 a a 

a 
2 20 

!c a 
0 0.1 1 2 5 10 20 30 

CONCENTRATION OF I, mM 

Figure 3-Percentage disappearance of propicillin (m) and cefazolin 
(0)  from the rat intestinal lumen as a function of the concentration of 
I. The perfusion solution was recirculated at  a rate of 2 rnllmin at  p H  
7.4, maintained constant with a pH-stat. 

7 Model FLC-A700 Japan Spectroscopic Co., Ltd.. Tok 0, Japan. 
8 Model UVIDEC-iOO, Japan Spectroscopic Co., Ltd.. Jokyo, Japan. 
9 SC-01 (12.5 cm long X 4.6-mm i.d. column), Japan Spectroscopic Co., Ltd.. 

' 0  p-Bondapak CIS (30 cm long X 3.9-mm i.d. column), Waters Associates, Mil- 

I 1  Model LP1-350, Japan Spectroscopic Co., Ltd.. Tokyo, Japan. 

Tokyo, Japan. 

ford, Mass. 

Table I-Percentage Disappearance of Cefazolin and Propicillin 
from lo Situ Rat Small Intestine in the Presence of Various 
Surfactants and Bile Salts a t  pH 7.4 and 37" 

Disappear- 
ance 

Concen- of Drugs, 
Surfactant HLB" tration %(&SO) n b  

Cefazolin' 
None 
Polyoxyethylene-10-oleyl ether 
Polyoxyethylene-15-oleyl ether 
Polyoxyethylene-20-oleyl ether 
Polyoxyethylene- 10-polyoxy- 

propylene-4-cetyl ether 
Polyoxyethylene-20-plyoxy- 

propylene-4-cetyl ether 
Polyoxyethylene-60- hydro- 

genated castor oil 

Polyoxyethylene-20-sorbitan 

Glyceryl monostearate 
Polyoxyethylene-20-glycerin 

Polyoxyethylene-15-glyceryl 

Pol oxyethylene-10-mono- 

monooleate 

vegetable oil fatty acid ester 

monostearate 

oreate 

Polyoxyethylene-lO-mono- 

Polyoxyethylene-20-sorbitan 

111 

laurate 

monolaurate 

Sodium cetyl sulfate 

Sodium di-2-ethylhexyl 

Sodium taurocholate 
Sodium cholate 

Propicillinc 
None 
I1 

sulfosuccinate 

14.0 
16.0 
17.0 
10.5 

16.5 

14.0 

15.0 

4.5 
15.5 

13.5 

11.0 

12.5 

16.9 

9.7(1.8Id 3 
lOmM 52.8(12.1) 3 
lOmM 88.6 1 
1OmM 79.8 1 
2% (w/v) 45.5(21.7) 3 

2% (w/v) 65.4(11.7) 3 

1 mM 5.9 1 

5 m M  lg.O(l.4) 3 
lOmM 14.4(3.3) 3 
1% (w/v) 29.4 1 

2% (w/v) 4.9 1 
1OmM 22.7 1 
2% (w/v) 16.1 1 

1OmM 16.2 1 

5 m M  3.8 1 

lOmM 2.8 1 
lOmM 19.2(10.1) 3 

l O m M  14.3 1 

1 mM 5.0 1 
5 m M  48.2 1 

10mM 52.1(6.9) 3 
20mM 64.1 1 
30 mM 70.8 1 
1 mM 11.6 1 

2.5 mM 12.5 1 
10mM 28.2 1 

1OmM lZ.O(i5.7) 5 
lOmM 14.1(4.4) 5 

28.4(4.1)d 3 
10 mM 28.0(4.4) 5 

0 Hydrophilic-lipophilic balance. * Number of experiments. c The initial anti- 
biotic concentration was 5OOO pglml. d The data were taken from Ref. 8. 

microbiological paper disk method employing Salutina lutea l 2  as a test 
organism, after being hemolyzed with an equivalent volume of distilled 
water. The standard was established by employing pooled fresh blood 
from control rats. 

The lower limit of sensitivity was 10 pg/ml for the HPLC assay and 1 
pg/ml for the microbiological assay. The coefficients of variation ( S D  X 
10O/mean) of the HPLC and microbiological assays throughout the an- 
alytical experiments were 3 and 570, respectively, from many trials using 
standard solutions of each antibiotic. 

RESULTS 

Effects of I on Stomach Absorption-The total disappearance of 
propicillin from the stomach perfusion solution has been reported to 
follow first-order kinetics (8). In this case, the apparent first-order rate 
constant undoubtedly includes the rate constants for both acid-catalyzed 
degradation and absorption, which proceed competitively during the 
absorption experiments. 

As verified previously (7, 8), the apparent first-order rate constant, 
kapp, can be expressed as: 

(Eq. 2) 

where CL,  is the absorption clearance in milliliters/time, k d  is the first- 
order rate constant for chemical degradation, and V is the volume of re- 

l2 IF0 12708, Institute for Fermentation, Osaka, Japan; the strain was derived 
from ATCC 9341. 
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Figure 4-Mean blood concentrations of propicillin (Aj and cefazolin 
(0) during in situ intestinal perfusion a t  pH 7.4 in the presence of 10 
mM I. Open symbols indicate the blood concentrations in the absence 
of I. The vertical bars represent SD from three or more experiments. 

circulating drug solution. As shown in Fig. 1, plots of kapp obtained from 
absorption experiments with propicillin containing 10 mM I in the per- 
fusion solution uersus 1/V yielded a straight line similar to those obtained 
previously (8) for control experiments in the absence of I. The intercepts 
of these lines provided k d  values (in min-'), which were evaluated to be 
1.06 X 0.40 X and 0.30 X at  pH 2.00,3.00, and 4.00, re- 
spectively. 

It was found that the degradation of propicillin was much slower in the 
presence of the nonionic surfactant, which is consistent with the previous 
observations (5,6). The CL, of propicillin calculated from the slopes in 
Fig. 1 is plotted in Fig. 2 as a function of the perfusion solution pH. In this 
figure, the log CL,-pH profile for propicillin determined under the same 
conditions in the absence of I was redrawn from our previous study (8). 
The absorption of propicillin below pH 3 was inhibited twofold in the 
presence of 10 mM I. 

Effect of Surfactants on Intestinal Absorption-Dependency on 
Concentration of I-The effect of I on the intestinal absorption of two 
P-lactam antibiotics possessing different physicochemical characteristics 
was investigated. Propicillin was chosen since it has a high lipophilicity 
(10) and shows some incorporation (5,6) of its ionized species into mi- 
celles of I; cefazolin has a low lipophilicity and exhibits negligible inter- 
action with the surfactant micelles (5.6). 

Since the values of pK, for the carboxylic acid groups of propicillin 
and cefazolin are 2.76 (10) and 2.54 ( l l ) ,  respectively, both antibiotics 
were largely in the form of anion at  pH 7.4 in the present absorption ex- 
periments. Figure 3 shows the percentage disappearance of both anti- 
biotics after recirculation through the small intestine for 2 hr as a function 
of the concentration of I. The total percentage disappearance for propi- 
cillin and cefazolin were determined previously (9) to be 28.4 f 4.1 and 
9.7 f 1.8%, respectively. It was also found (9) that the greater disap- 
pearance of propicillin could be attributed mostly to intestinal degra- 
dation rather than absorption, and that the first-order rate constant ( X  
lo3 min-') for the intestinal absorption was 1.29 f 0.34 for propicillin 
and 0.85 f 0.16 for cefazolin. 

The relationship between the surfactant concentration and rate of 
antibiotic absorption represented one important aspect of the action of 
the surfactants. In the presence of I, the percentage disappearance of both 
antibiotics first increased markedly with increasing surfactant concen- 
tration 5 10 mM and then approached a constant value of -50% >10 mM, 
which is much higher than the critical micellar concentration of 0.092 mM 
under comparative conditions (5,6). For both antibiotics, no acceleration 
of the in uitro degradation in the presence of I was observed under the 
present experimental conditions, suggesting that the enhanced disap- 
pearance was a result of the absorption. 

During the recirculating absorption experiments, the blood concen- 
trations of propicillin and cefazolin were determined in the presence or 
absence of 10 mM I. The results are shown in Fig. 4 and clearly indicate 
that the presence of I remarkably increased the blood levels of both an- 
tibiotics. The accumulation of cefazolin in the gut tissue was only 0.2% 

Table 11-Influence of Perfusiom Solution pH on the Percentage 
Disappearance of Cefazolin from Rat Small Intestine in the 
Presence of LO m M  I Surfactant at 37" 

PH Disappearance, I (&SD) no 

4.0 
4.7 
6.4 
7.4 

63.4(11.5) 
50.4( 5.8) 
52.9(15.3) 
50.7( 6.6) 

3 
3 
3 
5 

a Number of experiments. 

after 2 hr. These findings stronglysuggest that the amount of antibiotic 
disappearing from the intestinal perfusate in the presence of I was largely 
transferred to the serosal site. 

Effect of Various Surfactants and Bile Salts-The promotional effect 
of surfactants on the intestinal absorption was investigated using con- 
centrations of various surfactants and bile salts. The results are sum- 
marized in Table I. Promoted absorption by the surfactants was observed 
for both the anionic surfactant and the ether-type class of nonionic sur- 
factants. Bile salts revealed no significant promotional effect. For non- 
ionic surfactants used in this study, the ester groups showed a reduced 
or insignificant effect on cefazolin absorption. 

Dependency on Intestinal Solution pH and the Initial Concentration 
of Drug-Absorption of cefazolin from the rat small intestine was ex- 
amined in the presence of 10 mM I as a function of the perfusion solution 
pH. The results are shown in Table XI. Between pH 4 and 7.4, there was 
no significant difference in the absorption behavior. Figure 5 gives log- 
arithmic plots of the residual cefazolin concentration in the perfusate 
containing 10 mM I uersus time for three different initial concentrations 
(1,10, and 50 mM) a t  pH 7.4. The observed pseudo first-order rate con- 
stants were almost identical and independent of the initial drug con- 
centration. 

DISCUSSION 

Davis et al. (3,4) described the effects of surfactants on the GI ab- 
sorption of poorly absorbed /3-lactam antibiotics in dogs or rats, and at- 
tributed the promoted absorption by surfactants to alteration of the 
membrane permeability. In the present study, it was found that the ab- 
sorption of propicillin from the rat stomach was reduced in the presence 

1 

0 60 1 20 180 
0.1 

PERFUSION TIME 

Figure I-Plots of the remaining cefazolin concentration in the per- 
fusate versus the recirculating time at  370 and pH 7.4, maintained 
constant with a pH-stat. The perfusion solution was recirculated at a 
rate of 2 mllmin. 
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of 10 m M  I. Such reduction was interpreted as the result of entrapment 
of propicillin molecules into micelles of I. A simii phenomenon has been 
reported in absorption experiments with other drugs (12, 13). While the 
absorption of antibiotics by the small intestine increased in the presence 
of surfactants, such promoted absorption depended on the nature of the 
surfactants rather than the physicochemical properties of the antibiotics. 
Interestingly, the existence of a signiicant interaction between antibiotics 
and surfactants appeared not to influence the absorption by the small 
intestine. Despite the entrapment of 90?6 of the anionic propicillin into 
micelles of I1 (5,6), no reduced absorption was observed (Table I). In the 
presence of 10 mM I, absorption of the antibiotic was promoted with 30% 
of the anionic species incorporated into the micellea. These results suggest 
that alteration of the membrane permeability by nonionic and cationic 
surfactants induced the promoted absorption in the small intestine, 
concurring with the findings made by other laboratories (3,4). 

Walters and Dugard (14) demonstrated that the hydrophilic-lipophc 
balance (HLB) of a surfactant represents an important property in de- 
termining the promoted absorption. However, our results from the in- 
testinal experiments indicated that significant absorption enhancement 
was observed only with ether-type surfactants, suggesting that HLB 
cannot be the sole cause for the observed promotional effect in the in- 
testinal absorption of B-lactam antibiotics. Alteration of the permeability 
sometimes can be a result of disruption of the membrane structure by 
surfactants (15-17). In the present study, however, no significant dis- 
ruption of the membrane was detected by light microscopy. The change 
in membrane permeability with the surfactant, therefore, may reflect 
a reversible alteration of the diffusion barrier to lipid soluble, poorly 
ionized drugs as claimed by Davis et al. (3,4). 
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Abstract 0 The antitumor effect of immobilized L-asparaginase was 
tested against lymphoid leukemia in mice with concomitant scanning of 
the L-asparagine level in serum. L-Asparaginase was immobilized in 
microspheres of polyacrylamide or polyacryldextran. These particles were 
used in C3H mice bearing the L-asparagine-dependent lymphoma 
(6C3HED). The tumor was maintained as an ascites tumor, 1 X 106 cells 
were injected intraperitoneally and on day 4 after inoculation, L-aspara- 
ginase was injected intramuscularly or intraperitoneally in microparticles. 
After injection of 5.0 IU ip of L-asparaginase in microparticles, partial 
remission was induced, generally, however, the cancer relapsed and killed 
the mice within 2-3 weeks. To obtain complete regression, it was neces- 
sary to inject 20 IU of L-asparaginase in microparticles intraperitoneally. 
The best therapeutic effect was obtained when the particles were ad- 
ministered intramuscularly. After injection of 5 IU the survival time was 

~~ 

prolonged, but complete regression was not achieved. The best effect was 
obtained when the particles were given intramuscularly in two small doses 
(2.5 IU) at a 3-day interval. Such treatment induced complete regression; 
10 out of 12 treated mice were completely cured and lived for several 
months. It is concluded that the L-asparagine level in serum has to be 
depressed to <20% of the normal level for a t  least 6-7 days to obtain 
complete regression of the tumor. 

Keyphrases 0 Acrylic microspheres-in uivo, antitumor effect of mi- 
croparticles with immobilized L-asparaginase against lymphoma L- 
asparaginase-acrylic microspheres, in uiuo, antitumor effect of micro- 
particles with immobilized L-asparaginase against lymphoma Anti- 
tumor effect-acrylic microspheres, in uivo, microparticles with immo- 
bilized L-asparaginase against lymphoma 

L-Asparaginase of bacterial origin has been used ex- 
tensively during the last 10 years in the treatment of 
lymphatic leukemia (1-3) as either a complement to or in 

combination with chemotherapy. The remission of the 
tumors is dose dependent (3) and considered to be due 
primarily to the deprivation of the cells of L-asparagine 
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of 10 m M  I. Such reduction was interpreted as the result of entrapment 
of propicillin molecules into micelles of I. A simii phenomenon has been 
reported in absorption experiments with other drugs (12, 13). While the 
absorption of antibiotics by the small intestine increased in the presence 
of surfactants, such promoted absorption depended on the nature of the 
surfactants rather than the physicochemical properties of the antibiotics. 
Interestingly, the existence of a signiicant interaction between antibiotics 
and surfactants appeared not to influence the absorption by the small 
intestine. Despite the entrapment of 90?6 of the anionic propicillin into 
micelles of I1 (5,6), no reduced absorption was observed (Table I). In the 
presence of 10 mM I, absorption of the antibiotic was promoted with 30% 
of the anionic species incorporated into the micellea. These results suggest 
that alteration of the membrane permeability by nonionic and cationic 
surfactants induced the promoted absorption in the small intestine, 
concurring with the findings made by other laboratories (3,4). 

Walters and Dugard (14) demonstrated that the hydrophilic-lipophc 
balance (HLB) of a surfactant represents an important property in de- 
termining the promoted absorption. However, our results from the in- 
testinal experiments indicated that significant absorption enhancement 
was observed only with ether-type surfactants, suggesting that HLB 
cannot be the sole cause for the observed promotional effect in the in- 
testinal absorption of B-lactam antibiotics. Alteration of the permeability 
sometimes can be a result of disruption of the membrane structure by 
surfactants (15-17). In the present study, however, no significant dis- 
ruption of the membrane was detected by light microscopy. The change 
in membrane permeability with the surfactant, therefore, may reflect 
a reversible alteration of the diffusion barrier to lipid soluble, poorly 
ionized drugs as claimed by Davis et al. (3,4). 
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Abstract 0 The antitumor effect of immobilized L-asparaginase was 
tested against lymphoid leukemia in mice with concomitant scanning of 
the L-asparagine level in serum. L-Asparaginase was immobilized in 
microspheres of polyacrylamide or polyacryldextran. These particles were 
used in C3H mice bearing the L-asparagine-dependent lymphoma 
(6C3HED). The tumor was maintained as an ascites tumor, 1 X 106 cells 
were injected intraperitoneally and on day 4 after inoculation, L-aspara- 
ginase was injected intramuscularly or intraperitoneally in microparticles. 
After injection of 5.0 IU ip of L-asparaginase in microparticles, partial 
remission was induced, generally, however, the cancer relapsed and killed 
the mice within 2-3 weeks. To obtain complete regression, it was neces- 
sary to inject 20 IU of L-asparaginase in microparticles intraperitoneally. 
The best therapeutic effect was obtained when the particles were ad- 
ministered intramuscularly. After injection of 5 IU the survival time was 
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prolonged, but complete regression was not achieved. The best effect was 
obtained when the particles were given intramuscularly in two small doses 
(2.5 IU) at a 3-day interval. Such treatment induced complete regression; 
10 out of 12 treated mice were completely cured and lived for several 
months. It is concluded that the L-asparagine level in serum has to be 
depressed to <20% of the normal level for a t  least 6-7 days to obtain 
complete regression of the tumor. 

Keyphrases 0 Acrylic microspheres-in uivo, antitumor effect of mi- 
croparticles with immobilized L-asparaginase against lymphoma L- 
asparaginase-acrylic microspheres, in uiuo, antitumor effect of micro- 
particles with immobilized L-asparaginase against lymphoma Anti- 
tumor effect-acrylic microspheres, in uivo, microparticles with immo- 
bilized L-asparaginase against lymphoma 

L-Asparaginase of bacterial origin has been used ex- 
tensively during the last 10 years in the treatment of 
lymphatic leukemia (1-3) as either a complement to or in 

combination with chemotherapy. The remission of the 
tumors is dose dependent (3) and considered to be due 
primarily to the deprivation of the cells of L-asparagine 
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Figure 1-L-Asparagine concentration in serum of healthy mice after 
a single intraperitoneal injection of L-asparaginase (5 IUlanimal) in 
free solution (0) or in microparticles (0). Pooled serum from 4 to 6 mice 
was used for each time interval. The normal L-asparagine concentration 
(+) was obtained from a control group given physiological saline. 

and to some extent of L-glutamine (4). However, the short 
biological half-life of the enzyme necessitates frequent 
administration, which often leads to antibody production 
and hypersensitivity (5 ) .  This and other side reactions 
prevent the prolonged use of L-asparaginase with a sub- 
sequent relapse of the tumor and the development of L- 
asparaginase-resistant tumors. 

The stability of enzymes against thermal denaturation 
and proteolytic degradation is generally improved when 
they are immobilized or polymerized. L-Asparaginase has 
been used successfully in immobilized form in uiuo to 
prolong the duration of action in monkeys (6), rats (71, 
rabbits (8), and mice (9-11). When the enzyme is immo- 
bilized in porous microparticles of polyacrylamide with a 
mean diameter of 0.2-0.5 pm, the enzymic characteristics 
are essentially retained and the effects on the L-asparagine 
level in plasma is prolonged after intraperitoneal admin- 
istration in rats (12). When the L-asparaginase micro- 
particles are embedded in a polyacrylic gel the duration 
of action was prolonged up to -25 days after implantation 
in the rat (13). 

The present study was undertaken to correlate the L- 
asparagine-depressing activity of immobilized L-aspara- 
ginase in microparticles with the inhibition of tumor 
growth in mice, as well as to ascertain the optimal route of 
administration and the minimal dose of the immobilized 
L-asparaginase, to keep the serum L-asparagine concen- 
tration at  a low enough level to prevent tumor growth in 
mice. 

EXPERIMENTAL 

Materials-L-Asparaginasel (E.C. 3.5.1.1), aspartate aminotrans- 
ferase2 (E.C. 2.6.1.1) (83 Ulmg) isolated from porcine heart, and malic 
dehydrogenase2 (E.C. 1.1.1.37) (2000 Ulml) from pigeon breast muscle 
were used without further purification. Acrylamide3, NJV-methylene- 
bisacryla~nide~, NJVJV'JV'-tetramethylethylenediiine2, a-ketoglutaric 
acid2, nicotinamide adenine dinucleotide2 (NADH, reduced form) L- 
asparagine monohydrate4, dextran5, Nessler's reagent2 (ammonia color 
reagent), and other chemicals were of analytical grade. Male micea 
weighing 20-25 g were used throughout. The cell line used was the 
Gardner lymphosarcoma 6C3HED. It was grown in ascites form and was 
propagated every 7th day in C3H mice with 1 X 106 cells suspended in 

1 Asparaginase (Crasnitin) was obtained as a gift from Bayer (Sverige) AB, 

2 Sigma Chemical Co. 
Eastman Kcdak Co. 

4 Merck Co. 
5 Dextran T40 (molecular weight: 40,000) was purchased from Pharmacia Fine 

Chemicals, Uppsala. Sweden. 

Stuckholm. 

C3H mice, BomholtsgHrd, Denmark. 

.- 
DAYS 

Figure $-~-Asparagine concentration in serum after intramuscular 
injection of L-asparaginase in free form, 5 IUIanimal (o), 20 IUlanimal 
(A), 2 X 2.5 IU/animal(O) and 2 X 2.5 IUltumor-bearing animal (i-). 
In the infected animals, 6C3HED cells ( I  X lo6) were injected 4 days 
prior to the first injection on day 0. The arrow shows the time for the 
second injection of 2.5 IU of L-asparaginase in free form. Pooled serum 
from five mice was used for each time interval. 

a balanced salt solution (CaC12 0.14 g, NaCl8 g, KC10.4 g, MgS04 X 7 
H2O 0.2 g, KH2PO4 0.06 g, and water to 1000 g, pH 6.9). 

Preparation of Microparticles Containing L-Asparaginase- 
micro particle^^ of polyacrylamide (TC = 8-25)s or polyacryldextran 
(DTC = 11-1-75)8 containing L-asparaginase were prepared according 
to a reported method (12,141. L-Asparaginase, corresponding to 10,000 
IU, was dissolved with the acrylic monomers (acrylamide, N,N'-methy- 
lenebisacrylamide or acryldextran) in 5 ml of 0.005 M sodium phosphate 
buffer, pH 7.4. After addition of the catalyst, ammonium peroxydisul- 
phate (100 pl of a solution of 0.5 glml), the solution was poured into 200 
ml of a mixture consisting of toluene and chloroform (4:l) and 0.5 g of a 
detergents. 

The mixture was homogenized to produce a water-oil emulsion. The 
homogenizer was removed and the emulsion slowly stirred with a mag- 
netic stirrer. The polymerization was started by adding 1 ml of the ac- 
celerator N,N,",N'-tetramethylethylenediamine to the emulsion. 
During the whole procedure, oxygen was excluded from the system by 
bubbling nitrogen gas through the emulsion. 

The microparticles were isolated by centrifugation, washed several 
times with buffer, and suspended in physiological saline after the last 
washing. Under the conditions used, the polyacrylamide particles (TC 
= 8-25) had a mean diameter of 0.1-0.4 pm, and polyacryldextran par- 
ticles (DTC = 11-1-75) were 0.2-1.2 pm in diameter. 

Preparation of Polyacrylamide Gel for Implantation-Micro- 
particles of polyacrylamide (TC = 8-25) containing L-asparaginase (10 
or 20 IU) were embedded in 200-300 pl of a polyacrylamide gel (TC = 
16-25) prepared in the usual way in a small perspex box (1 X 1 X 0.7 cm). 
The gel tablet formed was washed with buffer and physiological saline, 

z' 
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Figure 3-~-Asparagine concentration in mice bearing the lympho- 
sarcoma 6C3HED, administered intraperitoneally ( I  X lo6 cells) 4 days 
prior to the start of the experiment. L-Asparaginase was injected in- 
traperitoneally in free form (5 IUlmouse, 0) or in microparticles (5 
IUlrnouse, 0,20  IUlmouse, A).  A control group was given physiologicol 
saline (+). Each point is obtained from the pooled blood from 4 to 6 
mice. 

7 US. Pat. 4,061,466. 

Kuhlmann, Paris, France. 

The nomenclature is explained in a previous study 114). 
Pluronics F-68 (polyoxyethylene-derived polyoxypropylene) from Ugine 
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Table I-Antitumor Activity of L-Asparaginase Against 6C3HED Lymphoma a 

Route of 
Enzyme Preparation Administration Survival Time, days 

10, 10, 1 0 , l l  
10, 10,11,11,11, 11, 11, 12, 12, 13, 13, 13 
14, 14, 15,15, 15, 16, 16, 16, 16, 17, 18,34 
48, >50, >50, >50, >50, >50, >50, >50, >50, >50, 

16, 22,44,45,50,50,50, >50, >50, >50, >50, >50 
15, 15,16, 17, 19,35,37,47,48, >50, >50, >50 

Control, particles !P 
Control, saline !P 
Microparticles, 5 IU !P 
Enzyme solution, 5 IU IP 

Microparticles, 20 IU !P 
Microparticles, (DTC = 11-1-75) 'P 

>50, 

5 TIT 

Mean Survival Time 
( f SD) or 

Median Survival 
Time 

(lower and upper Treated 50-day 
quartile) Survivors 

10.3 f 0.5 
11.5 f 1.1 
17.2 f 5.4 
> 50 

014 
0112 
0112 

11/12 

50 (44, >50) 5/12 
37 (16,481 3/12 

Y -- 
Microparticlesb, 5 IU + 6C3HED iP 12, 13.14, 16, 16,16,16,16, 17, 17 15.3 f 1.7 0110 

Enzyme solutionb, 5 IU + 6C3HED iP 14, 15, 18,18,18,32,35,42,42 26.0 f 11.7 019 
cells 

cells 
Microparticles, 5 IU im 11, 12, 14, 14,14, >50, >50, >50 14 (12, >50) 318 
Microparticles, 20 IU im 31, 35,38,38, >50, >50, >50, >50, >50, >50, >50, > 50 8/12 

Microparticles, 2 X 2.5 IU im 31,46, >50, >50, >50, >50, >50, >50, >50, >50, > 50 10112 

Implant, 10 IU sc 11, 11,11, 12.12, 12, 12,13, 13,13, 13, >50 12 (11,13) 1/12 
Implant, 20 IU sc 10, 10 ,10 ,11 ,11 ,11 ,12 ,13 ,14 ,14 ,14 ,43  11.8 f 1.7 0112 

> 50 

>50, >50 

a The mice were given 1 X 106 6C3HED cells ip, and on the 4th (or 4th and 7th) day after inoculation the mice were treated with different enzyme preparations by different 
routes. The survival time given is calculated from the day of inoculation. When not otherwise stated, the microparticles used in these experiments had the composition 
TC = &25. b The enzyme in free form or in microparticles was administered on the day of inoculation. 

as earlier described (13). in order to free it from the remaining cata- 

Assay of Native and Immobilized L-Asparaginase-L-Asparaginaw 
activity was determined from the amount of ammonia produced by its 
reaction with the substrate L-asparagine at  37O (15). After the addition 
of Nessler's reagent, the absorbance was determined at  500 nm. Appro- 
priate enzyme and substrate blanks were included in all assays. A stan- 
dard curve was prepared with known amounts of ammonium sulphate. 

Determination of blood L-asparagine was performed according to a 
fluorometric method (16). Blood was drawn each time from the tail vein 
or the orbital plexus from four to six mice. The blood samples were pooled 
and centrifuged. If not analyzed immediately the serum was frozen and 
stored at  -18" until the analysis. 

lyst. 

RESULTS 
Serum L-Asparagine after L-Asparaginase Administration in 

Healthy and Tumor-Bearing Mice-After injection of 5 IU, ip of either 
immobilized or native L-asparaginase into the mice, serum L-asparagine 
dropped from a normal level of -40-45 nmoleslml to an undetectable 
level after 1 day and remained so for 4-5 days. Serum L-asparagine be- 
came normalized after days 6 7  as seen in Fig. 1. 

Figure 2 illustrates the effects on the serum L-asparagine of native 
L-asparaginase (2 X 2.5,5, and 20 IU) administered intramuscularly to 
healthy mice. A single injection of 5 IU im of the free enzyme lowered the 
serum L-asparagine level to zero and maintained it a t  zero for 3 days. 
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Figure 4-Blood levels of L-asparagine in mice bearing 6C3HED cells 
(I X lo6 inoculated intraperitoneally 4 days in advance) after intra- 
muscular injection of i,-asparaginase in microparticles, 5 IUlanimal 
(a), 20IUfanimal (A), and 2 X 2.5 IUfanimal (m). The arrow indicates 
the time for the second injection of 2.5 IU of L-asparaginase in micro- 
particles. 

lnjection of 2 X 2.5 IU and 20 IU of the free enzyme retained a zero L- 
asparagine level for up to 5 days. The effect on the serum L-asparagine 
of free L-asparaginase (2 X 2.5 IU) administered intramuscularly into 
mice bearing 6C3HED lymphoma is also shown in Fig. 2. The 6C3HED 
cells (1  X lo6) were inoculated intraperitoneally 4 days prior to the first 
injection on day 0. The serum L-asparagine level was depressed to <10 
nmoleslml for 10 days due to the tl/z-prolonging effect from the LDH- 
virus (lactate dehydrogenase-elevating virus) contamination of the cell 
line. 

Figure 3 illustrates the effects on the serum L-asparagine of L-aspar- 
aginase (5 or 20 IU) administered intraperitoneally to mice bearing 
6C3HED lymphoma. The 6C3HED cells (1 X lo6) were inoculated in- 
traperitoneally, and at day 4 after inoculation, native or immobilized 
L-asparaginase was injected intraperitoneally. After injection of the free 
enzyme, the L-asparagine level dropped from the normal value, was un- 
detectable within 1 day, and remained so for 7 days. The serum L-as- 
paragine level became normal after day 12, which means that the enzymic 
effect was significantly prolonged in the tumor-bearing mice, when 
compared with the effect seen in the healthy mice (Fig. 1). The same was 
seen after injection of 2 X 2.5 IU im as shown in Fig. 2. The prolonged 
effect is the result of the increased half-life of soluble L-asparaginase, 
which is caused by the LDH-virus contaminating the 6C3HED and other 
mouse lymphoma cell lines (4,17). The increased t112 of L-asparaginase 
is a secondary effect of the virus infection, and it is not seen when the 
6C3HED cells are inoculated 1 hr after intraperitoneal injection of L- 
asparaginase (5 IU). In these animals the L-asparagine level followed the 
same time course as in noninfected mice, as shown in Fig. 1. Thus, the 
L-asparagine level was maintained at  zero for only 5 days. 

The therapeutic effect of L-asparaginase in tumor-infected mice is 
directly related to the duration of the enzymic effect-as will be discussed 
later-and thus to the t 112 value of the enzyme. In the mice infected with 
the 6C3HED cells on the same day, administration of L-asparaginase 
suppressed the growth rate of the lymphoma, but complete regression 
was not achieved. All the mice died after 14-50 days with grossly enlarged 
lymph nodes. However, when L-asparaginase was administered on day 
4 after infection, 11 out of 12 mice were cured and survived 50 days as a 
result of the prolonged t1/2 value of the enzyme. The results are sum- 
marized in Table 1. 

Immobilized L-asparaginase in microparticles administered intra- 
peritoneally had the same effect on the L-asparagine level in mice bearing 
the 6C3HED lymphoma as in healthy mice (Figs. 1 and 3). Obviously, 
the LDH-virus contaminating the 6C3HED cells has no effect on the t1/2 
of immobilized L-asparaginase. Injection of physiological saline or mi- 
croparticles without enzyme had no effect on the L-asparagine level. 

Figure 4 illustrates the effects of microparticles with L-asparaginase 
administered intramuscularly in the scapular area of C3H mice bearing 
the lymphoma 6C3HED. L-Asparaginase (2 X 2.5,5, and 20 IU) was in- 
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jected into 8-12 mice in three groups. After injection of 5 IU of immo- 
bilized L-asparaginase, normal serum values were obtained on days 8-9, 
whereas the normal level was reached on days 12-13 when 20 or 2 X 2.5 
IU was administered. The results were the same in tumor-bearing and 
healthy mice. It is obvious that a prolonged effect on the plasma L-as- 
paragine level is obtained by giving L-asparaginase in immobilized form 
intramuscularly, especially when the effects of 2 X 2.5 IU are compared 
in infected (Fig. 4) and healthy mice given free enzyme (Fig. 2). 

The Growth-Inhibiting Effect of L-Asparaginase on Ascites 
Tumor-When studied in the ascites form, the tumor cells (1 X 106 cells) 
were generally given to groups of 12 C3H mice. After 4 days (or after 4 
and 7 days), the mice were treated with different doses of L-asparaginase 
given by different routes or with saline or microparticles not containing 
any enzyme. Table I summarizes the survival times of differently treated 
groups. In untreated animals, the tumor grew rapidly and killed the hosts 
after 10-12 days. Immobilized L-asparaginase (5 IU ip given in micro- 
particles) generally prolonged the survival time to 15-16 days. In a large 
dose (20 IU) or in polyacryldextran particles (from which enzyme can leak 
out) immobilized L-asparaginase had a longer effect and was able to cure 
five and three animals in respective groups. 

As mentioned, the effect of native L-asparaginase is prolonged in in- 
fected animals and most of the mice (11 out of 12) were cured by 5 IU ip 
administered as shown in Table I for comparison. As expected and al- 
ready discussed, the same dose did not cure the animals when the tumor 
was inoculated concomitantly with the administration of native L-as- 
paraginase. These results are in complete accordance with the effect on 
the serum L-asparagine level shown in Figs. 1 and 3. 

The tumor growth-inhibiting effect of immobilized L-asparaginase is 
improved when administered intramuscularly. The survival time of the 
different groups is shown in Table I. Three mice out of eight were cured 
when 5 IU of immobilized L-asparaginase was given intramuscularly. 
When 20 IU or 2 X 2.5 IU was administered, 8 and 10 animals, respec- 
tively, out of 12 survived for several weeks and were considered to be 
cured. 

Intraperitoneal injection of acryldextran particles (DTC = 11-1-75) 
with L-asparaginase (5 IU) to C3H mice with 6C3HED cells, prolonged 
the survival time significantly compared with controls. Figure 5 and Table 
I summarize the results. After injection of particles with enzyme, normal 
serum values were obtained on days 9-10. 

The Effect on Ascites Tumor by Implantation of L-Asparaginase 
in Polyacrylamide-L-Asparaginme in microparticles (TC = 8-25) was 
incorporated into a polyacrylamide gel (TC = 16-25). This gel, containing 
10 or 20 IU of L-asparaginase, was then implanted subcutaneously on the 
backs of the mice. 

The effect on the L-asparagine level is shown in Fig. 5. The serum 
concentration of L-asparagine fell from normal (40 nmoles/ml) to 18 
nmoles/ml after 1 day and remained a t  this level during the rest of the 
experiment. On days 10-14 after inoculation of the cells ( 6 1 0  days after 
the implantation), all the animals died with one exception. This animal 
survived for several months and was considered to be cured. Table I 
summarizes the results. There were no significant differences between 
implants with 10 or 20 IU of L-asparaginase. These results indicate that 
it is necessary to depress the L-asparagine concentration at least to <10 
nmoles/ml to obtain regression of the lymphoma. 

DISCUSSION 

It was shown earlier that immobilization of L-asparaginase significantly 
prolongs the depressive effect on the L-asparagine level in blood (6,7,9,  
12). Potentially, an immobilized system would be of value to decrease the 
side effects seen when native L-asparaginase is used in high doses. The 
purpose of the present work was to correlate the effect on the L-aspara- 
gine level and the effect on an L-asparagine-glutamine-dependent lym- 
phoma cell line. In addition, the purpose was to ascertain the optimal 
route of administration of the immobilized enzyme in microparticles and 
the minimal dose required to cureinfected animals. The 6C3HED ascites 
tumor growing in C3H mice has been used, but it suffers from the dis- 
advantage shared with other transplantable tumors growing in mice of 
contamination by the benign LDH-virus (14, 17). Unfortunately, this 
virus will, by some unknown mechanism, significantly increase the t 112 
of native r,-asparaginase. The duration of 5 IU L-asparaginase given in- 
traperitoneally (measured by the period during which serum concen- 
tration of L-asparagine was undetectable) was increased from 5 to 7 days. 
However, the virus will have no effect on the duration of L-asparaginase 
in microparticles, which in essence is determined by the endocytic activity 
of the reticuloendothelial system (12). In an attempt to simulate the 
clinical situation, the effect of the enzyme was tested from day 4 after 

Figure 5-~-Asparagine concentration in serum after a single intra- 
peritoneal injection of L-asparaginase (5 IUlanimal) in microparticles 
of polyacryldextran (0) or after implantation of 10 IUlanimal sc on the 
backs of the mice (0). The mice were infected by the 6C3HED lym- 
phoma, inoculated 4 days prior to the treatment. Pooled blood from 4 
to 6 animals was used for each point. 

inoculation, when the virus already was sufficiently active and the number 
of tumor cells had significantly increased. This means that evaluation 
of the effect of the immobilized L-asparaginase unfortunately must be 
based on the comparison with the effect on the L-asparagine level ob- 
tained by giving the native enzyme on the inoculation day (before the 
cancer has proliferated in the host or in healthy mice). 

When administered intraperitoneally, the efficiency of L-asparaginase 
immobilized in microparticles is equivalent to that of free enzyme, as 
depicted in Fig. 1. However, intramuscular administration clearly shows 
that the enzyme in immobilized form had longer L-asparagine-depressing 
activity than in free form (compare Figs. 2 and 4). 

Within some limits the therapeutic effects of L-asparaginase in humans 
are dose related (3). The primary parameter of this effect, is the L-as- 
paragine serum concentration, which has to be depressed to very low 
levels in order to prevent the growth of the tumor. We found that this 
level has to be <lo nmoles/ml in the C3H mice, while the normal value 
is -40-45 nmoles/ml. Moreover, it is important that the L-asparagine 
concentration be kept at this very low level for at least 6-7 days to obtain 
complete regression of the tumor in the mice (measured as the survival 
time of 50 days). When the L-asparagine concentration was depressed 
to 0 values for only 5 days, the cancer growth generally recurred and the 
mice died within 2-3 weeks. 

L-Asparaginase is very stably bound in the porous polyacrylamide 
microparticles and can therefore not interact directly with the tumor cells. 
I t  is obvious that the therapeutic effect of L-asparaginase is mediated 
uia its L-asparagine-depressing activity. 

In this study, the best L-asparagine-depressing effects were obtained 
with L-asparaginase in microparticles given intramuscularly. Table I, 
shows that the groups treated with immobilized enzyme contain more 
%day survivors than those treated with the same doses intraperitoneally. 
Particles administered intraperitoneally are rapidly cleared by the re- 
ticuloendothelial system and stored in the Iysosomal vacuomes (18). The 
enzyme is thus secluded from the systemic circulation and cannot affect 
the L-mparagine level. The same will happen with microparticles injected 
intravenously (181, and to date no intravenous studies have been per- 
formed. When larger polyacryldextran particles were used intraperito- 
neally, the systemic effect lasted a little longer than with small polyac- 
rylamide particles, which probably was due to enzyme leaking out from 
the polyacryldextran particles prior to their phagocytosis. It was shown 
earlier (14) that proteins immobilized in biodegradable polyacryldextran 
are not stably bound in such particles. 

Microparticles given intramuscularly are eventually taken up by in- 
vading macrophages and/or encapsulated by fibroblasts, which will 
prevent further effects on the systemic L-asparagine level of the immo- 
bilized enzyme. In the present case a small dose (2.5 IU im) was admin- 
istered. Although such a small dose was effective, the duration was limited 
by the phagocytosis of particles; this was circumvented by giving a second 
small dose after an interval of 3 days. Such a regimen was shown to be 
significantly more effective than one single dose of the same amount of 
L-asparaginase. Ten out of 12 treated mice were completely cured and 
lived for several months. 

In an evaluation of the optimal route of administration, the immuno- 
logical properties of the immobilized enzyme should be considered. 
Preliminary results (19) indicate that L-asparaginase in microparticles 
given intramuscularly is less immunogenic than the native form of the 
enzyme as manifested by a lower antibody production in mice. In addi- 
tion, no toxic effects have been detected after injection of moderate doses 
of microparticles in mice (20). 
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In summary, all the results indicate that the optimal effect of  as- 
paraginase is obtained when the enzyme is injected intramuscularly in 
immobilized form in small doses. 
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Abstract Intravenously injected microparticles of polyacrylamide were 
cleared from the circulatory system in mice predominantly in liver, spleen, 
and bone marrow in mice by macrophages belonging to the reticulo- 
endothelial system. In these cells, particles were found in dilated secon- 
dary lysosomes. The lysosomotropic character of the particles was further 
demonstrated using cultured peritoneal mouse macrophages. Histological 
changes of the liver, spleen, and bone marrow detectable by light and 
electron microscopy could only be seen after administration of massive 
doses of microparticles corresponding to 160 mgkg body weight. In such 
cases, a medium-coarse vacuolization of liver parenchymal cells could 
be seen 1-2 days after particle administration. After 3-5 days, degener- 
ation and necrotic cellular alteration occurred in the liver, spleen, and 
bone marrow. One week after particle administration, regeneration 
started under formation of granulomas which replaced the necrotic areas. 
The tissues later became normalized (after 2-3 weeks), but small gran- 
ulomas remained for several weeks. The damage was parallelled by 
changes in the liver and spleen weights. Electron microscopy of the liver 
revealed that the initiated vacuolization of the parenchymal cells was due 
to mitochondrial swelling with rupture of the mitochondria1 cristae. 

Keyphrases 0 Acrylic microspheres-in uiuo, morphological studies 
on mice and cultured macrophages, polyacrylamide, liver, spleen, marrow 
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ide-acrylic microspheres, in uiuo, morphological studies on mice and 
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Microparticles of highly cross-linked polyacrylamide, 
or derivatives, have recently been introduced as a slowly 
degradable carrier system for immobilized enzymes in uiuo 
(1). Such particles have a pronounced porous structure 

allowing substrates to freely penetrate the particles and 
interact with the immobilized enzymes. They are small 
enough (mean diameter 0.1-0.4 pm) to be injected intra- 
venously without causing respiratory complications. After 
intravenous or intraperitoneal injection, the microparticles 
are taken up by cells of the reticuloendothelial system, 
essentially in the liver and spleen, where they are probably 
localized in the lysosomal vacuome, although no direct 
evidence has yet been presented. Microparticles with im- 
mobilized L-asparaginase have been used to depress the 
level of circulating L-asparagine with resulting growth 
inhibition of the ascites tumor 6C3HED in mice (2). In 
addition, particles containing dextranase have successfully 
been used to treat an artificial storage disease in mice, 
which is produced by polyacryldextran (3). 

In all studies performed to date, no signs of acute tox- 
icity have been detected. Thus, the growth rate and sur- 
vival time have been unaffected, and no tissue incompat- 
ibility has been noticed, besides the normal encapsulation 
of implants or intramuscularly injected microparticles. 
Very large doses of microparticles (100-200 mg/kg of body 
weight), however, have produced a transient hepato- 
splenomegaly in mice, lasting 4-8 weeks, resulting from the 
localization of the spheres in the liver and spleen. The 
purpose of the present work was to study microscopically 
the possible morphological alterations of several organs 
following the administration of such provocative doses of 
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In summary, all the results indicate that the optimal effect of  as- 
paraginase is obtained when the enzyme is injected intramuscularly in 
immobilized form in small doses. 
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Abstract Intravenously injected microparticles of polyacrylamide were 
cleared from the circulatory system in mice predominantly in liver, spleen, 
and bone marrow in mice by macrophages belonging to the reticulo- 
endothelial system. In these cells, particles were found in dilated secon- 
dary lysosomes. The lysosomotropic character of the particles was further 
demonstrated using cultured peritoneal mouse macrophages. Histological 
changes of the liver, spleen, and bone marrow detectable by light and 
electron microscopy could only be seen after administration of massive 
doses of microparticles corresponding to 160 mgkg body weight. In such 
cases, a medium-coarse vacuolization of liver parenchymal cells could 
be seen 1-2 days after particle administration. After 3-5 days, degener- 
ation and necrotic cellular alteration occurred in the liver, spleen, and 
bone marrow. One week after particle administration, regeneration 
started under formation of granulomas which replaced the necrotic areas. 
The tissues later became normalized (after 2-3 weeks), but small gran- 
ulomas remained for several weeks. The damage was parallelled by 
changes in the liver and spleen weights. Electron microscopy of the liver 
revealed that the initiated vacuolization of the parenchymal cells was due 
to mitochondrial swelling with rupture of the mitochondria1 cristae. 
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Microparticles of highly cross-linked polyacrylamide, 
or derivatives, have recently been introduced as a slowly 
degradable carrier system for immobilized enzymes in uiuo 
(1). Such particles have a pronounced porous structure 

allowing substrates to freely penetrate the particles and 
interact with the immobilized enzymes. They are small 
enough (mean diameter 0.1-0.4 pm) to be injected intra- 
venously without causing respiratory complications. After 
intravenous or intraperitoneal injection, the microparticles 
are taken up by cells of the reticuloendothelial system, 
essentially in the liver and spleen, where they are probably 
localized in the lysosomal vacuome, although no direct 
evidence has yet been presented. Microparticles with im- 
mobilized L-asparaginase have been used to depress the 
level of circulating L-asparagine with resulting growth 
inhibition of the ascites tumor 6C3HED in mice (2). In 
addition, particles containing dextranase have successfully 
been used to treat an artificial storage disease in mice, 
which is produced by polyacryldextran (3). 

In all studies performed to date, no signs of acute tox- 
icity have been detected. Thus, the growth rate and sur- 
vival time have been unaffected, and no tissue incompat- 
ibility has been noticed, besides the normal encapsulation 
of implants or intramuscularly injected microparticles. 
Very large doses of microparticles (100-200 mg/kg of body 
weight), however, have produced a transient hepato- 
splenomegaly in mice, lasting 4-8 weeks, resulting from the 
localization of the spheres in the liver and spleen. The 
purpose of the present work was to study microscopically 
the possible morphological alterations of several organs 
following the administration of such provocative doses of 
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Figure 2-Body weight of mice given 4 mg of polyacrylamide particles 
(a) or physiological saline (0) intravenously. Each point represents 
mean *SD from five animals. 

Preparation and Administration of Microparticles-Micropart- 
icles5 of polyacrylamide (TC = 8-2516 or polyacryldextran (DTC = 11- 
1-75)6 were prepared according to a reported method (4,5). Acrylamide 
or acryldextran and NP-methylenebisacrylamide were dissolved in 
sodium phosphate buffer, pH 7.4. Oxygen was eliminated from this so- 
lution with nitrogen gas. The toluenechloroform mixture (4 + l) con- 
taining a detergent’ was treated in the same manner. After addition of 
the catalyst, ammonium peroxydisulfate (dissolved in water), the mixture 
was homogenized to produce a water-in-oil emulsion. The polymerization 
of the emulsion was initiated by adding N,N,N,N‘-tetramethylethy- 
lenediamine. 

The suspension was stirred for 20 min and the phases were separated 
by centrifugation. The microparticles located at the bottom of the water 
phase were washed a t  least five times, and after the last washing the 
particles were suspended in physiological saline. 

When microparticles with immobilized ferritin or immobilized catalase 
were prepared, fenitin (52 mg) or catalase (20 mg) was dissolved in 2.5 

- ml of the acrylic monomer solution. After polymerization, the particles 
were washed as described above. 

The microparticles were resuspended carefully in physiological saline 
prior to administration. The size of the particles was measured from 
photographs taken by scanning electron microscopy, which was done as 
described earlier (4). With the method used, 92.6% of the polyacrylamide 
particles (TC = 8-25) had a diameter of 0.1-0.4 pm, 2.2% were <0.1 pm, 
and 5.2% had a diameter of 0.4-0.5 pm. The polyacryldextran particles 
(DTC = 11-1-75) had essentially a diameter of 0.2-1.2 pm; 72.8% of the 
particles had a diameter within this range, and 8.9% were <0.2prn and 
5.8% were >2.1 pm. 
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Figure 1-(a) Weight of the liver after injection of 4 mg of polyacryl- 
amide microparticles io (a) or physiological saline (0) in mice. Each 
point shows the mean fSD from the five animals. (b) Weight of the 
spleen after injection of 4 mg of polyacrylamide microparticles iv (a) 
or physiological saline (0) in mice. Each point represents mean ASD 
from five animals. 

microparticles to mice. Concomitantly, the lysosomotropic 
character of the particles has been established using cul- 
tured mouse peritoneal macrophages. 

EXPERIMENTAL 

Chemicals-Acrylamidel, N,”-methylenebisacrylamidel, cationized 
ferritin2, N,N,N’,N’-tetramethylethylenediamine2, and dextran3 were 
of analytical grade. Acrylic acid-glycidyl estee and catalase4 (E.C. 
1.11.1.6) were used without further purification. 

Eastman Kodak Co. 
*Sigma Chemical Co. 

Dextran T40 (mol.wt. 40.000), Pharmacia Fine Chemicals, Uppsala, 

4 Fluka AG. 
Sweden. 

T 

I 

US. Patent 4,061,466. 
6 The nomenclature is explained in Refs. 4 and 5. 

Pluronics F-68, Trehac AB Stockholm. Sweden. 
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Figure 3-(a) Liver 1 day after injection o f 4  mg iv of polyacrylamide 
microparticles. Vacuolized liver parenchymal cells in the periphery of  
forming necrotic zones are shown by arrow (186X). (b) Liver showing 
large necrotic areas 3 days after intravenous injection of polyacrylamide 
microparticles (I86X). (c) Liver showing heavy infiltration of inflam- 
matory cells with abscess formation 8 days after intravenous injection 
of polyacrylamide microparticles (186X). (d) Liver showing small 
granulomas (arrow) 16 days after intravenous injection of polyacryl- 
amide microparticle (186X). (e) Liver 8 weeks after intravenous injec- 
tion of physiological saline (186X). 

(el 

Male mices weighing 20-25 g were used throughout. Microparticles 
of polyacrylamide or polyacryldextran were suspended in physiological 
saline (0.1 or 0.2 ml) and injected intravenously. The doses corresponded 
to 1-4 mg of lyophilized microparticles. 

Preparation of Tissue Samples for Light and Transmission 
Electron Microscopy-At various time intervals (1-56 days) after ex- 
posure to the microparticles, five animals from each group were sacrificed 
by cervical dislocation, and the liver, spleen, heart, lungs, kidneys, brain, 
and bone marrow from the spine were collected. At each time interval, 
three mice from an untreated group were sacrificed and their organs used 8 NMRI-mice. Anticimex, Stockholm, Sweden. 
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( C )  (d) 
Figure 4-(a) Spleen 3 days after intravenous injection of polyacrylamide microparticles. The architecture is much altered, with no demarcation 
between the red and white pulp and heavy infiltration of inflammatory cells. Small abscesses are shown by arrow (186X). (b) Spleen with forming 
granulomas (arrow) 8 days after intravenous injection of polyacrylamide microparticles (186X) .  (c) Spleen 21 days after intravenous injection 
o/polyacr.ylamide microparticles; reconstitution of red and white pulps but remaininggranulomas (186X) .  (d) Spleen 8 weeks after intravenous 
injection of physiological saline (186X). 

as the control group. The liver, spleen, heart, lungs, brain, and kidneys 
were weighed, and thin (2 mm) tissue specimens were cut from the organs 
immediately, and immersed in chilled 5% formaldehyde in 0.15 M 
phosphate buffer, pH 7.2. The specimens were subsequently embedded 
in paraffin, cut at 2-3 pm, stained with hematoxylin and eosin, and 
studied under the light microscope. 

For transmission electron microscopy, small samples (<1 mm thick) 
were removed from the liver immediately after the animals were sacri- 
ficed. The specimens were immersed in ice-cold 2% glutaraldehyde in 0.1 
M sodium cacodylate buffer with 0.1 M sucrose (pH 7.2; total osmotic 
pressure 510 mOsm, effective osmotic pressure 300 m0sm) (6,7). After 
glutaraldehyde fixation for 24 hr, the specimens were rinsed in 0.15 M 
sodium cacodylate buffer, pH 7.2, and cut into small pieces which were 
postfixed in 1% OsOr in 0.15 M sodium cacodylate buffer for 90 min a t  
room temperature. The specimens were dehydrated in an ethanol series, 
stained en masse with 2% uranyl acetate in 50% ethanol for 12 hr, and 
embedded in expoxyg. Thin sections were cut with diamond knives, 
stained with lead (B), and examined at  60 kV with an electron micro- 
scopelo. 

Transmission Electron Microscopy of Negatively Stained Mi- 
cropart ic legA suspension of ferritin-labeled microparticles was placed 

Epon 812. 
' 0  JEOL 100-C microscope. 

as a tiny drop on formvar coated 300-mesh copper electron microscopy 
grids and most of the fluid was immediately removed with a piece of filter 
paper. A drop of a 0.2% water solution of uranyl acetate was applied for 
30 sec and removed with filter paper. After drying, the grids were ex- 
amined at  80 kV with the electron microscopelo, using a 50-pm objective 
aperture. 

Cultures of Mice Peritoneal Macrophages-Mouse macrophages 
were collected by washing the unstimulated peritoneum of adult male 
animalsa with 3 ml of warm (37') phosphate-buffered saline. The cells 
were further suspended in 10 ml of cold (0') phosphate buffer and mildly 
spun down at  18OXg for 10 min. The pellet was resuspended in F-10 
medium (9) with 20% newborn calf serum and 15 mM N-2-hydroxy- 
ethylpiperazine-N-2-ethanesulfonic acid buffer, supplemented with 10 
pg/ml of streptomycin and 100 U/ml of penicillin. The cells were seeded 
into 50-mm plastic petri dishes a t  5 X 105 cells/dish and cultured at 37' 
in 5% carbon dioxide in air a t  85% humidity. The dishes were carefully 
rinsed with new, complete medium 24 hr after the initial seeding, to 
eliminate red blood cells, lymphocytes, and macrophages that had not 
attached to the solid support. During the ensuing cultivation period the 
medium was changed every 48 hr. 

Cultures were exposed to 0.1 mg/ml of microspheres containing ferritin 
as a marker 24 hr after seeding (immediately after being rinsed). The cells 
were exposed to these particles for 48 and 72 hr and then fixed in 2% 
glutaraldehyde in 0.1 M sodium cacodylate buffer with 0.1 M sucrose (pH 
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Figure &Liver parenchymal cells 2 &ys after injection of 4 mg iu polyacrylamide microparticles containing catalase. Several swollen mitochondria 
(M) with ruptured cristae can be seen. 

7.2, total osmotic pressure 510 m0sm. effective osmotic pressure 300 
mOsm (6,7) for 60 min at  O", rapidly rinsed in 0.15 M sodium cacodylate 
buffer and postfiied in 1% OsOd in 0.15 M sodium cacodylate buffer for 
90 min at room temperature. The cells were then dehydrated in situ in 
an ethanol series, counter-stained en w s e  for 12 hr in 2% uranyl acetate 
in 50% ethanol, and embedded in small capsules in epoxy as described 
earlier (10). Untreated control cells were harvested at the same time in- 
tervals. Thin sections were cut with diamond knives, stained with lead 
citrate (a), and examined a t  60 kV with the electron microscopelo. 

RESULTS 

Gross Distribution of Microparticles After Intravenous Injec- 
tion-It was shown in an earlier study (11) that the distribution of large 
doses of microparticles to the reticuloendothelial system in mice after 
intravenous injections results in a transient hepatosplenomegaly. To 
correlate the megaly with the microscopic findings, the weight changes 
were studied in some detail. 

Figures la  and l b  show the variations in weight of the liver and the 
spleen, respectively, with time after 4-mg iv injections of microparticles. 
The liver weight reached its maximum after 5-8 days and was essentially 
normalized after 4-8 weeks. The effects of the microparticles on the 
growth of the spleen were relatively greater than on the liver (Fig. lb). 
One week after the injection, the weight was -220% of that of the controls. 
The megaly was successively retracted, but the organ weight was not 
normalized within the 8-week study period. In the earlier work (10 ,  the 
weight of the spleen was normalized after 16-24 weeks. With smaller 
doses of polyacrylamide (1 mg) or of polyacryldextran (2 mg) enlargement 
of the liver and spleen was not as great. This weight increase was strictly 
dose dependent. 

The variation in body weight after intravenous injection of 4-mg 
polyacrylamide microparticles is shown in Fig. 2. As is apparent from the 
figure, there were no significant differences between the control and test 
groups. Although the overall weight of the test group was lower at  the time 
of injection, the increase in weight with time was the same. Consequently, 
the administration of large doses of microparticles to the mice did not 
affect growth. 

Light Microscopy of Mouse TissueFollowing the administration 
of 1 mg of particles, no changes were detected by light microscopy in any 
of the studied organs. No demonstrable changes were noted in the brain, 
heart, kidneys, or the lungs, while the liver, spleen, and the bone marrow 
showed pronounced alterations after injection of 4 mg of particles. 

As early as 1 day after particle administration, the parenchymal cells 
of the liver showed a medium coarse vacuolization, which had a patchy 
distribution (Fig. 3a). After a few more days, necrotic areas of various sizes 
had developed corresponding to the areas of initial vacuolization, as well 
as unicellular necrosis (Fig. 3b). There was a diffuse, sparse infiltration 
of inflammatory cells (Figs. 3c and d). Later, regeneration started with 
mitotic activity within the parenchymal liver cell population. After 7-10 
days, granulomas composed of macrophages, epithelioid cells, lympho- 
cytes, and polymorphonuclear cells formed and replaced the necrotic cells 
and areas (Fig. 3d). These granulomas remained for several weeks. The 
number of Kupffer cells was found to have increased a t  later time inter- 
vals. The normal ultrastructural appearance of the liver 8 weeks after 
intravenous injection of physiological saline is shown in (Fig. 3e). 

In the bone marrow there was an early (after 1 day) and massive in- 
filtration of mature, irregularly distributed polymorphonuclear cells and 
macrophages with the formation of granulomas. After 7-10 days, the bone 
marrow had regained an apparently normal appearance. 

The spleen showed early and pronounced changes. After 1-3 days, the 
limits between the white and the red pulps were blurred, the sinusoids 
were dilated and lined with prominent endothelial cells, and the number 
of megakaryocytes was increased (Fig. 4a). Later (4-10 days) there was 
a heavy infiltration of various inflammatory cells under formation of small 
abscesses and granulomas (Fig. 4b). The tissue became normalized later, 
but small granulomas, composed of histiocytes, remained for many weeks 
(Fig. 4c). The normal appearance of the spleen is shown in (Fig. 4d). 

Transmission Electron Microscopy of Liver Tissue-The vacuoles 
of the liver cells, which were so strikingly observed 1 or 2 days after the 
administration of large amounts of particles, were found to be due to 
mitochondria1 swelling with rupture of the mitochondrial cristae (Fig. 
5). There was no obvious alteration of the lysosomal vacuome of the pa- 
renchymal cells. The Kupffer cells showed many dilated lysosomes filled 
with an amorphous material. 
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Figure 6-Kupffer cell 2 months after injection of4 mg iv polyacrylamide microparticles loaded with catalase. Note large vacuoles (L, secondary 
lysosomes) filled with an amorphous material. 

At later time intervals, the tissue degeneration prevented detailed 
studies on cellular alterations until the acute inflammatory response had 
declined. In the specimens studied -2 months after the administration 
of the catalase-loaded particles, these lysosomes were still frequently 
observed (Fig. 6). It was, however, not possible to discern individual 
particles either in liver parenchymal or in Kupffer cells. Obviously, the 
particles have an electron density about equal to that of the embedding 
resin and do not bind osmium, uranyl, or lead. 

Transmission Electron Microscopy of Negatively Stained Mi- 
croparticles-Transmission electron microscopy of the ferritin-loaded 
microparticles indirectly confiimed (12) that the polyacrylamide particles 
were spherical and had a diameter between 0.1 and 0.4 pm. Ferritin gave 
the particles a dotted appearance. 

Transmission Electron Microscopy of Cultured Macro- 
phages-Macrophages exposed to 0.1 mg of microparticles with ferritin 
per milliliter of medium for 72 hr showed a high increased rate of auto- 
phagocytosis and an increased number of secondary lysosomes containing 
an amorphous material with tiny electron dense particles corresponding 
to the ferritin of the labeled microspheres. In most lysosomea the electron 
dense particles were concentrated toward the periphery of the organelles 
(Figs. 7a and b). 

DISCUSSION 
As mentioned earlier, no signs of acute toxicity were detected when 

microparticles of acrylic polymers were used as carriers for enzymes in 
various experiments on mice and rats (1). When the distribution of such 
small particles was studied in mice (11) only a transient hepatospleno- 
megaly was noticed. The present work has, moreover, demonstrated that 
a large number of spheres must be administered in order to produce any 
pathological morphological alterations in the liver, spleen, and bone 
marrow, which constitute the tissues where the microparticles are lo- 
calized in oioo (11). The effects described in the present study are gen- 
erally obtained after treatment with doses corresponding to 160 mg of 
dried material per kg of body weight. Such a very large dose is necessary 
to produce the adverse reactions, which are important to know, since the 
microparticles are an attractive alternative as enzyme carriers for future 
human applications. 

I t  is important to stress that when dose levels of 40 mg/kg were used 
(corresponding to the administration of 1 mg of particles to the mice), 
only insignificant, hardly detectable morphological reactions could be 
seen in the liver, spleen, and bone marrow. 

The first general reaction in the liver tissue, detected by light micros- 
copy and transmission electron microscopy, on exposure to the high doses 
of microparticles, was the swelling of the mitochondria of the paren- 
chymal cells, which were eventually ruptured as part of cellular degen- 
eration. Necrosis of the tissues followed, and inflammatory cells migrated 
into the area, with a megaly as a consequence. The weight changes of the 
liver and spleen followed very closely the morphological changes seen with 
the light and electron microscopes and reached maxima at  the same time 
as the maximum of the tissue damage. Thus, the megaly was probably 
essentially due to the increased number of cells in the liver and spleen, 
and only to a minor extent a result of cellular edema. 

The reason for the initial hepatocellular degeneration is not obvious, 
and the interpretation of our results is hampered by the fact that the 
microparticles could not be seen directly with the electron microscope. 
The spherical form of the ferritin-loaded microparticles was confirmed 
by negative staining, and ferritin could be used as a marker in the in vitro 
experiments with cultured macrophages to trace the microparticles. 

In these studies it was quite evident that the microparticles had been 
taken up by the cells and introduced into the lysosomal vacuome, as seen 
both indirectly by the markedly increased number of lysosomes and their 
swelling, and directly by the localization of large amounts of electron 
dense material in the lysosomes (Fig. 7b), which was not seen in the 
control (Fig. 7a). Consequently, it  might be suggested that the degener- 
ative cellular alterations, e.g., the swelling and rupture of the mito- 
chondria, giving rise to the vacuolization of the liver parenchymal cells, 
are due to an altered function of the lysosomal apparatus. It was thus not 
possible to directly detect the particles in the hepatocytes in the tissue 
samples. The indirect evidence, however, suggests an uptake both in the 
Kupffer and the parenchymal cells. Most probably the small size of the 
particles allows their passage into the space of Diss6 through the existing 
gaps in the sinusoidal endothelium exposing the microparticles to the 
liver parenchymal cells which could bring about their endocytosis. 

The present work is only semiquantitative, in the sense that the toxic 
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(b) 
Figure 7 4 a )  Normal mouse peritoneal macrophage cultured in vitro. M P  denotes the microprecipitate to which the cells have attached. (b) 
Macrophage 72 hr after exposure to ferritin-labeled polyacrylamide microparticles (0.1 mglml of medium). Note the large number of lysosomes 
(L) containing microparticles with ferritin. 
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reactions seen in the mice are proportional to the doses given, and only 
detectable when the mice are exposed to very high doses exceeding 40 
mg/kg of body weight. Quantitative studies are not possible in uiuo, when 
the relationship between the number of particles taken up per cell cannot 
be satisfactorily controlled. For such studies, it is necessary to use suitable 
in uitro systems, e.g., cultured peritoneal macrophages, where the rela- 
tionship between the number of particles and cells can be carefully con- 
trolled. Such studies will be presented separately, showing when exposure 
of cultured macrophages to microspheres will lead to changed intracel- 
lular function and cellular degeneration. Subsequent in uiuo applications 
with acrylic microspheres must be based on such studies. 
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Abstract Poly-L-methionine sulfoxide is a water-soluble polymer 
containing the sulfoxide moiety. The preparation and radiolabeling of 
this polymer is described and its bioeffects are compared with those of 
dimethyl sulfoxide. Poly-L-methionine sulfoxide is similar to dimethyl 
sulfoxide in that it is a potent solubilizer of lipophilic compounds in water. 
Although the partition coefficient of poly-L-methionine sulfoxide in 1- 
octanol-water is only 20 times lower than that of dimethyl sulfoxide, it 
was found not to penetrate into intracellular spaces. In contrast to di- 
methyl sulfoxide, poly-L-methionine sulfoxide and L-methionine sulf- 
oxide were found to be ineffective in inducing differentiation in murine 
erythroleukemia cells and inhibiting differentiation of avian neural crest 
cells, suggesting that compounds effective in these processes must have 
the ability to penetrate into cells or membrane proteins. Overall lack of 
hioactivity of poly-L-methionine sulfoxide, combined with low toxicity 
(2 g/kg, iv, in the mouse with no effect), makes this compound a suitable 
inert solubilizer and carrier for lipophilic drugs. 

Keyphrases Dimethyl sulfoxide-poly-L-methionine sulfoxide, bi- 
ologically inert analogue with solubilizing potency 0 Poly-L-methionine 
sulfoxide-biologically inert analogue of dimethyl sulfoxide with solu- 
bilizing potency Solubilization potency-poly-L-sulfoxide, biologically 
inert analogue of dimethyl sulfoxide 

A majority of the applications of polymers in pharmacy 
are based on their mechanical properties and inertness. 
Also, polymers are able to form complexes with pharma- 
ceuticals; this property has been used relatively rarely, e.g., 
in decreasing the aggressive properties of iodine by com- 
plexation with povidone. Furthermore, polymers pos- 
sessing complexing power can be used, instead of organic 

,CHS 
O=\ 

CHa 
Dimethyl Sulfoxide 

Polymethionine Sulfoxide 

solvents, to dissolve nonpolar drugs in aqueous media and 
to promote sorption of pharmaceuticals. Dimethyl sulf- 
oxide (I), one of the solvents often used for this purpose (1, 
21, is relatively nontoxic to cells, yet easily penetrates 
cellular membranes and, in some cases, triggers very 
complex biological responses, e.g., ind,uction (3-8) and 
inhibition (9-12) of cellular differentiation. 

It may be advantageous, for both practical applications 
and for studies of the induction mechanism, to supress 
some of its bioeffects, i.e., to make a new selective agent 
by chemical modifications from a pluripotent compound. 
This may be possible by preparing a macromolecule that 
contains structural elements of dimethyl sulfoxide. A 
Table I-Solubility (Irg/ml) of Lipophilic Compounds in  
Phosphate-Buffered Isotonic Saline in the  Presence (5% ) or 
Absence of Polv-L-methionine Sulfoxide 

Saline and 
Poly-L-methionine 

Compound Saline Sulfoxide 

p-Ionone, C13H200 7.3 1400 

p-Carotene, C40Hs Nondetectable 6 

Vitamin Ds, C27H440 <0.18 138 

Retinol, C20H300 <4.6 12 

Lycopene, C40H56 Nondetectable 4 
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reactions seen in the mice are proportional to the doses given, and only 
detectable when the mice are exposed to very high doses exceeding 40 
mg/kg of body weight. Quantitative studies are not possible in uiuo, when 
the relationship between the number of particles taken up per cell cannot 
be satisfactorily controlled. For such studies, it is necessary to use suitable 
in uitro systems, e.g., cultured peritoneal macrophages, where the rela- 
tionship between the number of particles and cells can be carefully con- 
trolled. Such studies will be presented separately, showing when exposure 
of cultured macrophages to microspheres will lead to changed intracel- 
lular function and cellular degeneration. Subsequent in uiuo applications 
with acrylic microspheres must be based on such studies. 
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Abstract Poly-L-methionine sulfoxide is a water-soluble polymer 
containing the sulfoxide moiety. The preparation and radiolabeling of 
this polymer is described and its bioeffects are compared with those of 
dimethyl sulfoxide. Poly-L-methionine sulfoxide is similar to dimethyl 
sulfoxide in that it is a potent solubilizer of lipophilic compounds in water. 
Although the partition coefficient of poly-L-methionine sulfoxide in 1- 
octanol-water is only 20 times lower than that of dimethyl sulfoxide, it 
was found not to penetrate into intracellular spaces. In contrast to di- 
methyl sulfoxide, poly-L-methionine sulfoxide and L-methionine sulf- 
oxide were found to be ineffective in inducing differentiation in murine 
erythroleukemia cells and inhibiting differentiation of avian neural crest 
cells, suggesting that compounds effective in these processes must have 
the ability to penetrate into cells or membrane proteins. Overall lack of 
hioactivity of poly-L-methionine sulfoxide, combined with low toxicity 
(2 g/kg, iv, in the mouse with no effect), makes this compound a suitable 
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A majority of the applications of polymers in pharmacy 
are based on their mechanical properties and inertness. 
Also, polymers are able to form complexes with pharma- 
ceuticals; this property has been used relatively rarely, e.g., 
in decreasing the aggressive properties of iodine by com- 
plexation with povidone. Furthermore, polymers pos- 
sessing complexing power can be used, instead of organic 

,CHS 
O=\ 

CHa 
Dimethyl Sulfoxide 

Polymethionine Sulfoxide 

solvents, to dissolve nonpolar drugs in aqueous media and 
to promote sorption of pharmaceuticals. Dimethyl sulf- 
oxide (I), one of the solvents often used for this purpose (1, 
21, is relatively nontoxic to cells, yet easily penetrates 
cellular membranes and, in some cases, triggers very 
complex biological responses, e.g., ind,uction (3-8) and 
inhibition (9-12) of cellular differentiation. 

It may be advantageous, for both practical applications 
and for studies of the induction mechanism, to supress 
some of its bioeffects, i.e., to make a new selective agent 
by chemical modifications from a pluripotent compound. 
This may be possible by preparing a macromolecule that 
contains structural elements of dimethyl sulfoxide. A 
Table I-Solubility (Irg/ml) of Lipophilic Compounds in  
Phosphate-Buffered Isotonic Saline in the  Presence (5% ) or 
Absence of Polv-L-methionine Sulfoxide 

Saline and 
Poly-L-methionine 

Compound Saline Sulfoxide 

p-Ionone, C13H200 7.3 1400 

p-Carotene, C40Hs Nondetectable 6 

Vitamin Ds, C27H440 <0.18 138 

Retinol, C20H300 <4.6 12 

Lycopene, C40H56 Nondetectable 4 
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Table 11-Distribution of the Studied Compounds between M u i n e  Erythroleukemia Cells and Serum-Free Medium 

cpm Recovered cpm in Non- 
cprn in Cell in Pellet and Cellular Com- cpm per 10s Compound 

Compound cpm Added Pellet Supernatant, % ponent of Pellet' Cells per Cell, fgb 

Inulin 50,000 
25,000 
25,000 

Poly-L- m000 
methionine 
sulfoxide 25,000 

25,000 
Dimethvl 52.000 

sulfoxide 521000 
26,000 
26,000 

4367 
2986 
2520 
4723 
4674 
2668 
2748 
7831 
7670 
4192 
4448 

~ 

91 
96 
99 

102 
102 
95 

101 
99 

103 
106 
106 

4367 
2986 
2520 
5126 
5126 
2563 
2563 
5331 
5331 
2666 
2666 

~ 

0 
0 
0 

(-403) 
(-452) 

105 
185 

2,500 
2,339 
1,526 
1,782 

Calculated on the assumption that inulin does not absorb or penetrate cells. * Femtograms. 

nondegradable polymer containing the structural elements 
of dimethyl sulfoxide was prepared previously by a 
multi-step synthesis (13). In contrast to that study, this 
study describes a facile synthesis of a degradable polymer: 
poly-L-methionine sulfoxide. 

EXPERIMENTAL 

Preparation of Poly-Lmethionine Sulfoxide-A saturated aqueous 
solution of sodium periodate (321 mg) was added slowly to a stirred so- 
lution of 224 mg of poly-L-methioninel (average molecular weight 30,OOO) 
in 7 ml of acetic acid at room temperature. Stirring was continued for 12 
hr. Water (14 ml) was then added to the reaction mixture, the solution 
was dialyzed against water, clarified by centrifugation (l0,OOO rpm for 
10 min), and freeze-dried. This procedure yielded 120 mg of colorless 
polymer. To quantitate the extent of oxidation, the polymer was dissolved 
in deuterium oxide and its NMR spectrum measured on a 60-MHz 
spectrometer2. Resonance of the methyl group of sulfoxide residues occurs 
a t  2.75 ppm and that of sulfone residues occurs at 3.15 ppm; no signal 
attributable to methylthio groups could be detected. From the integration 
of the spectrum it was calculated that the sulfoxide methyl group pre- 
dominates over the sulfone methyl group by a ratio of 51. 

Tritiation of Poly-L-methionine Sulfoxide-Poly-L-methionine 
sulfoxide (4 mg) was added to a solution of 3.5 ml of benzene containing 
[3H]ethyl methanesulfonate (225 pCi, 0.4 mgI3. The mixture was stirred 
for 15 min, frozen, kept a t  -2OO overnight, and then kept at 80' for 1 
week; the solvent was then evaporated. The residue was dissolved in water 
and dialyzed against water. The residue contained 1 pCi of radioactive 
polymer (3 mg). 

All other compounds used were obtained commercially. 
Solubilization of Lipophilic Compounds by Poly-L-methionine 

Sulfoxide-Excess lipophilic compound (5-10 mg) was enclosed in a test 
tube (polyethylene, volume 1.2 ml) with phosphate-buffered isotonic 
saline (1 ml) lacking or containing poly-L-methionine sulfoxide (50 mg). 
The suspension was stirred by rotating the test tube for 1 day in the dark 
a t  20-22O. Thereafter the suspension was centrifuged and the concen- 
tration of lipophilic compound in the clear supernatant was determined 
spectrophotometrically . 

Measurement of Distribution of Compounds Between I-Octanol 
and Water-Compounds were equilibrated with the above solvents for 
6-24 hr at 20-22O and their concentration determined by liquid scintil- 
lation counting (dimethyl sulfoxide) or spectrophotometrically (poly- 
L-methionine sulfoxide, 210-nm wavelength). 

Measurement of Distribution of Compounds Between the Cells 
in Culture and the Medium-The assay contained a 0.2-ml pellet of 
murine erythroleukemia cells4 (14) (1 X 108 cells) and the medium5 in 
addition to the radioactive compound studied, in a total volume of 1 ml. 
The equilibrium distribution of the compound studied was established 
by incubation for 2 hr at 37O. The cells and medium were separated by 
centrifugation and the concentration of the compound was calculated 
from the results of liquid scintillation counting. 

Induction and Inhibition of Cell Differentiation-Murine er- 

ythroleukemia cells were grown in suspension cultures in medium5 sup- 
plemented with 10% calf serum and antibiotics. The cells were exposed 
to a potential inducer for 5 days, and their differentiation was assayed 
by calculating the percentage of cells that were stained by benzidine 
(14). 

Cultures of avian neural crest cells were initiated as described previ- 
ously (12). Cells were subcultured in replicate plates (10,000-15,000 
celldplate) 2 days after explantation (day 2) and grown in a 1:l mixture 
of medium6 and broth' supplemented with 29i chick embryo extract and 
5% calf serum. 

The assay on neural crest cells was run as follows. Cells were grown in 
the presence or absence of the test compound from day 2 to 7 of culture. 
On day 7 fresh medium containing the test compound was added. Cells 
were then labeled for 5 hr with 5 pCi/ml of [14C]tyrosines. Incorporation 
of radioactivity into the trichloroacetic acid-insoluble fraction of the cells 
and melanin-specific incorporation was determined as described previ- 
ously (12). All values given represent means of duplicates that differed 
by <lo%. 

RESULTS 

The easiest procedure for preparing poly-L-methionine sulfoxide is 
the one involving the mild oxidation of poly-L-methionine. Various agents 
oxidize sulfides to sulfoxides (15,16). m-Chloroperbenzoic acid, iodine, 
and sodium periodate were tested as oxidizing agents. When sodium 
periodate was used, no detectable methylthio residues remained, and the 
overoxidation of the sulfoxide group to the sulfone moiety was only -16% 
of the total. Radioactive labeling of poly-L-methionine sulfoxide was 
performed by an exchange of some of the methyl groups in the polymer 
for 13H]ethyl groups; since only 4 .05% of these groups were exchanged, 
the effects of such an introduced structural change on the polymer 
properties may be disregarded. This labeling occurred using only small 
amounts of radioactive PHIethyl methanesulfonate (0.4%); however, good 
yields of 3H-polymer (75%) were readily obtained in this manner. 

Poly-L-methionine was found to be a potent solubilizer of organic 
compounds. A series of terpenoid-like lipophilic compounds containing 
up to 40 carbon atoms was evaluated (Table I). 

Next, the partition coefficients (1-odanol-water) of dimethyl sulfoxide 
and poly-L-methionine sulfoxide were measured. The partition coefficient 
of dimethyl sulfoxide was found to be 0.038 (u  = 0.007, N = 10). This 
value compares with 0.01 and 0.04 reported previously (17, 18). The 
partition coefficient of poly-L-methionine sulfoxide was found to be 0.002 

The partition of a compound between the cultured cells and sur- 
rounding medium is a good indicator of the ability of that compound to 
be adsorbed by and penetrate cells, the latter process being the important 
one in equilibrium. For calculation of such distribution from the directly 
measurable concentrations of the compound in the medium and in the 
cell pellet, it is necessary to estimate the amount of medium that is re- 
tained in the cell pellet. Inulin, an electroneutral polysaccharide which 
does not penetrate into cells and is only slightly adsorbed by cells, was 
used for this estimate. The results (Table 11) show that ply-L-methionine 
sulfoxide is excluded from cells to the same extent as inulin. On the other 

( u  = 5 x 10-5, N = 3). 

Sigma Chemical Co., St. Louis, Mo. * Varian Instrument Co., Cheverly, Md. 
New England Nuclear, Boston, Mass. 

4 Obtained from the laboratory of Dr. Philip Leder, Bethesda, Md. 

5 Minimum Essential Medium (Eagle, without serum). 
6 Minimum Essential Medium, Delbecco. 
7 Ham's F-12. 

New England Nuclear, Boston, Mass,; sp. act. 512 mCi/mmole. 
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Table 111-Induction of Differentiation of Murine 
Erythroleukemia Cells by Studied Compounds 

Table IV-Effect of Compounds on Pigmentation of Neural 
Crest Cells 

Benzidine-Posi tive 
Concentration, Cells; 5th Day 

Comaound % of Induction. % 

Dimethyl sulfoxide 1 
1.5 
2.0 

Poly-L-methionine sulfoxide 0.2 
0.5 
1.5 

L-Methionine sulfoxide 1.0 
1.5 

1.6 
28.0 
39.0 
76.0 
0.2 
2.5 
0.0” 
0.0 
0.00 

a No cell growth. 

hand, 0.6-1.1 fg of dimethyl sulfoxide were taken up per cell. The parti- 
tion coefficient (concentration in cells/concentration in medium) of di- 
methyl sulfoxide, when calculated from these measurements, is 0.52 (a 
= 0.1, N = 4). 

The ability of the test compounds to induce differentiation of er- 
ythroleukemia cells was assessed by calculating the percentage of he- 
moglobin-synthesizing cells (i.e.,  benzidine positive) on the 5th day of 
exposure to the agent. Dimethyl sulfoxide increased the percentage of 
benzidine-positive cells up to 40 times over that of the untreated controls 
(Table 111). In contrast, poly-L-methionine sulfoxide was completely 
inactive. For further comparison L-methionine sulfoxide was also in- 
cluded in the test and found inactive (Table 111). Concentrations up to 
the toxic range were tested (Table 111), and additional measurements at 
longer exposure times were also performed to confirm the above con- 
clusions (results not given). 

Dimethyl sulfoxide is known to inhibit differentiation of neural crest 
cells (melanin synthesis) (12). The effects of dimethyl sulfoxide, poly- 
L-methionine sulfoxide, and L-methionine sulfoxide on the incorporation 
of [Wltyrosine into melanin were compared (Table IV). Dimethyl 
sulfoxide, as expected, inhibited incorporation, whether it was added to 
the cells only during the labeling period or was present throughout the 
culture period. In contrast, poly-L-methionine sulfoxide and L-methio. 
nine sulfoxide were inactive at 0.05%. 

Toxic effects of poly-L-methionine in uitro in culture were relatively 
insignificant. To measure the toxicity of poly-L-methionine in uiuo doses 
of 500,1OOO, and 2000 mg/kg were injected intravenously into mice (strain 
C57B1/6J, 9 weeks old, females) using a peristaltic pump system de- 
scribed previously (19). No toxic effects or weight losses were observed 
when compared with controls, even with the highest dose. 

DISCUSSION 

Poly-L-methionine sulfoxide, in contrast to poly-L-methionine, is very 
water soluble. This solubility, its one-step preparation, and its ease of 
radiolabeling, make it suitable for biological studies. 

Preparation of a macromolecular analogue of a pharmacon often leads 
to the elimination of some of its effects. Of the various bioeffects of di- 
methyl sulfoxide, conversion to the macromolecular poly-L-methionine 
sulfoxide, resulted in the retention of only the solubilization effects. 
Compounds used in solubilization tests (Table I) are structurally related. 
&Ionone, a monocyclic terpene with a short side chain, was efficiently 
solubilized, whereas retinol, which contains the same monocyclic struc- 
ture but has a longer side chain, was only moderately solubilized. 
8-Carotene and lycopene were solubilized to a moderate extent. These 
data suggest that poly-L-methionine sulfoxide preferentially solubilizes 
compounds which have a compact structure, i.e., without long hydro- 
carbon chains. Vitamin DB, which has such a compact structure, was in- 
deed efficiently solubilized. 

Partition coefficients of drugs and other organic compounds between 
1-octanol and water have been used extensively in the correlation of their 
bioeffects. This coefficient is a measure of the ability of the drugs to in- 
teract and penetrate the lipid bilayer of cellular membranes, which is 
thought to be well approximated by 1-octanol. Using this established 
comparison system it was found that poly-L-methionine sulfoxide dis- 
tributes less uniformly (0.002) than dimethyl sulfoxide (0.04). The value 
of the distribution coefficient of poly-L-methionine sulfoxide per se is 
not low enough to lead to the assumption that no penetration into cells 
or bioeffects may be achieved by this compound (18). Probably, the 
macromolecular character of poly-L-methionine sulfoxide is another 

Compound 

[I 4C]Tyrosine 
Incoraoration 

Concentration, into Melanin, cpm/cell 
% Day7 Days2-7 

- 0.008 0.004 

Poly-L-methionine sulfoxide 0.5 Not determined Toxic 
0.05 0.007 0.006 

L-Methionine sulfoxide 0.05 Not determined 0.006 

- 
Dimethyl sulfoxide 1 0 0 

contributing factor leading to the observed inertness. Poly-L-methionine 
sulfoxide was found, as described in the Results section, not to penetrate 
into the cellular spaces and, thus, may only interact with the external 
surface of cellular membranes. 

In the context of the study on the mechanism of changes in cell dif- 
ferentiation induced by dimethyl sulfoxide it is important to note that 
its nonpenetrating analogue, poly-L-methionine sulfoxide, failed to affect 
cell differentiation in either of the systems tested. These findings suggest 
that the mechanism of action of dimethyl sulfoxide requires its entry into 
cells or into the hydrophobic interior of some protein on the cell surface, 
a process that can change the structure and function of the protein. The 
lack of penetration of poly-L-methionine sulfoxide into cells was proven 
experimentally; entry of a compound into the hydrophobic sections of 
proteins is possible only for small molecular weight hydrophobic or am- 
phophilic molecules and, thus, poly-L-methionine sulfoxide is auto- 
matically excluded (20). A low molecular weight, highly polar analogue 
of dimethyl sulfoxide, L-methionine sulfoxide, also lacked any inducing 
ability (Tables I11 and IV). 

In addition to the lack of cell-inducing activity, poly-L-methionine 
sulfoxide has low acute toxicity, even when given intravenously. 

Thus, the most promising application of poly-L-methionine sulfoxide 
seems to be in the complexing of bioactive lipophilic compounds. This 
complexing converts the lipophilic compounds into water soluble ones; 
thus, to an extent poly-L-methionine sulfoxide may functionally imitate 
carrier serum proteins. Such complexing of drugs has often led to a de- 
crease in their toxicity, as shown, for example, in the case of retinoids (21). 
Complexing of drugs with poly-L-methionine may possibly have the same 
consequences. 
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Abstract A procedure is described for the determination of the 
shelf-life of pharmaceutical preparations using nonisothermal kinetics. 
A BASIC computer program, which enables the data analysis to be un- 
dertaken rapidly and automatically on a microcomputer, is presented. 

Keyphrases 0 Kinetics, nonisothermal-derivative approach to the 
prediction of the stability of penicillin formulations using a microcom- 
puter 0 Stability-nonisothermal kinetics using a microcomputer, a 
derivative approach to the prediction, penicillin formulations 0 Peni- 
cillin-nonisothermal kinetics using a microcomputer, a derivative ap- 
proach to the prediction of Stability in formulations 0 Formulations- 
penicillin, nonisothermal kinetics using a microcomputer, a derivative 
approach to the prediction of stability 

Nonisothermal methods for the prediction of the 
shelf-life of pharmaceutical preparations are an attractive 
alternative to traditional isothermal accelerated storage 
tests. A nonisothermal study involves a temperature 
change throughout the reaction and enables a full stabil- 
ity-temperature profile to be determined from one ex- 
periment. This procedure offers a considerable reduction 
in effort for the estimation of shelf-life and has received 
much attention. Early methods (1, 2) were extended to 
pharmaceuticals by Rogers (3) who used a defined tem- 
perature rise profile to simplify data handling. The validity 
of this approach, using various heating programs, has been 
confirmed (4-8), but theoretical and practical limitations 
have been discussed (9, 10). Greater freedom in experi- 
mental design is available if a predetermined tempera- 
ture-time profile is not demanded. Methodology has 
therefore been extended to allow the rate of temperature 
increase to be determined by experimental, rather than 
theoretical, expedience (11,12). Nonisothermal-isother- 
ma1 methods have also been reported (13,14), and many 
important applications of nonisothermal kinetics to 
solid-state degradations have appeared (15,16). The es- 
timation of the errors involved in these procedures has also 
received attention (12, 17). 

Despite the success of these methods, few applications 
to formulated products have appeared (18). In this study 
a general method for the determination of nonisothermal 

kinetic profiles is described, and a BASIC computer pro- 
gram (NONISO) is presented, which can be implemented 
on a microcomputer, to undertake the calculations auto- 
matically. The procedures are shown to be comparable to 
methods requiring large computing facilities (12) and 
prove satisfactory for formulated products. 

THEORETICAL 

Degradation Rates-The rate of degradation of a drug can be rep- 
resented by: 

(Eq. 1 )  

where ct is the concentration at time t ,  kT is the specific rate constant 
a t  temperature T, and n is the order of reaction. For a first order reaction 
( n  = 1)  this can he written as: 

C t - - C oe -kTt  (Eq. 2) 

In logarithmic form this is: 

lnCt = In CO - k T t  0%. 3)  

and the negative slope of the plot k versus lnCt yields the rate con- 
stant. 

When the temperature is continually increased throughout the reac- 
tion, the degradation rate progressively increases. The isothermal rate 
constant is now approximated by: 

where 6t is a small increment of time, over which period the temperature 
may he considered constant. For an infinitesimal increase in time and 
temperature, the specific rate constant is given by: 

(Eq. 5) 

The slope of the tangent a t  a point for the plot o f t  versus lnCt for 
nonisothermal data yields the specific rate constant at the temperature 
observed. 

If other orders of reaction are followed the appropriate equations 
are: 

zero order: kT = -d(Ct ) / d t  (Eq. 6) 

2nd order (a = h): k~ = d(’ /Ct ) /d t  (Eq. 7 )  
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Nonisothermal methods for the prediction of the 
shelf-life of pharmaceutical preparations are an attractive 
alternative to traditional isothermal accelerated storage 
tests. A nonisothermal study involves a temperature 
change throughout the reaction and enables a full stabil- 
ity-temperature profile to be determined from one ex- 
periment. This procedure offers a considerable reduction 
in effort for the estimation of shelf-life and has received 
much attention. Early methods (1, 2) were extended to 
pharmaceuticals by Rogers (3) who used a defined tem- 
perature rise profile to simplify data handling. The validity 
of this approach, using various heating programs, has been 
confirmed (4-8), but theoretical and practical limitations 
have been discussed (9, 10). Greater freedom in experi- 
mental design is available if a predetermined tempera- 
ture-time profile is not demanded. Methodology has 
therefore been extended to allow the rate of temperature 
increase to be determined by experimental, rather than 
theoretical, expedience (11,12). Nonisothermal-isother- 
ma1 methods have also been reported (13,14), and many 
important applications of nonisothermal kinetics to 
solid-state degradations have appeared (15,16). The es- 
timation of the errors involved in these procedures has also 
received attention (12, 17). 

Despite the success of these methods, few applications 
to formulated products have appeared (18). In this study 
a general method for the determination of nonisothermal 

kinetic profiles is described, and a BASIC computer pro- 
gram (NONISO) is presented, which can be implemented 
on a microcomputer, to undertake the calculations auto- 
matically. The procedures are shown to be comparable to 
methods requiring large computing facilities (12) and 
prove satisfactory for formulated products. 

THEORETICAL 

Degradation Rates-The rate of degradation of a drug can be rep- 
resented by: 

(Eq. 1 )  

where ct is the concentration at time t ,  kT is the specific rate constant 
a t  temperature T, and n is the order of reaction. For a first order reaction 
( n  = 1)  this can he written as: 

C t - - C oe -kTt  (Eq. 2) 

In logarithmic form this is: 

lnCt = In CO - k T t  0%. 3)  

and the negative slope of the plot k versus lnCt yields the rate con- 
stant. 

When the temperature is continually increased throughout the reac- 
tion, the degradation rate progressively increases. The isothermal rate 
constant is now approximated by: 

where 6t is a small increment of time, over which period the temperature 
may he considered constant. For an infinitesimal increase in time and 
temperature, the specific rate constant is given by: 

(Eq. 5) 

The slope of the tangent a t  a point for the plot o f t  versus lnCt for 
nonisothermal data yields the specific rate constant at the temperature 
observed. 

If other orders of reaction are followed the appropriate equations 
are: 

zero order: kT = -d(Ct ) / d t  (Eq. 6) 

2nd order (a = h): k~ = d(’ /Ct ) /d t  (Eq. 7 )  
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Second Order 
( b  = 10000) 
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( b  = 1.5a) 
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0 
1 /T 

E =  108115 J. Mole-' 

A =  7.880 X liter/rnole Min-' 

Figure 1-The effect of model on the Arrhenius plot of the nonisothermal degradation of phenoxymethylpenicillin a t  p H  9 (a and b refer to the 
initial concentrations of penicillin and hydroxide in second-order reactions). 

Differentiation at the experimental points yields the corresponding 

(Eq. 10) 

The rate constants at the experimentally measured temperatures are 
then used to compute the activation energy ( E )  and pre-exponential 
factor (A) in the Arrhenius Equation: 

(Bo - co + ct ) C O  

dt 

rate constants: 
-= d('nCt) - k ~  = a1 + 2azt + 3ant2.. . na,tn-l 

(Eq.8) 

where Ct is the concentration (molesbiter), a t  time t ,  of the monitored 
drug of initial concentration co. Bo ia the initial concentration (moles/ 
liter) of the excess reagent in a second-order reaction when the initial 

The values of kT are calculated by fitting a polynomial to the trans- 

[(A) In CtBo 
2nd order (a # b): kT = 

dt 

concentrations of the two reactants (a,b) are not identical. kT = Ae-E/RT 

formed data as a function of time. For the first-order case this is: These data enable the calculation of rate constants at storage tem- 
peratures and the prediction of shelf-life (tm) and half-life ( t l ~ )  to be 

lnCt = ao + alt + azt2. . . a,tn (Eq. 9) made. 
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Table I-Input Data and Isothermal Rate Constants for the 
Degradation of Phenoxymethylpenicillin a t  pH 9 

d Minutes Concentration, % Temperature, ' Rate Constant, l/min 

'I 

0 
9 

19 
29 
39 
44 
49 
52 
55 
58 
61 
64 
67 
70 
73 
76 
79 
82 
85 
88 
91 
94 
97 

100 
103 
106 
109 
112 

100.00 
99.60 
98.50 
96.40 
92.10 
89.10 
85.20 
82.50 
79.40 
75.90 
71.80 
67.90 
63.40 
58.40 
53.90 
48.80 
43.80 
39.00 
34.40 
30.00 
26.00 
22.00 
18.40 
15.10 
12.50 
10.00 
7.90 
6.40 

28.3 
32.8 
39.4 
45.8 
52.0 
54.8 
57.5 
59.0 
60.6 
62.1 
63.6 
64.9 
66.2 
67.5 
68.6 
69.8 
70.8 
71.8 
72.7 
73.6 
74.5 
75.3 
76.0 
76.7 
77.4 
78.0 
78.5 
79.0 

6.75997 E-05 

1.55624 E-03 
7.16944 E-04 

3.07291 E-03 
5.83865 E-03 
7.85191 E-03 
1.03574 E-02 
1.21146 E-02 
1.40709 E-02 
1.62312 E-02 
1.85985 E-02 ~ ..._. ~ .~ 

2.11736 E-02 
2.39550 E-02 
2.69387 E-02 
3.01181 E-02 
3.34838 E-02 
3.70232 E-02 
4.07210 E-02 
4.45581 E-02 
4.85123 E-02 
5.25574 E-02 . ~ ~ .~ 

5.66638 E-02 
6.07977 E-02 
6.49210 E-02 
6.89917 E-02 
7.29629 E-02 
7.67834 E-02 
8.03970 E-02 

-~ ~ ~~ ~ 

a Polynomial coefficients are: 4.60496, -6.75179 X -4.09094 X 6.03266 
X 10-7, -1.93521 X 10-8, -1.08408 X 10-10, and 9.47380 X (@term first). 

EXPERIMENTAL 

Nonisothermal Kinetics-At pH 9-A borate buffer (500 ml) con- 
taining boric acid (5.17 g), sodium hydroxide (1.67 g), and hydrochloric 
acid (5 M, 1.9 ml) was placed in a three-necked round-bottomed flask 
suspended in a thermostated water-bath (20-liter capacity, 1 kW). A 
thermometer, graduated to 0.1', was placed into the buffer solution 
through one neck, a polytef sampling-tube was fitted through the second 
neck, and a stirrer rotated at 200 rpm was positioned through the third 
neck. When the buffer had reached thermal equilibrium, potassium 
phenoxymethylpenicillin [potassium (2s ,  5R, 6R)-3-3-dimethyl-7-oxo- 
6-(2-phenoxyacetamido)-4-thia-l-azabicyclo[3.2.0] heptane-2-carboxy- 
late] (250 mg) was rapidly added to the buffer. When solution was 
complete (2 min), the water-bath heater was set a t  100' (providing a 
temperature increase to 80° in 2 hr). A sample (5 ml) was immediately 
withdrawn and two 2-ml volumes were accurately measwed. To each was 
added a solution of phenol (2 ml, 0.02% w/v in a phosphate buffer con- 
taining 0.9073% KHzPOr adjusted to pH 5) as internal standard. This 
gave a final solution pH of 7: a more stable value for the penicillin (19). 
The initial penicillin concentration was determined in duplicate by 
high-performance liquid chromatographic (HPLC) analysis through 
interpolation onto a calibration curve prepared similarly over a penicillin 
concentration range of 0-50 mg/100 ml ( r  = 0.999). At frequent intervals 
throughout the run, samples (3 ml) were removed and a 2-ml aliquot was 
assayed. Time and precise temperature were also noted. 

Table 11-Arrhenius Parameter Estimates for the 
Nonisothermal Degradation of Phenoxymethylpenicillin at pH 9 

All Data Pointsa 

Parameter Value Range Units 

E 103044 95431-110657 J N o l e  
A 1.7066 E + 14 1.1225 E + 13-2.5945 E + 15 N i n  

Omission of 28.3' Pointb 

Parameter Value Range Units 

E 91262 90862-91663 Jlmole 
A 2.7090 E + 12 2.3491 E + 12-3.1241 E + 12 /Min 

0 Slope -12393.6 f 915.7 ( p  = 95%). intercept 32.771 f. 2.722 ( p  = 95%). r = 
0.98367. b Slope -10976.6 f 48.2 ( p  = 95%). intercept 28.628 f 0.143 ( p  = 95%). 
r = 0.99994. 

I; 

b 

l a  

c 

0 2 4 6  
MINUTES 

' I  

e b  

t = 6% Hrs 

I I 
0- 

MINUTES 

Figure 2-High-performance liquid chromatography of phenoxy- 
methylpenicillin syrup. Key: (a) soluent front; (b) phenoxymethyl- 
penicillin; (c) phenol (internal standard); (d) methyl paraben; (e) 
degradation product. 

At pH 6-A citrate buffer (140 ml) containing citric acid (1.76 g) and 
sodium hydroxide (0.90 g) were placed in a medicine bottle fitted with 
a thermometer and sampling port. When temperature equilibrium was 
reached potassium phenoxymethylpenicillin (70 mg) was added, samples 
were removed, and the temperature program was initiated. 

In these experiments the water-bath was programmed to rise from 60 
to 95' over a 6-hr period. This was achieved by using a motorized sy- 
ringe-drive unit to continuously adjust the thermostat. A t  frequent in- 
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tervals through the run, samples (3 ml) were removed and a phenol so- 
lution (2 ml, 0.02% w/v in water) as internal standard was added to an 
aliquot (2 ml). HPLC analysis was undertaken through interpolation onto 
a calibration curve prepared similarly over a penicillin concentration 
range of 0-50 mg/100 ml ( r  = 0.999). Time and precise temperatures were 
noted for each assay point. 

Formulated Products-Syrups were reconstituted as directed by the 
manufacturer. Typically, this involved addition of 70 ml of water to the 
product (in the case of Syrup 1) and shaking vigorously to facilitate dis- 
solving granules. The reconstituted product of nominal concentration 
(62.5 mg/5 ml and pH 5.8) was then transferred to a 150-ml clear bottle 
fitted with a sampling tube and a thermometer. 

The stability of the syrups was monitored from 60 to 95' for the pH 
6 samples. The HPLC assay was undertaken by adding phenol solution 
(2 ml, 0.25% wlv in water) to aliquots (1 ml), which were then diluted to 
50 ml with water. 

Isothermal Kinetics-Isothermal degradation was undertaken as 
described for the nonisothermal runs except that the selected tempera- 
ture was held constant throughout the experiment. A series of tempera- 
tures within the range of those in the corresponding nonisothermal 
program was used. 

HPLC-The stationary phase' was 5 pm in a 10-cm column with a 4.6 
mm i.d. The mobile phase was acetonitrile (28% v/v) in phosphate buffer 
(0.132% Na2HP0c2Hs0, 0.807% KH2P04; pH 6) pumped2 at 1 ml min-' 
under a pressure of -600 psi. The UV detect09 was operated at  271 nm 
with a sensitivity of 0.16 AUFS. Samples (20 pl) were injected onto the 
column by means of a loop injectol.4. Under these conditions phenoxy- 
methylpenicillin had a retention time of 2.2 min and phenol 3.6 min. 

Calculations were undertaken on a compute$ using a BASIC version 
(see Appendix) of NONISO or by means of a FORTRAN integral non- 
isothermal kinetics program (12) implemented on a main frame 
system6. 

-- 
READ IN DATA 

RESULTS AND DISCUSSION 

Typical results for the nonisothermal degradation of phenoxy- 
methylpenicillin (penicillin V) are shown in Table I. The transformed 
concentration-time polynomial coefficients for a first-order model and 
the isothermal rate constants attained by differentiation at  the experi- 
mental points are also shown. The Arrhenius parameter estimates for 
these data are presented in Table 11. The limits of error about the esti- 
mates are rather wide and the poor nature of the fit is further revealed 
by the correlation coefficient ( r  = 0.984), the coefficient of variation (CV 
= 10.52%), and the chi-squared statistic (6.37 X 26 degrees of 
freedom). Examination of the plotted data reveals that almost all of the 
variation arises from the first point (28.3'). This is due to the small 
amount of degradation that occurs over this initial temperature range. 
The true polynomial gradient is small, and the estimated rate constant 
is significantly affected by experimental error. The removal of this one 
point from the data set has a dramatic effect on the quality of the fit 
(Table 11). The activation energy is now estimated to (f0.51 ( p  = 95%). 
The rate constants calculated from these estimates are available for 
scrutiny and the predicted shelf-lives are shown in Table 111. The output 
from the plotting routine is depicted in Fig. 1, which shows the effect of 
the chosen model on the Arrhenius plot. This rapid visualization of the 
data immediately reveals problems in the fit. When the reaction order 
is unknown, each model can be examined sequentially, and the best-fit- 
ting data (low x2, C V ;  high r )  can be used for the shelf-life estimates. 

To establish the validity of the NONISO approach a series of experi- 
ments were undertaken to establish the reproducibility of the method. 
The results were calculated using NONISO and the FORTRAN program 
described in an earlier study (12). These data, and those from a traditional 
isothermal study, are recorded in Table IV. Also included are the results 
reported previously (12) for riboflavin which have been recalculated using 
NONISO. Data taken from a graphical presentation in a previous report 
(8) on the nonisothermal degradation of p-acetamidophenol and pro- 
cainamide have also been recalculated using NONISO and the integral 
approach. Parameter estimates from these calculations are also reported 
in Table IV. The agreement between these various estimates confirms 
the validity of the NONISO approach reported here. 

DATA 

ORDER 
TITLE 
No. OF POINTS 
TIME UNITS 
TIME, TEMP. CONC". SERIES 

Hypersil ODS Shandon Scientific. 
Model 100A, Altex Corp. 
LC3, Pye Unichem Ltd. 
Rheodyne 7120. 
North Star Horizon. 
ICL 1904s. 

WRlTE OUT INPVT DATA 

TRINSFORM DATA 

POLYNOMIAL SOLUTION 

Table 111-Shelf-life Predictions for Phenoxymethylpenicillin 
at pH 9 

- NORHEQ 

SET UP NORMAL EQUATIONS -- 9INEQ 
SOLVE SIMULTANEOUS EQ'S. AhD 

Shelf-life Predictions First Order Model 
Temperature, O t112 t a  

GENERATE WLYNOMIAL COEFFICIEWS -- POLYOUT 

OUTPVP COEFFICIENTS AND 

5 
10 
15 
20 
25 
30 

~- 
TRANSFOREUTION FOR 

ARRHENIUS ANALYSIS * 

24.44 days 
12.18 days 

149.12 hr 
77.87 hr 
41.56 hr 
22.64 hr 

ASSESS DEGREE OF FIT -- DIFF 
DIFFERENTIATES POLYNOMIAL TO 
PROVIDE ISUTHERWL RATE CONSTANTS 

FIT c 

ASSESS CORRESPONDENCE BFRiEEV 
THEORETICAL AND EXPERIHEhTAL VALUES -- LEAS0 
PROVIDES BEST ESTILUTES FOR 

3.72 days 
1.85 days 

22.67 hr 
11.84 hr 
6.31 hr 
3.44 hr 

I 

When all experimental points are used in the computation (typically 
25-30) the major source of error occurs in the calculation of rate constants 
a t  the temperature range extremes. Inspection of the graphical presen- 
tation reveals any deviation, and recalculation with the omission of ill- 
fitting data dramatically increases the validity of the parameter estimates. 
For this reason, points that correspond to degradation in excess of 95% 
for a first-order process or in excess of 80% for the zero- or second-order 
models are automatically eliminated from the data set. The elimination 
of points determined in the initial stages of the degradation is left to the 
operator's discretion. Usually few points require attention so that, pro- 
viding a reasonably complete data set has been collected, sufficient points 
remain to establish a valid analysis. In the case of phenoxymethylpeni- 
cillin (pH 9) 33 points were collected, 28 were used in the initial calcula- 
tion (Table I), and the final parameter estimates were derived from 27 
observations (Tables I1 and 111). The reduced data set may be recalcu- 
lated in part, via the Arrhenius subroutines, or in total, through the 
generation of a new polynomial expression. The first option is satisfactory 
if analytical error is small and has been adopted in all calculations re- 
ported here. However, if less precise assay results are available it is more 
effective to generate a new polynomial equation. The two approaches are 
compared in Table V. This records the effect of a f 2 %  random error in- 
corporated into the concentration values and reveals that polynomial 
regeneration is more effective in providing an acceptable solution with 
this degree of error. To reduce the effect of analytical error it is advisable 
to design the nonisothermal temperature program to cover a range not 
less than 25' and to monitor the degradation over a period of a t  least one 
half-life. 

Figure 2 is a typical chromatogram from a phenoxymethylpenicillin 
syrup and shows that excipients and degradation products are detectable 
but do not interfere with the analysis. The results of the nonisothermal 

A .  E AND ERROR 

OUTPLT 
G I V E  RESULTS OF ARRHEkICS A.IALYSIS 

-- 
AND ASSESS DEGREE Of FIT 

GPAPHICAL REPRESENTATION OF DATA 
AND ALLOk'S REXOVAL OF DATA POI'IIS 

Scheme 1-Structure of NONISO. 
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Table IV-Comparison of Differential and  Integral  Calculations of Nonisothermal Degradation Data 

Run 

Differential (NONISO) Integral (Anderson) 
Predicted K Predicted K 

Temperature E A ( X  lo2 hr-l) E A ( X  lo2 hr-l) 
Range (d/mole) ( X  hr-l) 25" 50' (J/mole) ( X  hr-l) 25' 50' 

Nonisothermal 
(Phenoxymethylpenicillin pH 9) 

1 

2 

3 

Isothermal 
(Phenoxymethylpenicillin pH 9) 

Nonisothermal 
Riboflavin (12) 

p-Acetamidophenol (8) (Nonisothermal) 

280-81° 91024 
(413)a 

3lo-78O 90966 
(1125)" 

31O-60" 89496 
(2305)" 

(2282) a 
30-720 86485 

2lo-70.5O 82552 

34.9O-83' 67245 
(2420)" 

(4632)" 
71 128(8)' 

1.496 
(0.205)" 
1.345 

(0.444)" 
0.809 

(0.464)" 

0.261 
(0.152)a 

0.1075 
(0.064) a 

5.282 X lo-: 
(4.244 x 10-0 

Procainamide HCI (8) (Nonisothermal) 34.9'-82.6" 129513 4.57 X lo3 
(9232)' (4.39 X lo3) 

121336(8)' 

1.697 29.07 91209 
(43)b 

1.562 26.71 90076 
(71)b 

1.700 27.76 94494 
(157)b 

1.848 27.46 

3.718 48.89 84888 

8.745 7.131 68810 
x lo-" X (3284)b 

9.328 5.311 120967* 
x x lo-' (3396) 

(242) 

1.588 1.673 28.81 
(0.024) 
0.977 1.625 27.02 

(0.025) 
5.045 1.412 26.95 

(0.028) 

0.2558 3.448 48.77 

9.2316 X 8.129 6.961 
(0.0221)b 

(9.606 x 10-7) x 10-3 x 10-2 

2.3383 X lo2 1.500 6.539 
(2.363 X lo2) X X lo-* 

a Confidence interval 95%. Standard deviation units. Literature values. 

Table V-Effect of f2% Random E r r o r  in Concentration on E from Nonisothermal Degradation of Phenoxymethylpenicillin 
(PH = 9) 

~ ~- 

Run Result 
Source 1 2 3 4 5 Mean cv, % 

Arrhenius Recalculated 111674 94420 90161 93714 85814 95157 10.3 
Polynomial Regenerated 91655 86647 90850 88772 88662 89317 2.2 

degradation of formulated products are illustrated in Table VI. A high 
degree of similarity is observed between shelf-life estimates from 
NONISO and those obtained using the integral method of Anderson et 
al. (12). The estimates compare well with those predicted from isothermal 
accelerated tests and with shelf-lives measured a t  the storage tempera- 
ture. The advantages of this approach include the availability of a full 
kinetic profile with no more effort than is required by a single isothermal 
rate determination. Zero-, first-, and second-order (a  = b; a # b) and 
first-order equilibrium reactions may be handled. A set temperature 
program is not required and the heating rate can be adjusted readily to 
suit the stability of the formulation. Only simple apparatus is required, 
and degradation in the final dispensing container is easily monitored. In 
addition, the use of an analytical rather than an iterative solution to the 
kinetic equations requires a relatively short processing time. This allows 
effective use of a BASIC program, which can be run on inexpensive mi- 
crocomputers rather than requiring main-frame computing facilities. The 
use of this approach should enable nonisothermal kinetic procedures to 
be available on a routine basis. 

APPENDIX 

NONISO, a BASIC computer program, has been written for imple- 
mentation on a Z80-based microcomputer with 64K RAM5 and requires 
-22K for the fully labeled version. A listing of the program is available 
on request, from the authors. Scheme I illustrates the structure of this 
program. Individual operations have, as far as possible, been incorporated 
into separate subroutines to allow modification or extension to be easily 
achieved. Although BASIC does not allow subroutine names, these are 
used in the discussion for purposes of clarity. DATA (lines 3940-4300) 
are written into the program before computation. This records the pro- 
posed order of reaction, an identifying label for the experiment, the 
number of data points, and the time units used. This is followed by time, 
temperature, and residual concentration measurements for each exper- 
imental point beginning with time zero. 

The segment MAIN (lines 470-1080) sets dimensions, reads in the 
input data, and transforms the concentration values (compare Eqs. 4-7) 
so that differentiation of the polynomial yields k T  values. Subsequent 
calls to the major subroutines follow. 

The NORMEQ (lines 115Cb1270) routine sets up the normal equations 
for the solution of the transformed concentration data in terms of a time 
polynomial. The normal equations take the form: 

N 

, = I  
N 

r = l  

t,2(lnCt,) = ooZt,2 + a l Z t , 3  + a2Zt,4 + . . . unZttn+P 

x t,"(lnC,,) = aoZt," + u l Z t r n + l  + u&,n+2 + . . . anZt,2" 

where n is the order of the polynomial and N is the number of data points; 
the program is able to generate polynomials up to the tenth order. The 
maximum available order, however, is dictated by the word length of the 
computer used. Values in excess of Zt,2n are generated and overflow 
errors may occur. In practice, a sixth-order polynomial was found satis- 
factory, with higher orders giving no improvement. 

The subroutine SIMEQ (lines 12W1700) solves up to 10 simultaneous 
equations by the Gauss Elimination Method (20). A typical execution 
time for 30 points is 90 sec. 

POLYOUT (lines 1710-1930) presents the coefficients for the poly- 
nomial and the calculated values are compared with the observed 
transformations. Subroutine FIT (lines 1940-2100) is also called to cal- 
culate a determination coefficient, the coefficient of variation, and the 
chi-squared va lu .  

DIFF (lines 21 10-2330) differentiates the polynomial expression and 
the result is solved for the experimental points to yield the isothermal 
rate constants throughout the run. The experimental data are modeled 
well but extrapolation beyond this range rapidly introduces unacceptable 
error. Transformation for the Arrhenius analysis (kr - hkT; T - 1/T) 
is thus undertaken, and the parameters (A&) are estimated by LEASQ 
(lines 234W2540), which undertakes a linear least-squares analysis of the 
data. 

The parameter estimates and correlation coefficients are printed by 
OUTPUT (lines 2550-2780) which also provides 95% error limits for the 
estimates. The isothermal rate constants predicted by the model are 
compared with the experimental values, and the degree of correspondence 
is again assessed by subroutine FIT. 

PLOT (lines 3000-3750) is a suhroutine that displays the theoretical 
regression line together with the experimental points, thus allowing a 
visual assessment of the significance of the fit. Options are available to 
remove wildly deviating points: in practice, if this is necessary, these are 
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Table VI-Parameter Estimates for Formulated Products  

Differential (NONISO) Integral (Anderson) 
Predicted t m  Predicted two 

Temperature E A 25" 50" E A 25" 50" 
Run Range (J/mole) ( X  hr-l) (days) (hr) (J/mole) (X hr-l) (days) (hr) 

Svrun 1 
Noni'sotherrnal 60"-94' 82717 0.251 

(967)a (0.070) a 
Isothermal 25"-5O0 80250 0.1067 

Syrup 2 83945 0.557 
Nonisothermal 61-95" ( f 1788)a (f0.254)O 

85840 1.115 
(2169)a (0.579)a 

Solution (pH 6) 
Nonisothermal 60"-95" 92610 2.639 

(6804) (2.37)O 

0 Confidence interval. Standard deviation units. 

the initial data points when the concentration is changing slowly and is 
thus subject to more error. The regression calculations are then repeated' 
on the reduced data set. 

When a satisfactory model is obtained, the subroutine PREDICT 
(2790-2990) calculates the tggm, and t l l 2  values a t  typical storage tem- 
peratures to assess the shelf-life of the formulation. The model can then 
be changed by the use of the appropriate code [line 3940; 0-zero-order, 
I-first-order, 2-second-order (a = b ) ,  3-second-order (a # b ) ]  and 
the calculations are repeated. 
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Abstract 0 Preliminary studies showed that the vaginal membrane 
permeability coefficients for vidarabine (9-8-D-arabinofuranoyladenine) 
varied widely within a group of mice of the same species and age. This 
finding prompted an investigation of the influence of the female mouse 
sexual cycle on the vidarabine permeability. By means of a vaginal smear 
technique, the sexual cycle, which was -5 days in duration, was divided 
into five phases. The vaginal membrane permeability of vidarabine was 
determined during each phase. The results revealed that the permeability 
coefficients for vidarabine during the diestrus phase (3 X 10-64 X 
cmhec) were 10-100 times higher than those obtained at the early estrus 
or estrus phases (1-3 X cmhec). Further permeation studies on 
membranes at  early estrus and estrus were performed by separating the 
cornified layer from the noncornified portion of the membrane. The low 
permeability coefficient of vidarabine across the cornified layer (4 X 
cm/sec) suggests that this layer may be the major diffusion barrier for 
vidarabine when the drug is topically applied. Collectively, the data also 
suggest that during estrus a three-layer diffusion model is appropriate, 
that during early diestrus a single-layer diffusion model may apply, and 
that during proestrus and postestrus the situations are intermediate and 
more complicated. 

Keyphrases Vidarabine-vaginal membrane permeability in mice, 
diffusion barriers, effect of the estrous cycle Permeability-vaginal 
membrane to vidarabine, determination of Coefficients, effect of the es- 
trous cycle Estrous cycle-effect of vaginal membrane permeability 
to vidarabine in mice 

A physical model of simultaneous transport and bio- 
conversion of vidarabine (9-@-D-arabinofuranoyladenine, 
I) in the hairless mouse skin has been reported, (1,2). It 
was concluded that the low efficacy of I in topical therapy 
involving skin may be due to the extremely low perme- 
ability of I through the stratum corneum and the rapid 
enzymatic decomposition of I to 9-P-D-arabinofurano- 
sylhypoxanthine (11). In more recent reports (3, 4), the 
model was explored in detail, and a prodrug of I, vidarab- 
ine-5’-valerate (III), was investigated for its ability to 
overcome both the low permeability and enzymatic de- 
composition problems. 

Stirrer 

I 
I 

I 
DONOR I 

Stirrer 

’ d o  I 
I 
I RECEIVER I 
I 

Figure 1-Diffusion cell for the membrane permeability coefficient 
determinations. Key: (M) membrane; (Aq) aqueous diffusion layer. 

Since infections of the human genital tract with Herpes 
simplex virus (HSV types 1 and 2) have become increas- 
ingly important (5-7), it is desirable to investigate the 
deliverability of I, an antiviral drug, in the genital tract 
using an animal model. In the present report the perme- 
ability and diffusivity parameters of I were studied on 
excised vaginal membranes of the female mouse, with 
particular emphasis on how the estrous cycle may affect 
these transport parameters. 

THEORETICAL 

Aqueous Diffusion Layer Permeability Coefficient-Often the 
aqueous diffusion layer is unimportant in influencing overall transport 
in membrane diffusion experiments. However, in instances where the 
aqueous diffusion layer thickness is relatively large, its influences on both 
the steady-state transport and the lag time may be appreciable. The 
aqueous diffusion layer permeability (P,) of I may be calculated 
from: 

where D. is the aqueous diffusivity of I and h ,  is the aqueous diffusion 
layer thickness. The aqueous diffusion layer thickness has been deter- 
mined (4) from initial dissolution rate data obtained using benzoic acid 
disks placed in the same configuration as the membrane in the diffusion 
cell by means of: 

(Eq. 2) 

where R is the initial dissolution rate of benzoic acid, A is the effective 
diffusional area, C. is the aqueous solubility of benzoic acid, and D is the 
aqueous diffusivity of benzoic acid. The initial dissolution rate of benzoic 
acid is the initial linear slope obtained by plotting the amount of benzoic 
acid dissolved in the diffusion cell against time. The aqueous diffusivity 
of I can be estimated from: 

D,  = D 

where Ma is the molecular weight of I and M is the molecular weight of 
benzoic acid. 

Vaginal Membrane Permeability Coefficient-The vaginal 
membrane permeability coefficient ( P )  of I can be determined by con- 
ducting a permeation experiment in a diffusion cell (Fig. 1). In such an 
experiment the steady-state flux of I across the membrane is equated to 
the product of the apparent permeability coefficient and the concen- 
tration gradient 

(Eq. 4) 

-+- 
Where V is the volume of solution in the receiver cell, C;’ is the donor side 
concentration of I at time t ,  and Cf is the concentration of I in the receiver 
cell a t  time t.  When only initial steady-state flux is used, Cf is much 
smaller than Ct,  and Cf - Ct = Co. where Co is the initial donor side 
concentration of I. Equation 4 may be simplified and solved to give: 

p 2P.q 
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Stirrer 

Figure 2-Diffusion chamber modified for a bilayer membrane de- 
sorption experiment. Key: (Md membrane sublayer 1; (MZ) membrane 
sublayer 2; (G) glass block; (Aq) aqueous diffusion layer. 

where L is the lag time and may be obtained from experimental data as 
the intercept on the time-axis when the steady-state Ct values are plotted 
against time. The membrane permeability coefficient of I can thus be 
calculated from the initial linear slope of the concentration-time plot. 

Calculation of the Membrane Thickness from the Lag Time-If 
the vaginal membrane can be viewed as mono- or multi-ply laminate-like 
skin, it is possible to calculate the theoretical membrane thickness from 
the permeation lag time. The general relationship between the lag time 
and the layer thickness for an n-layer laminate (8) is: 

r 

where L is the lag time, k, is the partition coefficient between ith and (i + 1)th layers, Dj is the diffusivity of ith layer, and hi is the thickness of 
ith layer. 

In the case of a homogeneous membrane, the total number of layers 
in Eq. 6 is 3 (n = 3), because there exist two identical aqueous diffusion 
layers, one on each side of the membrane. Also, if it is assumed that the 
partition coefficient of I between viable tissue and water is unity [which 
is a good assumption for the solute in this study (411, then: 

Di p.  =- 
I hi (Eq. 7) 

where Pi is the permeability coefficient of the ith layer. Equation 6 can 
be rewritten as: 

where p is the permeability of homogeneous membrane and h is the 
membrane thickness. 

Membrane Diffusivity from a Desorption Experiment-To con- 
firm the diffusivity values obtained from the permeation experiments, 
an alternative experiment, called the desorption experiment, may be 
conducted which gives a direct estimate of the membrane diffusivity. In 

Table I-Microscopic Characteristics of the Vaginal Smear as a 
Function of the Sexual Cycle 

Duration, Microscopic Characteristics 
Phase days of Vaginal Smears 

Diestrus 1-3 Exclusively leukocytes 
Proestrus -1 Leukocytes and nucleated 

Early estrus 0.5-1 Epithelial cells, may have 

Estrus 0.5-1 Exclusively cornified cells 
Postestrus -1 Leukocvtes and cornified cells 

epithelial cells 

some cornified cells 

Table 11-Aqueous Diffusion Layer Permeability 
Coefficients of I 

Experiment h,  X lo2, cm Pa, x lo3, cm/sec 

1 1.07 
2 1.00 
3 1.02 

Average 1.03 

1.01 
1.08 
1.06 
1.05 

this method, the initial desorption rate of a membrane that has been 
loaded with a known concentration of drug is measured. The membrane 
diffusivity is then determined from: 

and 

--=coE dCt V 
dt  A 

c, = 14%) Jt 

(Eq. 9)  

(Eq. 10) 

where Ct is the solution concentration at  time t ,  V is the volume of the 
diffusion cell solution, A is the effective diffusional area, CO is the initial 
drug concentration in the membrane, and D is the diffusivity of the 
membrane. Equation 9 is solved to give Eq. 10. By plotting the C, uersus 
fi, the diffusivity of the membrane can be calculated easily from the 
initial slope. 

If the membrane is effectively multilayered, only the diffusivity of the 
sublayer facing the diffusion chamber is determined from the initial 
desorption rate. In the simplest case of a bilayer membrane, the diffu- 
sivity of each layer may be measured independently with this method 
(Fig. 2). 

EXPERIMENTAL 

Material~-[~H]-2-1' was used after being purified by high-perfor- 
mance liquid chromatography (HPLC), and the purity was further 
checked by TLC before experiments were started. (3H]-2-II was prepared 
from [3H]-2-I by treating the latter with adenosine deaminase2 and TLC 
purification. Female Swiss Webster mice3, 10-14 weeks old, were used 
for the experiments. Liquid scintillation counter cocktail4, normal saline 
solution5, 1% methylene blue in methanol solution, cellulose membrane6, 
sulfuric acid7, and sodium sulfite7 were also used in the experiments. 

Diffusion Cells-Because of the small available area of the mouse 
vaginal membrane ( 4 . 8  cm X 1.0 cm), specially designed diffusion cells 
were used in these experiments. The outside dimensions of the glass 
diffusion cell are shown in Fig. 3. I t  has two ports, one for the stirrer and 
the other for sampling access. The stirrer port was 2.2 cm in length and 
the sampling port was 1.0 cm in length. The diameter of the cell opening 
was 0.6 cm, which provides an effective diffusional area of 0.28 cm2 for 
a cell volume of 1 ml. The stirrer was made of polytetrafluoroethylenes 
and was operated by a constant-speed motorg. 

Vaginal Membrane Preparation-The female mouse waa sacrificed 
by snapping the spinal cord at the neck. The lower abdomen was cut open, 
and the fat tissue was removed to reveal the Y-shaped reproductive 
system. A pair of hemostatic forceps were clamped on the uterus 4 . 5  
crn above the cervix to fix the position while the pubic bone was cut open, 
and the connection between the system and the surrounding tissue was 
carefully removed. The vagina, which is located between the cervix and 
the orifice, was then separated from the uterus. The tube-shaped vagina 
was carefully checked to free any tissue debris from the surface prior to 
cutting it open and using it for the experiment. 

In cases where only the noncornified part of the membrane was to be 
used for an experiment, the vagina of the mouse at estrus was obtained 
by the aforementioned method. After cutting open the membrane, the 
cornified layer, which is on the mucosal side, was completely removed 
from the rest of the membrane with a pair of tweezers. 

'Courtesy of Dr. T. H. Haskell, Warner-Lambert Labs., Ann Arbor, MI 

* Sigma Chemical Co., St. Louis, MO 63178. 
Charles River Breeding Labs., Inc., Wilmington, Mass. ' Amersham Corp., Arlington Hts., IL 60005. 
0.996 NaCl irrigation USP, Abbott Labs., N. Chicago, IL 60060. 
Spectrapor #l. Spectrum Medical Industries, Inc., Los Angeles, CA 90054. 
Fisher Scientific Co.. Fair Lawn, NJ 07410. 
Teflon; registered trademark of E.I. du Pont de Nemours & Co., Inc., Wil- 

Hurst Mfg. Co., Princeton, Ind. 

48105. 

mington, Del. 
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Table 111-Vaginal Membrane Stability with Respect to the Permeability of I 

Cycle 
Phase Mouse 

Permeability Coefficient X I@, cm/sec 
t = 20 hr t = 27 hr Fresh t = 4 h r  t = 8 h r  t = 16 hr 

Diestrus 79013 30.8 29.6 
79016 41.1 35.2 
79018 35.1 33.8 
79023 30.3 38.9 
79051 16.2 14.5 
79030 08.5 07.8 
79020 03.4 03.2 
79045 06.5 02.7 
79044 05.9 . . ~ ~  

79052 04.7 
79053 05.1 

Estrus" 79043 0.98 
79009 0.93 
79067 1.25 

03.9 
01.1 
05.6 
0.65 
0.74 
- 

30.7 74.0 
39.5 50.5 
34.4 56.5 
26.6 50.4 
21.1 56.4 
- - 
- - 

01.8 - 
03.8 12.6 
01.8 04.9 
16.9 53.5 
0.55 

0.90 
- 

- b 97.1 
- 63.4 
- 71.2 
- 71.5 

67.7 - 
- - 

- - 
16.5 - 
06.3 - 
58.6 - 

Only the noncornified part of the estrus membrane was used in this experiment. - Not determined. 

Vaginal Membrane Thickness Measurement-A micrometer10 was 
used to obtain the membrane thickness. The vaginal membrane, after 
being removed from the body and cut open, was sandwiched between two 
microscope cover glasses. The total thickness was then measured with 
the micrometer. The membrane thickness was obtained by subtracting 
the thicknesses of the cover glasses from the total thickness. 

Mouse Estrous Cycle Determination-The female mouse estrous 
cycle could be determined easily by microscopic examination of the 
vaginal smears (9). The vaginal smears were obtained by means of an 
ordinary pipet, the tip of which had been flamed to a smooth, reduced 
aperture. A few drops of normal d i e  solution were drawn into the pipet, 
introduced into the vagina, and then retracted into the pipet. The fluid 
was transferred to a microscope slide and stained with a drop of meth- 
ylene blue to add contrast and bring out the nuclei. Examination for cell 
type was carried out under low- and high-power magnification. Three 
major types of cells were found in the vaginal smears: leukocytes, epi- 
thelial cells, and cornified epithelial cells. The estrous cycle phase was 
determined by the types of cells present in the vaginal smears (Table 
I). 

Aqueous Permeability Coefficient Determination-Benzoic acid 
pellets were made by directly compressing 100 mg of the material in a die 
(1.3-cm i.d.) under a force of 1362 kg (3000 lb) using a laboratory press". 
The pellet was mounted between one chamber of a diffusion cell and a 
same-size glass plate. The whole setup was coated with wax and immersed 
in a 37O water bath. One milliliter of 0.01 N HCl, pre-equilibrated at 37", 

n 

p 1 . 0  cm 4 I 
I C  

Figure 3-Diffusion cell for the permeation experiments. Key: (A)  
sampling port; fB)  stirrer port; (C) membrane. 

lo L. S. Stmrett Co., Athol, MA 01331. 
l1 Model B. Fred Carver, Inc., Summit, N.J. 

was introduced into the cell at time zero. The benzoic acid concentration 
in the solution was determined by UV absorption at 227 nm against a 
standard curve. 

Vaginal Membrane Permeability Coefficient Determination-As 
soon as the vaginal membrane was sandwiched between two diffusion 
cells, 0.9 ml of the normal saline solution, pre-equilibrated at 37", was 
introduced into each chamber. The diffusion cell setup was then im- 
mersed in a 37" water bath and was allowed to stand for 5 min to reach 
thermal equilibrium. Normal saline solution (100 pl) was added to the 
receiver chamber at the end of this 5-min period, and 13H]-2-I or [3H]-2-II 
in 100 pl of normal saline solution was added to the donor chamber by 
pipet to start the experiment. Aliquots (100 pl) from the receiver solution 
were drawn with a micropipet a t  given time intervals and were transferred 
immediately into a scintillation vial containing 10 ml of scintillation 
counter cocktail. An equal volume of normal saline solution was added 
to the receiver chamber after each draw to replace the removed aliquot. 
The donor solution concentrations at  the first half-minute and at the end 
of the experiment also were determined in the same way to obtain the 
initial concentration and to check the mass balance. 

Preparation of Cellulose Membrane-The cellulose membrane was 
cut to a suitable size before it was soaked in running water for 3-4 hr to 
remove the glycerol. The membrane was then treated with 0.3% sodium 
sulfite solution, preheated to 80", for 1 min followed by washing with 60" 
distilled water for 2 min. The washed membrane was acidified with 0.2% 
sulfuric acid and then cleaned with distilled water. The purpose of this 
procedure was to remove sulfides on the membrane. 

Cellulose Membrane Permeability Coefficients-Experiments 
to determine the cellulose membrane permeability coefficients were 
performed in the same manner as the determination of vaginal membrane 
permeability coefficients, except that the cellulose membrane was 
mounted in the diffusion cell. 

Stability of the Vaginal Membrane-The vaginal membrane sta- 
bility under the experimental conditions was studied by performing 
consecutive permeation experiments on the same membrane. The 
membrane was washed several times with normal saline solution for 2 
hr between the two experiments. The washing solution from both 
chambers was checked to make certain that the membrane was free of 
any residue from the previous run. When the cellulose membrane was 
used to increase the vaginal membrane stability, the excised vaginal 
membrane was sandwiched between two pieces of cellulose membrane 

Table IV-Stability of Cellulose Membrane-Protected Vaginal 
Membrane with Respect to the Permeability of I a 

Cycle 
Phase Mouse Fresh t = 2 hr t = 4hr  t = 8 h r  t = 24hr 

Permeability Coefficient X lo6, cm/sec 

Diestrus 80113 4.6 5.0 5.2 4.5 7.8 
80139 3.8 3.6 3.2 3.6 3.5 

Estrusb 80146 1.10 - 1.02 1.08 - 
80160 1.17 - 1.21 1.15 - 

90.0 - 91.0 - 89.5 Cellulose - 
membranec 

0 The membrane was sandwiched between two pieces of cellulose membrane 
before being mounted in the diffusion cells. Each permeability measurement was 
conducted for 2 hr. The membrane was washed with normal saline between runs. 

Noncornified part of the membrane. c The reported values have been corrected 
for the presence of aqueous diffusion layers. d - Not determined. 
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Table V-Comparison of Vaginal Membrane Permeability 
Coefficients of I and IIa 

Permeability Coefficienth X 106, 
Cycle 
Phase 

cm/sec 
Mouse I I1 

. q 0 0 
6 

Diestrus 80157 9.24 (l)c 9.37 (2) 
80233 5.28 (2) 5.40 (1) 

Estrusd 80229 1.34 (1) 1.21 (2) 
80228 1.01 (2) 1.08 (1) 

Membranes were protected with cellulose membrane to increase stahility. 
Covidarabine, an adenosine deaminase inhibitor, was used in the permeability 

coefficient measurement of I to inhibit the conversion of I to 11. The number in 
the parentheses indicates the run order. 

Table VI-Statistical Comparison of Vaginal Membrane 
Permeability Coefficients of I During Different Cycle Phases" 

Noncornified part of the membrane. 

8 

8 
0 

0 
0 

LL 
U 
W 
Q V I  

V 8 
Significance 

Diestrus 
Diestrus - Proestrus 
Proestrus 0.0000 - Early 

Early estrus O.oo00 0.0002 - Estrus 
Estrus 0.0000 0.0002 0.5706 ~ Postestrus 
Postestrus 0.0000 0.6501 0.0002 0.0002 - 

estrus 

0 Nonparametric Mann-Whitney method was used in this statistical comparison. 
Significance value smaller than 0.05 was considered as an indication of significant 

difference between phases. 

Table  VII-Statistical Comparison of Vaginal Membrane 
Thicknesses During Different Cycle Phasesa 

0 

8 
0 
0 
0 

s" 8 
0 

0 
DIESTRUS EARLY ESTRUS POSTESTRUS 

PROESTRUS ESTRUS 

Figure (-Vaginal membrane permeability coefficients of I during 
different estrous cycle phases. 
before being mounted in the diffusion cell. This procedure was carried 
out very carefully to prevent any air bubbles from being trapped between 
the vaginal and cellulose membranes. 

Desorption Experiment-The prepared vaginal membrane was 
soaked for 3 hr in 0.5 ml of normal saline with a known amount of com- 
pound I in the solution. I t  was then mounted between a diffusion cell and 
a glass block. One milliliter of normal saline, pre-equilibrated at 3 7 O ,  was 
added to the diffusion chamber at time zero. The concentration in the 
diffusion cell was determined in the same manner used in the membrane 
permeability experiment. 

Significance * 
Diestrus 

Diestrus - Proestrus 
Proestrus 0.5437 - Early estrus 
Early estrus 0.0002 0.0003 - Estrus 
Estrus 0.0035 0.0040 0.3047 - Postestrus 
Postestrus 0.2879 0.6493 0.0002 0.0100 - 

a Nonparametric Mann-Whitney method was used in this statistical comparison. 
Significance value smaller than 0.05 was considered as an indication of significant 

difference between phases. 

Table VIII-Permeability Coefficients of I in the Noncornified 
Part of the Vaginal Membrane a t  the Estrus  Phase 

RESULTS AND DISCUSSION 

Aqueous Diffusion Layer Permeability-Three benzoic acid dis- 
solution experiments were conducted which gave an average aqueous 

5r 

Permeability 
Coefficient x 106, 

cm/sec Mouse 

79009 0.93 
0.98 
1.25 
1.32 
1.32 
1.00 

1.13 f 0.07 

. . ~ ~ ~  

79043 
79067 
80109 

0 

80122 
80127 

Average 0 

8 
8 0 

diffusion layer thickness of 1.03 X lo-* cm. The aqueous diffusivity of 
I was estimated from Eq. 3 using a reported value (10) of 1.4 X 
cm2/sec for the aqueous diffusivity of benzoic acid. The aqueous diffusion 
layer permeability coefficient was then calculated from Eq. 1 (Table 
11). 

Stability of the Vaginal Membrane-The vaginal membrane sta- 
bility was checked a t  two different cycle phases (Table 111). The mem- 
branes obtained during the diestrus phase could be divided roughly into 
two groups. Those with lower permeability coefficients (4-9 X loT6 
cm/sec) showed different degrees of drop in the P-values for the first 4-8 
hr followed by a slow increase in P afterward. On the other hand, the 
membranes with high P-valves (3-5 X cm/sec) were fairly stable up 
to 8 hr. The membranes obtained a t  estrus failed to show good sta- 
bility. 

It was found that membranes protected with the cellulose membrane 
had increased stability (Table IV). The permeability coefficients were 
essentially constant up to 8 hr for the protected vaginal membranes. This 
technique was of great value for those situations in which a direct com- 
parison of P-values was desired using the same vaginal membrane. The 

€l 0 0 
8 

a > 

DIESTRUS EARLY ESTRUS POSTESTRUS 

Figure 5-Vaginal membrane thickness during different estrous cycle 
phases. 

PROESTRUS ESTRUS 
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Figure 6-Cross sections of mice vaginal membrane during different estrus cycle phases. Key: (a) diestrus phase; (b) proestrus phase; (c) 
early estrus phase; (d) estrus phase; (e) postestrus phase. 
cellulose membrane permeability coefficients of I are also listed in Table 
IV. 

Permeability Coefficients of I and 11-Since an adenosine deami- 
nase inhibitor was not used in the experiments, it was necessary to prove 
that I and its metabolite, 11, possessed the same permeability coefficient 
Table IX-Permeability Coefficient of Cornified, Noncornified. 
and Full-Thickness Membrane During the Estrus Phase 

Permeability 
Membrane Thicknessa X 104, Coefficient X lo7, 
Preparation cm cm/sec 

Cornified layer 40 
Noncornified layer 320 
Full-thickness membrane 410 

2.98b 
11.3 f 0.07c 
2.36 f 0.07 

0 An eatimate from direct measurement of the separated cornified layer and from 
microscopic measurement of the membrane cross section. Calculated from per- 
meability coefficients of the noncodied layer and full-thickness membrane using 
Eq. 12. c Average value from Table VIII. 

in the vaginal membrane. The permeability coefficients for both I and 
I1 were obtained on the same piece of vaginal membrane using the 
aforementioned membrane protection technique. As expected, the vaginal 
membrane permeability coefficients of I and I1 were essentially identical 
regardless of the cycle phase (Table V). 

Effect of the Estrous Cycle on the Vaginal Membrane Thickness 
and Permeability Coefficient-The permeability coefficient data 
collected from 58 permeability experiments were grouped according to 
the different phases of the cycle (Fig. 4). Statistical comparison of these 
five groups of data was done with the nonparametric Mann-Whitney 
method12 and the results are reported in Table VI. I t  was clear that the 
differences between the permeability coefficients a t  the diestrus phase 
and those at any other phase were highly significant. On the other hand, 
no significant difference in the permeability coefficients between the early 
estrus and estrus phases was shown, although these two phases were 

MIDAS program; Michigan Terminal System, University of Michigan, Ann 
Arbor, Mich. 
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Table X-Calculation of Theoretical Membrane Thickness from Permeation Lag Time 

Permeability 
Cycle Coefficient Membrane Thickness X 104, cm Diffusivity* X lo6, 
Phase Mouse x 106, cm/sec Calculated" Measured cmz/sec 

~~ 

Estrus' 

Average 

Diestrusd 

Average 

65799 
47943 
79067 
80109 
80122 
80127 

79015 
79016 
79018 
79023 
79060 

0.93 
0.98 
1.25 
1.35 
1.32 
1.00 

1.13 f 0.07 
30.8 
41.1 
35.1 
30.3 
37.8 

35.0 f 2.0 

63 
71 
66 
66 
70 
74 

68.3 f 3.7 
284 
310 
317 
368 
305 

317 f 14 

290 
320 
310 
300 
330 
330 

313 f 7 
300 
270 
340 
280 
320 

302 f 13 

0.88 
1.27 
1.11 
1.12 
1.15 

1.10 f 0.06 
~~ 

Calculated from the permeation la time using Eq. 8, when P,  = 1.05 X 10-3 cm/sec and haq = 1.03 X lo-* cm. * Calculated (for diestrus only) from the permeability 
coefficient and measured membrane thckness using Eq. 13. c Noncornified part of the membrane only. Early stage of the diestrous phase. 

distinguishable with the vaginal smear technique. Since the permeability 
coefficient was also a function of membrane thickness, the estrous cycle 
effect on vaginal membrane thickness was estimated, such data are shown 
in Fig. 5. Although statistical treatment of the data (Table VII) indicated 
that the membrane thickness a t  the diestrus phase was different from 
the thickness a t  the early estrus or estrus phase, the difference was only 
about twofold. In contrast, the permeability coefficients of I at estrus or 
aarly estrus were at  least 10 and up to 100 times lower than those at 
LJ iestrus. This suggested that the change of the permeability coefficients 
for I during the estrous cycle probably was due mainly to the physiological 
changes in the membrane cells rather than simply the increase of mem- 
brane thickness. A cross section of the membrane at  each phase was ex- 
amined under a microscope (Fig. 6). It showed that the membrane con- 
sisted of either two or three layers, i.e., a loose cornified epithelial layer, 
a regular epithelial layer, and a combined lamina propria and muscular 
layer. The cornified epithelial layer, which appeared only a t  estrus and 
early estrus, was suspected as the major barrier for the penetration of I 
into the membrane. The permeability data also showed, however, that 
the mean permeability coefficient of I for the membrane at  proestrus (for 
which there is not a cornified layer) already was reduced to 1.8 X 
cm/sec. This value was about 10-fold lower than the corresponding value 
at diestrus. Another point is the relatively wide variation in permeability 
coefficients of I observed during diestrus. All these suggest that although 
the cornified epithelial layer could be a primary barrier for the transport 
of I through the membrane, it was not the sole barrier. A decrease in 
permeability could be caused also by the changes in the cell properties 
during proestrus. 

Further permeation studies on vaginal membrane at  estrus were per- 
formed by separating the cornified epithelial layer from the noncornified 
part of the membrane, the latter consisting of an epithelial layer and the 
combined lamina propria and muscular layer. Since it was very difficult 
to obtain intact cornified epithelial layers, only the permeability coeffi- 
cient of the noncornified part of the membrane was measured (Table 
VIII). The permeability coefficient of the cornified epithelial layer (PI) 
could then be estimated indirectly from: 

(Eq. 11) 

where the permeability coefficients for the full-thickness membrane a t  
estrus (Pl+z)  and the permeability coefficients of the noncornified part 
of the membrane (P2) were determined experimentally. The results are 
reported in Table IX. Statistical comparison showed that the perme- 
ability coefficients of the noncornified part of the membrane at  estrus 
were significantly lower than those values obtained for the membrane 
at  diestrus. They were, in fact, comparable to the permeability coefficients 
of the membrane at proestrus. These findings support the previous 
suggestion that there is a cycle-related low permeability layer in the 
vaginal membrane in addition to the cornified layer. 

Estimation of the Permeability Coefficients of Membrane Sub- 
layers-To investigate the homogeneity of the membranes with respect 
to diffusivity, theoretical membrane thickness was calculated from 
permeation lag times using Eq. 8. Two special cases are discussed here. 
The first is the results obtained using the noncornified part of the 
membrane obtained at  estrus. These results show that the calculated 
membrane thicknesses are much smaller than those obtained from direct 
measurement (Table X). The second case involves membranes obtained 

during the early stage of the diestrus phase. These were the membranes 
with very large P-values for I. The calculated membrane thicknesses in 
this case showed no statistically significant differences from measured 
membrane thickness (Table X). The results from the second case suggest 
that, although there were two distinct physiological layers in the mem- 
brane a t  this stage in the estrous cycle, the differences between the dif- 
fusivities of I in these two layers must be either small or negligible. 
Therefore, a homogeneous membrane model should be a proper ap- 
proximation for the membrane at  this stage as far as diffusivity is con- 
cerned. The diffusivity for I for this homogeneous membrane may be 
calculated (assuming kp = 1) from: 

(Eq. 12) 
The calculated diffusivity is shown in Table X. 

The inconsistency of the calculated and measured membrane thickness 
in the first case strongly indicates that the noncornified part of the 
membrane at  the estrus phase was not homogeneous. Since it is believed 
that membrane changes during the estrous cycle involve mainly the ep- 
ithelial cells (9), the diffusivity of I in the combined lamina propria and 
muscular layer may be viewed as essentially constant throughout the 
cycle. Accordingly, the average diffusivity of I in membrane during the 
early stage of the diestrus phase (Table X) could be used as the diffusivity 
in the combined lamina propria and muscular layer a t  estrus. By micro- 
scopic estimation, of the thickness of this layer was -2.5 X cm; 
therefore, the estimated permeability coefficient was 4.4 X cm/sec. 
This high permeability coefficient value shows that the combined lamina 
propria and muscular layer has little influence on the total permeability 
of I a t  estrus. As a result, the average permeability coefficient of 1.13 X 

cmhec obtained from the noncornified part of the membrane at  
estrus could be treated as the permeability coefficient of the epithelial 
layer a t  this phase without causing any sericns error. 

Direct Measurement of Membrane Diffusivity from Desorption 
Experiment-The diffusivity data obtained from desorption experi- 
ments for both layers of the membrane during the early stage of the 
diestrus phase of the estrous cycle are given in Table XI. Although the 
diffusivity of I in the epithelial layer was lower than that of the combined 

Table XI-Direct Measurement of the Diffusivity of I on Mouse 
Vaginal Membrane from the Desorption Experiments 

D = P * h  

~~ 

Diffusivityo X lo7, cm2/sec 
Combined Lamina 

Cycle Epithelial Propria and 
Phase Mouse Layer Muscular Layer 

80099 8.91 09.6 
. Diestrus * 80111 8.50 13.0 

80102 8.63 08.3 
80126 9.41 12.6 

Average 8.9 f 0.2 10.9 f 1.2 
I 

80110 0.080 15.6 
EstrusC 80149 0.108 17.1 

80136 0.089 14.2 
80141 0.097 17.5 

Average 0.094 f 0.006 16.1 f 0.8 

Calculated from Eq. 10, where kp = 1, A = 0.28 cm2, and V = 1 cm3, * Early 
stage of the diestrus phase. Noncornified part of the membrane. 
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Table XII-Estimation of the EDithelial Laver Thickness from Permeability and DesorDtion ExDerimentsO 

Diffusivity of 
Measured Diffusivity Combined Lamina 
Membrane Permeability of Epithelial Propria and Epithelial Layer 
Thickness Coefficient” Layer* x lo9, Muscular Layer Thicknessc X lo4, 

Mouse x 104, cm x 106, cm/sec cm2/sec x 106, cm2/sec cm 

80127 330 1.00 8.49 1.60 87.7 
80122 320 1.32 9.53 1.74 70.8 
80109 300 1.35 11.4 1.46 83.0 

Average: 78.8 

a Noncornified part of the membrane during the estrus phase. 
Calculated from Eq. 13. 

Determined from the permeability experiments. Determined from the desorption experiments. 

lamina propria and muscular layer, the differences were small. Thus, the 
homogeneous membrane model still could be considered a good ap- 
proximation for the membrane at the early stage of diestrus; this is in 
agreement with the previous discussion. The average diffusivities (as 
listed in the last row of Table XI) also were comparable to the diffusivity 
data calculated from the permeability coefficient (Table X). 

In the case of the noncornified part of the membrane obtained at estrus, 
the results showed a great difference between the diffusivities of I in the 
two layers (Table XI). The average diffusivity value in the combined 
lamina propria and muscular layer, 1.61 X loT6 cm*/sec, was only slightly 
higher than the corresponding value, 1.09 X cm2/sec, obtained during 
diestrus. These results support the concept that the cycle effect is con- 
fined to the epithelial layer, as mentioned previously. 

Calculation of Epithelial Layer Thickness-By performing the 
permeability and desorption experiments on the same piece of membrane, 
the thickness of the epithelial layer for the membrane during estrus could 
be calculated with better accuracy, using: 

(Eq. 13) 

where P2 is the permeability coefficient of the noncornified part of the 
membrane, hl is the thickness of the epithelial layer, hp is the thickness 
of the noncornified part of the membrane, D1 is the diffusivity of I in the 
epithelial layer, and DL is the diffusivity of I in combined lamina propria 
and muscular layer. Pz could be obtained from the permeability experi- 
ment; D1 and DL could be obtained from the desorption experiment; hp 
is estimated from direct measurement. The only unknown left is hl, which 
then could be calculated easily. The results are listed in Table XII. The 
average thickness of the epithelial layer, 78.8 X cm, is in good 

agreement with the thickness estimated from the microscopic membrane 
cross section (70-90 X cm). 
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Abstract 0 The dissolution profiles of 11 commercially available 
papaverine, phenytoin, and sulfisoxazole dosage forms were determined 
using a dissolution simulator. The products had been the subject of earlier 
in uiuo bioavailability studies with human subjects. The use of an ab- 
sorption simulator, which is designed to provide an estimate of the op- 
timum sampling scheme for the dissolution simulator, did not provide 
useful data for this purpose. Good in uiuo-in uitro correlations were found 
for the papaverine dosage forms, which included nine controlled-release 
products. Less satisfactory correlations were obtained for the phenytoin 
capsules and the sulfisoxazole tablet products. 

Keyphrases I n  vim-in uitro correlations-papaverine, phenytoin, 
and sulfisoxazole using a commercial dissolution simulator 0 Papaver- 
ine-in uivo-in uitro correlations using a commercial dissolution simu- 
lator 0 Phenytoin-in uiuo-in uitro correlations using a commercial 
dissolution simulator Sulfisoxazole-in uiuo-in uitro correlations using 
a commercial dissolution simulator 

An earlier paper (1) described attempts to correlate the 
in uitro dissolution and in uiuo bioavailability of several 
solid dosage forms, using commercial absorption1 and 
dissolution2 simulators. That study involved the testing 
of marketed methenamine, nitrofurantoin, and chlo- 
rothiazide dosage forms, which had been the subject of 
human urinary excretion bioavailability studies. Marketed 
dosage forms of papaverine, phenytoin, and sulfisoxazole, 
which were previously evaluated in human bioavailability 
studies (2-4) using plasma concentration measurements, 
are the subject of the present study. 

EXPERIMENTAL 

Absorption Simulator Studies-The design and application of the 
absorption simulator were described previously (1); the experimental 
conditions were essentially identical to the earlier study. The initial drug 
concentrations employed in the absorption studies were as follows: 
papaverine, 100 and 200 pg/ml; phenytoin, 30 pg/ml; and sulfisoxazole, 
200 pg/ml. The surface areas of the artificial lipid barriers3 were as fol- 
lows: papaverine, 80 cm2 and 12 cm2 for the gastric phase; phenytoin, 40 
cm2 for the gastric phase, 80 cm2 for the intestinal phase; and sulfisoxa- 
zole, 40 cm2 for both the gastric and intestinal phase studies. 

Dissolution Simulator Studies-The experimental approach and 
the design of the dissolution simulator were discussed previously (1). The 
following sampling rates were utilized: papaverine, 2.5 ml every 4 min 
for 56 min in the gastric phase and every 6 min for 123 rnin in the intes- 
tinal phase; sulfisoxazole, 2.5 ml every 2.5 rnin for 32 rnin in the gastric 
phase and 188 min in the intestinal phase; phenytoin, 7.5 ml every 0.5 rnin 
for 46 min (gastric phase), using distilled water as the dissolution me- 
dium. 

The 11 papaverine hydrochloride dosage forms, previously identified 
(2), consisted of one elixir (150 mg/22.5 ml), eight 150-mg sustained- 
release capsules, one 200-mg sustained-release tablet, and one 30-mg 
compressed tablet (with a five-tablet dosage). The 11 phenytoin dosage 

Sartorius Absorption Simulator SM 16753, Sartorius Filters, Inc., San Francisco, 

Sartorius Dissolution Simulator SM 16752, Sartorius Filters, Inc., San Francisco. 

3 Artificial Gastric Lipid Barrier SM 15701 and Artificial Intestinal Lipid Barrier 

Calif. 

Calif. 

SM 15702, Sartorius Filters, Inc., San Francisco, Calif. 

forms were each 100-mg capsules of sodium phenytoin (3), and the 11 
sulfisoxazole tablets each contained 500 mg of drug (4). 

Analytical Method-AU drug solutions obtained from the absorption 
and dissolution studies were assayed spectrophotometrically at a wave- 
length appropriate for the drug and solvent. Papaverine solutions were 
diluted with 0.06 N hydrochloric acid and measured at 252 nm. Sulfi- 
soxazole solutions, diluted when necessary with the buffer solutions 
employed in the absorption and dissolution studies, were measured at 
253 and 267 nm for the pH 6.5 and 1.3 buffer solutions, respectively. In 
preliminary studies it was determined that constituents of the phenytoin 
capsules appeared to interfere in the direct spectrophotometric analysis 
of dissolution samples. Therefore, dissolution samples were acidified with 
3 drops of hydrochloric acid, extracted into 20 ml of chloroform-ethanol 
(201, v/v), and back-extracted into 5 ml of 0.1 N sodium hydroxide. The 
aqueous solution was then measured spectrophotometrically at 230 nm. 
Phenytoin samples obtained with the absorption simulator were diluted 
with 0.1 N sodium hydroxide and measured directly at 230 nm. 

Treatment of Dissolution Data-Two approaches were employed 
in the analysis of the dissolution rate data: simulated absorption data 
and general correlations. These procedures were described in detail 
previously (I) ,  using urinary excretion data. 

According to the manufacturer of the dissolution simulator (5.6). the 
cumulative amount of drug withdrawn from the dissolution vessel (Mi )  
is related to the cumulative amount of drug absorbed in uivo. Using the 

Figure 1-Dissolution profiles for sir papaverhe formulations in study 
group 1. Each data point is the mean of two determinations. The sim- 
ulated intestinal phase began after 56 min. 

0022-3549/83l0600-068 1$0 1.OOlO 
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Table I-Diffusion Characteristics and Sampling Rates Determined with the Absorption Simulator 

K d  x 103, cm/min-' a 

Gastric Intestinal 

Time Between Samples, min 
Calculatedb Actual 

Gastric Intestinal Gastric Intestinal 
Drug Phase Phase Phase Phase Phase Phase 

Papaverine - - - - 4.0 6.0 
Phenytoin 12.99 26.60 1.90 0.94 0.5 
Sulfisoxazole' 9.62 10.02 2.6 2.5 2.6 2.5 

- 

a Diffusion rate constant, calculated according to Stricker (5). * Theoretical sampling rates for the dissolution simulator, calculated from absorption simulator diffusion 
rate according to the method of Stricker (5). Values represent the mean of two determinations. 

previously obtained plasma concentration data for each drug, the amount 
of drug absorbed (A,) was calculated from: 

based on the Wagner-Nelson method (7). In this equation, v d  is the 
apparent volume of distribution; Ct is the plasma concentration at time 
t ;  K is the apparent first-order elimination rate constant, assuming a 
one-compartment model involving fmt-order absorption and elimination; 
and (AUC)u is the area under the plasma concentration-time curve over 
the time period 0-t, estimated with the trapezoidal rule. A direct com- 
parison could not be made of the amount of dissolved drug withdrawn 
from the dissolution fluid (Mi) and the amount of drug absorbed in uiuo 
(At )  because the v d  term could not be estimated accurately from the in 
uiuo data. To relate the amount dissolved in uitro to the in uiuo plasma 
drug concentrations, plots were constructed of &/Vd versus Mi. The 
slope of the least-squares line forced through the origin was then used 
to adjust the &/Vd data. 

A wide variety of correlations were also attempted to relate the in uitro 
and in uiuo data. Initially, the dissolution rate profiles were examined 
systematically to determine dissolution rate parameters which exhibited 
a reasonable rank-order relationship to a given in uiuo parameter. The 
correlation was then evaluated further from the statistical analyses of 
plots of in uiuo versus in uitro data. The various in uiuo values considered 
included the maximum plasma drug concentration, the time of maximum 
plasma concentration, the total area under the plasma concentration- 
time curve (AUC) at specific times, the time to achieve a given percent 
of the total AUC, and the percent of total AUC achieved at a given time. 

The in uitro values tested included the time for a given percentage of drug 
to be dissolved, the area under the dissolution-time profile a t  a given 
time, and the percentage of drug dissolved at  a given time. 

RESULTS AND DISCUSSION 

Analytical Methods-The spectrophotometric methods employed 
for the analysis of samples obtained with the absorption and dissolution 
simulator were all relatively simple, and the linearity and reproducibility 
of the standard curves were excellent. The correlation coefficients de- 
scribing the various standard curves were all >0.999. The slopes of these 
curves were reproducible on a daily basis and exhibited relative standard 
deviations of <3% for three to six determinations. 

Absorption Simulator-According to Stricker (5),  the diffusion rate 
constants obtained with the absorption simulator may be employed to 
determine the optimal sampling rates for the dissolution apparatus. The 
apparent fmt-order diffusion rate constants obtained with the absorption 
simulator are given in Table I, along with the theoretical optimal sampling 
rates and the sampling rates which were actually employed. 

Attempts to study the diffusion of papaverine across the lipid barriers 
were not successful. The limited solubility of the drug in the receptor fluid 
(pH 7.5) and the apparent retention of the drug within the membrane 
resulted in negligible diffusion. Attempts to increase the rate of diffusion 
with a membrane of smaller surface area (12 cm2) and a higher papaverine 
concentration (200 ng/ml) failed to provide adequate diffusion. Thus, 
the selection of sampling intervals of 4 min (gastric phase) and 6 min 
(intestinal phase) was based on preliminary trials with the dissolution 
simulator. 
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Figure 2-Dissolution profiles for six papauerine formulations in study 
group 2. Each data point is the mean of two determinations. The sim- 
ulated intestinal phase began after 56 rnin. 
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Figure 3-Dissolution profiles for six phenytoin formulations in study 
group 1. Each data point is the mean of two determinations. 
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Table 11-Reproducibility of the Dissolution Simulator 

Total Amount of Dissolved Drug, mg 
Sample Sulfisoxazole (Group 1) Pa averine rou 1) 
Time, Product 2 Product 5 Product 2 Product 4 Product 2 Product 3 
min A B A B A B A B A B A B 

6 
7 

14 
16 
18 
29 
30 
43 
46 
64 
74 

134 
139 

120 

115 
- 

- 
- 
- 
151 

158 

61 
49 

- 

- 

- 

116 

150 
- 

- 
- 
- 
147 

151 

59 
49 

- 

- 

- 

a A and B represent duplicate determinations. 

The diffusion of the phenytoin across the lipid barriers was quite rapid 
from both gastric and intestinal medii. The theoretical sampling intervals 
were 1.9 and 0.9 min for dissolution in the simulated gastric and intestinal 
fluids, respectively, based on the diffusion data. However, phenytoin was 
poorly soluble in the gastric and intestinal fluids of the dissolution ap- 
paratus, and the dissolution fluid was rapidly saturated as the 100-mg 
dosege form dissolved in 100 ml of the fluid. As a result, the sampling rate 
was changed to the maximum rate possible with the apparatus: 7.5 ml 
every 30 sec, for 45 min. In addition, distilled water was employed as the 
dissolution medium, as currently used in the USP XX dissolution pro- 
cedure. 

In preliminary trials with the dissolution of the sulfisoxazole tablets, 
it was determined that the theoretical sampling rates suggested by the 
absorption simulator were satisfactory for the study of these dosage 
forms. Duplicate determinations were made for sulfisoxazole, and the 
mean values are given in Table I. 

Individual diffusion rate constants differed from the mean by < 3% 
for both the gastric and intestinal phase studies. Only single determi- 
nations were made for phenytoin and papaverine because of the limited 
value of the absorption simulator for these drugs. As noted in the previous 
study ( l ) ,  data obtained with the absorption simulator generally was not 
applicable to the selection of appropriate conditions for the dissolution 
tests. 

Dissolution Profiles-The dissolution rate profiles of the various 
formulations of the three drugs are shown in Figs. 1-6. Each data point 
represents the mean of two dosage forms, except for the papaverine elixir 
(product 1). Too little of the elixir remained from the earlier studies to 
permit duplicate dissolution studies. The reference to groups 1 and 2 in 
each of the dissolution study profiles relates to the fact that each in oiuo 
bioavailability study involved two groups of subjects, with a reference 
(product 1) being common to both groups; e.g., six subjects received each 
of five papaverine dosage forms and the elixir, and an additional six 
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Figure 4-Dissolution profiles for six phenytoin formulations in study 
group 2. Each data point is the mean of two determinations. 
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Figure 5-Dissolution profiles for six sulfisoxazole formulations in 
study group 1.  Each data point is the mean of two determinations. The 
simulated intestinal phase began after 32 rnin. 
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Figure 6-Dissolution profiles for six sulfisoxazole formulations in 
study group 2. Each data point is the mean of two determinations. The 
simulated intestinal phase began after 32 min. 

subjects received the other five papaverine dosage forms and the elixir 
(2). 

The data for the papaverine formulations (Figs. 1-2) demonstrated 
rapid dissolution for both the elixir (product 1)  and the compressed 
tablets (product 3). Each of the sustained-release dosage forms dissolved 
more slowly, including product 5 which was a 200-mg tablet. The amount 
of drug dissolved for each product decreased when the pH of the disso- 
lution medium was increased to 6.5 after 56 min, suggesting precipitation 
of the papaverine under these conditions. 

The dissolution of the majority of the phenytoin capsules was quite 
rapid, with all but 3 of the 11 products being a t  least 85% dissolved within 
10 min. Product 2 in group 1 was slowly and incompletely dissolved even 
after 45 min, and this product also exhibited the poorest in uiuo bio- 
availability (3). 

The dissolution of each of the sulfisoxazole tablet products (Figs. 5 and 
6) proceeded more rapidly after 32 min when the pH of the dissolution 
fluid was increased to 6.5. The two products which dissolved the slowest, 
product 5 (group 1) and product 2 (group 2), also failed the USP XVIII 
dissolution specifications (applicable at  the time the in uiuo studies were 
conducted). 

In general, the reproducibility of the duplicate determinations was 
reasonably good. Table I1 summarizes individual dosage form values for 
the fastest and slowest dissolving formulation of each of the three drugs. 
By comparison, relative standard deviations for 12 replicate determi- 
nations of the dissolution of the phenytoin capsules, using the USP XX 
method (8), were <5% at each sampling time4. At the time of the sulfi- 
soxazole bioavailability study, the various tablets were also subjected to 
the USP XVIII dissolution test, using six replicates. Samples were ob- 
tained only at  30 min. The dissolution values obtained for products 2 and 
5 (Table 11) were 475-511 mg and 90-125 mg, respectively. There is no 
official dissolution test for controlled-release papaverine dosage forms; 
therefore, these products were only studied with the dissolution simu- 
lator. 

Simulated Absorption Profiles-Using the approach described 
earlier, attempts were made to relate the amount of drug dissolved in 
uitro and the amount in the body during the in uiuo studies. This ap- 
proach was not successful with data from either the phenytoin or the 

Personal communication from V. P. Shah, Division of Biopharmaceutics, Food 
and Drug Administration, Rockville. MD 20857, on April 14,1982. 
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Figure 7-Comparison of the total amount of papauerine withdrawn 
from the in vitro dissolution system (Mi) and the adjusted in vivo ab- 
sorption profiles fAJVd) for three papauerine formulations in study 
group 1 .  Each in vitro data point is the mean of two determinations for 
products 2 and 6 and a single determination for product 1 .  Each in vivo 
data point (0)  is the mean ofsir  subjects. 

sulfisoxazole studies. Since the dissolution rate determinations for the 
phenytoin capsules were terminated after only 45 min, comparisons of 
the in uitro and in uiuo absorption profiles were not meaningful. With 
the sulfisoxazole tablets, i t  was determined that the amount dissolved 
in uitro, in general, greatly underestimated the amount of drug absorbed 
in uiuo for all products. Thus, no useful relationships could be discerned. 
However, there was a reasonably good correlation between the in uitro 
and in uiuo data for the papaverine products, except for products 4 and 
5 of group 1. Representative data are shown in Figs. 7 and 8. Since the 
two in uiuo study groups differed significantly in the plasma papaverine 
concentrations obtained with the reference elixir, the data were analyzed 
separately for the two groups. Plots of At/Vd uersus Mi yielded slopes 
of 1.77 X ml-’ for groups 1 and 2, respectively. The 
slope value can be considered as a correction factor incorporating the v d  
term and other in uiuo variables not present in the in  uitro system. 

General Correlations-This data treatment represents a more 
classical approach which attempts to relate an in uitro parameter, such 
as percent dissolved at  a given time, to an in uiuo parameter, such as area 
under the plasma concentration-time curve (AUC), maximum plasma 
concentration (C,,), or time of maximum plasma concentration (t,,.,,). 
Although a wide variety of potential correlations were tested, only those 
resulting in the best correlation are presented herein. 

Papauerine-Good correlations were observed for plots of C,, uersus 
percent dissolved in 30 min in uitro, r = 0.917 (p  < 0.01), and the 0-10 
hr AUC, r = 0.899 ( p  < 0.01), or C,,,, r = 0.869 ( p  < 0.01), uersus area 
under the dissolution-time curve for 3.2 hr. The best correlation (Fig. 
9) related the 0-10 hr AUC to the percent dissolved in 30 min, r = 0.922 
( p  < 0.01). The group 1 and group 2 data were plotted together by nor- 
malizing the group 2 AUC values by the ratio of the AUC values for the 
reference elixir which was common to both study groups. 

Phenytoin-The best correlations resulted when in uiuo tmax values 
were plotted uersus the time for 50% dissolution in uitro ( t m ) ,  r = 0.909 
( p  < 0.01), or the percent dissolved in 7 min, r = 0.827 ( p  < 0.01). The 
t , ,  values for the group 2 subjects were normalized by the ratio of the 
t,,, values for reference (product I), which was common to both groups. 

and 1.15 X 
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Figure 8-Comparison of the total amount of papauerine withdrawn 
from the in vitro dissolution system (Mi) and the adjusted in vivo ab- 
sorption profiles ( A n d )  for three papauerine formulations in study 
group 2. Each in vitro data point is the mean of two determinations for 
products 7 and 11 and a single determination for product 1. Each in vivo 
data point (0) is the mean of sin subjects. 

As shown in Fig. 10, products 2 and 5 of group 1 did not fit the correlation 
employed to describe the other nine dosage forms. 

Since the completion of these studies, new USP dissolution specifi- 
cations have been published for phenytoin capsules (9). These dosage 
forms have been divided into two types, based on dissolution character- 
istics. “Prompt” capsules must dissolve 285% within 30 min, using 900 
ml of water and the USP Apparatus I a t  50 rpm. “Extended” capsules 
must dissolve 135% in 30 min, 30-70% at  60 min, and 280% in 120 min, 
using the same dissolution system. As shown in Fig. 3, only products 2 
and 5 of group 1 failed to dissolve at  least 85% in 30 min using the disso- 
lution simulator. However, both products were >35% dissolved at 30 min. 
Thus, these two products dissolved too slowly to be considered “prompt” 
and too fast to be considered “extended” using the USP XX criteria. 
Product 1, which is a formulation that meets the USP XX specifications 
of “extended,” also dissolved -90% in 30 min using the dissolution sim- 
ulator. With the exception of product 5 (group l), the relationship illus- 
trated in Fig. 10 could be employed. This suggests that if the time for 50% 
dissolution exceeded 5 min, the t,, value in oiuo would exceed 4.5 hr. 
On the basis of dissolution testing, as well as in uiuo bioavailability 
studies, current phenytoin products may be employed in different dosage 
regimens, depending on whether they are labeled “prompt” or “ex- 
tended.” The “prompt” formulations are recommended for three times 
a day (TID) administration, while the “extended” capsules may be given 
once a day after an initial period to reach the optimal titer. 

Thus if the data from the dissolution simulator were to be employed 
to establish such specifications, products 1,2, and 5 (group 1) and 6 (group 
2) each would be considered “extended.” However, the t,,, for product 
5, which exhibited the second longest dissolution time, was not appre- 
ciably different from that for the majority of the other products. The in 
uitro studies carried out with some of these products using the USP XX 
method (8) found products 1 and 2 (group 1) and 6 (group 2) to be the 
slowest dissolving, which is consistent with the present data. However, 
product 5 (group 1) was one of the more rapidly dissolving products. Thus 
the USP XX method provided dissolution data which were more con- 
sistent with the in uiuo observations than that obtained with the disso- 
lution simulator employed in the present study. 

Sulfisonazole-As part of the previous in uiuo studies, all of the tablets 
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Figure 9-In vivo-in vitro correlation for 11 papauerine formulations, 
r = 0.922 (p < 0.01). Each data point represents the mean of two in vitro 
and sir in vivo oalues, except the in vitro ualue ofproduct 1 which is the 
result ofa single dissolution study. Key: (m) data from group 1; (t) data 
from group 2 (B) product 1. 
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Figure 10-In vivo-in vitro correlation for I I phenytoin formulations, 
r = 0.909 (p < 0.01). Each data point represents the mean of two in vitro 
and six in vivo ualues. Products 2 and 5 (group I )  were omitted from the 
correlation. Key: (I) group 1; (II) group 2. 
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Figure 11-In vivo-in vitro correlation for 1 1  sulfisoxazole formula- 
tions, r = 0.870 (p < 0.01). Each data point represents the mean of two 
in vitro and six in vivo values. Key: (I) group 1;  (11) group 2. 

were evaluated using the USP XVIII dissolution method. Products 3 and 
5 of group 1 and product 2 of group 2 failed the USP requirement of 260% 
dissolution in 30 min. The extent of dissolution was 12.6,21.4, and 49% 
after 30 min for products 2,5,  and 3, respectively. Figure 11 illustrates 
the best correlation obtained in the present study, r = 0.87 ( p  < 0.01), 
relating time for 50% dissolution to the time to achieve 10% of the total 
AUC. Attempts to relate more conventional parameters such as total 
AUC, t,,, or C,, did not result in meaningful correlations, due in part 
to the relatively narrow range of in uiuo bioavailability characteristics. 
The data of the in uiuo studies resulted in a conclusion that the 11 dosage 
forms did not differ significantly in terms of any of the usual bioavail- 
ability parameters. Since product 5 (group 1) and product 2 (group 2) 
were the slowest dissolving tablets with both the USP method and the 
dissolution simulator, and yet did not differ significantly in uiuo, there 
did not appear to be any advantage to the use of the dissolution simu- 
lator. 

Study Limitations-As with the previous study (I) ,  the expiration 
dates for several of the products had passed prior to the completion of 
the dissolution studies. Furthermore, too few dosage units remained to 
permit a determination of content uniformity. However, % l W o  of the 
labeled product content was dissolved during the period of the dissolution 

test for the papaverine elixir and compressed tablets, the majority of the 
phenytoin capsules, and the sulfisoxazole tablets, indicating no significant 
degradation had occurred during storage of these products. In addition, 
the slow dissolution of two of the sulfisoxazole tablets and three of the 
phenytoin capsules was consistent with other results obtained using USP 
methodology. 

CONCLUSIONS 

As was determined in the previous study (l), the use of the absorption 
simulator did not always provide useful information for establishing the 
optimum sampling rates for the dissolution simulator. Of the three drugs 
studied with the dissolution simulator, only the papaverine dosage forms 
resulted in a reasonable correlation between the in uiuo bioavailability 
and the in uitro dissolution data. For the phenytoin capsules a reasonable 
correlation was obtained between the in uitro t,, and dissolution, except 
for two slowly dissolving capsules, thus limiting the general applicability 
of the relationship. Furthermore, other studies of these phenytoin cap- 
cules have indicated the present USP XX dissolution method provides 
better in uiuo-in uitro correlations. The lack of suitable correlations was 
probably due, in part, to the limited fluid volume of the dissolution 
chamber, which was rapidly saturated with phenytoin. Finally, studies 
involving the sulfisoxazole tablets also failed to provide any significant 
in uiuo-in uitro correlations, due in part to the similar in uiuo charac- 
teristics of the 11 products. As with most, if not all in uitro dissolution 
systems, it is not possible to assume a priori that data obtained with the 
dissolution simulator will relate to the in uiuo performance of a given 
dosage form. 
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Abstract 3-Fluoro-, 3-chloro-, and 3-bromocyclophosphamide were 
prepared from the reaction of trifluoromethylhypofluorite, sodium hy- 
pochlorite, and bromine with the anticancer drug cyclophosphamide. 
Treatment of cis- and trans-4-phenylcyclophosphamide and 5,6-ben- 
zocyclophosphamide with sodium hypochlorite afforded cis- and 
trans-3-chloro-4-phenylcyclophosphamide and 3-chloro-5,6-benzocy- 
clophosphamide, respectively. 31P-NMR spectroscopy was used to study 
the reactivity of these compounds: the fluoro derivative was reduced to 
cyclophosphamide on incubation with mouse liver slices, and the reac- 
tivity order for sulfhydryl-induced reduction of the 3-halocyclophos- 
phamides was Br CI >> F. Compared with the therapeutic efficacy of 
cyclophosphamide against L-1210 and P-388 cancers in mice, 3-fluoro- 
and 3-chlorocyclophosphamide were less active, although the fluoro 
derivative was more efficacious than the 3-chloro compound. The indi- 
vidual R and S enantiomers of 3-~hlorocyclophosphaide, prepared from 
( S ) -  and (R)-cyclophosphamide, respectively, showed no significant 
difference in therapeutic activity in the P-388 test system. 

Keyphrases Cyclophosphamide-synthesis of N-halogenated de- 
rivatives, NMR spectroscopic characterization, therapeutic efficacy in 
mouse cancers Synthesis-of N-halogenated derivatives of cyclo- 
phosphamide, NMR spectroscopic characterizations, therapeutic efficacy 
in mouse cancers Antineoplastic agents-cyclophosphamide and N- 
halogented derivatives, synthesis and NMR characterization, therapeutic 
efficacy in mouse cancers 

The N,N-bis(2-chloroethyl)amino functionality has 
been used frequently in the design of antineoplastic agents 
(1) and prodrugs (1,2). Studies of such prodrugs by Zon 
et al. (3-8) have included labile precursors of the well- 
known anticancer agent cyclophosphamide (I) (9). Since 
I functions as a prodrug (2,9), these in uiuo precursors of 
cyclophosphamide may be viewed as “pro-prodrugs.” For 
example, 3- ( t e r t  -butyldimethylsilyl)cyclophosphamide 
(11) can release I by spontaneous hydrolysis (5), and 3- 
hydroxycyclophosphamide (111) can afford I by reductive 
cleavage of the N-0 bond (6). While I1 proved to be in- 
active against L-1210 leukemia in mice (5), the in uiuo 
conversion of I11 to I was evidenced by comparable anti- 
leukemic activities for I11 and I in the L-1210 system and 
by the rapid formation of I on incubation of I11 with liver 
microsomes (6). 
A variety of other biologically reducible linkages (10-14) 

may be incorporated at the N-3 position of the cyclo- 
phosphamide ring system; however, the nitrogen-halogen 
bond is particularly interesting, since it apparently rep- 
resents a new moiety for the reversible modification of 
N-H groups in drugs (11-15). In addition, the N-F 
modification, exemplified by 3-fluorocyclophosphamide 
(IV), could allow metabolic studies by lSF-NMR spec- 
troscopy, as with fluorine-labeled amino acids (16). Re- 
ports dealing with other types of halogenated cyclophos- 
phamides [e.g. ,  cis- and trans-5-fluoro- (17,18), 5-chloro- 
(17), and 5-bromocyclophosphamide (19)] have been 

G 

G 
I: H 
- 

11: Si(CH3)&(CH3)3 
CFaOF 111: OH 

IV: F 
NaOCl v: c 1  

I VI: Br 

G 

G 
VII: H 
x: c1 

- 

R G  

G 

VIII: C6Hs H H 
XI: C6Hs H c1 
IX: H CsHs H 
XII: H CsH, C1 

- R ’  - R - 

published; however, unlike the N -halo series, the drug- 
design concepts were predicated on the in uiuo stability of 
carbon-halogen bonds. 3-Fluoro- (IV) and 3-bromocy- 
clophosphamide (VI) have not, to our knowledge, been 
previously synthesized; 3-chlorocyclophosphamide (V) has 
been mentioned only briefly in the literature (20). The 
present report describes the preparation of IV-VI and 
several 3-chloro analogues of I (X-XII). Data are also 
presented regarding the chemical charactristics and an- 
ticancer activity of these intended “pro-prodrugs.” 

EXPERIMENTAL 
Commercially available racemic’ cyclophosphamide monohydrate 

(I.Hz0) was used as received; however, when necessary, I-HgO was con- 
verted to anhydrous I as previously described (21). Enantiomerically pure 

1 Unless specified otherwise, all chiral compounds were used as their racem- 
ates. 
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Table I--'3C-NMR Parameters  for Cvcloahosahamide (I)  and Its Analogues (111-XII) 

Compound c-4 c - 5  C -6 C-(Y C-P 

I 
I11 
IV 
V 

v1 
VIId 

X' 
VIIIf 

XIg 
IXh 

XII' 

41.44(3.7) 
52.68 
54.14(3.7)* 
56.90 
58.62(3.7) 
43.25 
49.32 
56.93 
70.00 
57.15 
69.7 

25.75(4.9) 
27.20 
27.63' 
28.61 
29.53 

118.8(7.3) 
119.0(5.5) 
33.61(7.9) 
35.50(3.7) 
34.78 
37.9 

67.66(6.1) 
67.47(6.1) 
68.73(6.1) 
67.54(6.1) 
67.61(6.1) 

172.0(10) 
172.0(10) 
65.41(6.7) 
62.91(6.1) 
66.36 
65.8 

48.78(4.9) 
49.40(4.9) 
49.54(2.5) 
49.44(4.9) 
49.62(3.7) 
49.10(3.7) 
49.06(3.0) 
48.78(4.2) 
50.02(4.3) 
48.87 
49.8 

42.28 
42.23 
42.59 
41.79 
41.93 
42.22 
41.84 
42.11 
41.95 
42.36 
41.9 

The tabulated chemical shifts (6) refer to internal tetramethylsilane in deuterochloroform solvent, except for 111 and IV, which were dissolved in deuterium oxide 
JCF = 

Other aromatic carbons at  8124.2, 130.6, and 135.9. f Other aromatic carbons at 6126.2, 
Other aromatic carbons at 8126.1. 128.3, 129.0, and 146.9. ' Dilute sample; 8 values are approximate 

and acetone-d,, respectively. The values in parentheses are 13C-31P coupling constants in Hz-units. The carbon positions are as shown in the structure for I. 
11.6 Hz. 
127.8, and 128.7.8 Other aromatic carbons at 8127.0, 128.0, and 128.8. 
and coupling constants were not measured, due to added line broadening. 

Jcp = 9.8 Hz. Other aromatic carbons at 6123.8, 126.5, and 128.8. 

samples of (+)-(R)- and (-)-(S)-I.H?O were used as received'. The 
syntheses of 5,6-benzocyclophosphamide (VII), cis-4-phenylcyclo- 
phosphamide (VIII), and trans-4-phenylcyclophosphamide (IX) were 
reported elsewhere (22, 23), as were the details of the 40.25-MHz 31P- 
NMR3 and 25-MHz '3C-NMR3 measurements (6). Analogous procedures 
for data acquisition and processing were employed for obtaining 
36.23-MHz4 and 121.5-MHz5 31P-NMR, 22.49-MHz4 and 75.47-MHz5 
I3C-NMR, 89.55-MHz 'H-NMR4 and 93.65-MHz I9F-NMR3 spectra. 
Chemical shift (6, ppm) references were as follows: phosphorus-31,25% 
(v/v) H3P04 in deuterium oxide (external); carbon-13, tetramethylsilane 
(internal); fluorine-19, hexafluorobenzene (internal). Electron-impact 
(70 eV) mass spectra6 (MS) were recorded with samples introduced uia 
a solids' inlet probe, which was heated from ambient temperature to 100'. 
TLC plates had 0.25-mm coatings of silica gel and were developed by 
exposure to iodine vapor, which led to either absorptive (brown) or re- 
pellent (white) spots. 
3-Fluorocyclophosphamide (1V)-A magnetically stirred and dry 

nitrogen-purged solution of anhydrous I (3.64 g, 13.9 mmoles) in dry 
methylene chloride (50 ml) was cooled to -78'. Trifluoromethylhypo- 
fluorite gas7 (4.65 mmoles) was slowly introduced over a period of 3 hr 
into the nitrogen flush line uia a Y-tube connected with tub in8  to a 
cylinder, using a series of valves and a metering gauge that are described 
elsewhere (24). The nitrogen from the reaction flask was passed into a 
bubble cylinder containing an alkaline solution of potassium iodide to 
remove all by-productsg and unreacted trifluoromethylhypofluorite. After 
the addition of the hypofluorite, the solution was allowed to gradually 
warm to room temperature (overnight) using a very slow nitrogen flush. 
The reaction mixture was filtered, and an aliquot (0.2 ml) of the filtrate 
was diluted with deuterochloroform (1.8 ml) prior to "P-NMR analysis. 
The remaining solution was concentrated on a rotary evaporator, without 
heating'O, and the resultant oil was chromatographed on a column (2.2 
cm X 25 cm) of silica gel using ethyl acetate as the eluent. Compound IV 
(Rf 0.5, ethyl acetate) was eluted with 85-135 ml of solvent and was ob- 
tained as a pale-yellow oil (252 mg, 20% yield); 31P-NMR (deuterium 
oxide): 6 16.17, JPF = 22 Hz; lgF-NMR (deuterochloroform): 6 83.27, JFP 
= 22 Hz; '%-NMR, cf. Table I; MS, m/z 278,280, and 28'2 (M+, 2 CI), 229 
and 231 (base-peak cluster, M-CH'CI). 

3-Chlorocyclophosphamide (V)-A magnetically stirred solution 
of IeH20 (270 mg, 0.97 mmole) in chloroform (15 ml) was cooled with an 
ice-water bath, and an aqueous solution of sodium hypochlorite" [15 ml, 
5.25% (w/w) NaOCI, 10.6 mmoles] was added; after 4 hr, the water bath 
was removed. Aliquots (1 ml) of the chloroform layer were periodically 
removed, diluted with deuterochloroform (1 ml), and the relative signal 
intensities for I(612.10) and the only detectable product (615.95) were 
measured by "P-NMR 5050.2 hr; 25:75,4 hr; 0100,18 hr. After 18 hr 
of stirring, TLC (ethyl acetate) o f  the chloroform layer confirmed the 

2 Otsuka Pharmaceutical Co., Ltd. For R )  1.H20 (mp 68"), 1.1205 = 2.40 (c = 

3 FX-100 spectrometer, dEOL U.S.A., Inc. 
4 FX-9OQ spectrometer, dEOL U.S.A.. Inc. 

ti Model JMS-OlSG-2 spectrometer, JEOL U.S.A., Inc. 

STeflon. 

'0 Above -50°, product IV underwent relatively rapid decomposition. Pure IV 
was obtained from partially decomposed samples by extraction into methylene 
chloride. 

10, methanol); for (S)-I-H20 (mp 68'), [w]d =--2.47 (c  = 10. methanol). 

WM-300 spectrometer, Bruker Instruments, Inc. 

PCR Research Chemicals, Inc. 

Carbonyl difluoride and hydrofluoric acid. 

Commercially available bleach. 

absence of I (Rf 0.1) and a single spot was evident (Rf 0.5). The 18-hr 
NMR sample and the remainder of the chloroform layer (13 rnl) were 
combined, washed with water (15 ml) twice, dried with sodium sulfate, 
and then concentrated in UQCUO without heating. Based on elemental 
composition, the resultant oil (280 mg, 87% yield) was identified as V-HCI, 
which was converted to V (W-NMR, Table I) by dissolving in chloroform 
and stirring with solid potassium carbonate. 

Anal.-Calc. for C7Hl&14NzO'P: C, 25.32; H, 4.55; N, 8.44; C1,42.71. 
Found: C, 26.74; H, 4.71; N, 8.55; Q43.12. 

Application of the above procedure to (R)- and (S)-I-H20 (2-g scale) 
gave ( S ) -  and (R)-V, respectively'*, which were identified and checked 
for purity by TLC. 

3-Bromocyclophosphamide (V1)-Bromine (0.135 ml, 2.6 mmoles) 
was added in one portion to a magnetically stirred, cold (5") mixture of 
LH20 (0.70 g, 2.5 mmoles) and potassium carbonate (0.34 g, 2.5 mmoles) 
in methylene chloride (10 ml). After being stirred for 2 hr, the mixture 
was filtered and the solvent was removed on a rotary evaporator, without 
heating, and the residue was then placed under a high vacuum. The re- 
sultant orange-colored oil was free of TLC-detectable I (Rf 0.1, ethyl 
acetate), and gave rise to a single spot (RI 0.4, ethyl acetate) which was 
identified by I3C-NMR (Table I) as VI (0.88 g, 100% yield). 
3-Chloro-5,6-benzocyclophosphamide (X)-Compound VII (31 mg, 

0.1 mmole) in chloroform (3 ml) was treated with aqueous sodium hy- 
pochlorite (3 ml) as described above for the preparation of V. After 
stirring a t  room temperature overnight, the separated chloroform layer 
was washed with water (6 ml) twice, dried with magnesium sulfate, and 
then concentrated in U ~ C U O  to give X as an unstable oil (26 mg, 80% yield): 
TLC (ethyl acetate): Rf 0.8 for X uersus Rf 0.4 for VII; see Table I for 
13C-NMR data for X uersus VII. After 24 hr a t  room temperature, the 
two sets of protonated aromatic carbon signals for X and VII had relative 
intensities of -67% and -33%, respectively, indicating spontaneous de- 
composition. 

cis- a n d  trans-3-Chloro-4-phenylcyclophosphamide (XI) and  
(XI1)-A solution of VIII (28 mg, 0.08 mmole) in chloroform (3 ml) was 
stirred with aqueous sodium hypochlorite (6 ml) a t  room temperature 
for 7 days. Workup, as described above for X, afforded XI as an oil (17.4 
mg, 59% yield) that was free of TLC-detectable VIII (Rf 0.5, ethyl acetate) 
and was seen as a single, faster eluting spot (Rf 0.9, ethyl acetate). A 
scaled-down version of this reaction using IX (3.5 mg, 0.01 mmole) gave 
XI1 (3.5 mg, 94% yield), which showed one spot on TLC (ethyl acetate), 
Rf 0.8 versus Rf 0.3 for IX. Compounds XI and XI1 were identified by 
I3C-NMR comparisons with VIII and IX, respectively (Table I). 

Incubation Studies-Female Balb/C mice (-25 g) were sacrificed 
by cervical dislocation. The livers were immediately removed for manual 
slicing, and the slices were stored temporarily in saline a t  5O. Separate 
saline (10 ml) solutions of 111 (10 mg, 0.036 mmole) and IV (10 mg, 0.036 
mmole), obtained by sonication, were equilibrated a t  37' using open 
50-ml Erlenmeyer flasks and a shaker incubator, and -1- and 3-g portions 
of the liver slices were then added. After 10 min, each of the incubation 
mixtures was vigorously stirred with chloroform (25 ml) for 20 min; the 
separated organic layers were then dried with magnesium sulfate, filtered, 
and concentrated on a rotary evaporator. Both samples derived from 111 
weighed -10 mg, whereas the 1-g and 3-g incubations with IV afforded 
-4 and 2 mg of recovered material, respectively. Each of the extracts was 

~~ 

On conversion of I to V, the R and S descriptors for the absolute configuration 
of I respectively change to S and R for V, although the stereochemistry about 
phosphorus is preserved. 
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Table 11-Anticancer Screening Data for Analogues of Cyclophosphamide Against Mouse L-1210 Lymphoid Leukemia 

Compound" Mouse Type Injection Data Dose, mgbg ILSb, ?6 TICb, ?6 

(R,S)-IVc 
(in Vehicle 1) 

(R,S)-I*H20C 
(concurrent positive control) 

(R,S)-IVd 
(in vehicle 2) 

(R ,S) -I*H20d 
(concurrent positive control) 

(R,S)-V' 
(in vehicle 3) 

(R,S) -I-H20 
(concurrent positive control) 

(R)-Vc 
(in vehicle 4) 

(S)-V' 
(in vehicle 4) 

(R ,S) -I.H2OC 
(concurrent positive control) 

XI-XI1 
(-1:l in vehicle, 3)' 

VIII-IX 
(-1:l in vehicle 3)ef 

C57BL/6 
(n = 6) 

BDFl 
(n = 7-8) 

106 cells/mouse on 
day 2 

lo6 cells/mouse on 
day 5 

106 cells/mouse on 
day 1 

105 cells/mouse on 
day 2 

lo6 cells/mouse on 
day 1 

106 cells/mouse on 
day 1 

200 
100 
50 

100 

250 
200 
150 
100 
50 

250 
200 
100 

500 
250 
125 
63 
31 

500 
250 
125 
63 

339 
226 
113 
339 
226 
113 

300 
200 
100 

350 
175 
88 
44 

500 
250 
125 
63 

30.6 
8.0 
9.6 

62.5 

-Y 
- 
86 
35 
14 

All cured 
175 f 25 
87 f 12 

129 ~~. 

109 
96 
96 
93 

1 1 2 h  
282 
173 
124 

15.9 
9.5 
8.1 

25.0 
17.7 
5.6 

81.6 
76.5 
49.3 

110 
106 
103 
106 

204 
122 
120 
105 

~~ ~~ ~ ~ ~ ~ 

0 Vehicle key: (1)  corn oil; (2) ethanol-propylene glycol-water (3030:40 v/v/v); (3) aqueous ethanol with polyoxyethylene sorbitan monooleate; 14) 1% (v/v) carboxy- 
methylcellulose in water. Conducted at Johns Hopkins 
Oncology Center Baltimore, Md. Conducted at the Division of Cancer Treatment, National Cancer Institute, Bethesda, Md. Taken from Ref. 23.8 - Unacceptable 
level of toxicity. 

(ILS) increased life span; (T/C) testhontrol. Conducted at Otsuka Pharmaceutical Co. Ltd., Osaka, Japan. 

Four of six toxicity-day survivors. 

analyzed by 40.25-MHz 31P-NMR using deuterochloroform solvent (1.8 
ml), a 7r/2 pulse, 2-sec pulse-repetition time, and nuclear Overhauser 
enhancement. The presence of I was established by TLC (ethyl acetate) 
and addition of authentic ImH20 (31P-NMR). Integrated signal intensities 
were measured by the "cut-and-weigh" method. 

Partition Coefficients-The 31P-NMR spectrum of 27.9 mM I in 
water (5% (v/v) 2H20] was obtained using a standard set of acquisition 
parameters [80 pulses (r/2), no nuclear Overhauser enhancement, and 
a 10-sec pulse-repetition time] and a standard set of display parameters. 
Comparison of the resultant signal intensity [(peak height) X (width at  
half-height) = 283 units] with the signal intensity (153 units) similarly 
obtained with a saturated solution of V in water gave an initial value of 
15.1 mM V. A 2-ml aliquot of 27.9 mM I was vigorously stirred (25O, 5 
min) with 1 ml of I-octanol, and a 2-ml aliquot of 15.1 mM V was ex- 
tracted with 0.1 ml of I-octanol in exactly the same manner. The 31P- 
NMR spectrum for each of the separated aqueous layers was recorded 
as described above, and the signal intensities (61.2 units for I, 28.5 units 
for V) were used to compute the concentration of I and V in the water and 
octanol layers: [IIwater = 6.02 mM, [I]octanol = 43.71 mM, [V],.,.hr = 2.81 
mM, and [V]oetenol = 245.6 mM. The partition coefficients ( P  = [com- 
p~und],,~,,~/[compound]~~t~~) for I and V were 7.26 and 87.6, respec- 
tively. 

Anticancer Screening-On day 0, groups of p8 male and/or female 
mice (-25 g) were inoculated with cancerous cells (either L-1210 or P-388) 
at a level of either 105 or 106 celldmouse. On the specified day (see Tables 
I1 and 111), the test groups received single intraperitoneal injections of 
the test compound using a suitable vehicle and various doses; untreated 
control groups were injected with vehicle only. Each test compound was 

studied in parallel with LH20, which served as a positive control for the 
screening protocol. Evaluations using mean survival times for test groups 
uersus untreated control groups were scored as either increased life-span 
or test/control percentages. Pertinent experimental details and results 
are summarized in Tables I1 and 111. 

RESULTS AND DISCUSSION 

Syntheses and Structure Determinations-Very little is known (25) 
about the N-fluorination of phosphoramides. The reaction of fluorine 
with the secondary phosphoramidic moiety, P(O)NHR, results in N -  
fluorination followed by P-N bond cleavage to give N-fluoroamines (25), 
whereas the secondary sulfonamide moiety SOzNHR, reacts cleanly with 
trifluoromethylhypofluorite to give the corresponding N-fluorosul- 
fonamide (26). Thus, it appeared that IV might be obtained directly from 
I using this hypofluorite reagent. Consideration of reported reaction 
mechanisms (26), in addition, suggested that subsequent P-N bond 
cleavage in IV might be minimized by using a fairly large molar excess 
of I, relative to the fluorinating reagent. Accordingly, the anhydrous re- 
action of I with 0.3 equivalents of the fluorinating agent led to 'H-de- 
coupled 31P-NMR spectra at 40.25 and 121.5 MHz showing a singlet due 
to residual I (610.76) and a 1:l doublet (JPF = 22 Hz), which was shifted 
to lower field (612.64) and indicated the presence of IV. Following column 
chromatography, the structure of IV (20% yield) was unambiguously 
established by MS, ISF-NMR, and l3C-NMR. Comparison of I3C-NMR 
parameters (Table I) for I, 111, and IV showed that the electronegative 
OH and F substituents caused relatively large downfield shifts (A611-13) 
of the C-4 resonance absorption. This effect, although smaller (A61-2), 
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Table 111-Anticancer Screening Data for 3- 
Chlorocyclophosphamide (V) Enantiomers and Racemic 
Cyclophosphamide Against P-388 Tumor Cells in Mice * 

~~ 

Mouse Injection Dose, 
Compoundb Type Data' mg/kg ILSb,% 

(R)-V BDFl 106cells/ 113d 31.6 
(in vehicle 4) (n = 8) mouse 56 17.4 

onday0 28 6.3 
113d 31.6 
56 22.5 
28 9.3 

c 9 - V  
(in vehicle 4) 

(R ,S)-I.H20 
(concurrent positive 
control) 

100d 113.2e 
50 87.3 
25 47.8 

0 Conducted at Otsuka Pharmaceutical Co. Ltd., Osaka, Japan. The control 
p p s  ( n  = 23) received 5 mVkg of the vehicle. 6 Vehicle 4 and ILS as defined on 

able 11. Injected intraperitoneally; test compounds were given orally on day 2. 
d Doses of 113 mgkg of (R)- or (S)-V and 100 m g k g  (R,S)-I.HzO represent equi- 
molar doses. One 30-day survivor. 

was evidenced also by the C-5 signal positions, whereas the more remote 
carbons (C-6, C-a, and C-0) in I, 111, and IV were not significantly in- 
fluenced by the nature of the N-3 substituent. The long-range 13C-19F 
couplings observed for C-4 ( J  = 11.6 Hz) and C-5 ( J  = 9.8 Hz) were also 
indicative of the location of the fluorine substituent in IV13. 

31P-NMR was used to monitor the reaction of laHz0 with 10 equiva- 
lents of sodium hypochlorite in 1:l (v/v) chloroform-water, and it was 
found that I (612.10) underwent a gradual conversion ( t 1 / 2  z 2 hr) to a 
single product having a downfield-shifted resonance signal (615.95). The 
W-NMR parameters (Table I) measured for the isolated reaction 
product were in accord with V (87% yield), which gave rise to down- 
field-shifted absorptions for C-4 (A615) and C-5 (A63), in comparison 
with I14. Analogous reactions of sodium hypochlorite with 5,6-benzocy- 
clophosphamide (VII) and cis- and trans-4-phenylcyclophosphamide 
(VIII and IX) gave 80, 59, and 94% yields, respectively, of the corre- 
sponding 3-chloro derivatives, X-XII. The substantial downfield shift 
of each compound's C-4 signal (Ah6 for X, A613 for XI and XII), relative 
to its precursor, was again characteristic of the assigned structure15. 

The conversion of the 4-phenyl analogues of I to XI and XI1 were 
-5-10-times slower than chlorination of either I or VII. This rate dif- 
ference was attributed to steric hindrance of the N-3 position by the 
adjacent 4-phenyl substituent, which is evident in the crystal structure 
of VIII (23). 

Reaction of a methylene chloride solution of I-HzO with 1.04 equiva- 
lents of bromine in the presence of potassium carbonate gave a quanti- 
tative yield of VI. As with IV and V, introduction of the 3-bromo sub- 
stituent resulted in characteristic downfield shifts of the C-4 (A617) and 
C-5 (A64) W-NMR signals, compared with I (Table I). 

Reactivity Studies-Fluoro-derivative IV was indefinitely stable in 
chloroform solution at  -80" and failed to undergo reductive dehaloge- 
nation to give I on contact with thiophenol in chloroform (15 hr, 25"). 
Compound IV was also stable for 4 hr at 25" in a 1 O : l  (v/v) mixture of 
2,6-lutidine (pH 7.2) and p-dioxane. On the other hand, 31P-NMR spectra 
in unbuffered water showed the gradual disappearance of IV (616.17) with 
concomitant formation of decomposition products giving rise to singlets 
at 612.78,12.53, and 1.30. The characteristic doublet for IV was no longer 
detectable after 16 hr, and the three product signals in the now acidic 
solution (pH 3) had relative intensities of 33,50, and 17%, respectively. 
The absence of resolvable 19F-31P couplings in the products indicated 
the absence of P(0)NF moieties; the addition of potassium dihydro- 
genphosphate established that the signal a t  61.30 was due to inorganic 
phosphate, which most likely resulted from proton-catalyzed P-N bond 
hydrolysis (27.28). Since the P-N bonds in I are known to be sensitive 
to acid-catalyzed hydrolysis (27), the aforementioned results were con- 
sistent with the decomposition of IV to I and hydrofluoric acid, which 
then afforded hydrolytic products of the type previously found with I (27). 
Solutions of IV or IV-bovine serum albumin (201) in 0.1M NaCl gave 
results similar to those obtained in unbuffered water. 

~~ ~~~~ 

l3 For directly bonded carbon-13 and fluorine-19 in analogous structures, J z 
175 Hz (17). 

I' The alternative 4-chlorocyclophosphamide structure was ruled out by obtaining 
the W-NMR spectrum with off-resonance hydrogen decoupling, which demon- 
strated that C-4 was bonded to two protons. 

l5 The possibility of benzylic chlorination of VIII to give i t s  4-chloro derivative 
was excluded by 'H-NMR homonuclear decoupling, i.e., simultaneous irradiation 
of the axial and equatorial C-5 hydrogens (62.62.3) in product XI led to the ob- 
servation of the C-4 hydrogen (64.7) as a I :1  doublet with3JHp = 19 Hz. 

Surprisingly, 31P-NMR studies of the chloro derivative (V) revealed 
reactivity patterns opposite to those of IV: V was instantaneously (<3 
min) reduced to I by 20-fold molar excesses of either thiophenol (in 
chloroform) or mercaptoethanol (in water) at 25", but there was only 8% 
conversion of V to I in unbuffered water after 7 days a t  25". Analogous 
results were obtained with the bromo compound (VI) which was some- 
what more reactive than V in water, ie., 8% hydrolysis after 16 hr at room 
temperature. 

The marked susceptibility of V and VI to reductive generation of I uia 
reaction with sulfhydryl-containing compounds led to the use of the 
fluoro derivative (IV) to assess the possibility of an enzyme-mediated 
reduction process formally analogous to that found for 111 and mouse liver 
microsomes (6). Due to the hydrolytic instability of IV, incubations were 
terminated after 10 min, during which time there was negligible hy- 
drolysis to I. The 37" incubations of IV in saline were performed in par- 
allel with 111, which served as a control for establishing the reducing ca- 
pability of the whole-liver slices. Chloroform extraction of the incubation 
mixtures containing 3.6 mM substrate and 1-g portions of liver slices 
afforded samples having 31P-NMR spectra which showed 96:4 and 7921 
relative ratios of 111-1 and IV-I, respectively; however, sample weights 
and absolute signal intensities for 111 and IV revealed that, unlike 111, 
40% of IV had not been extracted. Thus, the corrected yield of I from 
IV was -8%, roughly twice the yield of I from 111. Use of 3-g portions of 
sliced liver failed to significantly increase the yield of I from either 111 
or IV; the recovery of unreacted IV was only -20%, whereas unreacted 
111 was again quantitatively recovered. 

Anticancer Screening-The comparatively stable compounds, i.e., 
IV, V, and XI, were screened for anticancer activity using established 
protocols for analogues of I. Unfortunately, however, it was not possible 
to use a single methodology for the evaluations, as three independent 
laboratories were involved in these tests. From the data summary given 
in Table 11, it was evident that while IV was the most active analogue in 
the mouse L-1210 leukemia system, it was less effective than the parent 
prodrug, I. 

The individual enantiomers of V had statistically identical therapeutic 
efficacy in both the L-1210 (Table 11) and P-388 (Table 111) screens. The 
absence of significant therapeutic differences between ( R ) -  and (S)-V 
thus paralleled findings reported for the enantiomers of I (29). As found 
for I and V, the introduction of a 3-chloro substituent (XI) into the 4- 
phenylcyclophosphamide analogue (VIII) had a negative impact on the 
anticancer activity. 

Partition Coefficients-Conversion of the N-H moiety in I to either 
N-F or N-CI moieties must alter solubility characteristics which are 
related, in part, to the aforementioned anticancer screening results. The 
magnitude of the solubility change resulting from the N-chlorination of 
I was therefore quantified using 31P-NMR to measure partition coeffi- 
cients ( P )  in octanol-water, where P = [compound],~,,~/(compound- 
Jwater. By this method, log P = 0.86 for 116 and 1.94 for the chloro-deriv- 
ative V, revealing a 12-fold greater partitioning of V into octanol. The 
increased lipophilicity resulting from this introduction of chlorine [TCI 
= log PV - log P I  = 1.081 was comparable in magnitude to the influence 
of introducing a para chlorine substituent in phenol [ r ~ l =  0.93 (31,32)]. 
This correlation allowed the calculation of log P for IV, which was not 
studied by the 31P-NMR method because of possible complications due 
to solvolysis. The p-fluorophenol T F  value of 0.31 (31) thus gave log P 
2 1.22 for IV, indicating only an approximately twofold increase in li- 
pophilicity, relative to I. 

CONCLUSIONS 

3-Chlorocyclophosphamide (V) was rapidly converted to cyclophos- 
phamide (I) on contact with sulfhydryl-containing compounds and could 
thus afford the same level of anticancer activity as I, if the unmasking 
of V were fast, relative to the metabolic oxidative activation (2) of either 
V or I. On the other hand, the 12-fold increase in the lipophilicity of V, 
relative to I, might decrease its accessibility to sulfhydryl moieties and 
thereby account for the lower therapeutic efficacy found for V uersus I. 
Sulfhydryl-mediated chemical reduction of the N-fluoro analogue IV 
was a very slow process, by comparison with V; however, IV was calculated 
to be considerably less lipophilic than V and, moreover, the possibility 
for in uiuo enzymatic conversion of IV to I was supported by incubation 
experiments with mouse liver slices. Consequently, the anticancer activity 
of IV, although lower than that of I, was tentatively ascribed to its func- 

~~ ~ ~ ~~ ~~ ~~~ 

l6 Hansch and Leo (30) have cited an unpublished log P value of 0.63 for I in oc- 
tanol-water. 
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tioning as an enzyme-activated “pro-prodrug,” which reductively released 
prodrug I for subsequent oxidative conversion of I to a known array of 
oncostatic metabolites (2). Alternatively, and by analogy the metab- 
olism of I (2), oxidation of the C-4 position in IV could afford the N-fluoro 
derivative of phosphoramide mustard as the ultimate lethal cytotoxic 
agent. However, the highly electronegative fluorine substituent would, 
as in N-hydroxyphosphoramide mustard (6), diminish the phospho- 
ramide mustard’s alkylating activity by several orders of magnitude, 
which argues against a mechanism of action for IV wherein the N-F 
bond remains intact. 

For the extensions of the presently reported N-fluorination of I, can- 
didate structures having secondary phosphoramide groups include the 
anticancer drug isophosphamide (8,9) and various cytotoxic phospho- 
ramidic nitrogen mustards (2). Moreover, there are numerous drugs of 
various types which contain secondary sulfonamide and, especially, 
carboxamide groups that offer the possibility for N-fluorination by tri- 
fluoromethylhypofluorite. It is hoped that the studies reported herein 
will stimulate an interest in N-fluorinated amido groups as a new ap- 
proach for investigating prodrugs, “pro-prodrugs,” and congeners. 
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Abstract  The bioactivity of equal doses (by radioimmunoassay) of 
regular insulin and sodium insulin were measured in six preconditioned 
female mongrel hound dogs by a previously described bioassay. The 
hypoglycemic nadir of blood glucose induced by intravenous injection 
of the drugs was compared with the nadirs induced by a known amount 
of the international standard insulin. The level of blood glucose was 
monitored instantaneously and continuously using a nonthrombogenic 
continuous glucose-monitoring system. The hypoglycemic effect of 
subcutaneously injected sodium insulin was compared with the effect 
of subcutaneously injected regular insulin. The two drugs were injected 
a t  1-2-week intervals to seven dogs. While the bioactivity of intravenously 
administered sodium insulin was equal to the bioactivity of intravenously 
administered regular insulin, the hypoglycemic effect of subcutaneously 
injected sodium insulin differed from the effect of subcutaneously in- 
jected regular insulin. The blood glucose nadir after subcutaneous in- 
jection of regular insulin occurred 101 f 21 min after the injection. The 
nadir after subcutaneous injection of sodium insulin occurred 163 i 33 
min after the injection. 

Keyphrases 0 Sodium insulin-comparative study of immunoactivity 
and bioactivity 0 Immunoactivity-comparative study of bioactivity of 
sodium insulin 0 Bioactivity-comparative study of immunoactivity of 
sodium insulin 

Sodium insulin is a new semisynthetic dosage form of 
insulin. Sodium insulin, like insulin, can be measured by 
an immunoassay, since both contain the same immunos- 
pecific binding site to the antibodies to insulin. However, 
equal doses of the two types of insulin, as measured by the 
immunoassay, are not necessarily equal in their biological 
activity. Also, equal biological activity after intravenous 
administration does not necessarily mean that the two 
types of insulin are of equal biological activity when in- 
jected subcutaneously. 

An improved bioassay for insulin (1) was reported and 
is based on a previously described nonthrombogenic con- 
tinuous glucose-monitoring device (2,3). The bioassay was 
used to compare the intravenous biological activity of equal 
doses of sodium insulin and insulin standard (USP refer- 
ence standard) measured by immunoassay. The hypogly- 
cemic effect of subcutaneously administered sodium in- 
sulin was also compared with the effect of an equal dose 
of regular insulin. 

EXPERIMENTAL 

Immunoassay of Sodium Insulin-The immunoactivity of sodium 
insulin was measured six times, using a previously described immu- 
noassay (4). The average of the six immunoassays was used to prepare 
the solution of sodium insulin used in the bioassay. 

Bioassay of Sodium Insulin-Instrument and Dogs-Six precon- 
ditioned female mongrel hound dogs (16-17 kg) were used. The dogs were 
fasted overnight and anesthetized in the morning using sodium pento- 

barbital. Continuous glucose monitoring was initiated using a previously 
described nonthrombogenic system (2,3). The instrument consisted of 
systems for nonthrombogenic blood withdrawal and for blood glucose 
measurement. The blood withdrawal system included a disposable sterile 
intravenous needle and tubing, coated with a nonthrombogenic substance 
connected to a peristaltic pump. The glucose-measuring system used a 
glucose oxidase sensor generating a continuous record of the level of blood 
glucose. 

Priming Procedure-The bioassay was preceded by a priming proce- 
dure consisting of an intravenous administration of insulin followed by 
glucose. 

The blood level of glucose was monitored for at  least 30 min in order 
to establish the baseline level of glucose. Each dog was then given an in- 
jection of 0.4 U iv of USP reference standard insulin prepared in accor- 
dance with the USP procedure (5). The level of blood glucose fell rapidly 
reaching the initial priming nadir (No) within 30-35 min. After recording 
No, the level of glucose was raised by intravenous administration of 15-20 
ml of a 2590 solution of glucose. An additional 10 ml of glucose solution 
was given when necessary, until the blood glucose level stabilized within 
10% of the baseline (-45-55 min). 

Bioassay Procedure-After ascertaining maintenance of the glucose 
level at a consistent level for 10 min, the first dose of the USP standard 
insulin (0.4 U) was administered intravenously in one rapid bolus. The 
first nadir ( N I )  was recorded by the glucose monitor within 35 min after 
the injection of insulin. As soon as an upturn in the level of blood glucose 
was established, the level of blood glucose was raised using a 25% intra- 
venous glucose solution administered in 3 to 4 increments as previously 
described. 

After ascertaining the reestablishment of a constant glucose level 
within 10% of baseline, the procedure was repeated twice: using 0.8 U of 
USP standard insulin, recording the second nadir ( N z )  of blood glucose, 
and subsequently, using 0.6 U of sodium insulin as measured by immu- 
noassay (4) and measuring the third nadir (N3) .  

The bioactivity of the assayed sodium insulin was calculated using a 
least-squares linear regression of the logarithm of the two standard doses 
and the three nadirs. 

Hypoglycemic Effect of Subcutaneous Sodium Insulin and 
Regular  Insulin-Seven preconditioned female mongrel hound dogs 
(16-17 kg) were fasted and anesthetized as described previously. A 
nonthrombogenic catheter was inserted in one of the major veins of the 
front leg. The catheter was connected to the continuous glucose-moni- 
toring device (2,3). After a steady glucose level was observed for 10 min, 
1 U of sodium insulin dissolved in sterile insulin diluent USP was injected 

Table  I-Six Repeated Bioassays of 0.6 U Sodium Insulin 

Nadirs of Blood Glucose Levels, mg/dl 
N1 (0.4 U N:! (0.8 U of N3 (0.6 U of Bioactivity of 

Assay of Reference Reference Sodium 0.6 U of Sodium 
No. Standard) Standard) Insulin) Insulin 

25 
22 
20 

41 
32 
29 

49 38 42 

0.59 
0.63 
0.60 
0.63 

44 25 34 0.58 
(6) 40 21 29 0.60 

Mean 46.7 25.2 34.5 0.60 
f l  S D  7.0 6.0 5.3 0.02 
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Table 11-Hypoglycemic Effects of 1 U of Subcutaneously 
Administered Regular Insulin a n d  Sodium Insulin 

Nadirs of Blood Glucose 
Levels, mg/dl 

Regular Sodium Regular Sodium 
Assay No. Insulin Insulin Insulin Insulin 

Time of Nadir, min 

32 47 100 148 
46 40 90 190 

(1) 
(2) 

27 43 130 195 
24 42 130 195 

(3) 

48 100 145 
(4) 

50 
32 80 105 

(5) 
45 

41 80 162 
(6) 

38 
37.4 41.8 101.4 162.9 

(7) 
Mean 
f l  SD 10.1 5.3 21.2 33.4 
D NS <0.001 

subcutaneously. The site of injection was always 2.54 cm from the center 
of the third nipple from the head. The glucose monitor measured the 
lowering of the blood glucose level. The nadir blood glucose level and the 
time of its occurrence were noted. 

This procedure was repeated in each dog, after a rest period of 1 or 2 
weeks, using 1 U of regular insulin instead of 1 U of sodium insulin. 

RESULTS AND DISCUSSION 

The results of the six repeated bioassays of a solution containing 0.6 
U of sodium insulin as measured by immunoassay are shown in Table I. 
The mean biological activity of sodium insulin was equal to its immu- 
noactivity. The coefficient of variation of the six consecutive immu- 
noassays of sodium insulin was 3%. 

The hypoglycemic effects of subcutaneously administered sodium 
insulin and regular insulin are compared in Table 11. There was no sig- 
nificant difference between the nadirs of blood glucose following the two 
forms of insulin, but the nadir induced by sodium insulin occurred sig- 
nificantly later than the nadir induced by regular insulin. 

Chemical manipulation of a biologically active molecule can have a 
significant effect on its biological as well as its immunological activity. 
The two effects may differ, leading to a new relationship between the two 
activities. 

We have found that sodium insulin, a new dosage form of insulin, has 
the same ratio of biological uersus immunological activity as the USP 
reference standard insulin. 

Even though the biological effect of intravenously injected sodium 
insulin was equal to the effect of regular insulin, there was a significant 
difference between the effects of the two dosage forms of insulin when 
administered subcutaneously. The difference between the activity of 
subcutaneously administered sodium insulin and regular insulin, 
therefore, should be attributed only to the difference in the rate a t  which 
they are absorbed into the bloodstream. 
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Abstract  The time required for the separation of plasma from the 
cellular components of blood can permit the in uitro loss of hydralazine. 
Thus, a high-performance liquid chromatographic (HPLC) procedure 
for the measurement of hydralazine in blood has been developed. 4- 
Methylhydralazine was used as an internal standard. The addition of 
p-anisaldehyde led to the formation of the p-anisaldehyde hydrazones 
of hydralazine and the internal standard. HPLC on a reverse-phase cyan0 
column provided an analytical procedure in which the average relative 
standard deviation over the concentration range of 1-160 ng/ml was 8.3%. 
Hydralazine pyruvic acid hydrazone, a known circulating metabolite of 
hydralazine, yielded only 0.05 mole % hydralazine when submitted to this 
assay procedure. 

Keyphrases Hydralazine-whole blood, derivatization, p-anisal- 
dehyde hydrazones of hydralazine, analysis, high-performance liquid 
chromatography Whole blood-analysis, hydralazine, high-perfor- 
mance liquid chromatography 0 High-performance liquid chromatog- 
raphy-hydralazine, whole blood analysis, p-anisaldehyde hydrazone 
of hydralazine 

\ 
Selective assays for the measurement of hydralazine in 

plasma have been recently described (1-3). A major dis- 
advantage of these procedures is the time required for 

separation of plasma from the cellular components of 
blood. Hydralazine disappears rapidly from plasma or 
blood in uitro (2,443). Rapid sample processing at reduced 
temperature has been used to slow the loss prior to deri- 
vatization (7-9). The measurement of hydralazine in whole 
blood would circumvent this problem. In addition, because 
the clearance of hydralazine is high (7,8), blood hydrala- 
zine concentrations are extremely useful for pharmaco- 
kinetic studies. However, attempts to measure hydralazine 
in whole blood using previously published techniques for 
plasma (1 ,3)  resulted in fouling of the chromatographic 
column after only a few sample injections. This paper de- 
scribes a high-performance liquid chromatographic 
(HPLC) assay for the determination of hydralazine in 
whole blood using a different chromatographic column and 
a less polar extraction solvent. 

EXPERIMENTAL 

Reagents and  Chemicals-Hexane, methanol, and acetonitrile were 
purchased as glass-distilled solvents. The acetonitrile was filtered before 
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Table 11-Hypoglycemic Effects of 1 U of Subcutaneously 
Administered Regular Insulin a n d  Sodium Insulin 

Nadirs of Blood Glucose 
Levels, mg/dl 

Regular Sodium Regular Sodium 
Assay No. Insulin Insulin Insulin Insulin 

Time of Nadir, min 

32 47 100 148 
46 40 90 190 

(1) 
(2) 

27 43 130 195 
24 42 130 195 

(3) 

48 100 145 
(4) 

50 
32 80 105 

(5) 
45 

41 80 162 
(6) 

38 
37.4 41.8 101.4 162.9 

(7) 
Mean 
f l  SD 10.1 5.3 21.2 33.4 
D NS <0.001 

subcutaneously. The site of injection was always 2.54 cm from the center 
of the third nipple from the head. The glucose monitor measured the 
lowering of the blood glucose level. The nadir blood glucose level and the 
time of its occurrence were noted. 

This procedure was repeated in each dog, after a rest period of 1 or 2 
weeks, using 1 U of regular insulin instead of 1 U of sodium insulin. 

RESULTS AND DISCUSSION 

The results of the six repeated bioassays of a solution containing 0.6 
U of sodium insulin as measured by immunoassay are shown in Table I. 
The mean biological activity of sodium insulin was equal to its immu- 
noactivity. The coefficient of variation of the six consecutive immu- 
noassays of sodium insulin was 3%. 

The hypoglycemic effects of subcutaneously administered sodium 
insulin and regular insulin are compared in Table 11. There was no sig- 
nificant difference between the nadirs of blood glucose following the two 
forms of insulin, but the nadir induced by sodium insulin occurred sig- 
nificantly later than the nadir induced by regular insulin. 

Chemical manipulation of a biologically active molecule can have a 
significant effect on its biological as well as its immunological activity. 
The two effects may differ, leading to a new relationship between the two 
activities. 

We have found that sodium insulin, a new dosage form of insulin, has 
the same ratio of biological uersus immunological activity as the USP 
reference standard insulin. 

Even though the biological effect of intravenously injected sodium 
insulin was equal to the effect of regular insulin, there was a significant 
difference between the effects of the two dosage forms of insulin when 
administered subcutaneously. The difference between the activity of 
subcutaneously administered sodium insulin and regular insulin, 
therefore, should be attributed only to the difference in the rate a t  which 
they are absorbed into the bloodstream. 
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Abstract  The time required for the separation of plasma from the 
cellular components of blood can permit the in uitro loss of hydralazine. 
Thus, a high-performance liquid chromatographic (HPLC) procedure 
for the measurement of hydralazine in blood has been developed. 4- 
Methylhydralazine was used as an internal standard. The addition of 
p-anisaldehyde led to the formation of the p-anisaldehyde hydrazones 
of hydralazine and the internal standard. HPLC on a reverse-phase cyan0 
column provided an analytical procedure in which the average relative 
standard deviation over the concentration range of 1-160 ng/ml was 8.3%. 
Hydralazine pyruvic acid hydrazone, a known circulating metabolite of 
hydralazine, yielded only 0.05 mole % hydralazine when submitted to this 
assay procedure. 
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raphy-hydralazine, whole blood analysis, p-anisaldehyde hydrazone 
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\ 
Selective assays for the measurement of hydralazine in 

plasma have been recently described (1-3). A major dis- 
advantage of these procedures is the time required for 

separation of plasma from the cellular components of 
blood. Hydralazine disappears rapidly from plasma or 
blood in uitro (2,443). Rapid sample processing at reduced 
temperature has been used to slow the loss prior to deri- 
vatization (7-9). The measurement of hydralazine in whole 
blood would circumvent this problem. In addition, because 
the clearance of hydralazine is high (7,8), blood hydrala- 
zine concentrations are extremely useful for pharmaco- 
kinetic studies. However, attempts to measure hydralazine 
in whole blood using previously published techniques for 
plasma (1 ,3)  resulted in fouling of the chromatographic 
column after only a few sample injections. This paper de- 
scribes a high-performance liquid chromatographic 
(HPLC) assay for the determination of hydralazine in 
whole blood using a different chromatographic column and 
a less polar extraction solvent. 

EXPERIMENTAL 

Reagents and  Chemicals-Hexane, methanol, and acetonitrile were 
purchased as glass-distilled solvents. The acetonitrile was filtered before 
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Figure 1-Chromatograms of derivatized 3-ml blood samples con- 
taining 40 ng/ml of internal standard and (A) 0, (B) 1, (C) 2 nglml of 
hydralazine; (0) a sample obtained 150 min after administration ofa  
1-mglkg oral dose of hydralazine hydrochloride to a hypertensive pa- 
tient. 

being used. H e m e ,  hydralazine hydrochloride1, 4-methylhydralazine2, 
4-(2-acetylhydrazino)phthalazin-1-one3, and p-anisaldehyde' were used 
as received. Reference samples (3-methyl-s-triazolophthalazine, 4- 
hydrazinophthalazi-1-one) and hydralazine hydrazones of p y ~ v i c  acid, 
a-ketoglutaric acid, acetaldehyde, acetone, and p-anisaldehyde were 
prepared, and their identity and purity verified by gas chromatogra- 
phy-mass spectrometry as previously described (1,101. 

Standard Solutions-No pretreatment of the glassware was used. 
Hydralaziie hydrochloride (61.4 mg) equivalent to 50 mg of the free base, 
was diluted to 50 ml with normal saline to give a concentration of 1 mg/ml. 
This stock solution was prepared daily. Standard A was prepared by di- 
luting 0.6 ml of the stock solution to 10 ml with normal saline to yield a 
concentration of 60 ng/pl. Standard B was prepared by diluting 0.5 ml 
of Standard A to 10 ml with normal saline resulting in a concentration 
of 3 nglpl. The internal standard solution was prepared by diasolving 50 
pg of 4-methylhydralazine in 10 ml of 0.01 N HCl. 

Standard Curve Samples-Three milliliters of whole blood con- 
tainii EDTA (ethylenediaminetetraacetic acid) as an anticoagulant was 
placed in a 3 5 4  centrifuge tube fitted with a polytef-lined screw cap. 
After addition of 20 pl of p-anisaldehyde, appropriate volumes of either 
standard A or B were added along with 8 pl(40 ng) of the internal stan- 
dard solution. The tube was capped immediately and mixed for 15 sec 
on a vortex mixer. Each sample was prepared individually to minimize 
the intervals between additions. Samples were allowed to stand at  room 
temperature for 10 min. Preliminary studies indicated that 10 min is 
optimal for the formation of the p-anisaldehyde hydrazones of hydral- 
azine and the internal standard. After derivatization, 10 ml of h e m e  was 
added and the sample was placed immediately on a reciprocal shakes 
(180 strokes/min) for 10 min. 

Phases were separated by centrifugation at  lOOOXg for 10 min. The 
organic phase was transferred to a 15-ml conical centrifuge tube and the 
solvent removed under a nitrogen stream. The remaining aqueous phase 
was processed as previously described (3) in order to measure the hy- 
dralazine pyruvic acid hydrazone concentration. 

Chromatography-Each extraction residue was diluted with 100 pl 

a Chemical Co., St. Louis, Mo. 
EKGeigy  co., Summit, N.J. 

3 Ciba-Ceigy, Ltd., Basel, Switzerland. 
4 Eastman Kodak Co., Rochester, N.Y. 
5 Eberbach Horizontal Shaker. 

Table I-Conversion of Hydralazine Hydrazones to Derivatized 
Hvdralazine During the Analvtical Process 

Hydralazine 
p -Anisaldehyde 

Initial Hydrazone Hydrazone Found, 
Hvdrazone Concentration. uelml mole %a 

Pyruvic Acid 
a-Ketoglutaric Acid 
Acetone 
Acetaldehyde 

0.05 
0.15 
4.2 

27.1 

0 Mean of two determinations. 

of methanol and the entire volume was injected onto a reverse-phase 
column (3.9-mm i.d. X 30 cm)6. The mobile phase was 70% (v/v) aceto- 
nitrile in 0.15 M sodium acetate buffer, pH 3.0, pumped7 at a flow rate 
of 2 ml/min. Detections was at  365 nm. 

Assay Evaluation-The efficiencies of derivatization and extraction 
were determined as previously described for plasma (1,3) using fresh, 
whole human blood. Selectivity was evaluated by adding known or po- 
tential metabolites to whole blood and immediately assaying for hy- 
dralazine. Intraassay precision was determined by assaying multiple 
standard samples containing hydralazine concentrations of 1, 2,8,20, 
40,80, and 160 ng/ml. 

Patient Samples-Blood, 3 ml, was drawn rapidly and placed in a 
35-ml centrifuge tube containing EDTA. The internal standard and 20 
pl of p-anisaldehyde were added immediately. The time between blood 
drawing and the addition of derivatizing reagent was <30 sec. After 
derivatization, samples were immediately extracted and prepared for 
chromatography as described for standard curve samples. 

RESULTS 

The retention times for hydralazine p-anisaldehyde hydrazone and 
4-methylhydralazine p-anisaldehyde hydrazone were 3.5 and 6 rnin, re- 
spectively. Typical chromatograms are shown in Fig. 1. Maximum sen- 
sitivity for purposes of quantitation was -1 ng/ml using a 3-ml blood 
sample. Derivatization efficiency for hydralazine was 103 f 9% (mean 
f SD) and extraction recovery was 70.5 f 1.9%. The 3-methyl-s-triazo- 
lophthalazine, 4-hydrazinophthalazin-l-one, and 442-acetylhydraz- 
ino)phthalazin-1-one yielded no chromatographic peaks when assayed 
with this procedure. 

The acetaldehyde and acetone hydrazones yielded peaks at 4.1 and 2.9 
min, respectively, which correspond to the retention times for standards 
of these materials. These hydrazones, as well as the hydrazones of a-ke- 
toglutaric acid and pyruvic acid, yielded various quantities of derivatized 
hydralazine (Table I). The pyruvic acid hydrazone, the only one of the 
four hydrazones known to be present in the circulation (2-4), yields the 
least amount of apparent hydralazine. The acetaldehyde hydrazone is 
particularly labile. No significant quantities of this hydrazone or the 
hydrazones of a-ketoglutaric acid or acetone have been found in humans 
(2). These four hydrazones have similar stabilities in plasma (Table I). 

The results of the intra-assay precision study are shown in Table 11. 
The mean relative standard deviation was 8.3%. Precision is somewhat 
decreased at the lower concentrations, particularly at 1 ng/ml. This assay 
has been applied to blood from several patients receiving various drugs, 
including propranolol, furosemide, hydrochlorthiazide, digoxin, and 
nitroglycerin, without evidence of interference. 

DISCUSSION 

The assay described here has two advantages over other recently 
published techniques for the determination of hydralazine (1-3). First, 
it can be used to measure hydralazine concentrations in whole blood. This 
eliminates the time required to separate plasma, during which a signifi- 
cant fraction of hydralazine can continue to react with pyruvic acid to 
form the corresponding hydrazone. The use of whole blood also decreases 
the total blood volume required per determination. Second, the sensitivity 
of the assay has been extended to 1 ng/ml of blood when a 3-ml blood 
sample is used. 

Hydralazine pyruvic acid hydrazone yields only 0.05 mole 9i hydrala- 

pBondapak CN, Waters Associates, Milford, Mass. 
Model 6o00, Waters Associates, Milford, Mass. 

Unpublished results. 
* Model 970, Tracor, Austin, Tex. 

694 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 6, June 1983 



Table 11-Intraassay Precision of Hydralazine Assay 

Hydralazine Added Hydralazine Found, 
ng/ml Peak Height Ratioa ng/mlP 

The procedure for measuring hydralazine in whole blood is being evalu- 
ated in hypertensive patients with renal failure and in patients with 
congestive heart failure since these individuals are likely to have the 
highest concentrations of circulating metabolites. 

1 0.120 f 0.022 1.14 
2 0.210 f 0.027 1.91 
8 0.827 f 0.031 7.22 

20 2.24 f0.186 19.4 
40 4.57 f 0.245 39.4 
80 9.54 i 0.440 82.2 

160 18.6 f 0.875 160. 

0 Mean f SD, n = 4. * Based on regression analysis of peak hei ht ratio oersus 
added hydralazine concentration weighted by the reciprocal of !he peak height 
ratio. 

zine when assayed in this manner. Thus, a plasma concentration of 12.5 
p M  (2.9 pg/ml) of this hydrazone would be required to yield 1 ng/ml of 
hydralazine. After multiple 1-mg/kg doses of oral hydralazine, peak hy- 
dralazine pyruvic acid hydrazone concentrations averaged only -2.5 fl, 
range: 0.9-6.0 p M  (9). 

Steady-state predose apparent hydralazine concentrations up to 17 
p M  have been reported for patients with low creatinine clearances who 
received 1200 mg of hydralazine hydrochloride daily ( l l ) ,  using a non- 
selective GLC assay (12) which converts both hydralazine pyruvic acid 
hydrazone and hydralazine to tetrazolophthalazine (4,5). However, even 
this high concentration of acid-labile hydrazones, if composed primarily 
of hydralazine pyruvic acid hydrazone, would yield less than 2 ng/ml of 
hydralazine when the current assay is used. Other hydralazine adducts, 
such as the acetone, a-ketoglutaric acid, and acetaldehyde hydrazones, 
are less stable, but have not been detected in significant concentrations 
in plasma (2) or whole bloodg. 

Approximately 10% of the a-ketoglutaric acid hydrazone adduct has 
been reported to be converted to apparent hydrahime in a selective assay 
procedure (2), while the pyruvic acid and acetone hydrazones did not 
yield apparent hydralazine. The lowest detectable hydralazine concen- 
tration and the stability of the acetaldehyde hydrazone using this pro- 
cedure were not reported. 

The assay procedure described here, as well as other recently published 
methods applicable to plasma (1-3), are much more selective than older 
procedures. However, the lability of the various known and potential 
circulating metabolites of hydralazine makes i t  difficult to believe that 
any procedure will be completely selective for unchanged hydralazine. 
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Abstract A high-performance liquid chromatographic (HPLC) 
method for the guantitative determination of meperidine hydrochloride 

stability-indicaiing since a hydrolyzed sample of meperidine showed zero 
potency and a new peak with a different retention time. 

in pharmaceutical dosage forms was developed.-The method is repro- 
ducible and precise with relative standard deviations (based on six 
readings) of 1.2% with hydroxyzine and 0.93% with hydroxyprogesterone 
caproate as the internal standards. A variety of other active and inactive 
ingredients which were mixed with meperidine hydrochloride did not 
interfere with the assay procedure. Among the ingredients tested were 
acetaminophen, atropine sulfate, disodium edetate, metacresol, phenol, 
promethazine, and sodium metabisulfite. This method appears to be 

Keyphrases 0 Meperidine hydrochloride-quantitation in pharma- 
ceutical dosage forms by high-performance liquid chromatography 
Pharmaceutical dosage forms-quantitation of meperidine hydrochloride 
by high-performance liquid chromatography High-performance liquid 
chromatography-quantitation of meperidine hydrochloride in phar- 
maceutical dosage forms 

Meperidine hydrochloride (ethyl 1-methyl-4-phenyli- 
sonipecotate hydrochloride) is widely used as a narcotic 
analgesic. In addition to single ingredient dosage forms, 

meperidine is also mixed with acetaminophen, atropine 
sulfate, and promethazine hydrochloride in commercial 
dosage forms. 
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Table 11-Intraassay Precision of Hydralazine Assay 

Hydralazine Added Hydralazine Found, 
ng/ml Peak Height Ratioa ng/mlP 

The procedure for measuring hydralazine in whole blood is being evalu- 
ated in hypertensive patients with renal failure and in patients with 
congestive heart failure since these individuals are likely to have the 
highest concentrations of circulating metabolites. 

1 0.120 f 0.022 1.14 
2 0.210 f 0.027 1.91 
8 0.827 f 0.031 7.22 

20 2.24 f0.186 19.4 
40 4.57 f 0.245 39.4 
80 9.54 i 0.440 82.2 

160 18.6 f 0.875 160. 

0 Mean f SD, n = 4. * Based on regression analysis of peak hei ht ratio oersus 
added hydralazine concentration weighted by the reciprocal of !he peak height 
ratio. 

zine when assayed in this manner. Thus, a plasma concentration of 12.5 
p M  (2.9 pg/ml) of this hydrazone would be required to yield 1 ng/ml of 
hydralazine. After multiple 1-mg/kg doses of oral hydralazine, peak hy- 
dralazine pyruvic acid hydrazone concentrations averaged only -2.5 fl, 
range: 0.9-6.0 p M  (9). 

Steady-state predose apparent hydralazine concentrations up to 17 
p M  have been reported for patients with low creatinine clearances who 
received 1200 mg of hydralazine hydrochloride daily ( l l ) ,  using a non- 
selective GLC assay (12) which converts both hydralazine pyruvic acid 
hydrazone and hydralazine to tetrazolophthalazine (4,5). However, even 
this high concentration of acid-labile hydrazones, if composed primarily 
of hydralazine pyruvic acid hydrazone, would yield less than 2 ng/ml of 
hydralazine when the current assay is used. Other hydralazine adducts, 
such as the acetone, a-ketoglutaric acid, and acetaldehyde hydrazones, 
are less stable, but have not been detected in significant concentrations 
in plasma (2) or whole bloodg. 

Approximately 10% of the a-ketoglutaric acid hydrazone adduct has 
been reported to be converted to apparent hydrahime in a selective assay 
procedure (2), while the pyruvic acid and acetone hydrazones did not 
yield apparent hydralazine. The lowest detectable hydralazine concen- 
tration and the stability of the acetaldehyde hydrazone using this pro- 
cedure were not reported. 

The assay procedure described here, as well as other recently published 
methods applicable to plasma (1-3), are much more selective than older 
procedures. However, the lability of the various known and potential 
circulating metabolites of hydralazine makes i t  difficult to believe that 
any procedure will be completely selective for unchanged hydralazine. 
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Abstract A high-performance liquid chromatographic (HPLC) 
method for the guantitative determination of meperidine hydrochloride 

stability-indicaiing since a hydrolyzed sample of meperidine showed zero 
potency and a new peak with a different retention time. 

in pharmaceutical dosage forms was developed.-The method is repro- 
ducible and precise with relative standard deviations (based on six 
readings) of 1.2% with hydroxyzine and 0.93% with hydroxyprogesterone 
caproate as the internal standards. A variety of other active and inactive 
ingredients which were mixed with meperidine hydrochloride did not 
interfere with the assay procedure. Among the ingredients tested were 
acetaminophen, atropine sulfate, disodium edetate, metacresol, phenol, 
promethazine, and sodium metabisulfite. This method appears to be 

Keyphrases 0 Meperidine hydrochloride-quantitation in pharma- 
ceutical dosage forms by high-performance liquid chromatography 
Pharmaceutical dosage forms-quantitation of meperidine hydrochloride 
by high-performance liquid chromatography High-performance liquid 
chromatography-quantitation of meperidine hydrochloride in phar- 
maceutical dosage forms 

Meperidine hydrochloride (ethyl 1-methyl-4-phenyli- 
sonipecotate hydrochloride) is widely used as a narcotic 
analgesic. In addition to single ingredient dosage forms, 

meperidine is also mixed with acetaminophen, atropine 
sulfate, and promethazine hydrochloride in commercial 
dosage forms. 
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Table I-Assay Results of Various Commercial Dosage Forms and  Synthetic Mixtures 

Conc. of Meperidine 
HCI, mg/ml or per 

Dosage Form Tablet 
Other Ingredients, 

mg/ml 

Percenta of the Label Claim 
H ydroxyprogesterone 

Hydroxyzine Caproate 

Ampule 
Ampule 
Ampule 
Ampule 
Syrup 
Tablet 
Vial 
Synthetic 

25.0 - 
30.0 - 
75.0 - 

100.0 
10.0 

50.0 Metacresol 1 
50.0 Promethazine hydrochloride 50 

- 
b 

50.0 h 

99.2 
99.9 
98.4 

100.3 
98.8 
99.5 
99.1 

100.8" 

1 00.1 
100.1 
99.6 
99.2 
99.1 

100.0 
98.7 

100.3 
Mixture 1 

Mixture 2 

Mixture 3 

Mixture 4 

Mixture 5 

Synthetic 50.0 Atropine sulfate 0.4 100.7 100.6 

Synthetic 50.0 Phenol 20, Disodium edetate 3, 99.1 99.4 

Synthetic 50.0 Metacresol 1 99.2 99.0 
CaC12 1 and sodium metabisulfite 5 

Synthetic 50.0 Acetaminophen 300 99.8 99.2 

The percent relative standard deviations based on six readings were 1.2 and 0.93 with hydroxyzine and hydroxyprogesterone caproate as the internal standards, re- 
The concentration of promethazine hydrochloride was determined to be 99.1% of the label claim. It was spectively. * The excipients were not disclosed on the label. 

determined by comparing the peak heights of assay and the standard mixtures. 

The USP-NF method (1) for the quantitation of mep- 
eridine hydrochloride is based on the nonaqueous titration 
with perchloric acid. Promethazine which is mixed with 
meperidine in a commercial dosage form' is also assayed 
(2) using the nonaqueous titration with perchloric acid. 
The method is nonspecific and cannot make a distinction 
between meperidine and promethazine or other weak 
bases. 

A GLC (3) method for the quantitation of meperidine 
in plasma has been reported with a relative standard de- 
viation of 9.9%. A suitable high-performance liquid chro- 
matographic (HPLC) method for the analysis of meperi- 
dine has not been described. 

The purpose of these investigations was to develop an 
HPLC method for the quantitation of meperidine hydro- 
chloride in pharmaceutical dosage forms which would be 
useful in the presence of other ingredients. 

MINUTES 

Figure 1-Sample chromntogram~. Peaks 1 and 2 are from hydroxyzine 
and meperidine, respectively. Chromatogram A is from a standard so- 
lution; B from a hydrolyzed sample of meperidine (see Experimental) 
and C from an ampule (number 3 in Table I ) .  For chromatographic 
conditions, see t e x t .  

EXPERIMENTAL 

Chemicals a n d  Reagents-All chemicals and reagents were either 
USP, NF, or ACS quality and used without further purification. Hy- 
droxyprogesterone caproate2, hydroxyzine hydrochloride3, meperidine 
hydrochloride4, and promethazine hydrochloride5 were used as re- 
ceived. 

An HPLC6 equipped with a multiple wavelength detector7, a recorde$, 
and an integratorg, was used. A p-Bondapak-Cle column10 (30 cm X 4 mm 
i.d.) was used a t  ambient temperature. 

Chromatographic Conditions-The mobile phase contained 60% 
by volume of acetonitrile in 0.02 M aqueous solution of ammonium ace- 
tate. The flow rate was 2.0 ml/min (3.0 ml/min when hydroxyprogesterone 
caproate was the internal standard), the sensitivity was 0.04 AUFS at 232 
nm, and the chart speed was 30.5 crn/hr. 

Preparation of Stock and  Standard Solutions-The stock solutions 
of hydroxyzine hydrochloride, meperidine hydrochloride, and pro- 
methazine hydrochloride were prepared by dissolving 100.0 mg of the 
powder in enough water to make 100.0 ml. The stock solutions were di- 
luted further with water as needed. The standard solution contained 500.0 
pglml of meperidine hydrochloride and 28 pg/ml of hydroxyzine hy- 
drochloride. A standard mixture containing 250.0 pg/ml each of meper- 
idine hydrochloride and promethazine hydrochloride and 14.0 pg/ml of 
hydroxyzine hydrochloride was also prepared. 

The solutions of acetaminophen (-3 mg/ml), atropine sulfate (20 
pg/ml), calcium chloride (10 pg/ml), disodium edetate (30 pg/ml), me- 
tacresol (10 pglml), phenol (200 pg/ml), and sodium metabisulfite (50 
pg/ml) in water were also prepared to determine the possible interference 
from these ingredients, since they are added to commercial dosage 
forms. 

P repa ra t ion  of Assay Solutions, Injections (Ampules or 
Vials)-To an appropriate quantity of the injection containing 50.0 mg 
of meperidine hydrochloride, 2.8 ml of hydroxyzine hydrochloride stock 
solution was added and the mixture was diluted to 100.0 ml with 
water. 

Assay solutions were made from syrup (10 mg/ml) by mixing 2.5 ml of 
the mixture with 1.4 ml of the stock solution of hydroxyzine hydrochloride 
and diluting to 50.0 ml with water, and from 50-mg tablets by weighing 
20 tablets accurately and grinding them to a fine powder. An appropriate 
quantity of the powder containing 50.0 mg of meperidine hydrochloride 
was mixed with 50 ml of water and 2.8 ml of the stock solution of hy- 
droxyzine hydrochloride. The mixture was brought to a volume (100.0 

~~~~~~ ~~ 

Mepergan by Wyeth Laboratories, Philadelphia, Pa. 
E. R. Squibh Research Institute. Princeton, N.d. 

Winthrop Laboratories. New York, N.Y. 
Wyeth Laboratories, Philadelphia, Pa. 

Spectroflow monitor SF770, Schoeffel Instruments, Westwood, N.d. 
Omniscrihe .5'?13-12, Houston Instruments, Austin, Tex. 
Autolah Minigrator, Spectra-Physics, Santa Clara, Calif. 

:3 Plizer Laboratories, New York. N.Y. 

ti ALC 2002 equipped with U6K universal injector, Waters Associates, Milford, 
Mass. 

In Waters Associates. Milford, Mass. 
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Figure 2-Sample chromatograms. Peaks 1-3 are from meperidine, 
hydroxyprogesterone caproate, and promethazine, respectively. 
Chromatogram A is from a standard mixture containing (in pgper ml): 
meperidine hydrochloride (310), hydroxyprogesterone caproate (30), 
and promethazine hydrochloride (SO). Chromatogram B is from a syrup 
with 350 pglml of meperidine hydrochloride and 30 pglml of hydroxy- 
progesterone caproate. For chromatographic conditions, see text. Flow 
rate was 3.0 mllmin. 

ml) with water and then filtered. The first 20 ml of the filtrate was dis- 
carded and the remainder collected for the assay. 

Modifications with Hydroxyprogesterone Caproate as the In- 
ternal Standard-A stock solution of hydroxyprogesterone caproate 
was prepared by dissolving 100.0 mg of the powder in enough ethanol to 
make 100.0 ml. The standard solutions were prepared by mixing 3.0 ml 
of the stock solution with 60 ml of acetonitrile, an appropriate quantity 
of the meperidine hydrochloride stock solution concentrated (2.0 mglml), 
and enough water to make 100.0 ml. A similar procedure was used to 
prepare the assay solutions. In the case of tablets, only 30 ml of water was 
used instead of 50 ml in the extraction procedure. The assay solutions 
were filtered if necessary. 

Assay Procedure-A 20 pl aliquot of the sample was injected into the 
chromatograph using the described conditions. For purpose of compar- 
ison, an identical volume of the standard solution-mixture was injected 
after the assay material was eluted. 

Because preliminary investigations indicated that the ratio of peak 
heights (meperidine-hydroxyzine or meperidine-hydroxyprogesterone 
caproate) were directly related to the concentrations (5-13-pg range 
tested), the results were calculated using a standard curve or the following 
equation: 

(Rph)o X 100 = percent of the label claim 
(Rph 1.v 

where (Rph),, is the ratio of the peak heights of the assay solution and 
(Rph)s  is that of the standard solution. The results are presented in Table 
I and Figs. 1 and 2. 

In other experiments a 6.25-ml solution of meperidine hydrochloride 
(2 mg/ml) was mixed with 1 ml of -1 N NaOH in a 25-ml volumetric flask. 
The flask (with lid on) was stored in an electric oven at  50’ (*lo) for 48 
hr. After cooling the mixture, 1 ml of -1 N HCl and 0.7 ml of the stock 
solution of hydroxyzine hydrochloride were added. The mixture was 
brought to volume with water and assayed using the procedure described 
above. The results are presented in Fig. 1B. 

RESULTS AND DISCUSSION 

The results indicate (Table I, Figs. 1 and 2) that this HPLC method 
can be used for the quantitative determination of meperidine hydro- 
chloride in pharmaceutical dosage forms. The results on different days 
were highly reproducible and precise. The relative standard deviations 
based on six readings were 1.2% with meperidine hydrochloride and 0.93% 
with hydroxyprogesterone caproate, as the internal standard, respec- 
tively. The ratio of the peak heights was directly related to the concen- 
trations of meperidine hydrochloride (5-13-pg range tested). 

A variety of other active and inactive ingredients, which are usually 
mixed with meperidine in commercial dwage forms, did not interfere with 
the assay procedure. The concentrations (in pg) tested (with 10 pg of 
meperidine hydrochloride) were: acetaminophen, 60; atropine sulfate, 
0.4; calcium chloride, 0.2; disodium edetate, 0.6; metacresol, 0.2; phenol, 
4; promethazine hydrochloride, 10; and sodium metabisulfite, 1. In ad- 
dition to these ingredients, the excipients in syrup such as flavors and 
preservative(s) eluted immediately after the solvent peak (Fig. 2B) and 
did not interfere with the assay procedure. The exact nature of the ex- 
cipients added was not disclosed on the label. 

Since meperidine did not separate completely from hydroxyzine (Fig. 
l ) ,  another internal standard (hydroxyprogesterone caproate) was de- 
veloped later in these investigations. The results obtained with this in- 
ternal standard were similar (Table I) to those with hydroxyzine as the 
internal standard. Hydroxyprogesterone caproate separated completely 
from meperidine and promethazine (Fig. 2) and is recommended as the 
internal standard. The relative standard deviations based on six readings 
were 0.93 uersus 1.2% with hydroxyzine hydrochloride (an alternative 
internal standard). To keep hydroxyprogesterone caproate in solution, 
it was necessary to add 60% (vlv) of acetonitrile (same concentration as 
in the mobile phase) to the standardlassay solutions. The flow rate was 
increased to 3.0 ml/min to hasten the assay procedure. 

It was possible to determine the concentration of promethazine hy- 
drochloride (Table I, footnote c and Fig. 2A) present in the synthetic 
mixture similar to a commercial dosage form’. The promethazine eluted 
-4.5 min later (peak 3 in Fig. 2A) than meperidine (peak 1 in Fig. 2A). 

The developed method appears to be stability-indicating, s.ince a 
sample of meperidine which was hydrolyzed to the free acid (see Ex- 
perimental) showed almost zero potency (Fig. lB), and the product(s) 
of decomposition eluted immediately after the solvent. The N-oxide, 
another possible degradation product, was not chromatographed. 
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Involvement of Active Sodium Transport in the Rectal Absorption of 
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Abstract 0 The involvement of active sodium transport in the rectal 
absorption of gentamicin sulfate was examined in rats, employing 
aqueous microenemas of known total ionic strength (p) in the presence 
or absence of absorption-promoting adjuvants. Rectal gentamicin bio- 
availability, which is negligible (1 f 1.2%) a t  an ionic strength of 0.15 
without adjuvants, is significantly ( p  < 0.01) increased by including ad- 
juvants in the formulation (sodium salicylate, 12 f 4.0%; sodium-5-bro- 
mosalicylate, 59 f 15.1%; disodium ethylene(dinitrilo)tetraacetate, 24 
f 9.3%). Pretreating the rectal mucosa cells with ouabain, a specific in- 
hibitor of active sodium transport, significantly (p  < 0.01) reduced 
gentamicin absorption in response to all three adjuvants. In contrast to 
previous findings with sodium chloride, high ionic strength choline 
chloride ( p  = 1.056) did not promote gentamicin absorption. The data 
indicate that active sodium transport is an integral component of rectal 
absorption of water-soluble compounds and may be involved in the 
mechanism of action of absorption-promoting adjuvants. 

Keyphrases 0 Gentamicin sulfate-rectal absorption, effect of choline 
chloride and ouabain 0 Choline chloride-effect on rectal absorption 
of gentamicin sulfate adjuvant enhancement Ouabain-effect on the 
rectal absorption of gentamicin sulfate Rectal absorption-gentamicin 
sulfate, effect of choline chloride and ouabain. 

Normal rectal mucosa is capable of transporting sodium 
chloride and water from the luminal to the serosal side of 
the epithelial barrier (1). The bidirectional movement of 
sodium ions is regulated by both passive and active com- 
ponents, and has been shown to be directly correlated with 
the rectal transluminal potential difference (2). Previous 
work in this laboratory has shown that increasing the ionic 
strength in a microenema containing gentamicin, a 
water-soluble antibiotic, significantly enhanced the rectal 
absorption of the drug (3). The enhancing effect due to 
high ionic strength appeared to be additive to the en- 
hanced rectal absorption effected by sodium salicylate, a 
proven absorption adjuvant (4,5). 

Two factors in a previous study on ionic strength (3) 
suggested that there was a possible specific involvement 
of sodium transport in rectal gentamicin delivery, in- 
cluding delivery which was adjuvant (sodium salicylate) 
assisted. In the absence of sodium salicylate, gentamicin 
absorption (at ionic strength of p = 1.054) was twofold 
greater when sodium chloride, rather than potassium 
chloride, was the major contributor to total ionic strength. 
The addition of sodium salicylate to both sodium chloride 
and potassium chloride microenemas significantly in- 
creased rectal gentamicin absorption, but the same twofold 
difference in efficacy between sodium chloride and po- 
tassium chloride was still observed. 

In the current study, the possible involvement of active 
sodium transport was further investigated by employing 
two agents, ouabain and choline chloride, which alter 
electrogenic sodium transport. Ouabain is a metabolic 
inhibitor which specifically blocks the membrane so- 
dium-potassium pump. Choline chloride is used as a so- 

dium chloride substitute since equivalent ionic strength 
can be established; but choline itself is not transported by 
the sodium-potassium pump. The use of these agents has 
provided data suggesting a direct involvement of active 
sodium transport in the rectal absorption of gentamicin. 
The results obtained here may also be of general applica- 
bility to other water-soluble compounds whose rectal ab- 
sorption is enhanced by salicylate-type adjuvants (5-7). 

EXPERIMENTAL 

Adult male Sprague-Dawley rats (200-250 g) were fasted, with free 
access to water, for 18-24 hr prior to the experiment. Animals were 
anesthetized with intramuscular injections of urethane (0.5 ml of 43% 
ethylcarbarnate' in distilled water per 100 g of body weight). 

Aqueous microenemas (250 pl, pH 5) containing 2.5 mg of gentamicin 
sulfate' were administered with a 1-ml syringe at  an intrarectal depth 
of 2.5 cm. Ionic species (sodium chloride, potassium chloride, or choline 
chloride) and/or absorption adjuvant were included in the microenemas 
as indicated in the text and legends. In one set of experiments, sodium- 
free microenemas were prepared by dissolving gentamicin sulfate and 
salicylic acid in 50-mM tromethamine hydrochloric acid (Tris-HC1) 
buffer. In experiments employing ouabain, animals received a 250-pl 
microenema of 25 mM ouabain either 15 or 30 min prior to administration 
of the gentamicin formulation. The gentamicin formulation also con- 
tained 25-mM ouabain in these experiments. Total ionic strength and 
percent bioavailability were calculated as described previously (3). 

RESULTS 

Rectal absorption of gentamicin is negligible (1 f 1.2%, n = 3) when 
the drug is administered in an aqueous microenema at p = 0.15 and 
without an adjuvant. Gentamicin absorption was significantly increased 
by the addition of 20 mg/kg of sodium salicylate (12 f 4.096, n = 6, p < 
0.01), disodium ethylene(dinitri1o)tetraacetate (24 f 9.3%. n = 3, p < 
0.01), or sodium-5-bromosalicylate (59 f 15.1%, n = 3, p < 0.01). 

Increasing the microenema ionic strength by the addition of sodium 
chloride or potassium chloride was previously shown to significantly in- 
crease rectal gentamicin absorption (3). Data for choline chloride are 
shown in Fig. 1. Gentamicin bioavailability in the presence of 1.0 M 
choline chloride ( p  = 1.054) was 6 f 1.0% (n = 3) with no significant 
differences a t  other choline chloride concentrations ( p  = 0.304-0.754). 
Compared with previous data on increasing ionic strength, the relative 
order of effectiveness in promoting gentamicin absorption was sodium 
chloride > potassium chloride > choline chloride (Fig. IA). The incor- 
poration of sodium salicylate into the choline chloride microenema re- 
sulted in gentamicin bioavailability greater t.han that seen with choline 
chloride alone (Fig. 1B). When the ionic contributions of sodium salicylate 
were included in calculations of total ionic strength and the results pre- 
sented as bioavailability uersus total ionic strength (3) (Fig. lB), the 
profiles with salicylate demonstrated higher bioavailabilities and were 
approximately parallel to the ionic profiles with the salts alone. 

Ouabain pretreatment significantly ( p  < 0.01) decreased gentamicin 
bioavailability in response to sodium salicylate, sodium-5-bromosalicy- 
late, and disodium ethylene(dinitri1o)ttraacetate (Fig. 2). The effect was 
more pronounced following the 30-min pretreatment. Even though 30- 
min ouabain pretreatment significantly reduced bioavailabilities, the 
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Figure 1-Gentamicin bioauailability in the presence of various ionic 
strengths (p) of sodium chloride (O), potassium chloride (A), and 
choline chloride (O),  choline chloride-sodium salicylate (W). Panel A 
shows ionic strength profiles for each of the three salts in the absence 
of sodium salicylate. Panel B shows results of ionic strength profiles with 
choline chloride in the presence and absence of sodium salicylate. Error 
bars represent the standard deviation for n = 3-6 experiments. Where 
error bars are not shown, the standard deviation is within the dimen- 
sions of the symbol. 

levels of drug absorption were still greater (p < 0.05) than those observed 
with control microenemas (no adjuvant). 

The effect of ouabain pretreatment on salicylate-assisted, high ionic 
strength rectal gentamicin absorption was examined using microenemas 
containing 0.5 M NaCl. Without ouabain pretreatment, gentamicin 
bioavailability in the presence of sodium chloride and 20 mg of sodium 
salicylatekg body weight (fi = 0.574) was 47 f 7.1% ( n  = 3). Following 
a 30-min ouabain pretreatment, bioavailability was reduced to 22 f 4.4% 
( n  = 3, p < 0.001). 

Sodium-free microenemas, prepared using salicylic acid and nonso- 
dium buffering salts, resulted in gentamicin bioavailability of 9 f 0.3% 
( n  = 3 ) ,  which was significantly ( p  < 0.001) greater than adjuvant-free 
control microenemas (1 f 1.270, n = 3). 

DISCUSSION 

Previous work in this laboratory suggested the possible involvement 
of monovalent cation specificity in the rectal delivery of gentamicin, a 
water-soluble antibiotic (3). Ionic strength profiles demonstrated that 
sodium chloride afforded higher levels of gentamicin absorption than 
potassium chloride. The absorption-promoting activity of sodium sali- 
cylate appeared to be additive to the enhancing effects of ionic 
strength. 

The possible involvement of active sodium transport was further in- 
vestigated in this study. Choline chloride, a nontransported ionic 
equivalent of sodium chloride, and ouabain, a specific inhibitor of the 
membrane sodium-potassium pump, were tested for effects on rectal 
gentamicin absorption. 

Increasing the microenema ionic strength by the addition of sodium 
chloride, potassium chloride, or choline chloride demonstrated a pref- 
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Figure 2-Effect of ouabain pretreatment on gentamicin bioavailability 
in response t o  sodium salicylate, disodium ethylene(dinitri1o)tetraac- 
etate, and sodium-5-bromosalicylate. Centamicin bioauailability 
achieved with 20 mg of adjuuantlkg of body weight is represented as 
0-min ouabain pretreatment. Histogram bars designated 15 and 30 
represent gentamicin bioauaila bility observed in response to adjuvant 
activity following a 15 or 30-min exposure o f the  rectal tissue to 25 mM 
ouabain. Error bars represent the standard deviation for n = 3-6 ex- 
periments. Key: (*) p < 0.02.5, (g) p < 0.01. 

erential response in bioavailability to sodium ions. The inability of high 
ionic strength choline chloride (p = 1.054) to promote gentamicin ab- 
sorption indicated that ionic strength alone was not a major modulator 
of rectal absorption. 

Involvement of the membrane sodium-potassium transport system 
was further verified in experiments employing ouabain pretreatment of 
the rectal mucosal cells. The ability of ouabain to significantly reduce 
gentamicin bioavailability in response to all three adjuvants [salicylate, 
disodium ethylene(dinitrilo)tetraacetate, 5-bromosalicylate], a t  normal 
and elevated sodium chloride ionic strengths, indicates an important 
influence of active sodium transport in rectal absorption. After 30-min 
ouabain pretreatment, the level of gentamicin absorption was still sig- 
nificantly greater than the bioavailability observed in experiments with 
untreated animals given microenemas without adjuvant. One possible 
explanation for this is that  a t  least a fraction of the adjuvant-enhanced 
absorption is independent of active sodium transport, assuming that a 
total inhibition of sodium transport would occur in response to 25 mM 
ouabain pretreatment (not verified by measurements of sodium trans- 
port). An alternative explanation is that  the ouabain concentration or 
time of membrane exposure to ouabain may have been insufficient to 
totally suppress membrane sodium transport. In either case, the definite 
involvement of active sodium transport in rectal gentamicin absorption 
has been demonstrated. 

The ability of salicylic acid to promote rectal gentamicin absorption 
when administered as a sodium-free microenema suggests that  sodium 
may not be absolutely required for this delivery system. However, suf- 
ficient sodium may normally be present in the fluids of the rectal com- 
partment to permit salicylate-enhanced gentamicin absorption. 

The mechanism(s) by which active sodium transport affects rectal 
absorption of water-soluble compounds is unknown, although the di- 
rection and magnitude of fluid movement is significantly affected by the 
sodium gradient. Regardless of the exact mechanism(s) involved, it is 
clear that active sodium transport is intimately related to rectal ab- 
sorption systems. The applicability of these findings to the further de- 
velopment of traditional dosage forms (e.g. ,  suppositories) remains to 
be demonstrated. However, the regulation of sodium transport may 
provide a means to predictably alter the permeability of the rectal mu- 
cosal cell barrier and to more carefully control adjuvant-enhanced ab- 
sorption of water-soluble compounds. 
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Abstract Six derivatives of 3,3-diphenyl-2-pyrrolidone were synthe- 
sized and screened for anticonvulsant activity. The synthetic route in- 
volved a mono-N-demethylation of an intermediate NJV-dimethylam- 
inonitrile with methyl chloroformate followed by cleavage of the carba- 
mate group. Of the six derivatives, (&)-2-imino-l,5-dimethyl-3,3-di- 
phenylpyrrolidine hydrochloride was effective in protecting mice against 
maximal electroshock (MES) -induced seizures a t  a 30-mghg dose 
level. 

Keyphrases Anticonvulsant screening-synthesis of 3,3-diphenyl- 
2-pyrrolidone derivatives, maximal electroshock-induced seizures, mice 
3,3-Diphenyl-2-pyrrolidone-synthesis and anticonvulsant screening, 

derivatives, maximal electroshock-induced seizures, mice 

The reported (1) anticonvulsant activity of 2-pyrroli- 
done (I), the lactam of y-aminobutyric acid, stimulated 
interest in 2-pyrrolidone derivatives as potential anti- 
convulsants. As i t  incorporated several features of the 
anticonvulsant diphenylhydantoin (10, the 3,3-diphe- 
nyl-2-pyrrolidone (111) system seemed a promising one for 
the study. When tested in rats, 3,3-diphenyl-2-pyrrolidone 
(111) itself was less effective than (&)-3-ethyl-3-phenyl- 
2-pyrrolidone against both pentylenetetrazol' and elec- 
trically-induced convulsions (2). Somewhat earlier, i t  was 
observed (3) that the structurally related @,a-diphenyl- 
succinimide (IVa) and its N-methyl derivative (IVb) 
ranked first and eighth in a series of 39 succinimides in 
protecting mice against electrically induced convulsions. 

The work on 3,3-disubstituted-2-pyrrolidones (2) and 
a-phenylsuccinimides (3) showed that the presence of an 
asymmetric center a t  the 3-position often enhanced anti- 
convulsant activity. The present study was undertaken to 
determine if the introduction of an asymmetric center a t  
the 4- or 5-position of the 3,3-diphenyl-2-pyrrolidone (111) 
system would have a similar beneficial effect. Accordingly, 
(f)-1,4-dimethyl-3,3-diphenyl-2-pyrrolidone (Va) and 
(f)-1,5-dimethyl-3,3-diphenyl-2-pyrrolidone (VIa) were 
synthesized and evaluated for anticonvulsant activity. The 
corresponding amidines, Vb and VIb, were also prepared 
to compare them with the neutral lactams. Moreover, the 
amidine functionality was expected to provide a handle for 
further structural modification as exemplified by the acyl 
derivatives, VIc and VId. The test compounds were pre- 
pared using modifications of previously reported (4-6) 
procedures. 
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RESULTS AND DISCUSSION 

Because of the interest in amidines Vb and VIb, the synthetic route 
(4-6) involving them as intermediates was preferred to other procedures 
(7,8) for preparing (f)-1,4-dimethyl-3,3-diphenyl-2-pyrrolidone (Va) 
and (f)-1,5-dimethyl-3,3-diphenyl-2-pyrrolidone (VIa). The mono- 
N-demethylation of the NJV-dimethylaminonitriles VIIa and VIIIa was 
readily effected using excess methyl chloroformate. The subsequent 
conversion of carbamate VIIIb to VIb hydrochloride was carried out in 
refluxing hydrochloric acid. In contrast, carbamate VIIb failed to either 
dissolve or react in hydrochloric acid. Moreover, the compound was re- 
covered essentially unchanged after 17 days of reflux in ethanol-hydro- 
chloric acid (2:l). Ultimately, the transformation of VIIb to Vb was 
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N-demethylation of the NJV-dimethylaminonitriles VIIa and VIIIa was 
readily effected using excess methyl chloroformate. The subsequent 
conversion of carbamate VIIIb to VIb hydrochloride was carried out in 
refluxing hydrochloric acid. In contrast, carbamate VIIb failed to either 
dissolve or react in hydrochloric acid. Moreover, the compound was re- 
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achieved using hydrogen bromide in glacial acetic acid. In addition, the 
nitrous acid reaction (4) was found to require a large excess of reagent 
added in portions in order to effect complete conversion of starting ma- 
terial to product. Throughout the synthesis, the geometric isomers were 
easily distinguished from each other by the 'H-NMR chemical shifts of 
the various methyl groups. 

The lactams Va and VIa were inactive in all tests at all dose levels. In 
contrast, amidine VIb was effective in protecting mice against maximal 
electroshock (MES)-induced seizures at a 30-mgAg dose level, although 
it afforded no protection a t  lower dose levels (3,10, and 20 mgkg). Am- 
idine Vb was inactive in all tests a t  30 mg/kg. Both Vb and VIb were too 
toxic to he administered at dose levels >30 mg/kg. Of the acyl compounds 
derived from VIb, the carbomethoxyimino derivative VId was inactive 
at all dose levels. The acetimido derivative VIc, on the other hand, ap- 
peared to exacerbate the effects of MES and subcutaneous pentylene- 
tetrazol treatment, thereby causing death. Furthermore, a t  dose levels 
of 300 and 600 mgkg, compound VIc caused death through CNS de- 
pression. 

Since the presence of an N-methyl group was shown to decrease the 
effectiveness of a-phenylsuccinimides against electrically induced con- 
vulsions (3), it was reasonable that N-demethylation of VIb might yield 
a compound with improved activity in the MES screen. However, com- 
pounds VIb and VIa were both unaffected by refluxing with 47% hy- 
driodic acid. Treatment of compound VIc with excess methyl chloro- 
formate also failed to effect an N-demethylation. Moreover, two attempts 
to further functionalize lactam VIa by nitration of an aromatic ring were 
unsuccessful. 
In summary, the combination of N-methylation and the generation 

of an asymmetric center by introduction of a methyl group at the 4- or 
5-position of the 3,3-diphenyl-2-pyrrolidone (111) system had no apparent 
beneficial effect on anticonvulsant activity. Although the amidine VIb 
was active in the MES screen at a low dose level, this activity was offset 
by the neurotoxicity of the compound at  higher dose levels. Finally, the 
preparation of simple acyl derivatives failed to improve the activity, and 
the chemical inertness of the system made further structural modifica- 
tions difficult. 

EXPERIMENTAL2 

(f)-4-Dimethylamino-2~-diphenyl-3-methylbutyronitri~e (VIIa) 
and (f)-4-Dimethylamino-2,2-diphenylvaleronitrile (VII1a)-The 
isomeric nitriles were prepared by condensation of diphenylacetonitrile 
and 2-chloro-1-dimethylaminopropane in the presence of potassium 
tert -butoxide (7). The less soluble valeronitrile (VIIIa) was obtained in 
isomerically pure form by hexane trituration followed by recrystallization 
from absolute ethanol. Vacuum distillation of the hexane-soluble fraction 
afforded a 7:3 mixture of VIIa-VIIIa; bp 131-137' (0.15-0.20mm). The 
total yield of nitriles was 58%. 

(&) -4- (N - Carbomethoxy -N- methylamino)-2,2-diphenyl-3- 
butyronitrile (VI1b)-The 7:3 nitrile mixture (36 g, 0.13 mole), sodium 
bicarbonate (126 g, 1.5 moles), and methyl chloroformate (208 g, 2.2 
moles) were refluxed for 26 hr in chloroform (1.4 liters). The reaction 
mixture was filtered and the filtrate washed with 3 N hydrochloric acid, 
5% sodium bicarbonate, and water. Evaporation of the organic layer af- 
forded a 7:3 mixture of VIIt+VIIIb ('H-NMR analysis). Ether trituration 
removed the more soluble valeronitrile carbonate, VIIIb. Recrystallization 
of the residual solid from ethyl acetate-petroleum ether gave 19 g (45%) 
of VIIb as a white solid; mp 145-147'; IR 1697 cm-I (C=O); 'H-NMR 
6 1.04 (d, 3, CHCH3), 2.88 (s, 3, NCHB), 3.70ppm ( s ,  3,OCH3). There was 
no detectable amount of the isomeric carbamate by 'H-NMR. 
(h) -4- (N - Carbomethoxy -N- methylamino)-2,2-diphenylval- 

eronitrile (VII1b)-A mixture of VIIIa (5.0 g, 0.018 mole), sodium bi- 
carbonate (10.0 g, 0.12 mole), and methyl chloroformate (36 g, 0.38 mole) 
in chloroform (260 ml) was refluxed for 48 hr with half of the methyl 
chloroformate being added after 24 hr. Workup as described above af- 
forded 5.8 g (100%) of VIIIb as viscous oil; IR 1695 cm-' (M); 'H-NMR 
b 1.16 (d, 3,CHCH3),2.28 (~,3,NCH3),3.53 ppm (s,3,OCH3). 

(f)-2-Imino- 1,4-dimethyl-3,3-diphenylpyrrolidine (Vb) Hydro- 
chloride-Hydrogen bromide gas was bubbled through a solution of VIIb 

(7.0 g, 0.022 mole) in glacial acetic acid (250 ml) for 30 min. The resultant 
mixture was stirred at room temperature for 4 days. Then it was diluted 
with water, basified with concentrated ammonium hydroxide, and ex- 
tracted with methylene chloride. The residue obtained from evaporation 
of the organic extracts was partitioned between ether and 6 N hydro- 
chloric acid. The resultant aqueous layer was extracted with chloroform 
and the extracts evaporated to obtain 5.8 g of crude product as a white 
foam. Crystallization from methanol-ethyl acetate gave 1.8 g (28%) of 
Vb hydrochloride as a white solid; mp 241-245' (hot stage) after in uacuo 
drying at 100' overnight [lit (4): mp 239"); IR 3420,1690 (C=N) cm-'; 
'H-NMR60.87 (d,3,CHCH3),3.67 pprn (s,3, NCHs). 

Anal.-Calc. for CI&L&lN& HzO: C, 69.75; H, 7.16; N, 9.04. Found: 
C, 69.69; H, 7.15; N, 8.98. 

A subsequent preparation yielded material that had mp 239.5-242' 
(hot stage) and analyzed for C18H21ClNr3/h HzO. Attempts to prepare 
Vb hydrochloride by refluxing VIIb in concentrated hydrochloric acid 
or in ethanol saturated with hydrogen chloride gas were unsuccessful. 
(f)-1,4-Dimethyl-3,3-diphenyl-2-pyrrolidone (Va)-Compound 

Vb (1.5 g, 0.005 mole) was converted to Va using excess nitrous acid (4). 
Recrystallization of the crude product from 95% ethanol afforded 0.86 
g (65%) of Va as clear crystals; mp 122-122.5' [lit. (8): mp 122-123'1; IR 
1689 cm-l (C=O); lH-NMR 6 0.80 (d, 3, CHCH3), 2.98 ppm (s, 3, 

(f)-2-Imino-1,5-dimethyl-3,3-dipbenylpyrrolidine (VIb) Hy- 
drochloride-A solution of VIIIb (5.8 g, 0.018 mole) in concentrated 
hydrochloric acid (150 ml) was refluxed for 43.5 hr under nitrogen. The 
mixture was cooled, diluted with water (300 ml), and extracted with 
chloroform. Evaporation of the organic extracts afforded the crude 
product as a white foam. Crystallization from 2-propanol-ether gave 4.6 
g (85%) of VIb hydrochloride as a white solid; mp 281-283' [lit. (5): mp 
279-281'1; IR 3420,1690 (C=N) cm-l; 'H-NMR 6 1.30 (d, 3, CHCH& 
3.45 ppm (s,3,NCH3). 
(f)-l,5-Dimethyl-3,3-diphenyl-2-pyrrolidone (V1a)-Compound 

VIb (4.2 g, 0.015 mole) was converted to VIa using excess nitrous acid (4). 
Recrystallization from ethanol afforded 2.7 g (73%) of VIa as a white solid; 
mp 121-123O [lit. (8): mp 121-122']; IR 1682 cm-' (C=O); 'H-NMR 8 
1.25 (d,3,CHCH3),2.88 ppm (s,3,NCH3). 
(~)-2-Acetimido-l,5-dmethyl-3,3-diphenylpyrrolidine (V1c)-A 

solution of VIb hydrochloride (3.0 g, 0.01 mole) in pyridine (30 ml) and 
acetic anhydride (3 ml) was stirred at  room temperature overnight. The 
solvents were removed in uacuo and the residue dissolved in chloroform. 
After washing with water, 10% sodium hydroxide, and saturated sodium 
chloride, the chloroform layer was evaporated to give an off-white solid. 
Recrystallization from cyclohexane-ethyl acetate provided 2.3 g (75%) 
of VIc as a white solid; mp 127-128' [lit. (4): mp 126.5-127.5'1; IR 1630, 
1600 (sh) cm-l; lH-NMR 6 1.27 (d, 3H, CHCH3), 1.67 (s,3H, COCH3), 
2.88 ppm (s,3H,NCH3). 

Anal.-Calc. for C&z2N20 C, 78.40; H, 7.24; N, 9.14. Found C, 78.37; 
H, 7.29; N. 9.08. 
(f)-2-Carbomethoxyimino- 1,5-dimethyl-3,3-diphenylpyrrolidine 

(V1d)-A mixture of VIb (5.7 g, 0.022 mole), sodium bicarbonate (20 g, 
0.24 mole), and methyl chloroformate (12 g, 0.13 mole) in chloroform was 
refluxed for 24 hr. The reaction mixture was filtered and the filtrate 
washed with 10% hydrochloric acid and saturated sodium chloride. 
Evaporation of the organic layer afforded a white solid which was re- 
crystallized from ethyl acetak+petroleum ether to give 5.0 g (71%) of VId 
as a white solid; mp 166-167'; IR 1690,1630 cm-I; 'H-NMR 6 1.22 (d, 

Anal.-Calc. for C2&2H202: C, 74.51; H, 6.88; N, 8.69. Found: C, 
74.46; H, 6.89; N, 8.67. 

Screening Procedures-The test compounds underwent an anti- 
convulsant screenin$. The compounds were screened at 30,100,300, and 
600-mgbg dose levels in adult male CF 1 mice (intraperitoneal injection). 
Compounds Vb hydrochloride and VIb hydrochloride were administered 
in 0.9% saline solution, other test compounds as suspensions in 30% 
aqueous polyethylene glycol 400. Each compound was screened in an 
MES test, a subcutaneous pentylenetetrazol seizure threshold test, and 
a rotorod test for neurotoxicity. Screening procedures, protocols, and data 
interpretation have been published (9). 

NCH3). 

3, CHCH3); 2.88 (8,3, NCH3), 3.10 (8,3,OCH3). 
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Abstract 0 The propylpiperazine side chain of prochlorperazine was 
labeled with two, four, or six deuterium atoms by lithium aluminum 
deuteride reduction of the appropriate amide. The isotopic purity of the 
products after correcting for chlorine isotopes was >95.7%. 

Keyphrases 0 Prochlorperazine-deuterium-labeled synthesis 0 
Deuterium label-prochlorperazine synthesis 

Prochlorperazine (Va), a piperazine-type phenothiazine, 
is primarily used as an antiemetic or antipsychotic. There 
are no literature reports that describe the usual plasma 
levels of this drug in patients under treatment, and, in fact, 
no suitable analytical methods have been described. The 
development of suitable analytical methods for the de- 
termination of the plasma concentrations of all pipera- 
zine-type phenothiazines has been slow, due to their in- 
stability in all stages of sample handling, as well as the 
extremely low plasma levels observed in the few studies 
involving humans. 

BACKGROUND 

The analytical procedures which have met the stringent sensitivity 
requirements of subnanogram determinations of these piperazine-type 
phenothiazines are either radioimmunoassay (RIA) or GLC-MS proce- 
dures (1,2). In the case of prochlorperazine, an RIA method, which is 
capable of quantitating 0.125 ng/ml using 200-4 plasma aliquots, has 
been developed recently'. Following single 5-rng oral doses of prochlor- 
perazine mesylate in healthy volunteers, the peak plasma concentrations 
were determined by RIA to be between 1-2 ng/ml. To verify the speci- 
ficity of this sensitive biological procedure, a specific and sensitive 
chemical method such as GLGMS is required. A stable isotope analogue 
of prochlorperazine was needed as a true internal standard for obtaining 
the required sensitivity by the chemical procedure. In addition, the 
availability of two other deuterium-labeled prochlorperazine standards 
will allow reliable pharmacokinetic studies to be carried out with fewer 
volunteers and animals, by administering these analogues by one or two 
routes and analyzing the plasma concentrations by GLC-MS using se- 
lected ion monitoring. Such studies will allow defmitive pharmacokinetics 
of prochlorperazine to be obtained with far fewer administrations in 
volunteers. 

The propylpiperazine side chain was chosen as the most suitable la- 
beling site, since normally only the N-methyl group is lost during me- 
tabolism. It also offers adequate variation in the number of labeled atoms. 
Recently, the synthesis of labeled trifluoperazine, the 2-trifluoromethyl 

~ 

1 K. K. Midha, E. M. Hawes, G. Rauw, J. McVittie, G .  McKay, J. K. Cooper. and 
H. U. Shetty, unpublished work. 

I I 1  

IVa: R = H 
IVb:  R = D 

Va: R = R' = H 
V b : R = H , R i = D  
V c :  R = D, R i  = H 
V d :  R = R1 = D 

Scheme I 

analogue of prochlorperazine, with two, four, or six deuterium atoms in 
the propylpiperazine side chain was successfully achieved (3). Similarly, 
this paper describes the synthesis of prochlorperazine with two, four, or 
six deuterium atoms. 

RESULTS AND DISCUSSION 

The synthesis (Scheme I) of the key tetradeuterated intermediate, 
l-methy1(3,3,5,5-*H4)piperazine (II), from the lithium aluminum deu- 
teride reduction of l-methyl-3,5-piperazinedione (I) was previously de- 
scribed (3). Subsequent treatment of the unlabeled or labeled N- 
rnethylpiperazine in dry benzene with 3-[10-(2-~hlorophenothiazinyl)]- 
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Abstract 0 The propylpiperazine side chain of prochlorperazine was 
labeled with two, four, or six deuterium atoms by lithium aluminum 
deuteride reduction of the appropriate amide. The isotopic purity of the 
products after correcting for chlorine isotopes was >95.7%. 

Keyphrases 0 Prochlorperazine-deuterium-labeled synthesis 0 
Deuterium label-prochlorperazine synthesis 

Prochlorperazine (Va), a piperazine-type phenothiazine, 
is primarily used as an antiemetic or antipsychotic. There 
are no literature reports that describe the usual plasma 
levels of this drug in patients under treatment, and, in fact, 
no suitable analytical methods have been described. The 
development of suitable analytical methods for the de- 
termination of the plasma concentrations of all pipera- 
zine-type phenothiazines has been slow, due to their in- 
stability in all stages of sample handling, as well as the 
extremely low plasma levels observed in the few studies 
involving humans. 

BACKGROUND 

The analytical procedures which have met the stringent sensitivity 
requirements of subnanogram determinations of these piperazine-type 
phenothiazines are either radioimmunoassay (RIA) or GLC-MS proce- 
dures (1,2). In the case of prochlorperazine, an RIA method, which is 
capable of quantitating 0.125 ng/ml using 200-4 plasma aliquots, has 
been developed recently'. Following single 5-rng oral doses of prochlor- 
perazine mesylate in healthy volunteers, the peak plasma concentrations 
were determined by RIA to be between 1-2 ng/ml. To verify the speci- 
ficity of this sensitive biological procedure, a specific and sensitive 
chemical method such as GLGMS is required. A stable isotope analogue 
of prochlorperazine was needed as a true internal standard for obtaining 
the required sensitivity by the chemical procedure. In addition, the 
availability of two other deuterium-labeled prochlorperazine standards 
will allow reliable pharmacokinetic studies to be carried out with fewer 
volunteers and animals, by administering these analogues by one or two 
routes and analyzing the plasma concentrations by GLC-MS using se- 
lected ion monitoring. Such studies will allow defmitive pharmacokinetics 
of prochlorperazine to be obtained with far fewer administrations in 
volunteers. 

The propylpiperazine side chain was chosen as the most suitable la- 
beling site, since normally only the N-methyl group is lost during me- 
tabolism. It also offers adequate variation in the number of labeled atoms. 
Recently, the synthesis of labeled trifluoperazine, the 2-trifluoromethyl 

~ 

1 K. K. Midha, E. M. Hawes, G. Rauw, J. McVittie, G .  McKay, J. K. Cooper. and 
H. U. Shetty, unpublished work. 
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analogue of prochlorperazine, with two, four, or six deuterium atoms in 
the propylpiperazine side chain was successfully achieved (3). Similarly, 
this paper describes the synthesis of prochlorperazine with two, four, or 
six deuterium atoms. 

RESULTS AND DISCUSSION 

The synthesis (Scheme I) of the key tetradeuterated intermediate, 
l-methy1(3,3,5,5-*H4)piperazine (II), from the lithium aluminum deu- 
teride reduction of l-methyl-3,5-piperazinedione (I) was previously de- 
scribed (3). Subsequent treatment of the unlabeled or labeled N- 
rnethylpiperazine in dry benzene with 3-[10-(2-~hlorophenothiazinyl)]- 

702 1 Journal of PharmaceUtiCal Sciences 
Vol. 72, No. 6, June 1983 

0022-35491 831 0600-0702$0 1.001 0 
@ 1983, American Pharmaceutical Association 



propionyl chloride (111) gave the desired amides (IVa and b). In the case 
of the labeled N-methylpiperazine, the free base could not be obtained 
in a dry condition, necessitating the use of the hydrochloride in this re- 
action accompanied by the addition of sodium carbonate. This choice 
of route, involving an amide intermediate, allowed for the possibility of 
introducing two additional deuterium atoms. Reduction of the amides 
with lithium aluminum hydride or deuteride gave the desired prochlor- 
perazine (V) with two, four, or six deuterium atoms in -55% yield. The 
isotopic purity of the labeled, purified products was determined by MS 
spectrometry using a single-ion monitoring technique. The ratio for the 
molecular ions (35C1) 2Ho/2H, was determined to be 0.43,0.78, and 0.30% 
for the di-(n = 2), tetra-(n = 4), and hexa-(n = 6)deuterated prochlor- 
perazine, respectively. The isotopic purities (after correcting for chlorine 
isotopes) for ZHz, 2H4, and 21& were 98.11,95.77, and 96.16% respectively. 
The zH1 contaminant in the 2 H ~  isomer was 1.89% 2H2 and 2H3 con- 
taminants collectively represented 4.23% in 2H4, and.2Hs contaminant 
in the 2H6 isomer was 3.84%. It is evident that this purity is sufficient for 
use in GLC-MS and pharmacokinetic studies. These results will be re- 
ported elsewhere. 

EXPERIMENTAL2 

2-Chloro-1OH-phenothiazine-10-propionyl Chloride (111)-A 
solution of phosphorus pentachloride (1.66 g, 8 mmoles) in 10 ml of dry 
benzene was added with stirring over 1.5 hr to a stirred suspension of 
2-chloro-l0-(2-carboxyethyl)-10H-phenothiazine (2.14 g, 7 mmoles) (4) 
in 25 ml of dry benzene at 5". The reaction was allowed to proceed for 1 
hr a t  room temperature during which time the pink mixture became 
colorless. Removal of the solvent in uacuo at  30" gave an oily residue 
which, on treatment with petroleum ether (40-60°), gave the acid chloride 
(111) in a 909'0 yield, mp 115-116" [lit. (4) mp 114-116"]. The product was 
unstable at room temperature and was immediately used in the next stage 
of the synthesis. 
2 - Chloro - 10 - [ [3-[4-methyl-1-(2,Z,6,6-2&)piperazinyl]-3-oxo- 

propylll-10H-phenothiazine (1Vb)-A mixture of l-methy1(3,3,5,5- 
zH4)piperazine dihydrochloride (11) (3) (0.78 g, 4.4 mmoles) sodium 
carbonate (1.0 g), and dry benzene (20 ml) was refluxed until the evolution 
of carbon dioxide ceased. The mixture was then cooled to 0" and a solu- 
tion of the acid chloride (111) (1.3 g, 4 mmoles) in 10 ml of dry benzene 
was added with stirring. When the addition was complete, the cooling 
bath was removed, and the mixture was allowed to warm to room tem- 
perature with continued stirring. After 3 hr, water (10 ml) was added, and 
vigorous stirring continued for 15 min. The organic layer was separated 
and washed successively with 10% aqueous sodium hydroxide (3 X 5 ml) 
and water (10 ml). The benzene layer was dried (MgSO4) and evaporated 
to leave a yellow oil, which was purified by elution from a neutral alumina 
oxide column using benzene to give IVb as a colorless viscous oil in an 809b 
yield. TLC: R/ 0.44 (benzene-methanol, 95:5); IR (film) 1640 ( C 4 )  
cm-1; NMR (CDC13): 6 2.34 (m, 7H, piperazine-3,5-methylene and 
NCH3), 2.85 (t, 2H, CHzCO, J = 7 Hz), 4.23 (t, 2H, phenothiazine-CH2, 
J = 7 Hz), and 6.8-7.4 (m, 7H, aromatic); M S  m/z 391(M+, lOO%), 
248(31), 246(83), 234(33), 232(78), 214(27), and 159(77). 
~ 

2 Melting points were determined with a Gallenkamp melting point apparatus 
and are uncorrected. All TLCs were performed using Eastman Chromatogram 
sheets, type 13254 (silica gel with fluorescent indicator); spots were observed under 
shortwave UV light. IR spectra were taken on a Perkin-Elmer 297 spectropho- 
tometer. NMR spectra were determlned on a Varian T-60 instrument with tetra- 
methylsilane as internal reference. Low resolution electron impact mass spectra 
were recorded on a VG Micromass MMLGF instrument a t  70 eV. Lithium aluminum 
deuteride (>99% deuterium) was obtained from Merck Sharp and Dohme, Dorval, 
Quebec and all other chemicals from Aldrich Chemical Co., Montreal, Quebec. 

2-Chloro-lO-[3-(4-methyl-l-piperazinyl)(3,3-2H~)propyl]-lOEI- 
phenothiazine Dihydrochloride (Vb)-A solution of 2-chloro-10- 
[3-(4-methyl-l-piperazinyl)-3-oxopropyl]ine (IVa) (0.39 
g, 1 mmole), a previously reported (5) compound prepared in a manner 
similar to IVb, in 5 ml of dry ether was added dropwise over 1 hr to a 
stirred suspension of lithium aluminum deuteride (0.042 g, 1 mmole) in 
5 ml of dry ether at 0". The mixture was stirred for an additional 15 min, 
and after treatment with water (0.5 ml) and 20% aqueous sodium hy- 
droxide (1 ml) the ether layer was decanted off. The inorganic material 
was mixed with sodium chloride (0.25 g), placed in the thimble of a 
Soxhlet apparatus, and extracted for 3 hr with ether. The combined ether 
fractions were extracted with 10% HCl(4 x 5 ml). The combined aqueous 
extracts were then washed with ether (3 X 5 ml) and the pH adjusted to 
8.0 with saturated sodium carbonate solution. The product was then 
extracted with ether (4 X 10 ml), and the combined ether extracts dried 
(MgSO4) and filtered. Dry hydrogen chloride in ether was added to the 
filtrate and the separated solid crystallized from ethanol to afford 
(2Hz)-prochlorperazine (Vb) as the dihydrochloride salt (0.25 g, 55%), 
mp 242-243". Mued melting points with the authentic nondeuterated 
samples (Va), prepared by the same route with lithium aluminum hydride 
or prepared from a commercial sample of prochlorperazine free base, were 
not depressed. T L C  R/ 0.55 (methanol-water-ammonium acetate, 
100:203); NMR (free base, CDCb): 6 1.85 (t, 2H. CHzCD2, J = 6.5 Hz), 
2.24 (s,3H, NCH3), 2.40 (s,8H, piperazine methylene), 3.84 (t, 2H, phe- 
nothiazine-CHz, J = 6.5 Hz), and 6.72-7.20 (m, 7H, aromatic); M S  m/z 
375(M+, 47%), 274(7), 246(8), 232(16), 143(33), and 115(100). 

Z-Chloro-lO-[ [3-[ 4-methyl- 1-(2,Z,6,6-2H4)piperazinyl]-propyl]]- 
l0H-phenothiazine Dihydrochloride (V~)--(~H4)-Prochlorperazine 
(Vc) was prepared (55%) from IVb and lithium aluminum hydride using 
the method described above for Vb: mp and TLC as for Vb. NMR (free 
base, CDCl3): 6 1.94 (m, 2H, propyl central CH3, 2.30-2.66 (m, 9H, 
CHz-piperazine, piperazine-3,5-methylene, and NCH3), 3.88 ( t ,  2H, 
phenothiazine-CH2, J = 6.5 Hz), and 6.60-7.18 (m, 7H, aromatic); 
M S  m/z 377(M+, 6%), 273(14), 246(11), 232(13), 145(40), and 
117(100). 

2-Chloro- lo-[ [3-[4-methyl- 1-(2,2,6,6-2Hl)piperazinyl](3,3- 
2Hz)propyl]]-lOH-phenothiazine Dihydrochloride (Vd)-(2H6)- 
Prochlorperazine (Vd) was prepared (55% yield) from IVb and lithium 
aluminum deuteride using the method described above for Vb: mp and 
TLC as for Vb. NMR (free base, CDCl3): 6 1.85 (t, 2H, CHzCDz, J = 6.5 
Hz), 2.20 (s,3H, NCHa), 2.37 (s,4H, piperazine-3,5-methylene), 3.85 (t, 
2H, phenothiazine-CHz, J = 6.5 Hz), and 6.62-7.15 (m, 7H, aromatic); 
Ms: m/z 379(M+, 4%), 276(10), 274(10), 246(8), 232(14), 214(8), 147(48), 
and 119(100). 
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Abstract A spectrophotometric method was developed for deter- 
mining promethazine hydrochloride (I) complexed with bromcresol green 
and then extracted with chloroform. The complex in chloroform showed 
maximum absorption at 415 nm and obeyed Beer's law over 1.2-8.5 pg/ml. 
The complex molar absorptivity was 1.93 X 104 M. Complex formation 
and extraction were complete and quantitative over pH 2.7-2.8. The 
promethazine hydrochloride-bromcresol green molar ratio was 1:l. Ex- 
cipients, coloring matter, flavoring agents, and other substances likely 
to be present in promethazine preparations did not interfere in the de- 
termination. Direct determination in tablet, syrup, and injection prep- 
arations were carried out satisfactorily. 

Keyphrases 0 Promethazine hydrochloride-spectrophotometric 
analysis, color complex with bromcresol green, various pharmaceutical 
formulations 0 Bromcresol green-promethazine hydrochloride spec- 
trophotometric analysis, various pharmaceutical formations Spec- 
trophotometry-analysis, promethazine hydrochloride, various phar- 
maceutical formulations 0 Antihistaminic agents-promethazine hy- 
drochloride, spectrophotometric analysis, various pharmaceutical for- 
mulations 

Various methods have been described for promethazine 
hydrochloride (I) determination. The official nonaqueous 
USP titration method (1) is not applicable to microgram 
I determinations. Volumetric (2), ion-exchange (3), chro- 
matographic (41, polarographic ( 5 ) ,  gravimetric (6), com- 
plexometrie (7), and luminescence (8) methods all lack 
simplicity and sensitivity. 

Spectrophotometric methods also have been used for 
the analysis of the base. Eriochrome black T (9), perchloric 
acid-nitromethane (lo), sodium 1,2-naphthoquinone-4- 
sulfonate in 5Wo HzS04 ( l l ) ,  and ferric chloride (12) were 
employed to create a colored product that could be de- 
termined spectrophotometricdy. Some of these methods 
are not simple; others are not sensitive. 

This report describes a direct, simple, and sensitive 
spectrophotometric determination for I. This method is 
applicable to powder, syrup, injection, and tablet forms. 
The procedure depends on complex formation between I 
and bromcresol green (11) which is extractable by chloro- 
form a t  pH 2.7-2.8. This method can be carried out suc- 
cessfully in the presence of caffeine and many other sub- 
stances. 

Bromcresol green has been used for determining small 
amounts of long-chain tertiary alkylamines and quaternary 
Table I-Effect of Other Compounds on the Determination of 
Promethazine Hydrochloride 

Recovery 
Substance Amount Ratio0 %b 

Ascorbic acid 50 100.0 
Sodium saccharin 250 100.9 
Cinnamon oil 10 100.0 
Orange oil 60 100.5 
Clove oil 70 100.0 
Amaranth 120 100.2 

a The ratio of the amount of substances to promethazine hydrochloride in the 
determination. Promethazine hydrochloride concentration = 3.2 X 10-4 M. 

ammonium salts (13). It was recently used for the direct 
determination of thebaine in Papauer bracteaturn Lindl 
Arya I1 papulation capsules (14) and to determine di- 
phenhydramine hydrochloride (15). 

EXPERIMENTAL' 

Apparatus and Reagents.-All glassware was washed with 0.1 N HCl 
followed by distilled water. All reagents were analytical grade. 

Bromcresol Green ( M)-Accurately weighed bromcresol green 
powder was dissolved in 2 ml of 0.1 N NaOH, and the volume was brought 
to 1 liter with citric acid-sodium hydrogen phosphate buffer, pH 2.7-2.8. 
The resulting solution was adjusted to pH 2.7-2.8. 

Promethazine Hydrochloride ( 1 P 4  M) Standard-Accurately 
weighed, dry, pure promethazine hydrochloride powder USP (32.09 mg) 
was dissolved in water and diluted to  1 liter. 

Buffer Solution-A citric acid-sodium hydrogen phosphate buffer 
(pH 2.2-2.8) was used (16). 

Determination-A solution containing 12-80 pg of I was pipetted into 
a 100-ml separatory funnel followed by 20 ml of M 11, and the two 
solutions were mixed. The yellow complex that formed was extracted with 
5-, 3-, and 2-ml portions of chloroform by vigorous shaking. The extracts 
were collected in a 10-ml volumetric flask. The volume was adjusted with 
chloroform, and the absorbance was measured within 0.5 hr against 
chloroform at  415 nm. The amount of I was calculated by comparison with 
a standard curve. 

RESULTS AND DISCUSSION 

The yellow 1-11 complex in chloroform showed maximum absorption 
at  415 nm. Complex formation and extraction were complete and quan- 
titative over the pH 2.7-2.8 range citric acid-sodium hydrogen phosphate 
buffer solution. The complex composition was studied by the molar ratio 
method (17). The ratio of I to I1 was 1:1, but the required ratio for com- 
plete complexation and quantitative extraction was 1:3. 

Eight standard series of six samples, 1.0-9.0 pg I/ml, were analyzed. 
The optimum concentration range for the measurements a t  415 nm and 
1.00-cm optical path length was 1.2-8.5 pg of promethazine hydrochlo- 
ride/ml. The complex solution molar absorptivity in chloroform a t  415 
nm was 1.93 X lo4. The relative standard deviation of the calculated 
absorptivities in the optimum concentration range was fl%. 

To determine the effect of compounds commonly present with I in 
pharmaceutical preparations, known volumes of standard solutions 
containing caffeine (23 mg), sodium gentisate (20 mg). ammonium 
chloride (20 mg), menthol (90 mg), sodium citrate (20 mg), acetamino- 
phen (200 mg), and alcohol (1 ml) were studied at different concentra- 
tions. There was no interference in the determinations. Ascorbic acid, 
sodium saccharin, cinnamon oil, orange oil, clove oil, and amaranth (Table 
I) also did not interfere and produced slight deviation in the determi- 
nation only at high concentrations. 

Under acid conditions, most substances with a tertiary amine group 
or quaternary ammonium salts form yellow complexes with I1 that are 
extractable with chloroform. Pharmaceutical I preparation from different 
manufacturers were free of such substances, so a confirmatory test was 
not needed. 

To test the method validity, I was added to pharmaceutical prepara- 
tionsZ and determined by the proposed procedure. The recovery (99- 
100.25%) (Table 11) proved the selectivity and specificity of the method 
for direct I determination in pharmaceutical preparations. 

A Beckman DB-GT spectrophotometer with 1.00-cm glass cells, a Bausch & 
Lornb Spectronic 21, and a Beckman H3 pH meter were used. 

* Phenergan tablets, syrup, and injection, France. 
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Table 11-Determination and Recovery of Promethazine 
Hydrochloride (Micrograms) in Pharmaceutical Preparations 

Recovery, 
Preparation Present Added Determined % 

Tablet 37.97 41.76 41.30 99.00 
Syrup. 30.00 23.64 23.70 100.25 
Injection 35.00 32.65 32.70 100.15 
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Abstract The NMR spectrum of taurolidine in deuterium oxide was 
compared with spectra obtained from model experiments with m i n e s  
and formaldehyde. Head-space analysis combined with capillary GC 
showed that there was <0.004% free formaldehyde present in 290 solutions 
of taurolidine. This value is comparable to the concentration of formal- 
dehyde found when the taurolidine solutions were injected directly onto 
GC columns. 

Keyphrases Taurolidine-NMR spectral analysis, head-space 
analysis-GC methods for the determination of formaldehyde 0 NMR 
spectroscopy-analysis of taurolidine GC analysis-direct or combined 
with head-space analysis, quantitation of formaldehyde concentration 
in taurolidine Head-space analysis-with capillary GC, quantitation 
of formaldehyde concentration in taurolidine 

Taurolidine [4,4’-methylenebis(tetrahydro-1,2,4- 
thiadiazine 1,l-dioxide), I] is a broad spectrum bactericide 
and antiendotoxin (1-3) which is being used widely in 
clinical trials to counteract bacterial infections following 
GI surgery and to treat peritonitis (4-6). It is administered 
intraperitoneally uia a catheter inserted when the abdo- 
men is closed, as a 2% aqueous solution1 containing 5% 
povidone2 (added to increase the solubility of tauroli- 
dine). 

As a result of NMR studies (7) of aqueous solutions of 
taurolidine, equilibria are considered to exist between 

1 Taurolin. 
2 Polyvinylpyrrolidone-17, mol. wt. 11,OOO, BASF (Germany). 

taurolidine, 4-hydroxymethyltetrahydro-2H-1,2,4-thia- 
diazine 1,l -dioxide (II), tetrahydro-2H- 1,2,4- thiadiazine 
1,l-dioxide (111)3, and formaldehyde. 

The existence of such equilibria was studied with the aid 
of solutions of morpholine-formaldehyde and III-form- 
aldehyde as models. Also, because of the concern regarding 
toxicity, the determination of the formaldehyde concen- 
tration in solutions of taurolidine (which have been used 
in large volumes for the treatment of septicemia) is of 
considerable interest. Thus, this paper also describes the 
quantitative determination of formaldehyde using com- 
bined head-space analysis-capillary GC and direct GC. 

EXPERIMENTAL 

NMR-The NMR spectra of taurolidine were determined in deute- 
rium oxide and deuterodimethylsulfoxide. Taurolidine (20 mg/ml) to- 
gether with 1-vinyl-2-pyrrolidinone polymer (50 mg/ml) in deuterium 
oxide, and morpholine and 111 in deuterium oxide (before and after gas- 
eous formaldehyde had been passed through the solution), were also 
determined‘. The reference standard was sodium 3-trimethylsilylpro- 
~ionate-2,2,3,3-~H4. 

GC Analysis of Formaldehyde-Head-Space Analysis-Aqueous 
solutions (10 ml) of formaldehyde (O.W~O.Ol%) containing sodium 
chloride (5 g) were added to 100-ml injection vials which were tightly 
stoppered. The vials were incubated at  20,40, or 60° for 1 hr to allow the 

3 Taurultam. 
4 Perkin-Elmer R32 90-MHz NMR spectrometer. 
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Table 11-Determination and Recovery of Promethazine 
Hydrochloride (Micrograms) in Pharmaceutical Preparations 

Recovery, 
Preparation Present Added Determined % 

Tablet 37.97 41.76 41.30 99.00 
Syrup. 30.00 23.64 23.70 100.25 
Injection 35.00 32.65 32.70 100.15 
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Abstract The NMR spectrum of taurolidine in deuterium oxide was 
compared with spectra obtained from model experiments with m i n e s  
and formaldehyde. Head-space analysis combined with capillary GC 
showed that there was <0.004% free formaldehyde present in 290 solutions 
of taurolidine. This value is comparable to the concentration of formal- 
dehyde found when the taurolidine solutions were injected directly onto 
GC columns. 

Keyphrases Taurolidine-NMR spectral analysis, head-space 
analysis-GC methods for the determination of formaldehyde 0 NMR 
spectroscopy-analysis of taurolidine GC analysis-direct or combined 
with head-space analysis, quantitation of formaldehyde concentration 
in taurolidine Head-space analysis-with capillary GC, quantitation 
of formaldehyde concentration in taurolidine 

Taurolidine [4,4’-methylenebis(tetrahydro-1,2,4- 
thiadiazine 1,l-dioxide), I] is a broad spectrum bactericide 
and antiendotoxin (1-3) which is being used widely in 
clinical trials to counteract bacterial infections following 
GI surgery and to treat peritonitis (4-6). It is administered 
intraperitoneally uia a catheter inserted when the abdo- 
men is closed, as a 2% aqueous solution1 containing 5% 
povidone2 (added to increase the solubility of tauroli- 
dine). 

As a result of NMR studies (7) of aqueous solutions of 
taurolidine, equilibria are considered to exist between 

1 Taurolin. 
2 Polyvinylpyrrolidone-17, mol. wt. 11,OOO, BASF (Germany). 

taurolidine, 4-hydroxymethyltetrahydro-2H-1,2,4-thia- 
diazine 1,l -dioxide (II), tetrahydro-2H- 1,2,4- thiadiazine 
1,l-dioxide (111)3, and formaldehyde. 

The existence of such equilibria was studied with the aid 
of solutions of morpholine-formaldehyde and III-form- 
aldehyde as models. Also, because of the concern regarding 
toxicity, the determination of the formaldehyde concen- 
tration in solutions of taurolidine (which have been used 
in large volumes for the treatment of septicemia) is of 
considerable interest. Thus, this paper also describes the 
quantitative determination of formaldehyde using com- 
bined head-space analysis-capillary GC and direct GC. 

EXPERIMENTAL 

NMR-The NMR spectra of taurolidine were determined in deute- 
rium oxide and deuterodimethylsulfoxide. Taurolidine (20 mg/ml) to- 
gether with 1-vinyl-2-pyrrolidinone polymer (50 mg/ml) in deuterium 
oxide, and morpholine and 111 in deuterium oxide (before and after gas- 
eous formaldehyde had been passed through the solution), were also 
determined‘. The reference standard was sodium 3-trimethylsilylpro- 
~ionate-2,2,3,3-~H4. 

GC Analysis of Formaldehyde-Head-Space Analysis-Aqueous 
solutions (10 ml) of formaldehyde (O.W~O.Ol%) containing sodium 
chloride (5 g) were added to 100-ml injection vials which were tightly 
stoppered. The vials were incubated at  20,40, or 60° for 1 hr to allow the 

3 Taurultam. 
4 Perkin-Elmer R32 90-MHz NMR spectrometer. 
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Table I-Proton NMR Structural Assignments of Taurolidine 

Chemical Shift (6). 

Solvent 
I I >N-cH,-N/ SO,CH,-CH~-N\ / 

HN-CHz-N- I I / / 

\ "H HIV+Hz-N- 
/ 

Deuterodimethylsulfoxide 7.25(t) 4.14(d) 3.59(s) 3.17(m) 

>N-cH,-N\ SO,CH~-CH,-N\ CH20 >-CH*OH 

Deuterium oxide 4.82(s) 4.47(S) 4.27 Is) 3.65(s) * 3.30(m) 

a Key: ( s )  singlet; (d) doublet; (t) triplet; (m) multiplet. 

Table 11-Proton NMR Structural Assignments of Morpholine and 111 Solutions in the Absence or Presence of Formaldehyde 

Chemical Shift (6)O 

Morpholine -C H2-0-CH 2- -CHzNHCHz- 
3.5(t) 2.58(t) 

Morpholine + CH20 'N-CH,OH - 
/ 

-CH 2-0-C H2- 
\ / 

\ 
/N-CH,-N 

formaldehyde 4.88(s) 4.44(s) 3.93(t) 3.25(s) 2.77(t) 

/ 
\ 

/ / 

I I SO,CH,-CH,-N Compound 111 HN-CHz- N- 

4.25(s) 3.30(m) 

N\ >N-CH,-N \ S02CH2-CH*- 
I I Compound 111 + CH20 'N--CH,OH . HN+H*-N- 

/ 
formaldehyde 4.82(s) 4.47(s) 4.27(s) 3.65(s) 3.30(m) 

a Key: (s) singlet; (d) doublet; (t) triplet; (m) multiplet. 

system to equilibrate. A 200-4 sample of the gaseous phase was removed 
from the vial with a microliter syringe and injected into a gas chromato- 
graph5 fitted with a 15 m X 0.47-mm capillary column6 (column A). The 
temperatures of the injection port, column, and detector were 175.65, 
and 150°, respectively. The carrier gas was helium at a pressure of 0.2 bar. 
Aqueous solutions of taurolidine and taurolidine with 5% l-vinyl-2- 
pyrrolidinone polymer were analyzed in a similar manner. 

Direct Analysis-Formaldehyde concentrations were also determined 
by injecting aliquots (1 pl) of taurolidine solution into the gas chroma- 
tograph fitted with a glass column (2.1 m X 4 mm) packed with 5% 
polyoxyethylene glycol stearate7 on 80-100 mesh chromosorb W-AW 
(column B). The temperatures of the injection port, column, and detector 
were 125,95, and 20O0, respectively. The carrier gas was helium at  a flow 
rate of 40 ml/min. 

Aqueous solutions of formaldehyde (0.0025-0.01%) were prepared as 
calibration standards. Formaldehyde (0.0025-0.01%) was added to the 
taurolidine and taurolidine plus 1-vinyl-2-pyrrolidinone polymer solu- 
tions. Formaldehyde concentrations were also determined by injecting 
aliquots (0.5 pl) of taurolidine solution onto the capillary column (column 
A) used for head-space analysis. 

RESULTS AND DISCUSSION 

The singlet at 63.59 in the NMR spectrum of taurolidine in deutero- 
dimethylsulfoxide (Table I) was assigned to the protons of the methylene 
group joining the two molecules of I1 (Scheme I). However in deuterium 
oxide the signal (133.65) due to these protons is reduced to <lo% of the 
intensity observed in deuterodimethylsulfoxide. In deuterium oxide the 
signals at 64.41 and 64.82 have been assigned to the hydroxymethyl group 
of I1 and formaldehyde, respectively. That the signal at 64.47 arises from 
the hydroxymethyl group has been shown in model experiments with 
morpholine and formaldehyde, which behave in a manner analogous to 
solutions of 111 and formaldehyde (Table 11). Thus, the NMR spectrum 
of a solution of morpholine in deuterium oxide is modified by treatment 

' with formaldehyde gas, the additional peaks observed at  64.44,63.25, and 
64.88 being ascribed to a hydroxymethyl group on the morpholine ni- 
trogen, the methylene bridge of the N,N'-methylenediamine, and 
formaldehyde, respectively. The addition of sodium carbonate eliminated 
the signal ascribed to the hydroxymethyl group (64.44); these derivatives 
are known to undergo hydrolysis a t  alkaline pH (8). Solutions of 111 and 

5 Pye Unicam Model 204. 
6 Silar-5CP (Silicone). 

Ethofat 60/25. 

I 

Scheme I-Equilibria for taurokdine in  water. 

formaldehyde, in turn, mimic the behavior of taurolidine in deuterium 
oxide: 111 plus formaldehyde gives an NMR spectrum identical to that 
of taurolidine in deuterium oxide (Table 11). 

The equilibria existing between amines and aldehydes in aqueous so- 
lutions are not simple (8.9). There is also evidences to suggest that the 
equilibria shown in Scheme I only partially represent those that exist in 
solutions of taurolidine. With saturated solutions of taurolidine in deu- 
terium oxide, the intensity of the signal due to the bridging methylene 
group (63.65) increased and the peak height ratio of the signals ascribed 
to formaldehyde and the hydroxymethyl group of I1 decreased in com- 
parison with the ratio of these peaks in the spectrum of the 1% taurolidine 
solution. Moreover the NMR spectrum of taurolidine (2%) in deuterium 
oxide containing 5% 1-vinyl-2-pyrrolidinone polymer was comparable 
to the spectrum of a saturated solution of taurolidine, with respect to the 
signal intensities due to the bridging methylene protons and formalde- 
hyde, suggesting this substance may influence the equilibria. 

Semiquantification of the amount of free formaldehyde present in 
aqueous solutions of taurolidine has been attempted using NMR spec- 
troscopy (7). Measurement of the area of the signal due to the bridging 
methylene protons presents problems, since there is not a complete 
conversion of taurolidine to its hydrolysis products. Theoretically, this 
means comparing the taurolidine spectrum in deuterodimethylsulfoxide 
(where no such equilibria exist) with that in deuterium oxide with the 
assumption that the methylene bridge proton signals are comparable in 
both solvents. Although NMR spectroscopy would be the method of 
choice since it is a noninvasive technique and does not disturb the pro- 
posed equilibria, integration of this minor peak is unsatisfactory, espe- 

8 Unpublished results. 
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Table 111-Percentage of Free Formaldehyde Present in Aqueous Solutions of Taurolidine and Taurolidine Plus l-Vinyl-2- 
ovrrolidinone Polvmer a 

Method 
Taurolidine 

1% 2% 

Taurolidine (2%) plus 
1-vinyl-2-pyrrolidinone 

polymer (5%) 
~~ 

Head-space with capillary column A 0.0036 f 0.0004 0.0037 f 0.0004 Not measurable due to the presence of isopropyl alcohol 
Direct analysis 

Column A 
Column B 

0.0022 f o.Oo06 
0.0013 f O.OOO1 0.0027 f 0.0001 0.0032 f O.OOO6 

0.0038 f 0.0003 Not measurable due to the presence of isopropyl alcohol 

a Mean f SD. 

cially in the presence of 1-vinyl-2-pyrrolidinone polymer, where signals 
in this molecule interfere with the signal assigned to the bridging meth- 
ylene protons. 

GC combined with head-space analysis can also be regarded as a 
noninvasive technique, the amount of gaseous formaldehyde in the 
head-space being proportional to the concentration of formaldehyde 
present in the aqueous phase. The assay was carried out a t  different 
temperatures to determine whether the equilibria changed. At  all tem- 
peratures the formaldehyde calibration curves were linear. The equations 
for the plots at 20,40, and 60' were y = 0.032 + 40.93x, y = 120x, and y 
= 0.036 t 266.2x, respectively. The correlation coefficients ( r )  were 0.99, 
1, and 0.99 respectively. The precision of the method was f3% for a 0.01% 
formaldehyde solution at  40'. At  the three assay temperatures, there was 
<0.004% free formaldehyde present in the taurolidine solutions (Table 
111). 

Redilinear relationships between detector response and formaldehyde 
concentrations for the direct GC method were also observed when known 
amounts of formaldehyde were added to water or taurolidine solutions, 
or taurolidine solutions containing 1-vinyl-2-pyrrolidinone polymer (y 
= 0.165 + 1407x, r = 0.99). That the slope and intercept were the same 
in all cases, would indicate that the equilibria did not change, especially 
in the presence of the polymer. Unfortunately, 1-vinyl-2-pyrrolidinone 
polymer contains a small amount (60-100 ppm) of isopropyl alcohol 
(1-vinyl-2-pyrrolidinone is polymerized in this solvent). Since isopropyl 
alcohol has the same retention time as formaldehyde (1.25 min) on col- 
umn B, it was necessary to subtract the height of the peak observed when 
an aliquot of a 5% 1-vinyl-2-pyrrolidinone polymer solution was injected 
on this column from the height of the peak from the formaldehyde-iso- 
propyl alcohol in the taurolidine-1-vinyl-2-pyrrolidinone polymer so- 
lution. Comparable amounts of free formaldehyde were found when so- 
lutions of taurolidine were injected directly onto either column A or B, 
indicating that the direct method could be regarded as a noninvasive 
technique and was suitable for the determination of formaldehyde. 

That the equilibria may be sensitive to the concentrations of the mo- 
lecular species present but not to the presence of 1-vinyl-2-pyrrolidinone 
polymer is shown by direct GC analysis (Table 111) but head-space 
analysis GC does not support this contention. The concentration of free 
formaldehyde is not clinically important since no formaldehyde toxicity 
has been observed with solutions of taurolidine containing l-vinyl-2- 

pyrrolidinone polymer either in humans or experimental animals. 
Moreover, the formaldehyde concentration is considerably lower than 
the amount of formaldehyde produced in the body after administration 
of certain antibiotic prodrugs (10). 

Compound 111 has also been shown to possess antibacterial and 
antiendotoxin activity similar to taurolidine, although higher concen- 
trations are requireda. This activity also is not related to the presence of 
free formaldehyde, since solutions of I11 have been shown to be stable by 
NMR and GC, liberating no measurable amounts of formaldehyde. 
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Abstract 0 Dissolution rates of solid dispersions of testosterone in 
various lipids or polyethylene glycol 6000 with and without surfactants 
were determined. In a limited study, selected dispersions were evaluated 
for oral absorption efficiency in a 32-year-old male. Significant reductions 
in urinary testosterone metabolites to testosterone ratios were observed 
with a 1:4 weight ratio of testosterone-polyethylene glycol 6000 and a 
1:40.25 weight ratio of testosterone-cholesteryl stearate-sorbitan mo- 
nolaurate. 
Keyphrases 0 Testosterone-solid dispersions with reduced presys- 
temic inactivation, dissolution, absorption efficiency Dissolution-solid 
dispersions of testosterone with reduced presystemic inactivation, ab- 
sorption efficiency Presystemic inactivation-reduced, solid disper- 
sions of testosterone, absorption efficiency Absorption-efficiency, 
solid dispersions of testosterone with reduced presystemic inactiva- 
tion 

Solid dispersions and eutectic mixtures of drugs with 
inert carriers such as urea and succinic acid have been used 
to enhance the rate of dissolution and oral absorption of 
therapeutic agents poorly soluble in water (1). Previous 
work (2,3) has dealt with the in uitro dissolution charac- 
teristics of such systems. In in uiuo studies griseofulvin 
dispersions in polyethylene glycol 6000 were found (4) to 
be completely and rapidly absorbed after oral adminis- 
tration to humans, and a morphine-tristearin dispersion 
in a weight ratio of 1:l exhibited reduced presystemic in- 
activation in rats (5). 

When testosterone therapy is indicated, parenteral 
administration is preferred, since oral administration is 
inefficient due to presystemic inactivation (6). Hepatic 
enzymes were predominantly responsible for the chemical 
modification of testosterone. It has been reported that 
twice as much testosterone (I) was required to match the 
androgenic effect of methyl testosterone when adminis- 
tered sublingually (7). It was recently demonstrated (8) 
that clinical efficacy upon oral administration required 
400-mg doses of I. 

The purpose of this investigation was to study the oral 
absorption efficiency of I from various solid dispersions. 
The dissolution rates of the dispersions were evaluated in 
uitro, and selected dispersions were chosen for evaluation 
in uiuo. The urinary recovery of I and its principal me- 
tabolites was used as a measure of oral absorption effi- 
ciency in a 32-year-old male. 

EXPERIMENTAL 

Materials-The following were obtained from commercial sources: 
I (NF grade)', polyoxyethylene (20) sorbitan monooleate (IIY, sorbitan 
monolaurate (III)2, sodium cholate (WR, sodium deoxycholate W3, 
8-sitosterol (VI)3, cholesteryl stearate (VIIF', lactose (VIII)3, cholesterol 
(IX)4, polyethylene glycol 6000 (X)5, chloroform6, hydrochloric acidfi, 

8-glucuronidase (beef liver)', androsterone (XI)*, etiocholanolone 
and tripalmitin (XIIIP. 

Equipment-The following equipment was used: spectroph~tometer~, 
thermal analyzer with differential scanning colorimeterlO, USP disso- 
lution apparatus with basket assembly", and a GC equipped with an 
electronic integrator". 

Preparat ion of Solid Dispersions-Micronized I and various sur- 
factants were weighed in ratios of 1:0.05. The mixtures were dissolved 
in 50 ml of chloroform. The solvent was evaporated in a stream of air while 
the solution was stirred with a magnetic stirrer. The residue was dried 
in a vacuum oven a t  40°, ground in a mortar, and then passed through 
an 80-mesh screen. After blending to ensure homogeneity, aliquots were 
assayed. Only samples assaying 100 f 5% of I were used in the dissolution 
and absorption studies. Dispersions containing I-lipid in weight ratios 
of 1:4, 1:6, and 1:s as well as I-lipid-surfactants in weight ratios of 1:40.05 
were prepared in a similar fashion. Polyethylene glycol 6000 dispersions 
also used chloroform. The I-lipid-lactose dispersions in weight ratios 
of 1:4:4 were prepared by evaporating the chloroform in the presence of 
lactose. 

Dissolution Studies-The dissolution rates of I and its dispersions 
were conducted in simulated gastric fluid, without pepsin, by the pro- 
cedure described in the USP (9). Simulated gastric fluid (900 ml) was 
placed in a 1-liter beaker and maintained a t  37 f0.5' in a constant- 
temperature bath. A sintered-glass immersion filter (medium porosity) 
was placed in a medium for aliquot withdrawals. The basket was lowered 
to 1 cm above the bottom of the beaker and rotated a t  300 rpm. Accu- 
rately weighed samples equivalent t o  20 mg of I were spread over the 
surface of the medium. Any aggregates that formed a t  this stage were 
submerged by a microspatula within 10 sec after sample addition. Five- 
milliliter aliquots were removed at  intervals of 15,30,45,60, 90, and 120 
min using a 5-ml pipet. A constant volume of dissolution medium was 
maintained by additions of preheated medium. The filtered aliquots were 
passed through a micropore filter (0.45-pm) and read directly for their 
absorbance at 248 nm. A cumulative correction was made for the previ- 
ously removed samples to determine the total quantity of I that  had 
dissolved (10). Sink conditions were maintained, since the solubility of 
I was determined to be 44 mg/900 ml. 

Assay Procedure for Testosterone-Plots of absorbance uersus 
wavelength for solutions of I in water, simulated gastric fluid, and 
methanol were developed. The maximum absorbance values observed 
were 248 nm for water and simulated gastric fluid and 244 for methanolic 
solutions of I. Beer's law was followed for 1-20-pg/ml concentrations. The 
stability of I in simulated gastric fluid was determined. After 24 hr a t  37' 
no potency change was noted. 

Assay of Urinary Testosterone and  its Metabolites-Selected test 
samples were evaluated in a healthy, adult male, 32 years of age. Each 
sample was tested on at least three occasions. The subject was adminis- 
tered an equivalent of 50 mg of I in a hard gelatin capsule after an over- 
night fast, with 240 ml of water. Food was avoided for at least 2 hr. Urine 
samples were collected for 24 hr, pooled, and frozen until assayed. One 
week or more was allowed to elapse between oral dosings. Free I and XI 
and XI1 were determined by a modification of published procedures (11, 
12). Essentially, the derivatization step was eliminated since adequate 
quantities of I, XI, and XI1 were present. In addition, the GC procedure 
was altered to afford more efficient separation of the components. Details 
of the assay procedure will be presented in a separate publication. 

RESULTS AND DISCUSSION 
Dissolution Ra te  Studies-Only 54.6% of I had dissolved after 2 hr 

1 Roussel Corporation, New York, N.Y. * ICI, Atlas Chemical Corp., Wilmington. Del. 
3 Aldrich Chemical Co., Milwaukee, Wis. 

6 Union Carbide, Tarrytown, N.Y. 
6 Fisher Scientific Co., Springfield, N.J. 

Croda Inc., New York. N.Y. 

~~~ ~ ~~~~~ ~~ ~~~ 

H'orthington Biochemicals Inc.. Freehold, N.d. 

Model 25, Beckman Instruments Inc., Mountainside, N.J. 

Hanson Research Corp., Northridge. Calif. 

8 Pfaltz and Bauer, Inc., Stamford, Conn. 

lo Model 990, E.I. DuPont, Instrument Division, Wilmington, Del. 

l 2  Model 5840-A. Hewlett-Packard Co.. Avondale, Pa. 
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Table I-Dissolution Ra te  of Testosterone Dispersions in Simulated Gastric Fluid at 37” 

Weight 
Ratio 

Percent Dissolved (Min) 
15 30 45 60 90 120 Sample 

11.3 
24.6 
27.0 

25.3 
36.0 
42.6 
23.3 
16.0 
14.3 
8.6 

13.0 
13.6 
4.6 

37.7 
54.3 
50.6 
34.3 
26.0 

45.6 
56.3 
58.7 
44.6 
34.6 

54.6 I 
1-11 
1-111 
I-IV 

1:0.05 
1:0.05 
1:0.05 

4.3 
4.0 
5.0 
4.3 
2.0 

66.7 
67.0 
50.3 14.6 

8.3 
8.7 
7.0 
6.3 
6.6 
4.3 
2.0 

14.0 
8.6 
9.6 
8.6 
6.0 
6.0 

25.6 
14.0 
13.0 
15.0 
29.0 
9.6 
9.0 

12.3 
21.6 

I-v 1:0.05 
1:4 
1:6 
1:8 

44.3 
30.6 I-rx 

I-IX 
I-IX 

3.0 
3.3 
2.3 

19.6 24.0 
16.3 
20.6 
20.0 
7.0 
5.6 

10.6 
16.0 
17.0 

21.6 
25.6 
21.6 
7.3 

I-VI 
I-VI 
I-VT 

1:4 1.0 
2.6 1:6 

1:8 
1:4 

6.3 
5.0 0.3 

1.0 
2.6 

3.6 
17.6 
17.3 
21.6 

6.3 
i-viI 
I-VII 

21.0 
23.6 
26.0 

24.6 
31.3 
20.6 
19.0 

31.0 
39.0 
35.0 

1:6 
1:8 
1:4 
1:6 
1:8 
1:4:0.25 
1:4:0.25 
1:4:0.25 

I-VII 1.3 
i -xi i I  
I-XI11 
I-XI11 
I-IX-I1 
I-IX-I11 

3.6 
3.0 
2.3 
8.0 

11.3 15.3 
10.0 

24.3 
16.0 8.6 

7.3 
38.3 
22.0 
19.0 

12.0 
15.6 
49.0 
31.3 
27.3 

18.3 
58.6 
38.6 
36.0 

12.0 
45.0 
28.0 
25.3 

3.3 
6.3 I-IX-IV 

I-IX-v 
I-VI-I1 
I-VI-I11 
I-VI-IV 
I-VI-v 
I-vii-11 

i:i:o.% 
1:4:0.25 
1:4:0.25 

3.6 
2.0 
4.0 

20.6 
38.0 
11.6 
17.3 
19.6 
35.6 

21.6 
42.0 

26.3 
43.0 
19.0 
34.6 
29.3 
49.0 
69.6 
57.6 
39.6 
71.0 
62.0 
49.0 
53.6 
43.6 
24.6 
46.3 
37.6 
97.6 

3 1.3 
48.6 ~~ . 

16.0 
25.6 
26.0 

22.3 
43.3 
39.0 

1:40.25 
1:4:0.25 
1:4:0.25 
1:4:0.25 
1:4:0.25 
1:4:0.25 
1:4:0.25 
1:4:0.25 
1:4:0.25 
1:40.25 
1:44 
1:4:4 
1:4:4 
1:4:4 
1:4 

0.6 
4.6 
5.3 43.3 58.0 

79.3 i-vf LIiI 
I-VI I-IV 
I-VII-v 

10.3 
3.3 
9.6 

30.6 
21.6 

47.0 
37.0 
27.0 

61.3 
48.0 
35.6 

67.3 
48.3 
77.0 
73.6 

19.3 
33.0 I-XI1 1-1 1 4.6 

6.6 
4.3 
4.6 
2.3 
7.0 
4.0 

55.0 
49.3 
31.0 
34.0 
29.3 
20.3 
26.0 
22.0 
84.6 

65.0 
56.3 
41.6 
46.0 
34.6 
23.6 
36.3 
31.0 
96.0 

~ ~~~~~ ~~ 

I-XIII-I11 
I-XIII-IV 
I-XIII-v 
I-IX-VIII 
I-VI-VIII 

33.6 
21.6 
19.0 
17.6 
15.6 

60.0 
64.3 
49.0 
27.6 
57.3 
44.3 
99.3 

I-VII-VIII 
I-XIII-VIII 
I-x 

15.3 
1.7 
9.0 

11.6 
58.3 

Table  11-Urinary Recovery of Testosterone and its Principal 
Metabolites a f t e r  Oral  Administration of Selected Dispersions 
(50-mg equivalent) to a Male Subject 

surfactants were dissolution-rate retarding. However, inclusion of sur- 
factants would again ensure the release of microcrystalline particles. The 
lipids in such preparations would he readily dispersed because of the 
presence of the surfactants. The beneficial effect of lactose with the sol- 
vent-deposited lipid dispersions is most likely the result of greater surface 
exposure to the aqueous dissolution medium. 

Ora l  Absorption Studies-On the basis of the dissolution data in 
Table I three dispersions were selected for the oral absorption studies. 
The urinary excretion data are presented in Table 11. The recovery of I 
ranged from 0.7 to 1.6% following a 50-mg dose of micronized particles. 
The lipid dispersion plus surfactant produced levels of I ranging from 
1.6 to 4.7%. The best recovery of I, as anticipated from the in  uitro data, 
was shown by I-X (range: 2.2-10.6%). Metabolite recovery followed a 
similar progressive increase. The ratios of metabolites-I showed signif- 
icant decreases with the more efficiently absorbed samples. Thus, the 
ratio was 21:l for I alone, whereas for I-X the ratio was reduced to 7:l. 

The results of the very limited oral absorption studies correlate very 
well with the dissolution data. The data suggest that rapid oral absorption 
of I is a desirable goal, since metabolite formation was reduced. Although 
a clear advantage was shown by using X as the excipient, a combination 
of VII and I11 may be indicated when acid-labile drugs are used. The latter 
would be expected to release the drugs more slowly in acidic media as 
compared with the former. 
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Experiment Recovered, % Ratio of 
SamDle No. XI  DIUS XI1 I Metabolites-I 

I 1 
2 

27.4 1.6 17:l 
21.3 1.3 21:l 

3 17.4 0.7 2 5  1 
Average 24.1 1.2 21:l 

I-VII“ 1 24.5 1.4 17:l 
2 28.6 1.6 181 
3 31.7 2.8 11:l 

Average 28.3 1.9 15:l 
I-VII-111 1 27.4 3.1 9 1  

2 37.4 1.6 23:l 
3 41.6 4.7 9 1  

Averaee 35.5 3.1 13:l 

Averaee 28.3 1.9 15:l ” 
I-VII-111 1 27.4 3.1 9 1  

2 37.4 1.6 23:l 
3 41.6 4.7 9 1  

Averaee 35.5 3.1 13:l - 
I-x 1 37.2 8.2 4.51 

2 
3 

32.1 2.2 14.61 
39.9 7.3 5.51 
46.4 10.6 4.4:l 4 

Average 38.9 7.1 7: 1 

Weight ratio 1:4. 

(Table I). A slight increase was observed when synthetic surfactants were 
added(1-11, 1-111); however, the two bile salts were ineffective (I-IV, I-V). 
The lipid dispersions of I with 1:P1:8 weight ratios released the hormone 
more slowly (I-IX, I-VI, I-VII, and I-XIII). The addition of the various 
surfactants increased the release rate. The most rapid dissolution rate 
for the lipid-surfactant dispersions was exhibited by I-VII-III(79.3%). 
Solvent dispersion of I on lactose with the various lipids resulted in an 
improvement in the dissolution rates: whereas I-IX released 30.6% of I 
after 2hr, I-IX-VIII released 49%. The sample exhibiting the fastest rate 
of dissolution was I-X (99.3%). 

The rapid dissolution of I-X is likely due to the release of microcrys- 
talline I as the water-soluble X dissolves. The lipid dispersions without 
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COMMUNICA TIONS 

Esmolol: A Pharmacokinetic Profile of a New 
Cardioselective 0-Blocking Agent 

Keyphrases 0 P-Adrenergic blocking agents-esmolol hydrochloride, 
pharmacokinetic profile, metabolism Pharmacokinetic profile-car- 
dioselective 8-adrenergic blocking agent, methyl 3-[4-(2-hydroxy-3- 
(isopropylamino)propoxy]phenylpropionate hydrochloride Es- 
molol-cardioselective P-adrenergic blocking agent, pharmacokinetic 
profile 

To the Editor: 
0-Adrenergic receptor blocking drugs exert their effects 

by competitively inhibiting the binding of catecholamines 
to  P-adrenergic receptors. To attain therapeutic levels 
rapidly, intravenous bolus or infusions of 0-blockers are 
usually instituted. However, since these agents have car- 
diac depressant properties, they are initially used at  low 
doses, and slowly increased until the desired effects are 
obtained. Because currently available 0-adrenergic 
blocking agents are long acting, the emergence of side ef- 
fects, especially acute cardiac failure, poses a significant 
problem in their use because their action cannot be readily 
terminated. Therefore, there is a need for a 0-adrenergic 
blocking drug with a short onset of action which can be 
rapidly terminated if side effects develop. 

Esmolol (ASL-8052, Scheme I) is a new cardioselective 
intravenous 0-receptor blocking agent with a very short 
duration of action in humans (unpublished data) and dogs 
(1). It is extensively metabolized in blood and liver by 
hydrolysis of the methyl ester functionality to form its 
major metabolites, ASL-8123 and methanol. 

0 OH 
CH,O-C-CH,CH, II + - O C H , C H C H 2 ~ C H ~ c H 3 ~ ,  I . HCi 

Esmolol (ASL-8052) 
Methyl 3-[ 4-( 2-Hydroxy-3-( isopropylamino)propoxy ] phenyl- 

propionate hydrochloride 
Scheme I 

To study the pharmacokinetics of esmolol, eight healthy 
male subjects (21-27 years old) weighing 62.4-76.2 kg re- 
ceived constant intravenous infusions of 50,150, and 400 
pg/kg/min for 2 hr on three different days. Each subject 
received an intravenous dose of isoproterenol, which had 
previously been determined to produce a 50% increase in 
heart rate. The suppression of the isoproterenol-induced 
increase in heart rate and blood pressure was determined 

on several occasions during and up to 60 min after the 
cessation of the esmolol infusion. At each dose level, blood 
samples were collected for determinations of esmolol and 
ASL-8123 by gas chromatography-mass spectrometry and 
high performance liquid chromatography, respectively (2). 
Esmolol and ASL-8123 concentrations, as a function of 
time during and after the infusion, were fitted to equations 
describing a two-compartment open model (3, 4) and 
modified one-compartment open model, respectively, by 
nonlinear least-squares regression analysis. 

Esmolol infusion significantly blocked the isoproterenol 
effects with its action being most evident a t  the 400- 
pglkglmin dose. The duration of action of esmolol was, 
however, very short with no significant effect evident 30 
min after cessation of the infusion at all three doses. There 
was a significant correlation between the reduction of the 
isoproterenol-induced increase in heart rate and blood 
pressure and the logarithm of esmolol blood concentra- 
tions. Blood levels of 0.3 and 1 pg/ml esmolol were asso- 
ciated with 50 and 80% respectively, reduction in heart 
rate and 30 and 50%, respectively, reduction in blood 
pressure. 

The steady-state concentrations of esmolol increased 
proportionally with the dose ( r  = 0.866, p < 0.001, n = 24). 
The mean concentrations (fSD) were 0.164 f 0.068,0.569 
f 0.204, and 1.59 f 0.605 pg/ml, respectively, after 2-hr 
infusions of 50, 150, and 400 pg/kg/min. The respective 
values for the total clearance were 363 f 184,298 f 112, 
and 285 f 104 ml/min/kg, which were not correlated with 
dose ( r  = 0.210, p > 0.3, n = 24). These findings suggest 
that the elimination of esmolol is linear within the 50-400 
pg/kg/min dosing range given for 2 hr. 

Table I summarizes several of the key pharmacokinetic 
parameters for esmolol and ASL-8123 after the 400 

Table I-Summary of Some Pharmacokinetic Parameters of 
Esmolol and its Metabolite after Administration of 400 
pg/kg/min infusion of the Drug for 2 hr  in Normal Subjects 

Pharmacokinetic Parameters Esmolol ASL-8123 

Peak concentration, pg/ml - 17.9 f 3.93 
- 146 f 11.1 Peak time, min 

Terminal half-life, min 9.19 f 3.51 223 f 14.0 
Half-life of formation of metabolite(s), - 2.82 f 0.592 

Total clearance, ml/min/kg 285 f 104 1.28 f 0.19 
Volume of distribution, literdkg 3.43 f 1.42 0.411 f 0.057 
Calculated fraction of metabolite - 0.829 

Steady-state concentration, pg/ml 1.59 f 0.605” - 

min 

formed 

a Mean f SD: N = 8. Ratio of formation and elimination rate constants (k$ 
kio) .  
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To the Editor: 
0-Adrenergic receptor blocking drugs exert their effects 

by competitively inhibiting the binding of catecholamines 
to  P-adrenergic receptors. To attain therapeutic levels 
rapidly, intravenous bolus or infusions of 0-blockers are 
usually instituted. However, since these agents have car- 
diac depressant properties, they are initially used at  low 
doses, and slowly increased until the desired effects are 
obtained. Because currently available 0-adrenergic 
blocking agents are long acting, the emergence of side ef- 
fects, especially acute cardiac failure, poses a significant 
problem in their use because their action cannot be readily 
terminated. Therefore, there is a need for a 0-adrenergic 
blocking drug with a short onset of action which can be 
rapidly terminated if side effects develop. 

Esmolol (ASL-8052, Scheme I) is a new cardioselective 
intravenous 0-receptor blocking agent with a very short 
duration of action in humans (unpublished data) and dogs 
(1). It is extensively metabolized in blood and liver by 
hydrolysis of the methyl ester functionality to form its 
major metabolites, ASL-8123 and methanol. 

0 OH 
CH,O-C-CH,CH, II + - O C H , C H C H 2 ~ C H ~ c H 3 ~ ,  I . HCi 

Esmolol (ASL-8052) 
Methyl 3-[ 4-( 2-Hydroxy-3-( isopropylamino)propoxy ] phenyl- 

propionate hydrochloride 
Scheme I 

To study the pharmacokinetics of esmolol, eight healthy 
male subjects (21-27 years old) weighing 62.4-76.2 kg re- 
ceived constant intravenous infusions of 50,150, and 400 
pg/kg/min for 2 hr on three different days. Each subject 
received an intravenous dose of isoproterenol, which had 
previously been determined to produce a 50% increase in 
heart rate. The suppression of the isoproterenol-induced 
increase in heart rate and blood pressure was determined 

on several occasions during and up to 60 min after the 
cessation of the esmolol infusion. At each dose level, blood 
samples were collected for determinations of esmolol and 
ASL-8123 by gas chromatography-mass spectrometry and 
high performance liquid chromatography, respectively (2). 
Esmolol and ASL-8123 concentrations, as a function of 
time during and after the infusion, were fitted to equations 
describing a two-compartment open model (3, 4) and 
modified one-compartment open model, respectively, by 
nonlinear least-squares regression analysis. 

Esmolol infusion significantly blocked the isoproterenol 
effects with its action being most evident a t  the 400- 
pglkglmin dose. The duration of action of esmolol was, 
however, very short with no significant effect evident 30 
min after cessation of the infusion at all three doses. There 
was a significant correlation between the reduction of the 
isoproterenol-induced increase in heart rate and blood 
pressure and the logarithm of esmolol blood concentra- 
tions. Blood levels of 0.3 and 1 pg/ml esmolol were asso- 
ciated with 50 and 80% respectively, reduction in heart 
rate and 30 and 50%, respectively, reduction in blood 
pressure. 

The steady-state concentrations of esmolol increased 
proportionally with the dose ( r  = 0.866, p < 0.001, n = 24). 
The mean concentrations (fSD) were 0.164 f 0.068,0.569 
f 0.204, and 1.59 f 0.605 pg/ml, respectively, after 2-hr 
infusions of 50, 150, and 400 pg/kg/min. The respective 
values for the total clearance were 363 f 184,298 f 112, 
and 285 f 104 ml/min/kg, which were not correlated with 
dose ( r  = 0.210, p > 0.3, n = 24). These findings suggest 
that the elimination of esmolol is linear within the 50-400 
pg/kg/min dosing range given for 2 hr. 

Table I summarizes several of the key pharmacokinetic 
parameters for esmolol and ASL-8123 after the 400 

Table I-Summary of Some Pharmacokinetic Parameters of 
Esmolol and its Metabolite after Administration of 400 
pg/kg/min infusion of the Drug for 2 hr  in Normal Subjects 

Pharmacokinetic Parameters Esmolol ASL-8123 

Peak concentration, pg/ml - 17.9 f 3.93 
- 146 f 11.1 Peak time, min 

Terminal half-life, min 9.19 f 3.51 223 f 14.0 
Half-life of formation of metabolite(s), - 2.82 f 0.592 

Total clearance, ml/min/kg 285 f 104 1.28 f 0.19 
Volume of distribution, literdkg 3.43 f 1.42 0.411 f 0.057 
Calculated fraction of metabolite - 0.829 

Steady-state concentration, pg/ml 1.59 f 0.605” - 

min 

formed 

a Mean f SD: N = 8. Ratio of formation and elimination rate constants (k$ 
kio) .  
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pg/kg/min infusion. The half-life of the formation of 
ASL-8123 averaged 2.82 min, and the calculated fraction 
of the overall metabolite generated was 82.9%. The elimi- 
nation half-lives of esmolol and ASL-8123 averaged 9.19 
and 223 min, respectively, suggesting accumulation and 
relatively slow elimination of the metabolite in humans. 
The peak concentration of ASL-8123 averaged 77.9 pg/ml 
and occurred 26 min after the cessation of the esmolol 
infusion. This peak concentration was -50 times larger 
than the steady-state concentration of esmolol a t  which 
maximum &blockade was observed. 

The total clearance of esmolol was 4 times greater than 
the total cardiac output (70 ml/min/kg) and 14 times 
greater than hepatic blood flow (5), suggesting that the 
high clearance was primarily due to metabolism by ester- 
ases in the blood. The rapid metabolism of ASL-8052 re- 
sults in a very short duration of action. The fact that there 
was no noticeable P-blockade 30 min after cessation of the 
infusion (which is the time of peak concentration of the 
metabolite) also suggests that ASL-8123 does not possess 
&blocking activity a t  the concentrations generated in 
these subjects. 

(1) J. Zaroslinski, R. J. Borgman, J. P. O’Donnell, W. G. Anderson, 
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Life Sci., 31,899 (1982). 
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(4) J. G. Wagner, “Fundamentals of Clinical Pharmacokinetics,” 1st 
ed., Drug Intelligence Publication, Hamilton, Ill., 1975, p. 90. 
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First-Pass, Formation-Rate-Limiting 
Metabolism 

Keyphrases First-pass metabolism-impact on pharmacokinetic 
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rameters, use of simulation techniques Pharmacokinetic parame- 
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limited metabolism studies 

To the Editor: 
It has become increasingly apparent that there is a 

general misunderstanding of the driving forces that control 
first-pass and formation-rate-limited metabolism. In fact, 

QH 

iv. doses 

COMPARTMENT 

Parent Drug 
.............................................. c V S  

Metabolite 

HEPATOPORTAL 1 COMPARTMENT 

....................... H ....... vH .... 
Metabolite i P 

Parent Drug 

QH 

\ oral 
doses 

Scheme I-First pass metabolism model used to simulate both parent 
drug and metabolite plasma concentrations under various conditions. 
f& is the he atic blood flow, CLG is the systemic clearance of the me- 

V$, Vg, V s ,  and V y  are the systemic and hepatoportal volumes of 
parent and metabolite, respectively. The volume of distribution for the 
metabolite fV& t V$) is assumed to be equivalent to the systemic vol- 
ume of distribution fV$) of the parent drug and V i  is set equal to I ;  e.g., 
the metabolite is not retained in the liver after formation (60 mg ad- 
ministered). Oral doses (60 mg) are absorbed into the hepatoportal 
compartment with the rate constant k.,, and intravenous doses (60 mg) 
are administered instantly into the systemic blood compartment. 

Hp 
tabolite, CLp R .  IS the he atoportal clearance of parent drug to metabolite, 

a single metabolite can be the result of both first-pass and 
formation-rate-limited metabolism. To clarify this issue, 
simulation techniques were used to delineate the causative 
factors that determine both first-pass and formation- 
rate-limited metabolism. 

The differential equations (see Appendix) needed to 
describe the first-pass metabolism model shown in Scheme 
I were used for the simulation of plasma concentration- 
time data for both parent drug and a single metabolite 
following oral and intravenous doses. The differential 
equations required to describe the model were used in 
conjunction with the nonlinear regression program 
NONLIN (l), to simulate parent drug and metabolite 
concentration-time data for drugs with varied phar- 
macokinetic characteristics. A 60-mg dose was used for 
each simulation. Several biopharmaceutic and phar- 
macokinetic parameters such as the time (tmax) of the 
maximum observed concentration (Cmax) following oral 
doses, the areas under the plasma concentration-time 
curve (AUC) for parent drug and metabolite following oral 
(AUCf! and AUCg) and intravenous (AUC;” and AUCU) 
doses, the terminal elimination half-lives for parent drugs 
(t1/2p) and metabolite (tI/zM), the ratio of oral to intrave- 
nous area of parent (Fp) and metabolite (FM) ,  and the ratio 
of metabolite-parent drug following oral (Ro)  and intra- 
venous (RIv)  doses were calculated from the simulated 
plasma concentration-time data. The constants used for 
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pg/kg/min infusion. The half-life of the formation of 
ASL-8123 averaged 2.82 min, and the calculated fraction 
of the overall metabolite generated was 82.9%. The elimi- 
nation half-lives of esmolol and ASL-8123 averaged 9.19 
and 223 min, respectively, suggesting accumulation and 
relatively slow elimination of the metabolite in humans. 
The peak concentration of ASL-8123 averaged 77.9 pg/ml 
and occurred 26 min after the cessation of the esmolol 
infusion. This peak concentration was -50 times larger 
than the steady-state concentration of esmolol a t  which 
maximum &blockade was observed. 

The total clearance of esmolol was 4 times greater than 
the total cardiac output (70 ml/min/kg) and 14 times 
greater than hepatic blood flow (5), suggesting that the 
high clearance was primarily due to metabolism by ester- 
ases in the blood. The rapid metabolism of ASL-8052 re- 
sults in a very short duration of action. The fact that there 
was no noticeable P-blockade 30 min after cessation of the 
infusion (which is the time of peak concentration of the 
metabolite) also suggests that ASL-8123 does not possess 
&blocking activity a t  the concentrations generated in 
these subjects. 
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To the Editor: 
It has become increasingly apparent that there is a 

general misunderstanding of the driving forces that control 
first-pass and formation-rate-limited metabolism. In fact, 
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Scheme I-First pass metabolism model used to simulate both parent 
drug and metabolite plasma concentrations under various conditions. 
f& is the he atic blood flow, CLG is the systemic clearance of the me- 

V$, Vg, V s ,  and V y  are the systemic and hepatoportal volumes of 
parent and metabolite, respectively. The volume of distribution for the 
metabolite fV& t V$) is assumed to be equivalent to the systemic vol- 
ume of distribution fV$) of the parent drug and V i  is set equal to I ;  e.g., 
the metabolite is not retained in the liver after formation (60 mg ad- 
ministered). Oral doses (60 mg) are absorbed into the hepatoportal 
compartment with the rate constant k.,, and intravenous doses (60 mg) 
are administered instantly into the systemic blood compartment. 

Hp 
tabolite, CLp R .  IS the he atoportal clearance of parent drug to metabolite, 

a single metabolite can be the result of both first-pass and 
formation-rate-limited metabolism. To clarify this issue, 
simulation techniques were used to delineate the causative 
factors that determine both first-pass and formation- 
rate-limited metabolism. 

The differential equations (see Appendix) needed to 
describe the first-pass metabolism model shown in Scheme 
I were used for the simulation of plasma concentration- 
time data for both parent drug and a single metabolite 
following oral and intravenous doses. The differential 
equations required to describe the model were used in 
conjunction with the nonlinear regression program 
NONLIN (l), to simulate parent drug and metabolite 
concentration-time data for drugs with varied phar- 
macokinetic characteristics. A 60-mg dose was used for 
each simulation. Several biopharmaceutic and phar- 
macokinetic parameters such as the time (tmax) of the 
maximum observed concentration (Cmax) following oral 
doses, the areas under the plasma concentration-time 
curve (AUC) for parent drug and metabolite following oral 
(AUCf! and AUCg) and intravenous (AUC;” and AUCU) 
doses, the terminal elimination half-lives for parent drugs 
(t1/2p) and metabolite (tI/zM), the ratio of oral to intrave- 
nous area of parent (Fp) and metabolite (FM) ,  and the ratio 
of metabolite-parent drug following oral (Ro)  and intra- 
venous (RIv)  doses were calculated from the simulated 
plasma concentration-time data. The constants used for 
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Table I-Effect of First-Pass, Formation-Rate-Limited Metabolism on Various Pharmacokinetic Parameters 

Simulation Constants 

k.. hr-' 
QH. literhr 
CLF, literhr 
CLL, liter/hr 
V$, liter 
Vg, liter 
PM, liter 
Vb, liter 
Biopharmaceutic Parameters 
t-p, hr 
CmaxP, pg/ml 
t m d ,  hr 

t 1 m  hr 
t 1 1 2 ~ ~  hr 
Pharrnacokinetic Parameters 
AUC:, pg hr/ml 
AUCi ,  p g  hr/ml 
AUC:, pg hr/ml 
AUCE, pg hr/ml 
FP 
F M  
R O  
RIV 
C L B , ~  literhr 
CB,M literhr 

CmaxM, Pdml 

Case 
I I1 I11 IV 

A B C A B C A B C A B C 

1.0 
90 

450 
600 
60 
60 
59 
1 

1.0 
90 

450 
6,000 

600 
60 

599 
1 

1.0 
90 

450 
60,000 
6,000 

60 
5,999 

1 

1.0 
90 

4,500 
600 
60 

600 
59 
1 

1 .o 
90 

4,500 
6,000 
6,000 

600 
599 

1 

1 .0 1 .o 
90 90 

4,500 450 
60,000 18 
60,000 60 

600 60 
5,999 59 

1 1 

1.0 
90 

450 
180 
600 
60 

599 
1 

1.0 
90 

450 
1,800 
6,000 

60 
5,999 

1 

1.0 
90 

4,500 
18 
60 

600 
59 
1 

1.0 1.0 
90 90 

4,500 4,500 
180 1,800 
600 6,000 
600 600 
599 5,999 

1 1 

1.0 2.5 4.5 1.0 2.5 4.5 1.0 2.5 4.5 1.0 2.5 4.5 
53.3 12.2 2.57 5.80 1.39 0.184 53.3 12.2 1.51 5.80 1.39 0.184 
0.5 0.5 0.5 0.5 0.5 0.5 2.0 2.0 2.0 2.0 2.0 2.0 

61.4 5.87 0.584 68.3 6.80 0.679 571 50.9 4.98 591 58.4 5.82 
0.57 5.6 55.4 0.47 4.7 47.1 0.57 5.6 55.4 0.41 4.1 41.1 

2.3 4.1 47.1 0.57 5.6 55.4 0.47 4.7 47.1 2.3 5.6 55.4 

133 133 133 
797 800 800 
99 9.91 1.00 

100 10.0 1.00 
0.17 0.17 0.17 
1.0 1.0 1.0 
0.74 0.074 0.0075 
0.13 0.013 0.0013 

75 75 75 
600 6,000 60,000 

12.5 13.3 13.3 133 133 133 12.5 13.3 13.3 
680 680 680 797 800 800 680 680 680 
100 10 1.0 3290 329 32.9 3,290 329 32.9 
100 10 1.0 3290 329 32.9 3,290 329 32.9 

0.02 0.02 0.02 0.17 0.17 0.17 0.02 0.02 0.02 
1.0 1.0 1 .o 1.0 1.0 1 .o 1.0 1.0 1.0 
8.0 0.75 0.075 24.7 2.47 0.25 263 24.1 2.41 
0.15 0.015 0.0015 4.13 0.411 0.041 4.83 0.483 0.048 

88 88 88 75 15 75 88 88 88 
600 6,000 60,000 600 6,000 60,000 600 6,000 60,000 

0 Parameters defined in text. 

the simulations as well as the calculated pharmacokinetic 
and biopharmaceutic parameters are presented in Table 
I. 

Substantial first-pass metabolism occurs in all cases, 
because the metabolic organ clearance (CLF) exceeds he- 
patic blood flow (QH). tm?xp is earlier than tmaxM when the 
metabolite is not formation-rate limited, (Table I, Cases 
IIIA and IVA); i.e., the half-life of the metabolite exceeds 
the half-life of the parent drug. Therefore, it is apparent 
that tm=M occurs earlier than tmaxp only when the me- 
tabolite is the result of first-pass metabolism and the 
elimination of the metabolite is limited by the parent 
half-life. In addition, it is apparent that the volume of 
distribution of the parent drug is the controlling factor in 
determining whether a first-pass metabolite will ultimately 
be formation-rate limited. Although the clearance of 
parent drug does not change as the volume of distribution 
for the parent drug increases, the half-life of the parent 
drug (t1/2p) will ultimately limit the apparent rate of 
elimination of the metabolite (t1/2M) as the metabolite 
formation rather than its elimination becomes rate de- 
termining (Table I, Case IIIA-C and Case IVA-C). 

The effective hepatic volume of distribution for the 
parent drug is important to the extent of first-pass me- 
tabolism (2). Although the half-life does not change (Table 
I, Case IA-C uersus Case IIA-C and Case IIIA-C uersus 
Case IVA-C), the extent of first-pass metabolism increases 
as the hepatic organ clearance (CL!) increases as a func- 
tion of increasing effective hepatic volume (2), such that 
the data reflect a decrease in the bioavailability parameter 
( F p ) .  The relative bioavailability of the metabolite ( F M )  
does not change, since all of the administered drug is 

ultimately converted to metabolite in the simplistic model 
used for these simulations. If an alternative route of 
elimination exists for the parent drug, then relative me- 
tabolite bioavailability would change as well. The ratios 
of the metabolite AUC to the parent AUC following oral 
(Ro)  and intravenous (Rrv) doses increase as the effective 
hepatic volume increases (Table I, Case I uersus Case 11). 
However, due to first-pass metabolism, the increase in Ro 
is much higher than the increase in 81". 

Additional observations became apparent as a result of 
the simulation procedures. The concentration-time data 
simulated from Case IVB are presented in Fig. 1 to illus- 
trate various phenomena that were observed. First, under 
the conditions of this simulation, metabolite concentra- 
tions following oral doses decrease with an apparent 
half-life shorter than that of the parent drug for an interval 
of 48 hr before becoming formation-rate limited. If the 
analytical sensitivity is limiting or its sampling is restricted 
to 24 hr or less, it would appear that the metabolite was 
being eliminated more quickly than the parent drug. 

In conclusion, it has been demonstrated that first-pass 
and formation-rate metabolism are not mutually exclusive. 
In fact, even first-pass metabolites with reasonably long 
elimination half-lives can be formation-rate limited if the 
volume of distribution of the parent drug is sufficiently 
large. This results because the driving force for first-pass 
metabolism is a high extraction ratio for the parent com- 
pound, i.e., high organ clearance, whereas the driving force 
for formation-rate limited metabolism is a shorter half-life 
for the metabolite than that of the parent compound. This 
can occur easily if the volume of distribution of the parent 
compound is extremely large. Finally, the impact of first- 
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look 

HOURS AFTER DOSE , 

Figure 1-Blood concentrations of drug and metabolite following oral 
(0 and 0) and intravenous (A and 0) doses, respectively, simulated 
according to Case IVB. 

pass metabolism on various pharmacokinetic parameters 
has been delineated using simulation techniques. 

APPENDIX 

The following differential equations were used to sim- 
ulate the plasma concentration-time data presented in this 
report. 

(Eq. A-1) 

been identified in the text and legend to Scheme I. The 
kaDe-kOr term is the source of drug input for the oral dose. 
This source is not used for the IV dose, whereas the initial 
condition for Cg is set equal to DIVB for the IV dose. 
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Factors Affecting the Accuracy of Estimated 
Mean Absorption Times and  Mean Dissolution 
Times 

Keyphrases Statistical moment analysis-estimation of absorption 
and dissolution rates, effects of the sampling schedule, importance of the 
estimate of the terminal elimination rate constant (p) 

To the Editor: 
Recent discussions in the literature concerning the ap- 

plication of the concept of statistical moments to phar- 
macokinetic analysis has stimulated interest in the method 
and its potential utility in the evaluation of pharmacoki- 
netic and bioavailability data. The most appealing aspect 
of statistical moment analysis is the potential for model- 
independent estimates of in vivo dissolution and absorp- 
tion rates. A thorough discussion of this method and its 
potential applications was presented by Riegelman and 
Collier (1) and Yamaoka et a1 (2). 

Using simulation techniques, the present study evalu- 
ates the ability of statistical moment analysis to provide 
accurate estimates of absorption and dissolution rates and 
the effects of sampling schedule, random error, and the 
estimate of the terminal elimination rate constant ( f l )  on 
the accuracy of these estimates. 

Simulations of drug concentration-time data corre- 
sponding to administration of an intravenous bolus, oral 
solution, and tablet dosage forms were generated by the 
CSSL-IV simulation program (3) based on the phar- 
macokinetic models presented in Scheme I. Unless oth- 
erwise specified, the parameter values presented in Table 

. ̂" 
(Eq. A-3) Scheme I-Two-compartment pharmacokinetic model with sequen- 

tial first-order dissolution and absorption, where k = first-order dis- 
-- dCW 

dt  
solution rate constant and k, = first-order absorption rate constant. 
To simulate intravenous data, the dose was entered into compartment 
1; for oral solution data, the dose was entered into the,absorption com- 
partment (A); and for solid oral dosage form data, the dose was entered 
into the dissolution compartment (0). 

- [QH c& + CLFCF - &HC~]/V; 

(Eq- A-4) 
Where D is the oral dose and the remaining terms have 

0022-35491 83/ 0600-0713$0 1.0010 
@ 1983, American PharmaceutiCal Association 

Journal of Pharmaceutical Sciences I 713 
Vol. 72, No. 6, June 1983 



look 

HOURS AFTER DOSE , 

Figure 1-Blood concentrations of drug and metabolite following oral 
(0 and 0) and intravenous (A and 0) doses, respectively, simulated 
according to Case IVB. 

pass metabolism on various pharmacokinetic parameters 
has been delineated using simulation techniques. 

APPENDIX 

The following differential equations were used to sim- 
ulate the plasma concentration-time data presented in this 
report. 

(Eq. A-1) 

been identified in the text and legend to Scheme I. The 
kaDe-kOr term is the source of drug input for the oral dose. 
This source is not used for the IV dose, whereas the initial 
condition for Cg is set equal to DIVB for the IV dose. 

(1) C. M. Metzler, G.  L. Elfring, and A. J. McEwen, Biometrics, 30, 

(2) W .  A. Colburn, J .  Pharm. Sci.,  70,969 (1981). 
562 (1974). 

Wayne A. Colburn 
Department of Pharmacokinetics 

and Biopharmaceutics 
Hoffmann-La Roche Inc. 
Nutley, NJ 07110 

Received March 10,1982. 
Accepted for Publication January 5,1983. 

Factors Affecting the Accuracy of Estimated 
Mean Absorption Times and  Mean Dissolution 
Times 

Keyphrases Statistical moment analysis-estimation of absorption 
and dissolution rates, effects of the sampling schedule, importance of the 
estimate of the terminal elimination rate constant (p) 

To the Editor: 
Recent discussions in the literature concerning the ap- 

plication of the concept of statistical moments to phar- 
macokinetic analysis has stimulated interest in the method 
and its potential utility in the evaluation of pharmacoki- 
netic and bioavailability data. The most appealing aspect 
of statistical moment analysis is the potential for model- 
independent estimates of in vivo dissolution and absorp- 
tion rates. A thorough discussion of this method and its 
potential applications was presented by Riegelman and 
Collier (1) and Yamaoka et a1 (2). 

Using simulation techniques, the present study evalu- 
ates the ability of statistical moment analysis to provide 
accurate estimates of absorption and dissolution rates and 
the effects of sampling schedule, random error, and the 
estimate of the terminal elimination rate constant ( f l )  on 
the accuracy of these estimates. 

Simulations of drug concentration-time data corre- 
sponding to administration of an intravenous bolus, oral 
solution, and tablet dosage forms were generated by the 
CSSL-IV simulation program (3) based on the phar- 
macokinetic models presented in Scheme I. Unless oth- 
erwise specified, the parameter values presented in Table 

. ̂" 
(Eq. A-3) Scheme I-Two-compartment pharmacokinetic model with sequen- 

tial first-order dissolution and absorption, where k = first-order dis- 
-- dCW 

dt  
solution rate constant and k, = first-order absorption rate constant. 
To simulate intravenous data, the dose was entered into compartment 
1; for oral solution data, the dose was entered into the,absorption com- 
partment (A); and for solid oral dosage form data, the dose was entered 
into the dissolution compartment (0). 

- [QH c& + CLFCF - &HC~]/V; 

(Eq- A-4) 
Where D is the oral dose and the remaining terms have 

0022-35491 83/ 0600-0713$0 1.0010 
@ 1983, American PharmaceutiCal Association 

Journal of Pharmaceutical Sciences I 713 
Vol. 72, No. 6, June 1983 



Table I-Parameter Values Used in the Simulations 

Dose, VI, k ,  k, ,  kto, b1, klz ,  
Simulation mg liters hr-I hr-' hr-l hr-I hr-I 

Intravenous 100 1.0 - - 0.20 0.60 0.50 
100 1.0 - 3.0 0.20 0.60 0.50 YX2 100 1.0 0.78 3.0 0.20 0.60 0.50 

Table IISampl ing  Schedules Used for Calculation of 
Parameters 

Schedule Sampling Times, hr 

A 
B 

Every 0.05 hr for 36 hr 
0.0.25.0.5.0.75. 1.1.5.2.2.5.3.4.6.8.  10. 12. 18. 24.36 c ol0.5, i , i .5 ,2 ,3 ,4 ,6 ,6 , io , i2 ,24 

D 0,0.5, 1, 1.5,2,3,4,  6,8,  10, 12, 24, 48,72,96 

I were used for all simulations. Four sampling schedules 
were evaluated (Table 11) with schedule A providing pa- 
rameter estimates corresponding to  the theoretical 
values. 

Areas under the concentration-time curves (AUCg4) and 
areas under the moment curve (AUMCg4) to 24 hr were cal- 
culated using the linear trapezoidal method. Extrapolations 
to infiity and calculations of mean residence time (MRT), 
mean absorption time (MAT), and mean dissolution time 
(MDT) were performed as described previously (1). 

For those simulations in which random error was added 
to the concentration data, data corresponding to sampling 
schedule C were simulated and normally distributed ran- 
dom error with a coefficient of variation of f10% was 
added to each concentration value. This was done for 18 
data sets per group. Extrapolations of AUCg4 and AUMCg4 
to infinity were performed using the theoretical value of 
0 (k, 0.1 hr-l) and the p value generated by linear re- 
gression of the transformed data from 8 to 24 hr. Two 
MDT values were then calculated, one using AUCC and 
AUMCC extrapolated with the theoretical p (Footnote b, 
Table 111) and one using AUC; and AUMC; extrapolated 
with the 0 value corresponding to the transformed data 
(Footnote c, Table 111). 

The effect of sampling schedule on the accuracy of the 
calculated estimates of MAT and MDT is presented in 
Table IV. As expected, the values of MAT and MDT cal- 
culated from sampling schedule A correspond to  the the- 
oretical values; i.e., the reciprocal values of MAT and MDT 
are equivalent to the values of ka and k used to generate 
the theoretical data. Comparing the results from sampling 
schedules B and C with those from schedule A gives an 
indication of the accuracy of the estimates of MAT and 
MDT when these reduced sampling schedules are uti- 
lized. 

In general, sampling schedule B provided reasonably 
good estimates of the theoretical values of MAT and MDT 
(Table IV). In many cases, however, the parameters cal- 
culated with schedule C (typical for many protocols) were 
relatively poor estimates of the theoretical values. The 
accuracy of MAT and MDT tended to decrease as the rate 
constants ka  and k increased and as the two-compartment 
characteristics of the concentration-time curve became 
more pronounced (as kP1  varied from 0.6 to.0.1 hr-l). In- 
creased sampling during the absorptive phase (schedule 
B) improved the accuracy of MAT and MDT (compared 
with schedule C), and the improvement was most pro- 
nounced when a kz l  value of 0.1 hr-' was utilized and when 
k and ka were large. It is obvious from these data that the 
sampling schedule is critical for obtaining accurate and 
meaningful estimates of mean absorption times and mean 
dissolution times. 

The importance of an accurate estimate of /3 when cal- 
culating various statistical moment parameters has been 
discussed previously (1 ,2)  and is demonstrated in our re- 
sults. Using sampling schedule C and a kal value of 0.2 
hr-l, 27% of AUCC and 69% of AUMC," are due to ex- 
trapolation from the last data point to infinity using p. A 
f10% error in /3 yields MDT estimates of -0.15 and 2.60 
hr, respectively, compared with 1.07 hr when the correct 
p value is used. Utilizing sampling schedule D, only 1% of 
AUC; and 6% of AUMCC are due to extrapolation, and the 
same f1W0 error in ,L? results in MDT estimates of 0.91 and 
1.14 hr, respectively, compared with 1.01 hr when the 

Table 111-Mean Parameter Values Determined from Data Generated with Normally Distributed Random Error (CV f 10%) 

k ,  l /k,a MDT*, hr 
hr-l hr Mean SD cv 

8, hr-l 
Mean SD 

MDT', hr 
Mean SD cv 

0.60 1.67 1.56 0.39 25% 0.100 0.010 1.53 0.72 47% 
0.72 1.39 1.27 0.42 32% 0.099 0.007 1.34 0.68 51% 
0.78 1.28 1.26 0.33 26% 0.098 0.006 1.33 0.84 63% 
0.90 1.11 1.05 0.24 23% 0.100 0.008 1.06 0.86 81% 

a Theoretical value of MDT. * Calculated from AUC; and AUMC; values in which extrapolation from 24 hr to infinity was performed using fi  = 0.1 hr-1. c Calculated 
from AUC; and AUMC; values in which extrapolation from 24 hr to infinity was performed using 13 determined by linear regression of the transformed data from 8 to 
24 hr. 

Table IV-Estimated Values of MAT and MDT from Data Generated for Sampling Schedules A, B, and C 

k?l = 0.1 hr-' kS1 = 0.6 hr-I 
Parameter MAT, hr MDT, hr MAT, hr MDT, hr 
Value, hr-I A B C A B C A B C A B C 

k = 0.4 2.50 2.45 2.11 2.50 2.46 2.26 
0.7 1.43 1.36 1.05 1.43 1.39 1.25 

0.62 1 .oo 0.96 0.84 1.0 1.00 0.91 
ka = 1  1.00 1.08 1.17 1.28 1.28 1.19 1.00 1.00 1.01 1.28 1.26 1.19 ~ ~. - _ _  

3 0.33 0.42 0.76 1.28 1.20 0.90 0.33 0.36 0.45 1.28 1.24 1.11 
0.71 0.20 0.26 0.39 1.28 1.21 1.06 5 0.20 0.42 0.84 1.28 1.15 

k l o  = 0.1 0.33 0.40 0.69 1.28 1.23 1 .oo 0.33 0.29 0.42 1.28 1.30 1.24 
0.3 0.33 0.41 0.77 1.28 1.18 0.90 0.33 0.36 0.49 1.28 1.25 1.14 
0.5 0.33 0.44 0.81 1.28 1.15 0.88 0.33 0.37 0.54 1.28 1.19 1.14 
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correct value is used. Errors in the estimate of p are in- 
herent due to biological and analytical variability, but their 
impact can be reduced drastically by expanding the sam- 
pling schedule to longer times. Since this is not always 
possible because of analytical and practical limitations, the 
use of statistical moments may not be appropriate if there 
is insufficient sampling to provide accurate and consistent 
estimates of p. 

Routine analytical error in drug concentration data can 
affect estimates of MAT and MDT in two ways: first, by 
its effects on the calculation of AUMCf, and AUCS, which 
should be rather insignificant, and second, by its effects 
on the estimate of p, which in turn may affect the calcu- 
lation of AUMC; and AUC; significantly. The first case 
is illustrated in Table I11 by the values of MDT generated 
using the theoretical value of p (i.e. 0.1 hr-l) for all ex- 
trapolations. The average ( n  = 18) estimated MDT values 
were good estimates of the theoretical values with coeffi- 
cients of variation ranging from 23 to 32%. The effect of 
variations in ,6 caused by random error and the subsequent 
impact on MDTC is also shown in Table 111. The average 
MDT“ values were again good estimates of the theoretical 
values but the coefficients of variation were quite large, 
ranging from 47 to 81%. With this sampling schedule -8% 
of AUC; and 31% of AUMC; were due to extrapolation, 
and this would not be uncommon for a typical bioavail- 
ability study. The large variability in these MDT values 
could affect the ability to  statistically detect small differ- 
ences in MDT values under such conditions. 

Overall, the results of these studies suggest that the 
statistical moment approach to the analysis of bioavail- 
ability data may offer an attractive alternative to C,, and 
t mag or to the model-dependent methods for assessing the 
rate of drug absorption. However, accurate results and 
meaningful conclusions using this method are very much 
dependent on the experimental design of the studies from 
which the data are generated. To obtain optimal infor- 
mation, frequent sampling during the absorption phase 
is necessary. In addition, sufficient sampling during the 
terminal elimination phase is needed to minimize the im- 
pact of extrapolation error and to provide an accurate es- 
timate of /3. MAT and MDT values calculated from data 
generated uia a less than rigorous experimental design may 
yield poor estimates of the actual values and can result in 
misleading conclusions. Therefore, an understanding of 
the influence of the various factors affecting the accuracy 
of the calculated MAT and MDT values, along with a 
well-defined pharmacokinetic profile of the drug, are es- 
sential to achieve an experimental design which will allow 
for the determination of meaningful estimates of mean 
absorption and dissolution times. 

(1) S. Riegelman and P. Collier, J.  Pharmacokinet. Eiopharm., 8,509 

(2) K. Yamaoka, T. Nakagana, and T. Uno, ibid., 6,547 (1978). 
(3) “CSSL IV Users Guide and Reference Manual,” Nielsen Asso- 

(1980). 
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Plasma Inorganic Sulfate Concentrations in 
Pregnant Women 

Keyphrases 0 Sulfate concentration-effect of pregnancy in humans 
Plasma sulfate concentrations-effect of pregnancy in humans 

To the Editor: 
The physiological process of sulfation has important 

biosynthetic and detoxification functions. It is necessary 
in the developing fetus for the formation of glycosamino- 
glycans, a structural component of cartilage and other 
tissues, and cerebroside sulfate, a constituent of the brain 
(1, 2). The sulfated glycosaminoglycans may also be in- 
volved in cell differentiation (2). 

The biotransformation of certain phenolic drugs to 
sulfate conjugates is limited by the availability of inorganic 
sulfate (3,4); the formation of such drug conjugates can 
cause depletion of endogenous inorganic (free) sulfate in 
animals and humans (4-6). Decreased sulfate availability 
in pregnant rats, due to administration of salicylamide, 
which produces sulfate depletion concomitant with sali- 
cylamide sulfate formation (3,5), has been associated with 
decreased availability and decreased tissue incorporation 
of sulfate in the fetuses and may be the cause of teratogenic 
effects (7,s). Depletion of endogenous sulfate can decrease 
the rate of sulfation of phenolic drugs, such as acetami- 
nophen, and thereby decrease their clearance (4), while 
hypersulfatemia, such as occurs in renal dysfunction, can 
facilitate drug sulfate conjugate formation and thereby 
increase drug clearance (9). The maternal level of endog- 
enous inorganic sulfate may, therefore, affect fetal devel- 
opment and fetal exposure to certain drugs and other 
xenobiotics. 

The plasma or serum concentrations of most electrolytes 
tend to decrease slightly during pregnancy (10). We have 
found only one report concerning the effect of pregnancy 
on serum sulfate concentrations: Tallgren observed con- 
centrations of 0.592 f 0.275 mmolehiter (mean f SD) in 
118 Scandinavian women during their third trimester and 
0.263 f 0.091 mmolehiter in 42 age-matched nonpregnant 
controls (11). On the other hand, Lin and Levy recently 
determined serum sulfate concentrations in 20-day preg- 
nant rats and nonpregnant controls and found no apparent 
difference between the two groups’. The effect of preg- 
nancy on endogenous sulfate concentrations in women was, 
therefore, reexamined. 

Seven Caucasian women in their third trimester of 
pregnancy and nine Caucasian nonpregnant women of 
similar age were the subjects in this study. They were 
medication-free for at least 1 week before the study and 
were in apparent good health. None of the controls were 
taking an oral contraceptive. Nine-milliliter blood samples 
were drawn from an antecubital vein into 10-ml capacity 
plastic disposable syringes containing 1 ml of trisodium 
citrate solution each. The citrated blood was centrifuged 
in plastic tubes a t  12,OOOXg for 15 min at 25O, and the 
plasma was frozen pending assay. Inorganic sulfate con- 
centration was determined by a modification (12) of the 
turbidimetric method of Berglund and Sorbo (13), using 
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correct value is used. Errors in the estimate of p are in- 
herent due to biological and analytical variability, but their 
impact can be reduced drastically by expanding the sam- 
pling schedule to longer times. Since this is not always 
possible because of analytical and practical limitations, the 
use of statistical moments may not be appropriate if there 
is insufficient sampling to provide accurate and consistent 
estimates of p. 

Routine analytical error in drug concentration data can 
affect estimates of MAT and MDT in two ways: first, by 
its effects on the calculation of AUMCf, and AUCS, which 
should be rather insignificant, and second, by its effects 
on the estimate of p, which in turn may affect the calcu- 
lation of AUMC; and AUC; significantly. The first case 
is illustrated in Table I11 by the values of MDT generated 
using the theoretical value of p (i.e. 0.1 hr-l) for all ex- 
trapolations. The average ( n  = 18) estimated MDT values 
were good estimates of the theoretical values with coeffi- 
cients of variation ranging from 23 to 32%. The effect of 
variations in ,6 caused by random error and the subsequent 
impact on MDTC is also shown in Table 111. The average 
MDT“ values were again good estimates of the theoretical 
values but the coefficients of variation were quite large, 
ranging from 47 to 81%. With this sampling schedule -8% 
of AUC; and 31% of AUMC; were due to extrapolation, 
and this would not be uncommon for a typical bioavail- 
ability study. The large variability in these MDT values 
could affect the ability to  statistically detect small differ- 
ences in MDT values under such conditions. 

Overall, the results of these studies suggest that the 
statistical moment approach to the analysis of bioavail- 
ability data may offer an attractive alternative to C,, and 
t mag or to the model-dependent methods for assessing the 
rate of drug absorption. However, accurate results and 
meaningful conclusions using this method are very much 
dependent on the experimental design of the studies from 
which the data are generated. To obtain optimal infor- 
mation, frequent sampling during the absorption phase 
is necessary. In addition, sufficient sampling during the 
terminal elimination phase is needed to minimize the im- 
pact of extrapolation error and to provide an accurate es- 
timate of /3. MAT and MDT values calculated from data 
generated uia a less than rigorous experimental design may 
yield poor estimates of the actual values and can result in 
misleading conclusions. Therefore, an understanding of 
the influence of the various factors affecting the accuracy 
of the calculated MAT and MDT values, along with a 
well-defined pharmacokinetic profile of the drug, are es- 
sential to achieve an experimental design which will allow 
for the determination of meaningful estimates of mean 
absorption and dissolution times. 
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Plasma Inorganic Sulfate Concentrations in 
Pregnant Women 

Keyphrases 0 Sulfate concentration-effect of pregnancy in humans 
Plasma sulfate concentrations-effect of pregnancy in humans 

To the Editor: 
The physiological process of sulfation has important 

biosynthetic and detoxification functions. It is necessary 
in the developing fetus for the formation of glycosamino- 
glycans, a structural component of cartilage and other 
tissues, and cerebroside sulfate, a constituent of the brain 
(1, 2). The sulfated glycosaminoglycans may also be in- 
volved in cell differentiation (2). 

The biotransformation of certain phenolic drugs to 
sulfate conjugates is limited by the availability of inorganic 
sulfate (3,4); the formation of such drug conjugates can 
cause depletion of endogenous inorganic (free) sulfate in 
animals and humans (4-6). Decreased sulfate availability 
in pregnant rats, due to administration of salicylamide, 
which produces sulfate depletion concomitant with sali- 
cylamide sulfate formation (3,5), has been associated with 
decreased availability and decreased tissue incorporation 
of sulfate in the fetuses and may be the cause of teratogenic 
effects (7,s). Depletion of endogenous sulfate can decrease 
the rate of sulfation of phenolic drugs, such as acetami- 
nophen, and thereby decrease their clearance (4), while 
hypersulfatemia, such as occurs in renal dysfunction, can 
facilitate drug sulfate conjugate formation and thereby 
increase drug clearance (9). The maternal level of endog- 
enous inorganic sulfate may, therefore, affect fetal devel- 
opment and fetal exposure to certain drugs and other 
xenobiotics. 

The plasma or serum concentrations of most electrolytes 
tend to decrease slightly during pregnancy (10). We have 
found only one report concerning the effect of pregnancy 
on serum sulfate concentrations: Tallgren observed con- 
centrations of 0.592 f 0.275 mmolehiter (mean f SD) in 
118 Scandinavian women during their third trimester and 
0.263 f 0.091 mmolehiter in 42 age-matched nonpregnant 
controls (11). On the other hand, Lin and Levy recently 
determined serum sulfate concentrations in 20-day preg- 
nant rats and nonpregnant controls and found no apparent 
difference between the two groups’. The effect of preg- 
nancy on endogenous sulfate concentrations in women was, 
therefore, reexamined. 

Seven Caucasian women in their third trimester of 
pregnancy and nine Caucasian nonpregnant women of 
similar age were the subjects in this study. They were 
medication-free for at least 1 week before the study and 
were in apparent good health. None of the controls were 
taking an oral contraceptive. Nine-milliliter blood samples 
were drawn from an antecubital vein into 10-ml capacity 
plastic disposable syringes containing 1 ml of trisodium 
citrate solution each. The citrated blood was centrifuged 
in plastic tubes a t  12,OOOXg for 15 min at 25O, and the 
plasma was frozen pending assay. Inorganic sulfate con- 
centration was determined by a modification (12) of the 
turbidimetric method of Berglund and Sorbo (13), using 
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Table I-FJfeet of Pregnancy on Sulfate Concentrations in 
Plasma of Caucasian Women 

Pregnant Nonpregnant 
(n  = 7) ( n  = 9) Significance 

Plasma sulfate, mM 0.410 f 0.035 0.333 f 0.038 p < 0.005 
Age, y 24.4 * 4.2 27.2 f 5.5 NS 
Gestation age, wk 35.8 f 3.8 
Total protein, g/dl 6.08 f 0.29 6.43 f 0.35 NS 
Albumin, g/dl 3.28 f 0.19 4.14 f 0.20 p < 0.001 

0 Results expressed as mean f SD. 

pooled citrated plasma from nonpregnant women with 
known concentrations of added sodium sulfate for prep- 
aration of a standard curve. All samples were assayed on 
the same day, and the results were corrected for sample 
dilution with citrate anticoagulant solution. Total plasma 
protein concentrations (14) and albumin fraction2 were 
also determined. Results were examined by one-way 
ANOVA, and possible associations between sulfate con- 
centration and other variables were determined by corre- 
lation analysis3. 

The results of this study are summarized in Table I. 
Plasma sulfate concentrations were significantly higher 
in the pregnant women, but the quantitative difference 
between the pregnant and nonpregnant women was rela- 
tively small. Plasma albumin concentrations were signif- 
icantly decreased in late pregnancy, consistent with pre- 
vious observations (15). The difference in sulfate concen- 
tration between pregnant and nonpregnant subjects re- 
mained when smokers were eliminated (0.427 f 0.039 
mmolehiter in four pregnant woven and 0.328 f 0.036 in 
eight nonpregnant women, p < 0.005). Eight Black women 
(including two smokers) in their third trimester of preg- 
nancy were also studied, their p b m a  sulfate concentration 
(0.360 f 0.072 mmolehiter) is not significantly different 
from those of the Caucasian pregnant and nonpregnant 
women, respectively. There is a significant negative cor- 
relation between the plasma sulfate concentration of the 
15 pregnant women (Black and Caucasian combined) and 
their plasma albumin concentration ( r  = -0.548, p < 0.05). 
No other significant correlations were found. 

The results of this investigation are in qualitative 
agreement with those of Tallgren (11) with respect to 
Caucasian women, but the quantitative difference between 
pregnant and nonpregnant women is considerably smaller 
in our study. Our results for nonpregnant females are 
similar to those described ( l l ) ,  but the inorganic sulfate 
concentrations in pregnant women are appreciably lower 
in our study. The intake of proteins rich in sulfur-con- 
taining amino acids is an important determinant of en- 
dogenous inorganic sulfate levels (11,16), but it appears 
unlikely that the difference between the two groups of 
pregnant women is due to diet, since the two nonpregnant 
control groups had similar sulfate concentrations. Tall- 
gren’s analytical procedure (11) requires incubation of the 
serum sample for 4 hr at 37’ and pH <1, which may favor 
hydrolysis of endogenous steroid sulfates, while the pro- 
cedure used by us requires no such incubation. However, 
the plasma concentrations of these conjugates in preg- 
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Changes in Plasma Protein Binding of 
Drugs after Blood Collection from 
Pregnant Women 

Keyphrases Protein binding-plasma, changes after blood collection 
from pregnant women Unesterified fatty acids-plasma, changes after 
blood collection from pregnant women 

To the Editor: 
Drug-protein binding in plasma obtained from 20-day 

pregnant rats can decrease rapidly in uitro after blood 
collection (1) due to lipolysis and the consequent increase 
in the concentrations of unesterified fatty acids’. These 
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Table I-FJfeet of Pregnancy on Sulfate Concentrations in 
Plasma of Caucasian Women 

Pregnant Nonpregnant 
(n  = 7) ( n  = 9) Significance 

Plasma sulfate, mM 0.410 f 0.035 0.333 f 0.038 p < 0.005 
Age, y 24.4 * 4.2 27.2 f 5.5 NS 
Gestation age, wk 35.8 f 3.8 
Total protein, g/dl 6.08 f 0.29 6.43 f 0.35 NS 
Albumin, g/dl 3.28 f 0.19 4.14 f 0.20 p < 0.001 

0 Results expressed as mean f SD. 

pooled citrated plasma from nonpregnant women with 
known concentrations of added sodium sulfate for prep- 
aration of a standard curve. All samples were assayed on 
the same day, and the results were corrected for sample 
dilution with citrate anticoagulant solution. Total plasma 
protein concentrations (14) and albumin fraction2 were 
also determined. Results were examined by one-way 
ANOVA, and possible associations between sulfate con- 
centration and other variables were determined by corre- 
lation analysis3. 

The results of this study are summarized in Table I. 
Plasma sulfate concentrations were significantly higher 
in the pregnant women, but the quantitative difference 
between the pregnant and nonpregnant women was rela- 
tively small. Plasma albumin concentrations were signif- 
icantly decreased in late pregnancy, consistent with pre- 
vious observations (15). The difference in sulfate concen- 
tration between pregnant and nonpregnant subjects re- 
mained when smokers were eliminated (0.427 f 0.039 
mmolehiter in four pregnant woven and 0.328 f 0.036 in 
eight nonpregnant women, p < 0.005). Eight Black women 
(including two smokers) in their third trimester of preg- 
nancy were also studied, their p b m a  sulfate concentration 
(0.360 f 0.072 mmolehiter) is not significantly different 
from those of the Caucasian pregnant and nonpregnant 
women, respectively. There is a significant negative cor- 
relation between the plasma sulfate concentration of the 
15 pregnant women (Black and Caucasian combined) and 
their plasma albumin concentration ( r  = -0.548, p < 0.05). 
No other significant correlations were found. 

The results of this investigation are in qualitative 
agreement with those of Tallgren (11) with respect to 
Caucasian women, but the quantitative difference between 
pregnant and nonpregnant women is considerably smaller 
in our study. Our results for nonpregnant females are 
similar to those described ( l l ) ,  but the inorganic sulfate 
concentrations in pregnant women are appreciably lower 
in our study. The intake of proteins rich in sulfur-con- 
taining amino acids is an important determinant of en- 
dogenous inorganic sulfate levels (11,16), but it appears 
unlikely that the difference between the two groups of 
pregnant women is due to diet, since the two nonpregnant 
control groups had similar sulfate concentrations. Tall- 
gren’s analytical procedure (11) requires incubation of the 
serum sample for 4 hr at 37’ and pH <1, which may favor 
hydrolysis of endogenous steroid sulfates, while the pro- 
cedure used by us requires no such incubation. However, 
the plasma concentrations of these conjugates in preg- 
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Changes in Plasma Protein Binding of 
Drugs after Blood Collection from 
Pregnant Women 

Keyphrases Protein binding-plasma, changes after blood collection 
from pregnant women Unesterified fatty acids-plasma, changes after 
blood collection from pregnant women 

To the Editor: 
Drug-protein binding in plasma obtained from 20-day 

pregnant rats can decrease rapidly in uitro after blood 
collection (1) due to lipolysis and the consequent increase 
in the concentrations of unesterified fatty acids’. These 
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716 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 6,  June 1983 

002235491 831 0600-07 16$0 1.001 0 
@ 1983, American pharmaceutical Association 



changes are much less pronounced in plasma of nonpreg- 
nant rats (1). Since there are pronounced differences in the 
drug-protein binding characteristics of rat and human 
plasma and serum (2,3), this investigation was designed 
to determine if the rapid and pronounced decrease in 
drug-protein binding and increase in fatty acid concen- 
trations observed in plasma of pregnant rats occur also in 
plasma of pregnant women. 

Blood samples were obtained from 15 healthy women, 
18 to 29 years old, who were in the third trimester of 
pregnancy and who were not taking any medications. The 
blood was drawn from an antecubital vein into a heparin- 
ized plastic syringe, and plasma was separated immedi- 
ately by 1-min centrifugation. A 0.1-ml aliquot of the 
plasma was immediately extracted into hexane for deter- 
mination of fatty acid concentrations by gas chromatog- 
raphy (4). Fifty microliters of an aqueous solution of either 
sodium phenytoin or sodium salicylate was added to an- 
other 5- to 6-ml aliquot of plasma to yield final concen- 
trations of -20 and 200 pglml (in terms of the acid), re- 
spectively. Two milliliters of this plasma was immediately 
ultrafiltered (35 min) through a cellophane membrane 
(Visking, molecular weight cut-off 12,000-14,000), another 
2 ml was maintained at  37" for 6 hr and then ultrafiltered 
after removal of 0.1 ml for determination of fatty acid 
concentrations, and 0.4 ml was placed in a dialysis cell for 
equilibrium dialysis (6 hr) against an equal volume of 0.13 
M sodium-potassium phosphate buffer, pH 7.4, a t  37". A 
0.1-ml portion of the plasma phase was collected after di- 
alysis for fatty acid assays. Phenytoin and salicylic acid 
concentrations in ultrafiltrate, dialysate, and plasma 
phases were determined by high-performance liquid 
chromatography, as previously described ( 5 ) ,  except that 
o-methoxybenzoic acid was used as the internal standard 
for the salicylate assay. The equilibrium dialysis proce- 
dures were repeated -1 week later, but a t  25". In view of 
the concentration dependence of salicylate protein bind- 
ing, sodium salicylate in a concentration approximately 
equal to that found previously in the ultrafiltrates was 
added to the buffer solution. No such precaution was re- 
quired with respect to phenytoin because of the relative 
concentration independence of its plasma-free fraction 
value in the therapeutic concentration range. The plasma 
for the repeat dialysis procedure had been stored frozen 
at -20". 

The results of the protein binding determinations are 
summarized in Table I. Neither incubation of the plasma 
at 37" nor the 6-hr incubation at  25" associated with 
equilibrium dialysis had any significant effect on the 
plasma protein binding of phenytoin. These same proce- 
dures caused a pronounced decrease of phenytoin protein 
Table I-Changes in Plasma Protein Binding of Phenytoin and 
Salicylate after Blood Collection from Pregnant Women in the 
Third Trimester of Pregnancy 

Free Fraction in Plasma X 
100, mean f SD 

Procedure Phenytoin" Salicylate 

Immediate ultrafiltration at  25' 9.29 f 2.32 28.2 f 6.9 
Ultrafiltration at  25' after 6 hr a t  37' 
Dialysis for 6 hr a t  25' 10.9 f 1.5 28.7 f 3.7 
Dialysis for 6 h at  37' 17.5 f 1.6 

9.89 i 2.41 34.9 f 7BC 

a Concentration, 22.8 f 1.8pg/ml; n = 8. * Concentration. 203 f 15 pg/ml; n = 
7. c Significantly different from value after immediate ultrafiltration ( p  < 0.05). 
The ratio of free-fraction values, 6 hdimmediate, is 1.27 f 0.26. 

Table 11-Changes in Concentrations of Unesterified Fatty 
Acids in Plasma after Blood Collection from Pregnant Women in 
the Third Trimester of Pregnancy 

Fatty Acid Concentration, pMa Concen- 
Immediately 6 hr at 37' tration 

after after After 6-hr Ratio, 
Plasma Plasma Dialysis a t  6 hr/ 

Fatty Acid Separation Separation 37' immediate 

Linoleic 46.4 f 30.2 63.2 f 30.5 60.0 f 25.2 1.67 f 0.60 
Oleic 123 f 109 143 f 102 136 f 102 1.32 f 0.23 
Palmitic 118 f 63 157 i 65 146 f 64 1.46 f 0.34 
Stearic 61.3 f 25.6 67.3 f 21.6 58.6 f 19.0 1.17 f 0.26 
Total 348 & 218 430 f 213 401 f 205 1.36 f 0.27 

a Mean f SD, n = 15. 

binding in plasma of pregnant rats (1). Technical dif- 
ficulties related to the need for immediate ultrafiltration 
in the clinic prevented measurements a t  37", except for 
equilibrium dialysis. The phenytoin free-fraction value at 
37O (0.175 f 0.016) is considerably higher than the corre- 
sponding value in nonpregnant individuals ( ~ 0 . 1 )  and is 
in good agreement with previous determinations of 
phenytoin free fraction in pregnant women (6,7). 

The process of equilibrium dialysis a t  25" had no ap- 
parent effect on the plasma protein binding of salicylate, 
but incubation of the plasma for 6 hr at 37" decreased 
protein binding slightly (Table I). Results of equilibrium 
dialysis at 37" are not listed in the table, because the buffer 
phase was not spiked with salicylate to prevent a decrease 
in drug concentration in the plasma phase. However, the 
free-fraction values (0.242 f0.035) are in good agreement 
with those of an earlier study under similar experimental 
conditions (8). 

The results of fatty acid concentration determinations 
are summarized in Table 11. Some lipolysis occurred in 
plasma during 6 hr of incubation at  37", but the fatty acid 
concentrations increased only by 17437% on average during 
incubation and somewhat less during equilibrium dialysis. 
Under similar conditions, total fatty acid concentrations 
in plasma from pregnant rats increase by -500% when 
heparin is used as the in uitro anticoagulant and by 200% 
when EDTA is used as the anticoagulant'. Heparin added 
in uitro to plasma from nonpregnant humans has no ap- 
parent effect on the protein binding of phenytoin and 
salicylic acid (3). 

In summary, it has been found that the drug-protein 
binding characteristics of plasma from healthy women in 
the third trimester of pregnancy are relatively stable, a t  
least with respect to the drugs tested. These observations 
are consistent with the relatively small increase of fatty 
acid concentrations due to in uitro lipolysis in plasma 
during incubation or dialysis a t  37" for 6 hr after blood 
collection. While all plasma samples should be processed 
to minimize in uitro lipolysis, this precaution applies much 
more to pregnant rats (and perhaps other species) than to 
pregnant women. 
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Drug Kinetics in Low-Flux (Small) Anatomic 
Compartments 

Keyphrases Pharmacokinetics-low-flux peripheral compartment 
Cochlear perilymph-aminoglycoside kinetics 

To the Editor: 
Small anatomic compartments may be the site of action 

or toxicity of drugs. Because the kinetics in the anatomic 
compartment may differ significantly from those in the 
sampled compartment, pharmacokinetic modeling of such 
drugs requires the development of explicit expressions for 
the time course of drug concentrations in the anatomic 
compartment. Classical compartmental analysis is based 
on large (kinetic) compartments, which exchange enough 
drug that measurable alterations in the concentration of 
drug in the sampled compartment result. A small (ana- 
tomic) compartment may not give rise to a detectable al- 
teration in drug concentration in the sampled compart- 
ment, because its drug flux is small. In such a case, the 
anatomic compartment can not be represented by a pe- 
ripheral kinetic compartment. This communication de- 
scribes the derivation of an equation for the time course 
of drug concentrations in such small compartments based 
on a modified compartmental analysis. 

Consider an n-compartment linear mammillary system 
with first-order rate constants and elimination from the 
central compartment (denoted by subscript 1) only. Let 
there be an (n t 1)th compartment that exchanges drug 
with the central compartment but for which the flux of 
drug into and out of the compartment is so minute that it 
does not measurably alter levels of the drug in the central 
compartment. This compartment will be called the low- 
flux peripheral compartment and will be labeled LF. 

The differential equations governing this model are: 
dC V. 
dt  j=2 'I V1 = 2 (k. I C ,  - hljCl) -hloC1 (Eq. 1) 

d C .  V 
= k1j 

dt Vj 
C1 - k,lCj, n L j > 1 (Eq. 2) 

where 
Cj = concentration of drug in the j th  com- 

partment; 
Vj = pharmacokinetic volume of distribution 

of drug in the j t h  compartment; 
hob = first-order transfer rate constant from the 

ith to the j t h  compartment; 
k 10 = first-order elimination rate'constant from 

the central compartment; 
CLF = concentration of drug in the low-flux 

compartment; 
h l ~ ~ ,  k ~ ~ l  = first-order transfer rate constants into and 

out of the low-flux compartment. 
If the drug enters the central compartment as a result 

of bolus injection, the drug concentration in that com- 
partment, as a function of time, will be a sum of exponen- 
tials (1): 

(Eq. 4) 

where ai = coefficient of ith exponential term and Xi = 
exponent of the ith exponential term. The general equa- 
tion for the drug concentration in the j t h  peripheral 
compartment is found by the use of Laplace transforms 
(2): 

c l ( t )  = f aie-hit 
i = l  

The equation for the drug concentration in the low flux 
compartment is: 

0%. 6)  
By similar means, expressions can be found for the drug 

concentration in the low-flux compartment following entry 
of the drug into the central compartment by first-order 
absorption or continuous infusion. 

As an example of the application of this model, Eq. 6 is 
used to describe the kinetics of amikacin, an aminoglyco- 
side antibiotic, in cochlear perilymph, presumably a low- 
flux compartment. The data are taken from a study per- 
formed in guinea pigs, as reported by Brummett et al. (3). 
The concentrations of amikacin were determined in serum 
and in cochlear perilymph over time following a single 
subcutaneous injection of the drug (as detailed in Ref. 3). 
The subcutaneous absorption of amikacin was very rapid, 
resulting in a monoexponential serum drug concentration 
versus time curve. Therefore, Eq. 4, and consequently 
Eq. 6, can be used in this case even though the injection 
was not intravenous. 

The equation for the serum drug concentration uersus 
time curve is: 

C,Nlll(t) 
= 489e-0.6992f(in hr) in micrograms per milliliter 

The experimental data and corresponding predicted 
values are presented in Table I. The perilymph drug con- 
centration uersus time curve is fitted to a biexponential 
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Drug Kinetics in Low-Flux (Small) Anatomic 
Compartments 

Keyphrases Pharmacokinetics-low-flux peripheral compartment 
Cochlear perilymph-aminoglycoside kinetics 
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h l ~ ~ ,  k ~ ~ l  = first-order transfer rate constants into and 
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If the drug enters the central compartment as a result 

of bolus injection, the drug concentration in that com- 
partment, as a function of time, will be a sum of exponen- 
tials (1): 

(Eq. 4) 

where ai = coefficient of ith exponential term and Xi = 
exponent of the ith exponential term. The general equa- 
tion for the drug concentration in the j t h  peripheral 
compartment is found by the use of Laplace transforms 
(2): 

c l ( t )  = f aie-hit 
i = l  

The equation for the drug concentration in the low flux 
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0%. 6)  
By similar means, expressions can be found for the drug 

concentration in the low-flux compartment following entry 
of the drug into the central compartment by first-order 
absorption or continuous infusion. 

As an example of the application of this model, Eq. 6 is 
used to describe the kinetics of amikacin, an aminoglyco- 
side antibiotic, in cochlear perilymph, presumably a low- 
flux compartment. The data are taken from a study per- 
formed in guinea pigs, as reported by Brummett et al. (3). 
The concentrations of amikacin were determined in serum 
and in cochlear perilymph over time following a single 
subcutaneous injection of the drug (as detailed in Ref. 3). 
The subcutaneous absorption of amikacin was very rapid, 
resulting in a monoexponential serum drug concentration 
versus time curve. Therefore, Eq. 4, and consequently 
Eq. 6, can be used in this case even though the injection 
was not intravenous. 

The equation for the serum drug concentration uersus 
time curve is: 

C,Nlll(t) 
= 489e-0.6992f(in hr) in micrograms per milliliter 

The experimental data and corresponding predicted 
values are presented in Table I. The perilymph drug con- 
centration uersus time curve is fitted to a biexponential 
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Table I-Concentration of Amikacin in Serum Following a Bolus 
Subcutaneous Injection 

Amikacin Concentration, pglml 
Time, hr Experimental Predicted Value 

0.5 
1.0 
2.0 
4.0 
6.0 

315 
270 
132 
25 
8 

345 
244 
121 
29 
7 

Table 11-Concentration of Amikacin in Cochlear Perilymph 
Following a Bolus Subcutaneous Injection 

Amikacin Concentration, pglml 
Time, hr Experimental Predicted Value 

0.5 
1 .o 
2.0 
4.0 
6.0 

12.0 

2.0 
6 
9 

10 
7 
2.5 

2.2 
5.7 
9.1 
9.2 
7.0 
2.1 

equation, which is the form prescribed by Eq. 6 and is also 
as many exponential terms as can confidently be generated 
for six data points: 
Cperilymph(t) = 2ge-0.2169t(in hr) - 32e-O.6019t(in hr) 

in micrograms per milliliter 
The experimental data and corresponding predicted values 
are listed in Table II. For both the serum and perilymph, 
the equations fit the data well. 

If the model is appropriate, the values of klo estimated 
from each of these two equations should be equal. The 

BOOKS 

estimate of klo  from the serum drug concentration uersus 
time equation is the exponent of the single exponential 
term, 0.6992 hr-l. The estimate of k 10 from the perilymph 
drug concentration versus time equation is the exponent 
for the exponential term with a negative coefficient, 0.6019 
hr-l. These estimates show a 16% difference. Such a small 
difference is within the limits of accuracy expected in such 
an experimental setting. The close agreement provides 
evidence of the validity of the model. This model might be 
found useful in describing other small anatomic com- 
partments of pharmacological interest. 

(1) G. Segre,Pharmacol. Ther., 17,111 (1982). 
(2) L. Z. Benet, J. Pharm. Sci., 61,536 (1972). 
(3) R. E. Brummett, K. E. Fox, T. H. Bendrick, and D. L. Hines, J. 

Antimicro. Chemother., 4 (Suppl. A), 73 (1978). 

Dennis A. Noe * 
Karen M.  Kumor ix 
Department of Pathology and Laboratory Medicine 
University of Texas Medical School 
Houston, TX 77025 

Received December 27,1982. 
Accepted for publication January 21,1983. 

Present address: 
* Department of Medicine 
Johns Hopkins Hospital 
Baltimore, MD 21205 
$ Addiction Research Center 
National Institute on Drug Abuse 
Baltimore, MD 21224 

REVIEWS 

Encyclopedia of Emulsion Technology, Vol. 1: Basic Theory. Edited 
by PAUL BECHER. Marcel Dekker, Inc., New York, NY 10016.1983. 
744 pp. 17 X 25 cm. Price $95.00 (20% higher outside the U.S. and 
Canada). 
This book is the first in a series of volumes devoted to various aspects 

of emulsion science and technology. It contains one of the most com- 
prehensive and authoritative reviews of the basic principles underlying 
emulsification and emulsion properties now available. Each chapter has 
been prepared by individuals actively involved in the area about which 
they have written. The editor, himself widely recognized for his work with 
emulsions, has done an excellent job in bringing this work together in a 
well-edited volume. 

The book contains nine chapters, all developed at a fairly fundamental 
level. In Chapter 1, the authors provide an excellent review of basic in- 
terfacial chemistry and physics using the oil-water interface as the main 
focus. The next two chapters address the fundamentals of emulsion 
formation and stabilization. The former is an extremely unique and in- 
depth treatment of droplet formation and coalescence and the underlying 
fluid dynamics involved, while the latter represents the most complete 
and up-to-date fundamental discussion of emulsion stability that this 
reviewer has seen. 

The remaining chapters provide excellent in-depth coverage of such 
topics as: microemulsions, phase equilibria and phase inversion tem- 

peratures, particle size evaluation, rheology, optical properties, and di- 
electric properties. The chapter on rheology, written by P. Sherman, 
presents material which should be read by anyone seriously concerned 
with the complex problems of evaluating emulsion product stability. The 
material on the viscoelastic properties of emulsions is particularly rele- 
vant for thii purpose. The very long chapter on the fundamental dielectric 
properties of emulsions (over 200 pages) is a unique resource of infor- 
mation which offers interesting possibilities for evaluating emulsion 
behavior in a new way. The proportion of the book devoted to this 
chapter, however, is much too large, relative to the importance of the 
other subjects presented. As in this latter chapter, all of the material in 
this volume is treated at a fairly fundamental level with the assumption 
that the reader has a reasonably good basic background in the physical 
chemistry of surfaces and disperse systems. Consequently, this book 
should be thought of as primarily suitable for a graduate-level course 
dealing with emulsions or for the pharmaceutical scientist seriously 
prepared to approach this subject at a very fundamental level. 

Reviewed by George Zografi 
School of Pharmacy 
University of Wisconsin-Madison 
Madison, WI 53706 

0022-354918310600-071950 1.001 0 
@ 1983, American Pharmaceutical Association 
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Polyether Antibiotics, Vol. 1: Naturally Occurring Acid Ionophores. 
Edited by JOHN W. WESTLEY. Dekker, New York, N.Y. 1982.565 
pp. 15 X 23 cm. Price $65.00 (20% higher outside the U S .  and 
Canada). 
This is the f i t  volume of a two-volume work on the naturally occurring 

ionophore antibiotics. These antibiotics bind monovalent or divalent 
cations. The best known and commercially produced ones are the anti- 
coccidia agents lasalocid and monensin. 

The book starts with a classification scheme for the 76 polyether an- 
tibiotics known by 1982. There are 10 chapters. Chapter 1 is on notation 
and classification. Structural formulas are used in large number as they 
should be in such a book. Chapter 2 is on taxonomy of the organisms that 
produce the antibiotics. One half of the antibiotics are produced by dif- 
ferent strains of two species of Streptomyces. Chapter 3 discusses bio- 
synthesis, production, and assay. Chapter 4 is on the complexes formed 
by the antibiotics and cations, and transport of the cations by the com- 
plexes. Chapter 5 “provides a broad overview of the many, diverse effects 
of the carboxylic acid ionophores on biological systems.” There is a 
chapter on veterinary applications, one on the effect of lasalocid and 
monensin in chickens, one on the pharmacology of lasalocid (cardiovas- 
cular action), one on cardiovascular and renal effects of an ionophore, 
and the final chapter on bromolasalocid as an antihypertensive ionophore. 
Those with an interest in monensin will find the coverage as complete 
as published literature permits. 

This book has some interesting statistics. Ten of the authors were from 
Hoffmann-LaRoche, Inc.; the other eight were from medical schools, 
USDA, etc. Of the 465 pages, 200 were text and figures, 135 were tables, 
95 were bibliography, 30 were an author index, and 6 were a subject index. 
The subject index is skimpy for a book of this size and importance. Ref- 
erences are collected at the end of each chapter. A very unusual feature 
is giving of the complete title of each publication cited. 

The publisher is to be commended for departing from the current norm 
of bookmaking by printing the title in large blue letters on a white spine 
thus enabling the title to be read from a distance greater than 2 feet. This 
book illustrates one advantage of having a domestic company with close 
ties to Europe with its concept of scholarly works. 

All who work with polyether antibiotics should have a copy of this 
book. 

Reviewed by Frederick Kavanagh 
Corvallis, OR 97330 

Trends in Inflammation Research 2. (Agents and Actions Supple- 
ments, Vol. 10). Edited by H. BEKEMEIER AND R. HIRSCHEL- 
MANN. Birkhauser Boston, Inc., Cambridge, MA 02139.1982.315 pp. 
16.5 X 23.5 cm. Price $37.95. 
All of the papers in this book were presented at  the 4th Summer Col- 

loquium on Pharmacology, Biochemistry, and Immunology of Inflam- 
mation held at  the Martin Luther University in Germany during July 
1981. The title of the book, together with the description of the contents 
on the outside back cover, suggests that this collection of papers should 
be a valuable source of information on recent anti-inflammatory research 
carried out in West Germany. 

On closer reading, however, the book proved disappointing. The au- 
thors are drawn mainly from just a few research centers so that the book 
covers only limited aspects of inflammation research. Of the 52 con- 
tributors to .the volume, no less than 20 come from the Martin Luther 
University; 40 of the 52 contributors are from just four German univer- 
sities. Furthermore, of the 23 chapters in the book, 10 are co-authored 
by H. Bekemeier and 7 are co-authored by R. Hirschelmann. 

Other aspects of the book can be criticized. The sentence structure is 
often very awkward, evidently arising from an inadequate translation 
from the original German. This makes it difficult for the English-speaking 
reader to understand the material. It appears as though every paper 
submitted for publication was accepted without modification. A number 
of chapters are not written in a proper scientific journal format nor do 
they appear to have been critically reviewed prior to publication. The 
book serves as a vehicle for reporting many negative laboratory results 
that would not be publishable elsewhere. As a result, the quality of the 
papers in this book is below that found in an average journal. 

I cannot recommend this book. It is not of general utility to scientists 
in the field of anti-inflammatory drug research. The book is difficult to 

read and too diffuse in subject matter. A few of the papers may be worthy 
of publication in a scientific journal, but only after appropriate impartial 
review and editorial revision. 

Reviewed by Joseph G.  Lombardino 
Central Research Division 
Pfizer, Inc. 
Croton, CT 06340 

Hormone Drugs. Workshop Organizers, JOHN L. GUERIGUIAN, 
EDWIN D. BRANSOME, JR., and AUDREY S. OUTSCHOORN. 
U S .  Pharmacopeial Convention, Inc., 12601 Twinbrook Parkway, 
Rockville, MD 20852. 1982. 584 pp. 15 X 23 cm. Price $49.00 (plus 
postage) . 
This book contains the proceedings of the FDA-USP Workshop on 

Drug and Reference Standards for Insulins, Somatropins, and Thy- 
roid-axis Hormones, which was held in Bethesda, Maryland, in May 
1982. 

The volume contains over 50 papers presented at  the meeting by ex- 
perts in the field from Europe, New Zealand, and the United States. The 
subjects covered are timely from the clinical, scientific, and commercial 
standpoints, since they concern problems relating to standardization of 
these substances. Representative examples of papers presented at the 
Workshop are: “Production of Human Monocomponent Insulin,” 
“Radioimmunological Determinations of Contaminants in Insulins,” 
“Desired Characteristics of Insulins to be used in Insulin Pumps,” 
“Structure and Function of Growth Hormones,” “The Human Growth 
Hormone Gene Family,” “Non-Isotopic Methods for Determination of 
Oral Thyroxine Absorption,” and “Hypothalamic Peptide Hormones 
for Clinical Use.” 

For each of the three groups of hormone drugs, the proceedings include 
a summary presentation of current viewpoints regarding standardization 
with an eventual aim of precise dosage efficacy and safety. Also included 
is a general overview which describes potential developments in newer 
forms and formulations for better patient treatment. 

This series of well-written papers clearly provides comprehensive in- 
formation on drug and reference standards for insulins, somatropins, and 
thyroid-axis hormones and prohlems relating to the standardization of 
these substances. It is a valuable resource for scientists with interests in 
these aforementioned areas. 

Reoiewed by dack M. Rosenberg 
International Drug Information Center 
Arnold & Marie Schurartz College 

o/ Pharmacy and Health Sciences 
Long Island Unicersity 
Brooklyn, N Y  11201 

NOTICES 

Advanced Interpretation of Clinical Laboratory Data. (Clinical and 
Biochemical Analysis Series, Vol. 13). Edited by CAMILLE HEUS- 
GHEM, ADELIN ALBERT, and ELLIS S. BENSON. Dekker, 270 
Madison Ave., New York, NY 10016.1982.420 pp. 15 X 24 cm. Price 
$55.00 (20% higher outside the U.S. and Canada). 

Advances in Chromatography. Vol. 20. Edited by J. CALVIN GIDD- 
INGS, ELI GRUSHKA, JACK CAZES, and PHYLLIS R. BROWN. 
Dekker, 270 Madison Ave., New York, NY 10016.1982.286 pp. 15 X 
23 cm. Price $45.00 (20% higher outside the U S .  and Canada). 

Analysis of Drugs and Metabolites By’ Gas Chromatography-Mass 
Spectrometry. Vol. 7.  By BENJAMIN J. GUDZINOWICZ and MI- 
CHAEL J. GUDZINOWICZ. Dekker, 270 Madison Ave., New York, 
NY 10016.1980.557 pp. 15 X 23 cm. Price $69.50. 

Antibiotics in Laboratory Medicine. By VICTOR LORIAN. Williams 
& Wilkins, P.O. Box 64024, Baltimore, MD 21264.1980.737 pp. 17 X 
25 cm. Price $65.00. 
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ties to Europe with its concept of scholarly works. 

All who work with polyether antibiotics should have a copy of this 
book. 
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1981. The title of the book, together with the description of the contents 
on the outside back cover, suggests that this collection of papers should 
be a valuable source of information on recent anti-inflammatory research 
carried out in West Germany. 

On closer reading, however, the book proved disappointing. The au- 
thors are drawn mainly from just a few research centers so that the book 
covers only limited aspects of inflammation research. Of the 52 con- 
tributors to .the volume, no less than 20 come from the Martin Luther 
University; 40 of the 52 contributors are from just four German univer- 
sities. Furthermore, of the 23 chapters in the book, 10 are co-authored 
by H. Bekemeier and 7 are co-authored by R. Hirschelmann. 

Other aspects of the book can be criticized. The sentence structure is 
often very awkward, evidently arising from an inadequate translation 
from the original German. This makes it difficult for the English-speaking 
reader to understand the material. It appears as though every paper 
submitted for publication was accepted without modification. A number 
of chapters are not written in a proper scientific journal format nor do 
they appear to have been critically reviewed prior to publication. The 
book serves as a vehicle for reporting many negative laboratory results 
that would not be publishable elsewhere. As a result, the quality of the 
papers in this book is below that found in an average journal. 

I cannot recommend this book. It is not of general utility to scientists 
in the field of anti-inflammatory drug research. The book is difficult to 

read and too diffuse in subject matter. A few of the papers may be worthy 
of publication in a scientific journal, but only after appropriate impartial 
review and editorial revision. 
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Pfizer, Inc. 
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Rockville, MD 20852. 1982. 584 pp. 15 X 23 cm. Price $49.00 (plus 
postage) . 
This book contains the proceedings of the FDA-USP Workshop on 

Drug and Reference Standards for Insulins, Somatropins, and Thy- 
roid-axis Hormones, which was held in Bethesda, Maryland, in May 
1982. 

The volume contains over 50 papers presented at  the meeting by ex- 
perts in the field from Europe, New Zealand, and the United States. The 
subjects covered are timely from the clinical, scientific, and commercial 
standpoints, since they concern problems relating to standardization of 
these substances. Representative examples of papers presented at the 
Workshop are: “Production of Human Monocomponent Insulin,” 
“Radioimmunological Determinations of Contaminants in Insulins,” 
“Desired Characteristics of Insulins to be used in Insulin Pumps,” 
“Structure and Function of Growth Hormones,” “The Human Growth 
Hormone Gene Family,” “Non-Isotopic Methods for Determination of 
Oral Thyroxine Absorption,” and “Hypothalamic Peptide Hormones 
for Clinical Use.” 

For each of the three groups of hormone drugs, the proceedings include 
a summary presentation of current viewpoints regarding standardization 
with an eventual aim of precise dosage efficacy and safety. Also included 
is a general overview which describes potential developments in newer 
forms and formulations for better patient treatment. 

This series of well-written papers clearly provides comprehensive in- 
formation on drug and reference standards for insulins, somatropins, and 
thyroid-axis hormones and prohlems relating to the standardization of 
these substances. It is a valuable resource for scientists with interests in 
these aforementioned areas. 
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ionophore antibiotics. These antibiotics bind monovalent or divalent 
cations. The best known and commercially produced ones are the anti- 
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and the final chapter on bromolasalocid as an antihypertensive ionophore. 
Those with an interest in monensin will find the coverage as complete 
as published literature permits. 

This book has some interesting statistics. Ten of the authors were from 
Hoffmann-LaRoche, Inc.; the other eight were from medical schools, 
USDA, etc. Of the 465 pages, 200 were text and figures, 135 were tables, 
95 were bibliography, 30 were an author index, and 6 were a subject index. 
The subject index is skimpy for a book of this size and importance. Ref- 
erences are collected at the end of each chapter. A very unusual feature 
is giving of the complete title of each publication cited. 

The publisher is to be commended for departing from the current norm 
of bookmaking by printing the title in large blue letters on a white spine 
thus enabling the title to be read from a distance greater than 2 feet. This 
book illustrates one advantage of having a domestic company with close 
ties to Europe with its concept of scholarly works. 
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that would not be publishable elsewhere. As a result, the quality of the 
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Food and Pharmacy-A Close Relationship 

Ever since late 1959, when Senator Estes Kefauver launched 
his epochal hearings on drugs, their prices, and competition 
within the pharmaceutical industry, we have witnessed an 
ongoing Congressional fascination with the subject of drug reg- 
ulation and legislation. This has been most manifest in the form 
of a variety of highly publicized Congressional committee hear- 
ings, chaired at  various times by Senators Kefauver, Nelson, or 
Kennedy, and Congressmen Cellers, Harris, Rogers, or Fountain, 
among others. 

The hearings themselves have covered the full spectrum of 
drug-related matters from the so-called “drug lag” to bioequiv- 
alency, from their relative prices to the adequacy of their existing 
test standards. 

But little-in fact, very little congressional attention has been 
given to food matters, including safety and quality, during this 
same time period. 

As a consequence, we noted with interest that the US. Senate 
Committee on Labor and Human Resources was launching a 
series of hearings “on the nation’s food safety laws and regula- 
tions,’’ beginning June 8, 1983. 

Interestingly, with a bipartisan touch, the announcement was 
issued jointly by the Committee Chairman, Orrin Hatch (R- 
Utah), and the Ranking Minority Member, Edward M. Kennedy 
(D-Massachusetts). Specifically, they stated their intended thrust 
as follows: “The hearings will focus on two central issues: ( I )  how 
recent scientific and technological developments have affected 
food safety regulation, and (2) whether existing law should be 
revised in order to accommodate advances in science and tech- 
nology.” 

They went on to state, “We hope to accumulate a hearing 
record that addresses advances in food science and toxicological 
testing, as well as advances in our ability to identify toxicological 
substances and to estimate or extrapolate the risk to humans 
posed by such substances.” 

The balance of the announcement contained strongly ex- 
pressed intentions to solicit testimony from appropriately 
qualified scientific experts in the field, to seek the views of former 
Commissioners of the Food and Drug Administration as to their 
experiences in enforcing the existing food safety laws, and to 
explore the question of introducing risk-benefit judgments- 
based on scientific data and information-in arriving a t  food 
safety decisions. 

On the surface, food-related issues might appear to be remote 
to pharmacy, the pharmaceutical sciences, and pharmaceutical 
scientists. Upon reflection, however, we quickly see that there 
are many factors that result in a close linkage between foods and 
drugs. 

Historically, the preponderance of drugs and nostrums had a 
food origin. And certainly, the entire subject of modern-day vi- 
tamins and essential minerals is continually a gray area; are they 
foods or  are they drugs? However we may regard them today- 
i .e . ,  as foods or as drugs or as both, depending on their form and 
potency-their initial origin was from foods and foodstuffs. And 

for most people, food constitutes their principal or sole source 
of vitamins and minerals except when deficiencies arise. 

Out of Congressional recognition of the close association be- 
tween the two subject areas, the first federal law was entitled the 
“Pure Food and Drugs Act” of 1906; subsequent legislation, in- 
cluding the current “Federal Food, Drug, and Cosmetic Act,” as 
well as virtually all state laws, continue this joint legislative ap- 
proach. 

Similarly, the federal agency charged with administering these 
laws is known as the “Food and Drug Administration,” and it is 
headed by an official with the title of “Commissioner of Foods 
and Drugs.” 

In addition to vitamins and minerals, there are numerous 
substances that may be regarded as either foods or drugs, de- 
pending upon intent, use, or labeling. Classic examples would 
include sodium chloride and sucrose; but there are many others 
such as FD&C coloring agents, artificial sweeteners, suspending 
agents, thickeners, preservatives, solvents, starch, and so on. 

The celebrated controversy over the use and safety of saccharin 
was raised in terms of its food aspects rather than its drug as- 
pects-although both areas were affected in actual practice. This 
was because the legislation under which it would have been 
banned is the so-called Delaney Amendment, and this amend- 
ment specifically pertains to the potential carcinogenecity of 
foods and food ingredients. 

And there are also pharmacy-related clinical implications in- 
volving substances that are clearly foods, per  se.  For example, 
certain food-drug interactions may be every bit as important and 
critical to the patient as drug-drug interactions. 

Finally, in recent years, APhA has addressed, from a scientific 
standpoint, the policy implications of several health care related 
issues directly involving foods. One of these occurred in 1979- 
1980, when the APhA Policy Committee on Scientific Affairs 
recommended a policy position on the subject of food labeling 
as to qualitative and quantitative information about ingredients. 
A second occurred in 1980-1981, when the Scientific Affairs 
Committee focussed more specifically on dietary salt and rec- 
ommended a policy position on the establishment of federal 
regulations on the inclusion of salt in processed foods. Both of 
these recommended policy statements were subsequently 
adopted as formal APhA positions by the APhA House of Dele- 
gates. 

Consequently, it is evident that there is far more than a casual 
tie between foods and pharmacy or between foods and the 
pharmaceutical sciences. As such, we will want to follow with 
appropriate interest the upcoming Congressional hearings on 
food safety, its regulations, and its legislation. We earnestly hope 
they will prove to be productive in meeting their announced ob- 
jectives. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract o The disposition of propranolol and the formation of its major 
metabolites, propranolol glucuronide (I), 4-hydroxypropranolol glucu- 
ronide (II), and a-naphthoxylactic acid (III), were examined at  steady 
state in four healthy volunteers given oral doses of 40-320 mg/day. The 
blood to plasma ratio of propranolol was 0.85 f 0.11 (SD). In all subjects, 
the average steady-state concentration (c,) of propranolol in plasma 
increased disproportionately with dose. There was a 1.8- to 2.6-fold dif- 
ference in the c, between subjects, a 56 f 20% reduction in the intrinsic 
clearance, and a 175% increase in the half-life of propranolol over the 
range of doses administered. The renal clearance was 75.4 f 17.5 ml/min 
for I, 130.6 f 28.3 ml/min for 11, and 56.8 f 13.3 ml/min for 111. The for- 
mation of I was saturable in three subjects; the V,, and K ,  were 103 
f 43 mg/day and 124 f 46 ng/ml, respectively. In the remaining subject 
the nonrenal clearance of I was 496 ml/min. The formation of I1 and I11 
was saturable in all subjects. The V,, and K,,, were 71 f 25 mg/day and 
46 f 22 ng/ml, respectively, for I1 and 92 f 35 mg/day and 35 f 24 ng/ml, 
respectively, for 111. In each subject, the formation clearance associated 
with the unidentified metabolic pathway(s) (accounting for -45% of the 
dose) was best described by a saturable process. The V,,, and K, esti- 
mated for this pathway were 212 f 34 mg/day and 40 f 12 ng/ml, re- 
spectively. These results suggest that the elimination of propranolol is 
saturable in the human a t  doses from 40 to 320 mg/day and can be ex- 
plained only partly by saturability in the metabolic pathways resulting 
in the formation of I, 11, and 111. 

Keyphrases 0 Propranolol-formation of metabolites, dose-dependent 
elimination in humans, metabolic pathways Metabolites-of pro- 
pranolol in humans, dose-dependent elimination, metabolic pathways 

Metabolism-of propranolol in the human, elimination, metabolic 
pathways 

Propranolol is used extensively in the treatment of an- 
gina pectoris, hypertension, cardiac arrhythmia, and other 
disease states in which P-adrenergic blockade is desirable. 
The P-blocking activity of propranolol approaches a 
maximal therapeutic effect at a plasma concentration of 
-80-100 ng/ml (1). 

The absorption of propranolol following its oral ad- 
ministration is complete in the human (2); gut-wall me- 
tabolism has not been found in the dog (3). The drug has 
a high extraction ratio and is metabolized virtually com- 
pletely in the liver (4,5): <1% of the intact drug is found 
in the urine (6). 

The disposition of propranolol can be affected by age (7, 
8); cigarette smoking (6, 7); concomitant drug adminis- 
tration (9); and renal (lo), hepatic (ll), or thyroid disease 
(12-14). Pharmacokinetic studies in healthy adults and 
in patients with various disease states have demonstrated 
as much as 10- to 20-fold variation in the plasma concen- 
trations of propranolol between individuals after oral, but 
not intravenous, doses of the drug (15-21). However, Walle 
et al. (22) reported only a threefold intersubject variability 
in peak concentrations of propranolol with doses of 40-320 
mg/day and suggested that their findings resulted from 
careful study design, control of factors such as concomitant 
drug intake, and use of specific analytical procedures. 

The metabolism of propranolol is complex. More than 
18 metabolites have been identified (22-24), with at least 
four of these having pharmacological activity (25-27). 
Walle et al. (28-30) reported that at steady state, -60% 
of an oral dose can be accounted for by metabolites de- 
tectable in both plasma and urine. The major metabolites 
are propranolol glucuronide (I), 4-hydroxypropranolol 
glucuronide (111, and a-naphthoxylactic acid (111). To our 
knowledge, no one has investigated whether the formation 
of these metabolites occurs by first-order or saturable 
processes. 

Kornhauser e t  al. (31) reported an average intrinsic 
clearance (CLi,,) of 2.71 literdmin for propranolol (based 
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-- Tab le  I-Blood to Plasma Ratio (B/P) of Propranolol 

Concentration of Propranolol in Blood, ng/ml 
Subject 4.9 9.8 24.6 49.1 73.7 98.2 280.4 Mean f S D  

0.80 0.86 f 0.14 
(I 0.81 f 0.05 A 

- 0.87 f 0.12 
B 

D 0.96 0.99 0.69 0.90 0.76 0.88 - 0.86 f 0.12 
C 

Mean f SD 0.85 f 0.11 

1.17 0.82 0.83 0.78 0.82 0.78 
0.75 0.84 0.83 0.88 0.80 0.76 
0.91 0.75 0.71 1.09 0.82 0.87 

- 

a - Not determined. 

Tab le  11-Relationship Between the  Intrinsic Clearance and the Ra te  of Propranolol Dosing 

Intrinsic Clearance (CLint)" liter/min 
Age, Weight, week Week Week Week Week 

Subiect vear ke 1 2 3 4 5 Changeb, % 

A 26 64 4.59 4.93 4.64 2.43 1.03 -78 
B 28 75 6.62 6.08 6.93 4.16 2.51 -61 
C 24 68 4.51 3.82 3.78 3.44 2.01 -55 
D 25 82 3.85 3.65 4.51 3.42 2.69 -30 

-56 f 20 Mean f SD 
The intrinsic clearance (CLi.,) was calculated according to Eq. 4 as described in Theoretical. The dosage of propranolol given was 40,W. 160,240, and 320 mg/day 

during weeks 1,2,3,4. and 5, respectively. * Percentage difference between weeks 1 and 5. 

on whole blood concentrations) a t  a dose of 240 mglday. 
Because urinary recovery of I, 11, and 111 accounts for about 
one-half of the oral dose at steady state, the CLint ac- 
counted for by these metabolites is -1.36 literdmin. The 
renal clearance (CL,) is 57 ml/min for I (30), 60 ml/min for 
I1 (29), and 37 ml/min for I11 (28). Therefore, the CLint for 
each of these metabolites is much greater than their CL,. 
Because the apparent volume of distribution of these 
metabolites is unknown, the rate constant of formation (kf )  
and elimination (k,~) for each cannot be determined from 
administration of propranolol alone. However, if kf >> kel 
for each metabolite, the formation clearances can be de- 
termined from steady-state experiments only. 

The results of several investigations suggest that an 
increase in the rate of propranolol dosing results in a dis- 
proportionate increase in the observed concentrations of 
the drug (4,5,22,32).  However, these results have been 
obtained from single-dose studies, steady-state studies 
spanning a narrow range of doses in a given individual, or 
steady-state studies employing analytical techniques 
having questionable specificity. No studies have examined 
the relationship between the average steady-state con- 
centrations (?&) of propranolol over a wide range of doses 
in the same individual, the variability between individuals 
under these conditions, or the mechanisms responsible for 
the nonlinear relationship between the dosing rate and Cw 
This study was designed to examine these points in healthy 
adult volunteers. Urinary excretion rates of I, 11, and I11 
were measured simultaneously to identify the metabolic 
pathways responsible for differences between individ- 
uals. 

THEORETICAL 

After a sufficient number of oral doses of a drug have been given to 
reach steady state, the average steady-state concentration of a drug (c,) 
can be related to the dose (DO) by: 

where C ( t )  is an expression describing concentration as a function of time 
( t )  and AUCo is the area under the blood or plasma concentration time 
curve during one dosing interval. Therefore, c, can be estimated from 
the AUCo a t  steady state and T ;  this does not require explicit knowledge 
of F even though F may change with a change in the dose. 

Based on the venous equilibration model described by Rowland et al. 
(33), the intrinsic clearance (CLi,,L), which estimates the activity of the 
drug metabolizing enzymes in the liver, may be defined. Wilkinson and 
Shand (34) have shown that the apparent oral clearance (CL,) of a drug 
is equivalent to CLint and is defined by: 

(Eq. 3) 

This relationship assumes that the drug is totally absorbed from the 
GI tract, that all blood containing the drug passes through the liver before 
reaching the systemic circulation, and that the liver accounts for all loss 
processes. Therefore, a change in F results from a change in the hepatic 
extraction of propranolol by the liver. 

A basic presumption in the derivation of CLint (33) is that  the drug is 
undergoing metabolism by a first-order process. If, however, metabolism 
involves capacity-limited kinetics in the concentration range involved, 
then the CLint calculated by Eq. 3 will be an average of the values over 
the concentration range. Substituting CLi,t for CLIF in Eq. 1 yields: 

The relationship between the dose rate and C, may be defined by a 
series of potential models for propranolol elimination processes sym- 
bolized by CLint in Eq. 4: 

" 
(Model 1) Do - = f. * 1 dAeMi/dt 

T i-1 

Model 1 assumes that the measured pathways (forming I, 11, 
and 111) account for all of the dose. Based on urinary recovery, 
these major metabolites of propranolol account for <loo% of 
the parent drug. The term 27-1 dAeMi/dt is the sum of metab- 
olite formation only accounted for by urinary excretion of I, 
11, and 111. I t  is possible that these metabolites are also elimi- 
nated by extrarenal routes (e.g., biliary). In this model, the 
term /. is a unitless number >1.0 which attempts to correct 
for these extrarenal losses. 

Do C L  csY -=-. 
T F  

(Eq. 1) 

where C L  is the systemic clearance of the drug, F is the fraction of the 
dose reaching the systemic circulation (bioavailability), and T is the dosing 
interval. The c,, can be defined by: 

DO - = CL.. c, + 1-1 f dAew,/dt  (Model 2) 

In Model 2, the term CI, identifies the sum of all first-order 
metabolic pathways of propranolol to unknown or unidenti- 
fied metabolites. 
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Table Ill-Time to Peak Concentration (tnmak) and the  Terminal Half-Life (t1I.r) a t  Increasing Dosing Levels of Prooranolol 

Daily Dose of Propranolol, mg/day 
40 80 160 240 320 

A 
R 
C 
D 

4.0 2.6 3.3 3.6 3.5 3.5 3.5 4.7 4.0 8.3 .. 

2.2 1.6 2.0 2.8 2.0 3.5 2.5 3.8 3.0 4.7 
2.0 2.0 2.0 3.0 2.0 3.0 3.0 3.5 2.0 4.8 
2.0 1.8 1.8 2.0 3.2 2.7 2.0 3.7 2.0 4.3 

Mean 2.5 2.0 2.3 2.9 2.7 3.2 2.8 3.96 2.8 5.5b.c 
(SD) (1.0) (0.4) (0.7) (0.6) (0.8) (0.4) (0.6) (0.5) (1.0) (1.9) 

In hours. b Significantly different at p < 0.05 when compared with the value obtained at the 40-mg/day dose. c Significantly different a t  p < 0.05 when compared 
with the value ohtained a t  the 240-mg/day dose. 

Table IV-Akaike Information Criterion (AIC) Calculated for  Each Model Describing the Elimination Ra te  of Propranolol a 

Subject Model 1 Model 2 Model 3 Model 4 Model 5 

A 
B 
C 
D 

~~ 

187.5 
174.2b 
197.9 
214.0 

177.7 
177.4 
191.6 
213.9 

174.6b 
176.4 
189.6b 
211.8* 

181.9 
177.4 
200.2 
215.6 ' 

275.9 
230.3 
200.2 
228.2 

~ ~~ 

a See Data Analysis for a description of the AIC calculation procedure. * Model with minimum AIC. 

In Model 3, the first term represents a saturable clearance 
pathway for unidentified metabolites with parameters V,,,, 
and KmX; added to these unidentified metabolites is the sum 
of the elimination accounted for by known metabolites. 

Do - = C L ,  - c,, + f x  * ,; dAeM,/dt (Model 4) 
7 1-1 

Model 4 is a combination of Models 1 and 2. 

Model 5 is a combination of Models 2 and 3. 

The known (or measured) excretion rate for each metabolite in these 
models may be calculated from: 

dAeh,,/dt = Vmax'M'. csa (Eq. 5) 

where V m a x . ~ ,  and K m , ~ ,  are parameters for each known metabolite 
formation pathway for propranolol. At steady state, dAeM,/dt is equal 
to the formation rate for that  particular metabolite. 

When the apparent K ,  >> c,, the relationship between dAeM,/dt and 
c, is linear. The slope of this line is equal to the metabolic clearance for 
this pathway. 

Km.M, + c.8 

EXPERIMENTAL 

Subjects-The subjects were four healthy adult volunteers. Informed 
consent was obtained, and the protocol approved by the University of 
California, San Francisco, Committee on Human Research. A medical 
history, physical examination, electrocardiogram (ECG), complete blood 
count with differential, urinalysis, and selected blood chemistries were 
completed for all subjects. There was no evidence of renal or hepatic 
disease in the medical history, and values of blood urea nitrogen, serum 
creatinine, urinalysis and urine culture, serum glutamic oxaloacetic 
transaminase, lactic dehydrogenase, alkaline phosphatase, bilirubin, 
prothrombin time, and total serum proteins were normal. All were non- 
smokers and abstained from alcohol, marijuana, and other medications 
until completion of the study. On each of the four days per week that 
propranolol was taken, the subjects had their pulse and blood pressure 
measured, underwent a 1-min ECG, and were interviewed to determine 
side effects. 

Propranolol Administration-All subjects were given 40,80, 160, 
240, and 320 mg/day of propranolol in divided doses over a 5-week period. 
Each subject took one-fourth of the daily dose every 6 hr for a total of 13 
doses a t  each dosing rate. No dietary restrictions were imposed, but food 
was withheld for a t  least 9 hr before and 3 hr after the 13th dose. 

Blood Sampling-Blood samples were obtained a t  the end of the 8th, 
9th. and 12th dosing intervals (trough concentrations) and at  0, 15,30, 

45,60, and 90 min and 2,3,4,5,6,8,10, and 12 hr following the 13th dose. 
Venous blood samples were obtained using an indwelling catheter'; 
patency was maintained by flushing with 1 ml of heparinized saline (10 
U/ml) after obtaining each blood sample (35). It was shown that these 
small doses of heparin do not affect the plasma protein binding or dis- 
position of propranolol(36). After discarding 0.5 ml of b h d ,  a 7-ml blood 
sample was transferred immediately to a 16 X 150-mm polytef-lined? 
screw-cap test tube to which had been added 100 U of aqueous sodium 
heparin. After gentle mixing, blood samples were centrifuged at 2000 rpm 
(500Xg) for 10 min. Plasma was transferred with a disposable pasteur 
pipet to glass screw-cap vials and stored a t  -20" until assay. 

Urine Sampling-Urine samples were collected during the 5th, 9th, 
and 12th dosing intervals and a t  frequent times for up to 12 hr after the 
13th dose each week. Urine volumes were recorded and 10 mi: of (-)- 
ascorbic acid was added to prevent oxidation of phenolic metabolites (27): 
aliquots were stored at -20" until assayed. 

Assay Procedures-Propranolol and 4-hydroxypropranolol con- 
centrations were measured in plasma before and after enzymatic hy- 
drolysis of the glucuronide conjugate? and in urine after enzymatic hy- 
drolysis (37). The limits of sensitivity are 0.4 and 1.0 ng/ml, respectively. 
a-Naphthoxylactic acid concentration in plasma and urine were mea- 
sured directly after protein precipitation by a method previously de- 
scribed (38). 

Blood to Plasma Ratio of Propranolol-The equilibrium time for 
propranolol between human erythrocytes and plasma was reported to 
be -5 min (39). The blood to plasma ratio (B/P) was determined over the 
range of measured concentrations by adding propranolol to test tubes 
containing 2 ml of fresh blood obtained from each individual and 100 U 
of heparin (to prevent clotting). After allowing each sample to stand for 
2 hr (with gentle agitation every 15 min), the test tubes were centrifuged, 
and the plasma was measured. These measurements were compared with 
2 ml of plasma containing the same amount of drug, to account for pos- 
sible in uitro degradation of propranolol by plasma. 

Data  Analysis-The CLi,, of propranolol at  each C, was calculated 
according to Eq. 4. The AUC of propranolol, I, 11, and I11 during the 13th 
dosing interval were calculated by the trapezoidal rule. The half-life of 
propranolol was calculated as 0.693/terminal elimination rate constant 
(determined by least-squares regression utilizing a t  least four plasma 
concentration time points in the log-linear region). The renal clearance 
(CL,) of each metabolite was calculated as the slope of the line deter- 
mined by least-squares regression of the rate of urinary excretion uersus 
C,, for each metabolite in plasma. The C, of propranolol and its me- 
tabolites at  each dosing rate was calculated from the data obtained during 
the 13th dosing interval using Eq. 2. 

The elimination rate models described in Theoretical were specified 
using MKMODEL (40). The predicted value for C,, was calculated for 
each rate model using the ROOT function in MLAR (41). This function 
determines the value of C,, that satisfies the rate model equation. The 

Butterfly Catheter, Abbott Laboratories, North Chicago, IL 60064. 
Teflon. 
Glusulase. Cat. No. GD 751, Sigma Chemical Co., St. Louis, MO 63178. 
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Figure 1-Urinary excretion rate of each measured metabolite for each subject (a-d) as a function of the average steady-state concentration of 
the corresponding metabolite in plasma. Key: (0) propranolol glucuronide; (*) 4hydroxypropranolol glucuronide; (*) a-naphthoxylactic 
acid. 

parameters of the models were estimated by simultaneous unweighted 
nonlinear least-squares regression (41) of the dose rate uersus the mea- 
sured C ,  and metabolite excretion rates. 

Discrimination between the models was made with the Aksike infor- 
mation criterion (AIC) (42-44): 

AIC = N In RSQ + 2p (Eq. 6) 

where N is the number of observations, p is the number of parameters, 
and RSQ is the residual sums of squares of the observed points. The 
model yielding the lowest AIC value was considered to be the best rep- 
resentation of the experimental data for each subject. 

Mean values are reported with standard deviations; differences be- 
tween means were evaluated by one-way analysis of variance and the 
Newman-Keuls multiple-range test (45). Data anlaysis and graphical 
examination of the results were performed with the PROPHET (46) 
computer system4. 

RESULTS 
Side Effects-No major adverse effects resulted from the adminis- 

tration of propranolol. The only side effect noted was in subject A while 

4 A specialized resource developed by the Chemical Biological Information 
Handling Program of the National Institutes of Health. 

receiving 320 mg/day. Five hours after the 13th dose, he developed 
weakness and dizziness. After resting supine for 1 hr, he was able to re- 
sume his usual activities. 

Validation of Steady-State Conditions-In each subject, steady- 
state trough concentrations were attained by the ninth dose (or less) and, 
once achieved, were associated with only slight interday variation. 

Quantitation of 4-Hydroxypropranolol in Plasma-Because 4- 
hydroxypropranolol concentrations in plasma were <20 ng/ml and were 
-2.5- to 3O-fold greater after enzymatic hydrolysis, 4hydroxypropranolol 
glucuronide concentrations were considered to be equivalent to the total 
4- hydroxypropranolol concentration posthydrolysis. 

Blood to Plasma Ratio of Propranolol-The blood to plasma ratio 
(B/P)  of propranolol measured over the observed concentration range. 
is shown in Table I. The B/P was independent of concentration, and only 
slight interindividual variability in the B/P was observed. In our subjects, 
the B/P was 0.85 f 0.11. 

Relationship Between the Intrinsic Clearance and  the Dosing 
Rate  of Propranolol-The CLint of propranolol was determined at  each 
of five dosing rates using Eq. 4. There was a 56 f 20% reduction in CLi,, 
on average over the eightfold range in doses (Table 11). 

Disposition of Propranolol During the 13th Dosing Interval-The 
time to peak concentration of propranolol during the 13th dosing interval 
ranged from 2.5 f 1.0 to 2.8 f 1.0 hr at doses from 40 to 320 mg/day. As 
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Figure 2-Average steady-state concentration of propranolol in plasma during the 13th dosing interval a t  dosing rates from 40 to 320 mglday. 
The line is the concentration predicted by the best elimination-rate model for each subject (a-d). 

shown in Table 111, the terminal half-life of propranolol increased sig- 
nificantly, from 2.0 f 0.4 to 5.5 f 1.9 (p <0.05), as the dose was increased 
from 40 to 320 mg/day. 

Renal Clearance'of Propranolol Metabolites-Less than 2% of 
propranolol was recovered in urine as free propranolol or 4-hydroxy- 
propranol (unconjugated); no a-naphthoxylactic acid glucuronide was 
detected in the urine. There was a linear relationship between the urinary 
excretion rate of propranolol glucuronide (I), 4-hydroxypropranolol 

glucuronide (II), and a-naphthoxylactic acid (111) versus c, of each 
metabolite in plasma over the' entire rarge of observed concentrations. 
The CL, was 75.4 f 17.5 ml/min for I, 130.6 f 28.3 ml/min for 11, and 56.8 
f 13.3 ml/min for 111 (Fig. 1). 

Fraction of Propranolol Excreted in Urine as Propranolol Me- 
tabolites-The percentage of propranolol (on a molar basis) excreted 
in urine increased from 9.6 f 2.5 to 16.2 f 2.0 (significant a t  p <0.05) for 
I. decreased from 17.7 f 2.7 to 14.7 f 3.3 for 11, and decreased from 25.1 

'"' 30 / 
20 

20 40 60 80 100 
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Figure 3-Urinary excretion rate of propranolol glucuronide during the 13th dosing interval as a function of the average steady-state concentration 
of propranolol in plasma for each subject (a-d). 
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Figure 4-Urinary excretion rate of 4-hydroxypropranolol glucuronide during the 13th dosing interval as a function of the auerage steady-state 
concentration of propranolol in plasma for each subject (a-d). 

f 3.7 to 18.6 f 3.3 (significant a t  p <0.05) for I11 as the dosing rate of 
propranolol was increased from 40 to 820 mg/day. 

Relationship Between the css of Propranolol and  the  Daily 
Dose-There was a disproportionate increase in the ?, of propranolol 
as the daily dose was increased in each subject. There was a 1.8-2.6-fold 
difference in the c, of propranolol between subjects as the dose was in- 
creased from 40 to 320 mg/day (Fig. 2). The clearance associated with the 
unidentified metabolic pathway(s) was best descrihecl by a saturable 
(Models 1 and 3) rather than a first-order (Model 2)  process (Table IV). 
In three subjects, the parameters of this saturable process were clearly 
different from those of the measured metabolites (Model 3), but in the 
remaining subject (B) they were indistinguishable (Model 1). These 
models were superior to either combination model (Models 4 and 5). The 
/,-values estimated from Model 1 were 2.4, 2.0, 1.7, and 1.9 in subjects 
A, B, C, and D, respectively. 

Formation Clearance Estimates fo r  Known and Unknown Met- 
abolic Pathway(s)-The formation of I was best described by a satu- 
rable process in three of four subjects (A, B, C) (Fig. 3 ) .  Using the esti- 
mates from Model 3 for all subjects, the V,,, for propranolol glucuronide 
was 114 f 51 mg/day and the K, was 140 f 55 ng/ml. In subject D, the 
apparent K ,  for I was much greater than the C ,  of propranolol. The 
corresponding first-order metabolic clearance estimated from the slope 
of dAe/dt uersu.s C,, of propranolol was 496 ml/min. The formation of 
I1 and 111 was saturable in all four subjects over the dosing range studied 
(Figs. 4 and 5 ) .  The V,,, for 11 was 72 f 25 mg/day, and the K, was 46 
f 21 ng/ml; the V,,, for I11 was 92 f 35 mg/day, and the K ,  was 35 f 
234 ng/ml. The V,,, for the unidentified metabolic pathway(s) was 212 
f 34 mg/day, and the K ,  was 40 f 12 ng/ml. These results are summa- 
rized in Table V. 

DISCUSSION 

The results from the present investigation demonstrate that the 
elimination of propranolol is nonlinear with doses of 40-320 mg/day and 
can be explained by capacity limitation in the major metabolic pathways 
that result in the formation of propranolol glucuronide (I) ,  4-hydroxy- 
propranolol glucuronide (II) ,  n-naphthoxylactic acid (111). and uniden- 
tified metaholite(s). 

The 4-hydroxy metabolite of propranolol (4-hydroxypropranoIo1, IV) 
has similar P-blocking activity to the parent drug (25). Free (unconju- 
gated) concentrations of IV reported by other workers following oral doses 
of propranolol have varied greatly. The ratio of IV to propranolol reported 
by others has ranged from 0.03 to 1.07. but was generally 4 . 2  (29,47,48). 
By employing an analytical technique having a sensitivity limit for IV 

of -1.0 ng/ml (371, it was found that concentrations ol'this metabolite 
were <'LO ng/ml even at  propranolol doses of 320 mg/day; the ratio of IV 
to propranolol was -0.08. The lower ratio of IV-propranolol observed 
in this study relative to those by other workers may he due to differences 
between patients and healthy volunteers. Virtually all (>97$0) of IV in 
the plasma was present as the glucuronide conjugate (11). Therefore, 
concentrations of I 1  were estimated as the total IV concentration fol- 
lowing enzymatic hydrolysis. Unlike propranolol, which is known to 
undergo conjugation a t  the secondary hydroxyl group on the side chain 
yielding an ether linkage, the specific location of the glucuronide on IV 
in the human is unknown; the conjugate may involve an ether or phenolic 
linkage, o r  may be a mixture of both. Fenseleau and dohnson have pre- 
viously stressed that enzymatic hydrolytic techniques cannot discrimi- 
nate between potential glucuronide conjugates when inultiple sites of  
glucuronidation are possible (49). 

The blood to plasma ratio (B/P) of propranolol was determined for 
each subject, and, in contrast to previous results (39), it was found that 
the B/P was unchanged over the 20-50-fold range of observed concen- 
trations (Table I). 

In the present study, the intrinsic clearance (CLin1) of propranolol 
varied from 1.8- to 2.6-fold between subjects a t  doses of 40 and 320 
mg/day. respectively (Table 11). On average, there was a 36% reduction 
in the CLi,, over the eightfold range in daily doses of the drug. Makichan 
et al .  (32) reported a 44% decrease in CLi,l after doses from 10 to 80 mg, 
and Schneck et al. (4) reported a 53% decrease in CLi,,, after 160- and 
320-mg doses. These results, however, were obtained from single-dose 
rather than steady-state experiments. Because CLi,, is concentration 
dependent, estimates of its value are best obtained a t  steady state. 

The time to peak concentration was similar, whereas the half-life of 
propranolol increased approximately threefold as the dose was increased 
from 40 to 320 mg/day (Table 111). If it is assumed that the apparent 
volume of distribution of propranolol remains unchanged throughout 
the study, then the ohserved increase in the half-life must he due to a 
change in the systemic clearance. 

The renal clearance (CL, )  of I, 11, and 111 was linear over the range of 
observed metabolite concentrations (Fig. 1). The C L ,  of I1 in the present 
study was about twice that previously reported [130 uersus 60 ml/min 
(29)1; the CL, , If  I and 111 were closer to those in previous reports (75 
L'ersus 57 ml/min (:30), and 57 wrsus 37 ml/min (28), respectively]. Stone 
and Walle recently reported that the plasma concentrations of I,  11, and 
111 were -20-fold greater in uremic patients when compared with patients 
having normal renal function (50). However, because the pharmacological 
and toxicological activities of these compounds are unknown, the clinical 
significance of' these findings is uncertain. 
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Figure 5-Urinary excretion rate of a-naphthoxylactic acid during the 13th dosing interual as a function of the auerage steady-state concentration 
of propranolol in plasma for each subject ( 0 4 ) .  

The formation of I from propranolol appeared to be saturable in three 
of four subjects (Fig. 3). In subject D, the metabolic clearance of I (496 
ml/min) was -6.4 times greater than i t s  renal clearance (77.3 ml/min). 
Saturable glucuronidation has been reported previously for salicylamide 
and salicylic acid (51-53). 

The V,,, and K ,  for I1 rather than for IV were estimated (Table V); 
there was essentially no free IV excreted in the urine. Therefore, satur- 
ability in the formation of I1 could be due either to saturation in the 
t'ormation of IV from propranolol or in the formation of I1 from IV. If 
t'ormation of IV from propranolol was a first-order process and formation 
of I1 from IV was saturable, one would expect to see disproportionate 
increases in IV concentrations (because it would accumulate) as the dose 
of propranolol was increased. That  this was not observed suggests that 
saturability in the formation of I1 results from saturation in the formation 
of IV from propranolol. 

In contrast to previous findings (28,47), it was observed that the for- 
mation of I11 from propranolol was saturable (Fig. 5). However, this 
contention is predicated on several assumptions, because propranolol 
is not converted directly to this metabolite. Side-chain oxidation of 
propranolol first results in the formation of N-desisopropylpropranolol 
(V). Further oxidation of V yields a reactive aldehyde intermediate that 

can undergo either reduction to propranolol glycol or oxidation to 111. 
In addition, 111 can be further oxidized to a-naphthoxyacetic acid (VI). 
Measurable concentrations of V, propranolol glycol (mainly as the glu- 
curonide), and VI were detected in the urine of our subjects. As in pre- 
vious studies ( 4 3 ,  these metabolites accounted for <2% of the dose. Lo 
observed a similar urinary excretion profile for propranolol metabolism 
in the dog, but found significant concentrations of propranolol glycol (as 
the glucuronide) in the bile (3). Because only trace amounts of V, pro- 
pranolol glycol (glucuronide), and VI are excreted in the urine at steady 
state (whereas up to 25% of propranolol can be accounted for as III), 
saturability in the formation of 111 is probably a reflection of the primary 
metabolic step in the N-dealkylation of propranolol to V. However, the 
value of V,,, estimated for 111 is probably an underestimate of the total 
V,,, for this metabolic pathway, since i t  is likely that other unidentified 
metabolism uia this pathway is occurring and not being detected in the 
urine. 

Elimination Models 1 and 3 adequately described the urinary excretion 
of the three measured metabolites in all individuals (Table IV). There 
was, however, a consistent underestimation of C, at the 40- and 80-mg 
dose rates in each individual (Fig. 2). This error was small (5% of C,) and 
does not detract from the overall ability of these models to describe C, 

Table V-Estimated Michaelis-Menten Parameters  fo r  Propranolol Metabolism a 

Propranolol Metabolite 

Propranolol propranolol a-Naphthoxylactic Metabolic/ 
Subject Glucuronide Glucuronide Acid Pathway(s) 

4-Hydroxy- Unidentified 

A 
B 
C 
D 

55 41 56 230 
142 72 77 205 
146 101 99 167 

4,577 72 137 244 
Mean 
( S D )  

A 
B 
C 
D 

114b 
(51) 

72 
(25) 

92 
(35) 

212 
(34) 

14 
175 31 18 28 
168 51 43 33 

6,297 74 63 55 
Mean 140b 46 35 40 
(SD ) (55) (21) (23) (12) 

a All values of V and K ,  were estimated from Model 3. * Excludes values from subject D. Since the apparent K, for ropranolol glucuronide for subject D was 
much greater than ?:, a metabolic clearance for this pathway of 496 mVmin was estimated from the slope of dAeldt uersw if,. 
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and metabolite excretion over a wide range of doses. However, it does 
suggest the existence of some time-related change in one or more clear- 
ance pathways. There was no evidence of a first-order elimination process 
for propranolol distinguishable from the saturable pathways. 

T o  obtain a relationship between the C, of propranolol and the dosing 
rate ( D o h )  using Eq. 4, the fraction of the dose not explained by mea- 
surement of I ,  11, and I11 had to be accounted for. The metabolic path- 
way(s) responsible for the formation of these unidentified metabolites 
was best described by a saturable rather than a first-order process. This 
may reflect either elimination of I, 11, and 111 by routes other than in urine 
or in the formation of metabolites not measured (p.g., propranolol glycol 
glucuronide in bile). The improved fit of Model 3 compared with Model 
1 in three of four subjects supports the latter explanation. 

The  finding of saturable propranolol elimination in each individual 
studied suggests that  clinicians should not presume linear pharmacoki- 
netics when dosing patients with propranolol. It should be anticipated, 
therefore, that  dosage increases may result in disproportionate increases 
in the plasma concentration of the drug. Although a 2.6-fold variation 
in the C, of propranolol between individuals was observed (Fig. 2), there 
was up to a fourfold difference in K, for the various metabolic pathways 
(Table V). This latter finding may be of particular importance if one or 
more metabolites arising from the various metabolic pathways contribute 
to the clinical effects of propranolol. 
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Abstract Fifty-eight microorganisms were investigated for their ability 
to effect the biotransformation of the ergoline alkaloid pergolide. A 
majority of these organisms formed pergolide sulfoxide, and a Helmin- 
thosporium species was investigated in greater detail since it yielded 
significant amounts of pergolide sulfoxide. A preparative-scale trans- 
formation afforded material which was identified as the sulfoxide based 
on melting point, spectral, and chromatographic comparison with au- 
thentic material as well as its conversion to pergolide by reduction with 
triphenylphosphine. An analytical high-performance liquid chromato- 
graphic determination of the enzymatic uersw spontaneous air-oxidation 
of pergolide in growing cultures and controls showed negligible air-oxi- 
dation and an -40% enzymatic conversion of pergolide to the sulfoxide. 
Several organisms, including Aspergillus alliaceus formed a second 
metabolite, pergolide sulfone, which was identified on the basis of co- 
chromatographic data. 

Keyphrases Pergolide-sulfoxide and sulfone metabolites, bio- 
transformation in 58 microorganisms, identification by preparative-scale 
TLC and high-performance liquid chromatography 0 TLC, prepara- 
tive-scale-of pergolide and its sulfoxide and sulfone metabolites, fol- 
lowing microbial transformation 0 High-performance liquid chroma- 
tography-of pergolide and its sulfoxide and sulfone metabolites, fol- 
lowing microbial transformation 

The dopaminergic properties of ergoline alkaloids are 
responsible for their use in the treatment of prolactin- 
dependent disorders such as galactorrhea and amenorrhea, 
hyperprolactinemic anovulation, prolactin-dependent 
breast cancers, and other dopaminergic disorders such as 
acromegaly and Parkinson’s disease (1-8). Ergoline de- 
rivatives such as bromocriptine and lergotrile are potential 
inhibitors of prolactin secretion (9, lo), and bromocriptine 
also may be useful therapeutically in combination with 
levodopa for the management of “on-off’ reactions in 
parkinsonism (11). At  dose levels needed to treat this 
disease, however, heptatotoxicity has been observed with 
lergotrile ( l l ) ,  which has led to the disruption of clinical 
trials. 

As a result of studies undertaken to define the structural 

B 

“-“-I,, I I  

I: R = CH*SCH,, R’ = CHiCHiCH,, R“  = H 
0 
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0 
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1 
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0 
IV: R = C H a C s N ,  R’  CH3, R” = C1 

requirements necessary for prolactin inhibition and to 
develop more selective dopaminergic agents for the 
treatment of hyperprolactinemic states and Parkinson’s 
disease (12-14), a semisynthetic ergoline, pergolide (I), was 
investigated and found to be one of the most potent do- 
pamine agonists in uitro and in uiuo (15-17). Clinical in- 
vestigations of I in the treatment of galactorrhea and 
amenorrhea (18) indicated that I was a more potent pro- 
lactin inhibitor than previously studied ergolines, and that 
it had a longer duration of action with more tolerable side 
effects. Pergolide also has shown marked advantages 
compared with bromocriptine and lergotrile, either alone 
or in combination with levodopa, in the treatment of 
Parkinson’s disease (19). 

Two metabolites of I, pergolide sulfoxide (11) and per- 
golide sulfone (111), have been reported in mammalian 
systems’. Using the rationale of “microbial models of 
mammalian metabolism” (20,21), a study was undertaken 
to identify microorganisms which form the two metabolites 
found in mammalian species. The present report describes 
the investigation of 58 microorganisms for their ability to 
effect the biotransformation of I, the preparative-scale 
conversion and identification of the metabolite pergolide 
sulfoxide (11) from Helminthosporium species NRRL 4671 
cultures, the identification of pergolide sulfone (111) in 
Aspergillus alliaceus UI 315 cultures, and the high-per- 
formance liquid chromatographic (HPLC) determination 
of the enzymatic uersus spontaneous air-oxidation of I to 
I1 from growing cultures and controls. 

EXPERIMENTAL 

Materials-Pergolide mesylate2, pergolide sulfoxide*, and lergotrile 
mesylate2 (internal standard) were used without further purification. 
Water for use in the HPLC was deionized and double-distilled in glass; 
acetonitrile3 was HPLC grade. The mobile phase was prepared by the 
filtration of individual components4, mixing, and deaerating prior to use. 
All other solvents and reagents were analytical reagent quality or better. 
All extraction tubes, vials, and stage-2 Erlenmeyer flasks used in the 
analytical studies were silylated using 2% trimethylchl~rosilane~ in tol- 
uene and were rinsed prior to use. 

Analytical Methods-Analytical TLC was performed with silica gel 
plates6 or aluminum oxide plates’ in the following TLC systems: (a) silica 
gel developed in chloroform-methanol-acetone-28% ammonium hy- 
droxide (63:7:27:2), ( b )  silica gel developed in chloroform-methanol- 
glacial acetic acid (13:6:1), (c) aluminum oxide developed in acetone, and 
( d )  aluminum oxide developed in toluene-morpholine (182). Under these 
conditions, the following values were observed: I (a)  0.81, ( b )  0.91. (c) 
0.95, and ( d )  0.63; I1 (a)  0.54, ( b )  0.44, (c) 0.52, and ( d )  0.20; and 111 (a)  

1 Personal communications, E. C. Kornfeld, Eli Lilly Research Laboratories, 

3 OmniSolv, M.C.B. Reagents. Cincinnati, Ohio. ‘ G/F made elass fiber filter. Whatman. Clifton. N.J. 

1978. 
Eli Lilly Co., Indianapolis, Ind. 

Aldrrch. Mkvaukee. Wis. ‘ 
Polygram Sil G/UV 254.0.25 mm. Brinkmann, Westbury. N.Y. 

. LPolypranAlox N/UV 254.0.20 mm, Brinkmann, Westbury, N.Y 

0022-3549/83/0700-0733$0 1.00/ 0 
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Figure I-Enzymatic versus spontaneous air-oxidation of pergolide 
measured by HPLCin h e  Helminthosporium species NRRL 4671 cul- 
tures (0) and in controls consisting of autoclaued Helminthosporium 
species culture (0) and phosphate buffers a t  p H  4 (m), pH 7 fa), and 
pH I 1  (v). Determinations were made in triplicate; bars represent the 
SD of each mean d u e .  

0.70, (b) 0.71, (c) 0.92, and (d) 0.39. Plates were visualized under UV light 
(254 nm) and sprayed with either Van UrksSalkowski (modified) reagent 
for indoles (22), or Gibb's (23) and Pauly's (20) reagents in anticipation 
of hydroxylated metabolites (24). Screening experiments were monitored 
with TLC system a,  and co-chromatography of the metabolites I1 and 
111 with the standard materials was performed using all four TLC sys- 
tems. 

All analytical HPLC analyses were conducted as described previously 
(25) using an octadecyl reverse-phase 10-pm 3.9 X 300-mm column*. The 
mobile phase consisted of acetonitrile-0.01 M ammonium carbonate 
buffer pH 8.4 (3.752); the flow rate was 2 mumin. Under these conditions, 
retention times were as follows: I, 6.74 min, II,3.22 min, III,2.31 min, and 
lergotrile (internal standard), 2.42 min. Preparative HPLC was run using 
an octadecyl reverse-phase, 10-pm, 8 X 500-mm columng. The mobile 
phase was the same as above but used a t  3 ml/min. Under these condi- 
tions, retention times were as follows: 11, 11.98 rnin and III,9.49 min. 

Mass spectra'O (MS) gave the following results: I, m/z  (% relative 
abundance), 314 (loo), 299 (20), 285 (65), 267 (30); II,(synthetic material 
and metabolite), m/z (% relative abundance), 330 (25), 315 (15). 313 (1001, 
301 (lo), 267 (35); and 111 (synthetic material only), m/z (% relative 
abundance), 346 (100). 330 (3), 317 (89), 267 (22). 'H-NMR spectra were 
recorded on a 100-MHzl', or a 200-MHz spectrometerL2 using tetra- 
methylsilane as the internal standard: I, 6(ppm) (deuterochloroform), 
2.16 13, s, -SCHJ], 6.80-7.22 [4, aromatic protons], 7.95 11, broad S, NH]; 
I1 (synthetic material and metabolite), 6(ppm) (deuterochloroform), 2.64 
and 2.63 [3,2s, -SOCHJ], 6.80-7.22 [4, aromatic protons], 8.16 11, broad 
s, NH]; and 111 (synthetic), 6(ppm) (deuterochloroform), 3.00 (3, s, 
-SO*CH3], 6.8-7.2 14, aromatic protons], 7.91 [I, broad s, NH). Melting 
points for I (212.7-216.8O) and I1 (174.0-177.0") were determined with 
a Fisher digital melting point analyzer13 a t  a rate of 2"/min and are un- 
corrected. 

General  Fermentation Conditions-All microorganisms were 

maintained on refrigerated (4') slants of either Sahouraud-maltose 
agar'l, mycophyl agarIS, or ATCC medium 5 sporulation agar" and were 
transferred every 6 months to maintain viability. Incubations were per- 
formed in a two-stage fermentation procedure with soybean-dextrose 
medium (26). Appropriate substrates (I  or 11) were added to 24-hr stage-2 
flasks. Portions (2  ml) were removed a t  1.2,3, 6, and 10 days and ex- 
tracted as described previously (26). 

Preparative-Scale Production of Pergolide Sulfoxide (11) with 
Helminthosporium Species NRRL 4671-Six milliliters of stage-1 
growth was used to inoculate each of six 250-mi stage-2 Erlenmeyer flasks 
containing 50 ml of soybeandextrose medium (300 ml total), which were 
incubated at  27", 250 rpm, for 24 hr. A total of 75 mg of pergolide mesylate 
was dissolved in 6 ml of sterile water and aseptically distributed among 
the flasks (0.25 mg/ml). After 5 days, the cultures were combined and 
homogenized, adjusted to pH 8.5 with an equal volume of 0.1 M sodium 
carbonate-sodium bicarbonate buffer (pH 8.5), and exhaustively ex- 
tracted with ethyl acetate in a separatory funnel. The ethyl acetate ex- 
tracts were combined, concentrated in uacuo, and partitioned against 
0.05 N HCI. The acidic, aqueous extract was adjusted to pH 9 with 1 N 
NaOH and partitioned against ethyl acetate. The final ethyl acetate ex- 
tracts were combined, concentrated in uacuo (520 mg), and chromato- 
graphed using preparative-scale TLC plates'6. After development in TLC 
system a (Analytical Methods), the band representing I1 was scraped 
from the plate and eluted in a glass column with ethanol to remove the 
metabolite (46.2 mg). Compound I1 was recrystallized from ethanol (16.7 
mg). 

Triphenylphosphine Reduction of Pergolide Sulfoxide (11)- 
Following the procedure of Castrillon and Szmant (27), 1 mg of I1 was 
dissolved in 5.0 ml of carbon tetrachloride in a 1-ml conically tipped and 
capped vial''. Two equivalents of triphenylphosphine (1.66 mg) were 
added to the vial and the mixture was heated (90") for 3 hr in a metal 
heating mantleI8. After being concentrated under a nitrogen stream, the 
reaction mixture was analyzed by TLC and HPLC. 

Peracid Oxidation of Pergolide (I) to Pergolide Sulfoxide (11) 
-Following the procedure of Curci and Modena (28), 5 mg of I was dis- 
solved in 10 ml of 0.01 N HCI-ethanol (5050); 2.7 mg of m-chloroper- 
benzoic acid (1 equivalent) was added and the reaction was allowed to 
proceed a t  room temperature. After a perioid of 4 hr, the ethanol was 
removed under a nitrogen stream, the mixture was adjusted to pH 9 with 
1 N NaOH, and then extracted with ethyl acetate. The ethyl acetate 
extract was concentrated in uacuo to yield an oil which was analyzed by 
TLC and HPLC. 

Peracid Oxidation of Pergolide (I) to Pergolide Sulfone (111) 
-Compound I (50 mg) and rn-chloroperbenzoic acid (27 mg) were dis- 
solved in 25 ml of 0.01 N HCLmethanol(50:50). After 24 hr, additional 
peracid (29.7 mg, 1 equivalent plus 10%) was added to the flask, and the 
reaction was allowed to proceed a t  27" for 1 days. The products were 
extracted as described above and concentrated under a nitrogen stream. 
The resulting syrup was dissolved in 2 ml of mobile phase, and 111 was 
isolated by preparative HPLC, concentrated in uacuo, and purified by 
preparative-scale TLC (8.1 mg. oil) as described above for 11. 

Determination of the Enzymatic versus Spontaneous Air-Oxi- 
dation of Pergolide (I) by Helminthosporium species NRRL 
4671-A 2-ml portion of a stage-1 culture of Helminthosporium species 
NRRL 4671 was used to inoculate each of seven stage-2 cultures which 
were generated in silylated 125-1111 culture flasksIg containing 22 ml of 
medium. After incubating a t  27" for 24 hr using a gyrorotary shakers0 a t  
250 rpm, three of the cultures were autoclaved. Compound I (6.25 mg) 
in 1 ml of sterile water-ethanol(955) was added to each of the auttxlaved 
and three of the live cultures. No substrate was added to the seventh flask 
to serve as a control for HPLC analyses. Triplicate control incubations 
were also conducted for I in 25 ml of autoclaved 0.1 M potassium phos- 
phate buffer a t  pH 3, pH 7, and pH 11. A stock solution of the internal 
standard, lergotrile (IV) (1 mg/ml of methanol), was prepared; a 100-p1 
portion was placed in all extraction tubes, and the solvent was removed 
under a nitrogen stream. Two-milliliter portions of incubation samples 
were removed a t  1,6,12,24,48,72, and 96 hr; these were extracted and 
analyzed by HPLC as described previously (25). Results were expressed 
as amount of I1 produced (Fig. 1). 

~ 

p-Bondapak C-18. Waters Associates. Milford, Mass. 
Lichrosorh RP-18. Whatman. Clifton. N.J. 

I' Difco Laboratories. Detroit, Mich. 
B.B.L. Microbiological Systems, Cockeysville. Md. 
Silica eel G. 1.0 mm. Analtech. Newark. N.,J. lo Dupont h.lodel21491. DuDont Instruments Products Division, Wilmineton. 

Del. I' Reactl'-Vial; Pierce Chemical Co.. Rockford. 111. 
I8 Reacti-Therm, Pierce Chemical Co., Rockford, Ill. 
I9 Bellco Delonr culture flasks. Bellco Glass. Inc.. Vineland. N.J. 

Varian HA-100. Varian Associates, Palo Alto. Calif. 
Nicolet blodel NT-200 Wide Bore, Nicolet Maanetin. Mountain View, 

Calif. 
l 3  Fisher Scientific, Pittsburgh. Pa. 

2o NBS Model c25-R Environmental Shaker, New Brunswick Scientific. Edison, 
N.J. 
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Table I-Microorganisms Examined f o r  The i r  Ability to Effect 
t h e  Biotransforrnation of Pergolide. 

Microorganism Source and Reference Numbera 

Aspergillus alliaceus 
A. foetidus 
A. niger 
A. nigerb 
A. niger 
A. niger 
A. oryzae 
Beauoaria bassiana 
B. sulfurescens 
Calonectria decorab 
Cryptococcus mascerans 
Cunninghamella bainieri 
C. bertholletiae 
C. bertholletiae 
C. blakesleeana 
C. blakesleeana 
C. blakesleeana 
C. echinulata 
C. echinulata 
C. echinulata 
C. echinulata 
C. echinulata* 
C. echinulatab 
C. elegans 
C. elegans 
Curoularia lunata 
Gliocladium deliquescens 
Helicostylum piriforme 
H. piriforme (+) 
H. piriforme (-) 
Helrninthosporium species 
Microsporum gypseum 
Mortierella isabellina 
Mucor rnucedo 
Saccharomyces cerevisiae 
Schizosaccharornyces pornbe 
S. pombe 
Sepedoniurn chrysosperrnurn 
Sporobolornyces pararoseus 
Streptomyces albogriseolus 
S. aureofaciens 
s. flocculus 
5'. griseus 
S. griseus 
S. griseus 
S. griseus 
S. laoendulae 
S. laoendulae 
S. lincolnensis 
S. lincolnensis 
S. paucisporogenes 
S. platensis 
S. punipaulis 
S. Duruurascens 

UI 315 
NRRL 337 
UI-X-172 
ATCC 16888 
ATCC 10581 
ATCC 10548 
NRRL 447 
ATCC 13144 
ATCC 7159 
ATCC 14767 
Ziffer 
UI 3065 
NRRL 3644 
ATCC 11064 
NRRL 1369 
ATCC 8688a 
UI Sih-2138 
ATCC 9244 
UI Sih-1387 
UI 3655 
UI Sih-1386 
ATCC 11585a 
ATCC 11585b 
ATCC 9245 
UI Sih-1393 
ATCC 13633 
UI 1086 
UI-2-QM 6945 
UI-QM 6945 

NRRL 4671 
ATCC 11395 

UI-QM 6944 

~~~ ~ ~ 

Abushanab 
UI 4605 

ATCC 2476 
NRRL Y-2034 

ATCC 20130 
ATCC 13378 
ATCC ii386 
NRRL B-1305 
ATCC 13304 
ATCC 25453 
ATCC 10137 .~~ ~ ~~ 

NRRL B-599 
NRRL 3242 
UI 1158W 
NRRL B-2036 
UI Sih L-105 
ATCC 25466 ..- -. ~. ~~~ 

NRRL 2936 
ATCC 12596 
NRRL 2364 
NRRL 3529 
ATCC 21326 

a .  

S rimosus ATCC 23955 ~ . ... . 

S. rimosus 
S. ruttersensis 

..- 

NRRL 2234 
NRRL B-1256 

S. scabies UI Sih-1627 
Streptomyces species UI MR-127 

a Key: (ATCC) American Type Culture Collection. Rockville, Md.; (NRRL) 
Northern Regional Research Labsratories. Peoria, 111.; (QM) Quartermaster Col- 
lection. Mycological Services, Amherst, Mass.; (UI) College of Pharmacy, University 
of Iowa. Iowa City, Iowa; (Abushanab) received from Dr. E. Abushanab, University 
uf,Rhode Island,, Kingston, R.I.; (Ziffer) received from Dr. H. Ziffer. National In- 
stitute of' Arthritis. Metabolism and Digestive Diseases, Bethesda, Md. b These 
microorganisms formed both pergolide sulfoxide (11) and pergolide sulfone (111). 

Determination of t h e  Enzymatic versus Spontaneous Air-Oxi- 
dation of Pergolide Sulfoxide (XI) to Pergolide Sulfone (1x1) by 
Aspergillus alliaceus UI  315-A 2-ml portion of the stage-1 culture 
of Aspergillus alliaceus UI 315 was used to inoculate each of three stage-2 
culture flasks containing 25 ml of medium. After incubating at  27O for 
24 hr using a gyrorotary shaker a t  250 rpm, one of the cultures was au- 
toclaved. Compound I1 (6.25 mg) in 1 ml of sterile water-ethanol(95:5) 
was added to the autoclaved and live cultures and to sterile media used 
as a control. A fourth culture (without added substrate) served as a 
control in the TLC analyses. Two-milliliter portions of incubation sam- 
ples were removed a t  1 ,2 ,3 ,6 ,  and 10 days, extracted, and analyzed by 
TLC system a. 

RESULTS AND DISCUSSION 

The metabolism of many xenohiotics by microorganisms parallels their 
metabolism in mammalian systems. The observation that xenohiotics 
are modified chemically in a highly selective way by microorganisms (29) 
has formed the basis for studies of microbial models of mammalian me- 
tabolism (20,211. A desire to produce sufficient quantities Of metabolites 
of the ergoline pergolide ( I )  for biological evaluation prompted us to ex-  
amine 58 microorganisms for their ability to effect the biotransformation 
of I (Table I). These microorganisms were chosen based on their reported 
ability to  catalyze oxidations of sulfur or affect indole hydroxylations 
(30-34). A majority of the microorganisms investigated formed pergolide 
sulfoxide (II), a known mammalian metabolite; several (A. alliaceus U I  
315, Aspergillus niger ATCC 16888, Calonectria decora ATCC 14767, 
and all Cunninghamella echinulata strains) formed another known 
metabolite, pergolide sulfone (III), in addition to 11. Additional studies 
were performed with Helminthosporium species NNRL 4671, since it 
yielded significant amounts of I1 from I. A. alliaceus UI 315 was employed 
to  study the formation of 111. 

A preparative-scale incubation of I with the Helminthosporium species 
allowed the identification of the major metabolite, 11, based on the MS 
and 'H-NMR spectral data. The  melting point of the metabolite was 
identical to authentic sulfoxide and did not change during mixed melting 
point determinations. The products of the triphenylphosphine reduction 
of I1 and the peracid oxidation of I were cochromatographed with I and 
11, respectively, in TLC system a and by HPLC. Cochromatography of 
the metabolite with authentic sulfoxide in four TLC systems provided 
additional evidence of its identity. Characterization of 111 was based on 
cochromatography of this metabolite obtained from A. alliaceus micro- 
bial extracts with synthetic 111 in all four TLC systems and by its HPLC 
retention time. 

Verification that 111 was formed enzymatically was accomplished 
through an analytical experiment in which I1 was incubated with A. al -  
liaceus cultures. The  formation of 111 and I in active cultures, as deter- 
mined by TLC. indicated that I11 formed from I via the sulfoxide. The 
fact that sulfide oxidation was reversible and that I11 did not form in 
control incubations supports enzyme-mediated reactions. 

The problem of the air-oxidation of I to  I1 necessitated a study of the 
enzymatic uersus spontaneous air-oxidation of I. HPLC was chosen as 
the method of analysis based on its demonstrated utility in the rapid 
analysis of microbial extracts (35). This experiment (Fig. 1) illustrated 
the large difference between the enzymatic (4070) oxidation of I by Hel-  
minthosporium species and the maximum spontaneous air-oxidation 
(6%) of the drug. The  substrate, I, was converted maximally after 18 hr. 
and there were no significant differences (F test) in product formation 
during subsequent time periods. 

The utility of the microbial production of pergolide metabolites for 
biological evaluation was varied. The  apparently low yield in the trans- 
formation of I to 111 by A. alliaceus makes the chemical preparation of 
this compound a more viable procedure. There are many examples of the 
stereoselective formation of sulfoxides by microorganisms (36). However, 
only minor (if any) stereoselectivity in the formation of one pergolide 
sulfoxide diastereomer by Helminthosporium species was suggested from 
'H-NMR data (diastereomeric thiomethyl signals). Other organisms 
producing the  sulfoxide might be examined for a higher degree of ste- 
reoselectivity. 

In summary, an investigation of 58 microorganisms for their ability 
to effect the biotransformation of the semisynthetic ergoline alkaloid, 
pergolide, indicated that a majority produced the known mammalian 
metabolite pergolide sulfoxide (II), and that several microorganisms 
formed a second mammalian metabolite, pergolide sulfone (111). in ad- 
dition to 11. These results further support the concept of microbial models 
of mammalian metabolism. 
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Abstract Haptens were prepared by the reaction of d-ephedrine or 
I-ephedrine with methyl acrylate and subsequent alkaline hydrolysis of 
the methyl ester groups. The haptens were coupled to bovine serum al- 
bumin by a mixed anhydride method, and the resulting drug-protein 
conjugates were used to immunize rabbits. Antisera raised to these con- 
jugates were highly stereospecific. Neither antiserum cross-reacted with 
the optical antipode of i ts  substrate nor with racemic pseudoephedrine. 
Separate radioimmunoassays (RIAs), developed for d-ephedrine and 
I-ephedrine, were used to measure the concentrations of the enantiomers 
of ephedrine in the blood of two volunteers dosed with racemic ephedrine. 
The RIAs were validated by comparing the sum of the concentrations 
of the enantiomers, determined by RIA, with total ephedrine concen- 
trations determined by a nonstereoselective GLC-ECD method. 

Keyphrases 0 Ephedrine-stereospecific radioimmunoassay using ( d )  
and ( I )  antisera o Radioimmunoassay-for d -  and I-ephedrine, stereo- 
specific 0 Antisera-for d -  and [-ephedrine, cross-reactivity, use in 
stereospecific radioimmunoassays 

2-Methylamino- 1-phenylpropanol has two chiral centers 
which give rise to four optical isomers. Racemic ephedrine 
is a mixture of the erythro pair of diastereomers (11, 
(lR,2S) and (d ) ,  (1S,2R), while the threo pair of diaste- 
reomers, ( l ) ,  (1S,2S) and (d), (1R,2R) is called pseudo- 
ephedrine (1,2). The four optical isomers differ from each 
other in their pharmacological activities (3-7) and rates 
of metabolism (8-13). 

Preparations containing 1- or dl-ephedrine are used for 
a wide variety of therapeutic applications, such as the 
treatment of nasal congestion in colds and allergic rhinitis, 
the treatment of orthostatic hypotension, as mydriatics, 
and as prophylactics against asthma attacks, urinary in- 
continence, and motion sickness (14). Of the published 
analytical methods for ephedrine (15-21), only GLC-ECD 
(22, 23) and GLC-MS (24) are applicable to the mea- 
surement of therapeutic concentrations in plasma; none 
of the methods distinguish between the enantiomers of 
ephedrine. Recently however, Findlay et al. (25) developed 
a stereospecific radioimmunoassay (RIA) for d-pseudo- 
ephedrine. This paper describes the development of sep- 
arate RIAs for 1-ephedrine and d-ephedrine and their 
validation by comparison with a GLC-ECD method. 
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Figure I-Hcptens for I-ephedrine f I )  and d-ephedrine ( I I ) .  
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Abstract Haptens were prepared by the reaction of d-ephedrine or 
I-ephedrine with methyl acrylate and subsequent alkaline hydrolysis of 
the methyl ester groups. The haptens were coupled to bovine serum al- 
bumin by a mixed anhydride method, and the resulting drug-protein 
conjugates were used to immunize rabbits. Antisera raised to these con- 
jugates were highly stereospecific. Neither antiserum cross-reacted with 
the optical antipode of i ts  substrate nor with racemic pseudoephedrine. 
Separate radioimmunoassays (RIAs), developed for d-ephedrine and 
I-ephedrine, were used to measure the concentrations of the enantiomers 
of ephedrine in the blood of two volunteers dosed with racemic ephedrine. 
The RIAs were validated by comparing the sum of the concentrations 
of the enantiomers, determined by RIA, with total ephedrine concen- 
trations determined by a nonstereoselective GLC-ECD method. 

Keyphrases 0 Ephedrine-stereospecific radioimmunoassay using ( d )  
and ( I )  antisera o Radioimmunoassay-for d -  and I-ephedrine, stereo- 
specific 0 Antisera-for d -  and [-ephedrine, cross-reactivity, use in 
stereospecific radioimmunoassays 

2-Methylamino- 1-phenylpropanol has two chiral centers 
which give rise to four optical isomers. Racemic ephedrine 
is a mixture of the erythro pair of diastereomers (11, 
(lR,2S) and (d ) ,  (1S,2R), while the threo pair of diaste- 
reomers, ( l ) ,  (1S,2S) and (d), (1R,2R) is called pseudo- 
ephedrine (1,2). The four optical isomers differ from each 
other in their pharmacological activities (3-7) and rates 
of metabolism (8-13). 

Preparations containing 1- or dl-ephedrine are used for 
a wide variety of therapeutic applications, such as the 
treatment of nasal congestion in colds and allergic rhinitis, 
the treatment of orthostatic hypotension, as mydriatics, 
and as prophylactics against asthma attacks, urinary in- 
continence, and motion sickness (14). Of the published 
analytical methods for ephedrine (15-21), only GLC-ECD 
(22, 23) and GLC-MS (24) are applicable to the mea- 
surement of therapeutic concentrations in plasma; none 
of the methods distinguish between the enantiomers of 
ephedrine. Recently however, Findlay et al. (25) developed 
a stereospecific radioimmunoassay (RIA) for d-pseudo- 
ephedrine. This paper describes the development of sep- 
arate RIAs for 1-ephedrine and d-ephedrine and their 
validation by comparison with a GLC-ECD method. 
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Figure I-Hcptens for I-ephedrine f I )  and d-ephedrine ( I I ) .  
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Table I-Cross-Reactions of EDhedrine Antisera 

z 6 0 -  

G . 

l o o r  
A Cross-Reaction, % 

d-Ephedrine 1-Ephedrine 
Compound Antiserum Antiserum 

/-Ephedrine <2 100 
d -Ephedrine 100 (2 
dl-Pseudoephedrine <1 <1 
dl-Norephedrine 0 <1 
dl-p-Hydroxyephedrine 0 0 

EXPERIMENTAL 

Preparation of Drug-Protein Conjugates--N-(2-~arboxyethyl) 
derivatives of both d -  and 1-ephedrine1 were prepared by the treatment 
of d -  and 1-ephedrine with methyl acrylate2, followed by the subsequent 
mild alkaline hydrolysis of the resulting methyl esters as described pre- 
viously (26,27). The purity of the haptens was established by GLC-FID3 
examination of the appropriate methyl esters prepared by reaction of the 
carboxylic acids with dia~omethane~.  Each chromatogram contained a 
single peak which had the same retention time (3.2 min) as the methyl 
esters obtained directly by the reaction of the ephedrine enantiomers with 
methyl acrylate. Thus, it was concluded that the haptens were free from 
reaction side products or other extraneous materials which might couple 
to carrier-antigen and subsequently compromise the specificity of the 
antisera. The chemical structures of the haptens (Fig. 1) were confirmed 
by direct probe mass spectrometry5. 

The haptens were coupled to bovine serum albumin by a modified 
mixed anhydride method (26). The solutions were dialyzed6 against bi- 
carbonate buffer (0.042 M, pH 8.0,6 X 500 ml) and then against acetate 
buffer (0.012 M, pH 4.0,6 X 500 ml). Both buffer systems contained 0.2% 
sodium azide*. After lyophilization', the d -  and 1-ephedrine-protein 
conjugates were obtained as white crystalline solids. The numbers of 
hapten residues per mole of bovine serum albumin, calculated by the 
isotope dilution technique, were 17 for d-ephedrine-protein conjugate 
and 21 for 1-ephedrine-protein conjugate. 

Immunization-The hapten-protein conjugates (1 mg) were dissolved 
in 0.25 ml of normal saline and emulsified with 0.25 ml of Freund's 
complete adjuvant*. The emulsion was administered by intradermal 
injection (0.5 ml) to eight, 4-month-old, female New Zealand White 
rabbits. At 2-week intervals thereafter, the injections (0.5 ml) were re- 

loo[ r 

i 

I I I L 
5 10 15 

CONCENTRATION, nglml 

Figure 2-Composite standard curues for I-ephedrine analyzed alone 
(A) and in the presence of d-ephedrine (A). Each data point is the mean 
of fiue determinations. 

Aldrich Chemical Co., Milwaukee, Wis. 
British Drug Houses, Toronto, Canada. 
Model 3920, Perkin-Elmer Co.. Montreal, Quebec, Canada. 5% OV-7 (Chro- 

matographic Specialties, Brockville, Ontario, Canada) on acid-washed dimethyl- 
chlorosilane-treated high-performance chromosorb W. Operating temperatures: 
injection port and detector 300". column oven 275'. Nitrogen flow rate: 60 ml/min. 
Hydrogen and compressed air flow rates were adjusted to give maximum detector 
response. 

Preoared from Diazald. Aldrich Chemical Co., Milwaukee, Wis. 
V. C. Micromass MM 16F. 

Bench too freeze-drver Model 75034. Labconco Corp., Kansas City, Mo. 
6 Fisher dialyzer tubing (size C), Fisher Scientific Co.. Pittsburgh. Pa. 

Grand Isiand Biolo&al Co., Grand Island, N.Y. 

A 

A 

A 

5 10 15 20 
CONCENTRATION, nglml 

Figure 3-Composite standard curves for d-ephedrine analyzed alone 
(A) and in the presence of I-ephedrine (A). Each data point is the mean 
of fiue determinations. 

peated with a similar emulsion prepared with Freund's incomplete ad- 
juvant. Serum samples were obtained from the marginal ear vein a t  
weekly intervals after the third injection. Titers of the antisera were 
checked by evaluating the binding characteristics of tritiated dl- 
ephedrineg. The procedure was essentially as described in Radioirnmu- 
noassay Procedures, except that various dilutions of the antisera in 
distilled water were evaluated. Selectivities of the antisera were checked 
periodically by measuring the ability of d -  or 1-ephedrine to displace the 
radiotracer from its binding sites on the antibodies. The antisera were 
harvested by cardiac puncture when their selectivities were optimal, ly- 
ophilized', and stored at  -70' until required. 

Radioimmunoassay Procedures-A 50-200-pl aliquot of plasma, 
spiked or from volunteers dosed with dl-ephedrine, was transferred to 
the bottom of a 2 X 75-mm tubelo. [3H]dl-Ephedrine (-2OOO cpm) in 300 
p1 of phosphate buffer (0.2 M, pH 6.5) was added, and the solutions were 
mixed". Antiserum (200 pl of a 10% dilution in distilled water) was added, 
and the solutions were mixed" again and incubated at  4' for 30 min. A 
suspension (1.0 ml) of dextran-coated charcoal'*, previously chilled to 
4 O ,  was added and, after mixing", each tube was incubated at  4" for an 
additional 10 min. The resulting suspension was then centrifugedI3 (1720 
X g)  a t  4O for 10 min. The supernatant solution was decanted into a 
scintillation vial containing 18.0 ml of scintillation cocktail'" and 
counted15. 

=loot  r\ 

5 10 15 20 25 
HOURS 

Figure 4-d-Ephedrine (A) and I-ephedrine (A) concentrations in the 
plasma of a healthy human volunteer following a single 50-mg oral dose 
of dl-ephedrine hydrochloride. 

Generally labeled; specific activity 1.7 Ci/mmole; Nuclear Research Centre, 
N e  ev, Israel. Radiochemical purity was checked by TLC and HPLC. 

1% Falcon, Calif. 
1' Vortex Genie, Fisher Scientific Co.. Canada. 
l2 Bio-RIA. Montreal, Canada; used without modification. 
l3 Model TJ-6 refrigerated centrifuge, Beckman Instruments Inc., Fullerton, 

l4 PCS I1 TM, Amersham Corp., Arlington Heights. Colo. 
LKB Rackbeta Liquid Scintillation Counter, Mcdell215 equipped with au- 

tomatic quench compensation, Fisher Scientific Co.. Canada. 

Calif. 
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Tab le  1I-Concentrations of Ephedrine as Determined by GLC 
and  as Calculated from the Sum of Enantiomer Concentrations 
Determined by RIA 

. concentrations of the contaminating enantiomer were varied from 16.7 
to 8W% of the substrate concentration. This allowed for the possibility 
that plasma concentration ratios of the enantiomers differed from unity 
after dosing with the racemic drug. 

The standard curve obtained using the I-ephedrine antisera in the Total 
Concentration, 

Analysis by RIA ng/ml 
Hours I-Eohedrine. ndml  d-Ephedrine. ng/ml RIA GLC 

0.5 77 
1 193 
1.5 100 
3 9.5 

Rn 1-57 164 -- 
125 ‘228 256 
119 219 223 
106 201 210 - -- 

3 82 93 175 190 
5 61 68 129 117 

43 42 85 82 7.5 
24 3.7 3.4 7.1 7.4 

Tracer Solutions-Appropriate aliquots of the methanolic solution 
of tritiated dl-ephedrine were diluted daily with phosphate buffer (0.2 
M, pH 6.5) so that 300 rl of the diluted tracer solution gave -8000 
cpm. 

Calibration Curves-[-Ephedrine hydrochloride (5 mg) was dissolved 
in 400 ml of distilled water. Serial dilutions in plasma were made to 
provide working standards of 2.5, 5.0, 7.5, 10, and 15 ng/ml. Similarly, 
serial dilutions of d-ephedrine in plasma were made to provide working 
standards of 2.5, 5.0, 10, 15, and 20 ng/ml. Calibration curves for I -  
ephedrine, both with and without the presence of d-ephedrine, were 
obtained by using the spiked plasma samples in the aforementioned RIA 
procedure (antiserum for I-ephedrine). The calibration curves for I - 
ephedrine in the presence of d-ephedrine were constructed by pairing 
a specified concentration of I-ephedrine with d-ephedrine. The paired 
I-ephedrine-d-ephedrine concentrations were 2.5:20.0,5.015.0,7.5:10.0, 
10.0:5.0, and 15.02.5 ng/ml of plasma. 

Calibration curves for d-ephedrine, both with and without the presence 
of [-ephedrine, were obtained in a similar manner except that  the anti- 
serum for d-ephedrine was used in the RIA. All calibration curves were 
constructed by plotting percent bound/percent bound a t  zero concen- 
tration (BIBo) versus concentration (in ng/ml) of substrate in the 
sample. 

Specificities-Cross-reactivities of the optical isomers and metabo- 
lites of ephedrine were determined according to the criteria of Abraham 
(28). 

Human S tud ie sS ing le  doses of dl-ephedrine hydrochloride (50 mg) 
were administered to each of two healthy male volunteers. Blood samples 
were collected in evacuated heparinized collection tubesI6, without al- 
lowing the blood to contact the rubber stopper. Samples collected over 
a 24-hr period were centrifuged, and separated plasma was stored a t  -15’ 
until analyzed. 

Validation Studies-The aforementioned plasma samples were each 
analyzed by the RIA for d-ephedrine, the RIA for I-ephedrine, and a 
published GLC-ECD method (23) for dl-ephedrine. Plasma concen- 
tration uersus time plots were constructed for dI-ephedrine from the 
GLC-ECD data and compared with similar plots obtained by adding 
together the concentrations of the individual enantiomers determined 
by the RIA procedures. 

RESULTS AND DISCUSSION 

The cross-reactivities of the antisera ford- and I-ephedrine are shown 
in Table I. Both antisera were highly stereospecific. Neither antiserum 
cross-reacted with the optical antipode of i ts  substrate, nor with racemic 
pseudoephedrine. Neither antiserum recognized the ring-modified me- 
tabolite di-p- hydroxyephedrine nor the side chain-modified metabolite 
dl-norephedrine. The latter is particularly significant because many 
antisera cross-react with compounds that differ in structure from the 
substrate only a t  the point of haptenic modification. For example, similar 
N-substituted haptens were used in the development of antisera for 
chlorpromazine, imipramine, amitriptyline, and trans-doxepin. Each 
antiserum cross-reacted (100%) with the N-desmethyl metabolite of its 
appropriate substrate (29.30). In the present case, however, the antisera 
for the enantiomers of ephedrine appear to be specific for both ring sys- 
tem and side chain. 

Standard curves for I-ephedrine (Fig. 2) and d-ephedrine (Fig. 3) were 
constructed after analysis of spiked plasma which contained the substrate 
alone or the substrate plus varying quantities of i t s  enantiomer. The 

l6 Vacutainer tubes, Beckton. Dickenson and Co.. Toronto. Canada. 

presence of only I-ephedrine fit the equation y = -3.18~ + 98.31, with 
a correlation coefficient of 0.9956 (Fig. 2). When the standard curve for 
I-ephedrine was analyzed in the presence of d-ephedrine the resultant 
standard curve fit the equation y = -3.42~: + 99.57, with a correlation 
coefficient of 0.9974. These two curves are virtually superimposable, 
indicating that the I -ephedrine antisera was not sensitive to the presence 
of d-ephedrine (Fig. 2). 

When the d-ephedrine antiserum was used to construct a standard 
curve in the presence of only d-ephedrine a straight line was obtained 
which fit the equation y = -2.30% + 98.58 and had a correlation coeffi- 
cient of 0.9952. The standard curve of d-ephedrine analyzed in the 
presence of I-ephedrine was also a straight line with the equation y = 
-2.35~ + 102.22 and a correlation coefficient of 0.9983 (Fig. 3). 

These experiments demonstrated that the presence of the optical an- 
tipode has little effect on the standard curves and that the RIA proce- 
dures can be used to measure the concentration of d-ephedrine or f -  
ephedrine in the plasma of a patient dosed with dl-ephedrine. 

Figure 4 shows the plasma concentration-time curves obtained for d- 
and I-ephedrine after a single 50-mg oral dose of racemic ephedrine hy- 
drochloride was administered to a healthy male volunteer. d-Ephedrine 
reached significantly higher plasma concentrations and was eliminated 
more slowly than I-ephedrine. Similar results (Table 11) were obtained 
when the study was repeated in a second volunteer. Both enantiomers 
reached higher concentrations in the plasma of the second individual, 
although the peak concentration of the more active I-ephedrine was again 
significantly lower than that of d-ephedrine. 

The intraassay variances (31) of the RIA procedures, i.e., the overall 
coefficients of variation for five replicates each a t  five concentrations 
were: I-ephedrine antiserum with I-ephedrine alone, 1.63 (2.67); I -  
ephedrine antiserum with I-ephedrine in the presence of d-ephedrine, 
2.45 (3.30); d-ephedrine antiserum with d-ephedrine alone 2.90 (4.20); 
and d-ephedrine antiserum with d-ephedrine in the presence of I -  
ephedrine 3.76 (5.73). The value in parentheses is the highest coefficient 
of variation for each case. Interassay variances were of the same order. 
In each assay, the detection limit was <0.5 ng of the appropriate ephed- 
rine enantiomer in a 20O-pl sample. 

T o  validate the RIA procedures, aliquots of the plasma samples from 
the two volunteers were examined also by a nonstereoselective, though 
sensitive, GLC-ECD method (23). This procedure was used to measure 
the total plasma concentration of ephedrine which was compared with 
the sum of the concentrations of the individual enantiomers determined 
by RIA (Table 11). The results yielded a straight line when total plasma 
ephedrine as determined by GLC-ECD was plotted against the sum of 
d-ephedrine and I-ephedrine as determined by RIA. The slope of this 
line was 1.1, with a correlation coefficient of 0.99. These results show the 
plasma concentration-time curves generated by RIA and by GLC-ECD 
to be comparable. This indicates that the RIA procedures are not subject 
to interference from the metabolites of ephedrine ,or from endogenous 
plasma constituents. 

- . 
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Abstract 0 The rabbit pyrogen test (specified in the pharmacopeia) and 
the Limulus amebocyte lysate (LAL) test are influenced by high con- 
centrations of certain antibiotics. Therefore, i t  has not been possible to 
detect trace amounts of endotoxin which may contaminate these anti- 
biotics. To detect trace amounts of endotoxin in injectable sodium am- 
picillin, an ultrafiltration technique was utilized which removed the 
antibiotic and left a solution which contained predominantly the endo- 
toxin. After ultrafiltration, a trace amount of pyrogen (which otherwise 
could not be detected) was found using both the rabbit pyrogen and the 
LAL teats. The endotoxin was also determined quantitatively using a 
chromogenic endotoxin reagent which is made by combining the Limulus 
amebocyte lysate and a synthetic substrate with a suitable chromo- 
phore. 

Keyphrases 0 Ampicillin-detection of trace amounts of endotoxin 
using ultrafiltration with pyrogen tests, chromogenic assay Ultrafil- 
tration-of ampicillin solutions, use with pyrogen tests to detect trace 
amounts of endotoxin in antibiotics Chromogenic assay-f ampicillin 
solution, detection of trace amounts of endotoxin in antibiotics 

I t  is important to develop highly sensitive methods for 
detecting trace amounts of pyrogen to ensure that  phar- 
maceutical preparations are completely pyrogen free. 
Several cases of fever have been reported after the injection 
of 0-lactam antibiotics such as methicillin and cloxacillin 
(1-6). However, in only one case (methicillin) was the 
presence of a pyrogen detected (6). Fever is caused in most 
cases by lipopolysaccharide from the outer layer of the cell 
walls of Gram-negative bacteria. Pyrogens, a type of en- 

dotoxin, are often complex, high molecular weight sub- 
stances containing lipid A (7). 

Endotoxins are usually detected by the pyrogen test 
using rabbits, or by the Limulus amebocyte lysate (LAL) 
test. The former method is specified in the pharmaceutical 
compendia of both the U S .  (8) and Japan (9). The latter 
method is specified in the United States Pharmacopeia 
XX (10). In the pyrogen test, the rise in the body temper- 
ature of rabbits caused by the endotoxin is sometimes in- 
hibited by the pharmacological activity of the coexistent 
drugs. The  sensitivity of the LAL test also is affected by 
the presence of certain drugs (11). In such cases, it would 
be desirable to separate the endotoxin from the drug and 
concentrate the endotoxin. 

Minami et al. used an ultrafiltration method to separate 
endotoxins from antipyretics (12). Sullivan et al. showed 
that /3-lactam antibiotics such as sodium penicillin G do 
not combine with endotoxin using ultrafiltration (13). 

It was reported that gel formation in the LAL test was 
induced by the amidase activity of a clotting enzyme in the 
lysate, which is activated by a bacterial endotoxin (14). 
Harada et al. applied this principle to the colorimetric 
determination of endotoxins using a synthetic substrate 
which activates the amidase activity of the enzyme and 
releases a chromophore (15). 

This study reports the detection of trace amounts of 
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Abstract 0 The rabbit pyrogen test (specified in the pharmacopeia) and 
the Limulus amebocyte lysate (LAL) test are influenced by high con- 
centrations of certain antibiotics. Therefore, i t  has not been possible to 
detect trace amounts of endotoxin which may contaminate these anti- 
biotics. To detect trace amounts of endotoxin in injectable sodium am- 
picillin, an ultrafiltration technique was utilized which removed the 
antibiotic and left a solution which contained predominantly the endo- 
toxin. After ultrafiltration, a trace amount of pyrogen (which otherwise 
could not be detected) was found using both the rabbit pyrogen and the 
LAL teats. The endotoxin was also determined quantitatively using a 
chromogenic endotoxin reagent which is made by combining the Limulus 
amebocyte lysate and a synthetic substrate with a suitable chromo- 
phore. 
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I t  is important to develop highly sensitive methods for 
detecting trace amounts of pyrogen to ensure that  phar- 
maceutical preparations are completely pyrogen free. 
Several cases of fever have been reported after the injection 
of 0-lactam antibiotics such as methicillin and cloxacillin 
(1-6). However, in only one case (methicillin) was the 
presence of a pyrogen detected (6). Fever is caused in most 
cases by lipopolysaccharide from the outer layer of the cell 
walls of Gram-negative bacteria. Pyrogens, a type of en- 

dotoxin, are often complex, high molecular weight sub- 
stances containing lipid A (7). 

Endotoxins are usually detected by the pyrogen test 
using rabbits, or by the Limulus amebocyte lysate (LAL) 
test. The former method is specified in the pharmaceutical 
compendia of both the U S .  (8) and Japan (9). The latter 
method is specified in the United States Pharmacopeia 
XX (10). In the pyrogen test, the rise in the body temper- 
ature of rabbits caused by the endotoxin is sometimes in- 
hibited by the pharmacological activity of the coexistent 
drugs. The  sensitivity of the LAL test also is affected by 
the presence of certain drugs (11). In such cases, it would 
be desirable to separate the endotoxin from the drug and 
concentrate the endotoxin. 

Minami et al. used an ultrafiltration method to separate 
endotoxins from antipyretics (12). Sullivan et al. showed 
that /3-lactam antibiotics such as sodium penicillin G do 
not combine with endotoxin using ultrafiltration (13). 

It was reported that gel formation in the LAL test was 
induced by the amidase activity of a clotting enzyme in the 
lysate, which is activated by a bacterial endotoxin (14). 
Harada et al. applied this principle to the colorimetric 
determination of endotoxins using a synthetic substrate 
which activates the amidase activity of the enzyme and 
releases a chromophore (15). 

This study reports the detection of trace amounts of 
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Table I-Temperature Increase in Rabbits for the Pyrogen 
Test 

Table 11-Recovery of E. Coli 01 11-B4 Endotoxin a f t e r  
Ultrafi l tration (LAL Test)  a 

Rise in Mean 
Sample Dose Temperature " f SEb 

Test sample 25 mg(potency)/kg 0 0.2 0.3 0.25 f 0.06 
0.3 0.3 0.4 

20 mg(potency)/kg 0 0.1 0.2 0.22 f 0.07 
0.2 0.4 0.4 

Control 25 mg(potency)/kg 0 0.2 0.3 0.25 f 0.06 
0.3 0.3 0.4 

According to the method specified in the Compendia. b n = 6. 

pyrogen contaminants in injectable sodium ampicillin 
preparations using ultrafiltration followed by rabbit py- 
rogen and LAL tests. The quantitative determination of 
endotoxin by a chromogenic assay method using a reagent 
made from the Limulus amebocyte lysate and a synthetic 
substrate is also reported in this paper. 

EXPERIMENTAL 

Materials-Samples and Reagents-An injectable sodium ampicillin 
preparation in vials of 1 g(potency), suspected to be contaminated with 
pyrogen, was used as the test sample. A sodium ampicillin preparation 
for injection manufactured prior to the test sample was used as the con- 
trol. Commercially available endotoxin from Escherichia coli (Olll-B4)' 
was dissolved in physiological saline solution immediately before use and 
diluted to the required concentration, to provide a standard endotoxin. 
The Limulus amebocyte lysatez and chromogenic endotoxin assay3 re- 
agents were obtained commercially. The chromogenic endotoxin assay 
reagent is made from Limulus amebocyte lysate and the p-nitroaniline 
derivative of a synthetic oligopeptide as the substrate. Tromethamine 
hydrochloride' (0.1 M, pH 8.0) was used as a buffer. The blue dextran 
solution (2 pg/ml of dye-combined dextran. average molecular weight 
2,000,000)4 was used after it was confirmed to be pyrogen free. 

Ultrafiltration Apparatus-The ultrafiltration apparatus5 (stirring 
type) was used after washing with pyrogen-free distilled water and drying 
a t  60" for 1 hr. The ultrafiltration membrane6 had a fraction molecular 

1.5 t 
w- 
a 

0 0.9- z 
W 0.8- 
PI 
3 0.7-  

0 3 -  

; 1.0- 

0.41 

0.31 

f 

0.2 1 .o 5.0 25.0 

AMPlCl LLlN DOSE, g (potencyllkg 
Figure 1-Dose-response curve of sodium ampicillin in the rabbit py- 
rogen test. Key: (-) ultrafiltrated sample, n = 10-26; (- * -) without 
ultrafiltration, n = 9-10; (0) control sodium ampicillin, n = 9. 

' Seikagaku Kogyo CO. Ltd., Tokyo. 
Pre el, Seikagaku Kogyo Co. Ltd.. Tokyo. 
ET8, Seikagaku Kogyo Co. Ltd., Tokyo. 

Diaflowcell Model 402, Amicon Corp., Lexington. Mass. 
Diaflowmembrane PM10, Amicon Corp.. Lexington, Mass. 

' Blue Dextran 2000, Pharmacia Fine Chemical Co. Ltd.. Uppsala, Sweden. 

Sample 
Dilution of Endotoxin Stock Solutionb 
Xl x 2  x 4  X 8  X16 

Untreated solution (I) ++ + + f -  
Ultrafiltrated solution (11) ++ ++ ++ - + f - 

After the mixture was incubated at 37' for 1 hr and then allowed to stand for 
5 min. * The original concentration of the solution was 5 ng/ml. The key is 89 listed 
in the text. 

weight of 10,000 and a diameter of 76 mm. It was used after soaking 
overnight in 0.1 N NaOH solution; the surface of the membrane was 
washed with distilled water for injection prior to use. 

Rabbits-Japanese white, male rabbits weighing 2.0-2.7 kg were bred 
and maintained in a room kept a t  25 f 2 O  with a relative humidity of 50 
f 10%. They were fed daily (-100 g of solid food') with an automatic 
rabbit feeding apparatus. Water was supplied ad libitum using an au- 
tomatic water-supplying system. Only those rabbits that maintained their 
weight for a t  least 1 week were used in the experiments. They were con- 
ditioned for 1-3 days prior to the pyrogen test by conducting sham tests 
(i.e., without injection). 

Methods-Ultrafiltration-All glass apparatus were depyrogenized 
by heating a t  250" for 2 hr. After the ultrafiltration membrane was at- 
tached to the apparatus, the apparatus was washed three times with 
pyrogen-free distilled water and once with 0.01 N NaOH solution. The 
surface of the membrane was coated with 100 ml of dye-combined dextran 
(average molecular weight 2,000,000) solution to prevent adsorption of 
the pyrogen. The inside of the apparatus was rinsed with 30 ml of phys- 
iological saline solution using manual stirring; the washings were con- 
firmed to be pyrogen free by the LAL and rabbit pyrogen tests (dose: 10 
ml/kg). 

The samples of sodium ampicillin were dissolved in physiological saline, 
placed in the ultrafiltration apparatus, and filtered under pressure using 
nitrogen gas (3.5 kg/cm2) until the volume of the residual solution was 
reduced to one-tenth the original volume. If the concentration of sodium 
ampicillin in the residual solution exceeded 10 mg (potency)/ml, the 
dilution and filtration were repeated until the concentration of sodium 
ampicillin became 110 mg(potency)/ml. The membrane filter was 
changed between treatments. 

Determination of Endotoxin-For the rabbit pyrogen test, rabbit 
rectal temperatures were measured using a thermoelectric couple-type 
thermometer8. Temperatures were measured three times a t  45-min in- 
tervals prior to administration; the third measurement was regarded as 
the control. Immediately thereafter, the sample solutions (10 mlhcg) were 

0'7L 
E, o.51 a 

\ In 
0 1  

0 1 0  20 30 40 50 60 7 0  80 
SODIUM AMPICILLIN CONCENTRATION, mg (potencyllkg 

Figure 2-Influence of the concentration of sodium ampicillin on the 
determination of endotoxin by the chromogenic assay method. The 
sample solution was E. coli endotoxin at 0.4 nglml; the incubation time 
was 50 min. 

7 Oriental Solid Feed (ORC-5). Oriental Kobo, Co. Ltd., Tokyo. 
8 Ellah TE3 Type, Ellah Instruments. Copenhagen, Denmark. 
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Table 111-Influence of the Ampicillin Concentration on the 
LAL Test 

Concentration Concentration of Ampicillin b ,  

1.0- 

0.9 

0.8 

of Endotoxin", mg(potency)/A 
ng/ml 100 60 40 20 10 5 1 0 

- 

- 

- - + ++ ++ ++ ++ ++ 
- -  * + - +  + + + + l o  

1 

0.7 : 
ln s 0.6 
l- a 

E. coli Olll-B4. Key is as given in the text. 

administered intravenously through the auricular vein. Rectal temper- 
atures were taken at  1,1.5,2, and 3 hr postadministration. The difference 
between the highest temperature recorded after injection and the control 
temperature was regarded as the rise in temperature. 

For the LAL test, the limulus amebocyte lysate reagent was dissolved 
in 0.1 ml of pyrogen-free distilled water in an ampule. The sample solu- 
tions (0.1 ml) were added to  the reagent and the ampules were allowed 
to stand in an incubator a t  37O for 1 hr. After incubation, the ampules 
were allowed to stand an additional 5 min at room temperature, then were 
slanted a t  45O. Each ampule was judged using the following four grades: 
(++) a solid gel was formed and i t  did not move when the ampule was 
slanted; (+) although a gel was formed, i t  moved when the ampule was 
slanted; (f) a coarse granular gel was formed and the viscosity was in- 
creased; and (-) the media remained in the liquid state without any 
change. 

For the chromogenic assay method, the contents of each vial of the 
chromogenic assay reagent were dissolved in 0.1 ml of 0.1 M trometh- 
amine buffer (pH 8.0) while being cooled in an ice-water bath. Aliquots 
(0.1 ml) of the test solution were added to the vials, and the mixtures were 
incubated for 40 or 50 min in a water bath a t  37'. After incubation, the 
reaction mixture was cooled rapidly in an ice-water bath and then was 
quenched by adding 1.0 ml of a 12.5% acetic acid solution. The absorbance 
was measured at  405 nm using a spectrophotometer. 

- 

- 

RESULTS 

Rabbit Pyrogen Test-Temperature rises in rabbits for samples of 
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Olll-B4) with 40 ml of physiological saline solution (solution I). This 
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trafiltration (solution 11). Solutions I and I1 were diluted stepwise and 
tested by the LAL test. As shown in Table 11, almost complete recovery 
of endotoxin was obtained. These results were consistent with the results 
of Minami et  al. (12) and Sullivan (13). 

Effect of Sodium Ampicillin on the LAL Test-The effect of various 
amounts of the control sample of sodium ampicillin on the LAL test was 
studied. As shown in Table 111, the gel reaction by 10 ng/ml of endotoxin 
was inhibited by >40 mg(potency)/ml of sodium ampicillin, and 1 ng/ml 
of endotoxin was inhibited by >20 mg(potency)/ml of sodium ampicillin. 
These results indicate that the gel reaction by the LAL test is inhibited 
by certain concentrations of sodium ampicillin, in agreement with 
Newsome's data (11). 
LAL Test of Samples After Ultrafiltration-Four groups of 60 vials 

each of injectable sodium ampicillin preparations (1 g of test sample/vial) 
were treated by ultrafiltration to separate and concentrate the suspected 
pyrogen contaminant, and then were tested by the LAL test. The results 
are shown in Table IV. Although the data for the test samples showed 
some variation, they clearly exhibited a stronger gel reaction than that 
shown by the control sample. The control sample also showed a slightly 
positive reaction, possibly due to the sensitivity of this method. Trace 
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a Thee uivalent amount of ampicillin is the initial concentration before ultra- 

filtration3 The residual amount of ampicillin is determined after ultrafiltration. 
The number in parentheses is the dilution. The key is as in the text. c E. coli 
Olll-B4,1 ng/ml. 

amounts of pyrogen were detected in the distilled water used as the 
blank. 

Chromogenic Assay Method-This assay is possibly more sensitive 
and leads to better quantitation than the LAL test. It was used to detect 
endotoxin in the injectable sodium ampicillin preparations with and 
without prior ultrafiltration. The effect of sodium ampicillin on this assay 
method was examined. To 0.4 ng/ml of the standard endotoxin was added 
6,10,20,40,60, and 80 mg(potency)/ml of control sodium ampicillin, and 
the mixtures were incubated a t  37' for 50 min. As shown in Fig. 2, when 
the concentration of sodium ampicillin was increased, the absorbance 
decreased depending on the drug dose. I t  has been reported that the 
minimal detectable amount of endotoxin varies and depends on the in- 
cubation time (15). Therefore, calibration curves were obtained for 0.1-0.6 
ng of endotoxin in the presence of the control sodium ampicillin [20 
mg(potency)/ml] for incubation periods of 40 and 50 min (Fig. 3). The 
curves indicated that the absorbance at  405 nm varied depending on the 
incubation time. The absorbance observed was -0.3 for 0.6 ng/ml of en- 
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Figure 3-influence of ampicillin and incubation time on the standard 
curve of the chromogenic assay for endotoxin. Key: (0) 50-min incu- 
bation without ampicillin; (0) 50-min incubation with 20 mg of ampi- 
cillinlml; (A) 40-min incubation with 20 mg of ampicillinlml. 
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dotoxin after a 40-min incubation and -0.5 after 50 min. However, for 
the reaction mixture without ampicillin. the observed absorbance was 
4 . 9 5  for 0.6 ng/ml of endotoxin after 50 min. 

From the calibration curve obtained in the presence of sodium ampi- 
cillin, the amount of endotoxin in the concentrated sample which was 
used in the rabbit pyrogen LAL tests was determined. I t  was revealed 
that 1 g (potency) of sodium ampicillin was contaminated with 6.4 ng of 
endotoxin (E .  coli 0111-B4 endotoxin). Furthermore, the endotoxin in 
each vial was determined quantitatively without ultrafiltration by this 
chromogenic assay method using 40 vials (1 g/vial) of test samples. The 
results showed that the sodium ampicillin test samples were contami- 
nated with an average of 4.73 ng of endotoxin (expressed as E. coli 
0111-B4 endotoxin activity) per vial (gram) with a standard deviation 
(SD) of 1.75 ng/vial. 

DISCUSSION 

In the injectable sodium ampicillin test sample suspected of contam- 
ination, a trace amount of pyrogen (endotoxin) was detected by three 
methods. For each method, experiments were performed using a pyro- 
gen-free sodium ampicillin preparation and as a control endotoxin de- 
rived from E. coli. The data indicate the following: 

1. The presence of sodium ampicillin interferes with the detection 
of endotoxin, but sodium ampicillin could be separated from the endo- 
toxin by ultrafiltration. Using ultrafiltration. it is possible not only to 
eliminate the coexistent drugs but also to concentrate the endotoxin. This 
makes i t  possible to detect the endotoxin in minute amounts. 

2. The results obtained by the rabbit pyrogen test, LAL test, and 
chromogenic assay method indicated that the test samples of sodium 
ampicillin were contaminated with small amounts of endotoxin. 

3. The endotoxin could be determined quantitatively in the presence 
of <20 mg/ml of sodium ampicillin. This study showed that the LAL test 
and the rabbit pyrogen test gave consistent results, suggesting that the 
in uitro method may become a useful method for the detection of pyro- 
gens in drug preparations. 
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Abstract  A technique has been developed for the implantation of 
miniature infusion pumps in pregnant mice with minimal teratogenic 
and toxic side effects. In 7- to 10-day pregnant CF-1 mice receiving 
constant low doses of morphine sulfate uio the infusion pump, the results, 
including fetal weight reduction and various skeletal and soft tissue ab- 
normalities, were similar to those reported in previous investigations 
using single injections. 
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Teratology studies have often shown that drugs can af- 
fect the developing fetus, thereby dispelling the myth of 
a fully protective placental barrier. Many of these drugs 
have been administered to the pregnant animal in a single 
dose on a specific day of gestation allowing investigators 
to observe their teratogenic effects at different times of 
fetal development (1-3). However, with the introduction 

of a new type of drug dosing, the miniature infusion pump’, 
a distinctly different approach can be used to study the 
possible teratogenic influence of drugs. This instrument 
is a constant-flow delivery system which allows the long- 
term steady-state effects of a drug on the developing fetus 
to be ascertained. Because there has been no reported use 
of this constant-flow delivery system for teratology studies, 
the feasibility of using the miniature infusion pump in such 
a study was investigated. 

To determine if the use of the miniature infusion pump 
was a reasonable alternative to other types of drug dosing, 
a pilot study was undertaken comparing the fetal effects 
of saline administered uia the pump and by hypodermic 
injection. The pump implantation procedure and the 
presence of the pump during pregnancy was observed to 
have a minimal effect on the fetus, thereby providing the 

l Alzet mini-osmotic pump, Model 2M)l. Lot No. 07885, Aha Corp., Palo Alto, 
CA 94304. 
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Table I-Mean Values of Treatment Groups 

Treatment 
Groupa 

Maternal Fetal Sex 
Weight Fetal Resorption Weight, Ratio A bnormalitiesc 
Gain, g Ratiob Ratiob g M/F soft  Tissue Skeletal 

Untreated 23.2 5.813.3 0.310.8 1.34 5.513.6 0.6 1.6 

Injection-saline-8 20.2 2.6d/5.1 1.111.6 1.18d 3.3d/4.5 0.6 5.0d 
Injection-saline-9 25.3 6.114.0 0.111.0 1.21 5,514.6 0.6 3.0 

Pump-saline-7 25.4 5.5I3.Se 0.810.6 1.30e 4.614.5 0.3 2.8 
Pump-saline-8 20.7 4.014.6 0.310.6 1.17 4.014.6 0.3 4.8 
Pump-saline-9 17.6 4.614.0 0.510.8 1.11 4.314.3 1.6 4.6 

Pump-4.0% morphine sulfate-7 21.2 4.615.5 0.810.5 1.151 5.814.3 1.3 5.6 
Pump-4.0% morphine sulfate-8 21.5 6.1114.3 0.510.6 1.24 5.614.8 2.01 2.8 

Injection-saline-7 26.9 5.0/6.5d 0.810.3 1.17d 6.0/5.5d 0.5 4.3 

Injection-saline-10 23.9 4.515.6 0.311.0 1.12d 5.614.8 0.5 5.5d 

Pump-saline- 10 19.4e 4.814.8 0.610.3 1.14 4.815.0 0.6 4.3 

Pump-4.0% morphine sulfate-9 21.8 4.316.61 0.310.5 1.20 5.315.6 2.1 4.3 
Pump-4.0% morphine sulfate-10 19.6 5.014.1 0.510.8 1.21 5.313.8 1.8 3.5 
Pump-0.4% morphine sulfate-7 23.6 5.814.5 0.310.1 1.24 5.614.6 1.3 4.5 

Pump-0.4% morphine sulfate-9 22.3 7.114.6 0.510.3 1.08 6.115.6 0.6 10.1 
Pump-O.4% morphine sulfate-10 22.5 5.315.1 0.510.6 1.14 5.115.3 1.0 7.5' 
Pump-0.04% morphine sulfate-7 16.21 4.014.6 0.810.6 0.9618 4.014.6 . 2.0 12.11s 

Pump-0.4% morphine sulfate-8 19.7 3.515.3 0.511.1 1.17 4.514.3 0.8 6.0 

Pump-0.04% morphine sulfate-8 21.6 5.115.8 0.511.0 1.15 5.016.0 2.6 9.8h 
Pump-O.O4% morphine sulfate-9 17.8 4.515.1 0.110.3 1.04' 4.814.8 3.6k 9.8' 
Pump-0.04% morphine sulfate-10 17.8 5.514.0 0.110.6 1.04 4.515.0 3.0 14.3fJ 

Designated as method of delivery-solution administered- estation da of dosing. The saline dosage was 0.3 ml sc; the volume released by the infusion pump was 0.17 
ml. * Right hornneft horn of the uterus. c Average per litter. %Significantfy different (p < 0.05) compared with the untreated control. Significantly different (p  < 0.05) 
compared with the subcutaneously delivered saline control. f Significantly different ( p  < 0.05) compared with the pump-delivered saline control. 8 Significantly different 
(p  < 0.05) compared with the pump-4.0% morphine sulfate-7 and pump-0.4% morphine sulfate-7 groups. * Significantly different ( p  < 0.05) compared with the pump-4.04b 
morphine sulfate-8 group. Significantly different ( p  < 0.05) compared with the pump-4.0% morphine sulfate-9 group. J Significantly different ( p  < 0.05) compared 
with the pump-4.0% morphine sulfate-10 group. Significantly different 
( p  < 0.05) compared with the pump-4.Wo morphine sulfate-I0 group. 

Significantly different (p < 0.05) compared with the pump-0.4% morphine sulfate-9 group. 

rationale for a full investigation of the long-term steady- 
state effects of a drug on the developing fetus. Because this 
laboratory has conducted several studies with morphine 
sulfate and elucidated its teratogenic effects, this drug was 
selected for the test system. The reproductive effects of low 
constant doses of morphine sulfate administered uia the 
miniature infusion pump throughout specific critical days 
of gestation are reported herein. 

EXPERIMENTAL 

Animals-CF-1 albino mice*, weighing at least 25 g, were used in all 
of the procedures. All females were placed in aggregate cages, each con- 
taining 10 animals. They were allowed to acclimatize for 2 weeks. Fol- 
lowing this period, those females weighing at least 25 g were allowed to 
mate. The male mice were housed in individual cages measuring 12.5 X 
15 X 10 cm, each with a wire mesh front and floos. Food4 and tap water 
were offered ad libitum; artificial light was supplied with a 12-hr light1 
dark cycle. 

Drugs and Solutions-Normal saline5 was used as the vehicle for the 
morphine sulfate6 solutions (40,4.0, and 0.4 mglml); fresh solutions were 
prepared weekly. In addition, normal saline was administered to all ve- 
hicle controls including subcutaneous injection and infusion pump 
groups. All injections were given subcutaneously with a 1-ml glass syringe 
equipped with a 0.5-cm 26-gauge needle. All pumps were filled with fil- 
tered solutions7 using a specially.designed blunt-tipped 26-gauge steel 
needlea. The injection volume was 0.3 ml; the pump release was 0.17 ml 
of solution, 

The bone-staining solution and decalcifying Bouin's solution were 
prepared according to previously published reports (2). 

Breeding, Group Selection, and Treatment-The breeding pro- 
cedure has been described previously (4). Gravid females were randomly 
assigned to the 21 experimental groups. The controls consisted of one 
untreated group and four groups given single subcutaneous saline in- 
jections on day 7,8,9, or 10 of gestation. There were 16 treatment groups; 

Charles River Breeding Laboratories, Wilmington, Mass. 
Norwich Wire Works, Norwich. N.Y. ' Purina Laboratory Chow, Ralston-Purina Co., St. Louis, Mo. ' 0.9% Sodium Chloride Injection USP, Lot No. 92-166-DE-7 exp. 9/1/82. Abbott 

' Morphine Sulfate, Lot No. 4455, Merck & Co., Rahway. N.J. ' Millex H-A Filters, 45 pm, Lot No. SLHA02505, Millipore Corp., Bedford, MA 

Laboratories, North Chicago, IL 60064. 

01730. 

infusion pumps containing either saline or a 4.0% (40 mglml), 0.4% (4.0 
mglml), or 0.04% (0.4 mglml) solution of morphine sulfate were implanted 
in each mouse on day 7,8,9 or 10 of gestation. 

Surgical Procedure-On the day of treatment, the body hair of the 
animals in the dorsal-scapular area was sheared with scissors, and the 
mice were anesthetized with ethers. A small skin incision (1-1.5 cm) was 
made perpendicular to the backbone in the dorsal-scapular area. The 
infusion pump was inserted into a subcutaneous pouch made by sepa- 
rating the skin from the underlying muscle and secured by the closure 
of the incision with three or more interrupted sutures. The anesthesia 
duration was -3 min, and an antiseptic solutionlo was used as a postop- 
erative wound dressing. All animals, regardless of the treatment, were 
allowed to recover undisturbed. 

Examination of Fetuses-On day 18 (1 day prior to full term), each 
mouse was weighed; the terminal maternal weight was adjusted for pump 
weight if necessary. Each mouse was then sacrificed by cervical disloca- 
tion, at  which time the number and position of the fetuses and resorption 
sites (metrial glands) were recorded. The fetuses were blotted dry and 
checked for viability by reflex movement on stimulation with a blunt 
probe. Further examination consisted of the observation of each fetus 
under a dissecting microscope" for gross defects and sex; the weight of 
each fetus was recorded to the nearest hundredth of a gram on a torsion 
balance1*. One-half of the fetuses were then randomly selected for 
preparation in a bone-staining solution for skeletal examination by the 
method of Staples and Schnell(5). The remaining fetuses were prepared 
in Bouin's solution for soft tissue examination by the method of Wilson 
(6). The statistical significance of the observations was determined using 
Student's t test and the uncorrected chi-square test for a binomial pop- 
ulation. 

RESULTS AND DISCUSSION 

Effects of Pumps Implftntation-Maternal Effects-Two deaths 
occurred during the pump implantation procedures; both were attributed 
to an overdose of the ether anesthesia and not to surgical trauma. There 
were no maternal deaths due to drug toxicity or postsurgical complica- 
tions observed in any treatment group. 

Most animals became fully conscious within minutes following the 
pump implantation procedure, although spontaneous activity was sup- 
pressed for several hours. This was judged to be the result of the proce- 

Ether, ethyl ether, Lot No. 413759. J. T. Baker Chemical Co.. Phillipsburg, 

Binocular dissecting microscope, Bausch & Lomb. Lot. ASZ3012. 

NJ 08865. 
10 Betadine solution, Purdue Frederick Co.. Norwalk. CT 06856. 

'2 Torsion Balance Co., Model PL-800, 500820, Ireland. Alza Corp.. Palo Alto, CA 94304. 
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Table 11-Fetal Anomalies Occurring in  Significant Numbers in 
the  Pumo-Administered Morohine Sulfate  Groups 

Anomalv 

Group’ 
4.0% 0.4% 0.04% 

Morphine Morphine Morphine 
Sulfate Sulfate Sulfate 
7 8 9 1 0  7 8 9 1 0  7 8 9 1 0  

_ - - - - - - -  L--- 
Hydronep hrosis - B - F  _ _ _ _  B B - F  
Intestinal hemorrhage - - - - - - - - - B B B  
Split supraoccipital -_ -_  -- B- B - - F  
Malformed sternebrae L L B - - - B F  B - L F  

Exencep haly 

Malformed xiphoid ---- ---- B - B B  

0 Based on six littern per group. Key significantly different ( p  < 0.05) from the 
pump saline control on a litter bank (L), a fetal basis (F), or both (B). 

dure and not a drug effect, because similar observations were noted for 
the saline groups and, also, several hours are needed for the pump to reach 
full capacity. Observation of the spontaneous activity of the animals on 
subsequent days showed little difference between the treatment 
(pump-implanted) groups and the untreated controls. On sacrifice of the 
animals, the pumps were excised and the pouch area examined. In no m e  
was there any evidence of gross infection or any type of inflammation 
present in or around the pouch area. 

The only maternal variable measured during this experiment was the 
maternal weight gain. There were no significant differences between the 
untreated controls and any treatment group. However, when the 
pump-~aline-10’~ group was compared with the injection-saline-10 group 
(Table I), there was a significant decrease in maternal weight gain ob- 
served, obviously a direct consequence of the pump implantation pro- 
cedure. 

Fetal Effects-A crucial point in this study was to determine the 
feasibility of the pump implantation procedure for use in a teratology 
study. The fetal effects resulting from the pump implantation procedure 
were determined by the statistical comparison of saline administered uia 
the infusion pump versus subcutaneous injection. Only one group 
(pump-saline-7) showed any significant differences: an increase in mean 
fetal weight and a reduction in the number of fetuses in the left uterine 
horn. Because the number of fetal resorptions was not significantly dif- 
ferent, these effects are possibly due to an increased uterine blood supply 
and not the pump implantation procedure (which is performed after 
uterine implantation of the ova). Therefore, there does not appear to he 
any major difference in the fetal effects of saline administered via sub- 
cutaneous injection or the pump implantation procedure. 

Effects of Morphine Sulfate-The doses used in this study were only 
a fraction of the morphine sulfate doses administered in previous studies 
(7-9). The exact dose administered is a function of the animal body 
weight as the drug concentration and release rate is the same in all 
cases. 

Maternal Elfects-Observation of the animals implanted with a pump 
containing morphine sulfate showed the discernable effects of the drug 
to be quite minimal. The maternal weight gain significantly decreased 
in only one group (pump-0.04% morphine sulfate-7), which is in general 
agreement with previous reports (7-9). 

Fetal Effects-A significant reduction in mean fetal weight was noted 
which agreed with previous data (7-9). Significant fetal resorptions, which 
were noted in one of the previous studies (7). did not occur in the present 
investigation. 

Three groups (pump-4.0% morphine sulfate-8, pump-0.04% morphine 
sulfate-7, and pump-0.04% morphine sulfate-10) showed significant in- 
creases in the total number of soft tissue and/or skeletal defects when 
compared with the pump saline controls. A trend in the mean values of 
the total number of soft tissue/skeletal abnormalities and fetal weights 
is evident. With the exception of the soft tissue anomalies of the pump- 
morphine sulfate-8 groups, the lowest doses of morphine sulfate (0.044) 
have nearly twice the number of abnormalities and much lower mean fetal 
weights compared with the corresponding gestation day for the highest 
doses (4.OToo). This trend is supported statistically, as significance was 
noted for dose comparisons involving the mean fetal weight and total 
number of soft tissue and/or skeletal abnormalities (Table I). with the 
greatest difference appearing between the highest (4.Wo) and lowest doses 
(0.04%) of morphine sulfate. 

In view of the type of dosing and since it is well known that constant 

l3  Each group was designated by method of delivery-solution administered- 
gestation day of dosing. 

morphine administration induces tolerance to many of its physiological 
effects, a logical explanation for these trends might be the induction of 
microsomal liver enzymes. However, the induction of microsomal liver 
enzymes does not explain the increase in fetal defects a t  the lowest dose 
of morphine as compared with the high dose; the enzymatic N-demeth- 
ylation of morphine is reduced with chronic administration (10-12). This 
reduction of the N-demethylation of morphine can be partially reversed 
by nalorphine (10). Because of the similar substrate stereospecificity 
between the liver enzymes and the opiate receptors, Axelrod (10) sug- 
gested that the depression of enzymatic activity may be related to a 
similar depression of receptor activity, seen physiologically as the de- 
velopment of tolerance. T o  further elucidate the similarity of the ste- 
reospecificity between the enzyme, N-demethylase, and the opiate re- 
ceptor, Mannering and Takemori (11) used the steric isomers of 3-hy- 
droxy-N-methylmorphinan (dextrorphan and levorphan) in chronic 
doses and measured the N-demethylase enzyme activity in response to 
a test dose of morphine. Dextrorphan is known to lack most morphine- 
like properties, while levorphan produces many morphine-like effects. 
Mannering and Takemori (11) reported that the rate of enzymatic N- 
dernethylation of morphine was inhibited with chronic administration 
of levorphan, while dextrorphan was observed to be relatively nonef- 
fective. 

If the teratogenic effects of morphine are expressed through the opiate 
receptor activity, the inhibition of the receptor by chronic administration 
of morphine may result in a lower incidence of fetal anomalies a t  higher 
doses (4.0%). There is a possibility that constant administration at  the 
lowest dose of morphine (0.04%) may not be sufficient to inhibit the re- 
ceptor but is large enough to cause fetal abnormalities. With morphine 
N-demethylation inhibited a t  higher doses, the production of the end 
product (formaldehyde) is also inhibited; with constant administration 
of low doses of morphine, tissue levels of formaldehyde, a secondary 
teratogenic agent, may build up. However, the development of tolerance 
and the induction of fetal defects by morphine are probably not due to 
a single cause, but to multiple and presently unknown factors. 

The fetal abnormalities produced in significant numbers as a result 
of morphine sulfate administration uia the infusion pump have been 
listed in Table 11. Specifically, those malformations include exencephaly, 
hydronephrosis, intestinal hemorrhage, split supraoccipital bone, 
(malformed, crankshaft, fused, poly, and split) sternebrae, and mal- 
formed (butterfly and split) xiphoid bone. In addition, various soft tissue 
anomalies were also observed in this study, although their incidence was 
not significant. These defects included: cleft palate, cryptorchidism, 
ectopic ovary or testis, hydrocephaly, microphthalmia, missing lens, skin 
bumps, abnormal tail, and polydactyly. There were also numerous skel- 
etal defects observed in significant numbers, including: brachygnathia; 
delayed ossification of the ribs, skull, sternebrae, and xiphoid; split ribs; 
malformed basiphenoid, xiphoid, and centrum; and missing sternebrae 
and supraoccipital bone. 

It is known that the specific fetal malformation is related to the fetal 
organs most susceptible to injury a t  the time of drug challenge (7-9). 
Therefore, one would expect that  litters from dams with the morphine- 
containing pump implanted on day 7 of gestation should show all the 
defects observed in the litters from dams implanted on subsequent days 
because of the continually present drug levels. However, the data does 
not show such a trend. Possibly, the teratogenic insult is greatest on the 
first day of drug administration (and on the organs developing at that 
time) and lessens thereafter. 

In conclusion, this study has proven that the infusion pump is a feasible 
dosage form in teratology studies. The methodology necessary for future 
studies of this type has been developed. In administering morphine sul- 
fate uia the implantable pump, this study has shown fetal abnormalities 
similar to those observed in previous (injection) studies. 
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Abstract  (14C]Nitroglycerin was administered intravenously and 
topically to three rhesus monkeys and the pharmacokinetics were de- 
termined. The rhesus monkey is an animal model for which percutaneous 
absorption is similar to that in the human. After intravenous adminis- 
tration the decline in plasma nitroglycerin concentration was biexpo- 
nential with an initial half-life of 0.8 min (2-5 min postadministration) 
and a terminal half-life of 18 min (5-60 min postadministration). After 
topical application in an ointment, plasma concentrations of unchanged 
nitroglycerin were first detectable a t  0.25 hr postapplication. Peak plasma 
nitroglycerin concentrations occurred between 4-6 hr, and nitroglycerin 
was still detectable a t  24 hr postapplication. Plasma levels fit a biexpo- 
nential curve with an a-phase half-life of 3.0 hr, a 8-phase half-life of 4.3 
hr, and a lag time of 0.5 hr. The absolute bioavailability of topical nitro- 
glycerin was 56.6 f 5.8%. The differences in bioavailability estimates 
between unchanged nitroglycerin and total carbon-14 is considered to 
be the amount of nitroglycerin which is metabolized as it is absorbed 
through the skin (percutaneous first-pass effect). This value for topical 
nitroglycerin was quite small, only 16-21% depending on the method of 
comparison. 

Keyphrases 0 Nitroglycerin-percutaneous absorption pharmacoki- 
netics in the rhesus monkey, comparison of intravenous and topical ad- 
ministration bioavailability Pharmacokinetics-nitroglycerin in the 
rhesus monkey, comparison of intravenous and topical administration 
bioavailability Bioavailability-topical nitroglycerin in the rhesus 
monkey, comparison with intravenous administration, pharmacokinetin 
0 Percutaneous absorption-topical nitroglycerin, determination of 
first-pass effect 

Nitroglycerin is a drug shown to be effective in angina 
pectoris (1-4) which may be effective in other cardiac 
diseases (5). The usual dosage form is a sublingual tablet, 
which has the disadvantage of a short duration of action. 
Nitroglycerin is also administered orally; however, first- 
pass metabolism during absorption is estimated to be large 
(6,7).  A third route of administration is transdermal de- 
livery. Transdermal administration results in a longer 
duration of action than sublingual administration and may 
bypass the first-pass metabolism seen with oral adminis- 
tration. The result is a dosage form that delivers nitro- 
glycerin over an extended time period. Recent publications 
attest to the clinical effectiveness of topically applied ni- 
troglycerin (4,5). Thus, it is important to determine the 
pharmacokinetic parameters of nitroglycerin after topical 
administration. This information can help in under- 

standing the effectiveness of the drug and perhaps can be 
used to improve nitroglycerin therapy. 

The animal model chosen for the study of the trans- 
dermal delivery of nitroglycerin was the rhesus monkey. 
Percutaneous absorption of several compounds in the 
rhesus monkey have been shown to be similar to that in the 
human (8-11). 

EXPERIMENTAL 

Female rhesus monkeys weighing -4-6 kg were used. The monkeys 
were lightly anesthetized with 50-100 mg ketamine' for placement in the 
metabolism chairs. The monkeys were restrained in the metabolism 
chairs for 24 hr  after drug administration (length of topical application) 
and then returned to metabolism cages for continued blood and urine 
collection. The monkeys had free access to food and water in the me- 
tabolism cages; they were hand fed and watered while confined to the 
metabolism chairs. In the topical application studies, the wrists of the 
monkey were taped to the sides of the chair to prevent the monkey from 
removing the applied dose. Each animal had an indwelling catheter in 
the saphenous vein for blood collection; a saline drip was connected to 
the cathether while blood samples were not being collected. 

[14C]Nitroglycerin was prepared from uniformly labeled glycerol and 
had a specific activity of 128 pCi/mg. The synthetic material was purified 
by chromatography on silica gel (toluene) followed by further purification 
using high-performance liquid chromatography (HPLC) on a p-Bonda- 
pack C-18 column (water-methanol, 6040) at  a flow rate of 2 ml/min. The 
chemical and radiochemical purity, as determined by HPLC and TLC, 
was 99%. 

The intravenous dosage form was 1.92 mg of labeled nitroglycerin with 
a specific activity of 250 pCi in 0.5 ml of ethanol. Administration was by 
bolus injection in the saphenous vein of the noncatheterized leg. The 
topical dosage form was 2% nitroglycerin ointment* containing 19.0 mg 
of labeled nitroglycerin (specific activity 210 pCi) spread over a 50-cm2 
area of skin. [14CjNitroglycerin was added to the ointment using the 
procedure of Lindsay et al. (12). Topical administration was to the inner 
upper arm. The area was lightly clipper shaved, which does not affect 
percutaneous absorption in the rhesus monkey (8). [The application site 
also has been determined not to affect the percutaneous absorption of 
nitroglycerin in the rhesus monkey (13).] The topical application was 
occluded with aluminum foil and adhesive tape. The ointment was left 
in place for 24 hr, and then the site was washed with soap and water. 
There was a 1-week period between drug administrations. 

At each sampling time, -3 ml of blood was drawn and placed in a 
~ ~~~~~~ ~ 
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Nitroglycerin is a drug shown to be effective in angina 
pectoris (1-4) which may be effective in other cardiac 
diseases (5). The usual dosage form is a sublingual tablet, 
which has the disadvantage of a short duration of action. 
Nitroglycerin is also administered orally; however, first- 
pass metabolism during absorption is estimated to be large 
(6,7).  A third route of administration is transdermal de- 
livery. Transdermal administration results in a longer 
duration of action than sublingual administration and may 
bypass the first-pass metabolism seen with oral adminis- 
tration. The result is a dosage form that delivers nitro- 
glycerin over an extended time period. Recent publications 
attest to the clinical effectiveness of topically applied ni- 
troglycerin (4,5). Thus, it is important to determine the 
pharmacokinetic parameters of nitroglycerin after topical 
administration. This information can help in under- 

standing the effectiveness of the drug and perhaps can be 
used to improve nitroglycerin therapy. 

The animal model chosen for the study of the trans- 
dermal delivery of nitroglycerin was the rhesus monkey. 
Percutaneous absorption of several compounds in the 
rhesus monkey have been shown to be similar to that in the 
human (8-11). 

EXPERIMENTAL 

Female rhesus monkeys weighing -4-6 kg were used. The monkeys 
were lightly anesthetized with 50-100 mg ketamine' for placement in the 
metabolism chairs. The monkeys were restrained in the metabolism 
chairs for 24 hr  after drug administration (length of topical application) 
and then returned to metabolism cages for continued blood and urine 
collection. The monkeys had free access to food and water in the me- 
tabolism cages; they were hand fed and watered while confined to the 
metabolism chairs. In the topical application studies, the wrists of the 
monkey were taped to the sides of the chair to prevent the monkey from 
removing the applied dose. Each animal had an indwelling catheter in 
the saphenous vein for blood collection; a saline drip was connected to 
the cathether while blood samples were not being collected. 

[14C]Nitroglycerin was prepared from uniformly labeled glycerol and 
had a specific activity of 128 pCi/mg. The synthetic material was purified 
by chromatography on silica gel (toluene) followed by further purification 
using high-performance liquid chromatography (HPLC) on a p-Bonda- 
pack C-18 column (water-methanol, 6040) at  a flow rate of 2 ml/min. The 
chemical and radiochemical purity, as determined by HPLC and TLC, 
was 99%. 

The intravenous dosage form was 1.92 mg of labeled nitroglycerin with 
a specific activity of 250 pCi in 0.5 ml of ethanol. Administration was by 
bolus injection in the saphenous vein of the noncatheterized leg. The 
topical dosage form was 2% nitroglycerin ointment* containing 19.0 mg 
of labeled nitroglycerin (specific activity 210 pCi) spread over a 50-cm2 
area of skin. [14CjNitroglycerin was added to the ointment using the 
procedure of Lindsay et al. (12). Topical administration was to the inner 
upper arm. The area was lightly clipper shaved, which does not affect 
percutaneous absorption in the rhesus monkey (8). [The application site 
also has been determined not to affect the percutaneous absorption of 
nitroglycerin in the rhesus monkey (13).] The topical application was 
occluded with aluminum foil and adhesive tape. The ointment was left 
in place for 24 hr, and then the site was washed with soap and water. 
There was a 1-week period between drug administrations. 
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Table I-Plasma Levels of Nitroglycerin Following Intravenous 
and  Topical Administration 

Time, Nitroglycerin Concentration, ng/ml" 
hr Intravenous Topical 

Table  11-Plasma Levels of Carbon-I 1 Following Intravenous 
and  Topical Administration 

Time, 
hr 

Concentration, ng equivalentslml" 
Intravenous Topical 

0.0 
0.02 
0.03 
0.05 
0.08 
0.25 
0.5 
0.75 
1.0 
2.0 
3.0 
4.0 
6.0 
8.0 

12.0 
24.0 

<0.1 
80.7 f 5.5 
200.7 f 31.0 
90.3 f 9.9 
35.1 f 5.7 
17.6 f 2.8 
9.0 f 0.8 
3.5 f 0.6 
1.8 f 1.0 

<0.1 
<0.1 

<o. 1 
- 

- 
- 

<0.1 

<0.1 
b - 

- 
- 
- 

0.3 f 0.03 
0.7 f 0.3 
1.0 f 0.4 
1.9 f 0.5 
2.9 f 0.4 
4.6 f 1.1 
6.8 f 0.3 
6.7 f 0.4 
5.4 f 0.3 

0.0 
0.02 
0.03 
0.05 
0.08 
0.25 
0.5 
0.75 
1.0 
2.0 
3.0 
4.0 
6.0 
8.0 

3.6 f 0.4 
0.7 f 0.2 

48.0 <0.1 <0.1 
72.0 <0.1 <0.1 

heparinized tube. The tube was centrifuged immediately (5 min from 
start-up to finish); the plasma was removed, placed in a vial containing 
50 pl of 1.0 M silver nitrate for protein precipitation, and mixed. The 
samples were then frozen in a mixture of isopropyl alcohol and solid 
carbon dioxide. The majority of each plasma sample (1.0ml) was utilized 
for nitroglycerin assay; a small aliquot (0.1 ml) was utilized for carbon-14 
assay. 

Blood sampling times following intravenous administration were 0, 
1, 2, 3, 5, 15, 30, and 45 min and 1, 2, 3, 6, 24,48, and 72 hr. Blood was 
withdrawn following topical administration a t  0,15,30, and 45 min and 
1,2,3,4,6,8,12,24,48, and 72 hr. Urine samples for carbon-14 analysis 
were collected at  0-24, 24-48, and 48-72 hr. 

A GC method modified from Yap et al. (14) was used to analyze the 
nitroglycerin content in the monkey plasma. Nitroglycerin and the in- 
ternal standard, isosorbide dinitrate, were extracted from plasma with 
hexane. The extract was then evaporated, reconstituted with ethyl ace- 
tate, and analyzed by GC3 using an electron-capture detector. A glass 

a Mean f SEA! for three monkeys. * - Plasma samples not drawn. 

Oo0 1 

1 
0 0.2 0.4 0.6 0.8 1.0 1.2 

HOURS 
Figure 1 - f /asma concrntration-timr curue for nitrog/.vcrrin fd/oirtng 
intrar~nous administration. Thc bars represent the SEM for each mean 
ualuc. 

' Hewlett-l'ackard ?vIi>del 5;lOA. Avimdale. P a  

12.0 
24.0 
48.0 

0 
386 f 54 
289 f 48 
292 f 15 
259f 3 
338 f 27 
353f 6 
340f 7 
333 f 10 
314 f 13 
295 f 13 

220 f 24 
- 
- 
- 

62f 7 
37% 2 

0 
- b  
- 
- 
- 
8f4 
24 f 12 
34 f 17 
57 f 25 

177 f 41 
315 f 69 
426 f 64 
616 f 69 
162 * 46 . .. - - . . 
917 f 45 
754 f 54 
374 f 25 

72.0 28f 2 249 f 28 
Mean f SEM for three monkeys. - Plasma samples not drawn. 

column (1.2 m X 2 mm) was packed with 3% OV-1 liquid phase on 
Chromosorb W-HP, 100-200 mesh4. The injection port, column, and 
detector temperatures were 200", l l O o ,  and 200", respectively. The carrier 
gas was 5% methane-argon and had a flow rate of 25 ml/min. The re- 
tention times for nitroglycerin and isosorbide dinitrate were 1.8 and 6.0 
min, respectively. 

Bioavailability of nitroglycerin was determined by the ratios of the 
areas under the concentration-time curves (AUC 0 - -) for intravenous 
and topical plasma nitroglycerin and plasma carbon-14. The trapezoidal 
area was measured to the last data point, and the remaining area was 
determined using the terminal slope of the concentration-time curve. 
The ratio of the topical A U C  to the intravenous AUC is the absolute 
bioavailability of nitroglycerin following topical administration. Bio- 

10 

- 
E 

2- 
a 

. m 

W 
I 

0. 

I 

I 

4 8 12 1 6 20 24 
HOURS 

Figure 2--Plasma concentration-time curue for nitroglycerin following 
topical administration. T h e  bars represent the SEM for each mean 
ualue. 
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Table 111-Urinary Excretion of Carbon-14 Following 
Intravenous and ToDical Administration of [14C1Nitronlycerin 

Time, 
hr 

Excretion, % of doseo 
Intravenous Topical 

0-24 50.9 f 4.2 30.9 f 3.9 
24-48 2.4 f 0.3 7.0 f 0.2 
48-72 0.3 f 0.2 0.9 f 0.03 
0-72 53.7 f 3.9 38.8 f 3.7 

~ ~ 

Mean f SEM for three monkeys. 

availability of nitroglycerin was also determined from the urinary ex- 
cretion of carbon-14 following topical and intravenous administration. 
Blood levels were fit to the appropriate pharmacokinetic model using 
NONLIN (15). 

The absolute bioavailability of nitroglycerin and carbon-14 was esti- 
mated by: 

AUC topicalhopical dose (Eq. 1) 
percentage = 

AUC intravenoushntravenous dose 
where the AUC is expressed as ng hr m1-I. Bioavailability was estimated 
from urinary excretion using: 

x 100 total [W] excretion topical administration 
total [ W ]  excretion intravenous administration 

percentage = 

(Eq. 2) 

RESULTS 

Table I and Fig. 1 show the plasma concentrations of unchanged ni- 
troglycerin following intravenous administration. The decline in plasma 
nitroglycerin concentration was biexponential with an initial half-life 
of 0.8 min (2- to 5-min interval) and a terminal half-life of 18 min (5- to 
60-min interval). The first data point (0.02 min) was not used in the 
NONLIN analysis. 

Table I and Fig. 2 show the plasma concentrations of unchanged ni- 
troglycerin following topical administration of the ointment. Nitro- 
glycerin was first detected a t  0.25 hr postapplication. Peak plasma ni- 
troglycerin concentration occurred between 4 and 6 hr and nitroglycerin 
was still detectable a t  24 hr postapplication. The NONLIN analysis best 
f i t  a biexponential curve with an a-phase half-life of 3.0 hr, a &phase 
half-life of 4.3 hr, and a lag time of 0.5 hr. 

Table I1 gives the plasma concentrations of carbon-14 following in- 
travenous and topical administration of [14C]nitroglycerin. After intra- 
venous administration, plasma concentrations of carbon-14 fluctuated 
for the first 3 hr, probably due to metabolite formation. Levels then de- 
clined and by 72 hr had decreased lo-fold. After topical administration, 
plasma carbon-14 concentrations did not peak until 12 hr postadminis- 
tration. Urinary excretion of carbon-14 was also determined (Table 111). 
Within 72 hr 53.7 f 3.9 ( S E M )  %of the intravenous dose and 38.8 f 3.7% 
of the topical dose were excreted. Most of the radioactivity was excreted 
in the first 24 hr. Radioactivity not accounted for in urinary excretion 
probably was excreted by some other route (e .g . ,  feces). 

Based on the data given in Tables 1-111, the topical bioavailability of 
nitroglycerin was estimated by three methods; these are summarized in 
Table IV. The absolute bioavailability of topical nitroglycerin, deter- 
mined from the ratio of the nitroglycerin AUC values following intrave- 
nous and topical administrations, was 56.6 f 2.5% for the three monkeys. 
Bioavailability determined from the ratio of the plasma carbon-14 AUC 
values was 77.2 f 6.7%, and the estimate from the urinary excretion of 
carbon-14 was 72.7 f 5.8%. 

The difference in bioavailability estimates between unchanged ni- 
troglycerin and total carbon-14 is the amount of nitroglycerin which is 
metabolized as it is absorbed through the skin (percutaneous first-pass 
effect). By comparison of the plasma nitroglycerin AUC with the plasma 
carbon-14 AUC, the estimate of first-pass percutaneous metabolism is 
20.6%; by comparison to urine carbon-14 excretion, the estimate is 16%. 
Therefore, we can conclude that the percutaneous first-pass effect is quite 
small, only 16-21% depending on the method of comparison. 

DISCUSSION 

Yap and Fung (16) studied the pharmacokinetics of nitroglycerin in 
rats after intracardiac, oral, and topical administrations. Nitroglycerin 
had a half-life of -4 min after intracardiac administration and showed 
"flip-flop" kinetics after oral administration. The oral bioavailability was 

Table  IV-Bioavailability of Topical Nitroglycerin" 

Pharmacokinetic Monkey Mean 
Parameter 1 2 3 Bioavailabilityh 

Dose, mg 
Intravenous 
Tooical 

1.92 1.92 1.93 
18.0 19.7 19.4 

Plasma'nitroglycerin 
AUC, ng hr ml-' 

Bioavailabilit , % 61.1 52.5 56.2 

AUC. ue hr ml-I 

Intravenous 22.35 18.48 16.60 
Topical 127.98 99.75 93.82 

Plasma total raJoactivity 
- ~ -  . . , "  

Intravenous 
Topical 

Bioavailability, % 

6.77 6.92 8.22 
48.65 63.32 54.44 
76.6 89.2 65.9 

Urinary total radioactivity 
Intravenous. % dose excreted 60.2 46.6 53.6 
Topical, 90 dose excreted 39.1 32.2 45.1 

Bioavailability, 70 65.0 69.1 84.1 

56.6 f 2.5 

77.2 f 6.7 

72.7 f 5.8 

0 Determined from the plasma nitroglycerin AUC, plasma carbon-14 AUC, and 
urinary excretion of carbon-14. Mean f SEM.  

1.6%. supporting the concept of extensive first-pass metabolism (17). No 
detectable levels of nitroglycerin after topical administration were found 
(16). However, it was suggested later (18) that this may have been due 
to site-dependent absorption. Site-dependent absorption also occurs in 
the rhesus monkey and the human (19); however, this does not occur with 
the topical administration of nitroglycerin in the rhesus monkey (13). 

In the human, information on the topical administration of nitro- 
glycerin is limited. In one subject, nitroglycerin was not detected until 
20 min after topical application (20). When the study was stopped (60 
min) nitroglycerin was still detected. This suggested a sustained delivery 
of nitroglycerin since administration of a sublingual tablet afforded 
measurable plasma nitroglycerin levels a t  3 min and no detectable 
amounts a t  16 min. Maier-Lenz et al. (21) similarly reported that the 
half-life of nitroglycerin with sublingual administration was 8 min, but 
with topical administration a lag time of 14 min existed and measurable 
levels of nitroglycerin were present through a 3-hr period. Clinically, the 
effectiveness of topical nitroglycerin in patients with angina has been 
demonstrated for up to 8 hr after administration (22).  

The data in this study agree with the literature reports on sublingual 
and topical nitroglycerin administration. Intravenously administered 
nitroglycerin disappeared from the blood very rapidly with a terminal 
half-life of 18 min. With topical administration there was a lag time of 
0.5 hr with detectable levels of nitroglycerin occurring through a 24-hr 
period with peak levels a t  4-6 hr postapplication. Topical nitroglycerin 
ointment can be considered a sustained-release dosage form, especially 
when compared with a sublingual tablet. 

The pharmacokinetics of topical nitroglycerin administration are of' 
interest since the short half-life seen with intravenous administration 
was not present. Instead, the plasma concentration-time curve was a 
broad curve with an a-phase half-life of 3 hr and a &phase half-life of 
4.3 hr. I t  seems reasonable that these phases of the curve are part of the 
complex absorption process and that any true elimination phase for ni- 
troglycerin is lost among the absorption kinetics. I t  should be stated also 
that the AUC values following topical administration may be overesti- 
mated due to the inability to accurately calculate p.  The degree of error 
for the total is dependent on the degree of error in /3 and the fraction of 
the total AUC composed of the fraction from 24 hr. However, this degree 
of error probably is small since the extrapolated area fraction involves 
only -5% of the total AUC. 

The absolute bioavailability of nitroglycerin following topical ad- 
ministration was 56.6%. There are no literature values for comparison. 
The mean bioavailability in male volunteers of isosorbide dinitrate from 
an ointment was -30% of the bioavailability from the sublingual tablet 
(23). Plasma levels of isosorbide dinitrate were present up to 120 min 
following sublingual administration and up to 32 hr following topical 
administration. These estimates o!30-60% are certainly greater than the 
very low bioavailability estimates for oral preparations. 

Nitroglycerin bioavailability measurements using the plasma AUC 
(total carbon-14) method were similar to those obtained by total urinary 
excretion of the radioactive label. Estimates from carbon-14 analysis were 
only 16-2170 above the absolute bioavailability, a difference probahly due 
to percutaneous first-pass effect. Use of plasma carbon-14 AUC and total 
urinary carbon-14 excretion to estimate percutaneous absorption has 
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been reported previously (24). The methods seem appropriate for esti- 
mates of transdermal absorption if a specific analytical procedure is not 
available and percutaneous first-pass metabolism is not extensive. 
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Abstract 0 The 1,3,6-tri-O-acetyI and 1,3,6-tri-O-acetyl-4-O-mesyl 
analogues of N-acetyl-D-mannosamine and the corresponding N-tri- 
fluoroacetyl derivative have been synthesized, and their effects on the 
proliferation of Friend erythroleukemia cells in culture have been eval- 
uated. The acetamido series showed a dependency on the 4-substituent 
for optimum cytotoxicity while the trifluoroacetamido series did not. 
Thus, the 1.3,4,6-tetra-O-acetyl and 1,3,6-tri-0-acetyl-4-O-mesyl ana- 
logues of N-acetyl-D-mannosamine were 10-fold and 42-fold more active. 
respectively, than 2-acetamido-1,3,6-tri-0-acetyl-2-deoxy-a-D-man- 
nopyranose as inhibitors of cellular replication. The corresponding tri- 
fluoroacetamido analogues were essentially equiactive and had a potency 
equivalent to that of the 4-0-mesyl derivative in the acetamido series. 

Keyphrases N-Acetyl-D-mannosamine-synthesis of acetamido and 
trifluoroacetamido analogues, effects on the proliferation of Friend 
leukemia cells 0 Analogues-of N-acetyl-D-mannosamine, acetamido 
and trifluoroacetamido series, synthesis, effects on the proliferation of 
Friend leukemia cells Antileukemic agents-potential, acetamido and 
trifluoroacetamido analogues of N-acetyl-D-manncsamine. tested against 
Friend leukemia cells 

2 - Acetamido - 1,3,4,6 - tetra - 0 - acetyl - 2 - deoxy - P- 
D-mannopyranose (I), the peracetylated analogue of N -  
acetyl-D-mannosamine, a metabolic precursor in the bio- 
synthetic pathway for sialic acid (1) (Fig. l), and the cor- 
responding trifluoroacetamido analogue (V) were recently 
reported to be inhibitors of the growth of Friend erythro- 
leukemia cells in culture (2). Both analogues were equi- 
potent inhibitors of the incorporation of [3H]N-acetyl- 

D-mannosamine into the glycoprotein-bound sialic acid 
of Friend erythroleukemia cells (2); however, different 
enzymatic sites appeared to be involved. Compound I 
caused an accumulation of radioactivity from [SHIN-ace- 
tyl-D-mannosamine in N-acetylneuraminic acid and a 
decrease in cytidine monophosphate-N-acetylneuramin- 
ic acid in the ethanol-soluble metabolites of cells, while V 
caused an accumulation of [3H]cytidine monophos- 
phate-N-acetylneuraminic acid. In addition, both I and 
V produced an increase in the amount of neuraminidase- 
hydrolyzable sialic acid-like material on the surface of 
treated cells, presumably as a result of their metabolic 
utilization and incorporation into cellular macromolecules 
(3). 

Since intracellular deacetylation must precede metab- 
olism of these analogues along the sialic acid biosynthetic 
pathway, we presumed that I would ultimately give the 
noncytotoxic metabolite, N-acetyl-D-mannosamine; it was 
therefore surprising to find that I was relatively active as 
an inhibitor of cellular replication. Consideration of the 
hydroxyl groups which are required for the conversion of 
N-acetyl-D-mannosamine to N-acetylneuraminic acid- 
9-phosphate (1) (Fig. l), reveals that such metabolic con- 
version only necessitates the removal of acetyl groups from 
the 1,3,  and 6 positions of I, thereby suggesting that the 
4-0-acetyl group remains intact and is responsible for the 
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been reported previously (24). The methods seem appropriate for esti- 
mates of transdermal absorption if a specific analytical procedure is not 
available and percutaneous first-pass metabolism is not extensive. 
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Abstract 0 The 1,3,6-tri-O-acetyI and 1,3,6-tri-O-acetyl-4-O-mesyl 
analogues of N-acetyl-D-mannosamine and the corresponding N-tri- 
fluoroacetyl derivative have been synthesized, and their effects on the 
proliferation of Friend erythroleukemia cells in culture have been eval- 
uated. The acetamido series showed a dependency on the 4-substituent 
for optimum cytotoxicity while the trifluoroacetamido series did not. 
Thus, the 1.3,4,6-tetra-O-acetyl and 1,3,6-tri-0-acetyl-4-O-mesyl ana- 
logues of N-acetyl-D-mannosamine were 10-fold and 42-fold more active. 
respectively, than 2-acetamido-1,3,6-tri-0-acetyl-2-deoxy-a-D-man- 
nopyranose as inhibitors of cellular replication. The corresponding tri- 
fluoroacetamido analogues were essentially equiactive and had a potency 
equivalent to that of the 4-0-mesyl derivative in the acetamido series. 
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leukemia cells 0 Analogues-of N-acetyl-D-mannosamine, acetamido 
and trifluoroacetamido series, synthesis, effects on the proliferation of 
Friend leukemia cells Antileukemic agents-potential, acetamido and 
trifluoroacetamido analogues of N-acetyl-D-manncsamine. tested against 
Friend leukemia cells 

2 - Acetamido - 1,3,4,6 - tetra - 0 - acetyl - 2 - deoxy - P- 
D-mannopyranose (I), the peracetylated analogue of N -  
acetyl-D-mannosamine, a metabolic precursor in the bio- 
synthetic pathway for sialic acid (1) (Fig. l), and the cor- 
responding trifluoroacetamido analogue (V) were recently 
reported to be inhibitors of the growth of Friend erythro- 
leukemia cells in culture (2). Both analogues were equi- 
potent inhibitors of the incorporation of [3H]N-acetyl- 

D-mannosamine into the glycoprotein-bound sialic acid 
of Friend erythroleukemia cells (2); however, different 
enzymatic sites appeared to be involved. Compound I 
caused an accumulation of radioactivity from [SHIN-ace- 
tyl-D-mannosamine in N-acetylneuraminic acid and a 
decrease in cytidine monophosphate-N-acetylneuramin- 
ic acid in the ethanol-soluble metabolites of cells, while V 
caused an accumulation of [3H]cytidine monophos- 
phate-N-acetylneuraminic acid. In addition, both I and 
V produced an increase in the amount of neuraminidase- 
hydrolyzable sialic acid-like material on the surface of 
treated cells, presumably as a result of their metabolic 
utilization and incorporation into cellular macromolecules 
(3). 

Since intracellular deacetylation must precede metab- 
olism of these analogues along the sialic acid biosynthetic 
pathway, we presumed that I would ultimately give the 
noncytotoxic metabolite, N-acetyl-D-mannosamine; it was 
therefore surprising to find that I was relatively active as 
an inhibitor of cellular replication. Consideration of the 
hydroxyl groups which are required for the conversion of 
N-acetyl-D-mannosamine to N-acetylneuraminic acid- 
9-phosphate (1) (Fig. l), reveals that such metabolic con- 
version only necessitates the removal of acetyl groups from 
the 1,3,  and 6 positions of I, thereby suggesting that the 
4-0-acetyl group remains intact and is responsible for the 
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I: R 
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H, R' = OCOCH3, R' = NHCOCH,, R3 = R4 = COCH, 
OCOCH3, R' = H,  R' = NHCOCHs, R3 = COCHs, R4 = H 

111: R = OCOCH3, R' = H, R' 
VI: R = OCOCH,, R' = H, R' = CF,CONH, R3 = COCH,, R' = H 

NHCOCHI, R3 = COCH3, R4 = SOiCH, 

VII: R = OCOCH,, R' = H, R' = CFaCONH, R3 = COCH,, R4 = SOiCH, 

biological and biochemical effects of this agent in er- 
ythroleukemia cells. In an effort to  gain evidence to  sup- 
port these conclusions, the preparation and evaluation of 
the cytotoxicity in Friend erythroleukemia cells of 2- 
acetamido- 1,3,6- tri-0 -acetyl-2-deoxy-a-D-mannopyranose 
(II), 1,3,6-tri-0-acetyl-2-deoxy-2-trifluoroacetamido- 
a-D-mannopyranose (VI), and their corresponding 4 - 0 -  
mesylates (I11 and VII) was undertaken. 

BACKGROUND 

The carbohydrates present on mammalian cell surfaces exist as com- 
ponents of glycolipid, glycoprotein, and glycosaminoglycan macromol- 
ecules, which collectively participate in functional properties such as 
adhesion, cellular interactions, and immunological phenomena (4). In 
recent years, studies directed at  the surface properties of neoplastic cells 
have highlighted many structural and functional differences between 
tumor cells and their normal counterparts (5). Although no universal 
property characteristic of malignancy has resulted from such studies, they 
have stimulated drug design targeted a t  the neoplastic cell membrane 
(6). Of the various cell-surface components, sialic acid (7) is of special 
interest, since it appears to be involved in fundamental properties of 
neoplastic cells such as the capacity to metastasize (8-10). 

Elevated levels of sialyltransferase activity (11, 12) and cell surface- 
bound sialic acid (13, 14) have been reported in some transformed cell 
lines in culture. Although such changes have not been observed uniformly, 
elevated levels of sialic acid and sialyltransferase activity have been re- 
ported in the serum of animals (15-17) and humans (16,18-20) bearing 
malignant neoplasms, and a variety of human lung carcinomas also have 
been shown to contain higher levels of protein-bound sialic acid than 
corresponding normal tissue (21). Since drugs that are capable of altering 
the synthesis, and thereby the content, of cell surface sialic acid-con- 
taining macromolecules may have utility as therapeutic agents, analogues 
of N-acetyl-D-mannosamine (a biosynthetic precursor of sialic acid) have 
been prepared. 

EXPERIMENTAL' 

Methods-All evaporations were performed under reduced pressure, 
and melting points2 were uncorrected. Column chromatography3 and 
TLC4 were performed on silica gel, the latter being developed by heating 
after the application of an ethanol-5% sulfuric acid spray. 'H-NMR 
spectra5 were run in deuterochloroform. Petroleum ether refers to a 
fraction having a bp  of 35-60'. 
2-Acetamido-1,3,6-tri-O-ac~tyl-2-deoxy-a-D-mannopyranose (11) 

-Aliquots of acetyl chloride were added to a solution of N-acetyl- 
P-D-mannosamine.H20 (1 g, 4.5 mmoles) in pyridine (15 ml) at room 
temperature. The reaction was monitored by TLC (chloroform-methanol, 
91, v/v) until optimal conversion to an anomeric mixture of tri-0-acetyl 
derivatives was obtained. Toluene was added and the mixture was 
evaporated under reduced pressure. The residue was chromatographed 
on silica gel (chloroform-methanol, 97.52.5) to give a mixture of tri-0- 
acetyl derivatives (0.51 g, 33%) which showed as three major spots on 
TLC. This material was crystallized from acetone-petroleum ether to 
give I1 (0.19 g, 12%), mp 216-217' (dec), [a]g - 63O (c 1, methanol); 

' Elemental analyses and optical rotations were performed by Baron Consulting 

* Thomas-Hoover capillary melting point apparatus. 

' Silica gel GF. 250-fim layer prescored 10 X 20-cm plates, Analtech, Inc., Ne- 

' 270-MHz Bruker HX-270 spectrometer. 

CO.. Orange, Conn. 

Silica gel 60 (70-230 mesh), EM Laboratories, Inc., Elmsford, NY 10523. 

wark. DE 19711. 

IV: R = H, R' = CF3CONH 
V: R = COCH3, R' = CF3CONH 

'H-NMR6: d 5.84 (d, 1 , 5 1 , 2  1.5 Hz, H-l),5.76 (d, 1, JZ,NH 9.1 Hz, NH), 
4.90(dd,1,J~,34.0,53,49.5Hz,H-3),4.73(m,1,H-2),4.52(dd,1,J~,~4.1, 
J6,6'-12.2 Hz, H-6), 4.30 (dd, 1,Js.g 1.6 Hz, H-6'), 3.763.63 (m, 2, H-4, 
H-5), 2.80 (d, 1, J 4 . 0 ~  3.7 Hz, OH), 2.14 (3, NHCOCHd, 2.10,2.08,2.07 
(9H, OCOCH3). 

Anal.-Calc. for C14H21N09: C, 48.41; H, 6.05; N, 4.03. Found: C, 48.29; 
H, 6.22; N, 4.25. 

2 - Acetamido - 1,3,6 - tri -0- acetyl - 2 - deoxy - 4 -0 - mesyl - a-D- 
rnannopyranose (1II)-Methanesulfonyl chloride (0.05 g, 0.44 mmole) 
was added to a solution of I1 (0.1 g, 0.29 mmole) in pyridine (5 ml) cooled 
to -loo. The mixture was allowed to stand a t  room temperature over- 
night, after which time TLC (chloroform-methanol, 91 ,  v/v) indicated 
a new product. Toluene was added and the mixture was then evaporated 
under reduced pressure. The residue was chromatographed on silica gel 
to afford the 4-mesylate 111, (chloroform-methanol, 491) as a syrup (0.1 
g, a%), [a12 - 18.9' (c 1, chloroform); 'H-NMR6: 6 5.86 (d, 1,51,2 1.8 Hz, 
H-l), 5.81 (d, 1, J~,NH 8.8 Hz, NH), 5.14 (dd, 1,J2,3 4.1,53,4 9.9 Hz, H-31, 
4.82-4.75 (m, 2, H-2, H-4), 4.45 (dd, 1,55,64.4,J6.6, -12.4 Hz, H-6), 4.25 
(dd, 1, J5.v 2.2 Hz, H-6'), 3.86 (m, 1,54,59.5 Hz, H-5), 3.07 (OSOZCH~), 
2.11,2.10,2.05 (12, NHCOCHj, OCOCH3). 

Anal.-Calc. for C15H23NOllS: C, 42.35; H, 5.41; N, 3.29; S ,  7.53. 
Found: C, 42.10; H, 5.68; N, 3.02; S ,  7.74. 
2-Deoxy-2-trifluoroacetamido-D-mannopyranose (ZV)-A solution 

of methanol (5 ml) and ethyl trifluoroacetate (1 ml) was added to a 
mixture of D-mannosamine hydrochloride7 (0.5 g, 2.3 mmoles) and so- 
dium carbonate (0.25 9). The reaction was shown by TLC (ethyl ace- 
tate-methanol, 4:1, v/v) to be essentially complete after 2-3 hr. The 
mixture was evaporated with silica gel and applied to a dry-packed col- 
umn of silica gel. Elution with chloroform-methanol (9:1, v/v) afforded 
IV (0.44 g, 69%) as an immobile syrup, [a]? t 19' (c 1, methanol). 

Anal.-Calc. for C&I&3NO,j: C, 34.91; H, 4.36; N, 5.09; F, 18.54. 
Found: C, 35.13; H, 4.67; N, 4.89; F, 18.16. 

1,3,6 -Tri -0- acetyl -2- deory -2- trifluoroacetamido -a- D-manno- 
pyranose (V1)-Acetyl chloride was added to a solution of IV (2.83 g, 7.1 
mmoles) in pyridine (180 ml) a t  room temperature. The reaction was 
conducted and processed as described for the preparation of 11. Chro- 
matography of the mixture of products on silica gel (chloroform), afforded 
the anomeric mixture of tri-0-acetyl derivatives (0.88 g, 21.2%) from 
which VI (0.22-g, 5.3%) was obtained on crystallization from ether, mp 

/ i - A c e I y I  glucosomine - I-@ CUTP 
UDP - N-Acelyl qlucosamine 

N-Acelyl  glucorarn~ne-6-@ \ 
Acetyl C o A q  

qlucosohtne F h n e - 6 - @  

Y 
[ N-Acetyl mannosamme I 

L-ATP 
4 

N-Acetyl monnosam1ne-6-@ 

Rosphoenol pyruvate 

N-Acetyl neuraminc ocid-9-@ 

/ 
J GLYCOPROTEIN N-Acelyl neuraminic acid 

GLYCOL I P I  D A C T P  
CMP-N-Acetyl 1 ncurominic acid 

Figure I-Eiosynthetic pathway for N-acetylneurarninic acid- (sialic 
acid) containing macromolecules. Key: (B) phosphate; (ATP) aden- 
osine triphosphate; (UTP) uridine triphosphate; (UDP) uridine di- 
phosphate; (CTP) cytidine triphosphate; (CMP) cytidine monophos- 
phate. 

~~ ~ ~ 

The proton at C-6 giving a higher field signal is designated H-6'. 
Sigma Chemical Co., St. Louis, MO 63178. 
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DRUG CONCENTRATION, M 
Figure 2-Effects of N-acetyl-D-mannosamine analogues on the pro- 
liferation of Friend erythroleukernia cells. Key: (- - -) I ,  IDm -9 x 10-5 
M; (---) I I ,  IDm -8.5 X 

148-150", [a]g + 36" (c 1, methanol); 'H-NMR6: 6 6.49 (d, 1, J ~ . N H  8.8 

4.62 (m, 1, H-2),4.55 (dd, 1, J5,6 4.0, J6.6 -12.4 Hz, H-6). 4.25 (dd, 1, J5.v 
2.4 Hz, H-6'), 3.97 (m, 1, H-5),3.74 (td, 1,54.59.9 Hz, H-4),2.86 (d, 1 , J 4 , 0 ~  

Anal.-Calc. for ClrHlg3N09: C, 41.90; H, 4.49; N, 3.49; F, 14.21. 
Found: C, 41.78; H, 4.68; N, 3.37; F, 13.92. 

1,3,6 -Tri - 0 - acetyl - 2 - deoxy - 2 - trifluoroacetamido - 4 -0 - mesyl- 
a- D-mannopyranose (VI1)-Methanesulfonyl chloride (0.22 g) was 
added to a solution of VI (0.25 g, 0.52 mmole) in pyridine (2.5 ml) cooled 
to -10". The mixture was allowed to stand a t  room temperature over- 
night, when TLC (chloroform) indicated completion. The mixture was 
processed as described for 111; the product was chromatographed on silica 
gel (chloroform-petroleum ether 3:1, v/v) to afford VII as a syrup (0.275 
g, 93%), [a1203 + 68.3 (c 1, chloroform); 'H-NMRG: 6 6.79 (d, 1, JZ,NH 8.8 

H-3), 4.88 (t, 1, J4,5 9.9 Hz, H-4), 4.67 (m, 1, H-2), 4.47 (dd, 1, J5.6 4.0, J6.g 
-12.4 Hz, H-6). 4.23 (dd, 1 ,  J55.2.2 Hz, H-6'),4.14 (m, 1,  H-5). 3.08 (3H, 

Anal.-cak. for CI5H2&3NOllS: C, 37.58 H, 4.80; N, 2.92; S, 6.68; F, 
11.90. Found: C, 37.79; H, 4.38; N,  3.30; S, 6.38; F, 1 1.89. 

Assay of Cytotoxic Activity in Cell Culture-Friend erythroleuk- 
emia cells were grown a t  37" in a suspension culture of Dulbecco's mod- 
ified Eagle's medium containing 15% fetal calf serum and 0.02 mM glu- 
tamine. Exponentially growing Friend cells were seeded in 25-cm2 plastic 
culture flasks a t  1 X 105 cells/ml in 5 ml of medium. The test substance 
at  various concentrations in phosphate-buffered saline was added at  time 
zero, and the cells were incubated for 48 hr. The total number of cells in 
each of duplicate flasks was determined for the three separate experi- 
ments with a particle countefl. 

M; (-) I I I ,  ID% -2 X M. 

Hz, NH), 6.07 (d, l,J1,2 1.8 Hz, H-l) ,  5.24 (dd, 1, J2,34.4,53,4 9.9 Hz, H-3), 

4.4 Hz, OH), 2.20, 2.14, 2.08 (9. OCOCH3). 

Hz, NH), 6.12 (d, 1 , J l . z  2.2 Hz, H-I),  5.48 (dd, 1 , J2 .3  4.4, J3.4 10.3 Hz, 

OSOZCH~), 2.18, 2.13,2.09 (9H, OCOCH3). 

RESULTS AND DISCUSSION 

In an effort to determine whether the biological properties of 2-acet- 
amido-1,3,4,6-tetra-O-acetyl-2-deoxy-~-D-mannopyranose (1) were re- 
lated to the presence of a more stable 4-0-acetyl group relative to the 
other acetyl groups and, in addition, toascertain whether this substituent 
is also involved in the cytotoxic action of the trifluoroacetamido analogue 
(V), 2-acetamido-1,3,6-tri-O-acetyl-2-deoxy-a-D-mannopyranose (II), 
1,3,6 -tri- 0-acetyl -2- deoxy-2-trifluoroacetamido-a-D-mannopyranose 
(VI), and their corresponding 4-0-mesylates (111) and (VII) were pre- 
pared and evaluated for their cytotoxicity in culture. I t  was speculated 
that removal of the 4-0-acetyl group from I to give I1 would result in a 
significant reduction in the cytotoxic properties in culture, while sub- 
stitution of the 4-0-mesyl group, which is structurally similar and might 
be expected to be relatively more resistant to enzymatic hydrolysis, would 
result in greater activity than I. 

The synthesis of trifluoroacetamido derivatives has been reported 
utilizing a variety of reagents, including ethyl trifluoroacetate (22,23), 
trifluoroacetyl triflate (24). and trichlorotrifluoroacetone (25). S-Ethyl 
trifluorothioacetate (26) and trifluoroacetic anhydride (27-30) have been 
used previously in the synthesis of amino sugar nucleosides, in which the 

Model ZBI particle counter. Coulter Electronics, Hialeah, Fla. 

- 
1 x lo-* 1 x lo-4 

DRUG CONCENTRATION, M 

Figure 3-Effects of N-trifluoroacetamido-D-mannosomine analogues 
on the proliferation of Friend erythroleukemia cells. Key: (-- -1 VII,  IDm 

M. 
-2 x 10-5 M; (-) v, ID% -2 x 10-5 M; (--I VI, ID% -3 x 10-5 

trifluoroacetyl moiety served as an N-blocking group. Accordingly, 
treatment of D-mannosamine hydrochloride with ethyl trifluoroacetate 
in methanol in the presence of sodium carbonate afforded 2-deoxy-2- 
trifluoroacetamido-D-mannopyranose (IV) as an immobile syrup in 69% 
yield. Compounds I1 and VII were prepared by a selective reaction in- 
volving treatment of N-acetyl-j%D-mannosamine and IV in pyridine with 
acetyl chloride until an optimum conversion to a triacetylated mixture 
was apparent. These products were purified by silica gel column chro- 
matography, to afford anomeric mixtures of triacetylated derivatives from 
which the appropriate a-anomers I1 and VII were crystallized in 12% and 
5.3% yields, respectively. 

The structures of the analogues were confirmed by 'H-NMR spec- 
troscopy. The 51.2 coupling constants for I1 and VI were 1.5 and 1.8 Hz, 
respectively, indicating the a-configuration (31). The signals due to H-4 
coincided with H-5 (6 3.76-3.63) in I1 and appeared a t  3.74 in VI, essen- 
tially resonating a t  a higher field when compared with the other ring 
protons (as would be expected). Doublets a t  6 2.80 in I1 and 6 2.86 in VI 
were assigned to the OH groups a t  H-4, since addition of deuterium oxide 
caused the signals to collapse while the triplet of doublets due to H-4 in 
VI reverted to a triplet. Further treatment of I1 and VII with methane- 
sulfonyl chloride in pyridine afforded mesylates (111) and (VII) as syrupy 
products. The 'H-NMR spectra of 111 and VII both showed shifts of their 
H-4 resonance signals to lower field in comparison with I1 and VI, re- 
spectively, while three proton singlets at  6 3.07 in I1 and 6 3.08 in VII were 
assigned to the mesyl groups. 

Compounds 1-111 and V-VII were tested for their ability to inhibit the 
growth of Friend erythroleukemia cells in culture. The tetraacetate ( I )  
had an ID5&' of -9 X 
M and 2 x 10-5 M, respectively (Fig. 2). In contrast, the trifluoroace- 
tamido analogues V, VI, and VII all gave similar ID% values of 2-3 X 10-5 
M (Fig. 3)'O. The triacetate (11) is, therefore, 10-fold less active than I, 
while the 4-0-mesylate (111) is a t  least fourfold more active. These 
findings support the conclusion that the 4-0-acetyl and 4-0-mesyl groups 
play an important role in the cytotoxic properties of these compounds. 
The finding of similar activity for analogues in the trifluoroacetamido 
series (V-VII) implies that the biological properties of these compounds 
are due predominantly to the trifluoroacetamido moiety and are inde- 
pendent of substituents a t  the 4-position. 

M, while that of I1 and 111 were -8.5 X 
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Abstract 0 A high-performance liquid chromatographic (HPLC) 
method for the simultaneous determination of pralidoxime chloride (I) 
and its major decomposition products in an injectable formulation is 
described. I and i t s  decomposition products were detected and quanti- 
tated by their UV absorbances a t  270 nm, after being separated from 
related compounds and formulation excipients on a reverse-phase c - 1 8  
column using a mobile phase consisting of 52% acetonitrile and 48% of 
an aqueous solution containing 0.005 M phosphoric acid and 0.001 M 
tetraethylammonium chloride. The major decomposition products of I 
in the injectable formulation were identified by their retention times and 
stop-flow spectroscopy as 2-tarboxy-N-methylpyridinium chloride, 
N-methyl-2-pyridone, 2-carbamoyl-N-methylpyridinium chloride, 2- 
hydroxymethyl-N-methylpyridinium chloride, and 2-cyano-N- 
methylpyridinium chloride. A substance of unknown identity also was 
detected in degraded solutions of I. Stop-flow spectroscopy, employing 
the spectral discrimination technique, showed that the method is specific 
for I. Recovery of I from a spiked placebo formulation averaged 99.9%. 

The accuracy of the method was also demonstrated for the decomposition 
products over a range of concentrations representing 1-50% decompo- 
sition. Replicate determinations of I in degraded solutions gave coeffi- 
cients of variation of 1.0 and 1.5%, while the precision of determining the 
decomposition products range from 1.3 to 6.5%. Regression lines with 
correlation coefficients >0.9999 were obtained for I and its decomposition 
products, and solutions of these compounds were shown to be stable in 
the mobile phase for several days. Results for I by the HPLC and USP 
procedures are compared. 

Keyphrases Pralidoxime chloride-decomposition products in 
aqueous solutions, concurrent high-performance liquid chromatographic 
determination High-performance liquid chromatography-concurent 
determination of pralidoxime chloride and its decomposition products 
in aqueous solutions, comparison to USP procedure Degradation 
products-of pralidoxime chloride, concurrent high-performance liquid 
chromatographic determination 

Pralidoxime chloride, 2-[ (hydroxyimino)methyl] -1- 
methylpyridinium chloride (I), is a reactivator of organo- 
phosphate-inhibited cholinesterase. It has therapeutic 
value as an antidote to poisoning by organophosphate 
agricultural chemicals, chemical warfare agents, and drugs 
acting as cholinesterase inhibitors. Compound I is typically 
formulated as an aqueous injectable solution which is ad- 
ministered intramuscularly immediately after the onset 
of anticholines terase poisoning. 

Unfortunately, aqueous solutions of the various salts of 
pralidoxime have been shown to be unstable. The insta- 
bility of pralidoxime in both acidic and basic media was 
first described in a series of reports (1-4) which proposed 
the existence of several decomposition products of prali- 
doxime iodide: the iodide salts of the 2-carboxy-, 2-formyl-, 
2-carbamoyl-, and 2-cyano-N-methylpyridinium ions and 
N-methyl-2-pyridone. In addition, two major decompo- 
sition products were detected in solutions of pralidoxime 
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Abstract 0 A high-performance liquid chromatographic (HPLC) 
method for the simultaneous determination of pralidoxime chloride (I) 
and its major decomposition products in an injectable formulation is 
described. I and i t s  decomposition products were detected and quanti- 
tated by their UV absorbances a t  270 nm, after being separated from 
related compounds and formulation excipients on a reverse-phase c - 1 8  
column using a mobile phase consisting of 52% acetonitrile and 48% of 
an aqueous solution containing 0.005 M phosphoric acid and 0.001 M 
tetraethylammonium chloride. The major decomposition products of I 
in the injectable formulation were identified by their retention times and 
stop-flow spectroscopy as 2-tarboxy-N-methylpyridinium chloride, 
N-methyl-2-pyridone, 2-carbamoyl-N-methylpyridinium chloride, 2- 
hydroxymethyl-N-methylpyridinium chloride, and 2-cyano-N- 
methylpyridinium chloride. A substance of unknown identity also was 
detected in degraded solutions of I. Stop-flow spectroscopy, employing 
the spectral discrimination technique, showed that the method is specific 
for I. Recovery of I from a spiked placebo formulation averaged 99.9%. 

The accuracy of the method was also demonstrated for the decomposition 
products over a range of concentrations representing 1-50% decompo- 
sition. Replicate determinations of I in degraded solutions gave coeffi- 
cients of variation of 1.0 and 1.5%, while the precision of determining the 
decomposition products range from 1.3 to 6.5%. Regression lines with 
correlation coefficients >0.9999 were obtained for I and its decomposition 
products, and solutions of these compounds were shown to be stable in 
the mobile phase for several days. Results for I by the HPLC and USP 
procedures are compared. 

Keyphrases Pralidoxime chloride-decomposition products in 
aqueous solutions, concurrent high-performance liquid chromatographic 
determination High-performance liquid chromatography-concurent 
determination of pralidoxime chloride and its decomposition products 
in aqueous solutions, comparison to USP procedure Degradation 
products-of pralidoxime chloride, concurrent high-performance liquid 
chromatographic determination 

Pralidoxime chloride, 2-[ (hydroxyimino)methyl] -1- 
methylpyridinium chloride (I), is a reactivator of organo- 
phosphate-inhibited cholinesterase. It has therapeutic 
value as an antidote to poisoning by organophosphate 
agricultural chemicals, chemical warfare agents, and drugs 
acting as cholinesterase inhibitors. Compound I is typically 
formulated as an aqueous injectable solution which is ad- 
ministered intramuscularly immediately after the onset 
of anticholines terase poisoning. 

Unfortunately, aqueous solutions of the various salts of 
pralidoxime have been shown to be unstable. The insta- 
bility of pralidoxime in both acidic and basic media was 
first described in a series of reports (1-4) which proposed 
the existence of several decomposition products of prali- 
doxime iodide: the iodide salts of the 2-carboxy-, 2-formyl-, 
2-carbamoyl-, and 2-cyano-N-methylpyridinium ions and 
N-methyl-2-pyridone. In addition, two major decompo- 
sition products were detected in solutions of pralidoxime 

0022-3549f 831 0700-075 1$0 1.001 0 
@ 1983, American Pharmaceutical Association 
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Figure  1-Chromatogram of a synthetic mixture of I-XII. Key: (1) I I .  
(2) 111 and  IV, (3) V,  (4) VI and VII ,  (5) VII I ,  (6) IX and  X ,  (7) I, and 
(8) XI. Compound X I 1  is not shown (retention time = 27.4 min). 

methanesulfonate (5), which were identified as the 
methanesulfonate salts of the 2-carbamoyl- and 2-cyano- 
N-methylpyridinium ions. The kinetics of the hydrolysis 
of the cyano-pyridinium ions were studied (6), and it was 
shown that 99.1% of the material from the alkaline hy- 
drolysis of the 2-cyano-N-methylpyridinium ion could be 
accounted for as 2-carbamoyl-N-methylpyridinium ion 
and N-methyl-2-pyridone. A fluorescent product was 
isolated from the alkaline hydrolysis of I (7). On the basis 
of physical and physicochemical properties, it was con- 
cluded that this product was 2-cyano-1-methyl-4-pyri- 
done. 

Although a complete decomposition profile of I has not 
been described in the literature, it was anticipated that the 
decomposition of I would lead to the same decomposition 
products as reported for the corresponding iodide and 
methanesulfonate salts. The procedure in the USP XX (8) 
for determining I does not adequately separate and isolate 
these decomposition products before analysis. I is quan- 
titated in the presence of its decomposition products at the 
UV wavelength of 336 nm, which is sensitive for I but has 
only minimal sensitivity for the decomposition products. 
A number of high-performance liquid chromatographic 
(HPLC) procedures (9-1 1) for determining pyridinium 
aldoximes have been reported; however, not one is suitable 
for studying the stability of I. 

In this present study, a specific HPLC method has been 
developed which separates and simultaneously quantitates 
I and its major decomposition products. In addition, this 
chromatographic system separates I from its primary 
synthetic precursor, pyridine-2-aldoxime, and a number 
of other structurally related compounds. This method was 
used to study the stability of an injectable formulation of 
I and two previously unreported decomposition products 
were detected. 

1 

1 

5 

1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1  
0 4 8 12 

5 

t ' l ' l ' l ' l ~ l ' ~  
0 4 8 12 

RETENTION TIME, min 
Figure  2-Chromatograms of the injectable formulation a t  day zero 
(a) and  after being stored a t  80° for 2 (b), 4 (c), and 8 (d) weeks. Key: (I) 
I I ,  (2) I I I .  (3) VIII.  (4) X and the unknown compound, (5) I, and  (6) 
XI. 

EXPERIMENTAL 

Reagents-Phosphoric acid' was reagent grade; tetraethylammonium 
chloride2 was used without further purification; acetonitrile3 was UV 
grade, distilled in glass. The  following reference compounds were used: 
pralidoxime chloride4 (I), 2-carboxy-N-methylpyridinium chloride5 (II), 
N-methyl-2-pyridone5 (III), 2-cyano-1-methyl-4-pyridone6 (IV), pyri- 
dine-2-aldoxime5 (V), syn-pralidoxime chloride7 (VI), 2-formyl-N- 
methylpyridinium chloride8 (VII), 2-carbamoyl-N-methylpyridinium 

Mallinckrodt Inc.. Paris, Ky. 

Burdick and Jackson Laboratories, Muskegon. Mich. 
House reference standard strength uersus USP reference standard is 

Aldrich Chemical Co.. Milwaukee Wis.; used without further purification. 
Synthesized by the procedure of SpoljariC et al. (5). 

* Eastman Kodak Co., Rochester, N.Y. 

100.3%. 

' Synthesized by the procedure of Ginsburg and Wilson (12). 
8 Synthesized by the procedure of Ellin and Kondritzer (2). 
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chlorideg (VIII) ,  2-aminomethyl-N-methylpyridinium chlorides (IX), 
2-hydroxymethyl-N-methylpyridinium chlorides (X),  2-cyano-N- 
methylpyridinium chloridelo (XI), and N-methylpyridinium chlorides 
(XII). 

Chromatographic  System-The high-performance liquid chroma- 
tograph consisted of a mobile-phase pump" operated at 0.8 ml/min (1600 
psi), a sample injector'? set for a 15-pl injection volume, a variable- 
wavelength UV detectori3 at  270 nm (0.08 AUFS), a p r e ~ o l u m n ~ ~  posi- 

Synthesized by C. E. Orzech and F. Q. Gemmill, Jr., Ayerst Laboratories, Inc.. 

Model 740-P, Spectra Physics, Santa Clara, Calif. 

Rouses Point, N.Y. 
lo  Synthesized by the procedure of Ellin (1 ) .  

l2 WISP 710B. Waters Associates, Milford. Mass. 
l3  Model LC.75 with auttxontrol. Perkin-Elmer Corp.. Norwalk, Conn. 
l 4  250 X 4.6-mm i.d. ciilumn packed with LiChrosorb Si-60 (10 pm), M C D  

Manufacturing Chemist Inc.. Cincinnati, Ohio. 

tioned between the pump and the injector, and an analytical reverse- 
phase C-18 column15. Areas under the chromatographic peaks were 
measured by electronic integration16. The mobile phase consisted of 52% 
acetonitrile and 48% of an aqueous solution of 0.005 M phosphoric acid 
and 0.001 M tetraethylammonium chloride. Chromatographic data were 
acquired a t  ambient temperature. 

Analyt ical  Procedure-Preparat ion of Sample and Slundard So- 
lutions-A volume equivalent to 330 mg of I was transferred to a 250-ml 
volumetric flask and diluted to volume with water. A 1.0-ml aliquot of 
this solution was pipetted into a 50-ml volumetric flask and diluted to 
volume with the mobile phase. 

Stock solutions were prepared by accurately weighing -25.50, and 75 
~~ 

l5 250 X 3.2-mm i.d.. column packed with Spherisurb-ODS ( 5  pm). Phase Sepa- 

l6 Model 3354B, Hewlett-Packard. Avondale, Pa. 
rations, Hauppauge, N.Y. 
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Figure 4-Chromatograms of the injectable formulation a t  day zero 
(a) and after storage at  room temperature for 8 (b) and 48 (c) weeks. Key: 
(1) unknown compound; (2) 1. 

mg of I, transferring these amounts to separate 50-ml volumetric flasks, 
and dissolving them in water. A 1.0-ml aliquot of each stock solution was 
diluted separately to 50 ml with mobile phase. A standard solution con- 
taining 11,111, VIII, and XI was prepared by accurately weighing -33 mg 
of each compound, transferring these amounts to a single 50-ml volu- 
metric flask, and dissolving and diluting them to volume with water. A 
10.0-ml aliquot of this solution was diluted to 50 mi with water. A 1.0-ml 
aliquot of this diluted solution was pipetted into a 50-ml volumetric flask, 
which contained 1.0 mi of the stock solution containing 50 mg of I. The 
mixture was diluted to volume with the mobile phase. 

System Suitability Test-The detector wavelength was set to 270 nm, 
15 pl of the middle (50 mg) standard preparation was injected, and the 
flow rate of the mobile phase and sensitivity of the detector were adjusted 
90 that the I peak eluted in -7.5 min (4.8 ml/min) and was at  least 50% 
of full scale (-0.08 AUFS). After the chromatographic conditions sta- 
bilized, 15 pl of the middle (50 mp) standard preparation and 15 pl of the 

1 

I b 
4 

a 

4 8 12 

4 

0 4 8 
RETENTION TIME, rnin 

12 

Figure 5-Chromatograms of the injectable formulation stored a t  BOO 

for 4 weeks, using a detector wavelength of 200 nm (a) or 270 nm (b). Key: 
(I) 11, (2) Ill, (3) benzyl alcohol, (4) VIII. (5) X and the unknown com- 
pound, (6) I, and (7) XI. 

standard preparation containing 11,111, VIII, and XI were injected. The 
areas of the I peak in each chromatogram were obtained and compared; 
the Chromatographic system was considered suitable for use if the areas 
were within 2%. 

Injection Procedure-A 15-pl aliquot of each standard preparation 
was injected and the areas of the peaks for I, 11,111, VIII, and XI were 
obtained. The same volume of each sample preparation was injected and 
the corresponding peak areas were determined. 

Calculations-A least-squares linear regression line of the peak area 
uersus weight of I ( W,) was obtained. The weight ( W )  corresponding to 
the peak area of I in the sample preparation was obtained from the re- 
gression line. The concentration of I in the sample was calculated 
from: 

[mg/ml] = (W)(5)(P)(UV) 0%. 1) 

where W is the weight of I corresponding to the area of I in the sample 
preparation chromatogram, P is the strength of the I reference standard 
(decimal), V is the volume (mi) of sample solution assayed, and 5 is the 
dilution factor (250/50). The concentration of each decomposition 
product detected in the sample was calculated from: 

[mg/ml] = ( A ~ / A I ) ( W ~ ) ( P ) ( ~ / V )  (Eq. 2) 

where A1 and A2 are the areas of the appropriate decomposition product 
peaks (11,111, VIII, or XI) in the standard and sample preparations, re- 
spectively; w d  is the weight (mg) of the decomposition product; and P 
is the strength of the decomposition product standard (decimal). If a 
peak(s) was observed eluting between that of VIII and I (-6.7 rnin), a 
response equal to the latter was assumed and the concentration was 
calculated accordingly. 
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Table I-Wavelength Absorbance Ratios for  Reference I and 
Injectable Formulation Stored for 2 Weeks a t  80' 

Table 111-Recovery of 11,111, VIII, and XI from the Injectable 
Formulation 

Wave- Absorbance Ratios ( 8 )  Recoverv. % 
~ ,. ~~~ . ., ..__. ~~ 

length Peak Identity Peak Homogeneity Spike Level", % I1 111 VIII XI 
(A), nm Reference/Sample Middle/Front Middle/Back Front/Back ~- ..- . .. . 

1 114.7 115.4 100.0 114.7 
210 0.74 3.10 (min) 3.70 1.20 (max) 
220 0.75 (max) 3.24 3.51 ( m i d  1.09 
240 0.75 3.47 3.81 1.10 
250 0.75 3.54 3.82 1.08 
270 0.74 3.87 (max) 4.30 (max) 1.11 
280 0.74 3.56 3.68 1.04 
290 0.75 3.40 3.53 1.04 
300 0.74 3.48 3.59 1.03 
310 0.72 (min) 3.85 3.85 1.00 (min) 

D = QmaJQmin = 
1.04 1.25 1.23 1.20 

a Front, middle, and back of peak 5 in Fig. 2b. 

RESULTS AND DISCUSSION 

Specificity and Identification of Decomposition Products- 
Previous reports (1-7) have indicated that the degradation of I can pro- 
ceed oia hydrolysis or dehydration to form a number of decomposition 
products. Among those decomposition products previously reported are 
11,111, IV, VII, VIII, and XI. Since pyridinium compounds readily form 
decomposition products, some of which may not have been described in 
these original studies, additional compounds including V (the primary 
synthetic precursor of I), VI (the syn-isomer of I), IX, X, and XI1 were 
also studied. 

To accurately monitor the stability of I in the injectable formulation, 
it is mandatory that the chromatographic system be capable of separating 
I from all its possible decomposition products. Because of the quaternary 
structure of the pyridinium aldoximes, ion-pair HPLC was expected to 
provide the required separation. However, various mobile phase com- 
binations employing classical ion-pairing reagents of opposite charge, 
e.g., N-heptanesulfonic acid and sodium dodecanesulfonate, produced 
only partial separations and tailing of some peaks. Mobile phases 
employing tetraethylammonium chloride, a modifier with the same 
charge as the pyridine aldoximes, produced superior separations and 
more symmetrical peaks. Control of retention and peak shape by a 
modifier of the same charge as the sample is not considered to be the 
classical ion-pairing phenomenon, but is better explained by the 
broader-scoped concept of ion interaction (13). 

The separation of I from 11-XI1 using the aforementioned HPLC 
system is shown in Fig. 1. Compound XI1 is not shown in the chromato- 
gram due to its excessively long retention time of 27.4 min. Experience 
with this chromatographic system has shown that different batches of 
Spherisorb-ODS have slightly different separation characteristics. These 
differences are attributed to variations in the amounts of free silanols 
present on the bonded silica. These differences can be minimized by 
modifying the composition of the mobile phase. The retention time of 
I can be shortened or lengthened by increasing or decreasing, respectively, 
the concentrations of tetraethylammonium chloride. Modifiers such as 
tetraethylammonium chloride minimize the interactions of the sample 
with residual silanols on the surface because the modifier can cover, or 
mask, these silanol groups. This coverage of accessible silanols is the basis 
of the competing base concept (14). 

Table 11-Wavelength Absorbance Ratios for  Reference I and 
the Injectable Formulation Stored fo r  4 Weeks at 80" 

Wave- Absorbance Ratios ( Q )  
length Peak Identity Peak Homogeneity 

(A) ,  nm Reference/Sample Middle/Front Middle/Back FrontBack 

210 0.83 (min) 1.90 (min) 3.04 ( m i d  1.60 
220 0.85 1.98 3.21 1.62 
240 0.86 (max) 2.15 3.80 1.77 
250 0.86 2.24 (max) 4.3 (max) 1.94 (max) 
270 0.85 2.21 4.22 1.90 . 
280 0.86 2.02 3.24 1.60 
290 0.86 2.01 3.10 1.54 
300 0.86 2.00 3.06 1.53 (min) 
310 0.85 2.10 3.52 1.68 

D = Q m a J Q m m  = 
1.04 1.18 1.43 1.27 

Front, middle, and back of peak 5 in Fig. 2c. 

2 105.9 109.1 92.6 106.0 
5 99.4 98.8 97.6 9.5.8 

10 
20 
50 

100.9 101.2 99. i 100.3 
99.4 100.0 101.0 102.2 
96.8 97.6 100.0 100.8 

a Concentration (in mg/ml) of 11,111, VIII, or XI divided by 330 mg/ml. expressed 
as percent. 

Table IV-Precision of the Concentrations of I and  Its Major 
Decomposition Products Found in the Injectable Formulation 
Stored at 80" for  7 and 26 Days 

7 Days @ 80° 26 Days @ 80' 
Average Averaee 

Concentrationo, Concentrationo, 
Compound mglml CV mg/ml CV 

I 276 1.0 93.3 1.5 ._ - 
15.7 3.9 83.7 1.3 

T I T  - b - 2n 2.5 
I1 

--- 
VIII 17.9 3.9 

-._ 
103 

-.. 
2.: 

XI - - 4.3 6.5 
OtherC 15.5 5.4 22.3 3.0 

n = 10, five determinations on each of 2 days. * - None detected. c Composite 
of X and an unknown compound; assumes a response equal to I. 

Figure 2 depicts the loss of I and the formation of its decomposition 
products in the injectable formulation which was stored at  80°. After 2, 
4, and 8 weeks at  80", the amounts of I remaining were 65,20, and 3% of 
the initial concentration, respectively. Use of another mobile phase, which 
shortened the retention time of XI1 to 8 min, indicated that XI1 was not 
formed in measurable quantities in any of the degraded samples of the 
formulation. 

The peaks corresponding to the decomposition products in Fig. 2 were 
tentatively identified by comparison of their respective retention times 
with those of reference compounds I-XII. Confirmation of the identity 
of each peak was made by comparison of i ts  stop-flow UV absorption 
spectra with the stop-flow spectra of the reference compound of corre- 
sponding retention time. Stop-flow UV spectra of peaks 1-6 in Fig. 2c 
(injectable formulation stored for 4 weeks at  SOo) are given in Fig. 3. 

Other investigators (11) have recently studied the degradation of I 
under both acidic and basic conditions using ion-pair HPLC. Unfortu- 
nately, in the chromatographic system they employed, VII and VIII have 
the same retention time. Nevertheless, based on retention time data, it 
was reported that the only hydrolytic byproduct of I in acid solution (0.1 
N HCI) was VII. Under basic conditions (0.1 N NaOH) it was reported 
that 11,111, and VIII were formed. Although acid hydrolysis was the ex- 
pected mode of decomposition in the injectable formulation (which is 
buffered a t  pH 2.5). it is evident from Fig. 2 that  primarily products 
usually associated with base hydrolysis are formed. It is readily seen that 
the major decomposition products of I in the injectable formulation are 
I1 and VIII; 111 and XI are also formed, but in relatively small amounts. 
Compound VII, which is separated from VIII in Fig. 1, is not observed 
in any of the chromatograms in Fig. 2. 

In addition to peaks corresponding to decomposition products previ- 
ously reported, another peak (peak 4) with a retention time of 6.7 min 
was observed in the chromatograms in Fig. 2. The retention time of this 
peak corresponds exactly to X, since compomd IX has a retention time 
of 6.5 min. As shown in Fig. 3d, the frontside of peak 4 has a stop-flow UV 
spectra consistent with the reference spectra of X, but the backside of 

Table V-Stability of I, 11,111, VIII, and XI in Mobile Phase 

Days a t  Room Temperaturea 
Compound 2 5 6 8 12 

I 99.1 100.5 - - 100.2 
I1 102.5 - 104.2 102.2 101.4 

111 99.1 - 98.1 100.6 99.9 .._ 

VIII 100.8 - 101.1 103.8 104.5 
XI 99.0 - 100.1 100.9 108.8 

Results are expressed as percent of initial input. 
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Table VI-Comparison of HPLC and USP Results For I in the 
Injectable Formulation 

Storage Conditions 
Concentration of I, mg/ml 

HPLC USP - 
Initial 324 328 
2 Days, 80" 309 316 
6 Davs. 80" 285 294 
9 D&s; 

13 Days, 
21 Days, 

80" 
80" 
80" 

272 
249 
156 

281 
255 
160 

28 Days; 80" 62.6 66.6 

the peak has a spectra which does not match any of the reference com- 
pounds. These differing spectra suggest that  peak 4 is a composite of X 
and another substance. This was later confirmed when peak 4 was re- 
solved into two components using a different mobile phase. The first 
component was identified as X. The identity of the second component 
is unknown, but is of major interest because i t  has been detected in so- 
lutions of I when no other decomposition peaks are observed (Fig. 4). This 
substance seems to be formed soon after the dissolution of I in aqueous 
media, then gradually increases to an equilibrium concentration of -3% 
(area percent relative to I). Similar observations have been made by other 
investigators" using a method based on ion-pairing HPLC. As of this 
writing, the presence of X and the unknown compound in degraded so- 
lutions of I has not been reported in the literature. 

The formulation that was decomposed a t  80" for 4 weeks (Fig. 2c) was 
chromatographed at  the nonspecific wavelength of 200 nm to observe any 
other peaks that might appear and are not detected a t  270 nm. Figure 
5 demonstrates that no other decomposition peaks of significant intensity 
were detected a t  200 nm, and that the analytical wavelength of 270 nm 
provides adequate sensitivity for I and the corresponding decomposition 
products. However, a formulation excipient, benzyl alcohol, was detected 
a t  200 nm (Fig. 5a). 

Stop-flow spectroscopy, employing the spectral discrimination tech- 
nique (151, was performed on the peaks corresponding to I in the injec- 
table formulations that were decomposed a t  80" for 2 (Fig. 2b) and 4 
weeks (Fig. 2c). These storage conditions produced 35 and 80% decom- 
position of I, respectively. Absorbance readings a t  nine discrete wave- 
lengths across the UV spectrum were obtained on the front, middle, and 
back of each I peak. Similarly, absorbances a t  each wavelength were 
obtained on a reference peak of I from a separation injection. If the ratio 
(Q) of absorbance values a t  each wavelength between the reference and 
sample peaks remains constant (D = QmsJQmin I lS), evidence is strong 
that the sample peak has the same identity as the reference peak. Like- 
wise, if the ratio of absorbances taken from different portions of a single 
peak are constant, then the peak is considered homogeneous and is, 
therefore, the response of a single molecular species. For all cases, the test 
for peak identity and peak homogeneity was positive, i.e., the values of 
the spectral discriminator (D) were between 1 and 1.5 (Tables I and 11). 
These data strongly suggest that the chromatographic system separates 
I from all UV-absorbing components in the degraded formulation. 

Accuracy-Known amounts of I corresponding to 80,100, and 120% 
of the label claim (330 mg/ml) were added to a placebo of the injectable 
formulation and assayed. The recoveries of I from the spiked formulations 
were 100.2.99.9, and 99.6%, respectively. 

The accuracy of determining various concentrations of the decompo- 
sition products (those actually detected in the decomposed formulation) 
was determined by adding known amounts of 11,111, VIII, and XI to the 
formulation at levels corresponding to 1,2,5,10,20, and 50% decompo- 
sition. Therefore, the spiked formulation representing 1% decomposition 
contained -3.3 mg/ml of each decomposition product, the spiked for- 
mulation representing 1070 decomposition contained -33 mg/ml of each 
decomposition product, etc. Recoveries of 11,111, VIII, and XI were cal- 
culated from a single chromatogram that represented each spike level. 
The results are given in Table 111. The accuracy of determining the 
concentration of X was not evaluated because its peak, being a composite 
of two substances in the degraded formulation, precludes such a deter- 
mination. 

Precision-Replicate assays were performed on the injectable for- 
mulation which was stored for 7 and 26 days a t  80" to promote decom- 
position. Assays were performed 10 times over a period of 2 days using 
freshly prepared standards on each day of analysis. Between determi- 
Rations the solutions were stored at  4'. The results are given in Table IV 

'' L. Eme!ot. Astra Lakemedal AB, S-151 85 Sodertalje, Sweden, personal 
communication. 

and indicate that the method has acceptable precision for determining 
all compounds of interest. 

Linearity-The UV absorbance of I a t  270 nm increased linearly (r  
= 0.9999874, y-intercept = -338) with concentration in the range cor- 
responding to 125-375 mg/ml in the injectable formulation. Although 
the analytical method does not require that a calibration curve be pre- 
pared for each decomposition product, the responses of 11,111, VIII, and 
XI at  270 nm are linear over the range 3.3 (limit of detectioe) to 165 
mg/ml in the injectable formulation. The correlation coefficients for 
curves in this range were: 11, r = 0.9999504, y-intercept = 452; 111, r = 
0.9999574, y-intercept = 243; VIII, r = 0.9999806, y-intercept = -73; and 
XI, r = 0.9999516, y-intercept = 62. An evaluation of the y-intercepts 
of each curve indicated that they were not statistically different from zero 
a t  p < 0.05. 

Stability of I and Decomposition Products in Mobile Phase-The 
stability of I and i ts  decomposition products during the time required 
to perform the analytical procedure is an important consideration. During 
the determination, I and its decomposition products should not be 
subjected to conditions of acid or base hydrolysis other than that which 
has actually occurred in the formulation. The high pH requirements of 
the UV procedure in USP XX for determining I in the presence of its 
decomposition products promotes base hydrolysis and requires that the 
analytical measurements be performed as rapidly as possible. The UV 
method does not easily lend itself to unattended operation because of this 
requirement. 

The stability of I and its decomposition products during the time re- 
quired to perform the HPLC procedure was assessed by preparing solu- 
tions of I, 11,111, VIII, and XI in accordance with the analytical procedure, 
and assaying them a t  various intervals after storage at  ambient laboratory 
conditions. The results (Table V) indicate that solutions of these com- 
pounds are stable in the mobile phase not only for the time required to 
perform the procedure, but for extended times up to several days. Con- 
sequently, with the use of an autoinjector, unattended chromatographic 
separation and measurement may be performed. 

Comparison of HPLC and  USP Procedures on Degraded For- 
mulations-A comparison of the concentrations of I in degraded for- 
mulations found by the HPLC and USP procedures is given in Table VI. 
Although good agreement is observed, there is a consistent bias of -2-3% 
between the two procedures. The higher values obtained by the USP 
procedure may be the result of interference, since the USP procedure 
requires that the measurement of I be made in the presence of its de- 
composition products. T o  its advantage, the HPLC procedure separates 
the decomposition product prior to the determination of I. 
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Abstract  The dissolution rates of each component in compressed 
spheres consisting of three components were measured under sink con- 
ditions. A film diffusion model is discussed and presented diagrammat- 
ically to illustrate the 13 possible dissolution behaviors of a three-com- 
ponent solid. Experimental dissolution rates compare favorably to dis- 
solution rates calculated according to the model a t  mass fractions rep- 
resentative of the 13 dissolution behaviors 

Keyphrases 0 Ethylparabendissolution kinetics of a three-component 
solid, phenacetin, salicylamide Phenacetin-dissolution kinetics of 
a three-component solid, ethylparaben, salicylamide 0 Salicylamide- 
dissolution kinetics of a three-component solid, ethylparaben, phenac- 
etin 

A limited number of reports on dissolution rates have 
been concerned with multicomponent solids. Recently, a 
general model for the dissolution rates of a nondisinteg- 
rating sphere composed of any number of components was 
presented (1). The purpose of this study was to develop a 
dissolution model for a three-component solid (ethylpar- 
aben, phenacetin, and salicylamide). The model suggests 
13 possible dissolution behaviors, which are dependent on 
composition. A further purpose was to compare the ex- 
perimental dissolution rates of each of the components 
with the dissolution rates predicted by the model. 

EXPERIMENTAL 

Preparation of Spheres-Twenty grams of each composition were 
prepared by blending the appropriate amounts of 60/80-mesh size frac- 
tion of ethylparaben', phenacetin*, and salicylamide3 for 15 min in a 

F H  Y V  
Figure 1-Composition diagram of mixtures of ethylparaben, phen- 
acetin, and salicylamide showing the various compositions (represented 
by solid circles) selected for inoestigation. 

Sigma Chemical Co., Lot 117C-0156. 

Sigma Chemical Co., Lot 107C-0409. 
* Eastman, Lot A44. 

V-blender". By means of a hydraulic press5 fitted with a spherical punch 
and die set, each composition was compressed a t  a force of 2268 kg into 
spheres having a diameter of 1.273 f 0.005 cm. The compositions (rep- 
resented by solid circles) were selected according to the scheme shown 
in Fig. 1. Each corner of the triangle represents a compressed sphere 
composed of a single component. The three straight lines joining the 
corners of the triangle represent two-component compositions. Thus, 
the lines AB, BC, and AC represent two-component mixtures of A and 
B, B and C, and A and C, respectively. Each side of the triangle was di- 
vided into 10 equal segments. For exarhple, a point on line AC midway 
between A and C represents a composition of 50% A and 50% C with no 
component B. The area within the triangle represents all mass fraction 
compositions of A, B, and C in a three-component system. The intercept 
of any three lines parallel to one of the lines AB, BC, and AC represents 
the composition of a particular three-component mixture. With high 
percentages of phenacetin the spheres were not readily formed, and heat 
was used to facilitate formation. With compositions containing ethyl- 
paraben the die was at llOo, and the force of compression was exerted 
for 3 min. In the absence of ethylparaben a temperature of 134' was used. 
Comparison of the dissolution rates of compacts made a t  room temper- 
ature to those made with heat showed that the difference did not exceed 
2.7%. which was considered to be within experimental error. 

Dissolution Rate-The dissolution rate was determined in distilled 
water a t  25 f 0.1', as described previously (2,3), under conditions where 
the concentration of the solutes did not exceed 5% of solubility. The 
dissolution apparatus and method were described previously (3,4). 

Solubility-Solubility measurements were made a t  25". as reported 
earlier (5). The solubilities of ethylparaben, phenacetin, and salicylamide 
are 0.939 f 0.010, 0.842 f 0.016, and 2.511 f 0.018 mg/ml, respec- 
tively. 

Analytical Procedure-The UV spectrum for each component was 
determined in a solution of that component containing 1.0 ml of 1.0 N 
sodium hydroxide in 25.0 ml of solution. The wavelengths of 296,244, and 
329 nm were selected. The standard curve of each component at  each 
wavelength exhibited a Beer's law relationship. From these plots the nine 

A 

B 
+ 

Case I1 I 4 
f t  
sz s1 

Case I V i 
Figure 2-Dissolution behaviors of two-component solids of compo- 
nents A and B and dissolution behavior of a three-component solid at 
its critical composition. 

' Patterson-Kelly. 
Carver press, model C. 

0022-35491 831 0700-0757$0 1.0010 
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Table I-Molar Absorptivities of Ethylparaben, Phenacetin. and 
Salicylamide 

Case X I  Case X I  I Case X I  I I 

+ 

Wavelength, Molar Absorptivity 
nm Ethvlparaben Phenacetin Salicylamide 

244 1,227 11,328 6.733 
296 23,268 492 1,419 
329 510 0 5,632 

molar absorptivities were calculated (Table I). For a three-compartment 
system since absorbancies are additive: 

A1 = ~ I I C A  + a d s  + a d c  (Eq. 1 )  

A2 = U ~ I C A  + a 2 2 C ~  + a&c (Eq. 2) 

A3 = ~ ~ I C A  i- fl32CB -t as&c (Eq. 3) 

in which aij is the molar absorptivity of the species i a t  wavelengthj, and 
A, is the absorbance of the mixture a t  wavelength j .  When the values of 
A, and ai, are substituted into, Eqs. 1-3, and the equations are solved 
simultaneously, the concentrations CA, CB, and C c  are determined. Thus, 
the concentration of each component was obtained by UV absorbance 
at three selected wavelengths. The method was tested with seven solu- 
tions containing known concentrations of the three components. The 
percent determined by the analytical procedure ranged from 98.9 to 
102.8% of the known concentration. The concentration was converted 
to amount dissolved in order to express a dissolution rate. 

THEORY 

With the dissolution of three-component solids if one assumes a 
Noyes-Whitney film theory, there are 13 dissolution behaviors possible. 
In Case IV dissolution behavior as shown in Fig. 2, the three components 
coexist a t  the solid-liquid interface, because as dissolution proceeds their 
boundaries recede a t  the same rate. This dissolution behavior occurs a t  
a unique composition (critical composition) of the components a t  
which: 

N A  - DACA 
N B  DBCB 

(Eq. 4 )  

t r  
s1 SI 

Case X V  fl 
-T t 
s1 SI 

Case XI  V 

Figure 4-Other possible dissolution behaviors of three-component 
solids of components A, B, and C. 

the dissolving boundary of component C recedes into the solid, as shown 
in Fig. 3. Component B dissolves faster from the solid surface than 
component A, so that the dissolving boundary of component B recedes 
within the solid leaving a surface layer of component A. Case V dissolution 
behavior occurs under the condition that: 

and 

(Eq. 9) 
(Eq. 5) 

Cases VI,  VII, VIII, IX, and X in Fig. 3 describe dissolution behaviors 
similar to Case V; however, the order of dissolving and the receding of 
the boundaries are different with different mass fractions of components 
A, B, and C. 

In Case XI component C dissolves faster than the other two compo- 
nents and as dissolution proceeds the boundary of component C recedes 
within the solid leaving a layer of components A and B, which coexists 

A 

and 

(Eq. 6) 

where N A ,  N g .  and N c  are the mass fractions of components designated 
in general as A, B, and C; C A ,  CB. and C c  are their solubilities; and DA.  
D B ,  and DC are their diffusion coefficients, respectively. 

In Case V component C dissolves faster than components A and B, and 
Case VI I Case V Case VI  

t t  r 
s3 s1 SI 

t T t  
s3 s1 Sl 

Case X 

+ c  

~ r r  
s 3  S l  SI 

J 

Figure 5-Composition diagram for a three-component mixture of 
components haoing equal solubilities and diffusion coefficients showing 
the regions corresponding to the 13 dissolution behauiors. Roman nu- 
merals refer to  the use of dissolution behavior described in the text. 

Figure 3-Some of the 13 dissolution behaviors of three-component 
solids of components A. R ,  and C. 
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A 

/ f k  ' . \ \  \ 

El F H  
b 

JY v 
Figure 6-Composition diagram for mixtures of ethylparaben, phen- 
acetin, and salicylamide showing the regions corresponding to  the 13 
dissolution behaviors and their relationship to the compositions selected 
for investigation according to  Fig. I .  

a t  the surface, as shown in Fig. 4. Case XI dissolution behavior occurs 
under the conditions that: 

N A  DACA ->- 
N c  DcCc 
N B  DBCB 
N c  D c c c  
->- 

and 

(Eq. 10) 

(Eq. 11) 

(Eq. 12). 

Cases XI1 and XI11 in Fig. 4 describe dissolution behaviors similar to 
Case XI; however, the order of dissolving and the receding of the 
boundaries are different with different mass fractions of components A, 
B, and C. 

In Case XIV both components B and C dissolve faster than component 
A and a t  the same rate, so that the boundaries of components B and C 
recede a t  the same rate and both coexist a t  the same boundary leaving 
a surface layer of component A. Case XIV dissolution behavior occurs 
under the conditions that: 

and 

N A  DACA 
NB DBCB 
->- oh. 13) 

(Eq. 14) 

(Eq. 15) 

Cases X V  and XVI in Fig. 4 describe dissolution behaviors similar to 
Case XIV: however, the order of dissolving and the receding of the 
boundaries are different with different mass fractions of components A, 
B, and C. 

Using any two combinations of Eqs. 4,5,  or 6 and Eq. 16, 

N A  i- N B  -I- N c =  1 (Eq. 16) 

the critical composition of components A, B, and C may be calculated. 
Similarly, for two-component mixtures of components A and B, com- 
ponents A and C, and components B and C, the critical composition may 
be calculated by use of the appropriate relationships. Dissolution be- 
haviors of two-component solids have been previously described (6) and 
are presented as Cases I, 11, and 111 in Fig. 2. Using these critical com- 
1)ositions a composition diagram can be drawn for a three-component 
system. Figure 5 shows the compositions corresponding to the 13 disso- 
lution behaviors cited for three hypothetical components, which have 
equal solubilities and diffusion coefficients. Case IV dissolution behavior 

E . 
P 

0.2 0.4 0.6 0.8 1 .o 
MASS FRACTION OF PHENACETIN 

Figure 7-Comparison of experimental dissolution rates of the com- 
ponents of ethylparaben and phenacetin mixtures corresponding to line 
AB of Fig. 1 and the smooth curues representing the theoretical rates. 
Key: (0) ethylparaben; (0) phenacetjn. 

a t  the critical composition of the three-component mixture is represented 
by point M. Points P, J, and K represent the critical compositions of 
two-component mixtures of components A and B, components B and C, 
and components A and C, respectively. The line AMJ represents a 
three-component mixture, which contains components B and C (both 
in a mass fraction the same as the critical mass fraction for a two-com- 
ponent mixture of components B and C) with component A. From A to 
J the mass fraction of component A decreases while the mass fractions 
of components B and C increase. 

The region APMK represents the condition in which components B 
and C have their boundaries within the solid coexisting, or following one 
another, depending on which portion is being considered. If the compo- 
sitions of the three-component mixtures are on the line AM, there is a 
Case XIV dissolution behavior in which both Components B and C coexist 
and have dissolving and receding boundaries within the solid, and corn- 
ponent A is a t  the surface of the solid. Compositions within the region 
APM represent Case V dissolution behavior in which the dissolving 
boundary is deeper for Component C than for component B. which in turn 
is deeper than that of component A, the surface component. Compositions 
within the region AMK represent Case VI dissolution behavior in which 
the dissolving boundary is deeper for component B than for component 
C, which in turn is deeper than that of component A, the surface com- 
ponent. Similarly, Case XI is represented by line PM; Case XI1 is rep- 
resented by line MK; Case XI11 is represented by line MJ; Case XIV is 
represented by line AM; Case X V  is represented by line BM; and Case 
XVI is represented by line CM. Case VII is represented by the region 
BMP; Case VIII is represented by the region BMJ; Case X is represented 
by the region CMJ; and Case IX is represented by the region CMK. 

The derivation of equations to describe dissolution of a three-com- 
ponent solid is illustrated for Case V dissolution behavior. Let S,, S?, and 
S:, be the coordinate values representing the component A-solution 
houndary, component A-components A and B boundary, and compo- 

E 
m 
E 0.2 

. 
W' + 
tT 
a 

0.2 0.4 0.6 0: 8 
MASS FRACTION OF PHENACETIN 

Figure 8-Comparison of experimental dissolution rates of the com- 
ponents of ethylparaban. phenacetin, and .mlicylamide mixtures with 
CI constant mass fraction of 0 . 1  salicylamide corresponding to  line EF 
of Fig. I and the curues representing the theoretical rates. Key: (0) 
ethylparaben; (0) phenacetin; (e) salicylamide. 
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E 0.2 
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n 
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z 
I- 
E! 0. 

0:2 0.8 
MASS FRACTION OF PHENACETIN 

Figure  9-Comparison of experimental dissolution rates of the  com- 
ponents of ethylparaben, phenacetin, and salicylamide mixtures with 
a constant mass fraction of 0.2 salicylarnide corresponding to line GH 
of Fig. 1 and the curves representing the theoretical rates. Key: (0) 
ethylparaben; (0) phenacetin; (0) salicylamide. 

nents A, B, and C-components A and B boundary, respectively. These 
are definedso t h a t a t a  time t = 0 , s~  = Sz = S1 = 0. At t > 0,Sz - SI is 
the thickness of the layer of component A ,  and S3 - S2 is the thickness 
of the layer of components A and B. Since component A is always on the 
surface, the dissolution rate ( R A )  of component A is: 

(Eq. 17) DACA 
h 

R A = -  

where h is the effective diffusion layer thickness. 
Component B must diffuse through the layer of component A of 

thickness S:! - S1, porosity €1, and tortuosity 71, and the liquid diffusion 
layer. The dissolution rate ( R e )  of component B is: 

NE 0.6 
0 

C 
. 
._ 
E 

ru- 
I- a .  
U 
z 

. 
m 

0.4 

; 0.2 

2 
% 
E 
n 

0.2 0.4 0.6 0.8 
MASS FRACTION OF SALICYLAMIDE 

Figure 11-Comparison of experimental dissolution rates of the corn- 
ponents of ethylparaben, phenacetin, and salicylamide mixtures with 
a constant mass fraction of 0.1 phenacetin corresponding to line UV of 
Fig. 1 and the  curues representing the theoretical rates. Key: (0) eth- 
ylparaben; (0) phenacetin; (0) salicylamide. 

where Ah. AB ,  and Ac are the amounts per unit volume of component 
A, B, and C in the mixture. These equations state that the dissolution rate 
of a component is the product of the rate of movement of its boundary 
and the concentration in that layer. The amount of components B and 
C remaining in solution in the pores have not been considered. As the 
dissolution rate of component A is represented by Eqs. 17 and 20, it fol- 
lows that: 

(Eq. 23) 

(Eq. 24) 

When SI = 0 a t  t = 0, the solution to Eq. 24 is: (Eq. 18) 

Component C must diffuse not only through the liquid diffusion layer 
but also through the interstitial space between the undissolved compo- 
nents A and B of thickness, S3 - SZ, porosity, t?, and tortuosity, 7 2 ,  and 
through the layer of component A of thickness SZ - 5'1, porosity c 1 ,  and 
tortuosity 71. The dissolution rate ( R c )  of component C is: 

DRCB 
h t (TI/CI)(SZ - S1) 

R B =  
(Eq. 25) DACd 

AAh 
s1=- 

Substituting Es, 25 into Eq, 18 and combining i t  with Eq. 22  yields: 

(Eq. 26) - =  dS2 DBCB 
dt AB[h  + (ri/CI)(Sz - D A C A ~ / ~ ) ]  

The  dissolution rates may also be expressed: 

"E 0.6- 

E 

W' 

0 

C 
. .- . 
0) 

0.4. 

J 
/ 

0.2 0.4 0.6 0.8 1 .o 
MASS FRACTION OF SALICYAMIDE 

Figure 10-Comparison of experimental dissolution rates of the com- 
ponents of ethylparaben and salicylarnide mixtures corresponding tv 
line AC of Fig. 1 and the  smooth curves representing the  theoretical 
dissolution rates. Key: (0) ethylparaben; (0 )  salicylamide. 

(Eq. 27) 

where K I  = DACA/AAh and K Z  = DBCB/AR. 

is: 
Using Laplace transforms ( 7 )  if Sz = 0 at t = 0, the solution to Eq. 27 

t = l/KI[S:! - ( c I / T I ) ( K ~ / K I  - h ) ( l  - exp - ( K ~ T ~ / K ~ c ~ ) S Z ) ]  
(Eq. 28) 

If s:! >> C I K ~ T ~ K ~  = CID&&Ah/TID.4CAAB, a. 28 is approximately: 

t = ~ / K I [ S ~  - ( c I / T I ) ( K z / K I  - h ) ]  

S? = Kl t  + ( C l / T I ) ( K Z / K 1  - h )  

(Eq. 29) 

which may be rearranged to: 

(Eq. 30) 

Differentiation of Eq. 30 yields: 

Substitution of Eq. 31 into Eq. 21 yields: 

(Eq. 31) 

(Eq. 32) 

(Eq. 33) NB 
NA 

where N A  and N B  are the mass fractions of component A and B, respec- 
tively. 

T o  derive the equation for the dissolution rate of component C. Eqs. 
25 and 30 are substituted into Eq. 19 to yield: 

R H = - R A  
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Figure 12-Comparison of experimental dissolution rates of the com- 
ponents of ethylparaben, phenacetin, and salicylamide mixtures with 
a constant mass fraction of 0.2phenacetin corresponding to line XY of 
Fig 1 and the curues yepresenting the theoretical rates. Key: (0 )  eth- 
ylparaben; (0) phenacetin; (0)  salicylamide. 

where Y = ( f1/T1)(KZ/KI - h). Combining of Eqs. 22 and 34: 

K1 
dS3 
d t  
-=  

where K1 = DACA/AAh. Substituting Eq. 37 into Eq. 22: 

(Eq. 38) 

(Eq. 39) 

(Eq. 40) N c  
N A  

Equations 17,33, and 40 may be used to calculate the theoretical dis- 
solution rates of each of the components in a three-component mixture 
with the dissolution behaviors represented by Cases VI, VII, VIII, IX, 
and X. 

By differential equations similar to those employed in the discussion 
of Case V dissolution behavior, the theoretical dissolution rate equations 

Rc=--RA 

for Case XI dissolution behavior are: 

(Eq. 41) DACA 
h 

RA = - 

(Eq. 42) 

(Eq. 43) 

The dissolution rate equations for Case XI1 and XI11 dissolution be- 

The dissolution rate equations for Case XIV dissolution behavior 
havior are similar to those of Case XI. 

are: 
DACA 

h 
RA=- 

The dissolution rate equations for Case XV and XVI dissolution be- 
havior are similar to those of Case XIV. 

nE 0.6- 
0 . 
C 

E ' 0.4- ui 

.- . 
0 r ./ 

- /  

0:2 0:8 1 :o 
MASS FRACTION OF SALICYLAMIDE 

Figure 13-Comparison of experimental dissolution rates of the com- 
ponents of phenacetin and salicylamide mixtures corresponding to line 
EC of Fig. 1 and the curves representing the theoretical rates. Key: (0) 
phenacetin; (0) salicylamide. 

The dissolution rate equations for Case IV dissolution behavior are 

(Eq. 47) 
DACA 

h 
RA = - 

DCCB Re =- 
h 

DcCc 
h 

Rc = - 
as the three components coexist a t  the solid-liquid interface. 

RESULTS AND DISCUSSION 

Dissolution rates were measured a t  25' under sink conditions at  the 
various compositions shown as solid circles in Fig. 1 on lines AB, EF, GH, 
AC, UV, XY, BC, QR, and ST. For the system investigated A represents 
ethylparaben, B represents phenacetin, and C represents salicylamide. 
Lines AB, EF, and GH correspond to varying compositions of ethylpar- 
aben and phenacetin with a constant mass fraction of salicylamide of 0, 
0.1, and 0.2, respectively. A similar interpretation is given to the other 
axes of the ternary diagram. 

Dissolution rates were measured under identical experimental con- 
ditions used previously (3) to determine the effective diffusion layer 
thickness to be 3 X cm. The solubility was experimentally measured. 
When the dissolution of a nondisintegrating pure solid occurring in a 
nonreactive medium a t  sink conditions is diffusion controlled, the dis- 
solution rate m?y be expressed as (5): 

(Eq. 50) 

The only unknown term in Eq. 50 is the diffusion coefficient. Rearranging 
Eq. 50 and substituting the experimental values for ethylparaben 
gives: 

0.0031 x 3 x 10-3 
D =  

0.939 
= 1.00 x cm2/sec (Eq. 51) 

In a similar manner the diffusion coefficients of phenacetin and salicyl- 
amide were found to be 0.86 X and 1.124 X cmZ/sec, respec- 
tively. 

To determine the critical composition at which each of the components 
coexist at  the solid-liquid interface with their dissolving boundaries re- 
ceding at  the same rate, the values of the diffusion coefficient and the 
solubility of the components were substituted into any two combinations 
of Eqs. 4,5, or 6 with Eq. 16. By simultaneous solution the critical mass 
fractions are 0.209 ethylparaben, 0.163 phenacetin, and 0.628 salicyl- 
amide. 

Similarly, by using the values of solubility and diffusion coefficient 
and appropriate equations (6), the critical mass fractions for two-com- 
ponent mixtures were calculated. The critical mass fractions are 0.562 
ethylparaben and 0.438 phenacetin, 0.25 ethylparaben and 0.75 salicyl- 
amide, and 0.794 phenacetin and 0.206 salicylamide. 

With these critical compositions for two- and three-component mix- 
tures, Fig. 6 was constructed to show the regions that represent 13 dis- 
solution behaviors and the lines of Fig. 1 from which the various com- 
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positions were chosen for investigation. By consideration of Fig. 6 and 
by then employing appropriate equations, the theoretical dissolution rates 
were calculated from dissolution behavior in the various regions of the 
diagram. 

For Case IV dissolution behavior at  the critical composition of the three 
components. the boundaries recede at  the same rate, and the dissolution 
rates according to Eqs. 47-49 are: 

1.00 x 10-5 x 0.939 
3 x 10-3 

RA = 
(Eq. 52) 

= 0.0031 mg/sec/cm2 (0.188 mg/min/cm2) 
0.86 x 10-5 x 0.842 

3 x 10-3 
RB = 

(Eq. 53) 
= 0.0024 mg/sec/cm2 (0.145 mg/min/cm2) 

1.124 X X 2.511 
R c  = 

3 x 10-3 
(Eq. 54) 

= 0.0094 mg/sec/cm2 (0.565 mg/min/cm2) 
To illustrate other calculations, consider the line QR passing through 

the regions BMP, BJM, CMJ, and CKM of Fig. 6. In the BMP region the 
dissolution behavior described as Case VII exists. A composition of 0.75 
phenacetin, 0.10 ethylparaben, and 0.15 salicylarnide on line QR lies in 
this regions in which: 

and 

(Eq. 55) 

(Eq. 56) 

Thus, phenacetin exists in a layer a t  the solid surface while the boundaries 
of ethylparaben and salicylamide have receded into the solid. At this 
composi tion: 

(Eq. 57) 

so that the dissolving and receding boundary of salicylamide recedes 
further than that of ethylparaben. 

The dissolution rate of phenacetin according to Eq. 50 is: 
0.86 X X 0.842 

3 x 10-3 R B  = 
(Eq. 58) 

= 0.0024 mg/sec/cm2 (0.145 mg/min/cm2) 

0.86 X X 0.842 
3 x 10-3 R B  = 

(Eq. 58) 
= 0.0024 mg/sec/cm2 (0.145 mg/min/cm2) 

The dissolution rates of ethylparaben and salicylamide are: 

and 

0 1  
0.75 

RA = - X 0.145 

= 0.019 mg/min/cm2 

0.15 
0.75 

Rc  = - X 0.145 
(Eq. 60) 

= 0.029 mg/min/cm? 
according to Eqs. 33 and 40. 

For a solid composition of three components with m a s  fractions of 0.1 
ethylparaben, 0.6 phenacetin, and 0.3 salicylamide on lines QR and BM 
separating regions BMP and BJM of Fig. 6: 

and 

(Eq. 61) 

(Eq. 62) 

(Eq. 63) 

This composition is described as Case XV dissolution behavior in which 
both ethylparaben and salicylamide have their dissolving and receding 
boundaries a t  the same rate within the solid leaving phenacetin a t  the 
solid surface. 

The dissolution rate of phenacetin according to Eq. SO is 0.145 mg/ 
min/cm2. The dissolution rates of ethylparaben and salicylamide are: 

0.1 
0.6 

R A  = - X 0.145 

= 0.023 mg/min/cm2 
(Eq. 64) 

I- 

0.2 0:s 
MASS FRACTION OF SALICYLAMIDE 

Figure 14-Comparison of experimental dissolution rates of the com- 
ponents of ethylparaben, phenacetin, and salicylamide mixtures with 
a constant mass fraction of 0.1 ethylparaben corresponding to line QR 
of Fig. I and the curves representing the theoretical rates. Key: (0) 
ethylparaben; (0) phenacctin; ( 0 )  salicylarnide. 

and 
0.3 
0.6 

Rc  = - X 0.145 

(Eq. 65) = 0.073 mg/min/cm2 

according to Eqs. 45 and 46. 
A solid composition of 0.1 ethylparaben, 0.4 phenacetin, and 0.5 sali- 

cylamide is described by Case VIII dissolution behavior in region BJM 
in which: 

N B  DBCB 
N A  DACA 

N B  DBCB 
N c  DcCc 

->' N c  DrCc 
N A  DACA 

(Eq. 66) 

(Eq. 67) 

->- 

->- 
and 

(Eq. 68) 

The dissolution rate of phenacetin according to Eq. 50 is 0.145 mg/ 
min/cm2. The dissolution rates of salicylamide and ethylparaben are: 

Rc = 0.5 - X 0.145 
0.4 

(Eq. 69) 
= 0.181 mg/min/cm2 

and 
0.1 
0.4 

R A  = - X 0.145 

= 0.036 mg/min/cm2 (Eq. 70) 

A solid composition of three components with mass fractions of 0.1 
ethylparaben, 0.184 phenacetin, and 0.716 salicylamide on line QR is 
described by Case XI11 dissolution behavior on line JM (which separates 
regions BJM and CMJ) on which: 

and 

N A  DACA -<- 
N B  DBCB 
N A  DACA -<- 
N c  DcCc 

(Eq. 73) 

The dissolution rates of phenacetin and salicylamide according to Eqs. 
41 and 42 are 0.145 and 0.565 mg/min/cm2. The dissolution rate of eth- 
ylparaben according to Eq. 43 is: 

0.1 
0.184 

RA = - X 0.145 

= 0.079 mg/min/cm2 (Eq. 74) 

A solid with a mass fraction of 0.1 ethylparaben, 0.13 phenacetin, and 
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Figure 15-Comparison of experimental dissolution rates of the com- 
ponents of ethylparaben, phenacetin, and salicylamide mixtures with 
a constant mass fraction o f 0 2  ethylparaben corresponding to line ST 
of Fig. I and the curues representing the theoretical rates. Key: (0) 
ethylparaben; (0) phenacetin; (@) salicylamide. 

0.77 salicylamide on line QR has a Case X dissolution behavior in the 
region CMJ in which: 

"E 

F 

. 
C .- 
E . 

0.4 

0 

(Eq. 75) 

(Eq. 76) 

and 

(Eq. 77) 

In Case X dissolution behavior the dissolving and receding boundary 
of ethylparaben is deepest within the solid, the boundary of salicylamide 
is a t  the surface, and the boundary of phenacetin is between the two 
boundaries. The dissolution rate of salicylamide according to Eq. 50 is 
0.565 mg/min/cm*. The dissolution rate of phenacetin is: 

B F H  Y V C  
Figure 16-Comparison of experimental dissolution rates O /  ethyl- 
paraben in solids of uarious compositions of ethylpamben, phcnacctin. 
and salicylamide with theoretics[ dissolution rates represented by the 
solid lines in a three-dimcnsicinal perspectiue. Key: ( A )  ethylparabun; 
( R )  phenacetin; (C) salicylamide. 

A solid composition with mass fractions of 0.1 ethylparaben. 0.05 
phenacetin, and 0.85 salicylamide is described by Case IN dissolution 
behavior in region CKM in which the dissolving and receding boundary 
of phenacetin is deepest within the solid. the boundary of salicylamide 
is the surface layer, and the boundary of ethylparaben is between the two 
boundaries. The dissolution rate of salicylamide according to Eq. 50 is 
0.565 mg/min/cm'. The dissolution rate of ethylparaben is: 

0.13 
0.77 

R g  = - X 0.565 
(Eq. 78) 

= 0.095 mg/min/cm* 
The dissolution rate of ethylparaben is: 

0 1  R A  = 0.77 X 0.565 
(Eq. 79) 

= 0.073 mg/min/cm2 
A solid composition with mass fractions of 0.1 ethylparaben. 0.075 

phenacetin, and 0.825 salicylamide on line QR is described by Case XVI 
dissolution behavior on line CM (which separates regions CMJ and CKM) 
on which: 

0.10 
0.85 

R.4 = - X 0.565 
(Eq. 85) 

= 0.066 mg/min/cm2 
The dissolution rate of phenacetin is: 

= 0.05 
0.85 

Re - X  0.565 
(Eq. 86) 

= 0.033 mg/min/cmz and 
For two-component mixtures the dissolution rates were calculated 

according to the equations presented previously (6)  for Cases I. 11, and 
111. For example, a mixture of ethylparaben and phenacetin has a critical 
composition of 0.562 ethylparaben and 0.438 phenacetin at  which: 

(Eq. 82) 

At this composition salicylamide forms the surface layer, and the dis- 
solving and receding boundaries of ethylparaben and phenacetin recede 
a t  the same rate within the solid. The dissolution rate of salicylamide 
according to Eq. 30 is 0.565 mg/min/cm'. The dissolution rate of ethyl- 
paraben is: 

(Eq. 87) 

At the critical composition as represented by point P on line AB in Fig. 
6, the dissolution rates of ethylparaben and phenacetin according to Eq. 
50 are 0.188 and 0.145 mg/min/cm2, respectively. A two-component solid 
composed of mass fractions of 0.3 ethylparaben and 0.7 phenacetin is 
represented by line BP on which: 

The dissolution rate of phenacetin is: 
(Eq. 88) 

R R  = - X 0.565 
Phenacetin exists as the surface layer with the dissolving and receding 
boundary of et.hylparaben within the solid. The dissolution rate of (Eq. 84) 

= 0.051 mg/min/cm' 
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Figure 17-Comparison of experimental dissolution rates of phenacetin 
in  solids of Liarious compositions of ethylparaben. phenacetin, and 
salicylamide with theoretical dissolution rates represented by solid lines 
in a three dimensional perspectioe. Key: ( A )  ethylparaben; (B)  phen- 
ncetin; tC) salicylamide. 

phenacetin according to Eq. 50 is 0.145 mg/min/cm2. The dissolution rate 
of ethylparaben is: 

0.3 
0.7 

R A  = - X 0.145 

= 0.062 mg/min/cm2 
(Eq. 89) 

In a similar manner the predicted dissoldtion rates of each component 
were calculated and compared in Figs. 7-15 to the experimental disso- 
lution rates a t  corresponding compositions. In Figs. 7, 10. and 13 the 
experimental dissolution rates of two-component mixtures of ethylpar- 
aben and phenacetin, ethylparaben and salicylamide, and phenacetin 
and salicyamide correspond in Fig. 6 to lines AB. AC, and BC, respec- 
tively. The experimental dissolution rates approximate the predicted 
dissolution rates for the ethylparaben and phenacetin mixture and for 
the ethylparaben and salicylamide mixture. As it has been observed 
previously (4,6), the greatest difference between the predicted and ex- 
perimental values occurs about the critical composition. This may result 
because the model ignores the amount of components in solution in the 
pores of the layers. In Fig. 13 for the phenacetin and salicylamide mixture, 
the experimental dissolution rates of salicylamide are faster than the 
predicted dissolution rates a t  mass fractions of 0.1-0.7 salicylamide. 
These faster dissolution rates may be attributed to the greater solubility 
of salicylamide, which dissolves faster leaving a surface layer of phen- 
acetin. The mechanically weak surface of phenacetin, which possesses 
poor bonding characteristics, erodes slightly, and the increase in the ef- 
fective surface area because of flaking results in a greater quantity dis- 
solving per unit time. 

In Figs. 8,9,11,12,14, and 15 the theoretical and experimental disso- 
lution rates are compared for compositions in which the mass fraction 
of one component is constant and the mass fractions of the other com- 
ponents are varied. Figures 8 and 9 show the comparison of the predicted 
and experimental dissolution rates of ethylparaben, phenacetin. and 
salicylamide with a constant mass fraction of salicylamide of 0.1 and 0.2 
corresponding to lines EF and GH, respectively, and varying mass frac- 
tions of ethylparaben and phenacetin. The predicted and experimental 
dissolution rates vary only about the critical composition. In Fig. 9 the 

B F H  Y V C  
Figure 18-Comparison of experimental dissolution rates of salicyl- 
amide in solids of carious compositions of ethylparaben, phenacetin, 
and salicylamide with theoretical dissolution rates represented by the 
solid lines in a three dimensional perspectiue. Key: (A) ethylparaben; 
(B)  phenacetin; (C) salicylamide. 

experimental dissolution rates are faster than the predicted dissolution 
rates a t  mass fractions >0.5 phenacetin for solids with a constant mass 
fraction of 0.2 salicylamide. Again this may be attributed to the weak 
mechanical strength and consequential flaking due to the weak bonding 
of phenacetin. 

The dissolution rates of ethylparaben, phenacetin, and salicylamide 
are shown in Figs. 11 and 12 with a constant mass fraction of phenacetin 
of 0.1 and 0.2 corresponding to lines UV and XY of Fig. 6. The dissolution 
rates of ethylparaben, phenacetin, and salicylamide are shown in Figs. 
14 and 15 with a constant mass fraction of ethylparaben corresponding 
to lines QR and ST in Fig. 6. 

A diagram of three-dimensional perspective is shown in Fig. 16 for the 
experimental and predicted dissolution rates of ethylparaben from 
three-component mixtures. Similarly, the experimental and predicted 
dissolution rates of phenacetin and salicylamide from three-component 
mixtures are presented in Figs. 17 and 18, respectively. 

The experimental dissolution rates of the components of various 
compositions of ethylparaben, phenacetin, and salicylamide from com- 
pressed spheres essentially substantiates the suggested model for the 
dissolution kinetics of a three-component, nondisintegrating solid. 
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Abstract 0 The dissolution rates of each component in compressed 
spheres consisting of three components were measured under sink con- 
ditions. The observed dissolution rates of benzoic acid, salicylic acid, and 
salicylamide compare favorably to the predicted dissolution rates ac- 
cording to a previously presented kinetic model. 

Keyphrases 0 Benzoic acid-dissolution kinetics of a three-component 
solid, salicylic acid, salicylamide Salicylic acid-dissolution kinetics 
of a three-component solid, benzoic acid, salicylamide 0 Salicyl- 
amide-dissolution kinetics of a three-component solid, benzoic acid, 
salicylic acid 

A dissolution model has been presented to describe the 
13 dissolution behaviors of three-component, nondisin- 
tegrating solids (1). In continuing the study of dissolution 
phenomena the dissolution rates of benzoic acid, salicylic 
acid, and salicylamide from compressed spheres were de- 
termined and compared to calculated dissolution rates in 
order to examine the suitability of the suggested dissolu- 
tion model. 

EXPERIMENTAL 

Preparation of Spheres-Twenty grams of each composition was 
prepared by blending the appropriate amounts of 60/80-mesh size frac- 
tion of benzoic acid', salicylic acid2, and salicylamide3 for 15 min in a 
V-blender4. By means of a hydraulic press5 fitted with a spherical punch 
and die set, each composition was compressed a t  a force of 2268 kg into 
spheres having a diameter of 1.273 f 0.005 cm. The compositions were 
selected according to a scheme previously described (1). 

A 

X /AG 
/ ';< \ 

U F H  J Y V  

Figure 1-Composition diagram for mixtures of benzoic acid, salicylic 
acid, and salicylarnide showing the regions corresponding t o  the 13 
dissolution behaviors and their relation to the compositions selected 
for investigation according to the scheme in Fig. 1 of Ref. 1. 

' ACS. Fisher, lot no. 783313. * USP, J. T. Baker, lot no. 43397. 
Sigma. lot no. 106C-0409. 
Patterson-Kelly. 
Carver press, model C. 

o.6 T 

012 0.8 
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Figure 2-Comparison of experimental dissolution rates of the com- 
ponents of benzoic acid, salicylic acid, and salicylamide mixtures with 
a constant mass fraction of 0.1 benzoic acid corresponding to line UV 
of Fig. 1 and the smooth curves representing the theoretical rates. Key: 
(*) benzoic acid; (0) salicylic acid; and (0) salicylamide. 

Dissolution Rate-The dissolution rate was determined in distilled 
water a t  25 f 0.1" a t  300 rpm, as described previously (2,3), under con- 
ditions where the concentration of the solutes did not exceed 5% of sol- 
ubility. 

Solubility-Solubility measurements were made a t  25 f 0.1" as re- 
ported earlier (4). The solubilities of benzoic acid, salicylic acid, and 
salicylamide are 3.428 f 0.064,2.239 f 0.027, and 2.511 f 0.018 mg/ml, 
respectively. 

Analytical Procedure-The absorbance of each sample was mea- 
sured a t  269.5,298, and 329 nm. The standard curve of each component 
a t  each wavelength exhibited a Beer's law relationship. From these plots 
the nine molar absorptivities were calculated (Table I). As previously 
described (1) the concentration of each component in solution was ob- 
tained by the solution of simultaneous equations. The method was tested 
with seven solutions containing known concentrations of the three 
components. The percent determined by the analytical procedure ranged 
from 98.9 to 101.8% of the known concentration. The concentration was 
converted to amount dissolved in order to express a dissolution rate. 

RESULTS AND DISCUSSION 

A detailed discussion of a model for dissolution of a three-component 
solid has been presented (1). The  13 dissolution behaviors a t  various 
compositions are identified by the Roman numerals in Fig. 1. For the 
system investigated, A represents salicylic acid, B represents benzoic acid, 
and C represents salicylamide. 

Dissolution rates (R) were measured a t  25' under sink conditions at  
various compositions. The solubilities (C,) were experimentally mea- 
sured. When the dissolution of a nondisintegrating pure solid occurring 
in a nonreactive medium at sink conditions is diffusion controlled, the 
dissolution rate may be expressed (2): 

(Eq. 1) 

Table I-Molar Absorptivities of Benzoic Acid, Salicylic Acid, 
and Salicylamide 

Molar Absorptivity 
Wavelength, nm Benzoic Acid Salicylic Acid Salicvlamide 

269.5 
298 
329 

578 
0 
0 

680 195 
3,522 1,477 

256 5.632 

0022-35491 831 0700-0765$0 1.001 0 
@ 1983, American Pharmaceutical Association 
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Figure 3-Comparison of experimental dissolution rates of the com- 
ponents of salicylic acid and salicylamide mixtures corresponding to 
line AC of Fig. I and the smooth curues representing the theoretical 
rates. Key: (0)  salicylic acid; and (0) salicylamide. 

where h is the effective diffusion layer thickness. The diffusion coefficient 
of salicylamide was reported (1) to be 1.12 X cm2/sec. The only un- 
known term in the equation is h, which may be calculated by rearrange- 
ment and substitution of experimental values for salicylamide: 

1.12 x 10-5 x 2.51 
h =  

0.505/60 
= 0.0033 cm (Eq. 2) 

IJsing this value of h ,  the diffusion coefficients of benzoic acid and sali- 
cylic acid were calculated to be 1.19 X and 1.21 X cm2/sec, re- 
spectively. 

The critical composition (Case IV a t  point M of Fig. 1) at  which the 
three components coexist a t  the solid-liquid interface may be ex- 
pressed: 

and 

(Eq. 5) 

where N is the mass fraction of a component, and C is the solubility of 
that  component. Since: 

N A +  N B +  N c =  1 (Eq. 6) 

substitution of the values of diffusion coefficient and solubility of the 
components into any two combinations of Eqs. 3,4, or 5 with Eq. 6 and 
solution of the simultaneous equations permit the calculation of the mass 
fraction of each component. The critical mass fractions are 0.425 benzoic 
acid, 0.293 salicylamide, and 0.282 salicylic acid. 

o'6 T 
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Figure 4-Comparison of experimental dissolution rates of the com- 
ponents of benzoic acid, salicylic acid, andsalicylamide mixtures uith 
a constant mass fraction of 0.2 benzoic acid corresponding to line X Y  
of Fig. 1 and the smooth curves representing the theoretical rates. Key: 
( @ I  benzoic acid; (0) salicylic acid; and (0) salicylamide. 
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Figure 5-Comparison of experimental dissolution rates of the com- 
ponents of salicylic acid and benzoic acid mixtures corresponding to 
line AR of Fig I and the smooth curve representing the theoretical rates. 
Key: (0) salicylic acid; and (a) benzoic acid. 

Similarly, by use of the values of solubility and diffusion coefficient 
and appropriate equations (5), the critical mass fractions for two-com- 
ponent mixtures were calculated. The critical mass fractions are 0.40 
salicylic acid and 0.60 benzoic acid, 0.59 benzoic acid and 0.41 salicyl- 
amide, and 0.49 salicylic acid and 0.51 salicylamide. 

Using these critical compositions for two- and three-component mix- 
tures, Fig. 1 was constructed to show the regions that represent the 13 
dissolution behaviors. By considering Fig. 1 and by then using appropriate 
equations, the theoretical dissolution rates were calculated for dissolution 
hehavior in the various regions of the diagram. 

For Case IV dissolution behavior a t  the critical composition of the three 
components and boundaries recede a t  the same rate, and the dissolution 
rates may be calculated by Eq. 1. The dissolution rates of benzoic acid, 
salicylic acid, and salicylamide are 0.742,0.493, and 0.505 mg/min/cm?, 
respectively. 

A constant mass fraction of 0, 0.1, and 0.2 benzoic acid and varying 
mass fractions of salicylic acid and salicylamide are represented by lines 
AC, UV, and XY, respectively, in Fig. 1. In considering line UV at point 
U there is a two-component solid for which salicylic acid is the surface 
layer, and the dissolution behavior is expressed by Case I1 behavior in 
which: 

u* 0.6 o'*l 
(Eq. 7) 

I- c I / 

0 /. 

0.2 4 0 \ 

0.2 
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Figure 6-comparismn of experimental dissolution rates of the com- 
ponents of benzoic acid. salicylic acid. and salicylamide mixtures iuith 
a constant'mass fraction of 0.1 salicylamide corresponding to line EF 
o/ Fig. I and the smooth curves representing the theoretical rates. Key: 
(a) benzoic acid; (0) salicylic acid; and (0) salicylamide. 
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Figure 8-Comparison of experimental dissolution rates of the com- 
ponents of benzoic acid and salicylamide mixtures corresponding to line 
BC of Fig. I and the smooth curves representing the theoretical rates. 
Key: (0) benzoic acid; and (0) salicylamide. 

For example, a t  mass fractions of 0.1 benzoic acid, 0.88 salicylic acid, and 
0.02 salicylamide, the dissolution rate of benzoic acid ( R B )  is: 

0.2 0.4 0.6 0.8 
MASS FRACTION OF BENZOIC ACID 

Figure 7-Comparison of experimental dissolution rates of the com- 
ponents of benzoic acid, salicylic acid, and salicylamide mixtures with 
a constant mass fraction of 0.2salicylamide corresponding to line CH 
of Fig. I and the smooth curves representing the theoretical rates. Key: 
(0) benzoic acid; (0) salicylic acid; and (0) salicylamide. 

and the dissolution rate of salicylic acid according to Eq. 1 is 0.493 mg/ 
min/crn2, and the dissolution rate of benzoic acid is: 0.1 

0.88 
R B  = - X 0.493 

(Eq. 17) = 0.056 mg/min/cm2 
The salicylamide must diffuse through the layer of benzoic acid and 
salicylic acid, the layer of salicylic acid, and the liquid diffusion layer, and 
its dissolution rate ( R c )  is: 

0. I 
0.9 

R B  = - X 0.493 

= 0.055 mg/min/cm* 

Since the mass fraction of salicylamide is progressively increased along 
line UV, the dissolution behaviors are expressed by Case V in region 
APM, Case XIV on line AM, Case VI in region AMK, Case XI1 on line 
MK, Case IX in region KMC, Case XVI on line MC, and Case X in region 
MCJ. At point V there is a two-component solid for which: 

A t  mass fractions of 0.1 benzoic acid, 0.88 salicylic acid, and 0.02 sali- 
cylamide, the dissolution rate of salicylamide ( R c )  is: 

0.22 
0.88 

R c  = - X 0.493 
(Eq. 10) (Eq. 19) = 0.011 mg/min/cm* 

and the dissolution rate of salicylamide according to Eq. 1 is 0.511 mg/ 
min/cm*, and the dissolution rate of benzoic acid is: 

Case VI, IX, and X in Fig. 1 describe dissolution behaviors similar to 
Case V; however, the order of dissolving and the receding of the 
boundaries are different with different mass fractions of salicylic acid 
and salicylamide along line UV. The dissolution rates may be calculated 
by the same reasoning used for Case V dissolution behavior. 

o.e T 

(Eq. 11) 

(Eq. 12) 

N B  
N c  
0.1 
0.9 

R g = - R c  

RB = - X 0.511 

= 0.057 rng/min/cm2 

In Case V dissolution behavior, salicylamide dissolves faster than 
benzoic acid and salicylic acid, and the boundary of salicylamide recedes 
into the solid. Benzoic acid dissolves faster from the solid surface than 
salicylic acid, so that the dissolving boundary of benzoic acid recedes 
within the solid leaving a surface layer of salicylic acid. This dissolution 
behavior occurs under the conditions that: 

w- L 0.6 t 
0.4 I 

(Eq. 13) 

(Eq. 14) 

and 

(Eq. 15) 

0.2 0.4 0.6 0.8 
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Figure 9-Comparison of experimental dissolution rates of the com- 
ponents of benzoic acid, salicylic acid, and salicylamide mixtures with 
a constant mass fraction of 0.1 salicylic acid corresponding to line QR 
of Fig. I and the smooth curves representing the theoretical rates. Key: 
( 0 )  benzoic acid; (0) salicylic acid; and (0) salicylamide. 

Since sL--cylic aci is always on the surface at  compositions represented 
by Eqs. 13-15, i ts  dissolution rate ( R A )  is calculated by Eq. 1 is 0.493 
mg/min/cm*. The benzoic acid must diffuse through the layer of salicylic 
acid and the liquid diffusion layer, and its dissolution rate ( R B )  is: 
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Figure 10-Comparison of experimental dissolution rates of the com- 
ponents of benzoic acid, salicylic acid, and salicylamide mixtures with 
a constant mass fraction ofO.2 salicylic acid corresponding to line ST 
of Fig. 1 and the smooth curves representing the theoretical rates. Key: 
(@) benzoic acid; (0) salicyCc acid; and (0) salicylamide. 

In Case XIV dissolution behavior on line AM, both benzoic acid and 
salicylamide dissolve faster than salicylic acid so that the boundaries of 
benzoic acid and salicylamide recede at the same rate and coexist a t  the 
same boundary leaving a surface layer of salicylic acid. Case XIV disso- 
lution behavior occurs under the condition that: 

and 

(Eq. 20) 

(Eq. 21) 

(Eq. 22) 

The dissolution rate equations for Case XIV dissolution behavior are: 

DACA 
h 

RA = - (Eq. 23) 

and 

(Eq. 25) N c  
NA 

At mass fractions of 0.831 salicylic acid, 0.1 benzoic acid, and 0.069 
salicylamide, the dissolution rate of salicylic acid as calculated by Eq. 23 
is 0.493 mg/min/cm2. The dissolution rate of benzoic acid according to 
Eq. 24 is: 

R c = - R A  

0.1 
0.831 

R=- X 0.493 

= 0.056 mg/min/cm2 
and the dissolution rate of salicylamide according to Eq. 25 is: 

R = -  0.069 X 0.493 
0.831 

= 0.041 mg/min/cm2 

(Eq. 26) 

(Eq. 27) 

Case XVI dissolution behavior is similar to Case XIV except that the 
order of dissolving and the receding of the boundaries are different with 
their respective mass fractions of salicylic acid and salicylamide. The 
dissolution rates may be calculated by the same reasoning used for Case 
XIV dissolution behavior. 

In Case XI1 dissolution behavior benzoic acid dissolves leaving a sur- 
face layer of salicylic acid and salicylamide under the conditions that: 

and 

(Eq. 28) 

(Eq. 29) 

(Eq. 30) 

The dissolution rates as calculated by use of Eq. 1 are 0.493 and 0.511 
mg/min/cm2 for salicylic acid and salicylamide, respectively. The dis- 
solution rate of benzoic acid is: 

0.1 
0.46 

R B  = - X 0.493 (Eq. 32) 

= 0.107 mg/min/cm* 

Thus, along line UV from point U to point V the nine dissolution be- 
haviors and the calculation of the dissolution rates of the components 
at each composition have been considered as shown in Fig. 2. Similarly, 
the dissolution rates of benzoic acid, salicylic acid, and salicylamide are 
shown a t  various compositions with a constant mass fraction of 0 and 0.2 
beiizoic acid along lines AC and XY in Figs. 3 and 4, respectively. 

The dissolution rates of benzoic acid and salicylic acid a t  various 
compositions along line AB are shown in Fig. 5. The dissolution rates of 
benzoic acid, salicylic acid, and salicylamide are shown a t  various com- 
positions with a constant mass fraction of 0.1 and 0.2 salicylamide along 
lines E F  and C H  in Figs. 6 and 7, respectively. 

The dissolution rates of benzoic acid and salicylamide a t  various 
compositions along line BC are shown in Fig. 8. The dissolution rates of 
benzoic acid, salicylic acid, and salicylamide are shown a t  various com- 
positions with a constant mass fraction of 0.1 and 0.2 salicylic acid along 
lines QR and ST in Figs. 9 and 10, respectively. 

The agreement of the theoretical dissolution rates with the experi- 
mental data is satisfactory. The greatest variance occurs in the vicinity 
of the critical composition a t  which the experimental dissolution rates 
are slower. The model neglects the amount of the components that re- 
mained as solutions in the pores of the layers. This may contribute to the 
variance. Variance may also be caused by lack of uniformity of the blend 
and the limits of the analytical method at  small mass fractions of a 
component. 

CONCLUSION 

The dissolution rates of each component of benzoic acid, salicylic acid, 
and salicylamide compacts were measured and compared to theoretical 
dissolution rates based on a previously described model. On initially 
presenting the model a similar comparison was made for ethylparaben, 
phenacetin, and salicylamide compacts (1). The agreement between the 
experimental and calculated dissolution rates for both systems support 
the suitability of the model. 
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Abstract Ion-free aluminum hydroxide gel, prepared by the hydrolysis 
of aluminum tri-sec- butoxide, was observed by IR, X-ray analysis, and 
pH-stat titration to undergo rapid structural changes leading to the 
formation of pseudoboehmite and bayerite. The rate of development of 
order was directly related to the water-aluminum molar ratio. The AI-0 
bands a t  625 and 470 cm-1 were the most sensitive indicators of the de- 
velopment of order in the gel structure. Direct evidence for the stabilizing 
effect of specifically adsorbed carbonate was obtained when carbon 
dioxide was introduced during the hydrolysis of aluminum tri-sec- bu- 
toxide. The resulting aluminum hydroxycarbonate gel possessed excellent 
antacid properties, retained its amorphous nature upon aging, and con- 
tained no cations other than aluminum. Hydrolysis of aluminum tri- 
sec- butoxide in the presence of stoichiometric amounts of sodium bi- 
carbonate resulted in the immediate formation of crystalline sodium 
aluminum hydroxycarbonate (dawsonite). 

Keyphrases Hydrolysis of aluminum tri-sec- butoxide-use of carbon 
dioxide-saturated water, formation of amorphous aluminum hydroxy- 
carbonate gel, excellent properties, free of sodium and potassium 
Aluminum hydroxide gel-stabilization by specifically adsorbed car- 
bonate Ion-free aluminum hydroxide gel-ordered structure, as an 
antacid 

Aluminum hydroxide gel is an effective antacid largely 
due to its high rate of acid neutralization and its ability to 
react with acid at a pH of 3.5-4.0 (1). The chemical name 
implies a compound consisting of three hydroxyl groups 
per aluminum atom. This formula describes the crystalline 
forms of aluminum hydroxide known as gibbsite, bayerite, 
or norstrandite. These polymorphs have a very low rate of 
acid neutralization and are, therefore, not useful as ant- 
acids. However, a number of reports have suggested that 
the aluminum hydroxide gel used as an antacid contains 
specifically adsorbed anions and that these anions act to 
stabilize the gel structure (2-7) and facilitate the acid 
neutralization reaction (8). 

The anions that are incorporated in the gel structure are 
usually supplied by the reactants used in the precipitation, 
such as carbonate from sodium carbonate or sodium bi- 
carbonate or sulfate from aluminum sulfate (3). Aluminum 
hydroxide gel may also be prepared by the controlled hy- 
drolysis of aluminum tri-sec- butoxide, I (9-14). This 

J 
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3800 3400 3000 1200 1000 800 600 400 
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Figure I-IR spectra of ion- free a/uminum hydroxide gel precipitated 
with water-aluminum ratio of 3. Key: (A) initial; fB)  after I week a t  
2.50. 

method permits precipitation under ion-free conditions 
as well as in the presence of selected ions. This system was 
used to study the structure and acid reactivity of ion-free 
aluminum hydroxide gel as well as the stabilizing effect of 
specifically adsorbed carbonate on the gel structure. 

EXPERIMENTAL 

Ion-free aluminum hydroxide gel was prepared by dissolving 6.15 g of 
I in 40 ml of anhydrous isopropyl alcohol and adding the required 
quantity of water with agitation. For example, 1.35 ml of water was used 
to hydrolyze I a t  a water-aluminum molar ratio of 3. 

Aluminum hydroxycarbonate gel was prepared by hydrolyzing I with 
3 moles of water/mole of I. The  water was saturated with carbon dioxide 
prior to its addition to I. In addition, carbon dioxide was vigorously 
bubbled into the I solution during the hydrolysis reaction. 

Compound I was hydrolyzed in the presence of 1 mole of sodium bi- 
carbonate/mole of I. Because of the limited solubility of sodium bicar- 
bonate, a water-aluminum molar ratio of 41 was needed to dissolve the 
sodium bicarbonate. 

The hydrolysis products were analyzed for equivalent aluminum oxide 
content (15). Acid reactivity was determined by pH-stat titration of a 
sample containing 38 meq aluminum oxide at  pH 3,25" (16). 

For X-ray analysis, the samples were dried at  room temperature and 
ground to a fine powder. The  diffraction patterns were recorded from 4 
to 60" 20 using CuK,. radiation. The  same powder samples were diluted 
in potassium bromide (2 mg/ROO mg) and examined by IR spectros- 
COPY. 

RESULTS AND DISCUSSION 

Ion-Free Aluminum Hydroxide Gel-Ion-free aluminum hydroxide 
gel. precipitated with 3 moles of waterhole  of I, undergoes very rapid 
structural changes which were observed by IR and X-ray analysis. The 
development, within a week, of absorption bands at  3670,3310, and 3100 
cm-I (Fig. l), indicates that the initial random structure changed rapidly 
and that the hydroxyl groups became part of a more uniform environment 
as the gel aged (17). 

The most striking changes are observed in the IR region between 1'2W 
and 400 crn-'. The two strong absorption bands a t  625 and 470 cm-I are 
in a similar position as the AI-0 vibrations observed in boehmite (18). 
The environment around the AI-0 bonds became ordered more rapidly 
during aging than the environment of the hydroxyl groups. Thus, this 
IR region is more useful for detecting the earliest stages of  crystallization. 
The  vibrations in the hydroxyl region have been useful for monitoring 
long-term aging (17-19). 

I 3.18 

52 48 44 40 36 32 28 24 20 16 12 8 
DEGREES, 28 

Figure  2-X-ray diffractograms of ion-free aluminum hydroxide gel 
precipitated with water-aluminum ratio of 3. Key: (A) initial; (B) a/ter 
I week a t  2 5 O .  

002235491 831 0700-0769$0 1.001 0 
@ 1983. American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 769 
Vol. 72, No. 7, July 1983 



0.01 ' " 1 '  ' ' " . ' * ' 1  

0 10 20 30 
MINUTES 

Figure 3-pH Stat titrigraphs at pH 3,25" of ion-free aluminum hy- 
droxide gel aged at So. Key: (A) initial: (B) after 2 days; (C) after 4 
days. 

The similarity in the IR spectrum of the hydroxyl vibrations a t  3310, 
3100 (stretching), and 1060 cm-' (bending) to the spectrum of boehmite 
suggests that the developing crystalline phase was a disordered boehmite 
(pseudoboehmite) (13). This conclusion is supported by the X-ray dif- 
fractogram (Fig. 2). Initially an amorphous material was formed. A t  1 
week, the presence of pseudobcehmite was indicated by reflection peaks 
a t  3.18, 1.83, and 1.44 A (20). 

The rate of reaction with acid decreased rapidly as the gel aged. As seen 
in Fig. 3, the development of an ordered structure in the gel was accom- 
panied by an increase in the fraction of slowly reacting material present 
in the gel. Theoretically, the 38-meq aluminum oxide sample will neu- 
tralize 2.235 meq-HCI. Thus, the ion-free aluminum hydroxide gel would 
not be effective as an antacid, since only a small fraction of the ion-free 
aluminum hydroxide will react during the estimated gastric residence 
time for antacids of 15 min (21). 

The rate of development of order was directly related to the amount 
of water used to hydrolyze I (13). The IR spectra of the aluminum hy- 
droxide gels prepared using 3,6 ,  12, and 24 moles of water/mole of I and 
aged for 24 hr at  25" are shown in Fig. 4. At lower water-aluminum ratios. 
amorphous aluminum hydroxide was observed, as indicated by the broad 
absorption bands. 

As noted previously, the AI-0 vibration gives the earliest indication 
of the development of order. At  a water-aluminum ratio of 6, a featureless 
absorption band for the hydroxyl groups was observed between 3700 and 
2600 while the presence of more ordered AI-0 bonds was observed 
a t  620 and 480 cm-l. This absorption, together with the band at  1055 
cm-I, indicates that  pseudoboehmite, AIOOH-H20, is forming. 

IR spectroscopy (Fig. 4) is a more sensitive technique to follow the 
development of order than X-ray diffraction, because the X-ray dif- 
fractograms of the aluminum hydroxide gels prepared with water-alu- 
minum ratios of 3 and 6 were amorphous. However, in the presence of a 
large excess of water, a mixture of pseudoboehmite and bayerite was 
produced. Characteristic bands of pseudoboehmite were observed a t  3300, 
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Figure 5-X-ray diffractograms after I day at 25O of ion-free aluminum 
hydroxide gel hydrolyzed with various water-aluminum ratios. Key: 
(A)  3; (B)  6; (C) 12; (D) 24. 

3100, and 1055 cm-l for the hydroxyl stretching and bending vibrations. 
Bayerite, AI(OH)3, was observed a t  a water-aluminum ratio of 12 and 
predominated a t  higher water content. The more defined environment 
of the hydroxyl groups in the bayerite structure was indicated by the 
sharpness of the absorption bands a t  3650,3545, and 3430 cm-l. The low 
IR region was not useful in detecting the mixture of pseudoboehmite and 
bayerite, since the A1-0 vibrations are similar in both compounds. 

The X-ray diffractograms (Fig. 5) support the conclusions drawn from 
1R analysis. At a water-aluminum ratio of 12, bayerite was indicated by 
the peaks at  4.71,4.37,3.18, and 2.22 A. The transformation of pseudo- 
boehmite to bayerite at  higher water content was indicated by the loss 
of the broad background reflection between 30 and 22" 26, that corre- 
sponds to the broad reflection peak a t  3.18 A for pseudoboehmite. 

Small amounts of gibbsite were present in the aluminum hydroxide 
gel precipitated a t  a water-aluminum ratio of 24 as indicated by the IR 
bands at  3620 and 3520 cm-' and by the diffraction peak at  4.82 A (Figs. 
4 and 5). 

Stabilization of Aluminum Hydroxide Gel-The stabilizing effect 
of anions present at  the time of precipitation has been hypothesized based 
on indirect evidence such as the relationship between anion content and 
the rate of loss of acid reactivity (2,6), the effect of washing (5), and the 
dependence of the rate of crystallization on the nature of the anion (2, 
3). The hydrolysis of I provides an excellent system to demonstrate di- 
rectly the stabilizing action of anions. The interaction of carbonate anion 
with aluminum hydroxide was achieved by saturating the water used for 
hydrolysis with carbon dioxide and by bubbling carbon dioxide into the 
reaction medium during hydrolysis. X-ray diffraction patterns of the 
product were amorphous both initially and after aging for 1 month a t  25". 
This result agrees with Torkar's earlier observation that the reaction 
product of aluminum ethoxide and water saturated with carbon dioxide 
remained amorphous for 20 days a t  22" (22). 

The IR spectrum o f  the precipitate formed in the presence of carbon 
dioxide-saturated water (Fig. 6) indicates an amorphous aluminum hy- 
droxycarbonate gel. The broad hydroxyl stretching band a t  3460 cm-1 

I 320 620 
A 5 3 5  

I I l l l l L J  
3800 3400 3000 1200 1000 800 600 400 

WAVENUMBER, crn-' 

Figure 4-IR spectra after I day at 2 5 O  of ion-free aluminum hydroxide 
gel hydrolyzed with various water-aluminum ratios. Key: (A) 3; (R) 6; 
IC) 12: (D) 24. 
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Figure 6-IR spectrum of aluminum hydroxide gel precipitated in the 
presence of carbon dioxide. 
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Figure 7-IR spectra of the precipitate obtained by the hydrolysis of 
I in the presence of sodium bicarbonate aged a t  25O. Key: (A) initial; (B) 
30 min; (C) I day. 

indicates that the hydroxyl groups are disordered, while the v3 carbonate 
bands a t  1520 and 1412 cm-1 indicate that carbonate is directly coordi- 
nated to aluminum in the gel structure (4.6,23-25). The absorption band 
a t  1085 cm-1 (v1) also supports the direct coordination of carbonate to 
aluminum since this absorption is only active in the Raman when the 
carbonate anion has full symmetry. 

The amorphous aluminum hydroxycarbonate gel reacted completely 
with acid and exhibited a Tm of 3 min by pH-stat titration. The rate of 
acid neutralization was virtually unchanged during the 1-month evalu- 
ation period. 

Compound I was also hydrolyzed in the presence of carbonate ion using 
1 mole of sodium bicarbonate per mole of I. The sodium bicarbonate was 
dissolved in the water for hydrolysis. This reaction resulted in the im- 
mediate formation of sodium aluminum hydroxycarbonate which is 
known mineralogically as dawsonite (13) and is contained in the USP as 
dihydroxyaluminum stdium carbonate (26). As can be seen in Fig. 7, the 
initial IR spectrum showed the split carbonate band, v3, a t  1550 and 1400 
cm-’, which is characteristic of the distortion of carbonate in dawsonite 
(13). Rapid structural development occurred during the first 30 min as 
evidenced by the appearance of a hydroxyl stretching band a t  3260 cm-I 
and the general sharpening of the bands observed in the initial spectrum. 
Little indication of further structural development is observed in the 
24-hr spectrum. 

The IR spectrum of the I-day sample was identical to the spectrum 
of dawsonite (27), except that  the bands are broader suggesting a more 
poorly ordered structure of a smaller particle size than the mineralogical 
sample. 

The rapid structural development of dawsonite was also observed in 
the X-ray diffractograms (Fig. 8), which exhibit the major peaks of 

I 5.64 
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Figure 8-X-ray diffractograms of the precipitate obtained by the 
hydrolysis of I in the presence of sodium bicarbonate aged a t  25”. Key: 
( A )  initial; ( R )  90 min; (C) I day. 

dawsonite immediately after precipitation and show some refinement 
in the structure upon aging. 

The synthetic dawsonite exhibited a rapid rate of acid neutralization 
as evidenced by its Tm of 3 min. The rate of neutralization was virtually 
unchanged during the 1-month observation period. The presence of a 
stoichiometric amount of sodium bicarbonate a t  the time of precipitation 
produced a highly reactive, crystalline hydroxycarbonate which contains 
158 mg of sodium per gram of sodium aluminum hydroxycarbonate. 

Summary-Aluminum hydroxide gel produced under ion-free con- 
ditions rapidly developed an ordered structure which reacts too slowly 
with acid to be effective as an antacid. The use of carbon dioxide-satu- 
rated hydrolysis water as the source of carbonate ion produced an 
amorphous aluminum hydroxycarbonate gel which exhibited excellent 
antacid properties and was totally free of foreign cations such as sodium 
or potassium. The use of a stoichiometric amount of sodium bicarbonate 
as the source of carbonate resulted in the formation of crystalline sodium 
aluminum hydroxycarbonate which possesses excellent antacid properties 
but which has a high sodium content. 
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Abstract  Membrane-coated tablets were developed to provide a 
dosage form which exhibits zero-order kinetics. The delivery system 
consisted of a soluble tablet core surrounded by a porous membrane 
which controls the diffusion rate. In the system studied, the diffusion rate 
of potassium chloride was found to be more constant than with other 
controlled-release products and independent of pH changes within the 
physiological range. The release profile of a drug can be varied by 
changing the composition of the membrane. Substantial amounts of the 
active substance can be loaded into membrane-coated tablets. The 
membrane protects the gastric mucosa from direct contact with the un- 
dissolved active substance. This delivery system has a potential for use 
with all water-soluble agents where a controlled release is desirable. 

Keyphrases Controlled release of drugs-membrane-coated tablets, 
zero-order delivery, potassium chloride, potential use for all water-soluble 
drugs 0 Delivery systems-membrane-coated tablets, controlled release, 
potassium chloride 

The concept of the slow release of drugs has attracted 
much interest, and numerous delivery systems are com- 
mercially available. The purpose of these preparations is 
to release the drug continuously during its passage through 

A 000 ... . . a  

nfl . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  . . . .  

the GI tract, thereby giving a constant plasma concentra- 
tion over a long period of time and possibly reducing side 
effects. Slow-release delivery would be suitable for drugs 
with a rapid clearance from plasma or drugs that cause 
adverse effects locally or systemically. An ideal slow-re- 
lease preparation depends only on the dissolution rate of 
the active substance. Factors such as mechanical influence, 
enzymes, viscosity, surface tension, pH, and salt concen- 
tration should not affect the release of the active substance. 
However, the absorption phase must be completed within 
8-10 hr for most drugs to achieve good biological avail- 
ability (1). Drug dissolution from tablets prepared by a 
technique called membrane coating, using potassium 
chloride as a model drug, is described. 

Uncoated and enteric-coated potassium chloride tablets 
cause side effects in the GI tract with a high degree of 
frequency (2). The only difference between the standard 
tablets and the enteric-coated ones has been the localiza- 
tion of the ulceration in the gut. Several cases of duodenal 
ulceration resulting in stenosis of the intestine have been 
caused by enteric-coated potassium chloride tablets (3, 
4). 

If potassium chloride is delivered at a constant rate for 
a longer period of time while in the GI tract, the side effects 
can be minimized. Newer controlled-release potassium 
chloride tablets have a slow dissolution rate, which gives 

+ 
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Figure 3-Sketch of the equipment for testing mechanical resistance 
of coating shells. Key: ( I )  air inlet; (2) manometer; (3) plunger; (4) 
cylinder. 

a considerably lower concentration of the drug in the GI 
tract and, consequently, a lower frequency of adverse re- 
actions (5,6). The principle of delivering drugs by solution 
diffusion through a rate-controlling microporous mem- 
brane has been shown earlier to be dependable (7). This 
report describes a practical way to utilize this tech- 
nique. 

Membrane coating involves coating a tablet with a po- 
rous, water-permeable membrane, which is insoluble in the 
GI tract. The gastric juices penetrate the tablet through 
the pores and dissolve the drug (Fig. 1). 

The following quality controls must be met when 
choosing a water-insoluble polymer. It must have low 
toxicity and be unaffected by the GI fluids and by the 
motility of the intestinal system. It should have good sol- 
ubility in a nontoxic solvent, appropriate for tablet coating, 
and give films of good mechanical stability. After testing 
several different polymers (cellulose derivatives, nylon, and 
various acrylic polymers) we decided to investigate a 
polyvinyl chloride plastic. This polymer combines the fa- 
vorable properties of good mechanical resistance and 
satisfactory adhesion to the potassium chloride surface of 
the tablet core. 

A 

EXPERIMENTAL 

Preparat ion of Tablet  Core-Potassium chloride was granulated 
with a 50% solution of polyvinyl pyrrolidone in ethanol-acetone (1:l). 
A 32-g volume of the solution was mixed with 1000 g of KCI. The wet 
granulation was screened through a 0.5-0.7-mm aperture and dried in 
a forced-air oven a t  40° for 2 hr. Circular, biconvex tablets with a 12-mm 
diameter were compressed to a hardness of 8 kp'. The disintegration time 
in water a t  3 7 O  was 8 mi$. The tablet weight was 1016 mg, of which lo00 
mg was potassium chloride. 

coatings were applied to the tablets in batch sizes of 5000 in a conven- 
Preparat ion of Membrane-Coated Tablets-The polymeric film B 

Figure 4-Scanning electron microphotographs of the membrane coat 
of potassium chloride tablets: (A) membrane with suspended sucrose 
crystals and (B) the membrane after dissolution of the crystals. The bar 
indicates 10 pm. 

Tablet hardness tester, Schleuniger 8.1 Co., Zurich, Switzedand. * Measured by equipment from Manesty Machines Ltd., Liverpool, England. 
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Table I-Reproducibility of the Membrane-Coating Process 
~~ 

Potassium Chloride Time f o r  
Released During 90% release 

A 16.9 5.9 f 0.6 
n 4  

Hatch 1st hr, % of Potassium Chloride, hr 

B 15.9 5.8 f 018 
0.6 

C 16.7 5.8 f 0.6 
0.5 

D 17.0 6.1 f 0.8 
0.5 

0 Six tahlets were analyzed out of each of the four  hatches, using the rotating- 
basket methtd. The values for 90% release also show the two most extreme values 
obtained in the analysis. 

tional50-cm diameter coating pan without baffles. Coating consisted of 
13% w/v polymer' in acetone. Because of their high viscosity, it was not 
possible to use more concentrated solutions. Different amounts of mi- 
cronized sucrose (particle size <10 pm) was suspended in the polymer 
solutions. Coating was achieved by spraying the various suspensions on 
the moving bed of tablets with an airless sprayel"', using a 0.1-mm nozzle. 
Spray rate was 30 ml/min. Coating was continued until the weight of the 
coat on each tablet was 50 mg. 

D r u g  Diffusion Studies-Potassium chloride diffusion from tablets 
was followed by using the modified beaker method (8,9) ,  the ascend- 
ing-column methtd (10,11), and the rotating-basket method (USP/NF). 
I)iffusion studies according to the beaker methtd were performed using 
1000 ml of dissolution medium a t  37" and a paddle stirrer rotating a t  60 
rpm. Studies with the rotating-basket method were carried out in a 
10OO-ml cylindrical vessel at  37' with the tablet held in a 40-mesh 
stainless steel basket. Rotating speed was 100 rpm. The ascending-column 
methtd utilized a flow-through cell 2.5-mm high with a 14-mm diameter. 
The tablet was placed on a net at the bottom of the cell (Fig. 2). Fresh 
dissolution medium (37") was pumped through the cell a t  a rate of 40 
ml/min, and the concentration of potassium chloride was measured at  
the outlet every 3rd min. Results obtained by the three methods for de- 
termining drug diffusion from memhrane-coated tablets showed excellent 
agreement. 

Deionized water was used as the dissolution medium, except in the pH 
inlluence studies. In these experiments, artificial gastric juice without 
pepsin was used according to USP XIII, pH 1.2. Artificial intestinal juice 
was prepared according to USP XIII, without pancreatin, and potassium 

I 

Table 11-Influence by Membrane Coating Composition on the  
Release of Potassium Chloride (Rotating-Basket, 37") 

Batch 1 2 3 4  

Ratio soluble-insoluble components (w/w) 1.81 2.12 2.57 2.82 
'I'ime for  509  dissolution (min) 121 88 64 48 

dihydrogen phosphate substituted with sodium dihydrogen phosphate, 
pH 7.5. Potassium chloride concentrations were determined by con- 
ductometry in most experiments. In the pH influence studies, however, 
atomic absorption spectrometry was used for potassium. Slow-release 
potassium chloride preparations5 used in the comparison studies were 
purchased commercially. 

Measurement of Membrane Strength-The mechanical resistance 
of the membrane coat was measured on empty coating shells after the 
complete release of potassium chloride. Empty coating shells were ob- 
tained by placing membrane-coated potassium chloride tablets in a large 
volume of distilled water for 24 hr. When the drug was diffused from the 
tablets and the solid core was replaced with liquid the shells floated and 
became layered beneath the liquid surface. The visible appearance of the 
tablets did not change. A ttxd was developed for checking the mechanical 
resistance of the membrane-coated shell (Fig. 3). The empty coating shell 
was compressed in a cylinder by a piston which was regulated by com- 
pressed air. The resistance of the coating shell against the movement of 
the piston was registered by a manometer. Compressed air (8 kg/cmz) 
reached the throttle valve and penetrated the cylinder. The piston moved 
upward and pressed the coating shell against the lid of the cylinder. When 
the coating shell was compressed or burst, the channels were free and the 
air escaped. This procedure was recorded by a manometer which showed 
the pressure of the air in kp/cm' a t  the moment the coating shell burst. 
The maximal air pressure at  the compression represents a measure of the 
mechanical resistance of the membrane. 

RESULTS AND DISCUSSION 

Characterist ics of t he  Membrane Coating-The coating consists 
o f  a water-insolul)le polymer and a dispersed water-soluble pore-creating 
substance. When a membrane-coated tablet is swallowed, the gastric juice 
dissolves the pore forming substance (Fig. 1). The structure of the 
memhrane can be seen in Fig. 4, as observed hy scanning electron mi- 
croscopy before and after removal of the water-soluble material. 

The amount of residual monomer (vinyl chloride) was determined by 
CC. The accuracy of the method is -1 ppm, and our results show that 
the content of monomer is < I  ppm. The pore-forming substance consists 
of micronized sucrose, which proved to be ideally suited with regard to 
toxicity and solubility. 

Drug Diffusion Studies-The diffusion of dissolved substances from 
the tablet through the pores can he calculated by using Fick's first law 
of diffusion. 

(Eq. 1 )  

where q is the rate of diffusion, D the diffusion constant, A the surface 
area, and h the thickness of the diffusion layer. 

As long as the membrane coating contains a saturated solution together 
with solid drug substance the concentration inside the coating shell, C,, 
is much higher than the concentration outside the coating shell, C,. For 
potassium chloride C, is -25%, while C ,  in our in uitro studies has 
reached maximally 0.1%. Thus, the diffusion has taken place during sink 
conditions (which means C, is negligible compared with C,,) and Eq. 1 
is reduced to: 

*,::. This implies that  the diffusion should proceed a t  a constant rate (zero- 
order reaction). A t  the point where no solid substance is left within the 
membrane coating, the rate of diffusion declines with decreasing con- 
centration (first-order reaction). 

The release pattern of active substance from a membrane-coated tahlet 
is shown in Fig. 5. When the release of potassium chloride begins, the 

particles in the membrane are dissolved, The  rate increases 
sharply to a maximum in a few minutes. 

Theoretically, 70-8070 of the potassium chloride should be released 

:.f 1 ,.; . , , , , . , 

1 2 3 4 5 6 7 8  
HOURS 

Figure %In vitro release of potassium chloride from membrane-coated 
tablets using thr rotating-basket method. Key:  deionized water ( O ) ,  
artificialKastric juice ( A ) ~  and artificial intestinal juice (m). 

I' High purity polyvinvl chloride. Chemoswed Co., Malrni,. Sweden. ' N o r d s ~ m  C I I ~ ~ . ,  Amherst. Ohio. 
' lialium-Duretter. 0.75 g. Hassle Sweden (formulation A): Slow-K. 0.6 y .  C i h  

(lorrnulatim R 1. 
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Table 111-Diffusion of Potassium Chloride During 6 h r  from 
Three Different Formulation Princiules 

Percent Released from Tablets” 
Mem brane- 

Coated Formulation Formulation 
Hours Tablets A B 

1st 16.7 39.6 32.4 
2nd 19.8 17.2 25.5 
3rd 
4th 
5th 

17.4 
15.6 
13.7 

11.3 
8.7 
6.7 

16.0 
11.2 
7.8 

6th 10.7 4.9 5.3 
Total 93.9 88.4 98.2 

,I The figures given are mean values of six sin le tablet analyses. Released po- 
tassium chloride is expressed as percentage of t ie total content of the different 
products. The amounts of potassium chloride were: membrane-coated tablets. 1 
g; formulation A, 0.75 g; and formulation B, 0.6 6. 

at a constant rate. In practical situations, however, the rate decreases 
slowly and linearly until -80% of the content is released. A t  this point 
there is no solid potassium chloride left in the shell and the rate accord- 
ingly decreases rapidly. 

The effect of the dissolution medium pH on the potassium chloride 
diffusion was studied. Figure 5 shows the release pattern in deionized 
water, artificial intestinal juice (pH 7.5), and artificial gastric juice (pH 
1.2). The three media, which represent the physiological pH range, did 
not influence the diffusion significantly. As can be seen from Fig. 5, the 
amount of potassium chloride dissolved in 6 hr varies between 80 and 
90%. 

The reproducibility of the coating process is high. Table I shows release 
characteristics of four consecutive batches of membrane-coated potas- 
sium chloride tablets. The ratio of soluble components to insoluble 
polymer in the coating material influences the release rate. The impor- 
tance of this ratio is evident from the data in Table 11. A high ratio of 
soluble/insoluhle components gives a high-porosity coating. This ratio 
is used to produce tablets with a desired release pattern. 

Studies on the  Membrane Strength-The main factor influencing 
shell hardness was found to be the thickness of the membrane. Minor 
changes from the composition of the membrane given in the Experi- 
mental section do not significantly alter the mechanical strength of the 
memhrane. The compression resistance of membrane-coated tablets 
measured according to the method described in the Experimental section 
is -7 kp. To investigate if this is sufficient for the in uiuo conditions, a 
study was performed on the empty shells after passage through the GI 
tract. One membrane-coated tahlet/day was given to ten volunteers 
during 2 days. The stools were collected and the empty shells were ex- 
amined for ruptures. No ruptures of’the membrane were found. (Tablets 
of different membrane-coat thickness were prepared for this study and 
checked lor membrane strength, which ranged between 5.2 and 7.2 kp.) 
This proves that the mechanical stability is sufficient to withstand pas- 
sage through the human GI tract. 

Comparison with Other  Controlled-Release Principles Used for  
Potassium Chloride-The membrane-coated potassium chloride tablet 
was compared with two commercially available slow-release formulations 
of potassium chloride. These formulations utilize the so-called embed- 
ment principle, which means that potassium chloride is embedded in a 

HOURS 

Figure &In vitro release rate of potassium chloride Irrorn mem- 
brane-coated tablets [ l  g (-11 and formulation R [0.6g (- - - -)I. Data 
/or formulation R haoe been recalculated in relation to 1 g o/ KCI. 

carrier substance that either forms an insoluble matrix (formulation A) 
from which the potassium chloride diffuses (I?), or a wax matrix (for- 
mulation B) which releases the potassium chloride by a combination o f  
diffusion and erosion. Determinations of potassium chloride have been 
performed according to the method described in the Experimental sec- 
tion (rotating basket, 37’). 

As can be seen from Table 111, the two commercially available prepa- 
rations initially released large amounts of active substances. The rate of 
release then gradually decreased. Membrane-coated tablets, however, 
gave a slower and more uniform release during the 6-hr period. Figure 
6 shows a comparison between membrane-coated tablets and formulation 
B. An ideal formulation would show a constant diffusion rate, therehy 
releasing constant amounts of active substance each hour until no more 
substance remained in the tablet. In the study the membrane-coated 
tablets have a release pattern that is closer to the ideal situation. 

REFERENCES 

( 1 )  J. R. Robinson, Ed., “Sustained and Controlled Release Drug 

(2)  “AMA Drug Evaluations,” 2nd ed., AMA Department of Drugs, 

(3) L. Gee, B. Berg, T. G. Tong, and C. Becker,J. Am. Med. A.SNJC., 

(4)  J .  M. Jefferson and P. Aukland, Rr. Med. J., I .  456 (1974). 
(5) E. L. Tarpley, Curr. Thcr. Res., 16,734 (1974). 
(6) C. Graffner and J. Sjiigren, Acta Pharm. Suec., 8,13  (1971). 
(7) R. W. Baker and H. K. Lonsdale, in “Controlled Release of Bio- 

logically Active Agents, Advances in Experimental Medicine and Biol- 
ogy,” vol. 47, A. C. Tanquary and R. E. Lacely, Eds., Plenum, New York, 
N.Y., 1974, p. 15. 

(8) G. Levy and B. A. Hayes, N. Engl. J. Med., 262,1053 (1960). 
( 9 )  R. V. Bathe, 0. Haftiger, F. Langenbucher, and D. Schhleber, 

Delivery Systems,” Dekker, New York, N.Y., 1978, p. 130. 

American Medical Association, Chicago, Ill., 1973, p. 18:i 

228,975 (1974). 

Pharm. Acta Helo., 50(12), 3 (1975). 
(10) F. Langenbucher, J. Pharrn. Sci., 58,1265 (1969). 
( 1 1 )  J. E. Tingstad and S. Riegelman, J. Pharrn. Sci., 59, 692 

(12) J. Sjcgren, Dan. Tidsskr. Farm., 34,189 (1960). 
(1970). 

Journal of Pharmaceutical Sciences I 775 
Vol. 72, No. 7, July 1983 



Kinetics of Decomposition and Formulation of 
Hydrocortisone Butyrate in Semiaqueous and Gel Systems 

Y. W. YIP, A. LI WAN PO", and W. J. IRWIN 
Received February 3,1982, from the Department of Pharmacy, Unioersity o/ Aston, Costa Green, Birmingham, UK. 
publication June 29,1982. 

Accepted for 

Abstract The stability of hydrocortisone butyrate in semiaqueous and 
formulated gel systems has been investigated. It was shown that hydro- 
cortisone butyrate underwent reversible isomerization to the C-21 ester 
of butyric acid. This ester then hydrolyzed to hydrocortisone, which in 
turn degraded to a complex mixture of compounds. This step is metal 
catalyzed and can be inhibited by the addition of EDTA [disodi- 
um(ethylenedinitrilo)tetraacetate]. The kinetics of decomposition is 
modeled using nonlinear regression analysis, and the rate constants for 
the various decomposition pathways are quantified. 

Keyphrases Hydrocortisone butyrate-decomposition in semia- 
queous and gel systems, kinetics 0 Kinetics-decomposition of hydro- 
cortisone butyrate in semiaqueous and gel systems 0 Decomposition- 
hydrocortisone butyrate in semiaqueous and gel systems, kinetics 0 
Dosage forms, topical-hydrocortisone butyrate, decomposition in 
semiaqueous and gel systems, kinetics 

Hydrocortisone butyrate (I) is available in various for- 
mulations for topical application. Studies in uiuo have 
shown that the ester is many times more active than the 
parent alcohol, hydrocortisone (1). The presence of the 
ester function appears to improve delivery of corticoste- 
roids to the site of action as well as increase steroidal ac- 
tivity by imparting resistance to the cutaneous metabolic 
enzymes involved in the disposition of the steroids from 
the site of action (2, 3). 

Steroid-17-esters, however, readily rearrange to the 
thermodynamically more stable but topically less active 
(1) 21-esters under nonideal conditions (4). It was shown 
that in some extemporaneously diluted ointments, the 
half-life of betamethasone valerate may be <1 hr at room 
temperature (5). Previous studies (6,7) showed that hy- 
drocortisone butyrate (I) underwent acyl migration to the 
21-ester (11) followed by hydrolysis of this ester to hydro- 
cortisone (111). This paper reports the formulation and 
stability of the steroid in semiaqueous and gel systems. 

EXPERIMENTAL 

Steroid Analysis-High-performance liquid chromatography (HPLC) 
analyses were performed on an apparatus constructed from a constant- 

0 10 20 30 40 50 60 70  80 90 100 
PROPYLENE GLYCOL, % 

Figure 1-Solubility profile of hydrocortisone butyrate (I) in aqueous 
propylene glycol mixtures a t  25". 

flow solvent pump', an injectorZ fitted with a 2 0 - 4  loop, and a variable- 
wavelength monitoP equipped with an 8-pl flow-cell. Aqueous acetoni- 
trile4 mixtures were used as the mobile phase, and hydrocortisone acetate 
(0.08 mg/ml) was the internal standard for reverse-phase chromatography 
on a 10-cm, 5-pm ODS column5. Normal:phase chromatography was 
performed as previously described (7) using caffeine (0.1 mg/ml) as the 
internal standard. 

HPLC-grade solvents4, propylene glycol BP6, hydrocortisone7, and 
the buffer saltss were purchased from various manufacturers. The hy- 
drocortisone butyrate9 and the gelling agents1° were gifts and were used 
as supplied. 

Preparation of Gels-To prepare a carboxypolymethylene polymer 
gel, 0.8 g of the polymer was dissolved in 30 g of propylene glycol and -45 
g of water. The product was neutralized with 2.5 ml of 2.5 N NaOH, and 
0.1 g of the steroid was incorporated into the resultant gel using the re- 
maining 20 g of propylene glycol. The gel was adjusted to 100 g with water 
to produce a 0.1% w/w hydrocortisone butyrate gel for subsequent studies. 
Entrapped air was removed by vacuum suction in a desiccator. 

The other gel systems were prepared as recommended by the manu- 
facturers. Initial experiments with these systems showed that, following 
topical application, unacceptable films were formed on the skin. All 
subsequent formulations, therefore, were carried out with the carboxy- 
polymethylene polymers. 

Preparat ion of Aqueous Propylene Glycol-Steroid Solutions- 
Both nonhuffered and buffered aqueous propylene glycol solutions were 
used in the kinetic experiments. Aqueous propylene glycol solutions (50% 
v/v) were adjusted to the required pH by addition of sodium hydroxide. 
These are referred to as nonbuffered solutions although such solutions 
should possess some buffer capacity. The buffered aqueous propylene 
glycol solutions were prepared by mixing equal volumes of propylene 
glycol and McIlvaine's citrate buffer adjusted to a constant ionic strength 
of 0.5 M with potassium chloride (8). As expected, addition of propylene 
glycol to an aqueous buffer produced large changes in the pH. Typically, 
a buffer with an initial pH of 6.91 was altered to pH 7.60 on dilution with 
an equal volume of propylene glycol. The pH quoted in the stability 
studies are all final values in the aqueous propylene glycol systems. 

Solubility of Hydrocortisone Butyrate-The solubility of hydro- 
cortisone butyrate ( I )  in aqueous propylene glycol or propylene glycol 
was determined by adding excess steroid to 10 ml of the appropriate 
propylene glycol solution preheated to 80'. The suspension was then 
placed in an ultrasonic bath for 15 min and transferred to a shaking water 
bath, maintained at 25O. The solution was filtered after overnight storage 
a t  this temperature, and an aliquot of the filtrate was assayed by HPLC. 
Initial estimates were obtained using normal-phase chromatography (6) 
and confirmed by reverse-phase chromatography. No decomposition was 
observed during the storage under the conditions described. 

Storage and  Assay of Gel-The hydrocortisone butyrate gels were 
stored at 60° in a water bath. Samples of -1.2 g were withdrawn a t  ap- 
propriate intervals, and 5 ml of 0.5% w/v hydrochloric acid was added to 
quench the reaction. The tubes were shaken until homogeneous, and 10 
ml of chloroform was added. The chloroform extracts were assayed by 
HPLC (6). Recovery studies showed a mean value of 99.17 f 0.52% on 
six replicate determinations. 

Storage and Assay of Aqueous Propylene Glycol-Steroid Solu- 
tions-The solutions (1 mg/ml) were stored in water baths maintained 

Altex lOOA model. * Rheodvne 7120. 
3 Pye LC~. ' Fisons Ltd (UK). 

Hwersil-ODS. 
ki/Carthys Ltd. 
Sigma Chemical Co. (UK). 
British Drug Houses. 
Brocades Lcd UK. 

lo  Carbopol 9.10 (carboxypolymethylene polymers). Coodrich Chemical Co.; 
Klucel HF (hydroxypropylcellulose), Natrosal (hydrt,xyethylcellulose), and sodium 
carboxymathylcellulose. Hercules Ltd. 
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Scheme I: Decomposition pathway of hydrocortisone butyrate. 

a t  60°, and 1-ml aliquots were withdrawn a t  appropriate intervals for 
assay by reverse-phase HPLC. The reaction was halted by the addition 
of 4 ml of 0.024 M hydrochloric acid in 50% aqueous acetonitrile. Such 
diluted samples could be stored a t  4 O  for a t  least a week without mea- 
surable decomposition. The samples were diluted with an additional 5 
ml of the acetonitrile-hydrochloric acid mixture which contained 0.16 
mg/ml of hydrocortisone acetate as an internal standard. When hydro- 
cortisone was studied alone, an internal standard concentration of 0.32 
mg/ml was used to obtain more precise data. EDTA [disodium(ethy- 
1enedinitrilo)tetraacetatel (0.05% w/v) was added when indicated. 

RESULTS AND DISCUSSION 

Products commercially available indicate that a 0.1% w/w hydrocor- 
tisone butyrate concentration would be a useful starting point when 
formulating a topical preparation of the steroid. To enhance percutaneous 
absorption of the steroid from thegel system, it was necessary to optimize 
the thermodynamic activity of the steroid in the formulation. Since a 
solution system was considered desirable, the continuous phase vehicle 
ideally should be chosen in such a way that the concentration of steroid 
is as close as possible to the saturation concentration. To do this quan- 
titatively, a solubility profile of hydrocortisone butyrate in aqueous 
propylene glycol, the chosen continuous phase, was constructed (Fig. 1). 
On the hasis of the data obtained, a 48% w/w propylene glycol in water 
solution was chosen for formulating the 0.1% w/w hydrocortisone butyrate 
gel. 

Analysis of the steroids by HPLC and by reference to authentic spec- 
h e n s  showed that, like betamethasone valerate, hydrocortisone butyrate 
(1)  isomerizes to the corresponding C-21 ester of butyric acid (II), which 
then hydrolyzes to hydrocortisone (111) as shown in Scheme I. 

To obtain adequate HPLC resolution of the steroids, three aqueous 
acetonitrile mixtures were necessary. Quantitation of I and I1 was carried 
out using a 50% v/v acetonitrile-water mixture. Under these conditions, 
hydrocortisone showed significant overlap with other minor decompo- 

- 
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Figure 2-HPLC separation of I from its decomposition products using 
an agueous acetonitrile mobile phase at concentrations of 50% (a), 3-57; 
(b),  and 40% v /v  (c). Key: ( 1 )  hydrocortisone; (2) I ,  (3) I I ;  14) internal 
standard. 

sition products (Fig. 2a).  Decreasing the acetonitrile concentration 
prolonged the retention times of all the steroids. The quantitative assay 
of hydrocortisone was possible with a mobile phase consisting of 35% v/v 
acetonitrile-water (Fig. 2b). Although I and I1 were resolved from the 
other steroids using this weaker solvent, the quantitation was not satis- 
factory because of peak broadening. In the initial stages of decomposition, 
a 40% v/v acetonitrile-water mixture was adequate in resolving hydro- 
cortisone for quantitative assay (Fig. &). Considerable time could he 
saved using this system instead of the 35% v/v aqueous acetonitrile 
mixture. Whenever possible, therefore, the 40% mixture was chosen for 
assaying hydrocortisone in the presence of the other steroids. 

Where the assay solutions were diluted prior to injection. care was 
taken to ensure that the final solvent composition was identical to that 
used for the standard solution. This was necessary because, as previously 
reported (9), peak height ratios can show considerable variation, de- 
pending on the solvent used. 

Kinetic analysis of the gel data (Fig. 3) showed that disappearance of 
I followed first-order kinetics. Unlike betamethasone valerate (5, 6), 
however, the overall decomposition did not follow a sequential first-order 
pattern. Monitoring the decomposition at  various pH values showed that 
the isomerization of I to the C-21 ester (11) was base catalyzed, and pH 
dependent (Table I). Such base catalysis has been shown in semisolid 
systems (7,9,10). The changes in pH do not appear to be the only factor 
of importance, since dilution of a betamethasone valerate ointment with 
a different ointment base significantly altered the decomposition rate 
even though the pH was near that of the stable undiluted product (7). 

T o  dissociate any effects produced by the gelling agent from other ef- 
fects, the kinetics of decomposition of I was followed in the absence of 
the vinyl polymer. The data ohtained showed that the decomposition was 
again pH dependent (Table 11); but, unlike the gel system, even the dis- 
appearance rate of I in this nonbuffered system did not follow first-order 
kinetics. The profile for the three steroids in a 50% v/v aqueous propylene 
glycol system adjusted to pH 7.9 with sodium hydroxide is illustrated in 
Fig. 4. At this stage it was postulated that base was consumed during a t  
least one of the reactions involved in the overall degradation of I since 
there was a pH change of -2 units. To test this, the decomposition was 
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Figure 3-Profile for  I(.). II fa), and hydrocortisone (A) during tht, 
decomposition at 60° of I in a gel system (initial p H  6.78). 
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Table I-Effect of pH on the lsomerization of Hydrocortisone 
Butyrate.  in a Gel System a t  60" 

PH 
Observed Rate Constant,b 

hr-I X 10' 

6.78 
5.07 
4.42 

412 
11.5 
6.6 

0 To C-21 ester of buryric acid. b Rate cnnstant refers to the overall disappearance 
of the 17-butyrate. 

Table 11-Effect of pH on the  Decomposition of Hydrocortisone 
Butvrate.  in the Aaueous P r o w l e n e  Glycol Mixture  at 60" 

Hydrocortisone- Hydrocortisone- Hydrocortisone, 
PH butyrate, % 21-butyrate, % % 

7.89 87 
9.95 4 

8 0 
57 37 

11.17 0 0 77 

Steroid composition at 30 min. b 50% v/v. 

followed in buffered aqueous propylene glycol systems. Under such 
conditions one would expect linearization of the data if the reaction se- 
quence was indeed a sequential, irreversible, first-order pathway (Table 
111, model 1). In fact, the data obtained gave a reasonable fit when 
subjected to nonlinear regression analysis (11). For most stability pre- 
diction studies, such a fit would be adequate, and the confidence limits 
of the data support this (Table IV). For precise modeling, however, the 
computerized plot of the experimental data against the predicted data 
using model 1 shows that discrepancies are present (Fig. 5). 

The integrated form of the rate equations were used in the computa- 
tion. These (Eqs. A1-A4) and equations relevant to the other kinetic 
models used in this study are listed in Appendix I. The kinetic parame- 
ters are listed in Tables IV-VIII. 

Both previous (12) and the present data show that other products 
besides I1 and the free alcohol are produced during the decomposition 
a t  60'. HPLC of adecomposed sample (Fig. 2) clearly demonstrates the 
complexity of the pathways. Hansen and Bundgaard (12) have reported 
that a t  least seven products are formed during the decomposition of 
hydrocortisone. If the decomposition of hydrocortisone to other products 
were all first-order parallel processes, the sequential first-order model 
would hold because the rate constant for the decomposition (K3) would 
then equal the sum of the individual rate constants. 

The possibility that experimental error accounted for the results was 
discounted by repeating the experiment: similar deviations were noted 
in both sets of data. There was good agreement between the estimates 
for the rate constants (Table IV). Two alternative models to account for 
the discrepancies are possible. The first is that the isomerization of I to 
I1 is reversible, and that the reverse rate constant is not negligible (Table 
111, model 2). An analogous situation has been previously reported in 
studies on tricyclic antidepressants (13 ,14) .  In a recent study, Anderson 
and Taphouse showed that acyl migration from the C-21 to the C-17 
position was also possible with methylprednisolone hemisuccinate ( 15). 
The second alternative is that I hydrolyzes to hydrocortisone directly and 
not solely uia the formation of I1 (Table 111, model 3). T o  test these 
possibilities, the hydrolysis of I1 was followed in samples initially free of 
I (Table VI, lBlo = 100%). Formation of I would show any reversibility. 
This was the case, and the kinetic parameters for this system under 
identical conditions are shown in Table V. The improved fit to the model 
can be seen in Fig. 6. Since K1 is -14 times greater than Kq, these rate 
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Figure 4-Profile o f 1  (A), 11 (I). and hydrocortisone ( 0 )  during the 
drcomposition at 60' O/ the z;teroid-l7-ester in  an  ayu?ous propylene 
f i l y ~ ~ l  solution / ini t ia l  p H  7 9).  

Table 111-Kinetic Models for the Decomposition of 
Hydrocortisone Butyrate  

Model Decomposition Scheme 

1 

2 

3 

I S  I1 2 1 1 1  3 I V  
K4 

constants are expected to be imprecise when derived from experiments 
where the initial concentration of I is zero. This is reflected in the wide 
confidence limits (Table VI). 

I t  is interesting to note that the reverse rate constant for betametha- 
sone valerate isomerization to the C-21 ester was negligible (6), while the 
ratio of the forward and reverse rate constants for methylprednisolone 
hemisuccinate was 2-5 (15). The diacidic nature of succinic acid and the 
C-16 methyl group in betamethasone may explain the observed differ- 
ences. The free acid function of prednisolone is able to interact freely with 
the (2-17 hydroxyl group without ester function cleavage. In betam- 
ethasone. the C-17 hydroxyl group is sterically hindered to a greater ex- 
tent than in the other two steroids. Its interaction with the (2-21 ester 
function, therefore, is associated with a higher energy barrier and hence 
a lower reverse rate constant. The experiment does not exclude revers- 
ibility in the hydrolysis of I. Therefore, the decomposition of hydrocor- 
tisone was studied in the presence of an equimolar amount of sodium 
butyrate and in the absence of the esters. A control was carried out 
without the sodium butyrate: no hydrocortisone ester was detected 
throughout the run, and the rate constants in the control and test systems 
(0.0096 and 0.0102 hr-l, respectively) were equal within experimental 
error. Having confirmed that the isomerization, but not the hydrolysis, 
of  I was reversible, the f i t  to models 2 and 3 were compared to exclude 
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Figure 5-Profiles for I (a ) ,  II (b) ,  and hydrocortisone (c) during the 
decomposition at 60' of the steroid-I 7-ester i n  a buffered aqueous 
prop>,lene glycol solution (50",, UIU, p H  7.6). T h e  lines represent the  
throretica/ predictions according t o  model I .  
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Table IV-Rate Constants for the  Decompositiopn of 
Hydrocortisone Butyrate According to Model 1 

95% 
Calculated Rate Confidence Correlation 

Data Set Constants*, hr-' Limits Coefficientc 

1 K1 = 0.290 f 0.005 0.281-0.300 0.999 ( A )  
K:! = 0.016 f 0.0003 0.016-0.017 0.995 (B) 
K3 = 0.0173 f 0.001 0.016-0.019 0.979 (C) 

2 K1 = 0.288 f 0.004 0.260-0.277 0.998 (A) 
K2 = 0.016 f 0.0003 0.015-0.016 0.995 (B) 
Kq = 0.015 f 0.0004 0.014-0.016 0.987 (c) 

~~~~~ ~~ ~~ ~ 

0 AsdefinedinTableIIIwithinitialconditions: IAlo= 10046and (BI = Iclo= 
0. b Reactions in buffered (pH 7.6) aqueous propylene glycol (50% VPV) at 60'. 
c Function designation in parentheses. 

Table V-Rate Constants for the Isomerization and  
Decomposition of Hydrocortisone Butyrate  According to Model 
2. 

95% 
Calculated Rate Confidence Correlation 

Data Set Constantsb, hr-' Limits Coefficientc 

1 K1 = 0.308 f 0.00485 0.299-0.318 1.000 (A)  
K2 = 0.016 f 0.00026 0.016-0.017 0.997 (B) 
K3 = 0.017 f 0.00057 0.016-0.018 0.983 (C) 
K, = 0.020 & 0.00253 0.015-0.025 . . ~ .  - . 

2 K; = 0.292 f 0.00321 0.285-0.298 0.999 (A) 
K2 = 0.016 f 0.00015 0.0157-0.0164 0.999 (B) 
K? = 0.015 f 0.00024 0.015-0.016 0.989 (C) 
K; = 0.025 f 0.00163 0.021-0.028 

As defined in Table 111 with initial conditions: 1 Alo = 10046 and lBlo = IC(0 = 
Reactions in  buffered (pH 7.6) aqueous propylene glycol (50% v/v) a t  60'. 0. 

Function designation i n  parentheses. 

Table V1-Rate Constants for t h e  Isomerization and 
Decomposition of Hydrocortisone Butyrate  According to  Model 
2 s  

95% 
Calculated Rate Confidence Correlation 
Constants*, hr-I Limits Coefficients' 

K I  = 0.348 f 0.195 (-) 0.041-0.737 0.983 (A)  
K2 = 0.015 f 0.00019 (-) 0.258-0.051 0.999 (B) 
K.1 = 0.019 f 0.00038 0.150-0.016 0.983 (C) 

As defined in Table 111 with initial conditions: 1 Alo = 0, lBlo = 100%. and lCJ0 
= 0. * Reactions in buffered (pH 7.6) aqueous propylene glycol (50% v/v) at 60 , 

K4 = 0.024 f 0.0135 0.018-0.020 

Function designation in parentheses. 

the possibility that I is converted directly to hydrocortisone. The sta- 
tistical data and the plots (Figs. 6 and 7) show that direct conversion was 
likely. Because of the small magnitude of the rate constant for the direct 
conversion of the I to hydrocortisone (K5) relative to the other routes, 
the estimate for its value is imprecise, as is evident in the wide span of 
95% confidence limits (Table VII). 

Preliminary work on the effect of buffers on the decomposition indi- 
cated that the decomposition rates of I to I1 and of the latter to 111 were 
not significantly affected by doubling the buffer concentration. However, 
the rate of hydrocortisone disappearance was increased (Tables VII and 
VIII). Recent work has shown that the decomposition of 111 was metal 
catalyzed and that EDTA significantly decreased the rate of decompo- 
sition (12). Indeed, buffer effects were rationalized on the basis of trace 
metal contaminants both for hydrocortisone (12) and prednisolone (16). 
In the present system, the isomerization and hydrolysis steps were un- . 
affected; these steps were not expected to be metal catalyzed. Using 
different batches of the same grade" of buffer salts, the same rate con- 
stants for the decomposition of 111 were obtained (Table IX). However, 
this does not exclude metal catalysis. 

The effect of EDTA on the decomposition therefore was investigated. 
In  addition to explaining in part the mechanism of decomposition, the 
data was expected to aid in selecting suitable methods for stabilizing the 
hydrocortisone formulations. Additionally, it had been suggested that 
some of the decomposition products were potentially immunogenic (17). 
When compared with control systems (free from the chelating agent), 

" Analar. 

Table VII-Rate Constants for the Isomerization and 
Decomposition of Hydrocortisone Butyrate  According to Model 
39  

95% 
Calculated Rate Confidence Correlation 

Data Set Constants*, hr-I Limits Coefficient 

1 K1 = 0.310 f 0.0077 
KZ = 0.018 f 0.00079 
Kn = 0.015 f 0.00076 
K4 = 0.022 f 0.0042 
K5 = 0.0001 f 0.0045 

2 K1=0.292 f0.0033 
Kz = 0.016 f 0.00031 
K3 = 0.015 f 0.00024 
K4 = 0.025 f 0.0017 
K.s = 0.0001 f 0.0018 

0.295-0.325 1.000 (A)  
0.0163-0.019 0.998 (B) 

0.0 134-0.030 
0.0138-0.017 0.975 (c) 

(-1 0.009-0.009 
0.286-0.299 0.999 (A)  
0.215-0.280 0.999 (B) 

0.0155-0.017 0.989 (C) 
0.0146-0.0155 

(-) 0.003-0.004 
~ 

a Asdefined in Table 111 with initialconditions: lAlo = 100%and IBI = lCl0 = 
0. * Reactions in buffered (pH 7.6) aqueous propylene glycol (50% vfv) a t  60". 

Function designation in parentheses. 

a stabilizing effect on hydrocortisone was observed when EDTA was 
added. As expected, the isomerization and hydrolysis rate constants were 
not significantly altered (Table X). Comparison of the chromatograms 
(Fig. 8) for the decomposed solutions shows that the profiles for hydro- 
cortisone and the minor decomposition products were markedly different 
when the system with added EDTA was compared with a control. At 105 
hr, the residual steroid concentrations in the control system were 1.2% 
for I, 21% for 11, and 32.6% for 111; the respective concentrations for the 
system with added EDTA were 1.8,24, and 52%. No attempt was made 
to identify the minor decomposition products, but published work 
suggests that oxidation of the side chain of hydrocortisone (leading to 
the formation of steroid glyoxals, 17-oxo-steroids, and glycolic acids) was 
likely (12). 

The rate constants for the loss of hydrocortisone were lower for solu- 
tions initially containing only hydrocortisone compared with solutions 
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Figure 6-Profiles for I (a) ,  I!  (b) ,  and hydrocortisone (c) during the 
decomposition at 60" of the steroid-17-ester in a buffered aqueous 
propylene glycol solution (50"; u lu ,  pH 7.6). The lines represent the 
theoretical predictions according t o  model 2. 
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Table VIII-Rate Constants for the Isomerization and 
Decomposition of Hydrocortisone Butyrate According to Model 
3 .  

95% 
Calculated Rate Confidence Correlation 
Constants *, hr-I Limits Coefficient' 

K1= 0.289 f 0.0052 0.278-0.299 0.999 (A) 
K2 = 0.016 f 0.00034 0.016-0.017 0.998 (B) 
K3 = 0.032 f 0.0014 0.029-0.035 0.947 (C) 
Kd = 0.025 f 0.0027 0.020-0.031 

a Asdefined inTableIIIwith initialconditions: IA lo-  1009cand IBlo= IClo= 
0. * Reactions in aqueous pro ylene glycol (50% v/v) at 60'. with twice the added 
buffer than in the system for Fable V. c Function designation in parentheses. 

initially composed of only I (Tables IV and IX). The rate constant in the 
latter system had to be obtained by curve-fitting, and, as expected, the 
value of the rate constant for the loss of hydrocortisone was less accurate 
than that for the simpler system with hydrocortisone alone. This dis- 
crepancy in the rate constants for hydrocortisone disappearance also 
accounts for the deviation between the predicted and actual hydrocor- 
tisone profiles a t  longer time intervals (Figs. 5-7). 

CONCLUSIONS 

It has been shown that, in the systems studied, hydrocortisone butyrate 
(I) underwent reversible isomerization to hydrocortisone butyrate (11). 
Compound I1 was then hydrolyzed to hydrocortisone (111) which in turn 
degraded to a complex mixture of oxidation products. Although the de- 
composition pathways are complex, they can satisfactorily be modeled 
by a series of first-order equations. Nonlinear regression analysis of the 
data indicated that both models 2 and 3 (Table 111) satisfactorily de- 
scribed the decomposition, and that model 3 appeared to be a marginally 
better fit. Direct hydrolysis of I to 111 and the reverse rate constant for 
its isomerization to I1 were so small relative to the hydrolysis rate of I1 
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Figure 7-Profiles for I (a),  II (b), and hydrocortisone (c) during the 
decomposition at 60° of the steroid-17-ester in a buffered aqueous 
propylene glycol solution (50% ufu. pH 7.6). The lines represent the 
theoretical predictions according to model 3. 

Table IX-Rate Constants for the Decomposition of 
Hydrocortisone in  Buffered Solutions Using Different Batches. 
of Buffer Salts 

Batch Rate Constant, hr-1 

2 0.00964 
2 0.01 114 
1 0.00926 
3 0.0107 

and the forward rate constant of isomerization that, for most shelf-life 
predictions, estimates using model 1 (Table 111) should be adequate. 
While the decomposition of 111 is slow when compared with that of the 
esters, the suggestion (16) that some of the products may be immunogenic 
indicates that these slow rates may need to be taken into consideration 
for the expiration dating of hydrocortisone esters. This requires confir- 
mation; but if such is the case, the more complex models described in this 
paper should be adequate for this purpose. 

APPENDIX 

Integrated Rate Equations for Table IV- 

(Eq. A2) 

Integrated Rate Equations for Table V- 

) (Eq. A5) K2 + K4 - 71 e--72t + K4 + K2 - 7 2  e--72L 

YZ - Y1 IAlt = lAlo( 
Y1 - 7 2  

I 
I .  . . . . . . I .  

1 2 1 0 8  6 4 2 1 0  1 2 1 0 8  6 4 2 1 0  
MINUTES MINUTES 

(a) (b) 

Figure &Chromatograms of decomposed solutions of I in the presence 
(a) and absence (b) of EDTA. Key: (1) hydrocortisone; (2) I ;  (3) II (4 )  
internal standard. 
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Table X-Decomposition of Hydrocortisone Butyrate in the 
Presence and Absence of EDTA * 

Decomposition Rate Constant, X103 hr-I 
Startine Comoound With EDTA Without EDTA 

I -  

Hydrocortisone K3 3.90 11.14 - 
Hydrocortisone butyrate K1274 292 

KZ 14.4 16.1 
KQ 5.2 15.3 - ~~ 

K; 24.4 24.6 

a 0.05% w/v. 

Integrated Ra te  Equations for Table  VI- 

where y1 and 7 2  are as defined in Eqs. A8 and A9, respectively. 

Integrated Ra te  Equations for  Table  VII- 

(Eq. A13) 
lBlr = lAloKl (-e-yIt 1 

YZ - Y1 y1- YZ 

where 

71 = %I(K1 + KZ + K4 + K5) - [(KI + Kz + K4 + K5)’ 
- 4(K4K5 + KiKz + K z K ~ ) ] ~ ’ ~ ~  (Eq. A16) 

and 

yz = %I(KI + Kz + K4 + K5) + [(KI + Kz + K4 + K5)’ 
- 4(K4K5 + K1K5 + K2K5)]”*1 (Eq. A17) 
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Abstract  Twelve in oitro oxygenated metabolites of 3a,4,5,6,7,7a- 
hexahydro-3-( l-methyl-5-nitro-1H-imidazol-2-yl)-1,2-benzisoxazole 
(MK-0436) were produced by incubation of this antiprotozoal agent with 
the postmitochondriai supernatant 6 9 )  fraction isolated from the livers 
of rats treated with phenobarbital. Metabolite structure elucidation was 
achieved using NMR and mass spectrometry. Seven monohydroxy and 
two dihydroxy metabolites were fully characterized; two other metabolites 
were partially characterized as dihydroxy derivatives of the drug. The 
major in uitro metabolite is the 5 axial hydroxy compound, and a minor 
metabolite is the corresponding ketone. In all cases metabolite formation 
involved biotransformation on the hexahydrobenzisoxazole ring. 

Keyphrases 0 3a,4,5,6,7,7a - Hexahydro -3- (1-methyl-5-nitro-1H- 
imidazol-2-yl)-1,2-benzisoxazole-synthesis of in oitro oxygenated 
metabolites, characterization by NMR and mass spectrometry, bio- 
transformations on the hexahydrobenzisoxazole ring Metabolites- 
of 3a,4,5,6,7,7a - hexahydro -3- (l-methyl-5-nitro-1H-imidazol -2- y1)- 
1,2-benzisoxazole, characterization by NMR and mass spectrometry 
Antiprotozoal agents-3a,4,5,6,7,7a-hexahydro-3-(l-methyl-5-nitro- 
1H-imidazol-2-yl)-l,2-benzisoxazole and its metabolites, characterization 
by NMR and mass spectrometry 

Seven canine urinary metabolites of the antiprotozoal 
agent 3a,4,5,6,7,7a-hexahydro-3-( l-methyl-5-nitro-lI-I- 
imidazol-2-yl) -1,2-benzisoxazole (MK-0436, I) have been 
identified; all of the compounds (11-VIII) are formed by 
hydroxylation of the hexahydrobenzisoxazole ring (1,2). 
Several dihydroxy analogues of I have been synthesized 

I 

and at least one, the 6,7-cis-dihydroxy compound, exhibits 
higher antibacterial activity against Salmonella schott- 
muelleri in mice and greater trypanocidal activity in uiuo 
against Trypanosoma cruzi (Brazil strain) than I (1). In- 
cubation of I with the microsomal cytosol fraction (S9) 
from the livers of mice produced antibacterial activity not 
seen with the drug alone, suggesting the in uitro formation 
of antibacterial metabolites (1). The present study was 
undertaken to identify the metabolites of  I generated i n  
vitro by the rat liver postmitochondrial supernatant 
fraction (S9). 

EXPERIMENTAL 

In Vitro Incubations-The postmitochondrial supernatant fraction 
was isolated from livers of rats that had been treated with phenobarbital. 
The 9-12-week-old rats were injected with phenobarbital for four con- 
secutive days a t  a dose of 80 mg kg/day ip. Twenty-four hours after the 

last injection the rats were killed and the postmitochondrial S9 super- 
natant was isolated using the method of Ames (3). 

The incubation mixture used was the same as that described by Ames 
for the S9 mixture (3) and used previously (1). It contained 0.1 M sodium 
phosphate (pH 7.4), 8 mM magnesium chloride, 33 mh4 potassium 
chloride, 5 mM glucose-6-phosphate, 4 mM nicotinamide adenine di- 
nucleotide phosphate, homogenate equal to 0.78 g wet weight liver, and 
4 mg of I (labeled with carbon-14 in the 3a and 73 positions) in 200 p1 of 
dimethylsulfoxide with a total volume of 10.4 ml. The incubation was 
carried out in a 250-ml Erlenmeyer flask with shaking a t  room temper- 
ature. At the end of the 80-min incubation (determined to be optimum 
for metabolite production from preliminary experiments) an equal vol- 
ume of cold methylene chloride was added. 

Metabolite Isolation-The metabolites of I were isolated by dilution 
of the incubation mixture with 10 ml of water followed by three successive 
extractions with 20-ml portions of methylene chloride. This procedure 
resulted in the extraction of 80% of the radioactivity present in the in- 
cubation mixture. The organic phases were combined and the methylene 
chloride removed under a stream of nitrogen (water bath, 40°) to yield 
a tan residue. The latter was dissolved in methanol and subjected to TLCl 
(solvent system A; see below) to yield seven metabolite fractions. Further 
purification of these fractions, if necessary, was achieved by use of TLC 
with three other solvent systems (systems B-D; see below). Appropriate 
zones (visualized by radioscanning2 or short-wavelength UV3) were 
scraped from the plate and the silica gel washed three times with ethyl 
acetate-methanol, 4:l. The eluates were combined and, following removal 
of solvent under a nitrogen stream a t  40°, the residue was partitioned 
between ethyl acetate (2  ml) and water (0.1 ml) to minimize the amount 
of silica gel present in the isolated metabolite fraction. 
TLC and Radioactivity Assay-Isolation of metabolite fractions via 

TLC involved the use of four solvent4 systems: toluene-ethyl acetate, 31 
(system A); methylene chloride (system B); methylene chloride-meth- 
anol, 9: 1 (system C); and trimethylpentane-2-propanol, 4:l (system D). 
Metabolite fractions were assayed for radioactivity by use of liquid 
scintillation countingS techniques. 

Derivatization-Methoxime formation was carried out by dissolving 
an aliquot of the metabolite fraction in a pyridine solution of methoxy- 
amine hydrochloride6 (5 mg/ml) and allowing the reaction to proceed for 
2 hr a t  room temperature. The trimethylsilyl derivative was prepared 
by dissolving an aliquot of the metabolite fraction in a 1:l (v/v) mixture 
of bis(trimethylsilyl)trifluoroacetamide7-pyridine and allowing the re- 
action to proceed for 1 hr at room temperature. 

NMR and  Mass Spectrometry-NMR spectras were obtained from 
metabolite fractions dissolved in deuterochloroform. Mass spectrag of 
metabolite fractions were obtained by use of the direct probe technique 
under the following operating conditions: 3.5 kV accelerating potential, 
60 pA trap current, 70 eV ionizing energy, and 250" source temperature. 
Capillary column GLC-mass spectrometrylo was carried out using a 15 
m X 0.25-mm i.d. SE-30 column operated a t  220" (helium carrier gas, 1 

' QuantaKram QIF plates, Quantum Industries. * BID System 100 Radioisotope Imaging System. 
Chromato-Vue. 
Burdick and Jackson. distilled in glass. 
Packard Tricarh Liquid Scintillation Spectrometer. 

Varian SC-:100 MHz spectrometer equipped with a Fourier transform acces- 

LKH 9ooo instrument. 

fi Eastman. ' Supelc i~  

sory. 

lo  Finniyan :1200 instrument, 
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Ix Table I-TLC Rf Values for In Vhro Metabolites of I 
~~~ ~ 

Solvent Systemo 
Compound Substitution A B C D  

___) 

Figure 1-Radioactivity profile" arising from TLC (silica gel; tolu- 
ene-ethyl acetate, 3 1 )  ofthe methylene chloride extract from an in vitro 
reaction (rat liver S9 fraction) of ['4ClI. 

ml/min) interfaced with a spectrometer operated a t  70 eV ionizing energy, 
0.8 mA emission current, and 1800 V electron multiplier. 

RESULTS AND DISCUSSION 

The nitroimidazole I and its known hydroxyl group-containing me- 
tabolites exhibit strong short-wavelength UV absorption (254 nm) which 
facilitates their detection on a TLC plate. Further, as the drug used in 
these studies was 14C-labeled, radioscanning of a developed TLC plate 
also allowed the detection of metabolites. The electron impact mass 
spectra of these compounds normally possess intense fragment ions a t  
m/z 153 and 195 (I) ,  and these, plus the presence of molecular ions at  m/z 
266 or 282 (16 and 32 AMU greater than the molecular ion of I, respec- 
tively), facilitate recognition of the unknown compounds as mono- or 
dihydroxylated analogues of I. When the metabolites are trimethylsily- 
lated, their molecular ions increase by 72 AMU for each hydroxyl group 
present to yield signals at m/z 338 and 426 (molecular ions, low intensity) 
and m/z  323 and 411 (the corresponding M-15 ions). 

Analytical TLC (solvent system A)  with UV and/or radioscanning and 
capillary column GLC-mass spectrometry (as trimethylsilyl derivatives) 
of a methylene chloride extract of the incubation mixture (-80% of the 
radioactivity was extractable) demonstrated that it was multicomponent 
in nature, containing at  least seven compounds related to I (Fig. 1, Table 
I). None of the parent drug was present. Preparative scale TLC (solvent 
system A) was employed to isolate the seven metabolite fractions in 
quantities suitable for structure elucidation. These were examined by 
mass and NMR spectrometry. In all cases the mass spectrometric data 
showed the metabolites to be mono- or dioxygenated derivatives of I, with 
the metabolic transformation occurring on the hexahydrobenzisoxazole 
ring (Table 11). 

One of the isolated metabolites was shown to be the 7-equatorial hy- 
droxy compound, previously identified as a canine urinary metabolite 
of I (2 )  and is thus referred to as metabolite VI (the previous designation). 
This is the second most abundant of the in uitro metabolites. 

The major in uitro metabolite, IX, is also a monohydroxy derivative 
of I (molecular ion, m / z  266). On the basis of NMR data [4.60 ddd, 7.5, 
4.0.4.0 (Hya); 4.17 br s. wI/z: 11 H3 (Hkq);  3.82 dt, 10.0,7.5,7.5 ( H d ]  the 
hydroxyl group is assigned to the 5-position with an axial conforma- 
t ion. 

Metabolite X is the third most abundant metabolite arising from the 
S9 incubation. It also possesses a molecular weight of 266, as determined 
by mass spectrometry. The location of the hydroxyl group was shown by 
NMR to he a t  Cya, since the characteristic H7s signal was absent. Other 
pertinent NMR data included the signal a t  3.47 dd, 10.5,7.5 (Hsa). This 
metabolite was found to dehydrate on prolonged exposure to silica gel 
to yield an olefin (molecular weight 248) identified as the ARa.'la com- 
pound. 

Metabolite XI, the fourth of the monohydroxy metabolites, was shown 
by NMR [key features include signals a t  4.66 m (H7a); 3.22 t, 8.3 (H3a); 
and 3.59 ddd, 11.5,8.0,5.0 (HJa,)] to possess an equatorial hydroxyl group 
at C-4. Although hydroxylation at C-4 of I has been recognized previously 
for an in uivo metabolite [4,5-di-equatorial dihydroxy, I1 (2)], this is the 
first instance of monohydroxylation at  this position. 

The minor metabolite fractions Y and 2 were found, on the basis of 

I '  Hiiscan Bll)  Svstem lIN/Hewlett-Packard 85 

I - 0.72 - - - 
IV 5-Eq-OH 0.09 - - 0.28 
V 7-Ax-OH 0.14 - 051 - 

VI 7-Eq-OH 0.22 0.07 - 
0.09 - - 0.32 

VIII 5-Ax,7a-(OH)~ 0.04 - - 0.39 
IX 5-Ax-OH 0.14 - 0.42 - 
X 7a-OH 0.38 - 

XI 4-Eq-OH 0.43 - 
0.04 - - 0.28 

- 0.39 
XI1 (OH12 

0.09 - XI11 (OHh 
XIV 5-Keto 0.27 - xv ~ - E Q , ~ - A x - ( O H ) ~  0.22 0.11 - - 

- 
VII 6-Eq-OH 

- - 
- - 

- - 

(A) Toluene-ethyl acetate, 3:l; (B) methylene chloride; (C) methylene chlo- 
ride-methanol, 7:l; (D) trimethylpentane-2-propanol, 4:l. 

NMR (presence of several N-CH:I signals) and mass spectrometry (in- 
terscan variation of relative ion intensities), to be multicomponent in 
nature. Preparative scale TLC (solvent system D; Table I )  was employed 
to isolate two metabolites (one major, one minor) from Y and three me- 
tabolites (two major, one minor) from Z. The two major components of 
Z were shown to be the 5- and 6-equatorial monohydroxy metabolites, 
both previously found as canine urinary metabolites of I (2) and are thus 
designated (as before) metabolites IV and VII. 

The minor components of Y and Z and the major component of Y all 
possess molecular ions of m/z 282 and are thus dihydroxy metabolites 
of I. As with all of the other known metabolites of this drug, their mass 
spectrometric behavior indicated that hydroxylation had occurred on 
the hexahydrobenzisoxazole ring. The exact positions and stereochem- 
istry of the two hydroxyl groups of the major Y metabolite (VIII) were 
shown by NMR to be 5-axial and 7a. The NMR spectrum of VIII is 
characterized by the absence of an H7a signal and the presence of a new 
HCOH peak of 4.166. An equatorial configuration for the 4.166 methine 
is inferred based on the broad singlet character and relatively narrow 
linewidth (wl/zlO Hz). Since the coupling patterns of H:], and H;. axial 
exclude C-4 and C-6 as possible sites, VIII is assigned as the 5-axiaL7.a- 
dihydroxy analogue. The minor components of Y (XII) and Z (XIII) were 
not further characterized. 

A very minor metabolite (XIV) was found by mass spectrometry to 
possess a molecular weight of 264 (versus 250 for I). This shift of 14 mass 
units suggested that the metabolic transformation involved formation 
of a ketone. Compound XIV was exposed to methoxime-forming condi- 
tions (4); mass spectrometry showed a shift in molecular weight from 264 
to 293, demonstrating the ketonic nature of the metabolite. The exact 
site of the keto group on the hexahydrobenzisoxazole ring was shown by 

16.4,3.5; 2.77 dd 16.4,7.5 (4-CHz); 2.44 m, 2.32 m (6.7-CH~)j to be the 
5-position. This metabolite presumably arises from I?( Liia oxidation of 
the 5-axial hydroxyl group. 

When the 6,7-epoxide of I is incubated under the conditions that yield 
the metabolites discussed above, the major metabolite is the 5-axial hy- 
droxy derivative of the 6,7-epoxide. The mass spectrum of this metabolite 
contains a molecular ion at  m/z 280 with m/z 195 as base peak, the same 
base peak as found in the mass spectrum of IX (which also possesses an 
axial hydroxyl group a t  C-5) .  The NMR of the hydroxylated epoxide 
showedpeaksat5.13d, 11.0 (H,.);4.10ddd, 11.0,5.0,3.0(H3a);3.88dd, 
11.5, 5.0 (H5a); 3.42 br s (H.5.7); 2.72 ddd, 14.0, 5.0, 4.0 (H4& 1.95 ddd, 

A preliminary incubation, in which only 10% of the radioactivity was 
extractable from the aqueous system by methylene chloride, gave six 
metabolites isolated by TLC (Table I)12. Again, no I was found in the 
extract (as measured by TLC). Four of these compounds were shown by 
TLC. mass spectrometry, and/or NMR to be metabolites IV, V1. VII,  and 
IX. The two others are newly recognized in vitro metabolites of I. One 
is the 7-axial hydroxy analogue (metabolite V, previously found as a 
conjugate in dog urine); the second is the 4-equatorial.5-axial dihydroxy 
analogue (metabolite XV, not found in dog urine). The mass spectrum 
of this latter metabolite exhibits a molecular ion at mlz 282 and fragment 

NMR I5.19 dt,  11.5, 3.5, 3.5 (H7a); 4.38 ddd, 11.3,7.3,3.5 (H:la); 2.96 dd 

11.5, 11.5,5.5 (H4ax). 

~ 

12 When incubation of "C-labeled I in the presence of S9 is carried out with a 
limited amount of air (without shaking) most of the radioactivitydoes not extract 
into methylene chloride following termination of the incubation but is associated 
with water-soluble species. (H. Skeggs and W. J. A. VandenHeuvel. unpublished 
data.) 
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Table 11-Major Ions Found in the Mass SDectra of ln  Vitro Metabolites of I 

Ion and Relative Intensity 
m/z m/z m/z m/z  m/z  m/z mlz mlz mlz mlz mlz mlz 

Compound Substitution 282 266 265 249 247 231 221 195 169 153 149 107 

IV 
v 

VI 
VII 

VIII 
IX 
X 

XI  
XI1 

XI11 
XIV 
XV 

5-Eq-OH 
7-Ax-OH' 
7-Ea-OHb 
6-Ea-OH 

5-A~,7a-(OH)2' 
5-Ax-OHd 

7a-OHe 
4-Ea-OH 

(OH,, 
(OH); 

5-Ketol 
4-Ea.5-Ax-(OHh 

- 
30 

- 
28 

3 

5 
- 

77 
20 
41 
95 

29 
48 

4 

- 

- 

79 - 
- 9 19 
- 54 90 
- 80 12 

100 - 26 
28 22 

- 100 4 

20 - 10 

- 15 

- 

- 

- 2 - 
- - 2 

1 
- 

- - 

36 
2 

16 

54 
42 
60 
96 
28 

100 
44 

100 
57 
6 
6 

100 

~ 

35 
35 
10 
35 

10 
15 

- 

- 
- 
- 
25 

4 

100 
100 
100 
100 
67 
48 
36 

3 
100 
100 
53 
1 

34 
- 14 

32 
- 43 
- 28 

10 
10 

15 4 
- 19 
- 19 

17 7 

- 

- 

- 
- 

- - 

,I m/z 210,490. mlz 210,2%. mlz 237,3090; mlz 223,3790. mlz 96, 
100%. 

ions characteristic of hydroxylation a t  C-4 and C-7 of the hexahydro- 
benzisoxazole ring. The NMR of this compound is characterized by sig- 
nals a t  4.68 m (H7,J; 3.54 dd, 8.0,3.5 (H4ax); 4.10 br s, w1/210 Hz (H&& 
and 3.40 t, 8.0 (Hsa). 

The outcome of this preliminary experiment (which yielded metabo- 
lites IV-VII, IX,and XV) might have resulted from a lack of sufficient 
air in the reaction flask during the incubation or possibly from secondary 
metabolism resulting from a high enzyme to substrate ratio and extended 
incubation. In any event, it is clear that  routes and extent of in oitro 
metabolism of I are heavily dependent on the incubation conditions. 
Whether a radically different metabolism (e.g., transformations of the 
nitro group or the heterocyclic rings) occurs or whether I'urther oxidative 
metabolism of the hexahydrobenzisoxazole ring leads to highly polar, 
ring-opened derivatives is not known a t  present. 

Earlier work demonstrated that at  least four dihydroxy metabolites 
(two fully characterized) and a t  least five monohydroxy metabolites of 
I are found (free andlor conjugated) in dog urine (1,2). The current study 
shows that monohydroxylation is by far the major in uitro pathway, but 
that  dihydroxylation is not precluded. A total of 14 i n  uiuo and in uitro 
metabolites of I resulting from introduction of one or two oxygen atoms 
into the hexahydrobenzisoxazole ring have now been recognized. 

The extensive oxidative metabolism of I is another example of the 
ability of the hepatic microsomal mixed-function oxidases to metabolize 
a compound a t  several sites (5-7). I t  is of interest that the alicyclic carbons 
of the saturated benzisoxazole ring are the targets of metabolism, whereas 
the N-CHa group appears resistent to metabolic attack under the con- 
ditions used. Likewise, to date no metabolism has been found to occur 
a t  the 3a-position. So although extensive, the metabolism is quite selec- 
tive. Other nitroimidazoles undergo metabolism on their hydrocarbon 
moieties. Metronidazole and ipronidazole are hydroxylated on the 2-CH3 
group (8) and the 2-isopropyl group (9). respectively, misonidazole 
undergoes 0-demethylation (lo), and 5-isopropyl-1-methyl-2-nitro- 
1H-imidazole undergoes extensive metabolism a t  the isopropyl group 
(11). Although reduction of the nitro group is considered the mechanism 

30%. e mlz 210.54%; m/z 207.37%; m/z 204.20%; m/z 193,32%. f m/z 264, 

by which nitroimidazoles exert their therapeutic activity, modification 
of other parts of the molecules can enhance or diminish this therapeutic 
activity, as shown previously (1). 
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Abstract 0 The uptake and metabolism of isosorbide dinitrate was in- 
vestigated in the recirculating isolated perfused rabbit lung and in lung 
homogenate 9OOOXg supernatant. Concentration uersus time profiles 
from the isolated lung experiments indicate rapid metabolism of iso- 
sorbide dinitrate and corresponding increases in the metabolites 5-iso- 
sorbide mononitrate, 2-isosorbide mononitrate, and isosorbide. The data 
suggest that the mononitrates formed in the lung tissue were converted 
to isosorbide a t  an extraordinarily high rate. Surprisingly, the rate of 
appearance of completely denitrated isosorbide was greater when iso- 
sorbide dinitrate was administered to the lung than when the mononitrate 
metabolites of isosorbide dinitrate were administered. The results suggest 
rapid metabolism of a substantial portion of the mononitrates formed 
endogenously from isosorbide dinitrate before partitioning of mononi- 
trates into the perfusion medium could occur. The metabolism of iso- 
sorbide dinitrate in lung homogenate 9OOOXg supernatant exhibited a 
metabolic scheme kinetically different from the intact lung studies, as 
isosorbide was formed slowly from a mononitrate intermediate and not 
by a near-simultaneous cleavage of both nitrate ester groups. Intravas- 
cular multiple-dose studies did not demonstrate any inhibition between 
isosorbide dinitrate and the mononitrates. 

Keyphrases Isosorbide dinitrate-metabolism in isolated perfused 
rabbit lung, kinetic profiles Metabolism-of isosorbide dinitrate and 
metabolites in isolated perfused rabbit lung, kinetic profiles 0 Metabo- 
lites-of isosorbide dinitrate, kinetic profiles in isolated perfused rabbit 
lung 

The lung has been evaluated previously for many 
functions other than the physiological exchange of gases. 
The lung is now known to absorb many drugs, filter the air 
and blood, and serve in fibrinologic, endocrinologic, and 
metabolic capacities (1,2).  Uptake of a drug into the lung 
may be by passive diffusion (3) or carrier-mediated 
transport (4) and may have reversible, competitive, or 
saturable components (5). The lung can metabolize effi- 
ciently many biologically active substances once they are 
distributed in the lung (2 ,3 ,6) .  

Isosorbide dinitrate is a vasodilator used primarily in 
the treatment of angina pectoris and congestive heart 
failure (7,8). Organic nitrates including isosorbide dini- 
trate are metabolized extensively by the enzyme gluta- 
thione organic nitrate reductase (9, lo), and their oral ef- 
fectiveness has been questioned due to extensive first-pass 
liver metabolism (11,12). The objective of this study was 
to investigate the uptake and metabolism of isosorbide 
dinitrate in the isolated perfused rabbit lung, and to 
evaluate in a preliminary manner this organ as a route of 
administration. 

EXPERIMENTAL 

Materials-Randomly labeled [14C]isosorbide dinitrate (168 mCi/ 
mmole)' was purified by the chromatographic procedure described in 
Analytical Methods and extracted from the silica gel with methanol. A 
working solution of >96% purity was obtained and checked a t  6-month 
intervals. Radiolabeled metabolites were recovered in the same manner. 

New England Nuclear, Boston, Mass. 

Nonlabeled isosorbide dinitrate was obtained as a 25% lactose mixturg, 
and the pure compound was recovered by extraction with ethyl acetate 
and evaporation of the solvent. Nonlabeled 5-isosorbide mononitrate3, 
2-isosorbide mononitrate4, and isosorbide5 were used without further 
purification. All other solvents and reagents were reagent grade. 

Isolated Perfused Rabbit  Lung Experiments-The isolated lung 
preparation has been modified slightly from procedures described pre- 
viously (6,13). The isolated lung was perfused at 225 ml/min by 100 ml 
of an artificial medium prepared the day of or day before an experiment. 
The perfusion medium was composed of Krebs-Henseleit bicarbonate 
buffer (500 ml) with 4.5% bovine serum albumin (22.5 g)6 and 5 mmoles 
of glucose (90 mgI7. The pH, adjusted to 7.4, was maintained during the 
experiment by a constant 0.005-ml/min infusion of a 1.0 meq/ml sodium 
bicarbonate solution containing 10% glucose and by appropriate ad- 
justments in an air-carbon dioxide ventilating mixture supplied to the 
lungs. 

For intravascular bolus administration, the compounds were presented 
to the lung by addition to the upper reservoir. Generally -8 pCi of the 
compound was added in each study, and supplementary unlabeled 
compounds were added to achieve the required dose. Doses ranged from 

to mole for isosorbide dinitrate and were mole for the 
mononitrates. Each experiment was performed in duplicate. One-milli- 
liter perfusion medium samples were withdrawn from the upper reservoir 
a t  appropriate intervals during the 1-2 hr experiment. In the multiple- 
dose studies, a second (10-7-mole) dose of isosorbide dinitrate was given 
60 min after the first (10-5-mole) dose, with subsequent metabolism 
followed for an additional 60 min. 

Lung 9OOOXg Homogenate Experiments-The lungs of New Zea- 
land rabbits were separated from all extraneous tissue, weighed, and 
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Figure 1-Semilogarithmic perfusion medium concentration versus 
time profiles following a IO%nole  iu administration of isosorbide di- 
nitrate. Key: (0) isosorbide dinitrate; f ~ )  5-isosorbide mononitrate; 
(A) 2-isosorbide mononitrate; (+) isosorbide. Lines are visual aids 
only. 
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Scheme I-Pathways of isosorbide dinitrate metabolism. 

added to a beaker containing two  volumes of 0.04 M phosphate buffer, 
pH 7.4. The lungs were homogenized and centrifuged a t  9OOOXg for 15 
min in a centrifuge kept a t  Oo. For the incubations, 24 separate culture 
tubes were arranged containing mole of isosorbide dinitrate, 5-iso- 
sorbide mononitrate, or 2-isosorbide mononitrate to allow a more precise 
quantitation of each metabolic step. Reduced glutathione8 and sodium 
cyanideg were added in quantities of 2 X moles each, according to 
the method of Needleman and Krantz (9). The experiment was initiated 
by the addition of 0.5 ml of the 9OOOXg supernatant. The culture tubes 
were placed in a shaker incubator kept at 37O, and one culture tube 
containing each compound was removed a t  every time interval for anal- 
ysis. A control experiment was conducted to measure the hydrolysis of 
isosorbide dinitrate in the presence of glutathione, cyanide, and phos- 
phate buffer. Each experiment was performed in duplicate. 

Analytical Methods-The perfusion medium and homogenate 
samples were extracted with 10 ml of ether, and the organic phase was 
evaporated to dryness in a water bath not allowed to exceed 40". Residues 
were reconstituted in 100 pl of methanol; half of this solution was streaked 
across 250-pm silica gel TLC plates'O. Chromatograms were developed 
15 cm with dichloromethane-ethyl acetate (4:l). A radiochromatogram 
scanner1' was used to locate the radioactive zones on the TLC plates 
corresponding to isosorbide dinitrate, 5-isosorbide mononitrate, and 
2-isosorbide mononitrate, which had R, values of 0.63, 0.19, and 0.32, 
respectively. Appropriate bands were scraped into a scintillation v i a P  
and dispersed with 15 ml of a scintillation gel prior to counting in a liquid 
scintillation counter13. The gel was composed of 112 g of naphthalene, 
14 g of 2,5-diphenyloxazole (PPO), and 0.7 g of 1,4-bis[2-(4-methyl-5- 
pheny1oxazolyl)-benzene] (dimethyl POPOP) dissolved in 1400 ml of a 
mixture of xylene (1 part), dioxane (3 parts), and ethylene glycol mo- 
noethyl ether (3 parts), followed by the addition of 84 g of a thixotropic 
gelling agent14. All samples were corrected for quenching by an external 
standardization method. 

Isosorbide was measured by suspending 0.1 ml of the perfusion medium 
remaining after the ether extraction in a toluene-ethoxy~ctylphenol'~ 
scintillation cocktail (6). T o  confirm that only isosorbide was measured, 
perfusion medium samples from a lung experiment were streaked on TLC 
plates and developed with a solvent system of 2-propanol-ammonium 
hydroxide (4:l) (14). The plates were scanned, scraped, and counted in 
15 ml of the silicon dioxide cocktail. Unlabeled, authentic isosorbide was 

Sigma Chemical Co.. St. Louis. Mo. 
Fisher Scientific Co.. Pittsburgh. Pa. 

10 Analtech Inc.. Newark, Del. 
'1 Model 7201, Packard Instrument Co., Downers Grove, 111. 
l 2  Research Products International. Elk Grove Village, Ill. 
l 3  Model 2425, Packard Instrument Co., Downers Grove, 111. 
14 Cabosil. Research Products International, Elk Grove Village. I l l .  
l 5  Triton X-100, Research Products International, Elk Grove Village, Il l .  

Table I-Pharmacokinetic Parameters  Obtained After 
Intravascular Administration of Isosorbide Dinitrate to Isolated 
Perfused Lung 

AUC, CL, 
Dose, moles min/ ml/ klaolorbide ~ i " i ~ , ~ t e ,  Half-life, 
moles ml min min-' min 

10-5 1.1 x 10-6 8.8 0.061 11.4 
10-5 1.2 x 8.4 0.054 12.8 

5.2 X 19.0 0.118 5.9 
6.0 X 16.6 0.116 6.0 

10-7 5.0 x 10-9 20.1 0.128 5.4 
10-7 3.6 x 10-9 27.6 0.149 4.1 

visualized by spraying the plates with a reagent composed of sodium 
metaperiodate, potassium permanganate, and sodium carbonate (15). 
Isosorbide concentrations found in the 2-propanol-ammonium hydroxide 
TLC system corresponded within 15% to those seen by direct measure- 
ment of the 0.1 ml postextraction perfusion-medium sample. 

RESULTS AND DISCUSSION 

The perfusion medium concentrations obtained after a 10-6-mole iv 
dose of isosorbide dinitrate are shown in Fig. 1. The metabolites (5- and 
2-isosorbide mononitrate) show increasing perfusion medium levels which 
peak after 40 min and have a slight decline when there is virtually no 
isosorbide dinitrate left to be converted. The 2-isosorbide mononitrate 
levels are only half those attained by the 5-isosorbide mononitrate, 
probably due to the stereoselective cleavage of the 2-nitrate group 
(Scheme I). The isosorbide concentration shows the same rapid increase, 
but no tendency to decline a t  the end of the experiment. 

and 10-7-mole doses of isosorbide dinitrate. Pharmacokinetic parameters 
for isosorbide dinitrate disposition obtained from these studies are given 
in Table I. Areas under the isosorbide dinitrate perfusion medium con- 
centration versus time curve (AUC) were obtained by the trapezoidal 
rule. Clearances were calculated as the dose divided by the respective 
AUC. Rate constants and half-lives were obtained from the slope of a line 
determined from a least-squares analysis of the isosorbide dinitrate 
concentrations. Linear first-order kinetics appeared to be in effect at  the 

Similar concentration uersus time profiles were obtained for the 
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Figure 2-Semilogarithmic perfusion medium concentration versus 
time profiles following a 10-fi-mole iu  administration of 5-isosorbide 
mononitrate. Ke?: ( w )  5-isusorbide mononitrate; (+) isosorbide. 
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Table 11-Apparent First-Order Rate  Constants for the 
Formation of 5-lsosorbide Mononitrate, 2-Isosorbide 
Mononitrate, and  Isosorbide a f t e r  Isosorbide Dinitrate 
Administration to Isolated Perfused Lung 

Dose, k5-Isosorhide Mononitrate kp.lsomrhide Mononitrate, klsosarhide, 
moles min-1 min-1 min-1 

10-5 0.030 0.014 0.018 
10-5 0.028 0.015 0.021 
10-6 0.056 0.017 0.038 
10-6 0.055 0.027 0.041 
10-7 0.069 0.024 0.035 
10-7 0.084 0.032 0.039 

a Based on initial rote data. 

lower two doses, as demonstrated hy the closeness in the clearance values. 
Lower clearances at high concentrations suggest some saturation of the 
organic nitrate reductase enzyme a t  the largest dose. 

The role of the lung in the metabolism of isosorbide dinitrate in rela- 
tionship to the overall disposition of the drug can be elucidated by 
comparison of the clearance and flow rate of the perfusion medium. The 
fraction of the dose which passes through the lung vasculature but is not 
eliminated would be calculated by: 

CL 
QB 

F = l - - -  

where CL is the perfusion medium clearance (ml/min) and Qe is the 
perfusion flow rate (ml/min) (16). For the case of isosorbide dinitrate, 
nearly 90% of the drug entering the lung would escape first-pass pulmo- 
nary metabolism. This relatively slight metabolism suggests that lung 
metabolism would not be a major factor in the overall elimination of this 
compound compared with the rapid hepatic denitration demonstrated 
by isolated, perfused rat liver experiments (17). 

Initial rates of formation for the individual metabolites after admin- 
istration of isosorbide dinitrate were determined from rectilinear plots 
using a tangent drawn to the respective data points collected in the first 
2 min of the experiment. The corresponding apparent first-order rate 
constants were calculated hy dividing these initial rates by the average 
isosorbide dinitrate concentration in the same time period. Rate constants 
for the formation of each of the individual metabolites are presented in 
Table 11. In all cases, 5-isosorbide mononitrate was formed more rapidly 
than isosorbide, which in turn was formed more rapidly than 2-isosorbide 
mononitrate. The rapid monoexponential decline of the parent drug 
(Table I) corresponded to the rate of increase in metabolite levels as 
determined from the sum of the rate constants for the appearance of the 
three metabolites (Table 11). The mean difference of these rate constants 
was 6.1% (SD f 6.6%). 

The profiles following administration of 10-6-mole doses of 5- and 
2-isosorbide mononitrate are shown in Figs. 2 and 3, respectively. The 
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Figure 3-Semilogarithmic perfusion medium concentration versus 
time profiles following a IO-e-mole io administration of 2-isosorbide 
mononitrate. Key: (A) 2-isosorbide mononitrate; (+) isosorbide. 

Table Ill-Apparent First-Order Rate Constants for the 
Formation of lsosorbide from Isosorbide Dinitrate, 5-lsosorbide 
Mononitrate, and 2-Isosorbide Mononitrate in Isolated Perfused 
Lunge 

Compound Rate Constant, min-' 

lsosorbide dinitrate 0.038 i 0.003* 
5-Isosorbide mononitrate 0.0025 f 0.0005c 
2-lsosorbide mononitrate 0.0073 f 0.001 1c 

Mean f SD. n = 4. c n = 2. 

2-isosorbide mononitrate shows a more rapid disposition (0.0073 min-*) 
than the 5-isosorhide mononitrate (0.0025 min-l), probably due to the 
exo positioning of the 2-nitrate group. In both cases, the rate constants 
were determined from semilogarithmic rate plots of the ascending iso- 
sorbide concentrations. The slight decrease in mononitrate levels ap- 
peared also to correlate well with the terminal slopes of the mononitrates 
in the isosorbide dinitrate experiments. 
In Table 111, rate constants for the formation of isosorbide from the 

two mononitrates (as determined from the terminal slopes of the semi- 
logarithmic mononitrate plots) are compared with the apparent first- 
order rate constant calculated from initial rates of appearance of iso- 
sorbide after administration of and 10-7-mole doses of isosorbide 
dinitrate to the lung. These results indicate that the isosorbide was 
formed much more rapidly when isosorbide dinitrate was given as the 
dose rather than 5- or 2-isosorbide mononitrate. The rate constants for 
formation of isosorbide when mononitrates were added to the lung ac- 
count for <25% of that formed when isosorbide dinitrate was added. 
These data show that the large amount of isosorbide formed in the iso- 
sorbide dinitrate experiments could not have been formed by either 
mononitrate that had partitioned from the lung into the perfusion me- 
dium. The rapid formation of isosorbide from these experiments was not 
typical of a two-step metabolic process. There is no indication from the 
mononitrate concentration-time profiles in the perfusion medium that 
these compounds serve as intermediates to the completely denitrated 
molecule. Therefore, the rapid formation of isosorbide following isosor- 
bide dinitrate administration appears to be the result of a high intrinsic 
clearance of the mononitrates formed in the metabolizing organ prior to 
their diffusion into the perfusion medium. 

The differences in the rate of elimination of the mononitrates following 

20 40 60 
MINUTES 

Figure 4-Semilogarithmic concentration versus time profiles showing 
metabolism of mole of isosorbide dinitrate in lung homogenate 
9OOOXg supernatant. Key: (0) isosorbide dinitrate; (m) 5-isosorbide 
mononitrate; (A) 2-isosorbide mononitrate; (+) isosorbide. Lines are 
visual aids only. 
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Figure 5Semilogarithmic concentration v e n w  time profiles showing 
metabolism of 10-9 mole of 5-isosorbide mononitrate in lung homoge- 
nate 9OOOXg supernatant. Key: (m) 5-isosorbide mononitrate; (+) 
isosorbide. 

administration of preformed mononitrates to the isolated perfused lung 
and the rate of production of isosorbide following administration of iso- 
sorbide dinitrate may be attributed to the different distribution char- 
acteristics of the mononitrates and the dinitrate. As a precursor, isosor- 
bide dinitrate may deliver the 5- and 2-isosorbide mononitrates to sites 
in the proximity of the metabolizing tissue of the lung, to which the mo- 
nonitrates themselves have relatively poor access. The second nitrate 
ester could be quickly denitrated a t  that point. The mononitrates formed 
in the lung may also diffuse into the perfusion medium, where their dis- 
tribution characteristics lead to the slower metabolism seen after an in- 
travascular dose of the mononitrates. Thus, the accessibility to the en- 
zymatic site will directly affect the metabolism of the mononitrates to 
isosorbide. 

There is other evidence that the rate a t  which a metabolite formed in 
a metabolizing organ achieves its fate cannot be assumed to be the same 
as a preformed metabolite presented to that organ. In the studies of 
Brazzell and Kostenbauder (18), greater metabolism of isoproterenol in 
the lung was observed when it was formed by the hydrolysis of two diester 
prodrugs than when it was delivered to the isolated perfused rabbit lung 
as isoproterenol. The extensive experiments of Pang and Gillette (19) 
demonstrated the sequential elimination of acetaminophen as it was 
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Figure 6-Semilogarithmic concentration versus time profiles showing 
metabolism of 10-9 mole of 2-isosorbide mononitrate in lung homoge- 
nate 9oooXg supernatant. Key: (A) 2-isosorbide mononitrate; (+) 
isosorbide. 
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Figure 7-Semilogarithmic radioactioity versus time profile of iso- 
sorbide dinitrate following successive doses of 10-5 and 10-7 mole. 

being formed from phenacetin in a single pass through the isolated per- 
fused liver. Although diffusional barriers were not needed for an expla- 
nation of the differences in the metabolism of preformed acetaminophen 
and acetaminophen formed from phenacetin, these types of barriers to 
metabolism were hypothesized (20). Rate-limiting diffusional parameters 
have also been shown to affect metabolism and subsequent elimination 
in the isolated perfused rat kidney (21). Due to diffusion into renal tu- 
bular cells, salicylic acid was cleared more rapidly when it was formed 
in the kidney from salicyluric acid than when it was presented to the 
kidney as intact salicylic acid. 

The 9OOOXg lung homogenate studies were designed to investigate the 
rates of metabolism of these organic nitrates independent of any cell wall 
barriers that might exist. In these experiments, isosorbide dinitrate was 
rapidly metabolized to the mononitrates in the lung supernatant (Fig. 
4). The rate of appearance of isosorbide lagged behind that of both mo- 
nonitrates and was consistent with sequential first-order dinitrate-to- 
mononitrate-to-isosorbide metabolism. This concentration uersus time 
profile is markedly different from the virtually simultaneous appearance 
of mononitrate and isosorbide following administration of isosorbide 
dinitrate to the isolated perfused lung. 

Figures 5 and 6 show examples of the slow metabolism of the 5- and 
2-isosorbide mononitrates, respectively, in 9OOOXg supernatant. There 
is only a slight increase in isosorbide levels as these mononitrates are 
slowly denitrated. Further, the amount of isosorbide formed from the 
mononitrates in these lung homogenate experiments confirms that the 
isosorbide formed in the isosorbide dinitrate experiments is a direct 
product of the metabolism of the mononitrate intermediates alone. 
Therefore, in the homogenate studies, unlike the intact lung studies, 
isosorbide formation kinetics are not altered quantitatively by admin- 
istering isosorbide dinitrate instead of a mononitrate. In a control ex- 
periment, isosorbide dinitrate was not hydrolyzed in the presence of re- 
duced glutathione and sodium cyanide, so the metabolism was a direct 
result of the lung supernatant. The homogenate studies were interesting 
in the requirement of cyanide for the metabolism s f  isosorbide dinitrate. 
In the presence of lung 9OOOXg supernatant and reduced glutathione 
alone, the drug was not metabolized. The addition of sodium cyanide kept 
glutathione in i t s  reduced form (9). and isosorbide dinitrate was metab- 
olized quite rapidly. 

The multiple-dose experiments were designed to investigate the pos- 
sibility of product inhibition of the organic nitrate reductase enzyme. A 
constant infusion of the mononitrates, with coadministration of isosor- 
bide dinitrate, would be inappropriate to demonstrate inhibition, since 
only small amounts of the mononitrates would reach the enzymatic site. 
By administering the parent compound, the mononitrates could reach 
that site by virtue of lung metabolism. Therefore, two separate intra- 
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vascular doses of isosorbide dinitrate, and moles, were given 
60 min apart, and the rate of elimination was ascertained for each dose. 
Plots of isosorbide dinitrate radioactivity for the two doses of the drug 
in one experiment are shown in Fig. 7. Two parallel lines, representing 
a half-life of 8 min, indicated that there was no increase in the half-life 
exhibited with the second dose. There was thus no indication from these 
studies that the mononitrate metabolites could inhibit denitration of 
isosorbide dinitrate, whether the mononitrates were preformed or formed 
in situ. 

In summary, this paper illustrates how access to selected organs or 
tissues may alter the expected metabolism of a drug. Release of a drug 
from a precursor in the proximity of metabolizing tissue may lead to more 
rapid metabolism than seems likely from studies involving presentation 
of the preformed drug to that organ or tissue. 
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Abstract The pharmacokinetics of N-acetylprocainamide, adminis- 
tered orally or intravenously, were studied in 3-, 6-, and 12-month-old 
rats using a two-way crossover study design. At 3,6, and 12 months of age, 
the half-life values of N-acetvlorocainamide were 1.66.1.82, and 2.29 hr. 

nificant alteration with age in the bioavailability, distribution, and 
elimination of N-acetylprocainamide in rats. In long-term toxicity studies 
of this and other drugs that show age-dependent pharmacokinetics, an 
adiustment in the chronically administered dose is essential. - .  

respectively; the apparent volumes of distribution were 4.75,3.35, and 
1.98 liter/kg, respectively. The-elimination rate constant, clearance, and 
absolute bioavailability of the drug (determined by AUC measurements 
and the amounts excreted unchanged in the urine) decreased significantly 
with age. The rate of absorption remained unchanged. The amounts of 
N-acetylprocainamide in the liver and kidneys were significantly higher 
in the 12-month-old animals. These results clearly demonstrate a sig- 

It has been established that many physiological changes 
are associated with aging. Lean body mass, plasma albu- 
min, and total body water decrease with age. In humans, 
the cardiac output decreases l%/year from ages 19 to 86, 
and the blood flow to the kidneys is also reduced with age 
(1). In rats, there are pronounced decreases (>30%) in the 
cardiac index and in hepatic, renal, and GI tract blood flow 
at 11-12 months of age (2). These changes can account for 
significant alterations in the pharmacokinetics and 

Keyphrases N-Acetylprocainamide-oral and intravenous phar- 
macokinetics in rats, bioavailability, age-related changes 0 Pharmaco- 
kinetics-N-acetylprocainamide in rats after oral and intravenous ad- 
ministrations, age-related changes 0 Bioavailability-N-acetylprocai- 
namide in rats after oral and intravenous administrations, age-related 
changes 

pharmacodynamics of drugs. In toxicity and oncogenicity 
studies in animals, which are conducted over a long period 
of time (1 year or more), aging may account for (3,4): ( a )  
diminished absorption of drugs through the GI tract; ( b )  
diminished rate of metabolism and renal excretion of 
drugs; ( c )  accumulation of drugs in blood and receptor 
sites; ( d )  changes in affinity and sensitivity of the receptor 
sites to drug molecules; and ( e )  an increased rate of mor- 
tality. For these reasons, it  was considered prudent to  
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vascular doses of isosorbide dinitrate, and moles, were given 
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Abstract The pharmacokinetics of N-acetylprocainamide, adminis- 
tered orally or intravenously, were studied in 3-, 6-, and 12-month-old 
rats using a two-way crossover study design. At 3,6, and 12 months of age, 
the half-life values of N-acetvlorocainamide were 1.66.1.82, and 2.29 hr. 

nificant alteration with age in the bioavailability, distribution, and 
elimination of N-acetylprocainamide in rats. In long-term toxicity studies 
of this and other drugs that show age-dependent pharmacokinetics, an 
adiustment in the chronically administered dose is essential. - .  

respectively; the apparent volumes of distribution were 4.75,3.35, and 
1.98 liter/kg, respectively. The-elimination rate constant, clearance, and 
absolute bioavailability of the drug (determined by AUC measurements 
and the amounts excreted unchanged in the urine) decreased significantly 
with age. The rate of absorption remained unchanged. The amounts of 
N-acetylprocainamide in the liver and kidneys were significantly higher 
in the 12-month-old animals. These results clearly demonstrate a sig- 

It has been established that many physiological changes 
are associated with aging. Lean body mass, plasma albu- 
min, and total body water decrease with age. In humans, 
the cardiac output decreases l%/year from ages 19 to 86, 
and the blood flow to the kidneys is also reduced with age 
(1). In rats, there are pronounced decreases (>30%) in the 
cardiac index and in hepatic, renal, and GI tract blood flow 
at 11-12 months of age (2). These changes can account for 
significant alterations in the pharmacokinetics and 
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pharmacodynamics of drugs. In toxicity and oncogenicity 
studies in animals, which are conducted over a long period 
of time (1 year or more), aging may account for (3,4): ( a )  
diminished absorption of drugs through the GI tract; ( b )  
diminished rate of metabolism and renal excretion of 
drugs; ( c )  accumulation of drugs in blood and receptor 
sites; ( d )  changes in affinity and sensitivity of the receptor 
sites to drug molecules; and ( e )  an increased rate of mor- 
tality. For these reasons, it  was considered prudent to  
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Table I-Effect of Age on Pharrnacokinetics a f t e r  Intravenous 
Administration of N-Acetylprocainamide Hydrochloride in 
Rats. 

Age' 
3 Months 6 Months 12 Months 

Parameter* Mean CV.% Mean CV.% Mean CV,% 

PlasmaCod,pg/ml 19.0 12.1 27.7 21.6 46.9 21.8 
AUC, pghr/ml 45.2 18.2 72.6 27.0 156 51.4 

0.42.1 11.5 0.388 12.8 0.334 26.2 . ~- 
1.66 12.1 1.82 14.2 2.29 42.3 

4750 11.2 3350 22.0 1980 24.9 
CL;,,. mIhin /ke  33.5 14.8 21.5 23.5 11.1 71.4 

0 The dose was 100 m g k .  Determined hy mtdel-independent equations. C The 
values for all parameters were signifirantly different ( p  < 0.05. Duncan's t test) 
at 6 months (versus 3 months) and 12 months (uersus 3 and 6 months). The sample 
size was 7 at 3 and 12 months and 1 1  at 6 months. Extrapolated time zero plasma 
concentration. 

conduct age-dependent disposition studies in parallel with 
the long- term oncogenicity testing of N-acetylprocain- 
amide in rats. 

EXPERIMENTAL 

Two-hundred Charles River CD rats' were randomly selected from 
large populations intended for long-term toxicity and oncogenicity 
testing. Each animal was housed in an individual stainless steel cage with 
free access to food2 and water. The animals weighed 260-390 g (mean 320 
g) a t  3 months, 381-576 g (mean 481 g) at  6 months, and 512-735 g (mean 
587 g) a t  12 months. At  each interval, a group of 12 rats was randomly 
selected from the population, and the pharmacokinetics of absorption, 
distribution, and elimination were studied. 

A cannula was inserted surgically into a jugular vein of each rat under 
light ether anesthesia 1 day before drug administration. The preparation 
of the cannulas and the surgical procedures were described elsewhere (5). 
Food was withheld for 15 hr prior to drug administration and during the 
blood sampling period (10 hr). Water was freelyaccessible to the animals 
a t  all times. 

The rats were divided into two groups, and the study was conducted 
according to a balanced two-way crossover design. One group received 
100 mg/kg iv of N-acetylprocainamide hydrochloride3 in distilled yater 
through the jugular cannula; the other group received the same amount 
of drug by oral gavage. After 3 days, the crossover experiment was con- 
ducted. A solution containing 100 mg/ml of N-acetylprocainamide hy- 
drochloride in distilled water was used for both administration routes. 
The volume of the administered solution ranged from 0.260 to 0.735 ml. 
Because of the difficulty in maintaining patent cannulas, the study was 
completed for 7, 11, and 7 rats a t  3,6, and 12 months, respectively. 

Serial blood samples (0.4 ml each) were drawn a t  0.5,1, 1.5,2,4.6,8, 
and 10 hr postdose. After collection of each sample, 0.4-0.5 ml of normal 
saline containing 1% heparin sodium solution (5000 USP U/ml) was in- 
fused to flush the cannula and to replace the lost volume. Plasma was 
separated and frozen immediately. Urine and feces were collected 
quantitatively a t  24 and 48 hr. At each urinary collection time, the ani- 
mals were induced to empty their bladder by ether inhalation. Feces 
samples were homogenizedJ in distilled water. Aliquots of urine and feces 
homogenates were frozen immediately. 

After completion of the crossover study, four animals received an ad- 
ditional 100 mg/kg iv of N-acetylprocainamide. One-half hour later, the 
animals were sacrificed by exsanguination via the portal vein under ether 
anesthesia. Plasma, liver, heart, and kidneys were harvested. Immediately 
after removal, the organs were sliced, blotted in tissue paper to remove 
excess blood, and weighed. A known volume of saline (3-5 times the 
weight of the organ) was added to the tissues. The mixture was homog- 
enized4 in an ice-water bath. An aliquot of each homogenate was frozen 
immediately. 

Concentrations of N-acetylprocainamide in plasma, serum, and urine 
were determined in duplicate by a specific high-performance liquid 
chromatographic (HPLC) method (6). This procedure was modified for 
analysis of the drug in tissue homogenates (7) and in feces (8). The 
pharmacokinetic parameters describing the absorption, distribution, and 

' Charles River Breeding Laboratories. Inc.. Portage. Mich. 
Purina Rodent Chow, Ralston Purina. St.  Louis, Mo. 
American Critical Care Laboratories. McCaw Park, Ill. ' Polytron Homogenizer: Brinkmann Instruments. Inc.. Westbury, N.Y. 

I I I 1 -  I 
2 4 6 8 10 

HOURS 

Figure 1-Time course of N-acetylprocainamide in plasma after ad- 
ministration by intravenous injection and by oralgavage. Key: (A) 3- 
month-old rats, intravenous (n = 7); (A) 3-month-old rats, oral (n = 
7); (0) 12-month-old rats, intravenous (n = 6); (e) 12-month-old rats, 
oral (n = 6). 

elimination of N-acetylprocainamide were estimated as follows. Biological 
half-life was calculated from the terminal disposition rate constant (0) 
which was determined by regression analysis of the logarithm of the 
plasma concentration uersus time curve a t  the postabsorption distribu- 
tion phase. Area under the plasma concentration versus time curve 
(AUC) was determined by the trapezoidal method. Total clearance 
(CL,,) was determined by dividing the administered intravenous dose 
(or amount absorbed) by the AUC. For oral administration, the ratio of 
AUC0,.~/AUCi, was used to account for the amount absorbed. The vol- 
ume of distribution ( V d )  was calculated by CLt,J/.3. 

RESULTS 

Figure 1 depicts the time course of N-acetylprocainamide in plasma 
after administration by intravenous injection and by oral gavage in 3- 
and 12-month-old rats. These profiles show: (a)  higher plasma concen- 
trations of the drug in 12-month-old animals after administration by 
either route; ( b )  that the ratio of oral-intravenous plasma concentrations 
decreased with age, suggesting a decline in the bioavailability of N-  
acetylprocainamide; and ( c )  that t.he rate of decline of the postabsorption 
distribution plasma concentration was slower in older rats, indicating 
a longer elimination half-life following administration of the drug by 
either route. 

Table I summarizes the pharmacokinetic parameters for distribution 
and elimination of N-acetylprocainamide in 3-, 6-, and 12-month-old rats 
following intravenous administration of the drug. The extrapolated time 
zero plasma concentrations and the AUC values increased significantly 
with age. Consistent with this, there was a significant decrease (58%) in 
the volume of distribution, from 4.75 liter/kg at 3 months to 1.98 liter/kg 
a t  12 months of age. There was also a significant elongation of the bio- 
logical half-life (38%) and a significant decrease in the total clearance 
(67%) in the 12-month-old animals as compared with the 3-month-old 
rats. In general, the coefficients of variation in all parameters increased 
with age: 11-1870 in the 3-month-old rats to 22-71% in the 12-month-old 
animals. 

Table 11 lists the parameters describing the absorption and excretion 
of unchanged N-acetylprocainamide in 3-, 6-, and 12-month-old rats. 
There was essentially no significant difference in the absorption half-life 
among the three age-groups. The elimination half-life became signifi- 
cantly longer with age after either intravenous or oral administration of 
the drug. Also, the ratio of the half-lives (oral-intravenous) increased 
from 1.05 after 3 months to 1.29 after 12 months, probably impacted by 
the changes in the absorption of the drug in the older rats. The AUC 
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Table 11-Effect of Age on Pharmacokinetics Following Intravenous and Oral  Administration of N-Acetylprocainamide 
Hydrochloride in Ra t sP  

Ageb 
12 Months 3 Months 6 Months 

Ratio Ratio Ratio 
Parameter Oral iv (Oral/iv) Oral iv (Oral/iv) Oral iv (Oral/iv) 

Absorption t 112, hr 0.493 - - 0.563 - - 0.505 - - 
Elimination t 1 /2 ,  hr 1.74 1.66 1.05 1.92 1.82 1.08 2.66 2.29 1.29 
AUC, pg-hr/ml 45.2 45.3 1.01 56.2 72.6 0.835 93.5 156 0.747 
Xbt, % of Dose 85.1 76.6 1.29 89.2 97.0 0.930 69.0 87.1 0.815 

Xu, %of Dose 77.1 76.4' 1.04c 83.6 92.2 0.918 64.3 77.9 0.812 
Xf, % of Dose 7.99 10.1 0.674 5.65 4.75 1.29 6.83 6.81d 1.19 

a The dose was 100 mg/kg. b The sample size was 7 at 3 and 12 months and 11 at 6 months. Without one unusually high value (n = 6). One urine sample after intravenous 
injection was very low, presumably due to incomplete collection. n = 6. 

Table 111-Effect of Age on Tissue Distribution Following 
Intravenous Administration of N-Acetylprocainamide in Rats  * 

Drug Concentrationb 
3 Months 6 Months 12 Months 

Tissue Mean SD Mean SD Mean SD 

Plasma 
Liver 
Heart 
Kidney 

34.7 5.24 37.8 2.31 43.6 5.44 .~ 

83.0 3.00 82.0 4.55 197 12.7 
76.0 5.00 108 12.7 101 8.67 

294 90.0 299 47.9 528 256 
Liver-Plasma Ratio 2.44 0.390 2.12 0.211 4.55 0.552 
Heart-Plasma Ratio 2.24 0.370 2.80 0.208 2.33 0.0932 
Kidney-Plasma Ratio 8.34 1.27 7.72 0.900 12.0 5.50 

The dose was 100 mg/kg. The animals were sacrificed 0.5 hr aftor receiving the 
drug. The concentration is expressed as pglg except for plasma, which is reported 
as fig/ml. The sample size is 4 at all time intervals. 

values increased with age after intravenous and oral administrations. The 
ratio of the oral AUC to intravenous AUC decreased from 1.01 after 3 
months to 0.747 after 12 months, showing a 25% decrease in bioavail- 
ability. Consistent with this finding, the oral-intravenous ratio of the 
percentage of unchanged N-acetylprocainamide excreted in the urine 
(Xu) also showed a decrease (from 1.04 to 0.812), a change of 22%. The 
oral-intravenous ratio of the amount eliminated in the feces (Xf), how- 
ever, increased from 0.674 to 1.19 (a change of 77%), which might indicate 
poor GI absorption in the older rats. 

Table 111 summarizes the effect of age on the distribution in heart, liver, 
and kidneys following intravenous administration of N-acetylprocain- 
amide in rats. There was a significant increase in the tissue concentrations 
with increasing age, which is consistent with a decrease in the percentage 
of lean body mass in older rats. The tissue-plasma concentration ratios 
for liver and kidneys increased significantly ( p  < 0.05, Student's t test1 
after 12 months. The heart-plasma concentration ratios remained un- 
changed. 

DISCUSSION 

This study was conducted in conjunction with a long-term oncogenicity 
study of N-acetylprocainamide in rats. The goal was to determine the 
age-related changes in the pharmacokinetics of absorption, distribution, 

and elimination of the drug, which will allow a better understanding of 
the toxicological effects. For example, if there is a decrease in the GI 
absorption of the drug, the plasma concentration will decrease accord- 
ingly and, thus, a lesser exposure of tissues and organs to the drug will 
be expected. The opposite situation, however, may occur if the elimina- 
tion is diminished. In this case, the plasma concentrations will be ele- 
vated, which may lead to augmentation of the pharmacological and 
toxicological response.. 

Consistent with previous findings in rats (7-91, N-acetylprocainamide 
was found to be: (a) primarily eliminated unchanged in the urine (Table 
11) by an active renal process in rats; (6) eliminated in the feces by biliary 
excretion to a small extent with the remainder eliminated in the urine, 
presumably after biotransforrnation to more polar compounds; (c) rapidly 
distributed in the body showing a higher affinity for heart, kidney, and 
liver tissues than plasma proteins; and ( d )  rapidly and completely ab- 
sorbed from oral solution in young rats. These parameters were deter- 
mined repeatedly in the same rats over a period of 12 months. 

The data observed in this study show that the rate of absorption of 
N-acetylprocainamide from the GI tract is not age dependent. Similar 
results have been reported for intestinal absorption of sulfamethazole, 
paracetamol, amino acids, and glucose (10-14). The data from the present 
study, however, also indicate that the extent of absorption of N-acetyl- 
procainamide (as reflected by the decrease in the oral-intravenous ratios 
of AUC values and the amounts of unchanged drug excreted in the urine) 
decreased significantly in the older rats. The fact that the GI blood flow 
diminished significantly would suggest that  the rate of drug absorption 
should be affected proportionally. These conflicting results, however, 
may be due partially to the effect of changes in gastric pH, permeability 
of the GI wall, gastric emptying, and GI motility and, in part, to the 
simplified pharmacokinetic model used to analyze the data. In any case, 
the lower bioavailability did not result in a decrease in plasma concen- 
trations of N-acetylprocainamide. The elimination rate and the clearance 
of the drug declined to a greater extent, and this presumably caused a 
pronounced accumulation of the drug in the body. 

The age-related changes in the pharmacokinetic parameters obtained 
in this study are consistent with the age-related changes in other physi- 
ological parameters (21, e.g., significant diminution in renal function in 
older rats (15, 16). Yates and Hiley (2) reported several hemodynamic 
parameters in young-adult (3-4 months) and middle-aged rats (11-12 
months). Table IV summarizes some of these parameters as well as 

Table IV-Effect of Age on Tissue Blood Flow and  Related Pharmacokinetic Parameters  of N-Acetylprocainamide 

Parameters 

Youne Adult Rats Middle-Aeed Rats Ratio of Means 
3 2  Months 11-12 Gonths Middle-Aged/ 

n Mean SD n Mean SD Young Adult 

Physiological" 
Cardiac index, ml/min/kg 
Heart blood flow ml/min 
Liver blood flowL, ml/min 
Kidney blood flow, ml/min 
Hepatosplanchnicc, ml/min 

10 210 63.2 10 123 34.8 0.586 
10 4.26 1.71 10 3.74 2.59 0.878 
10 0.13 0.063 10 0.09 0.032 0.692 
10 5.70 1.26 10 3.00 1.26 0.562 
10 1.10 0.32 10 0.44 0.095 0.400 

Pharmacokinetics 
Volume of distribution, ml/kg 7 4750 530 7 1980 493 0.417 
Total clearance, ml/min/kg 7 33.5 5.00 7 11.1 7.90 0.330 

Renal clearance, ml/min/kg 7 22.2 7.87 6 7.13 1.55 0.322 
Nonrenal clearance, ml/min/kg 7 11.3 9.42 6 5.02 2.88 0.444 

AUC Ratio (OraViv) 7 1.01 - 7 0.747 - 0.740 
Xu Ratio (Oral/iv) 6 1.04 - 6 0.841 - 0.809 

a Physiological parameters taken from Ref. 2. Hepatic artery. Hepatic artery, spleen, pancreas, and GI tracts. 
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pharmacokinetic parameters, which might have been impacted directly 
by the physiological changes. There were significant decreases in the 
cardiac index (41%). hepatic blood flow (Rl%), renal blood flow (44%), 
and GI  tract blood flow (60%) in older animals. These changes may ac- 
count for the decreased renal clearance (68%), total clearance (67%). 
volume of distrihution (57%), and bioavailability (25%). The renal 
clearance values were 3.9 and 2.4 times larger than the respective renal 
blood flow in young-adult and middle-aged rats indicating a significant 
active renal secretion of N-acetylprncainamide, consistent with previous 
findings (9). The nonrenal clearance values were 82 and 52 times larger 
than the respective hepatic blood flow in young-adult and middle-aged 
rats, indicating a combination of active biliary secretion and biotrans- 
formation of the drug in the liver. The decrease in the volume of distri- 
bution might have been due also to a change in body composition in the 
older animals. While the fatty tissue and skin account for a larger per- 
centage of the body weight in older animals, the percentages of lean body 
mass and body water decrease. 

The distribution of N-acetylprocainamide in the liver and kidneys was 
also affected by age. The liver-plasma and kidney-plasma concentration 
ratios increased with age (86 and 44%, respectively). This elevation of the 
drug level in the organs seems to be inversely proportional to the decrease 
in liver and kidney blood flow (31 and 44%. respectively) in the older rats. 
The drug accumulation in the organs of the older rats probably is caused 
by: ! a )  higher plasma levels of N-acetylprocainamide (initial concen- 
trations of 19 and 46 &ml in 3- and 12-month-old animals, respectively); 
( b )  the diminution in the blood flow to the organs (the redistribution of 
N-acetylprocainamide from the tissues was affected to a greater extent 
by this than by the actual distribution of the drug in the organs); and (c) 
changes in the composition of the liver and kidney tissues which favored 
a larger drug uptake. Interestingly, with the minor change in heart blood 
flow (12%). the heart-plasma concentration ratio did not change much 
with age. 

In conclusion, the data show an age-dependent reduction in the bio- 
availability of orally administered N-acetylprocainamide solution in rats. 

The elimination of the drug, however. is impaired to a greater extent with 
age, which results in significant accumulations in the plasma and tissues 
after chronic administration. This finding indicates that in long-term 
toxicity testings of this and other drugs which show age-dependent 
pharmacokinetics, an adjustment in the chronically administered dose 
is essential. 
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Abstract 0 A synthetic procedure is described for the preparation of 
3-n-pentadecyl- and 3-n-heptadecylcatechols and their acetate and 
alaninate esters. The Wittig reagent prepared from 23-dimethoxyben- 
zyltriphenylphosphonium bromide (111) was coupled with 1-tetradecanal 
or 1-hexadecanal to give the olefins IV and V, respectively. Catalytic 
reduction of IV and V followed by demethylation with boron tribromide 
afforded VIII and IX. The acetates were prepared using acetic anhydride 
and pyridine, while the alaninates were prepared using N-(tert-butox- 
ycarbony1)-L-alanine and dicyclohexylcarbodiimide followed by removal 
of the tert -butoxycarbonyl group with hydrogen chloride gas. The esters 
were active in guinea pigs in the production of tolerance and desensiti- 
zation or hyposensitization to poison ivy-type contact dermatitis. 

Keyphrases 0 Synthesis-3-n-pentadecyl- and 3-n- heptadecylcate- 
chols, acetate and alaninate esters Urushiols-poison ivy and poison 
oak, synthesis of saturated congeners 3-n-Pentadecylcatechol-syn- 
thesis, acetate and alaninate esters 3-n-Heptadecylcatechol-syn- 
thesis, acetate and alaninate esters 

~~ ~ 

Poison ivy (Toxicodendron radicans), poison oak (T.  
diuersilobum), and poison sumac (T. uernix) are the pri- 
mary cause of occupational dermatitis in the United 
States. Other genera of the plant family Anacardiaceae 

with dermatogenic constituents include Anacardium 
(cashew nuts), Semicarpus (india ink tree), Metopium 
(poison wood), and Mangifera (mango). The allergenic 
components in most of these plants are 3-n-alk-(en)-yl 
catechols with C-15 or C-17 side chains and different de- 
grees of unsaturation (0-3 olefinic bonds) (1-5). 

Extracts of poison ivy, poison oak, and poison sumac 
have been used for diagnosis and prophylactic treatment 
of poison ivy, oak, and sumac dermatitis (6-8). However, 
the efficacy of these extracts in producing desensitization 
is questionable (9). Kligman (10) found that, in humans, 
only hyposensitization was possible by oral or intramus- 
cular injection of either poison ivy oleoresin or pentade- 
cylcatechol. Oleoresin produced hyposensitization after 
intramuscular injection of 2-2.5 g or after oral adminis- 
tration of 3.5-4.0 g in multiple doses. The hyposensitiza- 
tion was temporary, and the individuals regained their 
original sensitivity within 6-10 months after cessation of 
the treatment. 

A previous publication (11) reported a new method for 
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pharmacokinetic parameters, which might have been impacted directly 
by the physiological changes. There were significant decreases in the 
cardiac index (41%). hepatic blood flow (Rl%), renal blood flow (44%), 
and GI  tract blood flow (60%) in older animals. These changes may ac- 
count for the decreased renal clearance (68%), total clearance (67%). 
volume of distrihution (57%), and bioavailability (25%). The renal 
clearance values were 3.9 and 2.4 times larger than the respective renal 
blood flow in young-adult and middle-aged rats indicating a significant 
active renal secretion of N-acetylprncainamide, consistent with previous 
findings (9). The nonrenal clearance values were 82 and 52 times larger 
than the respective hepatic blood flow in young-adult and middle-aged 
rats, indicating a combination of active biliary secretion and biotrans- 
formation of the drug in the liver. The decrease in the volume of distri- 
bution might have been due also to a change in body composition in the 
older animals. While the fatty tissue and skin account for a larger per- 
centage of the body weight in older animals, the percentages of lean body 
mass and body water decrease. 

The distribution of N-acetylprocainamide in the liver and kidneys was 
also affected by age. The liver-plasma and kidney-plasma concentration 
ratios increased with age (86 and 44%, respectively). This elevation of the 
drug level in the organs seems to be inversely proportional to the decrease 
in liver and kidney blood flow (31 and 44%. respectively) in the older rats. 
The drug accumulation in the organs of the older rats probably is caused 
by: ! a )  higher plasma levels of N-acetylprocainamide (initial concen- 
trations of 19 and 46 &ml in 3- and 12-month-old animals, respectively); 
( b )  the diminution in the blood flow to the organs (the redistribution of 
N-acetylprocainamide from the tissues was affected to a greater extent 
by this than by the actual distribution of the drug in the organs); and (c) 
changes in the composition of the liver and kidney tissues which favored 
a larger drug uptake. Interestingly, with the minor change in heart blood 
flow (12%). the heart-plasma concentration ratio did not change much 
with age. 

In conclusion, the data show an age-dependent reduction in the bio- 
availability of orally administered N-acetylprocainamide solution in rats. 

The elimination of the drug, however. is impaired to a greater extent with 
age, which results in significant accumulations in the plasma and tissues 
after chronic administration. This finding indicates that in long-term 
toxicity testings of this and other drugs which show age-dependent 
pharmacokinetics, an adjustment in the chronically administered dose 
is essential. 

REFERENCES 

(1) A. D. Bender, J. Am. Geriat. SOC., 13,192 (1965). 
(2) M. S. Yates and C. R. Hiley, Experientia, 35,78 (1979). 
(3) D. L. Schmucker. Am. Pharmacol. Exp. Ther., 30,445 (1979). 
(4) K. Wilson and J. Hanson, Methods Find. Exp. Clin. Pharmacol., 

(5) P. G. Harms and S. R. Ojeda, J .  Appl. Physiol., 36,391 (1974). 
(6) C.-M. Lai, B. L. Kamath. Z. M. Look, and A. Yacobi, J. Pharm. 

2,303 (1980). 

Sci., 69,982 (1980). 
(7) A. Yacobi. H. F. StamDfli. C.-M. Lai. and B. L. Kamath. Drug. - .  , Y  

Metal. Dispos., 9; 193 (1981). 
(8) B. L. Kamath, A. Yacobi,S. D. Gupta, H. Stampfli, M. Durrani, 

and C.-M. Lai, Res. Commun. Chem. Pathol. .Pharmacol., 32, 299 
(1981). 

(9) B. L. Kamath, C.-M. Lai, S. D. Gupta, M. J. Durrani, and A. Ya- 
cobi, J.  Pharm. Sci., 70,299 (1981). 

(10) E. J. Triggs, R. L. Nation, A. Long, and J. J. Ashley, Eur. J. Clin. 
Pharmacol., 8,55 (1975). 

(11) L. Penzes, G. Simon, and M. Winter, Exp. Gerontol., 3, 607 
(1968). 

(12) L. Penzes and M. Boross, Exp. Gerontol., 9.253 (1974). 
(13) L. Penzes and M. Boross, Exp. Gerontol., 9,259 (1974). 
(14) J. Klirnas, J .  Gerontol., 23,529 (1968). 
(15) D. F. Davies and N. W. Shock, J .  Clin. Invest., 29,496 (1950). 
(16) S. A. Friedman,A. E. Raizner, H. Rosen, N. A.Solomon,and W. 

Sy, Ann. Intern. Med.,  76,41 (1972). 

Synthesis and Antiallergenic Properties of 
3-n-Pentadecyl- and 3-n-Heptadecylcatechol Esters 

MAHMOUD A. EISOHLYX, DANIEL A. BENIGNI, 
LOLITA TORRES, and E. SUE WATSON 
Received February 12,1982, from the Research Institute of Pharmaceutical Sciences, School of Pharmacy, University of Mississippi, 
Uniuersity, M S  38677. Accepted for publication June 11, 1982. 

Abstract 0 A synthetic procedure is described for the preparation of 
3-n-pentadecyl- and 3-n-heptadecylcatechols and their acetate and 
alaninate esters. The Wittig reagent prepared from 23-dimethoxyben- 
zyltriphenylphosphonium bromide (111) was coupled with 1-tetradecanal 
or 1-hexadecanal to give the olefins IV and V, respectively. Catalytic 
reduction of IV and V followed by demethylation with boron tribromide 
afforded VIII and IX. The acetates were prepared using acetic anhydride 
and pyridine, while the alaninates were prepared using N-(tert-butox- 
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Poison ivy (Toxicodendron radicans), poison oak (T.  
diuersilobum), and poison sumac (T. uernix) are the pri- 
mary cause of occupational dermatitis in the United 
States. Other genera of the plant family Anacardiaceae 

with dermatogenic constituents include Anacardium 
(cashew nuts), Semicarpus (india ink tree), Metopium 
(poison wood), and Mangifera (mango). The allergenic 
components in most of these plants are 3-n-alk-(en)-yl 
catechols with C-15 or C-17 side chains and different de- 
grees of unsaturation (0-3 olefinic bonds) (1-5). 

Extracts of poison ivy, poison oak, and poison sumac 
have been used for diagnosis and prophylactic treatment 
of poison ivy, oak, and sumac dermatitis (6-8). However, 
the efficacy of these extracts in producing desensitization 
is questionable (9). Kligman (10) found that, in humans, 
only hyposensitization was possible by oral or intramus- 
cular injection of either poison ivy oleoresin or pentade- 
cylcatechol. Oleoresin produced hyposensitization after 
intramuscular injection of 2-2.5 g or after oral adminis- 
tration of 3.5-4.0 g in multiple doses. The hyposensitiza- 
tion was temporary, and the individuals regained their 
original sensitivity within 6-10 months after cessation of 
the treatment. 

A previous publication (11) reported a new method for 
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CH,R CH=CHR 

QR 

VI: 
VII: 

VIII: 

R = CHI, Ri = CisHu 
R = CH3, Ri = Ci7Hs 
R = H, Ri = CisH31 

1X: R = H, RI C17Hu 
X: R = COCH,, Ri = CiSH31 

XI: R COCH3, Ri C17H35 
XII: R = COCH(CH3)NHCOiC(CH3)3, Ri Ci7H3s 

R = COCH(CH3)NHa * HCl, Ri  = C17H36 
R = COCH(CHo)NHCOiC(CHi)s, RI = CisHai 
R = COCH(CH3)NHz HCl, Ri = CiSH3i 

XIII: 
XIV: 
XV: 

the induction of tolerance to poison ivy and oak urushiol 
in guinea pigs by intravenous injection of pentadecylca- 
techol-associated-autologous red blood cells 2 weeks prior 
to attempted contact sensitization. It was also reported 
(12) that intravenous administration of the esterified ur- 
ushiol (poison ivy or poison oak urushiol acetate) was ef- 
fective in producing immune tolerance in naive guinea pigs 
and desensitization or hyposensitization in already sen- 
sitized animals. This paper reports the improved synthesis 
of the saturated congeners of poison ivy and poison oak 
urushiol acetates (diacetyl-3-n-pentadecylcatechol and 
diacetyl-3-n-heptadecylcatechol), and their efficacy in the 
production of tolerance and hyposensitization. In addition, 
the synthesis and activity of a water-soluble ester of hep- 
tadecylcatechol (heptadecylcatechol-dialaninate dihy- 
drochloride) is described. 

EXPERIMENTAL' 

Synthesis-2,3-Dirnethoxybenzyl Bromide (II)-A solution of 25 g 
(148.8 mmoles) of 2,3-dimethoxybenzyl alcohol (I) in 400 ml of dry ether 
was stirred a t  room temperature for 2.5 hr with 8 ml of phosphorus tri- 
bromide. The organic layer was washed with water, dried (anhydrous 
sodium sulfate), and the solvent removed a t  reduced pressure to give 33.7 
g of I1 (98% yield); I R  Y,, (liquid film) 2940,2830,1585, and 1480 cm-'; 
UV: Amax (log c)  219 (4.10) and 286 (3.24) nm; 'H-NMR 6 7.03-6.72 (3, 
m), 4.53 (2, s), 3.97 (3, s), and3.80 (3, s) ppm; mass spectrum: rn/z (%): 
230 (35), 232 (M+ +2,34), 151 (88), and 136 (100). 

2,3- Dirnethoxybenzyltriphenylphosphonium Bromide (III)-A so- 
lution of 28 g of I1 (120 mmoles) in 500 ml of benzene containing 32 g (121 
mmoles) of triphenylphosphine was allowed to reflux for 5 hr, whereupon 
a copious white precipitate formed. The precipitate was removed by fil- 
tration, washed with benzene, and dried to give 59 g (99% yield) of 111; 
mp 233-234'; I R  u,, (KBr) 2940,2830,2780,1580,1480,1470, and 1430 

1 Melting points are uncorrected and were determined on a Thomas-Hoover 
Unimelt apparatus. The UV absorption spectra were obtained in methanol using 
a Beckman-Acta Model IV recording spectrophotometer. IR absorption spectra 
were recorded using a Perkin-Elmer 281B infrared spectrophotometer. 'H-NMR 
spectra were recorded on a JEOL Model C-60 HL spectrometer. Fourier transform 
'H- and W - N M R  spectra were obtained on a JEOL NJM-FX60 spectrometer. 
Chemical shifts were reported in 6 units with tetramethyhilane as the internal 
standard and deuterochloroform as the solvent. Mass spectral analyses were per- 
formed on a Finnigan 3xx) GC/MSDS. GC analysee were performed on a Beckman 
GC-65 using s 3% OV-17 or 5% OV-225 column and FID detector with 30 ml/min 
carrier gas (nitrogen). 

cm-'; UV A,,,,, (log e)  225 (4.46), 265 (sh, 3.61). 268 (3.67), 275 (3.66). and 
282 (sh, 3.37) nm; 'H-NMR 6 8.00-7.50 (15, m), 7.00-6.60 (3, m), 5.13 (2, 
br, d , J  = 14 Hz), 3.77 (3, s), and 3.50 (3,s) .  

2,3-Dirnethoxy-A "-pentadecenylbenzene ( I  V)-A dispersion of 5 
g (10 mmoles) of the aforementioned phosphonium salt (111) in 100 ml 
of tetrahydrofuran (dried over sodium hydride) was stirred under ni- 
trogen while 6 ml(10.2 mmoles) of a 1.7 M solution of n-butyllithium in 
hexane was added slowly. After 10 min the solution developed a deep-red 
color, at which time a solution of 2.65 g (10 rnmoles) of 80% tetradecyl 
aldehyde2 in 10 ml of tetrahydrofuran was added in a dropwise manner. 
The mixture slowly turned yellow and was stirred at  room temperature 
for 2 hr. The mixture was refluxed for 16 hr and then cooled to room 
temperature. TLC (hexane+thyl acetate, 95:5) on silica gel showed one 
spot (R/ 0.90) and no starting aldehyde ( R f  0.75). The solvent was re- 
moved under reduced pressure, and the residue was added to ethyl ace- 
tate (150 ml) and water (50 ml). The organic phase was washed with water 
(50 ml) and then dried over anhydrous sodium sulfate. The solvent was 
removed under reduced pressure to give 7.0 g of a pale amorphous solid 
which was filtered through 15 g of silica gel-60 (hexane-ethyl acetate, 
97:3) to yield 3.3 g of a colorless solid. GC (2% OV-17) showed two peaks 
(cis and trans isomers of IV in a 2 3  ratio, respectively). GC/MS analysis 
showed the following ions: cis rn/z 346 (M+, 91%), 177 (loo%), and 151 
(83%); trans m/z 346 (M+, lWo),  177 (90%). and 151 (70%). 
2,3-Dirnethoxy-pentadecylbenzene (VI)-The cis and tram isomeric 

mixture of IV (3.3 g) was dissolved in 40 ml of tert -butyl alcohol and 640 
mg of 10% palladium-on-carbon was added. The mixture was hydroge- 
nated on a Parr hydrogenator a t  1.41 kg/cm2 for 16 hr. Filtration of the 
product through diatomaceous earth3 followed by evaporation of the 
solvent resulted in 3.3 g of VI as a white solid, mp 35-36'; I R  v,,, (liquid 
film) 2920,2855,1597,1583,1478,1272,1087,1015, and 747 cm-l; UV: 
A,,,,, (log e) 207 (3.99), 213 (sh, 3.84),270 (3.01), and 276 (3.00) nm; 'H- 
N M R  6 0.90 (3, t,J = 5 Hz), 1.28 (26, br, s), 2.62 (2, t, J = 6 Hz), 3.80 (6, 
s), and 6.82-6.46 (3, m) ppm; mass spectrum: m/z 348 (M+, 40%). 151 
(loo%), and 136 (90%). 

3-n-Pentadecylcatechol ( V I f I ) - A  solution of 2,3-dimethoxy-pen- 
tadecylbenzene (VI) (500 mg, 1.44 mmoles) in 30 ml of methylene chloride 
was cooled to 0' under nitrogen. A solution of boron tribromide in 
methylene chloride (1.1 ml of 12% v/v) was added and the mixture was 
allowed to slowly come to room temperature. After standing for 90 min, 
3 ml of water was added followed by sodium bicarbonate (until no more 
gas evolution was noticeable). The organic layer was dried over anhydrous 
sodium sulfate, and the solvent was evaporated to yield a light brown 
residue (408 mg). Crystallization from hexane-isooctane yielded colorless 
needles of VIII, mp 55-56'; I R  urnex 3400,2910,2840,1615,1590,1475. 
1285,1055,942,827, and 725 cm-'; U V  A,,, (log e) 278 (3.23) and 230 
(3.19) nm; 'H-NMR (FT): 6 0.90 (3, t, J = 5 Hz), 1.26 (26, br, s), 2.55 (s. 
t, J = 6 Hz), 5.10 (2, br, s, exchangeable with D?O), and 6.72 (3, br, s) ppm; 
mass spectrum: rn /z  320 (M+, 4%) and 123 (base peak). 

Diacetyl-3- n-pentadecylcatechol (X)-Acetylation of VIII was carried 
out by stirring 400 mg with 1 ml each of acetic anhydride and pyridine 
a t  room temperature for 4 hr. The mixture was poured onto ice, and then 
extracted with chloroform (3 X 30 ml). The combined chloroform extract 
was washed successively with 20 ml of ice water, 20 ml of chilled 10% 
H2S04,20 ml of water, saturated sodium bicarbonate solution, and then 
30 ml of water. The chloroform layer was dried over anhydrous sodium 
sulfate, and the solvent was evaporated to give a white solid (502 mg). 
Recrystallization from chloroform-ethanol afforded rosette crystals of 
X, mp 51-52'; IR: u,,, 2910,2840,1770,1760, and 1470 cm-l; UV: A,,, 
(log c) 278 (sh, 1.65), 258 (2.45), and 210 (4.11) nm; lH-NMR 6 7.30-7.00 
(3, m), 2.50 (2, t, J = 6 Hz), 2.28 (3, s), 2.22 (3, s), 1.27 (26, br, s), and 0.88 
(3, t , J  = 6 Hz) ppm; mass spectrum: rn/z 404 (M+, 0.3%), 320 (48%), and 
123 (100%). 
2,3-Dirnethoxy-A1'-heptadecenylbenzene (V)-Compound V was 

prepared from 5 g (10 mmoles) of the phosphonium salt (111) and 2.8 g 
(11.6 mmoles) of n-he~adecylaldehyde~ following the same procedure 
used for the synthesis of IV. The reaction was filtered, the filtrate evap- 
orated under reduced pressure, and the residue partitioned between 
chloroform (150 ml) and water (3 X 30 ml). The organic layer was dried 
over anhydrous sodium sulfate, and the solvent was removed under re- 
duced pressure. The residue was dissolved in 15 ml of hexane, filtered, 
and the filtrate chromatographed on silica gel-60 (50 g, hexane-ethyl 
acetate, 955) to yield 3.6 g of a colorless solid. GC and GC/MS exami- 
nation showed a mixture of cis and trans isomers (2:3, respectively); mass 

2 Aldrich Chemical Co., Milwaukee, Wis. 
3 Celite. 
4 Prepared from palmitic acid following the procedure described in Ref. 13. 
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Table I--'3CC-N~MR Chemical Shi f t s  (ppm)  for Compounds I-XI 

Compound 
Carhon IV' IVC 
Number I I1 IIIb trans cis VI VII VIlI IX Xd XI' 

1 152.6 152.8 152.4 153.2 
2 147.2 147.8 147.8 146.7 
3 135.1 131.8 123.8 132.3 
4 124.1 
5 120.8 
6 112.5 

1-OCHJ 55.9 
2-OCH3 60.6 

1' 60.6 
2' 
3' 

4'-11' 
12' 
13' 
14' 
15' 
16' 
17' 

24.0 123.7 124.3 
22.6 114.1 123.8 
13.4 120.8 110.0 
55.8 56.3 55.9 
60.6 60.3 60.6 
28.1 132.5 

118.4 
33.5 
29.8 
29.4 
32.0 

153.0 
147.6 
132.4 
124.4 
123.8 
111.6 
55.8 
60.3 

133.6 
122.4 
33.5 
29.8 
29.4 
32.0 

152.9 
147.6 
136.8 
123.6 
122.2 
110.5 
55.7 
60.4 
30.9 
30.0 
29.8 
29.8 
29.5 
32.0 

152.9 143.3 143.2 142.8 142.8 
147.7 142.1 142.0 140.8 140.9 
136.8 129.8 129.7 136.8 136.9 
123.6 122.3 122.3 127.2 127.2 
122.2 120.4 120.3 126.0 126.1 
110.5 113.2 113.1 120.9 120.9 
55.7 
60.7 
30.9 29.8 
30.0 29.8 

29.8 
29.8 

29.7 
29.7 

30.2 
29.8 

29.8 29.8 29.8 29.7 29.8 
29.8 29.8 29.8 29.7 29.8 
29.8 29.4 29.8 29.4 29.8 
29.8 32.0 29.8 32.0 29.8 

22.7 22.7 22.7 29.5 22.7 29.4 22.7 29.8 ~~ _~ _ _  
14.0 32.0 

00 7 
14.1 14.1 14.0 14.1 32.0 

or) 7 
32.0 
00 7 
LL. I LL. I LL. I 

14.0 ' 14.0 14.1 

a '3C-NMR data on the alaninate derivatives are provided in Experimental. In the proton-decoupled spectrum, the benzylic methylene carbon appeared at 6 25.7 
ppm as a doublet (J = 48.8 Hz) as a result of coupling with phosphorus. The aromatic carbons of the triphenylphosphine residue of 111 also appeared as doublets at 6 135.1, 
134.1.130.2, and 118.1. We have also observed long-range coupling between phosphorus and carbons 1, 2,3,5, and 6. The trans isomer of IV was separated by column 
chromatography; '3C-NMR was recorded on the mixture and on the trans isomer. The data obtained on the cis isomer was by subtraction. No attempt was made to separate 
the trans isomer of V. The carbonyl carbon atoms of the acetate groups were observed at 6 168.0 and 167.9 ppm while the methyl signals were observed at 6 20.5 and 
20.1 ppm. The carbonyl carbon atoms of the acetate groups were observed at d 168.1 ppm (double intensity) and the methyl signals were observed at 6 20.6 and 20.2 
ppm. 

spectrum: cis m/z 374 (M+, 56%), 177 (100%). and 151 (78%); trans m/z 
374 (M+, 61%), 177 (~WO), and 151 (58%). The  'H-NMR spectrum of the 
mixture showed peaks a t  6 0.90 (3, t, J = 6 Hz), 1.30 (26, br, s), 2.48-2.10 
(2, br, d ) ,  3.88, 3.85 and 3.83 (6,3s), and 5.48-7.15 (5, m). 
2,3-Dimethoxy-heptadecylbenzene ( VII)-Catalytic hydrogenation 

of V (3.6 g) was carried out as outlined for the preparation of VI to give 
a quantitative yield of VII as a colorless solid, m p  44-46'; IR: v,,, 1595, 
1580, 1470, 1270, 1083, 1013, 737, and 717 cm-*; UV: Amax (log c)  231 
(3.16), 271 (3.03). and 276 (3.02) nm; 'H-NMR 8 0.90 (3, t. J = 5 Hz), 1.30 
(30,br,s),2.18(2,t,J=6Hz),3.85(3,~),3.83(3,s),and6.62-7.00(3,m); 
mass spectrum: m/z 376 (M+, 50%). 151 (97%), and 136 (100%). 

3-n-Heptadecylcatechol (IX)-2,3-Dimethoxy-heptadecylbenzene 
(VII), 3.01 g, was demethylated with boron tribromide, following the 
procedure described for the preparation of VIII; to give 2.16 g (78% yield) 
of a colorless solid, Recrystallization from hexane-isooctane gave fine 
needles of IX, mp 63-64'; IR: u,,, 3380, 2920,2847, 1617, 1592, 1475, 
1468,1282,1190, and720cm-'; UV: A,,, (log c) 230 (3.19) and 275 (3.21) 
nm; 'H-NMR 6 0.89 (3, t, J = 6 Hz), 1.26 (30, br, s), 2.63 (2, t , J  = 6 Hz), 
4.99 (1, s, exchangeable with DzO), 5.09 (1, s, exchangeable with DzO), 
and 6.72 (3, s); mass spectrum: m/z 348 (M+,  30%) and 123 (base 
peak). 

Diacetyl-3-n-heptadecylcatechol (XI)-Compound XI  was prepared 
by acetylation of IX following the same procedure as used for preparation 
of X. Crystallization from chloroform-ethanol afforded rosettes, mp 
56-57'; I R  u,,, 2930,2865,1785,1770, and 1480 cm-'; UV: Ama, (log c )  
276 (sh, 1.64), 257 (2.47). and 210 (4.08) nm; 'H-NMR 6 7.30-7.00 (3, m), 
2.50 (2, t. J = 6 Hz), 2.28 (3, s), 2.22 (3, s), 1.26 (30, br, s), and 0.88 (3. t, 
J = 5 Hz); mass spectrum: m/z 432 (M+, 0.2%), 348 (I%), and 123 
(100%). 
3-n-Heptadecy[catechol-dialaninate Dihydrochloride (XII1)-A 

solution of dicyclohexylcarboiliimide (2.11 g, 10.2 mmoles) in 120 ml of 
acetonitrile was cooled in an  ice bath for 10 min and then 1.94 g (10.3 
mmoles) of N -  (tert -butoxycarbonyl)-L-alanine was added. This solution 
was stirred in an ice bath for 30 min during which time a cloudy white 
precipitate appeared. Two portions of IX were then added (618 mg and 
1.22 g) and the mixture was stirred at  room temperature for 2 hr after each 
addition. TLC analysis of the reaction product using 2% methanol in 
chloroform showed some starting material ( R ,  0.3, blue black with ferric 
chloride) an appreciable amount of the diester (XII) (R/  0.75. yellow with 
chlorine tolidine reagent). and some monoester ( R f  0.70, yellow with 
chlorine tolidine reagent). Therefore, 1.03 g (5  mmoles) of dicyclohex- 
ylcarbodiimide in 30 ml of acetonitrile (cooled to 0") and 950 mg (5  
mmoles) of N-(tert-hutoxycarhony1)-1,-alanine was stirred in an ice bath 
for 20 min and then was added to the above mixture. After stirring 
overnight, the reaction was filtered, and the solvent was removed by 
evaporation. The residue was chromatographed on 50 g of silica gel-60 
(chloroform) to yield 3.25 g (4.7 mmoles) of XI1 as an oil (94% yield); 
[o]T- 19' (c 0.59, CHCI:d; UV: A,, (log c )  257 (2.40) and 220 (3.40) nm; 

I R  umal (CHCI,); 3440, 3370, 2915, 2860, 1770, 1705, and 1500 cm-I; 
'H-NMR 6 1.30 (30, br, s), 1.50 (-18, s), 2.70 (2, br, t,J = 6 Hz), 4.60-4.50 
(2, br, s), 5.50 (1, br, s), 5.63 (1, br, s) ,and 7.10-7.00 (3, m); W-NMR:  d 
14.0 (9). 17.9 (q), 18.1 (q), 22.7 (t), 28.5 (q), 29.4 (t), 29.7 (t), 32.0 (t) ,  49.5 
(d), 49.8 (d). 79.9 (s), 120.7 (d), 126.2 (d), 127.3 (d), 136.9 (s), 140.5 (s), 
142.7 ( s ) ,  155.6 ( s ) ,  170.8 (s), and 171.0 (s) ppm. 

Conversion of X I I  t o  XIII-A solution of XI1 (2.75 g) in ethyl acetate 
(50 ml) was chilled a t  0" for 25 min, and then was saturated with hydrogen 
chloride for 3 min. The  mixture was stirred for 20 min a t  0" and then the 
solvent was evaporated to yield 1.81 g of XIII. mp 204-205' (dec); [ (r]g 
+ 107" (c 0.52, CHCI3); UV: Amax (log c )  264 (2.54) and 210 (4.04) nm; IR: 
urnax (KBr)  3420,2920,2840,1790, and 1600 cm-'; mass spectrum: m/z  
419 (3%), 348 (23%), 136 (lO?b). and 123 (100%). Due to the insolubility 
of the material, the 'H and 13C-NMR spectra were not obtained. 

3- n-Pentadecylcatechol-dialaninate Dihydrochloride (XV)-Reac- 
tion of VIII  with N-(tert-butoxycarbony1)-L-alanine in the manner 
previously described for the preparation of XI11 afforded XIV; UV: A,,, 
(log c )  280 nm (sh, 2.02), 258 (2.47), and 219 (3.40) nm; IR: urns, (CHCI:]) 
3440,3370,2930.1770,1700, and 1500 cm-I; IH-NMR d 7.22-7.17 (3. m), 
5.70(1,br,s),5.55(l,br,s),4.63(2,br,q,J=6Hz),2.60(2,t,J=6Hz), 
1.50 (18, s), 1.28 (26, br, s), and 0.92 (3, t, J = 6 Hz); I T - N M R  d 171.1 (s), 
170.8 (s), 155.5 (s), 142.6 (s), 140.5 (s), 136.9 (s), 127.3 (d), 126.3 (d). 120.7 
(d), 80.0 (s), 49.8 (d), 49.4 (d), 32.0 (t) ,  30.1 (t) ,  30.0 (t), 29.7 (t), 29.5 ( t ) ,  
29.4 (t) ,  28.5 (q), 22.7 (t), 18.1 (q), 17.9 (q), and 14.0 (9). The  tert -butyl- 
oxycarbonyl protecting groups of XIV were removed with hydrogen 
chloride in ethyl acetate in the aforementioned manner to yield the di- 
alaninate dihydrochloride XV. 

Biological Studies-Animak-Female Hartley line-bred guinea pigs 
weighing 450-500 g were used; guinea pig food and water supplemented 
with vitamin C were offered ad libitum. Croups of 6-12 animals were 
used, and in all cases a sensitive control group was administered the ve- 
hicle only. Sensitization and skin testing were carried out using proce- 
dures previously described (11,12). 

Dosing-Doses of 1 or 10 mg of 3-n-pentadecylcatechol diacetate (X) 
per animal were administered intravenously. Emulsions containing the 
acetates were prepared using polyoxyethylene (20), sorbitan monostea- 
rate, and sorbitan monooleate5 in saline as previously described (12). For 
tolerance studies, the drug was given to the animals 2 weeks prior to the 
attempted sensitization. Emulsions of either X or XI were given orally 
after sensitization of the guinea pigs for desensitization studies. The 
water-soluble ester (XIIl)  was given in aqueous solution. The animals 
were given a cumulative dose equivalent to 52.5 mg of the free catechols 
(VIII or IX) in the ester form over a period of 3 weeks as follows: ( a )  three 
doses of 2.5 mg each given on alternate days during the first week: ( b )  
three doses of 5 mg each during the second week; and (c )  three doses of 
10 mg each during the third week. The  animals were sensitized and skin 

Atlas Chemical Industries Inc.. Wilmington. Del. 
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tested prior to dosing, and their sensitivity was measured again the week 
after the last dose. 

RESULTS AND DISCUSSION 

Poison ivy dermititis is a major problem among outdoor workers in the 
US. I t  is estimated that over 1.5 million cases of poison ivy dermatitis 
are encountered every year with a loss of over 152,000 work days in the 
United States6. 

In our search for ways to control contact dermatitis caused by the ur- 
ushiols of poison ivy, oak, and sumac, two successful procedures were 
developed in this laboratory using guinea pigs as the animal model (11, 
12). Of particular interest was the discovery that the esterified urushiol 
(urushiol acetate) had the ability to block the development of sensitivity 
in guinea pigs if administered prior to the attempted sensitization (tol- 
erance induction), as well as the ability to desensitize or hyposensitize 
already sensitive animals (12). This study described the synthesis of the 
saturated congeners of poison ivy and poison oak urushiols and the ability 
of their esters to induce tolerance and desensitization or hyposensitiza- 
tion. The synthesis of VIII and IX (the saturated components of poison 
ivy and oak urushiols, respectively) have been previously described 
(14-17). These methods involved initially a Grignard reaction of the 
appropriate alkylmagnesium halide with either 2,3-dimethoxybenzal- 
dehyde or 2,3-dimethoxybenzyl chloride. In addition, the reaction of the 
Grignard reagent with the phenolic aldehyde was investigated (18). 

However, these procedures provided inconsistent results, and the final 
products were difficult to purify. Use of the Wittig reaction afforded high 
yields of products which were easy to purify. The Wittig reagent was 
prepared from 2.3-dimethoxybenzyl halide since the long-chain alkyl 
halide failed to form the phosphonium salt. The use of boron tribromide 
in methylene chloride for the demethylation was superior to previously 
used reagents such as hydrochloric acid, hydroiodic acid, or pyridinium 
chloride. Demethylation took place in two steps oia the monomethyl 
ether, with demethylation of the more sterically hindered group occurring 
first. 

In addition to the acetate esters, the water-soluble dialaninate ester 
dihydrochlorides (XI11 and XV) were prepared. Spectral data are given 
in Experimental. Table I shows the 'W-NMR data on compounds 
I-XI. 

The synthetic compounds were tested for their ability to induce tol- 
erance or desensitization to poison ivy and poison oak urushiols. Guinea 
pigs were used as the animal model, and immune tolerance was produced 
by a single- or 10-mg iv dose of X. Over 90% of the animals treated with 
X were completely tolerant (not reactive to 13.2-pg test doses of VIII 
for 6 weeks); none of the control animals were tolerant to VIII. The esters 
X, XI, and XI11 were tested orally (gastric gavage) for their ability to 
desensitize or hyposensitize guinea pigs which were previously sensitized 
to poison ivy or oak urushiol. The dosage schedule consisted of consec- 

These figures were obtained from the Public Health Service for 1969, the last 
year for which there are figures available. 

utive escalating doses for 3 weeks: an amount of the ester equivalent to 
2.5 mg of the parent catechol3 times a week for the first week, doubling 
each week thereafter. The animals were tested with poison ivy or oak 
urushiol the week following the last dose and again 4 weeks later. 
Thity-eight percent of the guinea pigs receiving X were desensitized to 
3-pg doses of poison ivy urushiol. There was also significant reduction 
of the sensitivity (hyposensitization) of the remaining animals as judged 
by the Driaze method (19) of evaluating skin erythema and edema. 
Compounds XI and XI11 were also found to hyposensitize guinea pigs 
to poison oak urushiol. 

A more detailed comparison of the toxicity and efficacy of free urushiols 
and their corresponding esters will be published7. 
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Abstract  0 The disposition of different "C-labeled, biodegradable 
polyacryldextran microparticles after intravenous injection has been 
studied in the mouse. The particles were rapidly cleared from the circu- 
latory system by the reticuloendothelial system. They were predomi- 
nantly (6040%) found in the liver and spleen and to some extent in the 
bone marrow. Large particle aggregates were found in the lungs 6 hr 
postinjection. After redistribution, the particles were eliminated from 
the organs with an apparent t1 /2  of 12-30 weeks, depending on the com- 
position of the particles. Highly cross-linked particles with 2% acrylic 
groups (DTC = 11-2-75) had a half-life similar to that of polyacrylamide 
particles (TC = 8-25). The metabolism rate was also correlated with the 
degradation in uitro with isolated rat lysosomes. After intravenous in- 
jection of small '%-labeled polyacrylamide particles (0.2-0.5 pm), sig- 
nificant amounts of radioactivity were detected in the bile and gall- 
bladder. 

Keyphrases Polyacryldextran-microparticles, in  uitro degradation, 
in uiuo metabolism and elimination in mice 0 Microparticles-of 
polyacryldextran, in uitro degradation, in uiuo metabolism and elimi- 
nation in mice Metabolism-of polyacryldextran microparticles in mice 
following intravenous injection Elimination-of polyacryldextran 
microparticles in mice by the reticuloendothelial system following in- 
travenous injection 

~ ~~ ~ ~ ~~~ 

Previous studies have revealed that proteins immobil- 
ized in microparticles of polyacrylamide can retain bio- 
logical properties (1). The particles are small enough (0.2-1 
pm in diameter) to be injected intravenously without 
respiratory problems (2). When such particles were in- 
jected parenterally, they were cleared rapidly from the 
circulatory system by cells of the reticuloendothelial sys- 
tem (RES), predominantly uia the liver and spleen, where 
the particles were localized in the lysosomal vacuome (3). 
The spheres were eliminated from these organs with a 
half-life of -20-25 weeks (2). 

Liver Bone marrow 
Figure 1-Whole body autoradiogram (bottom) of a mouse 2 months 
after intrauenow injection of %-labeled microspheres of polyacryl- 
dextran, DTC = 11-1-75 (48,200 dpm in  2.6 mg). The top is the corre- 
sponding stained section, 20 pin. 

Derivatized natural polymers (e.g., acryldextrans) re- 
cently have been introduced as a matrix for the prepara- 
tion of microparticles, particularly for use in uiuo (4, as 
substantially fewer synthetic polymer threads are then 
needed to form the microspheres. The total concentration 
of acrylic groups is only 0.5-2% in the water phase prior to 
the polymerization and formation of polyacryldextran. 
Moreover, the amount of protein immobilized in the mi- 
croparticles is increased without any significant loss of the 
biological properties of the immobilized protein, with 
improved stability against heat denaturation (4). Such 
particles carrying immobilized dextranase have been used 
successfully to treat an artificially induced storage disease 
in mice (5). The present paper will describe quantitatively 
the distribution of polyacryldextran microparticles in mice 
and the influence of the polyacryl chains on the degrada- 
tion of the microparticles in uiuo and by dextranase in 
uitro. 

EXPERIMENTAL 

Materials-Acrylamide', N,N'-methylenebisacrylamide (BIS)', 
N,N,N',N'-tetramethylethylenediamine2, dextran3, 4-methylumbelli- 
feryl-2-acetamido-2-deoxy-/3-~-glucopyranoside2, 4-methylumbellif- 
erone2, and other chemicals were of analytical grade. Acrylic acid-glyc- 
idyl', dextranase2 (E.C. 3.2.1.11), and ["Clparaf~rmaldehyde~ were used 
without further purification. 14C-Labeled N,"-methylenebisacrylamide 
was prepared as described by Sjoholm and Edman (2). 

Synthesis of Acrylic Dextran-Acrylic dextran was prepared using 
a reported method (4). Dextran (T-40, mol. wt. 40,000) was dissolved in 
250 ml of 0.01 M phosphate buffer, pH 9.0. Acrylic acid-glycidyl(25 ml) 
was added, and the emulsion was stirred with a magnetic stirrer for 9-10 
days at room temperature. The dextran was precipitated and washed with 
ethanol. The precipitated dextran was dissolved in phosphate buffer, 
precipitated again, and washed with ethanol. This procedure was re- 
peated a t  least five times. The  content of acrylic groups in the dextran 
was determined by halogenation of the double bonds, as described pre- 
viously (4). 

Preparation of Microparticles-14C-Labeled microparticles (DTC 
= 11-1-75, DTC = 11-2-75, and TC = 8-25)6 were prepared by the 
methods of Ekman et al. (1) and Edman et al. (4). In a typical example, 
the monomers (acrylamide, 14C-labeled NJV'-methylenebisacrylamide, 
and acryldextran) were dissolved in 5 ml of 0.1 M phosphate buffer, pH 
7.4. Oxygen was removed from the solution using nitrogen gas. At the 
same time, 200 ml of a mixture of toluene and chloroform (kl) ,  containing 
a detergent? (0.5 g), was flushed with nitrogen. After addition of the 
catalyst, ammonium peroxodisulfate (100 pl of a 0.5-g/ml solution), the 

Eastman Kcdak Co. 
2 Sigma Chemical Co. 
3 Dextrans (T4O and T500) were obtained from Pharmacia Fine Chemicals, 

Up sala, Sweden. 
?Fluka AG. 

8 The particles prepared are characterized using the nomenclature suggested 
by Hjerten (6) and Edman et al. (4). The first numeral denotes the concentration 
of derivatized dextran (D) participating in the particle formation (g/100 ml of sol- 
vent). The second numeral denotes the total amount (T) of acrylic monomers (g/lOO 
ml of solvent) and the third, the amount of cross-linking agent (C), NJP-methy- 
lenebisacrylamide, expressed as the percentage (w/w) of the total amount of 
monomers. 

'I P h o n i c s  F-68 (polyoxyethylene-derived polyoxypropylene) was obtained 
from Trebac AB. Stockholm, Sweden. 

Radiochemical Centre, Amersham. England. 
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Table I-Distribution of I4C-Labeled Polyacryldextran Particles a f t e r  Intravenous Administration to Mice. 

Organ Time Postdose Organ Weight, g Dpm Percentage of Injected Dose 

Liver 
Spleen 
Lung 
Kidneys 
Liver 
Spleen 
Lung 
Kidneys 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Spleen 

Liver 
Spleen 
Lung 
Kidneys 
Liver 
Spleen 
Lung 
Kidneys 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Sdeen 

6 hr 
6 hr 
6 hr 
6 hr 
1 week 
1 week 
1 week 
1 week 
2 weeks 
2 weeks 
4 weeks 
4 weeks 
8 weeks 
8 weeks 

12 weeks 
12 weeks 
20 weeks 
20 weeks 

1 day 
1 day 
1 day 
1 day 
1 week 
1 week 
1 week 
1 week 
2 weeks 
2 weeks 
4 weeks 
4 weeks 
8 weeks 
8 weeks 

13 weeks 
13 weeks 
27 weeks 
27 weeks 

DTC = 11-1-75 
1.10 f 0.05 
0.07 f 0.01 
0.16 f 0.01 
0.16 f 0.01 

18,750 f 650 
2550 f 350 

10,460 f 1340 
490 f 70 

1.45 f 0.08 
0.16 f 0.01 
0.17 f 0.01 
0.18 f 0.02 
1.50 f 0.07 
0.16 f 0.01 
1.27 f 0.04 
0.12 f 0.01 
1.31 f 0.07 
0.13 f 0.01 
1.36 f 0.06 
0.12 f 0.01 
1.47 f 0.08 
0.13 f 0.01 

DTC = 11-2-75 
1.33 f 0.07 
0.08 f 0.01 
0.14 f 0.01 
0.13 f 0.01 
1.51 f 0.03 
0.15 f 0.01 
0.16 f 0.01 
0.15 f 0.01 
1.46 f 0.05 
0.12 f 0.01 
1.33 f 0.04 
0.13 f 0.01 
1.23 f 0.02 
0.13 f 0.01 
1.35 f 0.03 
0.12 f 0.01 
1.42 f 0.03 
0.12 f 0.01 

25,970 f 1440 
5940 f 380 
890 f 220 
440 f 30 

27,340 f 1110 
5500 f 180 

21,800 f 950 
4500 f 200 

18,480 f 510 
4160 f 200 

13,500 f 300 
2200 f 160 

11,350 f 720 
1990 f 90 

39,640 f 1310 
3880 f 1000 
2120 f 100 
210 f 10 

46,240 f 1620 
4040 f 300 
500 f 10 
190 f 10 

41,050 f 410 
4260 f 300 

41,860 f 610 
4300 f 190 

32.320 f 1130 
3050 f 130 

35.900 f 1490 
3330 f 250 

27,380 f 350 
2570 f 270 

38.88 f 1.4 
5.3 f 1.7 

21.69 f 2.78 
1.02 f 0.15 

53.85 f 2.99 
12.32 f 0.79 
1.85 f 0.46 
0.91 f 0.06 

56.69 f 2.30 
11.40 f 0.37 
45.20 f 1.97 
9.33 f 0.41 

38.32 f 1.06 
8.63 f 0.42 

27.99 f 0.64 
4.55 f 0.33 

23.55 f 1.50 
4.13 f 0.19 

70.04 f 2.31 
6.86 f 0.18 
3.75 f 0.18 
0.37 f 0.02 

81.70 i 2.86 
7.14 f 0.53 
0.88 f 0.02 
0.34 f 0.02 

72.53 f 0.72 
7.53 f 0.53 

73.96 f 1.08 
7.60 f 0.34 

57.10 f 2.00 
5.39 f 0.23 

63.43 f 2.63 
5.88 f 0.44 

48.38 f 0.62 
4.54 f 0.65 

0 Distribution of “C-labeled polgacryldextran particles in the liver, spleen, lung, and kidneys after injection of 2.6 mg iv of polyacryldextran particles with compositions 
of DTC = 11-1-75 and DTC = 11-2-75 containing 48,300 and 56,600 dpm, respectively. Each value is the mean obtained from 4-5 animals f S E .  

water phase was homogenized in toluene-chloroform to produce a 
water-in-oil emulsion. The polymerization was started by adding 1 ml 
of the accelerator, N,N,N’,N’-tetramethylethylenediamine, to the 
emulsion. The suspension was stirred for 20 min, and the phases were 
separated by centrifugation. The organic phase was removed, and the 
microparticles located a t  the bottom of the water phase were washed 
several times with buffer and physiological saline. Under the conditions 
used, the polyacrylamide particles (TC = 8-25) had a mean diameter of 
0.2-0.5 pm; the polyacryldextran particles (DTC = 11-1-75 and DTC = 
11-2-75) had a mean diameter of 0.5-1.5 pm. 

Determination of Particle Size-The size of the particles was de- 
termined from photographs taken by scanning electron microscopy, using 
a previously described method (2). With this method, 85.0% of the 
polyacryldextran particles with DTC values of 11-2-75 used in this study 
had a diameter of 0.2-1.2 pm, 1.7% were <0.2 pm, and 4.0% were >2.4 pm. 
Among the particles having DTC = 11-1-75, 72.8% had a diameter of 
0.2-1.2 pm, 8.9% were <0.2 pm, 12.5% had a diameter of 1.2-2.1 pm, and 
5.8% were >2.1 pm. More than 300 particles were measured from the 
photographs in each case. 

Distribution and Elimination of Polyacryldextran Particles After 
Intravenous Injection-Male mices, weighing 18-20 g a t  the beginning 
of the experiments, were used. The radiolabeled particles were dispersed 
in physiological saline (0.1-0.2 ml) and then injected intravenously. The 
doses corresponded to 2.6 mg of lyophilized microparticles DTC = 11-1-75 
and DTC = 11-2-75, containing 48,200 and 56,600 dpm, respectively. At 
different time intervals (6 hr, 1, 2,4,8, 12, and 20 or 27 weeks) animals 
were killed by cervical dislocation, and the liver, spleen, lung, and kidneys 
were removed and prepared for radioactivity measurements. Tissues (the 
spleen, both lungs, one kidney, or 0.2-0.3 g of the liver) were dissolved 
in 2 ml of a tissue solubilizelg. After digestion at  37O for 12-14 hr (yielding 
a clear solution), 2-propanol and hydrogen peroxide were added to bleach 
the samples and minimize color quenching. A scintillation cocktail was 

NMRI-mice. Anticimex, Stockholm. Sweden. 
Soluene 050, Packard. 

added, and the radioactivity was measured after appropriate equilibra- 
tion. The counting efficiency, generally -75-80%, was calculated with 
an external standard. 

Determination of Dextranase Activity-The activity of the dex- 
tranase was determined photometrically by the method of Janson and 
Porath (7). The enzyme in free form (0.1 ml) was added to dextran in 0.1 
M potassium phosphate buffer (1.9 ml). After incubation for 30 min at  
37’, 1 ml of the incubation solution was mixed with 1.0 ml of a color re- 
agent (5 g of 3.5-dinitrosalicylic acid, 1 g of phenol, 0.25 g of sodium sulfite, 
and 100 g of potassium sodium tartrate in 500 ml of 2% NaOH) and 
heated in a boiling water bath for 15 min. After dilution with 10 ml of 
water, the absorbance was measured a t  540 nm. A standard curve was 
prepared with maltose: one unit of activity caused the release of 1.0 pmole 
of maltose/min under the aforementioned conditions. 

Autoradiography-Whole-body autoradiography was performed 
using the method of Ullberg (8). ‘4C-Labeled particles were injected in- 
travenously in mice. After 2 months, the animals were killed with ether 
and frozen in a mixture of solid carbon dioxide and hexane (-78O). The 
mice were embedded in an aqueous carboxymethylcellulose gel, freeze- 
dried (-15O), and cut into 20- or 60-pm sagittal sections with a micro- 
tome. Autoradiograms were made by apposition of the freeze-dried sec- 
tions to X-ray films, the time of exposure was 6 months. 

Isolation of Lysosomes from R a t  Liver Homogenate-The livers 
from untreated male adult Sprague-Dawley rats were removed imme- 
diately after sacrifice and immersed in a beaker containing ice-cold 0.25 
A4 sucrose, pH 5.5. After weighing, the tissue was cut into pieces and 
dispersed in 3 volumes of the medium with a homogenizerL0. The resulting 
mixture was centrifuged a t  750Xg and 4’ for 10 min. The sediment was 
rehomogenized three times and centrifuged. The resulting supernatants 
were pooled and centrifuged a t  12,OOOXg for 10 min. The supernatant 
was discarded, and the pellet was dissolved in 0.25 M sucrose and cen- 
trifuged for 10 min a t  6500Xg. The sediment was redispersed in ap- 
proximately the same quantity of medium and centrifuged a t  6500Xg 

Potter-Elvehjelm, Kebo Grave, Stockholm. Sweden. 
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Figure 2-Radioactivity content of the liver (-) and spleen (- --) after 
a single 2.6-mg iu dose of I4C-labeled polyacryldextran particles with 
composition of DTC = 11-1-75 (a) or DTC = 11-2-75 (0). Each point 
represents the mean f S E M  for 4-5 animals. 

for 10 min. This procedure was repeated three times. The supernatants 
from the washings were combined and centrifuged a t  12,OOOXg for 15 min. 
The resulting pellet was redispersed in medium (pH 4.5) to a final volume 
equal to that of the originaltissue. The isolated lysosomal fraction was 
usually preserved with benzylpenicillin and streptomycin. The described 
procedure follows that outlined by Beaufay e t  al. (9). 

The concentration of lysosomes in the different supernatants and 
pellets during the preparation was determined by assay of a lysosomal 
enzyme, fl-N-acetyl glucosaminidase (10). This enzyme was determined 
by using 1.5 m M  4-methylumbelliferyl-2-acetamido-2-deoxy-fl-D-glu- 
copyranoside as substrate in 1 ml of 0.15 M acetate-acetic acid buffer, 
pH 4.2. The  sample (0.5 ml) was added, and the mixture was incubated 
a t  37" for 15 min. The reaction was terminated by adding 3 ml of 0.5 M 
NaZC03, pH 10.5, to each tube, and the free 4-methylumbelliferone was 
estimated by spectrophotometry a t  360 nm. Standards containing 4- 
methylumbelliferone in buffer were included in every assay. The protein 
contents in the different fractions were estimated according to the 
method of Lowry et al. (11). 

Preparat ion of Liver and  Spleen Samples fo r  Microscopic 
Studies-Tissue samples were cut from the organs immediately after 
sacrifice and immersed in chilled 5% formaldehyde in 0.15 M phosphate 
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Figure 3-Degradation of microparticles of polyacryldextran a t  23O 
and pH 6.2 with 0.5 IU of dextranaselrnl. Key: (0)  DTC = 11-1-75; (0) 
DTC = 11-2-75; (+) TC = 8-25 (polyacrylamide). 

buffer, pH 7.2. The specimens were embedded in paraffin in a routine 
manner, cut a t  2-3 pm, stained with hematoxylin and eosin, and exam- 
ined under a light microscope. 

RESULTS 

Distribution a n d  Elimination of 14C~Labeled Polyacryldextran 
Particles In Vivo After  Intravenous Injection-On intravenous in- 
jection in mice, the microparticles were rapidly cleared from the circu- 
latory system with a t1/2 of -60 mid1. The distribution of the polyac- 
ryldextran particles (DTC = 11-1-75 and DTC = 11-2-75) was followed 
qualitatively and quantitatively in mice. The autoradiogram (Fig. 1) 
indicates, as expected, that  the particles are phagocytosed by the mac- 
rophages belonging to the reticuloendothelial system (RES). The spheres 
were found in the liver, spleen, and bone marrow. Microparticles with 
1% (DTC = 11-1-75) or 2% (DTC = 11-2-75) acrylic groups showed the 
same distribution pattern, which was also seen with particles containing 
no derivatized dextran (TC = 8-25) (2). 

The quantitative distribution of the particles in the liver, spleen, 
kidneys, and lung was followed with time (Table I). Initially, some of the 
largest spheres and/or aggregates were entrapped in the lung capillaries, 
giving a higher radioactivity in the lungs than earlier noted with poly- 
acrylamide particles (2). This phenomenon is due to the somewhat larger 
size of the polyacryldextran spheres. However, the aggregates were soon 
dissociated, and the radioactivity was <1% of the injected dose after 1-2 
weeks. The values obtained from the lungs after 2 weeks, therefore, are 
not included in the table, nor are those from the kidneys which contained 
only very small amounts of radioactivity after 2 weeks. 

The apparent half-life of the different microparticles in the liver and 
spleen was calculated from the curves in Fig. 2. As is evident, particles 
made of dextran containing a smaller number of acrylic groups (DTC = 
11-1-75) were eliminated more rapidly than those containing more acrylic 
groups (DTC = 11-2-75). The terminal half-lives, as found by linear re- 
gression analysis, were 12.5 and 12 weeks and 33 and 29 weeks, respec- 
tively, in the liver and spleen. The figures also indicate that a redistri- 
bution took place after the first rapid elimination from the circulatory 
system. so that the maximal radioactivity was seen after 1-2 weeks in the 
liver and spleen, independent of the particle composition. About 7@0% 
of the total injected radioactivity was recovered in these tissues 2 weeks 
after injection. The  uptake of the particles into the liver and spleen re- 
sulted in an enlargement of these organs. The weight increase compared 
with the control regressed after 4-8 weeks. 

Ultrast ructural  Studies-Intravenous injection of a 2.6-mg dose of 
.polyacryldextran particles (DTC = 11-1-75) produced pronounced 
changes in the liver and spleen. After 1-2 days, the sinusoids were dilated, 
and vacuolization of the liver parenchymal cells could be seen. The spleen 
showed an infiltration of inflammatory cells. Weight changes of the liver 
and spleen paralleled the ultrastructural changes seen microscopically. 
Formation of small abscesses and granulomas was observed after this 
period. After 4-8 weeks, the tissues appeared normal except for small 
granulomas. When a dose of <I mg was given to the mice, only insignif- 
icant morphological changes could be detected in the liver and spleen. 

Degradation of Polyacryldextran Particles In Vitro with Dex- 
tranase-To investigate the stability of the polymer polyacryldextran, 
14C-labeled particles of different polymer composition were incubated 
with dextranase (0.5 IU/ml of particle suspension) for up to 2 hr at  22O 
and pH 6.2. After centrifugation for 5 min a t  4 O ,  the supernatant was 
withdrawn and the dissolved radioactivity determined (Fig. 3). Micro- 

'* P. Artursson, T. Laakso, and P. Edman, unpublished observation, 1982. 
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particles of polyacrylamide (TC = 8-25) were not significantly affected. 
Polyacryldextran particles with Composition DTC = 11-1-75 were rapidly 
hydrolyzed, and all the radioactivity was found in the supernatant after 
45 min. Particles with a higher cross-linking degree, DTC = 11-2-75, were 
more stable, but were dissolved after digestion for 120 min. 

Degradation of Different Polyacryldextran Particles In Vitro 
with Isolated Lysosomes from Rat Liver-J4C-Labeled particles (dry 
weight, 0.5 mg) of different gel-composition, (TC = 8-25, DTC = 11-1-75 
and 11-2-75) were mixed with 1.0 ml of isolated lysosomes from rat liver 
homogenate in small plastic tubes. They were incubated a t  37’ for 1.3, 
6.24, and 48 hr and then centrifuged for 10 min at  4’. The resulting su- 
pernatant was filtered through a filter12 with 0.45-pm pore size. The ra- 
dioactivity content in 300 p1 of the filtrate was determined in the scin- 
tillation counter. Polyacrylamide particles (TC = 8-25) were not signif- 
icantly affected during 48 hr: only background values were obtained. 
Polyacryldextran particles with DTC = 11-2-75 composition behaved 
in the same manner as the polyacrylamide particles. However, polyac- 
ryldextran particles with DTC = 11-1-75 were metabolized to  some ex- 
tent, and 0.56 f 0.003% (mean f SD, n = 4) of the radioactivity in the 
particles was recovered from the filtrate after incubation for 48 hr. 

Excretion of Microparticles i n  Bile-The biliary excretion of mi- 
croparticles was studied after a 4-mg iv injection of 14C-labeled polyac- 
rylamide microparticles (containing 400,000 dpm) in mice. The particles 
had a TC value of 8-25 and a diameter of 0.1-0.4 pm (92.6% of the parti- 
cles had a diameter within this range, 2.2% were <0.1 pm, and 5.2% had 
a diameter of 0.4-0.5 pm). The particles were dispersed in physiological 
saline prior to injection to avoid aggregation. At different time intervals 
(3, 9, and 27 weeks), animals were killed, and the gallbladder with re- 
maining bile was taken out and digested in 1 ml of 0.5 M quaternary 
ammonium hydroxide. Irrespective of the time elapsed after the injection 
of particles, the bile contained radioactivity (38,91, and 34 dpm after 3, 
9, and 27 weeks, respectively) after subtraction of background values 
obtained from untreated mice. The counting times used were long enough 
to minimize the statistical error to 2-3% for samples and blanks. 

DISCUSSION 

The most obvious conclusion which can be drawn from the results 
presented herein is the similarity of the disposition of polyacryldextran 
and polyacrylamide particles in mice, The half-life of the microparticles 
in the circulatory system and the general distribution of the micropart- 
icles in the mice are similar. They are predominantly taken up by the 
reticuloendothelial system (i.e., liver, spleen, and bone marrow) as shown 
by autoradiography and quantitative meaurements in the tissues. 
Moreover, the morphological changes detected microscopically after 
intravenous administration of large doses (>50-100 mg dry weight/kg 
body weight) are similar (3) and parallel the weight changes observed. 
It is obvious that incorporation of cross-linked dextran in the micro- 
particles does not change the distribution in uiuo, and it is highly likely 
that the observations are representative for any uncharged particulates 
of the same size (i.e., 0.2-1.0 pm in diameter) injected intravenously or 
intraperitoneally. 

Similar effects-morphological changes in the liver-have also been 
detected with liposomes. A study with mice (12) on the effects of nega- 
tively charged liposomes given intravenously revealed that liposomes 
caused an enlargement of the Kupffer cells with vacuolization observed 
7 hr postinjection. 

The polyacryldextran particles exhibited a somewhat larger initial 
uptake in the lungs than seen with polyacrylamide particles. The uptake 
was reversible, and was detected only in the sample taken 6 hr after the 
injection. After a week, insignificant amounts of the radioactively labeled 
microparticles remained. This phenomenon may be due to the larger size 
of the polyacryldextran particles, with -15% exceeding 1.2 pm in diam- 
eter; the polyacrylamide particles had diameters between 0.2 and 0.5 pm. 
The reason for the difference in size between the two different particle 

l2 Millipore Corp. 

preparations is that the higher viscosity of the dextran aqueous solution 
makes it more difficult to prepare small polyacryldextran particles (<0.5 
pm). It is important to stress that only small-sized particles should he 
used in uiuo to avoid respiratory distress. This point was clearly illus- 
trated in studies with dogs (13,14), in which polystyrene particles (mean 
diameter 3 pm) injected intravenously resulted in death for three of four 
dogs, prohably due to lung emboli. 

The most significant advantages of the polyacryldextran particles over 
the polyacrylamide particles is the faster metabolism. Both the experi- 
ments in oitro with lysosomal enzymes or dextranase and those per- 
formed in the mice clearly showed that the degradation and elimination 
is related to the hydrocarbon content of the microparticles. The lysosomal 
preparations were able to release >0.5% of the radioactivity within the 
first 48 hr from particles containing 1% acryl groups. A s  expected, these 
particles were also degraded much faster with dextranase than those 
containing 2% acryl groups. The terminal half-lives in uiuo in the liver 
and spleen were also significantly shorter for the polyacryldextran par- 
ticles with 1% acryl groups (-12 weeks) than for the other particles. The 
results suggest that it is possible to control elimination by changing the 
composition of the microparticles, which is of great value when the par- 
ticles are used as enzyme carriers. In such cases, the composition of the 
carrier should be chosen such that the degradation of the particles agrees 
with the denaturating rate of the enzyme. It is, however, also obvious that 
the size of the particles is a decisive factor for the rate of elimination, and 
it should be remembered that the polyacryldextran particles used in this 
study were larger than the polyacrylamide particles used previously 
(2). 

An earlier report from this laboratory indicated that microparticles 
after intravenous injection were identified in two layers of the gut lumen, 
the microvilli region and the basal membrane, as judged by the whole- 
body autoradiograms (2). The reason for such a specific localization was 
unclear, but long-term studies have now shown that small but significant 
amounts of radioactivity-originating from the polyacrylamide parti- 
cles-were found in the gallbladder. Thus the radioactivity in or  at the 
microvilli may be radioactive metaholites excreted from the liver. 
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Abstract The steric contact spaces associated with the reaction of the 
enantiomeric isomers of 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahy- 
drobenzo[a]pyrene (I) with the exocyclic amino group of guanine of di- 
nucleoside dimer structures were examined for a fixed transition-state 
geometry. This reaction is sterically prohibited for the B form DNA 
conformation. If, however, the nucleic acid structure is deformed, such 
that the distance between two adjacent base pairs (one containing gua- 
nine and cytosine) is maximized, sterically allowed transition-state 
geometries can be identified. It was not possible to uniquely identify the 
preferred transition-state complex with respect to nucleic acid structure 
or isomer of I. However, two types of general transition-state geometries 
were observed. In one, I was located “outside” the nucleic acid structure; 
in the other geometry, I was intercalated between adjacent base pairs in 
the transition state.  The intercalation process might serve as a physical 
catalyst for the alkylation of NH2-guanine by I. 

Keyphrases 7,8-Dihydroxy-9,10-epoxy-7,8,9,lO-tetrahydroben- 
zene(a]pyrene-enantiomeric isomers, alkylation of dinucleoside dimers, 
transition-state geometry Dinucleoside dimers-alkylation by enan- 
tiomeric isomers of 7,8-dihydroxy-9,10-epoxy-7,8,9,lO-tetrahydroben- 
zo[a]pyrene, transition-state geometry Transition-state geometry-of 
the alkylation of dinucleoside dimers by enantiomeric isomers of 7,8- 
dihydroxy-9.10-epoxy-7,8,9,lO-tetrahydrobenzo[a]pyrene, intercala- 
tion 

The chemical carcinogen benzo[a]pyrene (11) is me- 
tabolized to a diol-epoxide derivative (I) which is enzy- 
matically formed in two stereoisomeric forms: 7p,80- 
dihydroxy-9a,l0a-epoxy-7,8,9,lO-tetrahydrobenzo[a] - 
pyrene [III, designated anti or trans(eq,eq’)] and 
7&3a-dihydroxy-9& lOP-epoxy-7,8,9,10-tetrahydroben- 
zo[a]pyrene [N, designated syn or cis (ax,ax’)] (1-6). Each 
has a complement, trans (ax,ax’) and cis (eq,eq’), respec- 
tively, and each of these four isomers can exist as a (+) or 
(-1 enantiomer. The eight possible enantiomeric isomers 
are shown in Fig. 1, described in terms of our previous 
nomenclature (7). . 

Evidence to support the concept that activated metab- 
olites of I1 are important for carcinogenesis has been pre- 
sented (8-10). These studies have shown that NADPH- 
dependent mixed-function oxidases in liver microsomes 
produce reactive intermediates (epoxides) which can bind 
covalently to nucleic acids and proteins. Further studies 
have shown that epoxides are cleaved by a second micro- 
soma1 enzyme, epoxide hydratase, to form dihydrodiols 
(11). The dihydrodiols are substrates for aryl hydrocarbon 
hydroxylase, which then generates diol-epoxides. It is 
the diol-epoxides of selected polycyclic aromatic hydro- 
carbon carcinogens that are thought to be the ultimate 
carcinogenic metabolites, binding to macromolecules to 
initiate tumor formation. Specific diol-epoxides of I1 such 

(4  trans(eq,eq’) 

(+ )  cis(ax,ax’) (4  cis(ax,ax’) 

(4 trans (ax,ax’) ( - 1 trans (ax,ax’) 

Figure 1-Computer-drawn representations of the structure-optimized 
geometries of the eight enantiomeric isomers of I. 

as (+)-7~,8a-dihydroxy-9a,lOa-epoxy-7,8,9,lO-tetrahy- 
drobenzo[a]pyrene have been shown to be potent inducers 
of neoplasia in mouse skin (12,13). This pattern of meta- 
bolic reaction has been shown to occur in the skin and in 
cultured keratinocytes (14). 

There is also considerable evidence that I11 residues bind 
covalently to both RNA (6) and DNA (15) predominantly 
at the 2-amino group of guanine. Cytosine and adenosine 
residues in nucleic acids are also alkylation targets to a 
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Table I-Optimized Molecular Parameters of the Four Isomers 
of I 

H” H“ 

Isomer 
cis trans trans cis 

Bond (ax,ax’) (es,es’) (axax‘) (es,es’) 

C(6)-H( 12) 
C(5)-H( 13) 
0(9)-H(14) 
O(l1)-H( 15) 
C( 1)-C( 16) 

C(5)-C(6)-H( 12) 
C(6)-C(5)-H(13) 
C(3)-0(9)-H(14) 
C(4)-O(ll)-H(l5) 
C(2)-C( 1)-C( 16) 

Bond Distance, A 
1.412 
1.477 
1.487 
1.457 
1.453 
1.406 
1.394 
1.387 
1.131 
1.134 
1.122 
1.121 
1.043 
1.033 

Bond Angle, O 

120.2 
115.8 
118.1 
118.7 
59.0 

111.3 
106.1 
108.5 
109.6 
119.0 
116.4 
102.8 
107.6 

Dihedral Angle, O 

1.412 
1.471 
1.485 
1.456 
1.452 
1.405 
1.386 
1.387 
1.136 
1.133 
1.122 
1.121 
1.034 
1.033 

120.3 
116.3 
119.1 
118.0 
59.0 

105.3 
114.6 
108.6 
107.4 
118.9 
117.1 
107.9 
107.6 

1.411 
1.472 
1.485 
1.459 
1.452 
1.406 
1.389 
1.385 
1.132 
1.132 
1.122 
1.123 
1.033 
1.032 

120.7 
116.0 
118.4 
119.2 
58.9 

110.4 
108.6 
108.9 
107.6 
119.2 
118.2 
107.2 
107.4 

C(l)-C(2)-C(3)-C(4) -31.7 -29.0 28.7 
C(2)-C( l)-C(5)-C(6) 18.0 17.5 -13.0 
C(l)-C(5)-C(6)-0(7) -106.2 -108.1 -108.7 
C(l)-C(2)-C(3)-H(8) -159.1 88.9 153.0 
C(1)-C(2)-C(3)-0(9) 86.0 -154.2 -90.5 
C(2)-C(3)-C(4)-H( 10) 163.1 -80.8 -162.6 
c(2)-c(3)-c(4)--0( 11) -79.4 162.6 81.5 
0(7)-C(5)-C(6)-H(12) -100.6 -100.0 -99.0 
0(7)-C(6)-C(5)-H( 13) 99.1 99.3 99.4 
C(4)-C(3)-0(9)-H( 14) 57.5 179.4 180.1 
C(3)-C(+O( 11)-H(15) 180.3 179.4 180.7 

1.412 
1.470 
1.484 
1.457 
1.451 
1.405 
1.386 
1.387 
1.137 
1.132 
1.123 
1.123 
1.034 
1.033 

120.6 
116.5 
118.8 
118.8 
59.0 

104.5 
114.9 
109.1 
107.1 
119.1 
118.4 
108.0 
107.8 

28.2 
-13.7 

-109.7 
-89.6 
153.7 
80.8 

-163.2 
-98.5 

99.0 
180.4 
181.0 

smaller extent, both in uitro (15-17) and in uiuo (15,18). 
The three bases contain ‘an exocyclic amino group which 
presumably is the common alkylation site. This is rela- 
tively unusual since alkylation usually occurs at the N(7) 
position of guanine (19). 

It has been reported (20) that 6O-8O%o of the total adduct 
formed by (*)I11 with DNA involves the (+) enantiomer 
with the 2-amino group of d-guanine residues. A minor 
adduct is formed from the reaction of the (-) enantiomer 
with DNA. This minor adduct is present in greater 
amounts in denatured DNA than in native DNA. Small 
amounts of 111-d -adenosine and 1114-cytosine adducts 
are also detected for both single- and double-stranded 
DNA. No differences in the total extent of (&)I11 binding 
to double- and single-stranded calf thymus DNA have 
been detected. I t  is thus of interest to identify I-DNA 

Table 11-Relative Energy and Net-Charge Distribution of the 
Four Isomers of I a 

Atom Isomer 
cis(ax,ax’) trons(eq,eq’) trans(ax,ax’) cis(eq,eq’) 

Relative Energy, kcal/rnole 
0.00 1.20 4.48 4.64 

-0.011 
0.006 
0.155 
0.143 
0.129 
0.104 

-0.229 
-0.023 
-0.274 
-0.031 
-0.249 
-0.015 
-0.014 

0.162 
0.124 
0.034 

-0.018 
0.031 

-0.009 
-0.008 

0.033 
-0.011 

0.005 
-0.011 

0.032 
-0.006 
-0.013 

0.011 
0.013 

-0.005 
-0.007 
-0.008 
-0.007 
-0.009 
-0.008 
-0.008 
-0.008 

Net-Charge, AMU 
-0.010 

0.001 
0.165 
0.155 
0.125 
0.098 

-0.221 
-0.022 
-0.253 
-0.035 
-0.239 
-0.016 
-0.015 

0.126 ’ 

0.122 
0.033 

-0.021 
0.032 

-0.010 
-0.007 

0.032 
-0.011 

0.005 
-0.011 

0.032 
-0.006 
-0.013 

0.009 
0.014 

-0.009 
-0.008 
-0.007 
-0.007 
-0.008 
-0.007 
-0.007 

-0.007 
0.004 
0.161 
0.153 
0.129 
0.095 

-0.218 
-0.038 
-0.250 
-0.033 
-0.244 
-0.017 
-0.020 

0.125 
0.131 
0.038 

-0.022 
0.033 

-0.011 
-0.006 

0.032 
-0.011 

0.004 
-0.011 

0.032 
-0.006 
-0.011 

0.011 
0.015 

-0.008 
-0.008 
-0.008 
-0.007 
-0.008 
-0.007 
-0.007 

-0.006 -0.004 

a Using the numbering scheme presented in Table I. 

-0.024 
0.003 
0.164 
0.149 
0.123 

-0.093 
-0.219 
-0.033 
-0.250 
-0.021 
-0.242 
-0.012 
-0.019 

0.126 
0.124 
0.033 

-0.020 
0.040 

-0.011 
-0.003 

0.031 
-0.006 

0.005 
-0.006 

0.031 
0.002 

-0.018 
0.003 
0.012 

-0.009 
-0.008 
-0.007 
-0.007 
-0.009 
-0.007 
-0.007 
-0.003 

stereochemical reaction models that are consistent with 
these experimental observations. Such theoretical models 
are essential for working hypotheses to explain the 
chemical reactivity of these carcinogenic species and, 
perhaps, their relative tumor induction potencies. 

EXPERIMENTAL 

The electronic structure of four isomers of I have been investigated 
and previously reported (7). In this study several approximations were 
employed for the estimation of the molecular structures of isomers of I. 
The substructure of the epoxy group was assumed to be the same as that 
of ethylene oxide. The local conformation of the two hydroxyl groups was 
fixed at that of ethylene glycol. Moreover, the “L” version (21) of the 

12 1 

26 I \  
H ‘  

23 0 - H  
21 22 

I 
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I 

Figure 2-Transition-state geometry used to perform the steric reac- 
tion calculations. In the specific I-NH3 transition-state geometry (7) 
used as the starting point in these calculations, @1 = 100°, B 1  = l lOo, 
@2 = 90°, B 2  = 80°, and @3 = 0 or 180O. 

semiempirical CNDOI2 method was employed in which only *-electrons 
were explicitly taken into account for the conjugated subsystem. 

In the present study, the conjugated part of the molecule was fixed at 
the idealized structure (C-C = 1.40 A, C-H = 1.10 A. angles = 120O). 
All other structural parameters were optimized using the CNDO/2 
method. The  optimized molecular parameters for each isomer are re- 
ported in Table I. Computer-drawn representations of the structure- 
optimized geometries of the eight enantiomeric isomers are shown in Fig. 
1. The charge distributions and total energies for the structure-optimized 
molecules are reported in.Table 11. As found in the previous study (7), 
the trans(eq,eq’) isomer (111) is more stable than the trans(ax,ax’) isomer, 
and the cis (ax,ax’) isomer (IV) js more stable than the cis(eq,eq’) isomer. 
The angle between the epoxy group and the conjugated hydrocarbon ring 
system is larger in the more stable trans and cis isomers than in the 
corresponding less stable isomers. The longer C(3)-0(9) and O(9)- 
H(14) bond lengths (Table I) for IV are due to hydrogen bonding between 
the hydroxyl group and the epoxy oxygen. These results are consistent 
with those obtained in our previous study (7). although small differences 
in valence geometry exist. 

In the previous study (7), the reactivity of the four isomers of I with 
the simple nucleophile ammonia was modeled. Isomer IV was found to 

C-G 
G-C - 
=--C .......... 

1 00 

a 

50 

1 
0 ;  I I I I ,  I , ,  1 1 ,  

@a 
Figure 3-The least number of bad-contact interactions as a function 
of the transition-state geometry variable $12 for (+)I11 interacting with 
four sequences of B form DNA. 

Table  Ill-Least Number of Bad-Contacts a t  T h r e e  
Nucleophilic Sites in Four  Base-Pair Sequences Using (+)I11 

Site Base-Pair Sequence 

I EI I i EI I I EI TI EI I 
N(7) 8 9 10 11 
O(6) 9 10 8 14 
2-NH2 34 38 31 37 

be the most reactive. These calculations allowed the identification of a 
unique transition-state geometry for alkylation. The transition state of’ 
I with ammonia corresponds to $1 = looo, B1 = l l O o ,  @2 = goo, B2 = 800, 

43 = 0 or I N o ,  and r = 2.0 A (Fig. 2). 
The calculations involving I and ammonia indicated that 111 and IV 

are both more stable, and also more reactive with the nucleophile, than 
the respective isomer complements, trans(ax,ax’) and cis(eq,eq’). This 
may explain why 111 is observed to be the major metabolic isomer relative 
to trans(ax,ax‘). Unfortunately, corresponding experimental studies of 
isomers of I with ammonia are not reported in the literature. The current 
studies have focused on (&)I11 and (*)IV, since biochemical observations 
have clearly indicated their particular importance. 

The large size of I would be expected to impose steric constraints re- 
garding its capacity to alkylate DNA. These steric constraints may limit 
the ways in which a transition-state geometry may be realized between 
an enantiomeric isomer of I and the exocyclic amino group of guanine in 
DNA. Therefore, it is necessary to examine intermolecular reaction 
geometries for the I-DNA complex. T o  do this it was assumed that the 
transition-state geometry for I-NH2-guanine is the same as that  found 
for the complex of I and ammonia (7). the labad-contacts" between pairs 
of atoms from I and DNA were sought for the transition-state geometry 
shown in Fig. 2. 

A bad-contact is assigned to an atom pair if the distance is shorter than 
a critical distance. If a specific conformation has one or more bad-con- 
tacts, it is assumed to have a high energy and cannot be realized. The 
critical distance,r,, was selected to be the van der Waals distance for all 
interactions involving atoms of the aromatic rings of I. Smaller values 
than the corresponding van der Waals distances were chosen for inter- 
actions involving epoxide, diol, and saturated ring atoms (including hy- 

100 

z 

50 

1 
O0 goo 180° 270° 360‘ 

@a 
Figure 4-Plot of N versus 92 with the sequence of the interior two base 

pairs of the B form structure fixed a t  
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Figure 5-Steric contact plots of 82 versus 6 2  for different sequences of unwound dinucleoside dimer, (&)IIZ, (*)IV, and two different values 
of 81. The shaded regions correspond to allowed intercalation transition-state geometries. The open regions identify transition-state geometries 
in which I is outside the dinucleoside dimer. The letters A through E on the steric contact maps define the (4~82) values used to construct the 
stereo model figures in Fig. 7. The criteria for constructing the stenc boundaries are gioen in Experimental. 

Table IV-Atomic Coordinates of the Deformed DNA Structure and Intercalated (+)I11 

c 
Fc 
Fc 
c 
fr 
F; 
c 
P 
h! 
C 
N 
c 
FJ 

*H 
t H  
hi 

*Fi 
c 
0 
c 
ri 
C 
H 
0 
c v 
c1 
H 
H 
n 
P 
@ 

ZH 
n 
0 
c 
H 
c 
i l  
H 
c 
P 
N 
c 
0 
N 
c 
k 

*H 
* H  

I 
2 
3 
4 
S 

7 
fi 
9 

1 0  
11 
1 2  
1 3  
14 
15 
I h  
1 7  
18 
I Q  
2 0  
2 1  
7 7  
3 3  
2 4  
35 
2 6  
2 7  
7P 
29 
3 (1 
3 1  
3 2  
3 3  
34 
35  
3 6  
3 7  
3s 
3G 
4 0  
4 1  
47 
4 3  

4 5  
4 0  
4 7  
4 8  
49 
5 0  

O 

q a  

3 
1 
1 
3 
1 
1 
3 
1 
4 
? 

2 
4 
1 
1 
3 
1 
1 
7 
7 
4 
7 
1 
6 
3 
1 
3 
1 
1 
6 

I 0  
7 

3 0  
7 
6 
3 
1 
3 
1 
1 
3 
1 
4 
7 
7 
4 
2 
4 
1 
1 

A 

-2 .  bi?8(‘ 
- 1  .Fh40 
-3.5RACr 
-7 . e 4 7 0  
- 2 . 7 5 0 0  
- 3 . 6 4 4 0  
- i . t b o n  
-11. t. H - l i l  
-2 .040n 
- 1 , 0 4 3 3  
0.2 8 5 F! 
1 . 0 2 1 9  
7 .  3 6 ~ 2  
2 . 6 4 Y h  
2 . 4 4 9 4  
l-1 . 4 c 417 
1.1343 

- 0 .  b n  3 0  
- 1  .?!53(I  
- 1  . c 7 7 4  
-2.051 H 
- 3 . 7 l f l 2  
-6.165 1 
- 1  . t > 7 t n  
-2.542r1 

- 1 .F1400 
- 4  . c 7 2 i )  
- 3 . 7 7 2 0  
- 4 . 0 5 P i l  

- n . 3 3 6 0  
-5.3520 
- 4  .4(!7(1 
- 4 . 0 Y O C  
-4.2440 
- 2 . 6 2 0 i l  
-2.1 b A 0  
-2.03t0 
- ? . a F 4 P  

-7 .27OO 
- 0 .  Y h 2  3 
- 0 . c 4 0 3  
-0  .7 3 7 H 
- 1 . 7 6 3 5  
-1.4960 
- 2  - 3 0  3 F  
-0.4hc)G 

- 2 . 0 4 2 0  

-5.! 4 8 0  
- $ . r 7 8 3  

-2 .nhbc7 

continued 

-3.3510 
-3.54 10 - 3.557 0 
- 4 . 1 7 7 0  
- 5 . 1 8 3 0  
- 4 . 7 h 7 0  
- 3 . 3 7 7 1 ,  
- 3 . 6 0 1 0  
- 3 . 3 7 7 0  
- 3 . 3 7 9 0  
- 3 . 3 7 4 0  
- 3 . 3 7 4 0  
- 3 . 3 7 9 0  
- ?  . 3  7 s 0 
- 3 . 3 7 s o  
- 3 . 3 7 c j 0  
-3.31 rrc - 3 .3  7 s 47 
- 3 . 3 7 s o  
- 7 . 3 7 F O  
- . 3 . 3 7 4 0  
- 3 . 3 7 q o  - 3 . 3 7 9 0  
-1 .9!  30 
- 1  .‘;lFi0 
- 1 . 3 a i o  
- I  . ? 4 3 0  
- 1 . 7 4 7 0  
-0 .74cj0 
- 1 . 3 7 3 n  
-0.4416 
-G.3t3G 
- O . F 4 1 0  
- 0 . 6 7 7 r r  

0 . 9 7 3 0  
1.5650 
C . 4 1 3 0  

2 . 0 6 7 i )  
1 . 2 R 7 O  
3 . 3 6 1 9  
4 . 0 F 1 0  
3 . 3 7 7 0  

3 . 3 7 7 0  
3 . 3 7 7 0  
3 . 3 7 7 c  
3 . 3 7 7 0  
.3.3 7 7 9 
3 . 3 7 7 0  

2 . c; n 7 0 

3 . 3 7 7 b  

0 . 2 4 0 0  
0;fis;o 
0.052fl 

-0.0410 
0.0420 

- 9 . 1  0 3 0 
0.7210 

- 0 . 3 7  30 c . 4 0 0 0  
-0-2540 

o ; i l ! o  
0.1390 

-0.2 I00 
0.1230 

i:os10 

0 .  c 5 3 n  
0 .2090 

0 ; 0 5 3 0  
- 0 . 3 5 0 0  

0 .1640  
-0.5220 
0 - 0 O C l 0  

- 0 :  5i20 
-9.3500 
0.2400 
(?. 0 5 2 0  

0.0540 

c . 4 2 ? 0  - 0 .4 1 9 0 
- 0 . 3 4 4 0  
0.3240 

- 0 . 2 2 2 0  
0 . 1 1 7 0  
0.1300 

- n . i 7 s o  

2 
1 
1 
1 
4 
4 
4 
7 
7 

1 1  
12 
16 
1 7  
1 3  
1 3  
1 b  
16 
1 6  
18 
I d  

2 1  
? ?  

7 
1 

2 5  
75 
3 7  
27 
2 7  
3 0 
31 
32 
31 
31 
3s 
3 6  
36 
36 
3 6  
3 R  
41 
41 
4 3  
44 
44 
46 
4 7  
4Fi 
4 8  

2 0  

3 
0 
0 
5 
0 
0 
A 
0 

1 0  
2 0  
1 0  
1 3  
1 4  

0 
0 

11 
n 

19 
0 

2 3  
73 
0 

25  
2 4  

0 
2 8  

0 
0 

3 1  
3 7  
3 3  
0 
0 

36 
37 
0 

34 
0 

4 2  
0 

4 4  
4 5  

0 
4 7  
A P  
4 9  

0 
r) 

i n  

n 

4 
0 
0 
t 
0 
C 
9 
0 

2 2  
9 
0 

1 1  
1 5  

(1 
0 

1 2  
0 

20 
0 

21 
0 
4 
0 
0 

26 
0 

3 9  
0 
0 
0 

3 4  
0 
0 
c 
0 

38 
0 

4 0  
0 
c 

58 
0 

53 
46 
0 
0 

51 
50 
G 
0 

2 5  
0 
0 
7 
9 
0 

24 
0 
0 

n 
0 
c) 
0 

0 
0 
r) 
0 
0 
0 
0 
0 
0 

2 7  
0 

30 
0 
0 
0 

35 
0 
0 
0 
0 

5 9  
0 

4 1  
0 

4 3  
0 
0 
n 
0 
0 
0 
0 
0 
0 

n 

n 

n 

0 
0 
9 
0 
0 
0 
n 
0 
0 
0 
0 
C 
0 
0 
0 
0 
n 
0 
0 
0 
0 
0 
0 
0 n 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
c 
c 
0 
0 
0 
0 
0 
n 
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Table IV-continued 

c 
H 
c 
H 
2 
z 
2 
n 
c 
k 
H 
2 
2 
c 
H 
H 
c 
H 
H 
c 
H 
N 
C 
N 
c 
N 

*H 
*H 

N 
* H  
c 
c 
PI 
c 
i4 
0 
c 
H 
c 
H 
H 
n 
P 
n 

ZH 
n 
r, 
c 
H 
c 
H 
H 
c 
q 
h, 
c 
n 
N 
C 
N 

S H  
* H  
c 
H 
C w 
z 
7, 
z 
n 
c 
H 
H 
7 

r) 

0 
c 
c 

51 
5 7  
S 3  
5 4  
55 
56 
5 7  
5 8  
59 

6 1  
h? 
6 3  
6 4  
65 
6 h  
6 7  
6 8  
6 5  
7 0  
71 
7 7  
7 3  
74  
7 5  
7 b  
77 
78  
7 9  
d 0 
8 1  
c 2  
83 
A4 
d S  
F h  
p7 
8 9  
A9 
90 
4 1  
97 
9 3  

9 5  
Q h  
9 7  
O R  
9 9  

1 0 1 
1 0 2  
1 0 3  
1 0 4  
1 0 5  
1 Oh 
1 0 7  
1 0 8  
1 0 0  
1 1 0  
1 1 1  
1 1 2  
1 1 3  
1 1 4  
1 1 5  
1 1 6  
1 1 7  
1 1 8  
1 1 9  
1 2 0  
1 2 1  
1 3 2  
1 2 3  
1 2 4  
1 2 5  

60 

q a  

1 o n  

1 2 h  
1 7 7  
1 3 R  

2 
1 
3 
1 

2 0  
20 
20 

6 
3 
1 
1 

2 0  
2 c  

3 
1 
1 
3 
1 
1 
3 
1 
4 
2 
4 
2 
4 
1 
1 
4 
1 
2 
7 
z 
4 
2 
1 
h 
3 
1 
3 
1 
1 
h 

1 0 
7 

2 9  
7 

3 
1 
3 
1 
1 
3 
1 
1 
2 
7 
4 
3 
4 

7 
1 
2 
1 

3 0  
2 0  

6 
3 
1 
1 

2 0 

h 

; 

7 0  

t; : 

- 3 . 1  186 
- 3 . 9 6 4 5  
- 3 . 3 1 9 3  
- 4 . 3  3 1 0 

1 . 5 5 7 6  
1 .!is76 
1 . S 5 7 6  

- 4 . 7 7 4 0  
- 4  .H46f i  
- 5 . 7 7 4 0  

0 .0000  
0 .  0000  
9 . 7 3 6 0  

1 0 . 5 0 € 0  
8 . 4 8 6 0  

Fi. 3 6 6 0  
7 .3F00  
‘1.2240 
6.0900 
4 . 3 5 6 2  
4 . 9 3 6 9  
3 . 6 9 9 3  
3 . 4 8 6 1  
4 . 3 3 2 6  
2 . 4 7 7 4  
2 . c 7 3 7  
1.594c: 
2 . 5 7 0 7  
1 . 5 0 0 7  
3 .S892  
4.3356 
5 . h 3 P 3  
0 .  7 4 5 0  
7 . 7 5 6 0  
9 , 1 9 4 0  
9 . 7 7 4 0  
q. l b 0 0  
9. i; s 0 0 
9 . 5 r n n  
7 . t 8 0 0  
7 . 5 0 2 0  
f i .  572n 
9 , 5 ( i 7 ( !  
c .  2 6 4 0  
7 . 7 9 b 0  
6.070ci 
5 . 3 0 b 0  
5.6120 
h.438fi  
4 .g ( iOG 
5 . 0 0 0 0 
5.36$G 
3 . 5 1 0 0  
2 . 7 3 3 5  
3 .3126  
1 .  !b54 
0 . ~ n h 2  

-T; .E . l l l  
- 1  .OOS3 
- 1  . ( i ? 9 4  

1 . 5 7 4 0  
1 . 1 3 7 s  
2.9315 
3 .5484  

-1.2SQA 
- 1 . 7 s 9 4  
- 1 . 2 5 9 4  

5 . 3 1 6 0  

7.C200 
5.4440 

- 4  . I  1 4 0  

i n . i i ( 8 o  

P . ~ W  

b . f i b 4 0  

1 3  ;934 1 

5 . 0 5 7 1  
5.1544 
4 .Oh25 

C.12b’)  
- 0 . 5 4 5 4  

1 . 4 7 1 7  
1.8492 

- 1  - 6 0 4 3  

- r 1 . 2 7 6 ~  
0 , 7 1 4 0  

- 1 , 0 2 4 0  
- 0 . 2 5 2 3  

1 . l o 5 6  
1 .59G2  
2 . 9 1 3 4  
3 . 5 9 6 0  
3.296.3 
n . 7 9 5 4  
1 . ? 4 b 9  

- c  
- 1 . 7 1 5 1  
- 1 . 1 2 5 7  
- 7 . 4 4 0  3 
- 2 . 3 2 6 4  
- 3 . 1 4  3 7  
- C . l n C r I  
-i! . h 5 0 ( !  

C .0760 - 2. ( IOh0 
-7 .h7OO 

- 2  . F O i i C  - 3 .  kS0Q 
-4 .71kC 
- 4 . 5 0 6 0  
- 4 . 4  1 R(? 
- 3 . 1  320 
- 3 . 1 7 P 0  
-3 . h 4 t , O  

- 1  . o s 2 0  
- 1 . 3 6 b 0  
- 7 . 0 1  G C  
- 1  . ‘ /h2f i  
- 2  . O O & O  - c  .krit;x 
0.7a32 

-r .Y 7 1 0  
-2.17H4 
- 7 . 2 4 0 1  
- 3 . 2 0 0 7  
- 1 . 3 3 0 3  
- 3 . 3 7 9 2  
- 4 . 3 6 5 5  
- 3 . 3 3 9 h  
- 4 . 1 2 5 P  

c .7?C5 
c . 7 7 n 5  
0 . 7 2 9 5  

- 3 . 8 l h 0  
-3.673G 
-4 .c?cI7n 
1 4 . 3 4 7 1  

- 1  . ~ 7 0 n  

- 1  .7hkfJ 

- 3  .4fIf,0 

3 .3770  
3 . 3 7 7 0  
3 . 3 7 7 0  
3 .3770  
3 . 3 7 7 0  
3 . 3 7 7 0  
3 . 3 7 7 0  

2 . 9 4 7 0  
3 . ~ 2 3 n  

3 ; 4 2 9 0  
2.80ql-l 

- 3 . 3 7 7 0  
- 3 . 3 7 7 0  

3 . 3 5 7 0  
3 . 5 4 7 0  
3 . 5 6 3 0  

5 . 1 8 7 0  
4 . 2 9 3 0  
3.3830 
3 . 8 0 7 0  
3.3830 
3 . 3 8 5 0  
3.3850 
3.3650 
3 . 3 8 5 0  
3 . 3 8 5 0  
3 .3S50  
j . 3 8 5 0  
3.3A50 
3 . 3 8 5 0  
3.3650 
3 . 3 6 5 6  
3.3H50 
3.3ti:O 
3.3P50 
1 . a 2 1 0  
1 . 9 3 7 0  
1 . 3 1 3 0  
1 . 2 5 1 0  
1 . 7 5 5 0  
0 . 2 5 7 0  
1 . 3 7 4 0  

4 . 1 ~ 3 0  

- 0 . 1  6 3 0 
0 . 0 2 0 0  
0 . 1 9 0 0  

o : 0 o c 0  
0 .0000  

- 0 . 2 7 1 0  
0 . 0 9 4 0  

0.00C0 

Q . 7 4 0 0  
Q . 0 5 2 0  
0 . 0 5 2 0  

- 0 . 0 4 1 0  c . 0 4 2 n  
0 . 0 4 2 0  
0 . 1 1 4 0  
0 . 0 5  4 0  

0 . 0 5 1 0  0 .051  0 

o .oonn 

-0: 1 0 3 0  
0;2210 

-0 .37  30  
0 . 4 0 0 0  

- 0 . 2 5 4 0  
0 . 1 2 3 0  
0 - 1  3rj0 . _ _  _ _  - 

-0.2 1 c n  
0 . 1 2 3 0  
C. 3 5 5 0  

- 0 - 3 7 9 0  -6 ; i )951j  
- 0 . 1 7 2 0  

0 . 1  1 9 0  
- 0 . 0 2  30  
- C  . ? 7 1 0  

0 . 0 9 4 0  
0 . 0 5 1 0  
r!. 2 0 9 0  
0 .  c s 3 r) 
0 . 0 5 3 0  

- 0 . 3 5 0 0  . . _ _ _  

0.1640 
O I 3 t S Q  -C.5520 
0 . 8 9 7 0  o.oncn 
( ! . f i g 3 0  

- 0 . 9 6 7 0  
- 1  . S n 3 0  

-2 . o c 3 0  

- 1 . 2 6 5 0  
- 3 . 3 7 5 0  
- 4 . 0 7 5 6  - 3.3 7 1 0  
- 3 . 3 7 1 0  
- 3 .  3710  
- 3 . 3 7 1 0  

- 0 . 9 0 7 0  

- 2 . 0 6 3 0  

- 0 :  5 5 i n  
- 0 . 3 5 0 0  
0.2400 
0 . 0 5 2 0  

- 0 . 0 4 i n  
0 . 0 4 2 0  
0,04/0 
o I i i 4 0  
0 . 0 5 4 0  

- 0 . 1 7 5 0  
c .  1 2 3 0  

-0 .4  1 9 0  
- 0 . 3 4 4 0  

9 ; 3 2 4 n  

- 3 . 3 7 1 0  0.1 1 7 0  

- 3 . 3 7 1  0 
- 3 . 3  7 1 0 

- 3 : 3 7 1 0  -0.?220 

- 3 . 3 7 1 0  0 . 1 3 0 0  

- 3 I 3 7 T o  
- 3 . 3 7 1 0  
- 3 . 3 7 1 0  - 3 . 3  7 1 0 
- 3 . 3 7 1 0  
-3 .5  1 5 0  
- 7 . 9 3 9 0  
- 3 . 4 2 1 0  
- 2 . 8  c 1 9  
0.OG00 

Intercalated (+)I11 

-Oil630 
0.0200 

- c .0930  
0 . 0 0 0 0  
0 .0000 
0 . 0 0 0 0  

- 0 . 7 2 1 0  

0 . 1 9 0 0  

47 
51 
51 
53 
54 
5 4  
5 4  
4 1  
5R 
59 
59 
61 
6 3  
6 3  
6 4  
6 4  
6 4  
6 7  
6 7  
67  
7 0  
7 0  
7 4  
7 5  
7 9  
7 5  
76 
76  
8 1  
7 9  
7 9  
R l  
8 1  
8 3  
A4 

R R  
P9 
8P 
A8 

9 0  
9 0  
9 3  
9 4  
95 
9 4  
9 4  
9P 
99 
9 9  

1 0 1  
1 0 1  
10s 
1134 
1 0 4  
1 0 6  
1 0 7  
1 0 7  
1 0 9  

1 1 1  
i l l  
1 I n  
1 1 4  
1 1 4  
1 1 6  
1 1 7  
1 1 7  
1 1 7  
1 0 4  

q 9  
1 3 2  
1 2 2  

0 

n \  

9 0  

I i n  

1 2 7  
1 7 6  

52 
0 

5 4  
55 

0 
0 
0 

59 
36 

6 2  
6 3  
6 4  
65 
0 
0 

68 
0 
0 

7 1  
0 

7 3  
A3 
7 3  
7 6  
7 7  

0 
0 

8 0  
0 

8 2  
0 

7 3  
R 5  
8 6  

0 
7 0  
6 4  

c)  
9 1  
0 
0 

9 4  
4 5  
96 

0 
r) 

9 4  
1 O G  

0 

0 
0 

1 O h  
0 

1 0 7  

0 

1 1 1  
1 1 2  

n 

1 0 2  

i n a  
i i n  

(3 
0 

1 5  
0 

1 7  
1 6  
I) 
0 
0 

2 2  
2 1  

0 
0 
0 

1 7 P  
12R 
1 3 7  

53 
0 

4 3  
5 6  

0 
C 
0 
0 

60 
0 
0 
c 
0 

6 6  
0 
0 

6 9  
0 
0 

8 7  
0 

A 5  
7 2  

0 
7 4  
78  

0 
0 

7 5  
0 

8 3  
0 

8 4  
0 

7 2  
0 
0 

8 7  
0 

9 2  
0 
0 
0 

97 
0 
n 
0 

101  
0 

1 0 3  
0 
0 

1Gl 
0 

1 1 6  
1 0 9  

0 
0 

1 1 4  
1 1 3  

0 
0 

1 1 6  
0 

1 96 
1 1 9  

0 
0 
0 
C 

1 2 3  
0 
0 
0 

n 

0 
1 2 0  
1 3 0  

0 
0 
0 

5 7  

0 
n 

6 1  
0 
0 
0 
0 

6 7  
0 
0 

7 0  
0 
0 

7 2  
0 
0 
0 
0 
0 
0 
0 
0 
0 
9 
0 
0 
0 
0 
0 
0 
0 

90 
0 

93 

0 
0 

9 9  
0 
0 

0 
1 3 2  

0 
1 0 4  

r) 
0 

1 2 1  
0 
0 

0 
0 
n 
0 
0 
0 
0 
0 
n 

1717 
0 
n 
0 
0 

1 2 4  
0 
0 
n 

: 

n 

n 

n 

n 
1 3 7  
1 3 1  

n 
0 
I) 
G 
n 
0 

0 
c 
C 
0 
0 
0 

8rj 
0 
0 
0 
0 
0 
0 
0 
0 
0 
C 
0 
0 
0 
0 
0 
c 
C 
0 
0 
0 
0 
0 
C 
n 
0 
0 
0 
0 
0 
0 
c! 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
C 
0 
0 
(1 
c 
0 
0 
0 
0 
0 
0 
0 
I: 

n 

C 
0 
0 

3 . k ? 9 3  0 . 1 4 3 4  -C.2290 
3 . 2 3 7 6  - 1  . O f S R  0 . 1 1 2 0  

- -  3 . 4 4 s 9  - 0 . 7 6 4 3  0 . 1 2 7 0  i ? h .  
continued on next page 
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Table IV-continued 

Intercalated (+ ) 111 
H 
U 
c 
c 
c 
rl 

*F 
H 
c 

0 
*H 
IJ 
c 
c 

C 
C 
C 
c 
C 
c 
c 
c 
c r 

i- 

1 2 q  1 
130 1 
131 3 
17‘1 7 
1 3 3  3 
1 3 1  h 
1 3 5  1 
1 3 6  1 
13’1 3 
1 3 9  h 
1 3 9  1 
1 4 0  1 
i s i  2 
1 4 2  7 
1 4 3  7 
i 4 4  7 
i 4s 2 
1 4 b  2 
1 4 7  2 
1 4 9  7 
1 4 9  3 
i 50 2 
1 5 1  2 
1 5 3  ? 
1 5 3  2 

r 1 5 4  7 
H 1 5 5  I. 
Fc 1 5 6  1 
H 1 5 7  1 
Fi 1 S P  I 
Fc 1 5 9  I 
I4 1 6 0  1 
H 1 6 1  1 
F1 1 6 2  1 

h . l O 0 2  
7 . 1 2 7 7  
3 . 2 7 O n  
1. h 7 ( I Q  
1 .CIS?; 

- 0 . 3 1 c q  
-19.9779 
-2.37hk - 1. c: 3 7  P 

-3.900 1 
-I:. 1 6 2 1  

1 . ? 3 7 7  
1 .?9Fth 
1 . 1 5 9 H  

-7 . ? G c r k  

- Ci 7 3 9 1 
3 . 7 3 0 4  
I . 59?7  

- 0 . P E 6 2  
-7  . q 4 o  1 
- 4 . 1 1  70 
- 2 . 9 0 9 7  
- 0  -t73c 

3 .’+I r 5  
4 . 2 R 4  3 
i . 79 f i ?  
1 . 1 ? 1 5  
1 . O f k C  
1 .hfirlil 
2 . 5 7 4 5  
P . 6 1 4 7  
1 . & a 3 9  
1 . 2 7 7  1 
1.6147 
1 . 9 2 h l  
0 . 0 1 4 3  
c .0554 

- 1  .Oh1 F 
- 1  . o g n 7  

C . l  3 F 0  
c . 1 7 9 5  
1 . 7 3 8 ?  
2 . 4 q 5 3  
3 . 4 1 4 3  
3 . 5 3 1 4  
3 . 4 q f i 4  
2 . 3 3 1 7  
1 . 2 1 4 1  
1 . 7 5 5 6  

-C.67$15 
- 1  - 0 5 5 6  - i  I f i d 2 5  
- 0 . 6 8 7 3  
1.3102 
3.3497 
4.475 3 

1 .Go69 4.3537 

1 . 3 5 b 2  

O . C ~ ? l  
-0.997 2 
- 2  , 3 4 9  7 
- 2 . 9 4 3 8  
- 0 . P 6 6 4  

0 . 4 9 1 5  
0 . 4 7 4 5  
0 , 6 8 7 4  

i . 4 n ~ ~  

- 0 . 3 9 2 5  
- 0 . A C C 3  - 0 . 7  R 3 4 
-0.35P4 
0.0456 

0 . 6 1 9 3  
I . ? l o 2  
l . l F 0 1  
0 , 7 3 6 0  

- 0  .o 1 4 9  
-0.7 37 3 
- 1 . 1 2 P 7  
-1.09FO 

0.0325 

1 2 7  
1211 
1 ? R  
1 3 1  
1 3 2  
1 3 3  
1 3 4  
1 3 3  
1 2 1  
J 3 7  
1 3 $  
1 3 7  
1 3 7  

142 
1 4 3  
1 4 4  
1 4 5  
1 4 6  
1 4 7  
1 4 9  
1 4 9  
1 5 0  
I 3 1 
1 4 2  
1 4 5  
1 4 1  
1 4 3  
1 4 4  
1 4 6  

148 
1 5 9  
I 5 1  

1 4 1  

1 4 7  

0 
0 

1 3 3  
1 3 3  
1 3 4  
1 3 5  

0 
0 

1 3 3  
1 3 9  

0 
0 

1 4 2  
1 4 3  
1 4 4  
1 4 5  
1 4 6  
1 4 7  
14A 
1 4 9  
1 5 0  
1 5 1  
1 5 2  
1 5 1  
15? 
1 4 9  

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

1 5 2  
141 
1 3 h  

0 
0 
0 

1 3 8  
0 
0 
0 

15s 
153 
1 5 6  
1 5 7  
1 5 4  
1 se 
1 5 3  
I 6 0  
1 5 4  
1 6 1  
1 0 2  
1 5 3  
1 5 4  
1 5 3  

0 
0 
0 
0 
0 
0 
0 
0 

n n 
0 0 
0 0 
0 n 

i 3 i  d 
0 0 
0 0 
0 0 

1 4 0  0 
n n 
0 0 
0 c 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
n 0 
c 0 
n 0 
0 0 
0 0 
0 0 
0 0 
f-l 0 
0 0 
0 0 

0 n 

drogens) to qualitatively account for the uncertainty in molecular ge- 
ometry and flexibility at the transition state. A set of rc values that give 
a 5 kcalhole repulsive energy in the 6-12 potential (22) for each unique 
atom pair was chosen subjectively in this work. 

Four base-pair sequences of trinucleoside dimers in the B conformation 
(23) were considered: 

The reaction of the central guanine (G*) with (&)I11 and ( f ) I V  was in- 
vestigated. In each case the isomer was located “above” the central base 
pair, as shown in Fig. 2. In the first series of calculations, all conforma- 
tional variables, except 42, were held fixed. $2 was allowed to fully rotate 
in each case. For completeness, transition-state conformational analyses 
were also performed for the N(7) and O(6) positions on guanine. Tran- 
sition-state geometries found in earlier studies (24) for these two sites 
were used as constraints in the analyses. 

The transition-state I-NHZ-guanine conformational analyses were next 
repeated for two deformed dinucleoside dimer sequences: 

v .  VI 
The particular deformed conformation selected is that  with the largest 
possible base-pair separation distance, d = 6.76 A; it has been used pre- 
viously in nucleic acid-drug intercalation studies (25). The atomic 
coordinates of this structure (along with (+)I11 intercalated between base 
pairs) are in Table IV. The nitrogen atom of the 2-amino group in the 
lower guanine, G’, is attacked by the C(l0) atom of I using the transi- 
tion-state geometry shown in Fig. 2. Once again the conformational 
studies are characterized in terms of bad contacts. Since the N-C(10) 
distance is fixed a t  2.0 A and d = 6.76 A, the upper base pair has minimal 
influence on specifying bad contacts. The conformational degrees of 
freedom, defined in Fig. 2, were varied over the same range of values as 
used in the calculations for B form DNA. 

RESULTS 

The least number of bad contacts (N) was determined for each of the 
N(7), 0(6) ,  and 2-amino reactions with (*)I11 and ( f ) IV .  As an example, 

these least numbers are reported in Table 111 for (+)I11 [(+)trans(eq,eq’) 
isomer]. Relative magnitudes in Table I11 may not be important. The 
essential observation is that  in all cases bad contacts were found to exist. 
Figure 3 is a more detailed steric description of the 2-amino alkylation 
by (+)III. Nucleic acid sequence does not appear to alter the steric re- 
pulsions occurring in the transition state of the reaction. Figure 4 shows 
the dependence of N for 2-amino alkylation by (&)I11 and ( f ) I V  as a 
function of transition-state conformation for d-(cytosine-guanine)2. The 
steric effects in the 2-amino alkylation process by the (+) enantiomers 
are different from those of the (-) enantiomers. Nevertheless, alkylation 
by each form of I a t  the 2-amino position in guanine appears to be steri- 
cally unlikely from a study of Fig. 4. Alkylation a t  the N(7) or O(6) of 
guanine was also found to be sterically prohibited. I t  can be concluded 
from these conformational analyses that the B form of DNA cannot react 
with I because of steric hindrance for the selected transition-state 
geometries. Thus the experimental evidence (6, 8) which indicates 2- 
amino alkylation of guanine must be explained in terms of a deformation 
of the B form DNA structure. Of course, these results are dependent on 
the calculated transition-state geometry. 

The two conformational degrees of freedom most critical to generating 
a stereochemically acceptable alkylation complex are 02 and $2. Steric 
maps that define complexing geometries that  are possible for the tran- 
sition state are shown in Fig. 5. The shaded areas correspond to inter- 
molecular geometries in which I is intercalated between base pairs. The 
other areas correspond to structures in which the I isomer is located 
outside the dinucleoside dimer. Several typical complex structures are 
shown in stereo-stick model representation in Fig. 6. 

Both (+)I11 and (+)IV can react with the 2-amino group of guanine 
for V. Reaction with VI is more restricted for both these isomers. There 
is little difference in the steric constraints for (+)I11 and (+IN alkylation 
to V. The results suggest that  (+)trans(eq,eq’) and (+)cis(ax,ax’) al- 
kylation with V should occur subsequent to intercalation. 

There is no difference between the electronic structures of (+)I11 and 
(-)IV. However, experiments indicate that the (+) enantiomer alkylates 
guanine more efficiently than (-)I11 (20). Thus the intercalation and 
chemical reaction may be controlled by the absolute configurations of 
these enafitiomers. Figures 5A and 5C indicate a large difference in the 
steric effect due to the enantiomeric properties of 111. Th;? (-) enantiomer 
is not expected to react with the 2-amino group of guanine in the V dimer 
through intercalation. However, for VI, different possible reaction 
geometries are predicted for (+) and (-)I11 (Figs. 5D and 5E). The (+) 
enantiomer is expected to intercalate and react with the 2-amino group 
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( B )  

( E l  
Figure 6-Stereo-stick models of sterically allowed I-dinucleoside dimer transition-state geometries defined in Fig. 6 (A-E on the steric contact 
maps). The top uiews are looking down the helix axis of the nucleic acid structure; the bottom figures are side uiews. 

of guanine just above the nitrogen atom (01 = 90°, Fig. 5D). The inter- 
calated (-) enantiomer can reach the reaction site from slightly outside 
the dimer ( 0 ,  = 110'. Fig. 5C). Both the (+) and (-) enantiomers of I11 
can react from outside the dimer helix. I t  is, however, not possible to 
deduce which reaction geometry is preferred since energetics are not 
included in the analysis. 

The intercalation of isomers of I as a prerequisite for alkylation of the 
2-amino of guanine is an interesting hypothesis. The intercalation process 
could be conceptualized as a physical catalyst which stabilizes the reaction 
geometry in  a manner analogous to enzyme-substrate-inhibitor inter- 

actions. However, the intercalation model requires that the I component 
of the reaction product remains between the base pairs. Experimental 
studies indicate, however, that the adduct involving I is located outside 
the DNA structure (26). The conformational analysis of the I open-form 
model of DNA indicates that the part of the reaction product involving 
I cannot come outside of the base pairs by rotation about the adduct 
C(10)-N bond unless the hydrogen bond involving the exocyclic amino 
group of guanine and the cytosine oxygen is broken. 

Thus the change in the hydrogen bonding energy for such a reaction 
process (Scheme I) was examined, and the relative energies of the three 
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0- HO the double-stranded structure introduces more steric repulsive sites than 
a single strand. 

The calculations reported here are based in part on “soft” steric contact 
distances (those atoms of the diols, epoxide, and saturated ring of I). As 
such, this model cannot be used to identify the preferred transition-state 
geometry. The following paper explores in detail the physical interaction 
of I with nucleic acid structures to better quantify allowed intermolecular 
geometries, with special emphasis on possible intercalation mecha- 
nisms. 

REFERENCES 

(1) A. Borgen, H. Darvey, N. Castagnoli, T. T. Crocker, R. E. Ras- 

(2) P. Sims, P. L. Grover, A. Swaislmd, K. Pal, and A. Hewer, Nature 

(3) P. Daudel, M. Duquesne, P. Viqny, P. L. Grover, and P. Sims. 

mussen, and I. Y. Wang, J. Med. Chem., 16,502 (1973). 

(London), 252,326 (1974). 

Scheme I 

states of the G-C base pair (Fig. 7) were compared. The CNDO/2 method 
was used (27). The methyl group attached a t  the nitrogen atom was 
placed above the base-pair plane to fit the reaction product model with. 
I held between base pairs. The results of these calculations suggest that  
if the hydrogen bond between the 2-amino group of guanine and the 0 
of cytosine is broken during the alkylation process, allowing I to  rotate 
out from between the base pairs, the resultant base-pairing structure 
could be of lower, or a t  least comparable, energy to that  of the interca- 
lation structure (Fig. 8). 

DISCUSSION 

T w o  major hypothesea were made in this study: (a) the transition-state 
geometries of isomers of I with the exocyclic amino group of guanine are 
identical t o  that calculated for isomers of I interacting with ammonia (71, 
and ( b )  the sterically allowed transition-state geometries of isomers of 
I with dinucleoside dimers can be identified using the aforementioned 
stereochemical model (Experimental). 

The most clear-cut finding from the investigation is that neither (*)I11 
or can alkylate the 2-amino group of guanine for B form DNA. This 
reaction is stereochemically prohibited based on the postulated transi- 
tion-state geometries. The deformation in the conformation of double- 
stranded DNA that is associated with this alkylation process has not been 
uniquely identified. However, if a dinucleoside dimer is unwound, so that 
the distance between base pairs is maximized (d = 6.76 A), two possible 
geometric reaction models result. In one, alkylation occurs when I is lo- 
cated outside the nucleic acid structure; in the other, I is intercalated 
between base p a i s  for the alkylation transition state. Intercalation of 
I could serve as a physical catalyst, or provide at least substrate stabili- 
zation, for NHz-guanine alkylation. The alkalyation transition-state 
geometry is sensitive to nucleic acid sequence for both the isomeric and 
enantiomeric forms of I. 

The choice of the deformed structure of the double-stranded DNA 
model is somewhat arbitrary. However, the structure selection should 
correspond to that in which one strand exerts the least steric influence 
on the interaction between I and the other strand. This is an  important 
consideration since the total extent of (&) binding to I to single- and 
double-stranded DNA is the same (20). Conversely, this observation also 
requires that the stereochemical constraints for NHZ-guanine alkylation 
in double-stranded structures are no more severe than in the single- 
stranded DNA. This study has focused on double-stranded DNA because 
its local conformational properties are better understood, and because 
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Figure 7-The C-C base-pair transition-state energies associated with 
breaking and restructuring the (guanine Z-NHz)-(cytosine oxygen) 
base-pair hydrogen bond. 
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Abstract The minimum-energy intercalation-complex geometries 
of the (&)enantiomen of 7,8-dihydroxy-9,10-epoxy-7,8,9,lO-tetrahy- 
drobenzo[a]pyrene (I) with two dinucleoside dimers were determined. 
The purpose of these calculations was to see if I could intercalate into 
DNA in such a way that the observed alkylation of the 2-amino group of 
guanine could occur subsequent to intercalation. For both dinucleoside 
dimer sequences, it was found that the (+)-(9a,lOa) isomer could form 
a stable intercalation complex in which the orientation and distance of 
the epoxide of I to the 2-amino group of guanine was close to the calcu- 
lated critical transition-state geometry for the alkylation reaction. The 
(-)enantiomen can intercalate, but not in a manner close to the transi- 
tion-state geometry necessary for the alkylation of the 2-amino group 
of guanine. 

Keyphrases 7,8-Dihydroxy-9,10-epoxy-7,8,9,lO-tetrahydroben- 
zo[a]pyrene-enantiomeric isomers, alkylation of dinucleoside dimers, 
intercalation-complex geometry and energetics 0 Dinucleoside di- 
mers-alkylation by enantiomeric isomers of 7,8-dihydroxy-9,10- 
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, intercalation-complex ge- 
ometry and energetics Intercalation-of 7,8-dihydroxy-9,10-epoxy- 
7,8.9,10-tetrahydrobenzo[a]pyrene into dinucleoside dimers, energetics, 
complex geometry 

The previous paper (1) reported that a sterically ac- 
ceptable transition-state geometry for the alkylation of the 
amino group of guanine by 7P,8a-dihydroxy-Scr,lOa- 
epoxy-7,8,9,10-tetrahydrobenzo[u]pyrene (11) and 
7P,8a-dihydroxy-SP, lOP-epoxy-7,8,9,10-tetrahydroben- 
zo[u]pyrene (111) could involve intercalation. Also, a non- 
covalent complex formation between benzo[a]pyrene and 
calf thymus DNA has been observed recently (2). This 
interaction is postulated to involve intercalation of the 

b H  
A 

dH 
B 

6H OH 
C D 

Figure 1-The enantiomeric isomers of I. Key: (A) (-+)Il; (B) ( - ) I l ;  (C) 
(+)Ill; (D) ( - ) I l l .  

aromatic hydrocarbon between adjacent base pairs. An 
equivalent type of intermolecular geometry could also be 
expected for single-stranded DNA in which the isomeric 
forms of I are associated with a nucleic acid base or a pair 
of adjacent bases. This is an important consideration 
since the total extent of the alkylation of the 2-amino group 
of guanine by (&)I1 is observed to  be the same for both 
single- and double-stranded DNA (3). In addition, (+)I11 
forms the major adduct (6040% of total adducts) with the 
amino group of guanine (3). 

These findings have prompted the exploration of the 
possibility that the intercalation process might occur as 
a prior step to  alkylation of the 2-amino group of guanine 
by I in double-stranded DNA. The energetics of the in- 
tercalation of (&)I1 and (&)I11 (Fig. 1) with dinucleoside 
dimer sequences was investigated using molecular me- 
chanics energy calculations (4). The results of these cal- 
culations are reported herein. 

EXPERIMENTAL 

The overall procedure for these calculations is identical to that em- 
ployed previously for the intercalation investigation of doxorubicin ( 5 ) ;  
a summary of the procedure follows. The DNA structure was represented 
by a dinucleoside dimer containing guanine. The same geometries used 
in the doxorubicin study were assigned to the dinucleoside dimers. There 
are seven unique ways of interacting I with guanine bases in dinucleoside 
dimers (Fig. 2). One sequence, has two possible 2-amino alkylation sites. 
Thus eight intermolecular complexes should be studied. However, if 

C-G 
fl  

G-C 

C-G 
f 

T-A 

A-T 

G-C 

6 

8 

C-G 
f 

A-T 

A-T 

A-T 

10 T-A 

T-A 

G-C 

T-A 

T-A 

Figure 2-The I-guanine interaction sites (indicated by the arrorcs) 
for dinucleoside dimer base sequencrs. 
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Table I-Intercalation Properties of Isomers of I with Dinucleoside Dimers - 
Intercalation 

Energy, 
Dinucleoside kcal/moles/ Position of 1" 

Dimer Isomer complex Mode * r , A  81, 82, O 61, O 42, O 43, O 

-88.27 d-e 
-84.00 a-b 
-89.02 e-f 
-88.55 a 
-85.94 C 
-85.07 d-e 
-88.65 
-88.12 
-89.70 d-e 
-82.58 f 
-88.79 a 
-83.54 d 
-86.90 d-e  
-84.43 f 
-89.00 d 
-80.87 a 

Yf 

3.7 
7.6 
4.2 
5.5 
6.8 
3.1 
4.2 
4.8 
3.7 
4.2 
5.2 
4.0 
3.1 
4.2 
3.9 
5.6 

126 118 
52 112 
97 82 
42 126 
90 142 ~. - ~~ 

123 110 
100 81 
107 79 
104 115 
94 78 
71 126 
63 86 

111 105 
97 80 
62 86 
55 139 

97 
140 
80 

113 
143 
90 
79 

126 
-56 

-123 
-138 
-65 
-63 

-118 
-65 

7145 

~ 

161 
13 

- 77 
24 
81 

168 
-79 

-179 
80 

-167 
-69 
126 
84 

-171 
126 
-48 

160 

156 
-125 

-162 
-178 
-148 

151 
125 
175 

-154 
-168 

145 
176 

-159 
146 

-173 

The transition-state geometric variables. The geometry for I-NHJ is r = 2.0 A. 8 ,  = 1 loo, 8 2  = 80°, $1 = 1W0, $3 = 0 or INo, with & variable. As defined by the 
intercalation complex geometries in Fig. 5. The designation i-j indicates a reaction-state geometry between two of the designated complexes. 

H34 

H 
33 

l5 H 

H 
14 

Figure 3-Structure of f (indicating the internal atomic numbering 
used) with the descriptive intercalation triangle superimposed. 

detailed sequence specificity is set aside, there are only two cases to 
consider for the position of an isomer of I. One case involves an isomer 
of I interacting with guanine from the 3'-side of the base-pair plane, the 
other case an interaction from the 5'-side of the base-pair plane. Only 
these two possibilities were considered in this study. Two dinucleoside 
sequences were employed in the intercalation analyses: 

IV V 
A specialized version of the MASS (Molecular Assembly Software 

System) option in the CHEMLAB software package (6,7) was used to 
carry out the molecular mechanics calculations. The molecular and 
electronic structures of (+)I1 and (*)I11 used in the study are based on 

Figure 4-fntermolecular geometry for intercalation indicating the 
six degrees offreedom (from Ref. 7). 

previous calculations (1,8). The valence geometries of these molecules 
were held rigid in the intercalation calculations. The structure of I with 
a superimposition of the descriptive intercalation triangle, involving 
atoms 0(7), C(17), and C(23) as vertices, is shown in Fig. 3. The de- 
scriptive intercalation triangle makes it possible to visualize easily the 
orientation of an isomer of I relative to a dinucleoside dimer. The atomic 
coordinates of I1 and V have been given previously (1). 

The complexing energy was minimized as a function of the six inter- 
molecular degrees of freedom defined in Fig. 4. Each enantiomer of I1 and 
111 was placed such that the epoxide ring was above or below the guanine 
base. Six selected starting positions were chosen in each energy mini- 
mization (Fig. 5). I t  is seen from Fig. 5 that both major and minor groove 
intercalation were considered. 

RESULTS 

The minimum energy complexes for both dinucleoside dirner sequences 
are reported in Table I. The preferred intercalation structures are vir- 

" / ?  

Figure 5-The six intercalation complex starting geometries used in 
the energy minimizations. 
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.. 

Figure 6-The I-NH2-guanine transition-state geometry (from Ref. 
1). 

tually independent of the approach of I from either the major or minor 
groove. The position of each enantiomeric isomer is reported in terms 
of the geometric variables of the transition state (1, 8). Many of the 
complex energies are close to one another (-1 kcal/mole). Consequently, 
it is not possible to identify the most stable intermolecular complex as 
a function of isomer and/or base sequence. The uncertainty in these 
computed energies is probably larger than several of the corresponding 
differences, thus negating such a structural assignment. However, the 
important observation is that  intercalation geometries predisposed for 
NHZ-alkylation are among the most stable intermolecular structures. 

The minimum-energy transition-state geometry has been computed 
for isomers of I with ammonia as r = 2.0 A, 81 = llOo, 0 2  = No, @ I =  100O, 
and $13 = 0 or 180°, with & variable (8). This model system (Fig. 6) should 
be a reasonable approximation for I alkylating the 2-amino group of 
guanine and has been used to evaluate the reactive potential of the various 
intermolecular complexes. 

The complexing energies show a moderate sensitivity to both choice 
of isomer and base-pair sequence. One consistent observation is that  
(+)I11 forms the least stable intercalation complex with the two dinu- 
cleoside dimers. The (+)I11 intercalation complex also possesses the 
minimum C(lO)-NH2 interaction distance of all complex structures. 
The second smallest interaction distance occurs in the (+)II4inucleoside 
dimer complexes. However, (+)I11 undergoes a steric repulsion involving 
its 7-hydroxyl group with an upper base if it approaches closer than 3.1 
8, to the amino group of guanine. 

DISCUSSION 

Intercalation complexes having isomers of I oriented toward the amino 
group of guanine close to the model transition-state geometry should be 
particularly reactive. From Table I it is seen that the (+) isomers of both 
I1 and 111 have their epoxide groups oriented toward the 2-amino group 
of guanine, similar to the model transition-state geometry for both di- 
nucleoside dimers. Moreover, these two intercalated stereoisomers also 
have the minimum distances between the atoms involved in the alkylation 
process: C(l0) of I (defined as atom number 5 in Fig. 3) and the nitrogen 
of the amino group of guanine. The distances are 3.7 and 3.1 A for (+)I1 
and (+)HI, respectively. Thus, the (+) enantiomers should be more re- 
active toward DNA if intercalation is a prereactive step in the alkylation 
process. This conclusion is consistent with experimental observation 
(3). 

The intercalation complex involving (+)I1 should be expected from 
these calculations to be the most reactive state if intercalation is part of 

Table 11-Intercalation Modes of (+)I1 with IV 

Intercalation Energy, Position of 
Mode“ kcal/mole Epoxide tQ Base 

a-b 
C 

Fe 
-84.00 cytosine-NH2 
-82.96 cytosine rin 
-88.27 guanine-N& 
-81.33 nuanine-N(3) 

a As defined in F i t  5: The designation i-j indicates a transition-state geometry 
between two of the esignated complexes. 

Figure 7-Stereo-stick models of the (+)II-IV intercalation complex 
in which the epoxide group of II is close to the 2-amino group of gunnine 
and in the transition-state Orientation. The top figures are looking down 
at the base-pair planes; the bottom figures are looking into the dinu- 
cleoside dimer. 

the reaction process. Table I1 summarizes the relationship between the 
mode of intercalation and location of (+)I1 relative to the base alkylation 
sites for IV. Clearly, mode d-e is critical to the explanation of the ex- 
perimental observations (3). It should be noted also that the second most 
stable intercalation complex corresponds to the epoxide of I1 being close 
to the amino group cf cytosine. The exocyclic amino group of cytosine 
is postulated to be the alkylation site for the minor cytosine-I1 adducts 
that  are observed (9-12). These intercalation calculations may provide 
both a geometric and energetic base for this assumed reaction site. 
Stereo-stick models of the (+)II-IV complex are shown in Fig. 7. The 
transition-state orientation of the epoxide group relative to the 2-amino 
group of guanine is easily seen. 
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2-Pyrrolidinones in Rodents 
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Abstract  0 A series of substituted 2-pyrrolidinones was evaluated for 
hypolipidemic activity a t  20 and 30 mg/kg/day in CF1 male mice. 4- 
Phenyl-5,5-dicarbethoxy-2-pyrrolidinone was the most potent compound 
a t  30 mg/kg/day, reducing serum triglyceride levels 52% after 14 days of 
dosing and serum cholesterol levels 48% after 16 days of dosing. 4-Phe- 
nyl-5-carbethoxy-2-pyrrolidinone and 4-phenyl-3,5,5-tricarbethoxy- 
2-pyrrolidinone also demonstrated significant activity. Those compounds 
which contained a phenyl substituent were more potent than either the 
unsubstituted, the alkyl, or the dicarbethoxy 2-pyrrolidinone ana- 
logues. 

Keyphrases 0 2-Pyrrolidinones-synthesis of substituted analogues, 
hypolipidemic activity in mice 0 Antihyperlipidemic agentssubsti tuted 
2-pyrrolidinone analogues, synthesis, hypolipidemic activity in mice 
Succinimide-2-pyrrolidinone congeners, synthesis of substituted ana- 
logues, hypolipidemic activity in mice 

Studies on the antihyperlipidemic activity of N-sub- 
stituted phthalimides (1) and related imide analogues (2) 
revealed a wide variety of imides which caused a reduction 
in serum cholesterol and triglyceride levels in rodents. 
Succinimide was observed to be active a t  a dose of 20 
mglkglday ip, affording a 27% reduction in serum choles- 
terol levels after 16 days and a 32% reduction of serum 
triglyceride levels after 14 days in mice (2). As an extension 
of these studies, the hypolipidemic activity of a series of 
2-pyrrolidinone derivatives as  congeners of succinimide 
was examined; those results are reported herein. 

EXPERIMENTAL 

Chemistry-Of the 18 compounds studied (Table I), 2-pyrrolidinone' 
(I) and L-pyroglutamic acid2 (IV) were purchased commercially. 5-Car- 
boxy-2-pyrrolidinone (III), 4-phenyl-5-carboxy-2-pyrrolidinone (used 
to prepare XIV), 5,5-dicarbethoxy-2-pyrrolidinone (V). and 5,5-dicar- 
boxy-2-pyrrolidinone (VI) were prepared by the method of Cocolas and 
Hartung (3). 5-Carbethoxy-2-pyrrolidinone (11) was prepared by ester- 
ification of D.~-5-carboxy-2-pyrrolidinone (111) with ethanol-hydrochloric 
acid. The four alkyl-5,5-dicarbethoxy-2-pyrrolidinones (VII-XIII) were 
prepared by a Michael addition of an a,@-unsaturated ester to diethyl 
acetamidomalonate and subsequent cyclization as reported by Kim and 
Cocolas (4). 

4-Phenyl-5,5-dicarbethoxy-2-pyrrolidinone ( X I V k T h e  method of 
Kim and Cocolas (4) was used. T o  400 mg (0.019 g-atom) of sodium dis- 
solved in 200 ml of absolute ethanol of alcohol was added 21.7 g (0.1 mole) 
of diethyl acetamidomalonate and 22 g (0.125 mole) of ethyl cinnamate. 
The mixture was refluxed overnight (10-12 hr), cooled to room temper- 
ature, and then neutralized with glacial acetic acid. The solvent was re- 
moved under reduced pressure to give solid material which was recrys- 
tallized from toluene to give 16 g of product, mp3 96-97', 

I Aldrich Chemical Co. 
Mann Chemical Co. 
Determined at M-H-W Laboratories. Phoenix. Ariz. 

An~l.-Calc.~ for C16H12N05: C, 62.95; H, 6.23; N, 4.59. Found3: C, 
62.82; H, 6.19; N, 4.74. 
4-Phenyl-5-carbethoxy-2-pyrrolidinone (XV)-4-Phenyl-5,5-di- 

carbethoxy-2-pyrrolidinone (XIV), 26.9 g (0.088 mole), was dissolved in 
125 ml of absolute ethanol, and 250 ml of 20% ethanolic potassium hy- 
droxide solution was added slowly. The resulting solution was refluxed 
for 9 hr and allowed to cool, and the white solid precipitate was collected 
and dissolved in 150 ml of hot water. The solution was made strongly 
acidic with 6 N HCl and the resulting precipitate filtered to give 10.8 g 
of 4-phenyl-5,5-dicarboxy-2-pyrrolidinone. Decarboxylation a t  160-165° 
under vacuum and recrystallization from ethanol gave 3.04 g of 4-phe- 
nyl-5-carboxy-2-pyrrolidinone, mp 180". Esterification with ethanolic 
hydrochloric acid yielded 4-phenyl-5-carbethoxy-2-pyrrolidinone, mp 
140-141". 

Anal.-Calc. for C13H~sN03: C, 66.94; H, 6.48; N, 6.00. Found C, 66.79; 
H, 6.67; N, 6.03. 

4-Pheny~-3,5,5-tri~arbethoxy-Z-pyrrofidinone (XVZ)-The method 
of Kim and Cocolas (4) was used. A solution containing 1.15 g (0.05 g- 
atom) of sodium metal, 10.85 g (0.05 mole) diethyl acetamidomalonate, 
and 12.5 g (0.05 mole) diethyl benzalmalonate in 100 ml absolute ethanol 
was maintained a t  room temperature for 3 days. The reaction mixture 
was then neutralized with glacial acetic acid and cooled to precipitate 20 
g of XVI. The product was recrystallized from 95% ethanol, mp3 107- 
logo. 

An~l.-Calc.~ for C19H23N07: C, 60.47; H, 6.14; N. 3.71. Found3: C, 
60.81; H, 6.22; N, 3.54. 
4-Isopropyl-3,5-dicarbethoxy-2-pyrrolidinone (XVI1)-Compound 

XVII was prepared according to the procedure of Kim and Cocolas 
(5). 
3-Methyl-5,5-dirarbethoxy-2-pyrroLidinone (XVII1)-Compound 

XVIII was prepared according to the method of Cocolas et al. (6). 
Biological Testing-Compounds were tested a t  20 and 30 mg/kg/day 

ip in CFl male mice (-25 9). On days 9 and 16, blood was collected uia 
a ta i l  vein, and the serum was separated by centrifugation. Serum cho- 
lesterol was determined by a modification of the Leibermann-Burchard 
reaction (8). A separate group of mice were bled on day 14 and their serum 
triglyceride levels were determined using a commercial kit4. 

RESULTS AND DISCUSSION 

The 2-pyrrolidinone derivatives were potent hypolipidemic agents in 
mice after dosing for 14-16 days a t  20 and 30 mg/kg/day (Table 11). The 
unsubstituted compounds demonstrated very poor activity. 4-Phenyl- 
5,5-dicarbethoxy-2-pyrrolidinone (XIV) gave the best anticholesteremic 
activity resulting in a 42% reduction of serum cholesterol levels a t  20 
mg/kg/day and a 4870 reduction at  30 mg/kg/day. At the latter dose, serum 
triglycerides were reduced 52%. The other two derivatives containing a 
phenyl substituent, XV and XVI, also reduced cholesterol serum levels 
significantly but to a lesser degree. 4-Phenyl-5-carbethoxy-2-pyrrolidi- 
none XV was more effective than 4-phenyl-3,5,5-tricarbethoxy-2-pyr- 
rolidinone XVI, causing cholesterol reductions of 37 and 24%, respec- 
tively, a t  20 mg/kg/day and 35 and 4270, respectively, at  30 mg/kg/day. 
Compound XV reduced serum triglyceride content 44%. 

4-Alkyl substitution on the 5,5-dicarbethoxy-2-pyrrolidinone nucleus 
improved the reduction of serum triglycerides and cholesterol in mice. 

' Fisher, Hycel Triglyceride Test (1975). Hycel. Inc. 
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0 0; H R4 
Table I-Physical Characterist ics of 2-Pyrrolidinone Analogues 

Melting Point 
Compound Name Ri Rz R3 R4 Found Lit. (ref.) 

I 
I1 

I11 
IV 
V 

VI 
VII 

VIII 

IX 

X 

XI 

XI1 

XI11 
XIV 

2-Pyrrolidinone 
5-Carbethoxy-2-pyrrolidinone 
~,~-5-Carboxy-2-pyrrolidinone 
L-5-Carboxy-2-pyrrolidinone 
5,5-Dicarbethoxy-2-pyrrolidinone 
5,5-Dicarboxy-2-pyrrolidinone 
4-Methyl-5,5-dicarbethoxy-2- 

4-Ethyl-5,5-dicarhethoxy-2- 

4-n-Propyl-5,5-dicarbethoxy-2- 

4-Isopropyl-5,5-dicarbethoxy-2- 

4-n -Butyl-S,5-dicarbethoxy-2- 

4-Isobutyl-5,5-dicarbethoxy-2- 

4-n-Pentyl-5,5-dicarbethoxy-2-pyrrolidinone 
4-Phenyl-5,5-dicarbethoxy-2- 

pyrrolidinone 

pyrrolidinone 

pyrrolidinone 

pyrrolidinone 

pyrrolidinone 

pyrrolidinone 

H 
H ~~ 

H 
H 
H 
H 

H H 
H 
H 
H 
H 
H 

COOCzH5 
COOH 
COOH 

COOH 
COOCzHs 

COOCzHs 

COOCsHs 

COOCzHs 

COOCzHs 

COOC2H5 

COOC2H5 

C 0 0 C 2 H 5 
COOC2H5 

H 
H ~~ 

H 
H 
COOCzH5 
COOH 
COOCzHs 

COOC2H5 

COOCzH5 

COOC2H5 

COOCzH5 

COOCzH5 

COOCzH5 
COOCzH5 

- 
57-59' 
187-189" 
158-1590 
82-83' 
152-153" 
77-78" 

113-115' 

88-89' 

98-990 

104-105' 

ioa-iogo 

104-105" 
96-97' 

610(7) 
183-185" (4) 

82-83' (3) 
152.S153' (3) 

- 

77.5-78' (3) 

113-115" (4) 

88-890 (4) 

gag90 (4) 

104-105' (4) 

109" (4) 

104-105" (4) 
- 

yrrolidinone 
XV 4-!henyl-5-carbethoxy-2-pyrrolidinone H 

XVI 4-Phenyl-3,5,5-tricarbethoxy-2-pyrrolidinone COOC2Hs CeHs 
XVII 4-Isopropyl-3,5-dicarbethoxy-2-pyrrolidinone Cl - - " .  

XVIII 3-Methyl-5,5-dicarbethoxy-2-pyrrolidinone CH3 H C00C;H; COOCzH5 113-115' 113-115" (6) 

Table 11-Effects of 2-Pyrrolidinone Analogues on Serum Cholesterol and  Triglyceride Levels of CF ,  Male Mice a 

Compound Dose 
Serum Triglyceride, % of Control Serum Cholesterol, % of Control 

Day 14 Day 9 Day 16 

Succinimide 
I 

I1 
111 
IV 
V 

VI 
VII 

VIII 

IX 
X 

XI 
XI1 

XI11 

XIV 

xv 
XVI 

XVII 

1% Carboxymethvl cellulose 
XVII'I 

20 mglkglday 
20 mglkglday 
20 mglkglday 
20 mglkglday 
20 mglkglday 
20 mglkglday 
20 mglkglday 
20 mglkglday 
30 mglkglday 
20 mglkglday 
20 mglkglday 
30 mglkglday 
20 mglkglday 
20 mglkglday 
30 mglkglday 
20 mglkglday 
30 mglkglday 
20 mglkglday 
30 mglkglday 
20 mglkglday 
30 mglkglday 
20 mghglday 
30 mglkglday 
20 mg/kg/day 
30 mglkglday 
20 mglkglday 

68 f 7b 
80 f 6b 
62 f 6 
85 f IC _. - 
88 f 9 
87 f 10 
82 f 4b 
76 f 4b 
75 f 3b 
68 f 6b 
63 f 7b 
70 f 3b 
54 f 46 
57 f 7 
70 f 7b 
67 f 6b 
72 f 3b 
61 f 5b 
83 f 9 
48 f 56 
82 f 7c 
56 f 6b 
88 f 4c 
89 f 6 
98 f 9 
62 f Y b  
84 f 8' 
100 f 6 

78 f 96 
86 f TC 
89 f 6 
80 f 6h 
84 f 7c 
94 f 8 
92 f 5 
84 f 4h 
81 f 7b 
72 f 6b 
77 f 8b 
78 f 6 h  
91 f 8 
80 f 8 
96 f 7 
80 f 76 
79 f i b  
86 f 8' 
94 f 4 
55 f 6b 
91 f 6 
97 f 7 
101 f 5 
89 f 9 
85 f 6c 
83 f 8' 
94 f 5 
100 f 5 

73 f l o b  
83 f 6c 
72f5 
83 f 7c 
84 f 6? 
82 f 56 
71 f 3b 
79 f 4 b  
73 f 96 
58 f 5b 
73 f 5b 
75 f 3 b  
55 f 6b 
68 f 3 
62 f 5b 
58 f 6b 
79 f 7b 
68 f 4 b  
58 f 8b 
52 f 5b 
63 f 9b 
65 f 6b 
76 f 3b 
58 f 5b 
68 f 3b 
70 f 7b 
88 f 10 
100f6 

a n = 6. p 0.001. p 2 0.010. 

Reduction of serum cholesterol ranged from 21 to 38% a t  20 mglkglday 
and 32 to 48% a t  30 mglkglday compared with the control. 4-Isobutyl- 
5,5-dicarbethoxy-2-pyrrolidinone (XII) caused the greatest reduction 
of these 4-alkyl derivatives, 38% a t  20 mglkglday and 42% a t  30 mgl 
kglday. The serum triglyceride levels were reduced 33% by XI1 a t  30 
mglkglday, 46% by X a t  30 mglkglday, and 43% by XI a t  20 mglkgl 
day. 
4-Isopropyl-3,5-dicarhethoxy-2-pyrrolidinone (XVII) reduced serum 

cholesterol levels by 32% on day 16 a t  20 mglkglday, being slightly more 
active than the 4-isopropyl-5,5-dicarbethoxy analogue (X) which sup- 
pressed serum cholesterol levels by 25% a t  this dose level. However, X 
was more active than XVII a t  30 mglkglday in lowering serum choles- 
terol. 

3-Methyl-3,5-dicarbethoxy-2-pyrrolidinone (XVIII) was less effective 
in reducing both triglyceride and serum cholesterol levels than the 4- 
methyl analogue (VII). 

The 4-n-propyl-5,5-dicarbethoxy-2-pyrrolidinone (IX) gave the best 
antitriglyceridemic activity of all the compounds when tested a t  20 
mg/kg/day, reducing serum levels by 37%. L-Pyroglutamic acid (IV) was 
one of the less effective compounds tested and had the same level of hy- 
polipidemic activity as the racemic compound, 111. 

These studies demonstrate that the 2-pyrrolidinones possess antihy- 
perlipidemic effects in mice. The compounds appear to be more potent 
than clofibrate which is inactive in the 20-30 mglkglday dose range. The 
hypolipidemic activity of these pyrrolidinones is, in general, equal to  
succinimide and similar imide-containing structures. 
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Abstract  The reaction between o-hydroxybutyrophenone and 
tris(2-chloroethyl)amine gave two analogues (11, V) of the well-known 
local anesthetic ketocaine (I). Compounds I1 and V showed interesting 
antitumor activity in mice implanted with Ehrlich ascites tumor cells (9’0 
T/C = 149 a t  5 mg/kg and 171 a t  50 mg/kg, respectively). Further studies 
on the pharmacological behavior of these new compounds are in prog- 
ress. 

Keyphrases 0 Antitumor agents-synthesis and antitumor activity of 
two analogues of ketocaine, potential Ketocaine-potential antitumor 
agents, synthesis and antitumor activity of two analogues 

The antimitotic properties associated with the bis(2- 
chloroethy1)amino group is well known, and a number of 
compounds bearing this group are of therapeutic interest. 
The choice of a suitable supporting moiety for this phar- 
macophoric group is very important (1). The local anes- 
thetic ketocaine (I) (2) at  high concentrations reduces the 
oxygen consumption by cerebral tissue, while at  lower 
concentrations is able to stimulate intensely this con- 
sumption, not only by cerebral tissue, but also by tissues 
with prevailing anaerobic metabolism (HeLa cells, KB 
cells) (3-6). In particular, ketocaine inhibits the mitosis 
of lymphocytes in culture stimulated by phytohe- 
moagglutinine, a process which has been correlated with 
the stimulating effect of this local anesthetic on oxygen 
consumption by tissues with prevailing anaerobic me- 
tabolism (7). 

These observations prompted us to attach the bis(2- 
chloroethy1)amino group to the phenolic group in o-hy- 
droxybutyrophenone, in order to potentiate andlor spe- 
cialize the antimitotic action of the parent drug, ketocaine. 
Such a compound also is in agreement with the N-0-0 

uOCH,CH,NR, 

I R=--CH(CH,)z 
I1 R = -CHzCHzCl 

triangulation hypothesis recently proposed for some 
antineoplastic agents (8). 

RESULTS AND DISCUSSION 
Replacement of the two isopropyl groups of ketocaine (I) with two 

2-chloroethyl groups was effected by treating o-hydroxybutyropheno- 
ne(II1) with one equivalent of tris(2-chloroethyl)amine (IV) in ethanolic 
sodium ethoxide. This not only furnished the expected N-[2-(2-buta- 
noyl)phenoxyethyl]-N,N-di(2-chloroethyl)amine (11) but also N,N- 
di[2-(2-butanoyl)phenoxyethyl]-N-(2-chloroethyl)amine (V) (Scheme 
I). The IR and ’H-NMR spectra of compounds I1 and V are in agreement 
with the assigned structures (see Experimental). 

For antitumor testing, female Swiss mice (average weight 21 f l  g) were 
implanted on day 0 with 106 Ehrlich ascites tumor cells from donor mice. 
After 24 hr the animals were treated with compound I1 dissolved in water 
(1.5, or 20 mg/kg, i.p.) or compound V dissolved in dimethyl sulfoxide 
(10,50, or 200 mg/kg, i.p.). The amount of dimethyl sulfoxide used was 
shown previously, in analogous experiments, not to affect tumor growth. 
Deaths were recorded for the 60-day period. The activities were measured 
as the ratio of the mean survival time of the test animals to that of the 
control animals expressed as a percentage (% T/C). Significant activity 
is achieved with an increased life span of 25% (T/C 2 125). 

Both compounds prolonged the life span of mice bearing Ehrlich ascites 
carcinoma beyond that of untreated animals: increase for compound I1 
was 48.7% a t  a 5 mg/kg, i.p. dose and for compound V was 71.2% a t  50 
mg/kg, 24 hr after tumor implantation (Table I). 

The activity of compounds I 1  and V is related to toxicity. While com- 
pound I1 may act as a cross-linking agent (similar to melphalan, chlor- 
ambucil, and cyclophosphamide), the antitumor activity of compound 
V may be due only to i ts  alkylating properties; its lower toxicity is in 
agreement with the data reported for other monofunctional agents (1). 

CO(CH&CH, 
2 C2H50Na 

i- N(CH,CH,Cl), * HCl - 
OH 
I11 IV 

CO(CHJzCH3 CHS(CHz),OC -,,+a 
OCH,CHZ --N-CHZCHz 

I 
CH,CH,CI 
V 

Scheme I 
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The antimitotic properties associated with the bis(2- 
chloroethy1)amino group is well known, and a number of 
compounds bearing this group are of therapeutic interest. 
The choice of a suitable supporting moiety for this phar- 
macophoric group is very important (1). The local anes- 
thetic ketocaine (I) (2) at  high concentrations reduces the 
oxygen consumption by cerebral tissue, while at  lower 
concentrations is able to stimulate intensely this con- 
sumption, not only by cerebral tissue, but also by tissues 
with prevailing anaerobic metabolism (HeLa cells, KB 
cells) (3-6). In particular, ketocaine inhibits the mitosis 
of lymphocytes in culture stimulated by phytohe- 
moagglutinine, a process which has been correlated with 
the stimulating effect of this local anesthetic on oxygen 
consumption by tissues with prevailing anaerobic me- 
tabolism (7). 

These observations prompted us to attach the bis(2- 
chloroethy1)amino group to the phenolic group in o-hy- 
droxybutyrophenone, in order to potentiate andlor spe- 
cialize the antimitotic action of the parent drug, ketocaine. 
Such a compound also is in agreement with the N-0-0 

uOCH,CH,NR, 

I R=--CH(CH,)z 
I1 R = -CHzCHzCl 

triangulation hypothesis recently proposed for some 
antineoplastic agents (8). 

RESULTS AND DISCUSSION 
Replacement of the two isopropyl groups of ketocaine (I) with two 

2-chloroethyl groups was effected by treating o-hydroxybutyropheno- 
ne(II1) with one equivalent of tris(2-chloroethyl)amine (IV) in ethanolic 
sodium ethoxide. This not only furnished the expected N-[2-(2-buta- 
noyl)phenoxyethyl]-N,N-di(2-chloroethyl)amine (11) but also N,N- 
di[2-(2-butanoyl)phenoxyethyl]-N-(2-chloroethyl)amine (V) (Scheme 
I). The IR and ’H-NMR spectra of compounds I1 and V are in agreement 
with the assigned structures (see Experimental). 

For antitumor testing, female Swiss mice (average weight 21 f l  g) were 
implanted on day 0 with 106 Ehrlich ascites tumor cells from donor mice. 
After 24 hr the animals were treated with compound I1 dissolved in water 
(1.5, or 20 mg/kg, i.p.) or compound V dissolved in dimethyl sulfoxide 
(10,50, or 200 mg/kg, i.p.). The amount of dimethyl sulfoxide used was 
shown previously, in analogous experiments, not to affect tumor growth. 
Deaths were recorded for the 60-day period. The activities were measured 
as the ratio of the mean survival time of the test animals to that of the 
control animals expressed as a percentage (% T/C). Significant activity 
is achieved with an increased life span of 25% (T/C 2 125). 

Both compounds prolonged the life span of mice bearing Ehrlich ascites 
carcinoma beyond that of untreated animals: increase for compound I1 
was 48.7% a t  a 5 mg/kg, i.p. dose and for compound V was 71.2% a t  50 
mg/kg, 24 hr after tumor implantation (Table I). 

The activity of compounds I 1  and V is related to toxicity. While com- 
pound I1 may act as a cross-linking agent (similar to melphalan, chlor- 
ambucil, and cyclophosphamide), the antitumor activity of compound 
V may be due only to i ts  alkylating properties; its lower toxicity is in 
agreement with the data reported for other monofunctional agents (1). 
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Table I-Antitumor Activity of Ketocaine Analogues Against 
Ehrlich Ascites Carcinoma in Mice 

Number 
Compound Dose, mg/kg i.p. per Group MST” 9’0 ,T/Cb 
ControlC - 10 16.0 - 

I 1  5 15.0 93.7 
23.8 148.7 

- d 
5 
5 - 

I1 

j T o  5 19.6 122 
V 50 5 27.4 171.2 

- d - 200 5 

0 Mean Survival Time (days). * 70 T/C 2 125 denotes significant activity. 
Death due to drug-related toxicity. 

Saline. 

EXPERIMENTAL’ 

Synthesis of Compounds I1 and V-o-Hydroxybutyrophenone (111: 
16.4 g, 0.1 mole) and tris(2-chloroethy1)amine hydrochloride (IV: 24.1 
g, 0.1 mole) were added to a solution of sodium ethoxide (0.2 mole) in 
absolute ethanol (150 ml). The mixture was refluxed for 3 hr, and the 
solvent was evaporated under reduced pressure. The residue was treated 
with water and a few drops of 34% ammonium hydroxide until alkaline, 
then extracted with chloroform, dried with anhydrous sodium sulfate, 
and evaporated under reduced pressure. Column chromatography of the 
residue gave 6 g of starting material (III),  then 1 2  g of 11, and finally 3 g 
of V. Compounds I1 and V, oily at  room temperature, were then converted 
into the corresponding hydrochlorides: I1 HCI: mp 113-115’ (absolute 
ethanol). 

Anal.-Calc. for C ~ ~ H ~ ~ C I ~ N O T H C I :  C, 52.11; H, 6.56; N, 3.80. Found: 
C, 52.19; H, 6.44; N, 3.72. IR (cm-l): 2400-2300, 1690, 1600, 1580,975, 

Melting points are uncorrected. Bakerflex plates (Silica-gel IBP-F) were used 
for TLC. For column chromatography, Kieselgel60 (Merck) was used, activated 
at 120° for 2 hr: the eluent was a mixture of petroleum ether (bp 60-80°)-acetone 
W20. The IH spectra were recorded in Nujol with a Perkin-Elmer 298 spectrometer. 
‘H-NMR spectra were recorded in CDCI:j (10% w/v) with a 90-MHzspectrorneter 
(Varian EM 390) using TMS as an internal standard. 

760. ‘H-NMR ( 6 ) :  0.96 (t, 3, CH3); 1.68 (m, 2, CH2-CHx); 2.84 (t ,  2, 
COCHz); 3.86 (m, 6, 3 CHzN‘+)f), 4.10 (m, 4,  2 CHzCI); 4.61 (t, 2. 
0-CHz); 6.9-7.7 (m, 4 aromatic). 

V-HCl: mp 83-85’ (toluene). Anal.-Calc. for C2,jH&1N04-HCI: C, 
62.90; H, 7.11; N, 2.82. Found: C, 63.18; H, 7.32; N, 2.81. IR (cm-l): 

1.66 (m, 4,2 CHz-CH,); 2.82 (t, 4.2 COCH2); 3.88 (m, 6 ,3  CH,N‘+)<); 
4.12 (t, 2, CHzCI); 4.67 (t, 4 ,2  0-CH2); 6.9-7.7 (m, 8, aromatic). 

2400-2300, 1670, 1600, 1580, 1125,750. ‘H-NMR (6): 0.95 (t. 6 ,2  CH,); 

REFERENCES 

(1) W. B. Pratt and R. W. Ruddon, “The Anticancer Drugs,” Oxford 
University Press, New York, N.Y., 1979, J. A. Stock, in “Drug Design Vol. 
11,” E. J. Ariens, Ed., Academic, New York, N.Y., 1971, p. 531. 

(2) P. Da Re, L. Verlicchi, and I. Setnikar, J .  Med. Chem., 10, 266 
(1967). 

(3) F. Ardizzone, M. Ariano, and I. Galatulas, Boll. SOC. Ital. Riol. 
Sper., 44.60 (1967). 

Lomb., 23.851 (1968). 
(4) I. Galatulas, F. Piccinini, and P. Pomarelli, Atti Accad. Med. 

(5) I. Galatulas, A. Nicolin, F. Piccinini, and P. Pomarelli, Arch. Ital. 

(6) F. Ardizzone, I. Galatulas, A. Longhi, and P. Pomarelli, 

(7) R. Bossa, F. Dubini, I. Galatulas, and M. Taniguchi, Arch. I tal .  

(8) C. C. Cheng and R. K. Y. Zee-Cheng, Heterocycles, 15, 1275 

Patol. Clin. Tumori, 13,141 (1970). 

Arzneim.-Forsch., 20,1794 (1970). 

Patol. Clin. Tumori, 13,135 (1970). 

(1981). 

ACKNOWLEDGMENTS 

Presented in part a t  the 21st Congress of the Italian Pharmacological 

Dedicated to Prof. M. Amorosa on the occasion of his 70th birthday. 
Section VIII: A. Andreani, M. Rambaldi, D. Bonazzi. C. Fabbri, I,. 

Society in Naples, June 2-5,1982. 

Greci, 1. Galatulas, and R. Bossa, Arch. Pharrn., 316,141 (1983). 

GLC Determination of (-)-I -Cyclopropylmethyl-4- 
(3-trifluoromethylthio-5H-dibenzo[a ,d]cyclohepten- 
5-y1idene)piperidine in Human Plasma and Urine 

H. B. HUCKERX and J. E. HUTT 
Received July 30,1981, from the Merck Institute ;or Therapeutic Research, West Point, P A  19486. Accepted for publication June 18, 1982. 

Abstract  o (-) - 1 - Cyclopropylmethyl-4- (3  - trifluoromethylthio- 
5H-dibenzo[a,d]cyclohepten-5-ylidene)piperidine (MK-160) was ex- 
tracted from human plasma and urine with petroleum ether and quan- 
titated by GLC using a nitrogen-sensitive detector. A homologue of the 
drug served as the internal standard. The method is specific for the drug 
in the presence of potential metabolites and is capable of measuring 
concentrations in plasma as low as 6 ng/ml. 

Keyphrases GLC determination-(-)-l-Cyclopropylmethyl-4-(3- 
trifluoromethylthio -5H- dibenzo[a,d]cyclohept-5-ylidene)piperidine 
(MK-160) in plasma and urine 

(-) - 1 -Cyclopropylmethyl-4- (3-trifluoromethylthio- 
5H-dibenzo[a,d]cyclohepten-5-ylidene)piperidine (I)’ 
shows stereospecific antipsychotic, antidopaminergic, and 
anticholinergic activities in the mouse, rat, and squirrel 
monkey (1, 2). Clinical trials in human subjects necessi- 

~ ~~ 

This compound is designated as MK-160 by Merck & Co., Inc. 

tated an analytical method capable of measuring low 
nanogram concentrations of I in plasma without interfer- 
ence from potential metabolites of the drug. This report 
describes a GLC method using a nitrogen-phosphorus 
detector which meets these requirements with acceptable 
precision and accuracy. 

EXPERIMENTAL 

Chemicals and Reagents-Heptane, petroleum ether (35-60°), and 
methanol were reagent grade; isoamyl alcohol was spectroscopic quality. 
Stock solutions of I HCI and I1 were prepared in methanol and serially 
diluted with methanol to the desired concentrations. All concentrations 
are expressed as the free base of I. 

Apparatus-GLC analysis was performed with a gas chromatograph’ 
equipped with a nitrogen-phosphorus detector and a 91-cm x 2-mm 
column packed with 3% OV-17 on Gas Chrom Q (80-100 mesh):’. The 
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Table I-Antitumor Activity of Ketocaine Analogues Against 
Ehrlich Ascites Carcinoma in Mice 

Number 
Compound Dose, mg/kg i.p. per Group MST” 9’0 ,T/Cb 
ControlC - 10 16.0 - 

I 1  5 15.0 93.7 
23.8 148.7 

- d 
5 
5 - 

I1 

j T o  5 19.6 122 
V 50 5 27.4 171.2 

- d - 200 5 

0 Mean Survival Time (days). * 70 T/C 2 125 denotes significant activity. 
Death due to drug-related toxicity. 

Saline. 

EXPERIMENTAL’ 

Synthesis of Compounds I1 and V-o-Hydroxybutyrophenone (111: 
16.4 g, 0.1 mole) and tris(2-chloroethy1)amine hydrochloride (IV: 24.1 
g, 0.1 mole) were added to a solution of sodium ethoxide (0.2 mole) in 
absolute ethanol (150 ml). The mixture was refluxed for 3 hr, and the 
solvent was evaporated under reduced pressure. The residue was treated 
with water and a few drops of 34% ammonium hydroxide until alkaline, 
then extracted with chloroform, dried with anhydrous sodium sulfate, 
and evaporated under reduced pressure. Column chromatography of the 
residue gave 6 g of starting material (III),  then 1 2  g of 11, and finally 3 g 
of V. Compounds I1 and V, oily at  room temperature, were then converted 
into the corresponding hydrochlorides: I1 HCI: mp 113-115’ (absolute 
ethanol). 

Anal.-Calc. for C ~ ~ H ~ ~ C I ~ N O T H C I :  C, 52.11; H, 6.56; N, 3.80. Found: 
C, 52.19; H, 6.44; N, 3.72. IR (cm-l): 2400-2300, 1690, 1600, 1580,975, 

Melting points are uncorrected. Bakerflex plates (Silica-gel IBP-F) were used 
for TLC. For column chromatography, Kieselgel60 (Merck) was used, activated 
at 120° for 2 hr: the eluent was a mixture of petroleum ether (bp 60-80°)-acetone 
W20. The IH spectra were recorded in Nujol with a Perkin-Elmer 298 spectrometer. 
‘H-NMR spectra were recorded in CDCI:j (10% w/v) with a 90-MHzspectrorneter 
(Varian EM 390) using TMS as an internal standard. 

760. ‘H-NMR ( 6 ) :  0.96 (t, 3, CH3); 1.68 (m, 2, CH2-CHx); 2.84 (t ,  2, 
COCHz); 3.86 (m, 6, 3 CHzN‘+)f), 4.10 (m, 4,  2 CHzCI); 4.61 (t, 2. 
0-CHz); 6.9-7.7 (m, 4 aromatic). 

V-HCl: mp 83-85’ (toluene). Anal.-Calc. for C2,jH&1N04-HCI: C, 
62.90; H, 7.11; N, 2.82. Found: C, 63.18; H, 7.32; N, 2.81. IR (cm-l): 

1.66 (m, 4,2 CHz-CH,); 2.82 (t, 4.2 COCH2); 3.88 (m, 6 ,3  CH,N‘+)<); 
4.12 (t, 2, CHzCI); 4.67 (t, 4 ,2  0-CH2); 6.9-7.7 (m, 8, aromatic). 

2400-2300, 1670, 1600, 1580, 1125,750. ‘H-NMR (6): 0.95 (t. 6 ,2  CH,); 
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Abstract  o (-) - 1 - Cyclopropylmethyl-4- (3  - trifluoromethylthio- 
5H-dibenzo[a,d]cyclohepten-5-ylidene)piperidine (MK-160) was ex- 
tracted from human plasma and urine with petroleum ether and quan- 
titated by GLC using a nitrogen-sensitive detector. A homologue of the 
drug served as the internal standard. The method is specific for the drug 
in the presence of potential metabolites and is capable of measuring 
concentrations in plasma as low as 6 ng/ml. 
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5H-dibenzo[a,d]cyclohepten-5-ylidene)piperidine (I)’ 
shows stereospecific antipsychotic, antidopaminergic, and 
anticholinergic activities in the mouse, rat, and squirrel 
monkey (1, 2). Clinical trials in human subjects necessi- 
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tated an analytical method capable of measuring low 
nanogram concentrations of I in plasma without interfer- 
ence from potential metabolites of the drug. This report 
describes a GLC method using a nitrogen-phosphorus 
detector which meets these requirements with acceptable 
precision and accuracy. 

EXPERIMENTAL 

Chemicals and Reagents-Heptane, petroleum ether (35-60°), and 
methanol were reagent grade; isoamyl alcohol was spectroscopic quality. 
Stock solutions of I HCI and I1 were prepared in methanol and serially 
diluted with methanol to the desired concentrations. All concentrations 
are expressed as the free base of I. 

Apparatus-GLC analysis was performed with a gas chromatograph’ 
equipped with a nitrogen-phosphorus detector and a 91-cm x 2-mm 
column packed with 3% OV-17 on Gas Chrom Q (80-100 mesh):’. The 
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instrument was operated isothermally with column oven, detector, and 
injection port temperatures of 250, 275, and 3W0, respectively. The 
carrier gas (helium), hydrogen, and air flow rates were 30, 3, and 50 
ml/min, respectively. With daily use, the usable lifespan of the rubidium 
bead detector was -2 months. 

Procedure-To 1 ml of plasma or urine in a 13-ml glass-stoppered 
centrifuge tube were added 100 ng of I1 in 50 pl of methanol and, for 
plasma analysis only, 1 ml of 0.1 N HCl. Eight milliliters of petroleum 
ether-isoamyl alcohol (1009) was added, and the tube was shaken for 
10 min and centrifuged (600Xg). Approximately 6.5 ml of the organic 
layer was transferred to a 13-ml centrifuge tube. The bulk of the solvent 
was evaporated in a stream of nitrogen in a water bath a t  45'. leaving a 
small volume of isoamyl alcohol. The contents were dissolved in 50 pl of 
heptane, and 3 pl was injected into the CLC column. A standard curve 
was prepared by analysis of control human plasma or urine samples 
containing 6.25,12.5,25,50, and 100 ng of I/ml and 100 ng of II/ml in a 

A 

I 

B 

II: 

0 1 2 3 4  0 1 2 3  
MINUTES 

Figure 1-Gas-liquid chromatograms (nitrogen detector) of human 
plasma extracts. Key: A, 0-hr human p~asma;  B, human plasma. con- 
taining 100 ng of Ilml t o  which was added 100 ng of 11. 

Table I-Precision and Accuracy of the GLC Assay for I in 
Plasma 

I Added, I Found", RSD, Relative Error, 
ng/ml ng/ml I I 

6.25 6.0 i 1.1 18.3 -4.0 
12.5 12.2 f 1.7 13.9 -2.0 
25 25.0 f 2.4 9.6 0.0 
50 50.3 f 3.3 6.6 +0.6 
100 99.1 f 2.9 2.9 -0.9 
N = 40-48 for each concentration except at 100 ng/ml where N = 9. 

Table 11-Plasma Levels of I in a Human Subject af ter  a Single 
Oral 120-mg Dose 

Hours Postdose Plasma I, ng/ml 

1 
2 
4 
6 
8 

24 
32 

8 
100 
61 
31 
29 
8 
4" 

0 Estimated value since 6.25 ng/ml was the lowest standard concentration ana- 
lyzed. 

total volume of 50 pl of methanol. The ratios of the peak areas of 1-11 were 
plotted uersus nanograms of I added. 

RESULTS AND DISCUSSION 

As shown in Fig. 1, I and I1 were adequately separated by the method, 
with retention times of 2.4 and 3.2 min, respectively. Control plasma or 
urine samples assayed concurrently gave no significant interfering peaks. 
Several potential metabolites of I (its sulfoxide, sulfone, and descyclo- 
propylniethyl analogues) had retention times of 5.7.4.9, and 1.3 min, 
respectively, and thus would not interfere in the determination of I. 

The precision and accuracy of the method were demonstrated by 
analysis of replicate plasma samples containing known concentrations 
of I. The results are shown in Table I. The reproducibility of the method 
was indicated by the relative standard deviations of 18.3, 13.9,9.6,6.6, 
and 2.9%, respectively, for 6.25,12.5,25,50, and 100 ng of Vml. The ac- 
curacy of the procedure was demonstrated by the relative errors of -4, 
2,0, +0.6, and -0.9%. respectively, for 6.25,12.5,25,50, and 100ngof Vml. 
The precision and accuracy of urine analyses were similar to that observed 
for plasma. The relative standard deviations were 15.9,2, and 2.9%, re- 
spectively, for 6.25, 12.5, and 25 ng of I/ml of urine. The relative errors 
were +0.8, -4, and 3.27'0, respectively, for the same concentrations. The 
overall recoveries for plasma and urine were -92 and 7870, respec- 
tively. 

Although I is a basic compound, its recovery from plasma was con- 
siderably higher a t  slightly acidic, rather than alkaline, pH values. A 
similar phenomenon has been reported for cinnarizine, a basic substituted 
piperazine with antihistaminic properties (3). 

Plasma levels of I in a human subject are listed in Table 11. Peak levels 
of drug were present at 2 hr postdose; only very low concentrations were 
observed after 24 or 32 hr. The urine contained no detectable amounts 
of I a t  any time after drug administration, nor was any detected in the 
urine of volunteers given multiple oral doses of 14. These results suggest 
that I is extensively metabolized in humans; studies with [3H]I in animals 
indicated that I was well absorbed after oral administration. Approxi- 
mately 10-30% of the dose was excreted in the urine but little or no un- 
changed I was present in the urine or feces5. 

This report describes a method which has adequate sensitivity to de- 
termine I in human plasma after therapeutic dosing. The use of a struc- 
turally similar internal standard obviated any need to correct the results 
for extraction volumes or for incomplete recovery of I from plasma or 
urine. Lack of interference in the assay by several potential metabolites 
of the drug was demonstrated. 
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Abstract 0 Fourteen healthy males received two 75-mg doses of amri- 
none as a single capsule and as an intravenous solution in a single-dose 
crossover study. The mean ( f S D )  bioavailability, based on the area under 
the plasma concentration versus time curves, was 0.93 f 0.12. The plasma 
data for these subjects during the intravenous phase was described by 
an open two-compartment body model with a mean ( fSD)  apparent 
first-order terminal elimination rate constant, 8, of 0.19 f 0.06 hr-l, 
which corresponds to a half-life of 3.6 hr. 

Keyphrases Amrinone-plasma levels in humans after oral and in- 
travenous doses, pharmacokinetics, bioavailability 0 Pharmacokinet- 
ics-amrinone after an intravenous dose, described by an open two- 
compartment body model 0 Bioavailability-amrinone after oral and 
intravenous doses, plasma levels, pharmacokinetics 

Amrinonel, 5-amino[3,4'-bipyridin]-G(lH)-one, is a 
novel cardiotonic agent (1-4) which has demonstrated 
inotropic activity after both oral and parenteral adminis- 
tration to patients suffering from congestive heart failure 
(5-8). Previous investigations into the relationship be- 
tween intravenous and peroral amrinone doses have sug- 
gested that it required twice as much amrinone by the oral 
route to achieve the same inotropic response as with an 
intravenous bolus (9). This report describes the results of 
our investigations into the bioavailability of amrinone, and 
includes a nonlinear least-squares estimate of the phar- 
macokinetic parameters of amrinone following intravenous 
administration. 

EXPERIMENTAL 

Study in Human Volunteers-In this single-dose crossover study, 
14 healthy male volunteers each received two 75-mg doses of amrinone, 
as a single oral capsule and as an intravenous solution, with a I-week 
washout interval between medications. The sequence of drug adminis- 
tration for each subject was determined by random assignment. Appro- 
priate institutional review and approval were obtained. No subject had 
a history suggestive of renal, hepatic, or cardiac dysfunction. The mean 
(fSEM) age of these volunteers was 28.9 f 1.2 years; the mean weight 
was 77.4 f 3.4 kg and the mean height was 180 f 1.7 cm. Blood samples 
were collected (potassium oxalate) before medication and a t  0.17,0.33, 
0.50,0.75,1.0,1.25,1.5,2.0,3.0,4.0,5.0,6.0,8.0,10.0,12.0,15.0, and 24.0 
hr postdose. The blood was centrifuged; plasma was separated and frozen 
until it was assayed. 

Assay Procedure-The analysis of plasma amrinone followed a 
published procedure (10) with the following minor changes: a 40' water 
bath was used to evaporate the residual ethyl acetate and -2.3% (by 

I Inocor; Sterling Drug, Inc., New York, N.Y. 

volume) of tetrahydrofuran was added to  the mobile phase. Plasma 
standards, which were prepared in normal human plasma, were extracted 
and analyzed with each set of plasma samples from the subjects in the 
study. The concentration of amrinone in plasma was determined by 
comparison with the regression line of the peak height ratios of the 
standards. The minimum quantifiable level of amrinone was estimated 
as the concentration whose lower 8O?h confidence limit just encompassed 
zeroZ and was 4 . 0 2  pg/ml. 

Five separate high-performance liquid chromatographic (HPLC) 
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Figure 1-Plasma concentration of amrinone in  human volunteers after 
intravenous administration of a solution containing 75 mg of amrinone. 
Plasma concentrations observed (0) i n  two subjects with widely di- 
vergent clearance rates, and concentrations predicted by the open 
two-compartment body model (-). 

R. W. Ross and H. Stander, "Some Statistical Problems in Drug Metabolism." 
paper presented at the Princeton Conference on Applied Statistics. December 
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study. The concentration of amrinone in plasma was determined by 
comparison with the regression line of the peak height ratios of the 
standards. The minimum quantifiable level of amrinone was estimated 
as the concentration whose lower 8O?h confidence limit just encompassed 
zeroZ and was 4 . 0 2  pg/ml. 

Five separate high-performance liquid chromatographic (HPLC) 
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Figure 1-Plasma concentration of amrinone in  human volunteers after 
intravenous administration of a solution containing 75 mg of amrinone. 
Plasma concentrations observed (0) i n  two subjects with widely di- 
vergent clearance rates, and concentrations predicted by the open 
two-compartment body model (-). 
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Table I-Pharmacokinetic Parameters  in Humans Following a 75-mg iv Dose of Amrinone 

Model Independent Regression Dependent 
a. A,  CL, Vd. Vdw CL, AUC;', AUC,", 

Subject hr-l h!' d m l  liter/hr liter liter literfir f i ~  hr/ml LIE hr/ml 
1 
2 

9.08 
4.13 
8.06 
3.26 
4.29 
7.58 
4.00 

0.33 

18.4 
51.4 

0.14 
0.23 
0.20 
0.13 
0.24 
0.15 
0.17 
0.25 
0.14 
0.08 
0.29 
0.14 
0.24 
0.29 

0.93 0.65 16.1 113 
132 
106 
125 

110 
116 
96.9 

16.1 
30.2 
20.8 

4.78 
2.59 
3.86 

5.13 
2.59 
3.96 

1.30 0.50 30.1 
2.59 0.64 21.2 
1.32 0.55 16.2 
1.22 0.50 31.3 

3 
4 
5 
6 

114 
117 

16.2 
31.4 

4.36 
2.23 
7.34 
4.28 

4.36 
2.23 
7.69 
4.45 

132 
1.09 1.06 10.1 
1.20 0.62 19.4 

46.4 0.51 16.6 
2.20 0.73 14.0 
0.57 0.35 12.5 

69.7 

65.4 
112 

68.2 
104 
29.6 

i0.i 
19.4 
16.6 

7 
8 
9 

10 

1.89 
5.48 
5.44 
2.49 
5.68 

1.89 
102 
151 

101 14.0 5.85 
6.06 
2.49 

120 
82.4 
90.3 

12.4 
29.1 11 4.87 

2.04 
3.19 

2.54 0.59 29. i 
0.78 0.73 13.0 
0.75 0.74 22.6 

~. ~ 

102 
96.2 

~~ 

12 
13 

13.0 
22.6 
25.1 

5.98 
94.8 
86.9 

88.7 
75.2 

3.53 
2.88 

3.62 
2.88 14 4.45 1.91 0.74 25.1 

Mean 8.94 0.19 4.62 0.64 19.8 106 93.9 19.8 4.06 4.23 
*SD 13.0 0.06 12.0 0.17 6.9 23.9 24.6 7.0 1.58 1.74 

Table 11-Regression-Independent Parameters  in Humans Following a Single Oral  Capsule Containing 75 mg of Amrinone 

tmam Crnax, k t ,  AUCg4, AUCi, Bioavailability 
Subject min g/ml hr-l pg hr/ml pg hr/ml Ratioa, 70 

1 30 
2 30 
3 75 

0.89 
1.04 

0.10 
0.20 
0.12 

4.61 
2.22 
3.51 

5.10 
2.22 

99 
86 
95 
90 

0.84 
0.95 
0.87 
0.81 
1.24 
0.44 
0.78 
0.86 

3.76 
3.91 4 60 

5 45 
0.13 3.91 
0.25 
0.11 
0.12 

1.91 
6.96 
4.13 

1.91 
7.48 
4.37 

.~ 

86 
97 
98 
82 

6 120 
7 45 
8 90 0.24 

0.10 
1.55 
6.79 

1.55 
7.50 9 120 128 

10 90 
11 60 
12 30 
13 30 

0.12 
0.26 
0.12 

4.63 
1.99 
4.86 
3.57 

5.06 
1.99 
5.20 
3.57 

~~ 

83 
80 
87 
99 

~~ 

0.93 
0.92 
1.04 
1.66 
0.95 
0.27 

0.14 
0.27 
0.16 
0.07 

14 30 2.63 2.63 91 
Mean 
f SD 

61 
33 

3.80 
1.70 

4.02 
1.92 

93 
12 

0 Oral AUC: divided by model-independent AUC; during the intravenous phase, multiplied by 100. 

systems were used. Each contained an automatic injector, a pump, a 
precolumn3, a column4, and an UV detector scanning the effluent from 
the column a t  340 nm. 

Pharmacokinetic Calculations-The data obtained from the 
analysis of the human plasma samples during the intravenous phase of 
the study was described by an open two-compartment body model by 
means of an unweighted nonlinear regression (NLIN) procedure (11). 
An attempt was made to describe the plasma concentration data obtained 
during the oral phase of the study by either an open one- or two-com- 
partment body model with first-order absorption. 

In addition to the regression-dependent parameters, the plasma con- 
centration data also was analyzed with respect to the following model- 
independent parameters: the maximum observed plasma concentration 
(Crnax), the time a t  which the maximum concentration was observed 
(t,,,), and the area under the plasma concentration versus time curve 
(AUCi4). The latter was calculated by trapezoidal rule, including all of 
the data for the study period. For those subjects who had detectable 
concentrations of amrinone in the last sample examined, the AUC was 
extrapolated to  infinite time. 

rinone was -3.6 hr. The mean apparent volume of distribution at  steady 
state was 94 liters or. dividing by the mean body weight, 1.2 literskg. This 
value suggests that amrinone may be bound to, or partition favorably into 
tissues. The mean value for 0,8.94 hr-', corresponds to a half-life of <5 
min. The model-independent clearance (dose/AUC;) is in reasonable 
agreement with the clearance calculated from the open two-compartment 
body model (Table 1). Although there is a threefold difference between 
the highest (subject 5 )  and lowest (subject 6) clearances, the observed 
concentration data during the intravenous phase was described ade- 
quately by the model for both of these subjects; a comparison of the ob- 
served and predicted concentrations is shown in Fig. 1. The agreement 
between the observed values and those predicted by the open two-com- 
partment body model is apparent. The AUC during the intravenous phase 
of the study was estimated by the trapezoidal method (Table I). The 
mean ( G D )  value was 4.23 f 1.74 pg hr/ml. 

The plasma concentration data obtained during the oral phase of the 
study was not described adequately by either the open one- or two- 
compartment body model with first-order absorption; several weighting 
schemes were tried. The AUC was determined by the trapezoidal method 
and, if necessary, extrapolated to infinite time by use of the plasma 
concentration in the last observed sample and the apparent first-order 
terminal elimination rate (Table 11). 

The mean (*SD) absolute bioavailability, or oral-parenteral ratio 
(defined as the ratio of the AUC," for the capsule to the regression-inde- 
pendent AUC," for the intravenous solution) is 0.93 f 0.12. Analysis of 
variance shows that the AUC," values for medication by either the in- 
travenous or oral route are not significantly different ( p  = 0.24). 

Although no rigorous pharmacokinetic analysis was performed, esti- 
mates of the terminal elimination half-life of amrinone from the blood- 
stream of healthy volunteers have been reported (12). The mean values 
were 2.6 hr after intravenous medication and 3.7 hr after oral treatment. 
These previously reported values are less than those obtained in the 
present study, probably due to the shorter time period during which 

RESULTS AND DISCUSSION 

The concentrations of amrinone in the plasma samples from each of 
the volunteers were determined. After intravenous medication, the 
plasma concentrations declined biexponentially with time, suggesting 
that a two-compartment body model would be appropriate. Phar- 
macokinetic parameters for each subject were estimated after com- 
puter-fitting the plasma data by an iterative nonlinear least-squares 
regression technique (11); results are shown in Table I. 

The mean apparent first-order terminal elimination half-life for am- 

Phenyl-Corasil; Waters Associates, MilCord, Mass. ' p-Bondapak phenyl; Waters Associates. Milford, Mass. 
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meaningful observations were made. Converting the mean terminal 
elimination rate constants generated in this study to half-lives results. 
in values of 3.6 and 4.3 hr for the intravenous and oral treatments, re- 
spectively. In contrast, chronic congestive heart failure patients who 
received om1 amrinone had a mean terminal elimination half-life of 8.3 
hr (7). Since these patients all had symptoms that were sufficient to place 
them in class I11 or IV of the New York Heart Association classification, 
it is not surprising that their low cardiac output should result in a rela- 
tively long half-life for amrinone. Therefore, from the pharmacokinetic 
considerations discussed above, it would seem that an oral dosage regimen 
involving medication every 8 hr should be adequate for the treatment 
of patients with congestive heart failure. 
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Abstract 0 After a standard meal, 12 normal volunteers received three 
aspirin dosage forms in a single-dose, complete crossover study. The three 
dosage forms were an unbuffered tablet, an effervescent solution with 
16 meq of buffer, and an effervescent solution with 34 meq of buffer. 
Plasma and urine aspirin, salicylic acid, and salicyluric acid were mea- 
sured for 10 hr. Significant differences in the absorption kinetics of aspirin 
were observed, with aspirin from the two solutions being absorbed faster 
than from the tablet. Urine pH and renal clearance for all three acid 
compounds were influenced by the buffer during the first 2 hr only. Area 
under the curve (AUC) and urine accumulation comparisons suggest that 
15-20% more aspirin reaches the general circulation after the tablet, but 
that  the total salicylate absorbed is not different. Comparison with an 
earlier study indicates the solution with 34 meq of buffer is virtually 
unaffected by the presence of the meal while the solution with 16 meq 
buffer and the tablet are more slowly absorbed in the nonfasted state. 

Keyphrases Aspirin absorption-influence of food, comparison of 
tablets and buffered solutions Absorption-aspirin, influence of food 

Aspirin is the drug of choice when a mild analgesic- 
antipyretic is required, and it is also a primary agent used 
in the chronic management of rheumatoid arthritis and 
osteoarthritis. After oral administration, rapid absorption 
is desirable to provide the rapid onset of effects and to 
reduce contact time with the gastric mucosa. The potential 
influence of food on the absorption kinetics of aspirin from 
two different buffered effervescent solutions and an un- 
buffered tablet dosage form is the subject of this report. 

BACKGROUND 

A recent report (1) from this laboratory describes the kinetics of aspirin 
absorption after oral administration of a tablet and two buffered solutions 
in fasting subjects. I t  was noted that while the solution with 16 meq of 

buffer was absorbed more rapidly than the one with 34 meq of buffer, 
both provided more rapid and less variable absorption than the tablet 
dosage form. Because the formulation with 34 rneq of buffer is frequently 
used to treat the combined symptoms of headache and upset stomach 
associated with overindulgence in food and drink, the absorption kinetics 
of the same three formulations in nonfasted subjects were evaluated. 

A recent review (2) describes the effects of food on drug bioavailability 
in general. Aspirin absorption from two conventional tablet dosage forms 
is clearly delayed and slowed when administered after a meal (3). Studies 
of salicylic acid kinetics suggest dispersed dosage forms such as granules 
(4) and effervescent solutions (5) are less subject to delayed absorption 
when food is present in the stomach. 

Clearly the composition, quantity, and time of aspirin dosing relative 
to a meal can be significant factors (2,3) in evaluating the effects of food 
on drug absorption kinetics. The meal chosen for the present study was 
previously evaluated (6) to characterize the associated physiological re- 
sponses of the stomach including emptying rate, pH, and total acid 
production. Because the titratable acid reaches a maximal plateau be- 
tween 1 and 2 hr after eating, a dose time 1 hr postcibus should provide 
a maximal test of the buffered solutions. The study described herein is 
identical to the one reported previously (1) in all aspects except the 
subjects in the present study ate a standard meal 1 hr prior to dosing. Two 
subjects were used in both studies. 

EXPERIMENTAL 

Dosage Forms-Three commercially available dosage forms were used 
to provide approximately equal doses of aspirin: two unbuffered tablets’, 
each containing 325 mg of aspirin (T); one effervescent tablet2 containing 
640 mg of aspirin, 1.825 g of sodium bicarbonate, and 1.079 g of citric acid 
(16 meq of buffer) (S-16); and two effervescent tablets3, each containing 
324 mg of aspirin, 1.904 g of sodium bicarbonate, and 1.0 g of citric acid 
(34 meq of buffer) (S-34). 

* Bayer Aspirin, Clenhrook Laboratories. Division of Sterling Drug Inc., New 

2 Aspirvess. Miles Laboratory, Inc.. Elkhart, Ind. 
3 Alka-Seltzer. Miles Laboratories. Inc.. Elkhart. Ind. 
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Table I-Mean Plasma/Urine Aspirin Data  and  Computed Parameters  

Mean f SD, mg/litera 
Parameter T s-16 s-34 

Time, min 
5 

10 
15 
20 
30 
45 
60 
90 

120 
AUC to 120 min, (mg min)/liter 
Time of maximum 

Maximum concentration, 
concentration, min 

m /liter A u E ~ ~  infinity, (mg min)/liter 
MRTb, min 
MATb. min 
VRT. h r  
Urine pH 0-2 hr 
Renal Clearance 0-2 hr, l i terhr 
Terminal log-linear half-life, 

min 

0.51 f 0.57 b 
1.24 f 0.95 b 
1.90 f 1.31 b 
2.77 f 1.92 b 
3.65 f 3.27 b 
4.42 f 2.37 b 
4.33 f 1.52 b 
3.24 f 1.27 b 
2.29 f 0.86 b 
380 f 124 b 

60.6 f 28.2 b 

5.47 f 2.60 b 

545 f 101 b 
85.2 f 20.0 b 
62.7 f 20.0 b 
50.7 f 26.8 b 
5.90 f 0.54 b 
1.19 f 0.45 b 
39.0 f 13.8 b 

3.32 f 2.64 c 
6.91 f 2.14 c 
9.12 f 3.71 c 
9.41 f 2.03 c 
7.07 f 1.28 c 
4.22 f 1.09 b 
2.95 f 1.01 c 
1.33 f 0.52 c 
0.54 f 0.30 c 
434 f 60.0 bc 
18.6 f 6.0 c 

10.36 f 3.13 c 

462 f 61.8 c 
44.4 f 10.0 c 
21.9 f 10.0 c 
16.6 f 8.7 c 
6.14 f 0.45 b 
1.67 f 0.60 c 
30.6 f 14.4 c 

3.09 f 1.79 c 
6.17 f 3.41 c 
8.66 f 3.14 c 
9.70 f 2.12 c 
7.47 f 2.17 c 
4.82 f 1.66 b 
2.90 f 1.05 c 
1.25 f 0.61 c 
0.51 f 0.29 c 
460 f 70.8 c 
22.8 f 5.4 c 

10.0 f 2.18 c 

479 f 78.0 c 
41.3 f 8.4 c 
18.8 f 8.4 c 
16.6 f 8.7 c 
6.70 f 0.57 c 
1.76 f 0.43 c 
23.4 f 5.4 c 

~ ~ 

0 A common letter following the standard deviation indicates no significant difference ( p  < 0.05) (i e , for AUC to 120 min T and S-16 do not differ and S-16 and S-34 
do not differ: however. T and S-34 do differ). * MRT is the mean residence time and MAT is the mean absorption time per refs. 7 and 8. MAT computation assumes MRT~v 
to be 15.6 min for all subjects. 

Subjects-Twelve healthy male volunteers, 21-27 years old and 
weighing 56.9-88.6 kg, were evaluated by a comprehensive physical ex- 
amination, blood chemistry profile (including blood count and differ- 
ential), and complete urinalysis. None of the subjects had a history of GI 
disease or surgery. All were free of any active disease process and none 
had any medication for 14 days prior to the study. 

Methods-A Latin-square design for three treatment in 12 subjects 
over three consecutive weekends was employed. A 10-hr fast (overnight) 
was followed by a standard meal (6) consisting of 90 g (uncooked weight) 
of tenderloin steak, 0.1 g of salt, 25 g of white bread, 8 g of butter, 60 g of 
vanilla ice cream, 35 g of chocolate syrup, and 240 ml of water. The total 
caloric value was 458 with approximately 40% fat, 40% carbohydrate, and 
20% protein. If blended, the meal provided 540 mosm’oles a t  pH 6.0. 

One hour after completing the meal, which was eaten evenly over 30 
min, predose blood and urine samples were collected and the aspirin doses 
administered. A total volume of 240 ml of water, as described previously 
(l) ,  was given with each dose. After dosing, 100 ml of water was admin- 
istered at  1,2, and 3 hr, and each subject ate a uniform meal after the 4-hr 
blood sample. Subjects remained standing or sitting throughout the day, 
and exercise was limited to walking about the room. Blood and urine 
collection and the method of analysis were identical to those used in the 
preceding study (1).  

RESULTS 

The mean plasma concentrations and computed parameters for aspirin 
and salicylic acid are presented in Tables I and 11, respectively. The rank 
order and profile projected in the tables was the same in all 12 subjects 
except the tablets frequently showed two or three maxima. Urine pH, 
flow rate, and drug recovery were almost identical to that reported 
without the meal (1)  and, therefore, are not presented in detail herein. 
From the accumulation as aspirin, salicylic acid, and salicyluric acid in 
the urine over 10 hr the recovery (projected to infinity) ranged between 
65 and 71% for the 36 doses, with no differences among the three dosage 
forms. Also, the renal clearance of aspirin, salicylic acid, and salicyluric 
acid agreed with the previously reported fasting study (I), with the sali- 
cylurate clearance between 33 and 38 l i terhr  for all treatments. 

Statistical moments as described by Yamaoka et al. (7) and Riegelman 
and Collier (8) were used and computed as in the previous report (I), with 
one change. Comparison of the terminal log linear half-lives for aspirin 
(i.e.,  39 f 13.8,30.6 f 14.4, and 23.4 f 5.4 min) in Table I are longer than 
previously reported: 14.9 rnin by Rowland and Riegelman (9) and 15.6 
min by Mason and Winer (I), for the elimination half life of aspirin, thus 
indicating a flip-flop model. Therefore the terminal half-life cannot be 
used to estimate the elimination rate for aspirin or be used to compute 
the mean absorption time (MAT). The MAT values in Table I were 
computed by assuming that each subject has an aspirin elimination 

half-life of 15.6 min ( i . e . ,  MRTIv = 22.5 min), which was the mean esti- 
mate.in the previous study (1). Computed in this manner the MAT values 
are estimates of the actual MAT values and represent the differences 
among the three dosage forms if the total aspirin clearance is constant 
over the 3 weeks. 

DISCUSSION 

Although the urine recovery shows the total salicylate absorbed to be 
about the same for all three dosage forms, there are significant differences 
in the rate and extent of bioavailability. After the meal, the plasma aspirin 
curves produced by the two effervescent solutions are almost identical, 
while the tablets produced later and lower maximum concentrations. The 
maximal aspirin concentrations for two effervescent solutions are nearly 
twice that for the tablet dosage form with higher aspirin concentrations 
by the 5-min sampling time. In addition, the maxima occurs in approxi- 
mately one-third the time for the effervescent solutions compared with 
the tablets. These differences and the greater area under the curve (AUC) 
for the first 2 hr indicate the delaying effect of food on the rate of aspirin 
absorption from tablets but not on aspirin absorption from effervescent 
solutions. The areas under the aspirin and salicylic acid curves (when 
extrapolated to infinity) are -15% greater for the tablets than for either 
of the solutions. Consistent with the earlier report (11, greater salicylic 
acid areas for the tablet dosage form can be attributed to the higher renal 
clearance with the buffered solutions. The larger aspirin area for the 
tablet suggests more drug has undergone gastric absorption, thus escaping 
intestinal metabolism. This hypothesis is supported by the fact that only 
a small proportion (1-278 of aspirin clearance is renal, and thus even the 
observed twofold changes cannot significantly alter the plasma time 
curve. 

Aspirin absorption kinetics can be complex with tablet dissolution, 
gastric absorption, and gastric emptying all being rate-determining 
processes. The statistical moment approach makes no assumption con- 
cerning the absorption kinetics and treats aspirin kinetics as a purely 
stochastic process. The MRT values for the tablet are almost twice those 
for the two solutions and reflect the longer residence time for aspirin in 
the body after the tablets. If the total aspirin clearance is constant for 
the three treatments then the greater MRT for the tablets is due to its 
remaining in the GI tract longer. The MAT values show that a longer time 
interval (about 40 min) is required for 63.2% of the aspirin to be absorbed 
after administration of the tablets than after administration of the so- 
lutions. These results primarily reflect the rate a t  which aspirin leaves 
the stomach and enters the intestine and/or the continued dissolution 
of the tablets. As noted above, the acid gastric contents and longer resi- 
dence in the stomach result in some absorption occurring through the 
gastric mucosa and less intestinal metabolism. 
In the fasting subjects S-16 was absorbed more rapidly than S-34 and 
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Table 11-Mean Plasma/Urine Salicylic Acid Data and Computed Parameters  

Mean f SD, mg/litero 
Parameter T S-16 $34 

Time 
5 min 

10 rnin 
15 rnin 
20 min 
30 rnin 
45 min 
1 hr 

1.5 hr 
2 hr 
3 hr 
4 hr 
6 hr  - ..- 
8 hr 

10 hr 
AUC to 2 hr, (mg hr)/liter 
Time of maximum concentration. hr 

0.55 f 0.45 b 
1.29 f 0.91 b 
2.82 f 1.91 b 
4.36 f 2.70 b 
8.19 f 5.97 b 

13.91 f 8.54 b 
19.11 f 9.05 b 
26.81 f 10.55 b 
31.57 f 10.58 b 
33.26 f 6.30 b 
32.01 f 3.92 b 
21.97 f 3.74 b 
15.39 f 4.49 b 
10.38 f 4.18 b 
34.58 f 14.00 b 
3.00 f 0.74 b 

4.09 f 3.66 c 
9.55 f 4.83 c 

17.42 f 6.38 c 
21.07 f 5.78 c 
27.02 f 5.38 c 
30.78 f 4.12 c 
32.78 f 3.41 c 
33.35 f 3.94 c 
30.84 f 4.09 b 
26.34 f 3.40 c 
22.87 f 3.60 c 
14.83 f 2.75 c 
9.02 f 2.49 c ~ ~ . 

5.42 f 1.95 c 
56.82 f 6.39 c 

1.25 f 0.32 c 

4.46 f 1.69 c 
10.21 f 3.97 c 
18.16 f 5.66 c 
24.61 f 6.99 c 
31.83 f 5.58 d 
35.64 f 5.78 d 
37.14 f 5.32 d 
37.36 f 5.ii  C 
35.01 f 5.46 b 
29.71 f 4.55 d 
25.52 f 4.71 d 
16.94 f 5.63 d 
9.92 f 3.19 c 
6.11 f 2.38 c 

62.72 f 8.22 c 
1.15 f 0.34 c 

Maximum concentration, rngbiter 36.79 f 5.38 b 34.17 f 3.72 c ' 38.35 f 4.91 b 
AUC to infinity, (mg hr)biter 233.65 f 45.76 c 
Urine pH, 0-2 hr 6.70 f 0.57 c 
Renal Clearance* 0-2 hr, l i terhr  0.39 f 0.25 c 
Terminal log-linear half-life, hr. 2.76 f 0.62 c 

different as none share a common letter), 
willingness to accept a Type I error is increased to about 10% (ie., p < 0.1). 

275.17 f 61.46 b -  
5.90 f 0.54 b 
0.11 f 0.14 b 
3.55 f 1.06 b 

218.52 f 49.39 c 
6.14 f 0.45 b 
0.19 f 0.12 b 
2.76 f 0.63 c 

A common letter following the standard deviation indicates no significant difference (4 < 0.05) ((e.. at,the 4-hr salicylate concentration all three means are Significantly 
do not differ significantly a t  p < 0.05 one can reject the null hypothesis if the Although the renal clearance for S-16 and 

had a greater AUC (1). The presence of a meal has eliminated these dif- 
ferences. The more highly buffered solution (S-34) has the same profile 
and almost identical estimated kinetic parameters (MAT,,,i = 18.8 min; 
MATfasting = 19.81 min) for absorption with and without a meal, while 
the S-16 solution is absorbed more slowly with a meal present IMAT,,,i 
= 21.9 min, MATfascing = 15 min). 

The report by one group (3) that very little aspirin is bioavailable ( i .e . ,  
5-8% nonfasting and 16-18% fasting) is not consistent with the 68% es- 
timated hy Rowland and Riegelman (9). The difference probably results 
from the application of a compartment model (3) to estimate elimination 
and absorption rate constants when delayed and/or continued absorption 
rendered such modeling inappropriate (flip-flop model). As discussed 
previously (1) the bioavailability of aspirin is influenced by the ratio of 
gastric emptying rate to gastric absorption rate, with the absolute bio- 
availability in the -50-6070 range. 

In summary, the absorption of aspirin from tablets after a meal is 
significantly slower than from buffered effervescent solutions. Both 16 
and 34 meq of soluble buffer produce relatively rapid absorption with 
similar peak aspirin plasma concentration. Comparisons with an earlier 
work show the 34 meq of buffer to provide plasma aspirin and salicylate 
profiles which are the Same for fasted and nonfasted subjects. These data 

suggest that for occasional therapy intended to produce high plasma 
aspirin concentrations rapidly in both fasted and nonfasted individuals, 
buffered effervescent solutions are significantly better than nonbuffered 
aspirin tablets. 
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Abstract  0 A procedure for the determination of thyroid (thyroid hor- 
mone) in pharmaceutical preparations by titration with 1 mM silver ni- 
trate using an ion-selective electrode was developed and evaluated. 
Samples were combusted according to the USP procedure and analyzed 
with a minimum of work-up for iodine content. The results obtained by 
this method were compared with those obtained by the official methods. 
The recovery of iodide from spiked placebo samples was investigated. 
The method is applicable to content uniformity analyses as well as to bulk 
material and to the analysis of organically bound iodide in other phar- 
maceutical preparations such as sodium levothyroxine tablets. The. 
method is fast, simple, accurate, applicable to automation, and is suitable 
for routine quality control use. 

Keyphrases Thyroid-determination in pharmaceutical preparations, 
potentiometric titration of iodide 0 Thyroid and sodium levothyroxine 
analyses-assay by potentiometric titration, content uniformity anal- 
yses 

The USP XX method (1) for the assay of thyroid (thy- 
roid hormone) in tablets and bulk material involves com- 
bustion of the samples a t  675-700' with potassium car- 
bonate followed by oxidation under acidic conditions to 
iodate by heating with excess bromine. The addition of 
potassium iodide converts the iodate to iodine, which is 
then titrated with sodium thiosulfate (2). The method for 
content uniformity analyses involves oxygen flask com- 
bustion followed by conversion of the iodine to triiodide 
ion and spectrophotometric determination. These methods 
are lengthy and filled with difficulties. 

This report describes a simplified method for the assay 
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Figure 1-Titration curue of a titrated thyroid sample containing 
-0.01 meq of iodide with 1 .OO mM silcer nitrate using an iodide-sensing 
electrode, pH 2.5. Arrow indicates potentiometric end point + 35 
m V. 

of organically bound iodide, which uses an iodide-selective 
electrode (3-6). The method is applicable to the analysis 
of not only thyroid in tablets and bulk material but also to 
other pharmaceutical preparations in which organically 
bound iodine is determined. 

EXPERIMENTAL 

Reagents and  Materials-Sodium iodide reference standard (0.100 
M)' was used received or diluted as required with water: 1.00 mM silver 
nitrate solution was prepared by dilution'of 0.10034 silver nitrate solu- 
tion* and standardized by potentiometric titration against 1.00 mM io- 
dide standard. This solution is quite stable if protected from light. An- 
hydrous potassium carbonate3 was technical grade; dilute phosphoric 
acid was made by 1:l dilution of reagent grade (85%) phosphoric acid4; 
deionized wateP was used throughout; crucibles were porcelain6 and all 
other tablet excipients were pharmaceutical grade and obtained com- 
mercially. The thyroid tablets were manufactured by Pharmaceutical 
Basics, Inc. 

Apparatus and  Equipment-A muffle furnace7 was used for sample 
combustion. The specific ion electrodes used were an iodide-sensing 
electrode8 and a silver-sulfide-sensing electrode9; the reference electrode 
was a double-junction typelo. The potentiometric titrations were per- 
formed either automatically or manually to a predetermined millivolt 
end point using an end-point titrator fitted with a 20-ml dispensing buret 
unit and an antidiffusion buret tip". 

Sample Preparation-Uncoated Tablets and Bulk Material- 
Twenty tablets were ground to a fine powder and a portion equivalent 
to -635 mg of thyroid (proportionately less should be used if the iodine 
content is >0.2%) was weighed into a large crucible; this portion was 
mixed with -8 g of anhydrous potassium carbonate, compressed, and 
then overlayed with 16 g of carbonate. The mixture was ignited a t  
675-700' in a preheated muffle furnace for 25 min. The cooled char was 
transferred to a 600-ml beaker, using water to facilitate the transfer, and 
then acidified to pH 2.5 f 1 with dilute phosphoric acid while stirring 
vigorously with a magnetic stirrer. Water was added to bring the volume 
to 400 ml, and the mixture was titrated immediately with 1 mM silver 
nitrate to the potentiometric end point using an iodide-sensing electrode 
and a suitable reference electrode. (Each milliliter of 1 m M  silver nitrate 
is equivalent to 0.1269 mg of iodine.) 

Coated Tablets-The coated sample was prepared in the same way 
as the uncoated tablets except that the char was treated with hot water, 
filtered and then acifidied with dilute phosphoric acid, and the volume 
brought to 400 ml with water. (If calcium sulfate is used in the formula- 
tion, the acidified solution is boiled for a t  least 30 min.) The solution was 
cooled to room temperature and titrated with 1 mM silver nitrate to the 
potentiometric end point. 

Content Uniformity Analyses-The procedure for uncoated or coated 
tablets was followed, except that 10 tablets were individually ana- 
lyzed. 

Sodium Levothyroxine Tablets-Twenty tablets were finely pow- 
ered and an amount equivalent to 1-2 mg of sodium levothyroxine was 
weighed into a crucible. The procedure for uncoated tablets was followed 

I Orion Research. Cambridge. Mass. * Dilut-It. .I. T. Baker Chemical Co., Phillipsburg, N.J. 
Diamond Shamrock Corp., Irving. Tex. 
J.  T. Baker Chemical Co., Phillipsburg. N.J. 

5 Continental Water Conditioning Corp.. Denver. Colo. 
Cows Porcelain. Golden, Colo. 

' Thermolyne 2OUU, Sybron Corp., Duhuque, Iowa. 
Orion Research. Model 94-53. 

9 Orion Research Model 94-16. 
Orion Research Model 90.20. 
Metrohm/Brinkmann m d e l  ET26 Titrator and model ti55 Dosimat. Westbury. 
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Table I-Percentage of Iodine in a 130-mg Thyroid Tablet  by the 
USP XX Method and by the Proposed Method in the Presence 
and Absence of Charcoal 

USP xx Proposed Method 
Method No Charcoal With Charcoal 

Iodine, 90 0.190 0.190 0.190 
Number of determinations 12 16 11 
Range, 70 0.175-0.199 0.180-0.202 0.180-0.201 
RSD ,Yo 4.6 3.6 3.4 

except that each milliliter of 1 mM silver nitrate was equivalent to 0.1997 
mg of sodium levothyroxine. 

RESULTS AND DISCUSSION 

Figure 1 shows the titration curve obtained with a typical thyroid 
sample containing 4 . 0 1  meq of iodide is titrated with 1 mM silver nitrate 
using an iodide-sensing electrode and a suitable reference electrode. The 
end point occurs a t  about +35 milivolts mV in this sample but may vary 
according to the electrode pair used. A similar curve is obtained using 
a silver-sensing electrode. The iodide electrode can also be used to 
quantitatively measure inorganic iodide in thyroid preparations. 
Changing the pH of the solution from 1.5 to 3.5 has very little effect on 
the overall titration curve and the end point (* 5 mV). For content uni- 
formity determinations of low-strength thyroid preparations (16-65 mg), 
the curve is shifted somewhat to a lower millivolt end point. Therefore, 
it is advisable to determine the end point of such samples in advance by 
titrating a representative sample and plotting the titration curve. Since 
the break in the curve near the end point is sharp, and since there is a 
change of almost 200 mV within f0 .5  ml of the end point, it is practical 
to titrate thyroid samples automatically using either an end-point titrator 
or recording titrator. It is also possible to perform the titrations manually 
using a pH-mV meter and buret to the predetermined end point. 

Comparison of the U S P  XX Method-A 130-mg (2 gr) uncoated 
thyroid tablet was assayed by potentiometric titration and by the USP 
XX method. The results are shown in Table I and indicate that this 
method gives results equivalent to the USP method. Filtration of the 
charcoal produced in the combustion process is not necessary for ordinary 
compressed tablets if the sample is titrated immediately. However, 
stirring the sample in the presence of charcoal at pH 2.5 slowly oxidizes 
the iodide. In addition to this tablet, numerous lots of thyroid tablets 
(both coated and uncoated) and capsules and bulk material were assayed 
by both the USP and potentiometric titration methods. The two methods 
agreed closely, although the proposed method gave somewhat more 
consistent results, which were also closer to the theoretical input. 

Recovery of Iodide from Spiked Placebos-Placebo mixtures 
containing excipients found in typical coated and uncoated thyroid 
tablets were prepared and spiked with iodide over the range of 0.008s 
0.0115 meq (equivalent to 0.17-0.23% iodine). The recovery of iodide from 
the spiked samples was quantitative, and the relative standard deviations 

Table 11-Recovery of Iodide Added to Placebo Preparations 

Coated Tablet Coated Tahlet 
with Calcium with Calcium Uncoated 

Sulfate Carbonate Tablet 

Mean recovery, % 99.5 99.8 100.0 
Number of determinations 10 13 16 

RSD, % 1.24 1.40 0.58 
Range, % . 97.3-101.2 97.7-101.3 98.7-100.6 

Table  111-Recovery of Iodide Added to Content Uniformity 
Placebo Preparations 

16-mg 6.5-mg 195-mg 
Uncoated Coated Uncoated 
Tablet, Tablet, Tdhlet. 

0.00025 meq 0.001 meq 0.003 meq 
Iodide Spike Iodide Spike Iodide Spike 

Average recovery, % 98.9 100.9 100.7 
Number of 10 10 10 

Range, 7O 96.0-104.0 98.8-103.7 98.4-101.9 
RSD, % 3.33 1.60 1.60 

(RSD) of the recoveries varied from 0.58 to 1.24%. Linearity was excellent 
(r = LOO), and placebo blanks showed that there was no interference from 
the tablet excipients (millivolt reading past the end point). The results 
are summarized in Table 11. 

Effect of Calcium Sulfate-When calcium sulfate is used in the 
formulation of coated tablets, sulfide is produced in the combustion 
process. Since sulfide interferes with both the iodide and silver-sensing 
electrodes, methods were investigated to remove this interfering ion. The 
addition of heavy metals, such as Ni(II), was not successful in removing 
the interference, while addition of hydrogen peroxide oxidized the sulfide 
but also slowly oxidized the iodide. Boiling of the filtered, acidified so- 
lution was found to be an acceptable method for removing the interfering 
sulfide. However, in samples with less sulfide, such as content uniformity 
samples, the boiling step can be eliminated by acidifying the char before 
filtration. Apparently the charcoal produced in the combustion process 
oxidizes the sulfide to a noninterfering form (possibly persulfide), since 
the addition of ascorbic acid again generates sulfide. 

Content Uniformity Assays-The described method has been suc- 
cessfully applied to routine quality control work for content uniformity 
determinations of tablets ranging in potency from 16 to 324 mg of thyroid. 
For low-potency tablets the volume of titrant is small and the electrode 
response is slower; such samples may require manual titration. Table I11 
summarizes the results obtained when placebo samples spiked with 
0.00025,0.001, and 0.003 meq of iodide (corresponding to 16-, 65-, and 
195-mg tablets) are assayed by the present method. The results indicate 
that recovery of the added iodide is quantitative and that reproducibility 
is good. 

Analysis of Sodium Levothyroxine Tablets-The above procedure 
provides a fast and accurate method for the analysis of sodium levothy- 
roxine (I) in tablets. Sample preparation is the same as for uncoated 
thyroid tablets, except that  an amount of powered tablets equivalent to 
1-2 mg of I is used. Mean recoveries of I added to placebo mixtures were 
99.8% (11 determinations; RSD 1.8’70) for a 0.1-mg preparation and 99.2% 
(six determinations; RSD 0.7%) for a 0.3 mg tablet. Linearity of the 
method in both cases was excellent ( r  = 0.99). 

determinations . 
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Abstract  The influence of various 5-hydroxytryptaminergic agonist 
and antagonist drugs on body-temperature response to cobaltous chloride 
in mice was noted. Pretreatment with p-chloroamphetamine, p-chloro- 
phenylalanine, and p-iodoamphetamine antagonized the body-tem- 
perature response to cobalt. p-Chloroamphetamine and p-chlorophen- 
ylalanine reduced, while p-iodoamphetamine elevated, brain serotonin 
levels. The  uptake inhibitor agents, fluoxetine and nisoxetine, failed to 
modify the ability of p-chloroamphetamine to antagonize cobalt hypo- 
thermia. Cyproheptadine, methergoline, and xylamidine pretreatment 
enhanced rather than antagonized body-temperature depression by co- 
balt. Tryptophan hydroxylase inhibitors antagonized cobalt hypothermia, 
but receptor-blocking agents were without influence, indicating that 
antagonism was mediated through mechanisms other than the depletion 
of serotonin. Elevation rather than depletion of brain serotonin by p- 
iodoamphetamine and failure of uptake inhibitors to modify p-chlo- 
roamphetamine antagonism of cobalt hypothermia lend further support 
for a nonserotonergic role of these amines in their ability to antagonize 
body-temperature depression by cobaltous chloride in mice. 

Keyphrases 0 Cobaltous chloride-induced hypothermia in mice, 
pretreatment with 5-hydroxytryptaminergic agents Hypothermia- 
induction in mice with cobaltous chloride. effects of pretreatment with 
5-hydroxytryptamingeric agents 

Cobaltous chloride has been reported to produce a 
dose-dependent depression of body temperature in several 
species, apparently through a centrally mediated decrease 
in heat production (1). Subsequent studies in this labo- 
ratory revealed that chlorpromazine was capable of an- 
tagonizing cobalt-induced hypothermia in mice, and it was 
concluded that central a-receptor blockade and/or pe- 
ripheral antihistaminic activity, but not anticholinergic 
activity, may have contributed to this partial antagonism 
(2). Most recently, p-chloroamphetamine hydrochloride 
has been shown to attenuate markedly the body temper- 
ature response to cobalt in this same species (approxi- 
mately 60% antagonism) (3). Although this compound has 
not been extensively studied in mice, it appeared possible 
that its well-known antiserotonin qualities may contribute 
to antagonism of the body temperature depression.. The 
present report describes the influence of various 5-hy- 
droxytryptaminergic agonists and antagonists on the 
body-temperature response to cobaltous chloride in 
mice. 

EXPERIMENTAL 

Male Swiss albino mice (20-30 g) were used in this investigation. The 
animals were housed in groups of 6-20 with a6 libitum access to food' 
and water for a t  least 3 days prior to use. The mice were kept in a draft- 
free room under constant-temperature conditions (23 * 1') and main- 
tained on a 12-hr light/dark cycle. All drugs were freshly prepared with 
distilled water in concentrations (calculated as the salt) such that a vol- 
ume of 0.01 ml/g was delivered. Methergoline was solubilized with dis- 
tilled water acidified to pH 3.8 with ascorbic acid. All injections were 
delivered by the intraperitoneal route. 

A thermistor thermometerZ was used for obtaining rectal temperature. 
Temperatures were recorded with a thermistor probe inserted 2.5 cm and 
held in position until constant readings were attained. 

At the beginning of each experiment the mice were placed in individual 
circular wire-mesh cages, and weights were obtained with a triple-beam 
balance3, after which initial temperatures were recorded and the treat- 
ment was administered. Temperatures were recorded again a t  various 
intervals. Control animals received distilled water (0.01 ml/g). T o  study 
the influence of various serotonergic agonist and antagonist agents on 
cobalt-induced hypothermia, pretreatment injections (water, p-chlo- 
roamphetamine HCI4, p-iodoamphetamine HC15, p-chlorophenylalanine 
methyl ester HC14, fluoxetine HC15, nisoxetine HCI5, cyproheptadine 
HCF, metherg~l ine~,  and xylamidine tosylate8) were given at specified 
intervals prior to recording the initial temperatures. 

Serotonin levels were recorded with a spectrophotofluorometel.9 ac- 
cording to the method of Curzon and Green (41, modified by Hyyppa et  
al. (5), with a standard curve relating relative fluorescence to serotonin 
concentration. 

T o  compare mean temperature changes (i.e., the difference between 
temperature immediately prior to and at the appropriate interval fol- 
lowing treatment), statistical significance was determined by use of 
Student's t test. Temperature differences were considered significant 
a t  the probability level of 5% or less. 

RESULTS 

Cobaltous chloride (25 mg/kg ip) was administered a t  the appropriate 
interval following pretreatment with p-chloroamphetamine, p-io- 
doamphetamine, and p-chlorophenylalanine in groups of a t  least eight 
animals; body temperatures were monitored for a 4-hr period. The results 
of this experiment are shown in Fig. 1. Pretreatment with a single daily 
dose of 100 mg/kg of p-chlorophenylalanine for 3 consecutive days prior 
to the intraperatoneal administration of cobaltous chloride resulted in 
a reduction in the intensity and duration of the body temperature re- 
sponse. This antagonism was similar, but of less magnitude, to that seem 
in the case of p-chloroamphetamine (10 kg/kg ip 1 hr prior to cobalt). 
p-Iodoamphetamine pretreatment (10 mg/kg ip 1 hr before cobalt) also 
antagonized cobalt hypothermia and was less potent than p-chloroam- 
phetamine. 

Whole-brain serotonin levels were determined 2 hr following admin- 
istration of p-chloroamphetamine and p-iodoamphetamine and 24 hr 
following the last of three single daily doses of 100 mg/kg of p-chloro- 
phenylalanine in mice. p-Chloroamphetamine and p-chlorophenylala- 
nine both significantly reduced whole-brain serotonin levels, while p- 
iodoamphetamine increased serotonin levels a t  the 2-hr interval (Table 
I). 

The influence of fluoxetine and nisoxetine on the ability of p-chlo- 
roamphetamine to antagonize cobalt body temperature depression is 
presented in Table 11. These uptake inhibitor agents both failed to modify 
the p-chloroamphetamine antagonism in doses known to reduce p- 
chloroamphetamine-induced serotonin depletion. 

The body-temperature response to cobaltous chloride (25 mg/kg ip) 
was monitored a t  various intervals following the administration of I 
mg/kg each of cyproheptadine, methergoline, and xylamidine. In every 
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Table I-Effect of Intraperitoneal p-Chloroamphetamine, p- 
Chlorophenylalanine, and p-Iodoamphetamine on Serotonin 
Concentration in Mice Brains 

Serotonin, pglg f S E a  
Drug Controls Treatedb Ch ange, 76 

p-Chloroamphetamine 0.6585 f 0.012 0.4413 f 0.015 -32.98 
p-Chlorophenylalanine 0.6612 f 0.025 0.5904 f 0.020 -10.71 
p-lodoamphetamine 0.6549 f 0.022 0.7208 f 0.021 +10.06 

Brains were removed from grou s of at least eight mice 2 hr following the in- 
jection of 10 mg/kg of chIoroampRetamine and piodoamphetnmine and 24 hr 
followin the third of ti;,, consecutive daily injections of 100 mghg of p-chloro- 
phenylafanine. Control animals received 0.01 ml/g bcdy weight of water instead 
of drug treatment. Compared with appropriate water-treated control, p < 
0.05. 

case, 5-hydroxytryptaminergic receptor-blocking agent pretreatment 
enhanced rather than antagonized body temperature depression (Table 
111). The ascorbic acid vehicle for solubilizing methergoline did not alter 
body temperature, nor did it influence the body temperature response 
to cobaltous chloride. 

DISCUSSION 
The nature of body temperature response to cobaltous chloride in mice 

at present is poorly understood. However, the recent observation that 
cobalt hypothermia could be antagonized in part by pretreatment with 
p-chloroamphetamine suggests a possible serotonergic involvement (3). 
For example, cobalt may have acted indirectly in the CNS to release se- 
rotonin from neuronal storage sites into the vicinity of postsynaptic se- 
rotonergic receptors involved in the regulation of body temperature. One 
problem, however, with the use of p-chloroamphetamine as a pharma- 
cological tool in the short term is its lack of specificity. For example, in 
addition to depletion of serotonin, this halogenated arylalkylamine has 
been shown to alter dopamine and norepinephrine synthesis in the rat 
(6). Thus, it is conceivable that other (nonserotonergic) mechanisms 
might also contribute to the development of hypothermia following the 
administration of cobaltous chloride. 

The influence of p-chloroamphetamine on serotonergic nerve function 
has been extensively studied in the rat. Pletscher et al. (7) first reported 
that this compound causes a marked reduction in brain concentrations 
of 5-HT and 5-hydroxyindoleacetic acid in this species. Several mecha- 
nisms have been proposed to explain the action of this agent at the cellular 
level. Of these mechanisms, the inhibition of the rate-limiting enzyme 
tryptophan hydroxylase might possibly account for the rapid depletion 
of serotonin by p-chloroamphetamine in the short term. p-Iodoamphe- 
tamine also has been reported to decrease serotonin synthesis through 
the inhibition of tryptophan hydroxylase (8). One of the most commonly 
employed tryptophan hydroxylase inhibitors is p-chlorophenylalanine 
(9). The present investigation has shown that all three tryptophan hy- 
droxylase inhibitors were capable of reducing the intensity and duration 
of cobalt hypothermia. These findings suggest that antagonism was ac- 
complished through serotonin depletion, perhaps through inhibition of 
the rate-limiting enzyme in the synthesis of serotonin. However, similar 
antagonism of cobalt-induced hypothermia with central or peripheral 
serotonin receptor-blocking agents could not be demonstrated. The latter 
observations do not support the suggestion that p-chloroamphetamine 
antagonism of cobalt hypothermia was mediated through an antisero- 
tonin influence. 
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Figure I-Time course of the effect of 0.01 mllg ip of distilled water 
(t ); 25 mglkg ip of cobaltous chloride (+): I0 mglkg ip of p-chlo- 
roamphetamine hydrochloride I hr prior to 25 mglkg ip of cobaltous 
chloride (+); three consecutive daily doses of 100 mglkg ip of p- 
chlorophenylalanine methyl ester hydrochloride 24 hr prior to 25 mglkg 
ip of cobaltous chloride ( +); I0 mglkg ip of p-iodoamphetamine I hr 
prior to 2$ mglkg ip of cobaltous chloride ( t ) on the rectal tempera- 
ture in mice. Water and cobaltous chloride were administered at time 
zero. Open symbols denote significant difference (p < 0.05) from cobalt 
treatment a t  the corresponding time interval. Each point represents 
the average of a t  least eight determinations. Vertical bars represent 
standard errors. 

Little information exists in the literature with respect to halogenated 
#amphetamine effects on serotonergic neuronal function in mice, partic- 
ularly in the case of p-iodoamphetamine. A previous study showed that 
p-chloroamphetamine causes depletion of serotonin from the brains of 
mice (3). In the present study we were unable to demonstrate a similar 
depletion with p-iodoamphetamine. In contrast, serotonin levels were 
significantly increased at the 2-hr interval following the intraperitoneal 
injection of p-iodoamphetamine. These observations suggest that 
mechanisms other than depletion of serotonin are involved in antagonism 
of cobalt-induced hypothermia by the halogenated arlalkylamines, p -  

Table 11-Interaction of Fluoxetine and Nisoxetine with p-Chloroamphetamine on the Body Temperature Response to Cobaltous 
Chloride in Mice 

Treatment 

Pretreatmenta 

Water Cobaltous Chloride 
Temperature Temperature 

Temperature O (Mean f S E )  Temperature O (Mean i SE) 
Initial Change O Initial Change O 

Water-Water 
Water-p-Chloroamphetmine 
Fluoxetine-Water 
Fluoxetine -p-Chloroamphetamine 
Nisoxetine-Water 
Nisoxetine-D-ChloroamDhetamine 

36.82 
37.04 
36.95 
36.74 
37.07 
37.03 

+0.10 f 0.09 . ~. ~ 

+0.04 f 0.13 
+0.29 f 0.21 
-0.07 f 0.14 
+0.03 f 0.27 
+0.01 f 0.27 

36.88 
36.82 
36.90 
36.89 
37.16 
36.97 

-4.38 f 0.24= 
-1.13 i 0.191 ~~ 

-4.79 f 0.47 
-1.29 f 0.281 
-4.62 f 0.40 
-0.73 f 0.51f 

0 Fluoxetine hydrochloride (10 mg/k ip), nisoxetine hydrochloride (10 mg/kg ip), or water (0.01 ml/ ip) were administered 2 hr prior top-chloroamphetamine hydro- 
chloride (10 mg/kg ip) or water (0.01 n& ip) to groups of 10 mice. b Intraperitoneal water (0.01 d g )  anf cobaltous chloride (25 mg/kg) treatments were given 1 hr following 
the final pretreatment injection. c Initial temperatures were recorded immediately prior to water or cobalt treatment. Temperature changes represent the difference 
between body temperature recorded initially and that obtained 30 min after treatment. Compared with water-water (pretreatment) water (treatment), p < 0.05. f Compared 
with water-water (pretreatment) cobalt (treatment), p < 0.05. 
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Table 111-Effect of Pretreatment  with 5-Hydroxytryptaminergic Receptor Blocking Agents on the Body Temperature  Response to 
Cobaltous Chloride in Mice 

~ 

Treatmentb _ .  . -. . . .  
Water Cobaltous Chloride 

Temperature Temperature 

Pretreatmento Temperature O C  (Mean f S E )  Temperature O C  (Mean f S E )  
Initial Change O d  Initial Change O 

Water 36.83 t0.13 f 0.09 36.96 -4.73 f 0.33e 
Methergolinef 36.83 t0.25 f 0.14 37.02 -6.12 f 0.47g 
Cy rohe tadine 37.28 +0.03 f 0.23 37.22 -5.97 f 0.48g 
XyPamaJne 36.85 +0.22 f 0.13 36.74 -5.56 f 0.34X 

0 Water (0.01 mug), methergoline (1 rng/kg), cyproheptadine hydrochloride (1 rnghg). and xylarnidine tosylate (1 mgflrg) were administered jntraperj@neally to groups 
of 10 animals. b Intra ritoneal water (0.01 ml/ ) and cobaltous chloride (25 mg/kg) treatments were given 4 hr following pretreatment injection. Initial temperatures 
were recorded imme&ly prior to water or cotalt treatment. d Temperature changes represent the difference between body temperature recorded initially and that 
obtained 30 min after treatment. e Compared with water-water (Pretreatment-Treatment), p < 0.05. f Methergoline was solubilized in distilled water acidified to pH 
3.8 with ascorbic acid. Compared with water-cobalt (Pretreatment-Treatment), p < 0.05. 

chloroamphetamine and p-iodoamphetamine. In  addition, the finding 
that uptake inhibitors (fluoxetine and nisoxetine) failed to modify hal- 
ogenated amphetamine reversal of cobalt hypothermia further supports 
an extraserotonergic role of these amines in their ability to antagonize 
body temperature depression by cobaltous chloride. 

The results presented in this report do not support the suggestion that 
cobaltous chloride hypothermia is mediated through the release of se- 
rotonin from intraneuronal storage sites. For example, the serotonin 
receptor-blocking agents, cyproheptadine, methergoline, and xylamidine, 
were incapable of attenuating the body temperature response. While it 
seems inviting to postulate an influence of cobalt on the neuronal storage 
of dopamine and/or norepinephrine, previous studies utilizing 6-hy- 
droxydopamine failed to reveal catecholaminergic involvement (2). It 
is likely that cobalt produces hypothermia through a mechanism or 
mechanisms which are a t  present undefined. 
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Abstract Because of previously reported drug interactions involving 
cimetidine and liver-metabolized drugs, the intravenous pharmacoki- 
netice of quinidine (25 mg/kg) and lidocaine (15 mg/'kg) were investigated 
in anesthetized rats pretreated with a single intraperitoneal dose of ci- 
metidine (60 mghcg) and compared with saline pretreated controls. 
Significant reductions of 35 and 23% in the respective total clearances 
of quinidine and lidocaine were observed in the presence of cimetidine. 
The quinidine volume of distribution was significantly decreased in the 
cimetidine-treated rats, while the lidocaine volume of distribution was 
not altered significantly. There was no significant change in the elimi- 

~ ~~ 

nation half-life for either drug in the presence of cimetidine. These results 
suggest cautious use of quinidine or lidocaine when cimetidine is pre- 
scribed concurrently. 

Keyphrases 0 Cimetidine-inhibition of lidocaine and quinidine 
clearances in the rat, kinetics Lidocaine-inhibition of clearance in 
the rat by cimetidine, kinetics Quinidine-inhibition of clearance in 
the rat by cimetidine, kinetics 0 Kinetics-of the inhibition of lidocaine 
and quinidine clearances in the rat by cimetidine 

Cimetidine, a histamine Hz-receptor antagonist, is 
prescribed widely for the therapy of peptic ulcers. Human 
pharmacokinetic studies have demonstrated that cimeti- 

dine in therapeutic doses impairs the elimination of drugs 
metabolized by cytochrome P-450-dependent pathways, 
such as antipyrine (l), theophylline (l), diazepam (2), 
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Table 111-Effect of Pretreatment  with 5-Hydroxytryptaminergic Receptor Blocking Agents on the Body Temperature  Response to 
Cobaltous Chloride in Mice 

~ 

Treatmentb _ .  . -. . . .  
Water Cobaltous Chloride 

Temperature Temperature 

Pretreatmento Temperature O C  (Mean f S E )  Temperature O C  (Mean f S E )  
Initial Change O d  Initial Change O 

Water 36.83 t0.13 f 0.09 36.96 -4.73 f 0.33e 
Methergolinef 36.83 t0.25 f 0.14 37.02 -6.12 f 0.47g 
Cy rohe tadine 37.28 +0.03 f 0.23 37.22 -5.97 f 0.48g 
XyPamaJne 36.85 +0.22 f 0.13 36.74 -5.56 f 0.34X 

0 Water (0.01 mug), methergoline (1 rng/kg), cyproheptadine hydrochloride (1 rnghg). and xylarnidine tosylate (1 mgflrg) were administered jntraperj@neally to groups 
of 10 animals. b Intra ritoneal water (0.01 ml/ ) and cobaltous chloride (25 mg/kg) treatments were given 4 hr following pretreatment injection. Initial temperatures 
were recorded imme&ly prior to water or cotalt treatment. d Temperature changes represent the difference between body temperature recorded initially and that 
obtained 30 min after treatment. e Compared with water-water (Pretreatment-Treatment), p < 0.05. f Methergoline was solubilized in distilled water acidified to pH 
3.8 with ascorbic acid. Compared with water-cobalt (Pretreatment-Treatment), p < 0.05. 

chloroamphetamine and p-iodoamphetamine. In  addition, the finding 
that uptake inhibitors (fluoxetine and nisoxetine) failed to modify hal- 
ogenated amphetamine reversal of cobalt hypothermia further supports 
an extraserotonergic role of these amines in their ability to antagonize 
body temperature depression by cobaltous chloride. 

The results presented in this report do not support the suggestion that 
cobaltous chloride hypothermia is mediated through the release of se- 
rotonin from intraneuronal storage sites. For example, the serotonin 
receptor-blocking agents, cyproheptadine, methergoline, and xylamidine, 
were incapable of attenuating the body temperature response. While it 
seems inviting to postulate an influence of cobalt on the neuronal storage 
of dopamine and/or norepinephrine, previous studies utilizing 6-hy- 
droxydopamine failed to reveal catecholaminergic involvement (2). It 
is likely that cobalt produces hypothermia through a mechanism or 
mechanisms which are a t  present undefined. 
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Abstract Because of previously reported drug interactions involving 
cimetidine and liver-metabolized drugs, the intravenous pharmacoki- 
netice of quinidine (25 mg/kg) and lidocaine (15 mg/'kg) were investigated 
in anesthetized rats pretreated with a single intraperitoneal dose of ci- 
metidine (60 mghcg) and compared with saline pretreated controls. 
Significant reductions of 35 and 23% in the respective total clearances 
of quinidine and lidocaine were observed in the presence of cimetidine. 
The quinidine volume of distribution was significantly decreased in the 
cimetidine-treated rats, while the lidocaine volume of distribution was 
not altered significantly. There was no significant change in the elimi- 
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nation half-life for either drug in the presence of cimetidine. These results 
suggest cautious use of quinidine or lidocaine when cimetidine is pre- 
scribed concurrently. 
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Cimetidine, a histamine Hz-receptor antagonist, is 
prescribed widely for the therapy of peptic ulcers. Human 
pharmacokinetic studies have demonstrated that cimeti- 

dine in therapeutic doses impairs the elimination of drugs 
metabolized by cytochrome P-450-dependent pathways, 
such as antipyrine (l), theophylline (l), diazepam (2), 
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Figure I-Plasma disappearance curves of quinidine in rats pretreated 
with cimetidine (A) or saline (0) intraperitoneally 30 min prior to the 
quinidine injection. Values are mean f SE with n = 4-5 a t  each 
point. 

chlordiazepoxide (3), propranolol (4), warfarin (5), and 
phenytoin (6). The clearances of drugs such as lorazepam 
and oxazepam, which are eliminated by glucuronidation, 
are unaffected by cimetidine (7). Studies using in uitro rat 
liver homogenates have revealed that cimetidine inhibits 
aminopyrine N-demethylation and benzo[a]pyrene hy- 
droxylation in a concentration-dependent manner (8). 
Similar results were found in homogenates obtained from 
human liver biopsies (9). Quinidine and lidocaine are two 
popular antiarrhythmic agents dependent on cytochrome 
P- 450 liver metabolism for inactivation (10). This present 
study investigates the effect of cimetidine on the phar- 
macokinetics of these drugs in the rat. 

EXPERIMENTAL 

Male Sprague-Dawley rats', weighing 220-250 g on the day of the 
study, were used. They were housed in groups of four in plastic cages over 
corn cob bedding in a well-ventilated room (24" f 0.5') with alternate 
12-hr periods of light and dark. Food* and water were provided ad  li- 
bitum. 

After being acclimated to their cages for a t  least 5 days, the rats were 
anesthetized with 1.7 g/kg of urethane, an anesthetic that does not inhibit 
drug metabolism (11) and which has been reported to maintain hepatic 
blood flow a t  a level equal to that of an awake animal (12). The right and 
left jugular veins were surgically exposed by superficial skin incisions 
above both clavicles, and either 60 mg/kg of cimetidine or 1 mVkg of saline 
was injected intraperitoneally. Thirty minutes after the injections, both 
groups of rats received either 15 mghg (free base) of lidocaine or 25 mghg 
(free base) of quinidine intravenously through the right jugular vein. 
Blood samples (0.4 ml) were taken at 10,20,30,40, and 50 min postin- 
jection (lidocaine) or at 0.5, 1,2,3,  and 4 hr postinjection (quinidine). 
Samples were obtained by needle puncture of the left jugular vein using 
heparinized tubeiculin syringes. Plasma lidocaine and quinidine con- 
centrations were measured by commercially available enzyme immu- 
noassay kits3, as described previously (13). 

The plasma disappearance of both drugs was treated as a one-com- 
partment model and considered to follow the exponential function C(t ) 
= Ae-XL where C(t)  is the plasma concentration at time t,  A is the time 
zero intercept, and X is the elimination rate constant. The elimination 
half-life was calculated by t 1 / 2  = 0.693/X, the volume of distribution by 
VD = dose/A, and the clearance by C L  = VDX. The parameters were 
calculated for each animal by least-squares analysis of a semilogarthmic 
plot of drug concentrations versus time. Statistical calculations were 
performed using the two-tailed Student's t test. 

' Charles River Breeding Laboratories, Wilmington, Mass. * Rodent Chow, Ralston Purina Inc., St. Louis, Mo. 
EMIT System, Syva Co.. Palo Alto, Calif. 
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Figure 2-Plasma disappearance curve9 of lidocaine in rats pretreated 
with cimetidine (A) or saline (0) intraperitoneally 30 min prior to the 
lidocaine injection. Values are mean f SE with n = 5-6 a t  each 
point. 

RESULTS AND DISCUSSION 

Figures I and 2 illustrate the respective average plasma disappearance 
curves for quinidine and lidocaine in cimetidine- and saline-pretreated 
rats; Table I shows the derived pharmacokinetic parameters. The ad- 
ministration of cimetidine caused a 35% reduction in quinidine clearance 
compared with.saline-treated rats (significant a t  the p < 0.05 level). 
Likewise, cimetidine produced a significant (23%) reduction in lidocaine 
clearance (p  < 0.05). There was a significant decrease in the quinidine 
volume of distribution in the cimetidine-treated rats (p < 0.05); however, 
the lidocaine volume of distribution was not significantly altered. There 
was no significant change in elimination half-life for either drug. 

These results demonstrate that cimetidine, in a single dose, will prolong 
the clearance of either quinidine or lidocaine in the rat. They are similar 
to the findings of Desmond et al. (14), in which a single dose of cimetidine 
significantly prolonged the half-life of aminopyrine in the rat. All of the 
human pharmacokinetic studies reported to date were done after multiple 
doses of cimetidine; however, Patwardhan et al. (15) reported a decreased 
clearance of chlordiazepoxide as early as 24 hr after treatment with ci- 
metidine, with recovery to baseline clearance 48 hr after discontinuing 
the cimetidine. Thus, it appears that a certain level of cimetidine is 
needed in the organism to manifest the inhibitory affect on drug me- 
tabolism. The exact mechanism by which cimetidine exerts its effect a t  
the enzyme level is not entirely certain. Both competitive and noncom- 
petitive inhibition of in vitro drug-metabolizing enzymes has been shown 
for various substrates (16). 

There has been speculation that Hz-receptor blockade may play a role 
in the observed depression of drug clearances. However, a recent report 
demonstrated that the new Hz-receptor antagonist ranitidine did not 
inhibit drug metabolism (16). This fact supports the concept that the 
imidazole structure of cimetidine is responsible for its inhibitory effects, 
since similar structures are known to depress drug metabolism (17); 
ranitidine has a furan ring structure. 

Table I-Effect of Cimetidine on the Pharmacokinetics of 
Quinidine and  Lidocaine 

Quinidine Treated 
Parameter Saline Pretreatment (5) Cimetidine Pretreatment (4) 

t 1/29 hr 2.53 f .25 
VD, literkg 4.68 f .21 
CL l i t e rh rkg  1.33 f .13 

3.09 f .26 
3.82 f .1gC 
0.86 f .04c 

Lidocaine* Treated 
Saline Pretreatment (5) Cimetidine Pretreatment (6) 

t 112, min 36.9 f 1.2 42.4 f 2.8 
VD literkg 2.45 f .13 2.17 f .07 
CL ml/min/kg 46.5 f 3.8 36.0 f 2. lC 

a Animals were pretreated with cimetidine 60 mgkg ip or saline and received 
the test drug 30 min later. Results are means f SEM with the number of animals 
in parentheses. Dosage levels were 25 and 15 mghg iv. respectively, for quinidine 
and lidocaine. C p < 0.05 versus saline-treated animals, two-tailed Student's t 
test. 
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Quinidine and lidocaine are drugs that have intermediate-to-high 
hepatic extraction ratios and metabolites formed by the hepatic mixed- 
function oxidase system (10). Therefore, their clearances should be de- 
pendent both on liver blood flow and drug-metabolizing enzyme activity 
(18). The most likely explanation for the decreased clearances observed 
in this study is inhibited drug metabolism; however, decreased liver blood 
flow may play a role since a single dose of cimetidine has been shown to 
reduce hepatic blood flow 25% in humans (4). Since quinidine and lido- 
caine are drugs with narrow therapeutic ranges, decreases in their 
clearances could potentially lead to drug accumulation with resultant 
toxicity. Evaluated blood levels of quinidine have been associated with 
cinchonism, arrhythmias, and syncope, while increased lidocaine levels 
have been linked to confusion, seizures, and respiratory arrest (10). 
Therefore, frequent measurement of quinidine and lidocaine serum levels 
are recommended when cimetidine is prescribed concurrently, pending 
human pharmacokinetic studies on these interactions. 
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Abstract 0 Acetaminophen-aluminum hydroxide interaction was in- 
vestigated in a crossover study using six rabbits. Blood samples were 
collected at various time intervals for up to 6 hr following the oral ad- 
ministration of acetaminophen alone or in combination with aluminum 
hydroxide. Aluminum hydroxide a t  a 40-mgAg dose did not appear to 
affect the rate and extent of acetaminophen absorption. The influence 
of aluminum hydroxide on gastric emptying could be compromised by 
gastric absorption of acetaminophen, resulting in a negligible effect on 
the overall bioavailability of acetaminophen. 
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tion-crossover study in rabbits, pharmacokinetics Aluminum hy- 
droxide-effect on rate and extent of acetaminophen absorption in 
rabbits 0 Pharmacokinetics-rate and extent of acetaminophen ab- 
sorption in rabbits with and without aluminum hydroxide administra- 
tion 

Retarded drug absorption in the presence of aluminum 
hydroxide has been demonstrated in animals and humans 
(I). This pharmacokinetic interaction probably results 
from a slowed gastric emptying (1). In uitro, aluminum ion 
inhibits the contractile response of human and rat gastric 
strips to acetylcholine (2). This effect is possibly due to the 
antagonization by aluminum of calcium influx into smooth 
muscle cells during depolarization, leading to  a delay in 
muscle contractions (3). 

Acetaminophen (weak acid, pK, 9.5) is a common, 
nonprescription, analgesic drug. It is not clear whether 

acetaminophen is completely free of damaging effects on 
the gastric mucosa, although minimal or no gastric struc- 
tural damage has been found to be induced by acetami- 
nophen in marked contrast to aspirin (4). Since acetami- 
nophen is believed to cause less damaging effects, it has 
replaced aspirin as the analgesic of choice in many situa- 
tions. However, acetaminophen is frequently used in 
combination with aspirin in nonprescription drugs (5), 
necessitating the use of antacids to avoid the gastric 
damage induced by aspirin, or perhaps acetaminophen. 
Table  I-Mean Plasma Acetaminophen Concentrations 
Following Ora l  Administrations of Acetaminophen Alone (100 
mg/kg) and in Combination with Aluminum Hydroxide (40 mg/ 
kp) to Rabbits 

Acetaminophen 
Time, Acetaminophen Plus Aluminum Hydroxide 

hr Mean” SEM Mean” SEM 

0.25 
0.50 
0.75 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 

35.77 
27.39 
23.53 
18.77 
11.54 
7.84 
4.74 
2.82 
1.77 
1.29 

2.38 
1.65 
2.05 
1.51 
1.16 
0.62 
0.60 
0.47 
0.28 
0.24 

31.37 
27.17 
22.89 
16.95 
11.06 
7.65 
4.65 
2.57 
1.81 
1.41 

3.15 
1.18 
1.79 
1.86 
1.40 
0.96 
0.62 
0.36 
0.26 
0.21 

Mean data of six rabbits. 
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Quinidine and lidocaine are drugs that have intermediate-to-high 
hepatic extraction ratios and metabolites formed by the hepatic mixed- 
function oxidase system (10). Therefore, their clearances should be de- 
pendent both on liver blood flow and drug-metabolizing enzyme activity 
(18). The most likely explanation for the decreased clearances observed 
in this study is inhibited drug metabolism; however, decreased liver blood 
flow may play a role since a single dose of cimetidine has been shown to 
reduce hepatic blood flow 25% in humans (4). Since quinidine and lido- 
caine are drugs with narrow therapeutic ranges, decreases in their 
clearances could potentially lead to drug accumulation with resultant 
toxicity. Evaluated blood levels of quinidine have been associated with 
cinchonism, arrhythmias, and syncope, while increased lidocaine levels 
have been linked to confusion, seizures, and respiratory arrest (10). 
Therefore, frequent measurement of quinidine and lidocaine serum levels 
are recommended when cimetidine is prescribed concurrently, pending 
human pharmacokinetic studies on these interactions. 
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Abstract 0 Acetaminophen-aluminum hydroxide interaction was in- 
vestigated in a crossover study using six rabbits. Blood samples were 
collected at various time intervals for up to 6 hr following the oral ad- 
ministration of acetaminophen alone or in combination with aluminum 
hydroxide. Aluminum hydroxide a t  a 40-mgAg dose did not appear to 
affect the rate and extent of acetaminophen absorption. The influence 
of aluminum hydroxide on gastric emptying could be compromised by 
gastric absorption of acetaminophen, resulting in a negligible effect on 
the overall bioavailability of acetaminophen. 
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tion-crossover study in rabbits, pharmacokinetics Aluminum hy- 
droxide-effect on rate and extent of acetaminophen absorption in 
rabbits 0 Pharmacokinetics-rate and extent of acetaminophen ab- 
sorption in rabbits with and without aluminum hydroxide administra- 
tion 

Retarded drug absorption in the presence of aluminum 
hydroxide has been demonstrated in animals and humans 
(I). This pharmacokinetic interaction probably results 
from a slowed gastric emptying (1). In uitro, aluminum ion 
inhibits the contractile response of human and rat gastric 
strips to acetylcholine (2). This effect is possibly due to the 
antagonization by aluminum of calcium influx into smooth 
muscle cells during depolarization, leading to  a delay in 
muscle contractions (3). 

Acetaminophen (weak acid, pK, 9.5) is a common, 
nonprescription, analgesic drug. It is not clear whether 

acetaminophen is completely free of damaging effects on 
the gastric mucosa, although minimal or no gastric struc- 
tural damage has been found to be induced by acetami- 
nophen in marked contrast to aspirin (4). Since acetami- 
nophen is believed to cause less damaging effects, it has 
replaced aspirin as the analgesic of choice in many situa- 
tions. However, acetaminophen is frequently used in 
combination with aspirin in nonprescription drugs (5), 
necessitating the use of antacids to avoid the gastric 
damage induced by aspirin, or perhaps acetaminophen. 
Table  I-Mean Plasma Acetaminophen Concentrations 
Following Ora l  Administrations of Acetaminophen Alone (100 
mg/kg) and in Combination with Aluminum Hydroxide (40 mg/ 
kp) to Rabbits 

Acetaminophen 
Time, Acetaminophen Plus Aluminum Hydroxide 

hr Mean” SEM Mean” SEM 

0.25 
0.50 
0.75 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 

35.77 
27.39 
23.53 
18.77 
11.54 
7.84 
4.74 
2.82 
1.77 
1.29 

2.38 
1.65 
2.05 
1.51 
1.16 
0.62 
0.60 
0.47 
0.28 
0.24 

31.37 
27.17 
22.89 
16.95 
11.06 
7.65 
4.65 
2.57 
1.81 
1.41 

3.15 
1.18 
1.79 
1.86 
1.40 
0.96 
0.62 
0.36 
0.26 
0.21 

Mean data of six rabbits. 
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Table 11-Distribution Parameter  (a), Elimination Parameter  (@), and AUC of Acetaminophen Following Treatments  with 
Acetaminophen Alone and in Combination with Aluminum Hydroxide 

Acetaminophen Alone 
AUC, 

Acetaminophen 
Plus Aluminum Hydroxide 

AUC. 

1 1.93 
2 3.06 
5 1.90 
6 1.27 
9 2.12 
12 1.55 

Meana 1.97 
SEM 0.25 

0.38 
0.38 
0.38 
0.31 
0.53 
0.26 
0.37 
0.04 

38.30 
51.99 
43.72 
55.45 
43.46 
39.20 
45.39 
2.83 

3.03 
2.50 
2.02 
1.83 
1.15 
1.77 
2.05 
0.27 

0.36 31.83 
0.29 42.44 
0.44 35.18 
0.40 55.80 
0.34 43.80 
0.54 50.53 
0.40 43.26 
0.04 3.68 

a Mean data of six rabbits. Statistical difference of the mean was tested by Student's paired t test, p > 0.8 for a, p > 0.75 for P ,  and p > 0.55 for AUC. 

The delayed absorption of salicylic acid from tablets buf- 
fered with aluminum hydroxide has been documented 
previously (6). A recent review of drug interactions with 
acetaminophen and aspirin was presented by Hayes (7). 
This study is undertaken to  verify the drug interaction 
between acetaminophen and aluminum hydroxide using 
the rabbit model. 

EXPERIMENTAL 

Materials-Acetaminophen' and aluminum hydroxide' were reagent 
grade and were used without further purification. Appropriate strengths 
of acetaminophen alone or in combination with aluminum hydroxide were 
prepared in warm deionized water (37") prior to oral administration to 
rabbits. 

Animal Studies-The validity of the rabbit model for drug absorption 
has been discussed in a previous publication (8). Six male New Zealand 
rabbits weighing 2.8-4.6 kg were studied in a crossover design, with a 
'--week washout period allowed between studies. Rabbits were fasted for 
38-42 hr prior to the experiment, but water was allowed ad libiturn. Food 
and water were withheld during the experiment. Acetaminophen (100 
mg/kg) alone or in comhination with aluminum hydroxide (40 mg/kg) 
was dissolved in 70 ml of warm deionized water and was Administered 
orally to the rabbit by intubation. The intubation line was flushed with 
30 ml of warm water to ensure complete delivery of the drugs to the 
stomach. Blood samples (0.5 ml each) were collected from the ear vein 
in beparinized tubes3 a t  0 (just before experiment), 0.25,O.S. 0.75, 1.0, 
1.5,2,3,4,5, and 6 hr. After centrifugation of the blood samples, plasma 
aliquots were obtained for analysis of acetaminophen content. 

Drug Assay-Plasma acetaminophen was assayed by a high-perfor- 
mance liquid chromatographic method (9). Vanillin4 was used as an in- 
ternal standard. The assay method provided a minimum detectable 
concentration of 0.5 pg/ml in plasma. However, since 0.2-1111 aliquots of 
plasma were the maximal volume available for analysis, the minimum 
detectable quantity was 0.1 pg. 

RESULTS AND DISCUSSION 

Acetaminophen, alone or in combination with aluminum hydroxide, 
was rapidly absorbed in rabbits, with the peak plasma concentration 
occurring within 15 min of drug administration. Mean plasma data ob- 
tained from the two crossover studies are presented in Table I. Following 
the administration of acetaminophen alone and in combination with 
aluminum hydroxide, similar plasma levels of acetaminophen were ob- 
served a t  corresponding time intervals for all the rabbits. Since plasma 
concentrations of acetaminophen appeared to decay biexponentially, data 
were fitted to a biexponential function using the NONLIN program (10). 
The distribution parameter ( a )  and the elimination parameter (8) thus 
obtained from the curve fitting are presented in Table 11. The mean pa- 
rameter values are not significantly different from each other ( p  > 0.8 
for a; p > 0.75 for p). The lack of difference in mean values of cy and 8 was 
expected, since aluminum hydroxide presumably affected drug absorp- 
tion but not the distribution and/or elimination. 

Aldrich Chemical Co., Milwaukee, Wis. * J. T. Baker Chemical Co.. Hayward, Calif. 
3 Vacutainers. 

Matheson Coleman and Bell Manufacturing Chemists, Norwood, Ohio. 

Values for area under the plasma concentration-time curve (AUC) 
were estimated according to the trapezoidal rule and the extrapolation 
method. Values for mean AUC were similar, 45.39 pg hr/ml for acet- 
aminophen alone and 43.26 gg hr/ml for acetaminophen in combination, 
indicating no significant difference in the extent of acetaminophen ah- 
sorption between the two treatments ( p  > 0.55). Since blood sampling 
was not carried out during the first 15 min after drug administration, it 
was not clear whether aluminum hydroxide affected the rate of acet- 
aminophen absorption. However, a drug interaction of this magnitude 
would be of minimal clinical significance if it indeed occurred. By the 
same token, since areas covering 0-15 min constituted <lo% of the total 
estimated areas, the effect of aluminum hydroxide, if indeed seen in the 
first 15 min, would not affect the overall bioavailability of acetaminophen. 
Therefore, it is to he concluded, based on these data, that aluminum 
hydroxide affected neither the rate nor the extent of acetaminophen 
absorption. 

Aluminum salts have been known to delay the absorption of various 
drugs in animals and in humans. In uitro experiments have demonstrated 
that aluminum ion antagonizes the contractile response of human and 
rat gastric strips to acetylcholine. Although in ui t ro  experiments dem- 
onstrating the antagonizing effect of aluminum ion have not been con- 
ducted in rabbits, a similar conclusion to that found for the human and 
rat would be drawn. At the 40-mg/kg dose used in this study, aluminum 
hydroxide did not appear to affect the rate and extent of acetaminophen 
absorption. This dose, on a weight basis, was approximately three times 
the therapeutic dose of the antacid used in humans. Acetaminophen is 
an acidic compound, a fact that  favors its absorption from the stomach 
according to the pH partition theory. Although the gastric emptying 
might be delayed in the presence of aluminum hydroxide, the effect could 
be compromised by the gastric absorption of acetaminophen. The acet- 
aminophen dose used in this study, 100 mg/kg, was approximately three 
times the recommended maximal daily dose for humans; whereas, the 
40-mglkg dose of aluminum hydroxide was similar to that used in a 
drug-antacid interaction study in humans (1 1). 

Hurwitz (1) proposed that only drug products in which absorption is 
not rate limited by dissolution are subject to a significant gastric emptying 
effect. Acetaminophen is in this category. To eliminate the dissolution 
factor, a solution of acetaminophen instead of solid dosage forms was used 
in this study. Therefore, any interaction found in this study was the ex- 
clusive effect of gastric emptying and gastric absorption of the interac- 
tank. Since acetaminophen is available as solid dosage forms for human 
use, direct extrapolation of rabbit data to the human situation is not 
deemed appropriate. However, it is felt that  any acetaminophen-alu- 
minum hydroxide interaction, if indeed one occurs in humans, will be of 
minimal clinical significance based on results of this study in rabbits. The 
proof awaits further investigation in humans. 
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Abstract 0 A novel synthesis of warfarin and phenolic warfarin me- 
tabolites is presented which results in higher yields than previous 
methods. 
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The oral anticoagulant warfarin [4-hydroxy-3-(l-phe- 
nyl-3-oxobutyl)-2H-l-benzopyran-2-one] (I) has found 
extensive clinical use in the treatment of such pathological 
conditions as thrombophlebitis, pulmonary emboli, and 
myocardial infarction (1). It  is also used widely as a ro- 
denticide to help control rat populations (2) and more re- 
cently has been used as a probe to investigate the multi- 
plicity and catalytic activity of microsomal and purified 
cytochrome P-450 preparations (3-7). Because of its 
clinical and pharmacological importance, considerable 
effort has been expended to develop analytical methods 
to quantitate both warfarin and its metabolites from bio- 
logical matrices (8-11). However, one of the impediments 
to progress in this area has been the lack of a high-yield 
synthetic procedure for these materials. Since mechanistic 
work in this laboratory on cytochrome P-450 required the 
synthesis and optical resolution of specifically deuterated 
warfarin analogues as substrates and multideuterated 
metabolites as GC-MS assay internal standards, the need 
for a reproducible, high-yield synthesis for these com- 
pounds was evident. 

Although successful synthetic routes to these materials 
are documented in the literature, the reported yields are 
poor to moderate at best (12). Warfarin has been synthe- 
sized by the Michael addition of 4-hydroxycoumarin to 
benzalacetone under a number of acid- or base-catalyzed 

R3 

I: Warfarin H H H 
11: Warfarin Ethyl Ether CzHs H H 

111: Cyclocoumarol CH, H H 
IV: 6-Hydroxywarfarin H OH H 

VI: 6-Hydroxycyclocoumarol CH, OH H 

- R2 - Rt - 

V: 7-Hydroxywarfarin H H OH 

VII: 7-Hydroxycyclocoumarol CH3 H OH 

conditions (13). Traditionally, the reaction has most often 
been run in water containing a catalytic amount of tri- 
ethylamine (-5 mole 96). Hermodson et al. (121, using es- 
sentially the same conditions, extended this synthesis to 
the phenolic metabolites of warfarin by condensing ben- 
zalacetone with the appropriately substituted 4-hy- 
droxycoumarin. Fasco et al. (14) followed a similar route, 
but to obtain a homogeneous system substituted dioxane 
as the solvent and piperidine as the catalyst. A further 
refinement was reported by Cook et al. (15) who, in their 
synthesis of 3'-bromowarfarin, heated a solution of rn- 
bromobenzalacetone and 4-hydroxycoumarin in pyridine 
at  reflux. However, rarely was the overall yield of warfarin 
or hydroxywarfarin >65%. In the case of 7-hydroxywar- 
farin, it was invariably much lower. 

RESULTS AND DISCUSSION 
Numerous attempts in this laboratory to improve previous yields by 

alternate reaction pathways failed. A new approach was conceived when 
it was found that warfarin was quantitatively converted to its ethyl ether 
(11) by refluxing in absolute ethanol. This observation suggested that in 
absolute ethanol, the acidity of 4-hydroxycoumarin might be sufficient 
to catalyze its condensation with benzalacetone to generate warfarin. 
Once formed. the reaction would be driven to completion by the subse- 
quent and essentially irreversible formation of the ethyl ether under these 
conditions. Initial experiments investigating this possibility proved 
successful. Complete removal of the ethanol, however, proved to be dif- 
ficult; therefore, methanol was substituted as the solvent, with equal 
success. This extended the necessary reaction time, presumably because 
of the lower reaction temperature; however, the lower temperature also 
allowed the relatively unstable starting material (4,7-dihydroxycoumarin) 
to be converted to the warfarin methyl ether (VII) in high yield. 

The reaction involved stirring an appropriate coumarin analogue with 
benzalacetone in refluxing methanol. After 4-24 hr, as determined by 
TLC, the corresponding methyl ether was obtained in high yield. The 
ether can be quantitatively converted back to the warfarin analogue by 
acid hydrolysis. Typically, overall yields are >70%, and often yields as 
high as 95% are obtained. This dramatic increase in reaction yields should 
significantly aid in the development of warfarin as a tool to probe meta- 
bolic pathways. 

EXPERIMENTAL' 
Warfarin [4-Hydroxy-3-(l-phenyl-3-oxobutyl)-ZH-l-benzopy- 

ran-%-one] (1)-4-Hydroxycoumarin (1.0 g, 0.0069 mole) was stirred 

1 Melting points were determined on a Thomas-Hoover melting point apparatus 
and are uncorrected. NMR spectra were recorded on a Varian EM-360A spec- 
trometer using tetramethylsilane as internal standard. 4-Hydroxycoumarin was 
purchased from the Aldrich Chemical Co., and benzalacetone was purchased from 
MCB Reagents. 4.6- and 4.7-Dihydroxycoumarin were gifts from Dr. Lawrence Low, 
University of Washin ton. TLC was pelformed on EM Reagents analytical silica 
gel chromatography pfates with flourescent indicator (no. 5539). All other solvents 
and reagents were of reagent purity. 
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nyl-3-oxobutyl)-2H-l-benzopyran-2-one] (I) has found 
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sentially the same conditions, extended this synthesis to 
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a t  reflux for 20 hr with benzalacetone (1.0 g, 0.0069 mole) in 50 ml of 
methanol. A t  this time, TLC (cyclohexane-ether, 1:l) indicated that all 
of the starting material had been converted to cyclocoumarol(II1). The 
solvent was removed under reduced pressure and the residue was dis- 
solved in 50 ml of acetone. An equal volume of 5 N HCI was added, and 
the solution was agitated in a 37' water bath for 4 hr or until TLC indi- 
cated complete hydrolysis to warfarin. Saturated aqueous NaCl(l0 ml) 
was added and the mixture was extracted three times with 50 ml of ether. 
The combined ether extracts were back-extracted three times with 20 
ml of 10% NaOH; the aqueous layer was filtered and reacidified to pH 
2 with 5 N HCI. The resulting precipitate was collected by filtration, 
triturated with ether, and dried. Recrystallization from acetone-water 
(13) gave 1.98 g (93% yield) of I, mp 159-161' [lit. (12) 161'1. The NMR 
(dimethyl sulfoxide-d,.j) was identical to that of authentic warfarin. 

6-Hydroxywarfarin [4,6-Dihydroxy-3-( 1-phenyl-3-oxobuty1)- 
2H- 1 - benzopyran-2-0nel (VI)-6-Hydroxywarfarin was synthesized 
following the aforementioned procedure using 4,&dihydroxycoumarin 
(0.5 g, 0.0028 mole) and benzalacetone (0.5 g, 0.0034 mole) in 30 ml of 
methanol. The product was recovered as described above and recrystal- 
lized horn acetone-chloroform (12) to give 0.83 g (91% yield) of VI, mp 
217-220' [lit. (12) 219-220'). 

7-Hydroxywarfarin [ 4,7-Dihydroxy-3-( I-phenyl-3-oxobuty1)- 
2H-I- benzopyran-%one] (VII)-7-Hydroxywarfarin was synthesized 
following the aforementioned procedure using 4,7-dihydroxycoumarin 
(0.2 g, 0.0011 mole) and benzalacetone (0.2 g, 0.0014 mole) in 20 ml of 
methanol. The product was recovered as described above and recrystal- 
lized from acetone-chloroform (12) to give 0.27 g (77% yield) of VII, mp 
206-209" [lit. (12) 208-210'1. 

REFERENCES 

(1) R. A. O'Reilly and P. M. Aggeler, Pharmacol. Reo., 22, 35 
(1970). 

(2) W. B. Jackson, P. J. Spear, and C. G. Wright, Pest Control, :]!I, 
13 (1971). 

(3) W. R. Porter, C. Wheeler, and W. F. Trager. Riochrm. Pharma- 
col., 30,3399 (1981). 

(4) M. d. Fasco, K. P. Vatsis, L. S. Kaminsky, and M. J. Coon. J.  Riol. 
Chem., 253,7813 (1978). 

(5) L. S. Kaminsky, M. J. Fasco, and F. P. Guengerich, J.  Rid. Chem., 
254,9657 (1979). 

(6) M. J. Fasco, L. J. Piper, and L. S. Kaminsky, Biochem. Phar- 
macol., 28,97 (1978). 

(7) L. R. Pohl, S. D. Nelson, W. R. Porter, W. F. Trager, M. J. Fasco, 
F. D. Baker, and J. W. Fenton 11, Riochem. Pharmacol., 25, 2153 
(1976). 

(8) W. N. Howald, E. D. Bush, W. F. Trager, R. A. O'Reilly, and C. 
H. Motley, Biomed. Mass Spectrom., 7,35 (1980). 

(9) M. J. Fasco, M. J. Cashin, and L. S. Kaminsky, J .  Liy. Chroma- 
togr., 2,565 (1979). 

(lo) A. M. Duffield, P. H. Duffield, D. J. Birkett, M. Kennedy, and 
D. N. Wade, Biomed Mass Spectrom., 6,209 (1979). 

(11) C. E. Cook, N. H. Ballentine, T. B. Seltzman, and C. R. Tallent, 
J .  Pharmacol. Exp. Ther., 210.391 (1979). 

(12) M. A. Hermodson, W. M. Barker;and L. P. Link, J. Med. Chem., 
14,167 (1971). 

(13) C. Schroeder, Ph.D. Thesis, University of Wisconsin, Madison, 
Wis. (1955). 

(14) M. J. Fasco, L. J. Piper, and L. S. Kaminsky, J. Chromatogr., 131, 
365 (1977). 

(15) C. E. Cook, R. Tallent, N. H. Ballentine, G. F. Taylor, and J. A. 
Kepler, J .  Label. Comp. Radiopharm., 16,623 (1979). 

ACKNOWLEDGMENTS 
This investigation was supported by the National Institutes of Health 

Grant IROlGM25136 (W.F.T.). 

Synthesis of 4-Substituted 
N - [  (Dimethylamino)methyl]benzamides: New Compounds 

N I L 0  ZANATTA and ROBERTO RITTNER *x 

Received November 23, 1981 from the Instituto de Quimica, Universidade de SBo Paulo, C.P. 20.780, SHo Paulo, Brazil. 
publication June 16,1982. 

Accepted for 
*Present address: Instituto de Quimica-UNICAMP, Caixa Postal 6154,13.100-Campinas-SHo Paulo, Brazil. 

Abstract Nine 4-substituted-N-[(dimethylamino)methyl]benzamides 
were obtained in high yield from the corresponding 4-substituted benzoic 
acids uia the corresponding benzamides. 
Keyphrases N-[(Dimethylamino)methyl]benzamides-4-substituted 
synthesis uia Mannich-Einhorn reaction 0 Amidomethylation reac- 
tion-synthesis of 4-substituted N-[(dimethylamino)methyl]benz- 
amides 

To investigate the possible relationship between elec- 
tronic structure and local anesthetic properties, simple 
model compounds were required. The 4-substituted 
N-((dimethylamino)methyl] benzamides' (I) were chosen 

II 

I 
Y = H,F,CI,Br,I,0CH3,CH3,N(CHI)I. 

Scheme I 

The key to the labeling of the 4-substituted amides (I) is in Table I. 

as models since they are closely related to the procaina- 
mides, which are widely used as local anesthetics (1). These 
compounds have the advantage of being readily available 
from the 4-substituted benzamides (11) in a single step, 
using the Mannich-Einhorn reaction (2, 3). The 4-sub- 
stituted benzamides (11) are either commercially available 
(4), or are readily prepared by conventional methods 
(5-9). 

This study reports the application of the Mannich- 
Einhorn reaction (Scheme I) to the synthesis of I, and 
discusses the preparation of the starting materials (11), 
which were not commercially available. 

EXPERIMENTALz 

4-Substituted N-[ (dimethylamino)methyl]benzamide (I) was prepared 
by refluxing a mixture of a 4-substituted benzamide (11) (0.071 mole), 
40% aqueous dimethylamine (17.4 ml; 0.142 mole), 35% aqueous form- 
aldehyde (12.2 ml; 0.142 mole), and water (15 ml) with stirring for 4 hr. 

Melting points were determined in a Kofler apparatus and are uncorrected. IR 
spectra were determined in a Perkin-Elmer 457A spectrophotometer. NMR spectra 
were obtained with a Varian T-60 spectrometer using tetramethylsilane as the in- 
ternal standard. Elemental analyses were performed at the Microanalysis Labo- 
ratories of the Instituto de Quimica-USP. SHo Paulo. 
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Table I-Physical Data  of 4-Substituted N-[(Dimethylamino)methyl]benzamides 

Compound Y 
Melting 
Point 

Yield“, 
% 

Molecular 
Formula 

Analysis, % 
Calc. Found 

10 H 59-60” 48 CioHi4NzO C 67.39 67.10 
H 7.92 8.06 
N 15.72 16.04 

Ib Fb - 86 CioHi3FN20 C 61.21 55.22 
H 6.68 6.33 
N 14.28 12.27 

Ic c1 82-83’ 82 CioHi3ClN20 C 56.47 56.16 
H 6.16 6.10 

Id Br 

Ie I 

If OCH3 

107-108” 83 

123-125” 90 

6 ~ 0 0  82 

88 

81 

41 

N 13.17 13.51 
C I O H I ~ B ~ N Z O  C 46.71 47.37 

H 5.10 5.04 
N 10.89 11.19 

CioHi3INzO C 39.49 39.34 
H 4.31 5.15 - _ _  
N 9.21 9.38 
C 63.44 63.09 
H 7.74 7.93 
N 13.45 13.72 

ci iHi6N20 C ’  68.72 68.43 
H 8.39 8.38 
N 14.57 14.51 

CizHigN30 C 65.13 64.83 
H 8.65 8.53 
N 18.99 i9.oi 

CioHi3N303 C 53.80 53.98 
H 5.87 5.89 
N 18.82 18.87 

~ 

O Yields were based on the benzamides (11). recrystallized from benzene-n-hexane. The oil did not crystallize. More accurate analytical data could not be ob- 
tained. 

Table I ISpectral  Data of 4-Substituted N-[(Dimethylamino)methyl]benzamides 

Compound Y 
IR, (nujol), 

v cm-1 
‘H-NMR (CDClA), 6 

H-2,6 H-3,5 N-H CH2 CHA Others 

Ia H 3340,1640,1600,795,6a5 7.84 7.46 6.88 4.26 2.40 
Ib F 3300,1650,1605,842 7.83 7.07 7.43 4.20 2.31 
Ic CI 3318,1640,1598,840 7.75 7.35 7.05 4.18 2.31 
Id Br 3310,1640,1590, a40 7.78 7.56 6.82 4.31 2.44 
Ie I 3300,1640,1590,827 7.90 7.58 6.86 4.32 2.46 

Ih N(CH3)2 3340,1628,1605,817 7.79 6.73 6.73 4.25 2.35 3.05 
Ii NO:! 3145,1670,1600,1512,1343,851 7.95 8.30 6.81 4.25 2.35 

OCH3 3372,1635,1605.1250, 1020,831 7.81 6.92 6.76 4.21 2.33 3.84 
Ig CH3 3300,1630,830 7.73 7.23 6.76 4.21 2.33 2.38 
If 

The cooled solution was poured into a saturated aqueous sodium car- 
bonate solution (50 ml), extracted with diethyl ether (3 X 30 ml), and 
dried over magnesium sulfate. The solvent was evaporated in uacuo, and 
the residue was recrystallized from benzene-petroleum ether to give a 
40-90% yield of product. 

DISCUSSION 

The syntheses of the starting materials (11) for the Mannich-Einhorn 
reaction, were carried out as described previously (5-9). Oxidation of 
4-anisaldehyde, 4-tolualdehyde, and 4-N-dimethylaminobenzaldehyde 
with an aqueous solution of silver nitrate-sodium hydroxide (10) gave 
the corresponding benzoic acids in yields of 40,53, and 81%, respectively. 
The alternative procedure using silver oxide-ammonium hydroxide (5) 
failed and led to an explosive mixture. The 4-flUOrO-, 4-bromo-, and 4- 
iodobenzoic acids were prepared as described previously (6-8) in yields 
of 86,52, and 5096, respectively, following the diazotization of 4-amino- 
benzoic acid. Benzoic, 4-chlorobenzoic, and 4-nitrobenzoic acids were 
commercial products. All 4-substituted benzoic acids were converted to 
the corresponding benzoyl chlorides using thionyl chloride and catalytic 
amounts of dimethylformarnide (11). The crude products were poured 
onto an excess of concentrated ammonium hydroxide (9) which led to 
the formation of the corresponding benzamides in yields of 7&8@?”. These 
4-substituted benzamides, when treated with 35% aqueous formaldehyde 
and 4oo/c aqueous dimethylamine gave the corresponding Mannich bases 
(I) (12), which were characterized by physical and spectral data (Tables 
I and 11. respectively). 
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COMMUNICA TIONS 

Estimating the Accumulation of Drugs 

Keyphrases 0 Drug accumulation-estimation during chronic dosing, 
theoretical versus empirical calculations 0 Accumulation ratios-impact 
of lag time, effect of dosing 

To the Editor: 
Several methods are available to estimate the accumu- 

lation (R) of drugs during chronic dosing. The following 
equations are the ones most commonly used: 

AUCk, AUCE., 
AUCL, AUCk, 

R1 = -- 

(Eq. 2) 

(Eq. 3) 

Cmin(ss) 

Cmin( 1) 
R 2  = 

R3 = 1/1 - e-br 

where AUCL, and AUCL, are the areas under the plasma 
concentration-time curves during a dosing interval and 
from time 0 to m following a single dose, and AUCg,is the 
area under the plasma concentration-time curves during 
a dosing interval at steady state. Cmin(1) and are the 
plasma concentrations immediately prior to the admin- 
istration of the second dose and any dose at steady state, 
respectively; and /3 and 7 are the elimination rate constant 
and dosing interval, respectively. 

Equations 1 and 2 can be determined empirically, 
whereas equation 3 is a theoretical calculation. If the 
pharmacological effect of the drug is a function of the 
plasma concentration, the R 1  values reflect the relevant 
accumulation, in that R1 is a simple ratio of the observed 
concentrations during a dosing interval after a dose at 
steady state divided by the observed concentrations during 
the dosing interval after the first dose. R 2  values would be 
expected to closely approximate the relevant accumulation 
ratio (R1) when k ,  is larger compared with p but diverge 
as k ,  approaches p, since the time of the maximum plasma 
concentration (C,,,) moves closer to the time of drug ad- 
ministration during multiple dosing (l), and this will result 
in differences in Cmin during multiple dosing. In general, 
the equation that uses /3 as the sole determinant of R ( R 3 )  
would be expected to deviate the most from R 1  and, in fact, 
only truly represents the accumulation during intravenous 
bolus administration. . 

Accumulation ratios (R) were estimated with a dosing 
interval equal to the half-life under known conditions using 
each of these equations with and without a lag time (tIag) 
prior to the onset of absorption. The results of these cal- 
culations are presented in Table I. R 1  is always larger than 
R 2  and Rs. As the absorption half-life increases and k,lP 
decreases these differences become more pronounced. In 
addition, when a lag time is incorporated the deviations 
among the three methods become more obvious. The 
reason for this deviation due to a lag time is displayed 
graphically in Fig. 1. Following the first dose, the lag time 
reduces the area during a dosing interval, whereas at  steady 
state the lag time does not affect the area during a dosing 
interval. 

Table I-Accumulation Ratios (R) Estimated by Various 
Commonly Used Methods with a Dosing Interval of 24 hr 

kalP 
Parameter 24 12 4 2 1.1 

t I.*. hr 0 2 0 2 0 2 0 2 0 2  
R;”’ 2.1 2.2 2.2 2.4 2.8 3.1 4.0 4.5 6.1 6 9  
Rz 2.0 2.0 2.0 2.0 2.1 2.2 2.7 2.8 3.7 4.0 
R3 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

’ ti12 k. = 1,2,6,12, and 21.8 hr; 1112 b = 24 hr; T = 24 hr. 

300 k 

TIME AFTER DOSE, hr 

Figure 1-Concentration-time profiles during a 24-hr dosing interoal 
following f irst  (-) and steady-state (- - -) doses when an  absorption ’ 
lag time occurs. T h e  area that affects the  prediction of accumulation 
is shaded. No area is lost a t  steady state, whereas the AUC from 24 to 
26 hr is lost after a single dose. 

R values simulated when the same ka/? ratios are em- 
ployed but the dosing interval (7) is altered are presented 
in Table 11. It is apparent that the dosing interval signifi- 
cantly influences the deviations from R1. Shorter dosing 
intervals cause greater deviations from the relevant ac- 
cumulation ratio (R1). 

A composite view shows that several factors including 
lag time, dosing interval, and the ratio of ka/@ can influence 
the predictive capacity of Eqs. 2 and 3 compared with the 
true accumulation ratio estimated by Eq. 1. Although the 
need to use Eqs. 2 and 3 with caution and under specific 
conditions has been recognized (2), the impact of lag time 
and the actual deviations observed under appropriate use 
has been generally overlooked (3,4). When one doses every 

Table 11-Accumulation Ratios (R) Estimated by Various 
Commonly Used Methods with a Dosing Interval of 12 or 48 hr a 

Parameter 24 

T ,  hr 12 48 12 48 12 48 12 48 12 48 
R1 3.8 1.4 4.3 1.4 7.1 1.5 11.6 1.8 19.8 2.4 
R2 3.4 1.3 3.5 1.3 4.6 1.3 6.8 1.4 10.8 1.7 
R3 3.4 1.3 3.4 1.3 3.4 1.3 3.4 1.3 3.4 1.3 

ha113 
12 4 2 1.1 

a tl /2 k. = 1, 3,6, 12, and 21.8 hr; t,/za = 24 hr. 
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half-life, as is generally accepted as optimum therapy from 
a pharmacokinetic point of view, deviations occur even 
when kalP is large. When the dosing interval is decreased 
the deviations become greater. When kaIP  approached 
unity, as would be expected from certain controlled-release 
dosage forms, the deviations become enormous. In addi- 
tion, it must be realized that although R2 more closely re- 
flects R1 values than does R3, it is not a predictive method, 
in that one must achieve steady state to determine Cmin(s), 
whereas R1 and R3 can be used predictively following a 
single dose. These variables must be kept in mind when 
one is attempting to anticipate or predict drug accumu- 
lation and consequent pharmacological effects from sin- 
gle-dose data. 

(1) J. H. Hull, J.  Clin. Pharmacol., 20,644 (1980). 
(2) M. Gibaldi and D. Perrier, in “Pharmacokinetics,” Dekker, New 

(3) D. J. Greenblatt, M. Divoll, J. S. Harmatz, D. S. MacLaughlin, and 

(4) P. J. Perry, B. Alexander, F. J. Dunner, R. D. Schoenwald, B. Pfohl, 

York, N.Y. 1975, p. 115. 

R. I. Shader, Clin. Pharrnacol. Ther., 30,475 (1981). 

and D. Miller, J. Clin. Psychopharrnacol., 2,114 (1982). 
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Fraction Unbound in Interstitial Fluid 

Keyphrases 0 Pharmacokineti-fraction unbound in interstitial fluid, 
relationship between binding in interstitial and vascular space 

~ 

To the Editor: 

The influence of protein binding of drugs on their 
pharmacological effect and pharmacokinetic disposition 
has been widely studied (1-3). However, most of the ex- 
perimental observations have involved the interaction of 
drugs with plasma or serum proteins and not extravascular 
proteins. The lack of useful, experimental observations in 
this area is a result of the difficulty in obtaining repre- 
sentative tissue samples and the inadequate methods for 
performing tissue-binding studies (4). A mathematical 
approach has been derived (5) for estimating the fraction 
unbound in the “tissue” space utilizing a calculated volume 
of distribution term and anticipating physiological spaces. 
However, this approach is limited and only provides a 
complex average fraction unbound located outside the 
vascular space. Therefore, alternative theoretical ap- 
proaches, as well as experimental methods need to be de- 
veloped. 

Nowhere is the role of plasma and tissue binding of 
greater interest than in the area of antibiotic therapy (6, 
7). In general, P-lactam antibiotics are restricted in their 
distribution to the vascular space and the interstitial fluids; 
they do not penetrate intracellularly. Attempts to study 
the tissue (interstitial) binding of these antibiotics have 
centered on the collection of fluid from tissue cages (€9, but 
the physiological character of the collected fluid has been 
questioned (9). The purpose of the present communication 

is to derive a theoretical relationship that relates the 
binding of a drug in the extravascular-extracellular or 
interstitial space to the binding in the vascular space. The 
original model on which this work is based was put forth 
by Oie et al. (10) and was recently used to describe the 
distribution of ceftriaxone (11). This theoretical rela- 
tionship is used to explain the lack of distributional 
changes occurring with ceftriaxone despite the dramatic 
changes in the fraction unbound in the plasma (11). 

The interaction of drugs with plasma proteins is usually 
described by the following Langmuir binding isotherm: 

2 nip*cu cBp  = i=l Kdi + CU 
where CBP is the plasma concentration of bound drug, m 
is the number of classes in binding sites, ni is the number 
of binding sites for the ith class of binding sites, P is the 
concentration of the binding protein located in the vascular 
space, C u  is the concentration of unbound drug, and Kdi 
is the equilibrium dissociation constant for the i th class 
of binding sites. 

The presence of plasma proteins (i.e., albumin) in the 
interstitial fluids has been well documented (12). If one 
assumes that the drug-protein interaction in the inter- 
stitial space is identical to the interaction in the vascular 
space (equivalent capacity and affinity constants), then 
a similar Langmuir relationship can be written for the in- 
terstitial binding: 

where CBE is the interstitial concentration of the bound 
drug and E is the concentration of binding protein in the 
interstitial space. 

Equation 1 can be rewritten to factor out the protein and 
unbound concentration to yield: 

For ease of manipulation, let a new parameter, S, replace 
the summation term: 

CBP = P * c u * s  (Eq. 4) 

Given the assumptions concerning equivalent binding 
proteins in the vascular and interstitial spaces, and the 
additional assumptions of: ( a )  equal unbound drug con- 
centration in both physiological spaces; ( b )  Kdi does not 
change at lower protein concentrations; (c) other rnecha- 
nisms of tissue distribution such as active transport, se- 
lective membrane permeability, and ion trapping are not 
present, then the S term for both CBP and CBE are equal, 
and a similar rearrangement and substitution can be 
written for CBE: 

CBE = E*Cu*S (Eq. 5) 

By definition, the fraction unbound in the plasma or 
vascular space (fp) may be written as: 

1 
1 + P*S 

cu = 
f P  = c u  + CBp 

A similar fraction unbound in the interstitial space ( f ~ )  
may be written as: 
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half-life, as is generally accepted as optimum therapy from 
a pharmacokinetic point of view, deviations occur even 
when kalP is large. When the dosing interval is decreased 
the deviations become greater. When kaIP  approached 
unity, as would be expected from certain controlled-release 
dosage forms, the deviations become enormous. In addi- 
tion, it must be realized that although R2 more closely re- 
flects R1 values than does R3, it is not a predictive method, 
in that one must achieve steady state to determine Cmin(s), 
whereas R1 and R3 can be used predictively following a 
single dose. These variables must be kept in mind when 
one is attempting to anticipate or predict drug accumu- 
lation and consequent pharmacological effects from sin- 
gle-dose data. 
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Fraction Unbound in Interstitial Fluid 

Keyphrases 0 Pharmacokineti-fraction unbound in interstitial fluid, 
relationship between binding in interstitial and vascular space 
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To the Editor: 

The influence of protein binding of drugs on their 
pharmacological effect and pharmacokinetic disposition 
has been widely studied (1-3). However, most of the ex- 
perimental observations have involved the interaction of 
drugs with plasma or serum proteins and not extravascular 
proteins. The lack of useful, experimental observations in 
this area is a result of the difficulty in obtaining repre- 
sentative tissue samples and the inadequate methods for 
performing tissue-binding studies (4). A mathematical 
approach has been derived (5) for estimating the fraction 
unbound in the “tissue” space utilizing a calculated volume 
of distribution term and anticipating physiological spaces. 
However, this approach is limited and only provides a 
complex average fraction unbound located outside the 
vascular space. Therefore, alternative theoretical ap- 
proaches, as well as experimental methods need to be de- 
veloped. 

Nowhere is the role of plasma and tissue binding of 
greater interest than in the area of antibiotic therapy (6, 
7). In general, P-lactam antibiotics are restricted in their 
distribution to the vascular space and the interstitial fluids; 
they do not penetrate intracellularly. Attempts to study 
the tissue (interstitial) binding of these antibiotics have 
centered on the collection of fluid from tissue cages (€9, but 
the physiological character of the collected fluid has been 
questioned (9). The purpose of the present communication 

is to derive a theoretical relationship that relates the 
binding of a drug in the extravascular-extracellular or 
interstitial space to the binding in the vascular space. The 
original model on which this work is based was put forth 
by Oie et al. (10) and was recently used to describe the 
distribution of ceftriaxone (11). This theoretical rela- 
tionship is used to explain the lack of distributional 
changes occurring with ceftriaxone despite the dramatic 
changes in the fraction unbound in the plasma (11). 

The interaction of drugs with plasma proteins is usually 
described by the following Langmuir binding isotherm: 

2 nip*cu cBp  = i=l Kdi + CU 
where CBP is the plasma concentration of bound drug, m 
is the number of classes in binding sites, ni is the number 
of binding sites for the ith class of binding sites, P is the 
concentration of the binding protein located in the vascular 
space, C u  is the concentration of unbound drug, and Kdi 
is the equilibrium dissociation constant for the i th class 
of binding sites. 

The presence of plasma proteins (i.e., albumin) in the 
interstitial fluids has been well documented (12). If one 
assumes that the drug-protein interaction in the inter- 
stitial space is identical to the interaction in the vascular 
space (equivalent capacity and affinity constants), then 
a similar Langmuir relationship can be written for the in- 
terstitial binding: 

where CBE is the interstitial concentration of the bound 
drug and E is the concentration of binding protein in the 
interstitial space. 

Equation 1 can be rewritten to factor out the protein and 
unbound concentration to yield: 

For ease of manipulation, let a new parameter, S, replace 
the summation term: 

CBP = P * c u * s  (Eq. 4) 

Given the assumptions concerning equivalent binding 
proteins in the vascular and interstitial spaces, and the 
additional assumptions of: ( a )  equal unbound drug con- 
centration in both physiological spaces; ( b )  Kdi does not 
change at lower protein concentrations; (c) other rnecha- 
nisms of tissue distribution such as active transport, se- 
lective membrane permeability, and ion trapping are not 
present, then the S term for both CBP and CBE are equal, 
and a similar rearrangement and substitution can be 
written for CBE: 

CBE = E*Cu*S (Eq. 5) 

By definition, the fraction unbound in the plasma or 
vascular space (fp) may be written as: 

1 
1 + P*S 

cu = 
f P  = c u  + CBp 

A similar fraction unbound in the interstitial space ( f ~ )  
may be written as: 
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1 One of the important implications for this theoretical 
observation lies in the distribution of drug mass. The 
pharmacokinetic parameter which best reflects shifts in 

at steady state calculated with reference to total drug levels 
(V:). As mentioned above, we have previously put forth 
a conceptual model or approach based on the work of 

(Eq- 7, f E = l + E * S  
One can rearrange Eq* 6 to obtain the Parameter in drug distribution is the apparent volume of distribution terms off p and P via: 

1 - f P  s=- 
P*fn (Eq. 8, - ir 

Gillette(l3) which relates V f  to drug binding and physi- 

modification of the original work: 
Substituting Eq* into Eq. 7, One can now write an ex- ological spaces (5 ) .  The following equation represents a 

pression for f E  in terms of f p ,  P, and E:  

(Eq. 9) 

Figure 1 illustrates the theoretical relationship between 
f p  and f E ,  when the ratio of protein concentration (E/P)  
is normal (0.32), less than normal (0.101, or greater than 
normal (0.64) (12). Two distinct trends are apparent from 
the data. As might be expected, decreasing or increasing 
the relative concentration of interstitial protein results in 
a larger or smaller fraction unbound in the interstitial 
space ( f E )  relative to the vascular space up).  A second 
trend is the observation that as f p  values <0.1 the rela- 
tionship between f E  and f p  becomes linear, irrespective of 
the value of E/P.  This fixed ratio of f E  to f p  can be ex- 
plained readily if one evaluates Eq. 9 as f p  approaches 
zero. 

In this case: 
P 

f E  = j j  * f P  

Therefore, for drugs that are highly bound, the ratio of 
their fraction unbound in the interstitial and vascular 
spaces ( f d f p )  is inversely related to the ratio of the con- 
centration of binding protein located in those physiological 
spaces (EIP). Furthermore, any increases in f p  will result 
in proportional changes in f E ,  such that the ratio of the two 
drugs ( f E / f p )  will remain relatively constant at f p  values 
<0.1. 

0.01 4 
0.01 0.03 0.06 0.1 0.3 0.6 1 

f P  
Figure 1-Interrelationship of fE and fp as defined by Eq.  9; inset 
numbers refer t o  E/P ualues. 

where Vp and V E  are the physiological volumes of the 
plasma and interstitial spaces, respectively. 

Table I illustrates the influence of the ratio of the frac- 
tions unbound ( f d f p )  on V: as f p  increases. In agreement 
with the observed ceftriaxone data (where f p  increased 
from 0.03 to O . l ) ,  the change in V f  is very small. Therefore, 
for this particular system under the stated conditions, one 
should expect no substantial shift in drug mass out of the 
vascular compartment as a result of an increase in f p .  

The stable nature of V L  is contrasted by the large 
changes that occur in the parameter V g  (Table I). The V g  
parameter can be derived experimentally from the analysis 
of the unbound concentration uersus time profile (11) and 
has been theoretically described by the following equa- 
tion: 

As f p  and f E  increase, V g  decreases strikingly. These 
dramatic changes in V: do not reflect any changes in the 
distributional space. They merely reflect the substantial 
shift in the ratio of unbound concentration in the plasma 
to the amount of drug in the body ( i e . ,  dose). The utility 
of V g  is described elsewhere (11). 

In conclusion, we have presented a conceptually useful 
equation which describes the fraction unbound in the in- 
terstitial space and provides a theoretical explanation for 
the observed behavior of the apparent volume of distri- 
bution for ceftriaxone. The equation was developed for 

Table I-Influence of Increasing f p  Values and Various Ratios 
of E / P  on Vz and V z  as Calculated by Eqs. 9,11, and 12 a 

f P  EIP 
V: mVkg 

0.10 0.32 0.64 

0.001 
0.005 

59.2 96.5 147. 
69.8 97.0 148. 

0.01 
0.05 
0.1 
0.5 
1.0 

f P  

60.5 97.6 148. 
66.7 102. 151. 
74.3 108. 154. 

136. 154. 180. 
212. 212. 212. 

V,U literkg 
EIP 0.10 0.32 0.64 

0.001 
0.005 
0.01 
0.05 
0.1 
0.5 
1.0 

59.2 96.6 147. 
12.0 19.4 30.2 
6.05 9.76 15.1 
1.33 2.04 3.08 
0.75 1.08 1.57 
0.27 0.31 0.36 
0.21 0.21 0.21 

0 Vp = 42 rnllkg; VE = 170 rnlkg. 
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antibiotics, but may have wider application. However, this 
application must be preceded by an appreciation (and if 
possible the testing) of the underlying assumptions of this 
relationship. The major assumption remains that the only 
binding that occurs outside the vascular space is to plasma 
proteins located there, and that the binding constants re- 
main the same. 
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Creatinine XII: Comparison of Assays of 
Low Serum Creatinine Levels Using 
High-Performance Liquid Chromatography and 
Two Picrate Methods 

Keyphrases Creatinine-assay in serum using HPLC, automated 
picrate method, modified picrate method, comparison of methods 
High-performance liquid chromatography-creatinine assay in serum, 
comparison with two picrate methods 

To the Editor: 

Endogenous creatinine has been commonly employed 
to estimate the glomerular filtration rate for the study of 
renal function or for modifying dosages in patients with 
renal impairment (1-5). Clinically, the automated picrate 
method’, based on a complex color reaction between cre- 

~ 

’ Auto Analyzer SMA 6/60. Technicon Instruments. Tarrytown, N.Y. 

atinine and picrate in the alkaline medium, is probably 
most widely used to assay creatinine in plasma or serum 
(6-10). This method, however, is known to be nonspecific 
due to potential interferences by endogenous and/or ex- 
ogenous substances, and often results in an overestimate 
of “true” creatinine levels (7-9). I t  appears that to date 
most of assay comparisons between this method and the 
more specific high-performance liquid chromatographic 
(HPLC) method were carried out in samples containing 
higher levels (such as >0.8 mg%) of creatinine (10, 11). 
Since lower levels are often found in patients, it would 
seem important to evaluate potential discrepancies using 
low-level samples. The modified picrate method of Yat- 
zidis (12, 13) was also chosen for the present evaluation, 
since it has been reported to be highly specific. 

A total of 30 random serum samples from patients de- 
termined by the automated picrate method in a clinical 
laboratory2 and found to contain less than 0.8 mg% of 
creatinine, were employed in the study. The HLPC 
method (14) used in the present study is a slight modifi- 
cation of the method developed earlier in our laboratory 
(3). Briefly, the method involved the deproteinization of 
0.1 ml of serum with 0.25 ml of acetonitrile. After vortexing 
and centrifugation, 50 pl of the supernatant was injected 
directly into the cation-exchange column3. The recovery 
in the above sample preparation is essentially 100% (3). 
The mobile phase with a flow rate of 3 ml/min contained 
0.035 M monobasic ammonium phosphate adjusted to pH 
4.8 with 0.01 N NaOH. The creatinine was monitored at 
254 nm using a fixed wavelength detector4 with a sensi- 
tivity setting of 0.005 AUFS. The retention time for cre- 
atinine was about 4.5 min. The present assay has a detec- 
tion limit of 0.05 mg% (based on a signal/noise ratio of 3.0), 
and has a coefficient of variation for both interassay and 
intraassay between 1.2 and 3.0%. No interferences were 
found in the present and earlier (14) studies with samples 
obtained from patients or volunteers. It should be noted 
that the variable wavelength UV detector (without a noise 
damper) used in our earlier studies (3,lO) was much less 
sensitive; it had a larger base-line noise even at  a previously 
used sensitivity setting of O.05 AUFS. Duplicate analyses 
were performed using both the I-IPLC method and the 
Yatzidis method. 

The results of the serum creatinine measured by the 
above three methods are summarized in Table I. The au- 
tomated method overestimated serum creatinine by an 
average of 15.2% with a -16.7 to 66.7% range when com- 
pared with the HPLC method. Although the mean over- 
estimation found in the present study is similar to the 
previous study (14.5% n = 30) using samples with gener- 
ally much higher serum levels ( lo) ,  it is of interest to  note 
(Table I) that for two samples the overestimations were 
>50%, and for eight samples the results were essentially 
identical. The above results suggest that the amount and 
nature of interfering substances may vary considerably 
with individuals. 

The overestimations of serum creatinine by the modified 
picrate method were much higher with an average of 55.2% 
(ranging from -58.3 to 168%). In the previous report (lo), 
a similar modified method (15) was found to overestimate 

* University of Illinois Hospital, Chicago, 111. 
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antibiotics, but may have wider application. However, this 
application must be preceded by an appreciation (and if 
possible the testing) of the underlying assumptions of this 
relationship. The major assumption remains that the only 
binding that occurs outside the vascular space is to plasma 
proteins located there, and that the binding constants re- 
main the same. 
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Creatinine XII: Comparison of Assays of 
Low Serum Creatinine Levels Using 
High-Performance Liquid Chromatography and 
Two Picrate Methods 

Keyphrases Creatinine-assay in serum using HPLC, automated 
picrate method, modified picrate method, comparison of methods 
High-performance liquid chromatography-creatinine assay in serum, 
comparison with two picrate methods 

To the Editor: 

Endogenous creatinine has been commonly employed 
to estimate the glomerular filtration rate for the study of 
renal function or for modifying dosages in patients with 
renal impairment (1-5). Clinically, the automated picrate 
method’, based on a complex color reaction between cre- 

~ 

’ Auto Analyzer SMA 6/60. Technicon Instruments. Tarrytown, N.Y. 

atinine and picrate in the alkaline medium, is probably 
most widely used to assay creatinine in plasma or serum 
(6-10). This method, however, is known to be nonspecific 
due to potential interferences by endogenous and/or ex- 
ogenous substances, and often results in an overestimate 
of “true” creatinine levels (7-9). I t  appears that to date 
most of assay comparisons between this method and the 
more specific high-performance liquid chromatographic 
(HPLC) method were carried out in samples containing 
higher levels (such as >0.8 mg%) of creatinine (10, 11). 
Since lower levels are often found in patients, it would 
seem important to evaluate potential discrepancies using 
low-level samples. The modified picrate method of Yat- 
zidis (12, 13) was also chosen for the present evaluation, 
since it has been reported to be highly specific. 

A total of 30 random serum samples from patients de- 
termined by the automated picrate method in a clinical 
laboratory2 and found to contain less than 0.8 mg% of 
creatinine, were employed in the study. The HLPC 
method (14) used in the present study is a slight modifi- 
cation of the method developed earlier in our laboratory 
(3). Briefly, the method involved the deproteinization of 
0.1 ml of serum with 0.25 ml of acetonitrile. After vortexing 
and centrifugation, 50 pl of the supernatant was injected 
directly into the cation-exchange column3. The recovery 
in the above sample preparation is essentially 100% (3). 
The mobile phase with a flow rate of 3 ml/min contained 
0.035 M monobasic ammonium phosphate adjusted to pH 
4.8 with 0.01 N NaOH. The creatinine was monitored at 
254 nm using a fixed wavelength detector4 with a sensi- 
tivity setting of 0.005 AUFS. The retention time for cre- 
atinine was about 4.5 min. The present assay has a detec- 
tion limit of 0.05 mg% (based on a signal/noise ratio of 3.0), 
and has a coefficient of variation for both interassay and 
intraassay between 1.2 and 3.0%. No interferences were 
found in the present and earlier (14) studies with samples 
obtained from patients or volunteers. It should be noted 
that the variable wavelength UV detector (without a noise 
damper) used in our earlier studies (3,lO) was much less 
sensitive; it had a larger base-line noise even at  a previously 
used sensitivity setting of O.05 AUFS. Duplicate analyses 
were performed using both the I-IPLC method and the 
Yatzidis method. 

The results of the serum creatinine measured by the 
above three methods are summarized in Table I. The au- 
tomated method overestimated serum creatinine by an 
average of 15.2% with a -16.7 to 66.7% range when com- 
pared with the HPLC method. Although the mean over- 
estimation found in the present study is similar to the 
previous study (14.5% n = 30) using samples with gener- 
ally much higher serum levels ( lo) ,  it is of interest to  note 
(Table I) that for two samples the overestimations were 
>50%, and for eight samples the results were essentially 
identical. The above results suggest that the amount and 
nature of interfering substances may vary considerably 
with individuals. 

The overestimations of serum creatinine by the modified 
picrate method were much higher with an average of 55.2% 
(ranging from -58.3 to 168%). In the previous report (lo), 
a similar modified method (15) was found to overestimate 
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Table I-Comparison of Serum Creatinine Levels Using Three 
Different Methods 

Automated Modified 

HPLC, Methodo, from Method, from 
Picrate Deviation Picrate Deviation 

m F  mg% HPLC, % mg% HPLC,% 
- - 0.44 0.5 13.6 

0.42 0.5 19.0 0.72 71.4 .. 

0.4i 0.5 22.0 0.65 58.5 
0.52 0.5 -3.8 0.75 44.2 
0.59 0.5 -15.3 0.98 66.1 
0.48 0.5 4.2 0.89 85.4 
0.60 0.5 -16.7 0.88 46.7 
0.47 0.5 6.4 0.80 70.2 
0.57 0.6 5.3 0.91 59.6 
0.47 0.6 27.7 0.95 102.1 
0.48 0.6 25.0 0.83 72.9 
0.48 0.6 25.0 0.20 -58.3 -.- 

0.51 0.6 
0.56 0.6 
0.55 0.6 

~~ ~ _ _  . 
17.6 0.86 68.6 
7.1 0.87 55.4 
9.1 1.26 129.1 

0.38 0.6 57.9 1.02 168.0 
0.52 0.6 15.4 0.90 73.1 . .  

0.62 0.6 
0.61 0.6 
0.49 0.6 

-3.2 0.54 - 12.9 
-1.6 0.84 37.7 
22.4 0.86 75.5 

0.64 0.7 9.4 0.92 43.8 
0.62 0.7 12.9 1.11 79.0 . .~ 

0.51 0.7 
0.61 0.7 
0.61 0.7 

37.3 1.10 115.7 
14.8 0.88 44.3 
14.8 0.46 -24.6 

0.66 0.7 6.1 0.84 27.3 
0.42 0.7 66.7 0.71 69.0 
0.67 0.8 
0.68 0.8 
0.67 0.8 

i9.4 1.05 56.7 
17.6 0.71 4.4 
19.4 0.49 -26.9 

Mean 15.2 55.2 
fSD f17.5 f47.2 

a Only one significant figure was provided for concentrations <1.0 mg% by the 
printout of the instrument. 

by an average of 32% in serum samples with a wider range 
of creatinine levels (0.62-18.5 mg% based on the HPLC 
method). However, for samples (n  = 3) with serum levels 
in the range of 0.6-0.7 mg% (10) the mean overestimation 
was 88.2%. Thus, both of the modified picrate methods (12, 
13, 15) resulted in consistently much higher creatinine 
values. The reason for the apparent discrepancy between 
their claimed specificity (12,15) and the present as well as 
the previous (10, 16) findings remains to be investi- 
gated. 

The results of the present study indicate that one should 
be cautious in using the automated and modified picrate 
methods for creatinine determinations. Since the HPLC 
method is generally considered to be more specific (31, its 
use should be preferred when accurate determinations are 
required. 

It has been recently reported that creatinine might be 
extensively secreted and reabsorbed by renal tubules in 
both humans (17,181 and animals (18,19), and there might 
also be a significant nonrenal elimination in normal hu- 
mans (19, 20) and normal rabbits (19). The full implica- 
tions of these findings in the use of creatinine remain to be 
explored. 
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Crystalline Anhydrous-Hydrate Phase 
Changes of Caffeine and Theophylline in 
Solvent-Water Mixtures 

Keyphrases Phase changes-in crystals, anhydrous to hydrate, caf- 
feine, theophylline, solubility studies 0 Caffeine-crystalline phase 
changes, anhydrous to hydrate, solubility studies 0 Theophylline- 
crystalline phase changes, anhydrous to hydrates solubility studies 

T o  the Editor: 
The extended Hildebrand solubility approach (1-3) was 

recently developed and evaluated for calculation of solu- 
bilities in solvent-water systems that are not adequately 
described by the regular solution theory (4). The approach 
is based on regression analysis of solubility data to calcu- 
late solute-activity coefficients as a function of the solu- 
bility parameter of the solvent mixture. 

A problem exists with several of the solutes used in the 
evaluation of the extended Hildebrand approach crys- 
talline anhydrous-hydrate phase transformation as the 
water content of the solvent mixture is changed. In the dry 
solvent it is clear that only a nonhydrated (anhydrous or 
solvated) form can be present at equilibrium (5); but in 
aqueous solvent mixtures the equilibrium form may be 
anhydrous solvated or hydrated crystals. This was recently 
demonstrated for cholesterol in water-glyceryl-l-mo- 
nooctanoate solutions (6). The transition between anhy- 
drous and monohydrate forms occurred at  5% water (37”) 
and was temperature dependent. In this system the max- 
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Table I-Comparison of Serum Creatinine Levels Using Three 
Different Methods 

Automated Modified 

HPLC, Methodo, from Method, from 
Picrate Deviation Picrate Deviation 

m F  mg% HPLC, % mg% HPLC,% 
- - 0.44 0.5 13.6 

0.42 0.5 19.0 0.72 71.4 .. 

0.4i 0.5 22.0 0.65 58.5 
0.52 0.5 -3.8 0.75 44.2 
0.59 0.5 -15.3 0.98 66.1 
0.48 0.5 4.2 0.89 85.4 
0.60 0.5 -16.7 0.88 46.7 
0.47 0.5 6.4 0.80 70.2 
0.57 0.6 5.3 0.91 59.6 
0.47 0.6 27.7 0.95 102.1 
0.48 0.6 25.0 0.83 72.9 
0.48 0.6 25.0 0.20 -58.3 -.- 

0.51 0.6 
0.56 0.6 
0.55 0.6 

~~ ~ _ _  . 
17.6 0.86 68.6 
7.1 0.87 55.4 
9.1 1.26 129.1 

0.38 0.6 57.9 1.02 168.0 
0.52 0.6 15.4 0.90 73.1 . .  

0.62 0.6 
0.61 0.6 
0.49 0.6 

-3.2 0.54 - 12.9 
-1.6 0.84 37.7 
22.4 0.86 75.5 

0.64 0.7 9.4 0.92 43.8 
0.62 0.7 12.9 1.11 79.0 . .~ 

0.51 0.7 
0.61 0.7 
0.61 0.7 

37.3 1.10 115.7 
14.8 0.88 44.3 
14.8 0.46 -24.6 

0.66 0.7 6.1 0.84 27.3 
0.42 0.7 66.7 0.71 69.0 
0.67 0.8 
0.68 0.8 
0.67 0.8 

i9.4 1.05 56.7 
17.6 0.71 4.4 
19.4 0.49 -26.9 

Mean 15.2 55.2 
fSD f17.5 f47.2 

a Only one significant figure was provided for concentrations <1.0 mg% by the 
printout of the instrument. 

by an average of 32% in serum samples with a wider range 
of creatinine levels (0.62-18.5 mg% based on the HPLC 
method). However, for samples (n  = 3) with serum levels 
in the range of 0.6-0.7 mg% (10) the mean overestimation 
was 88.2%. Thus, both of the modified picrate methods (12, 
13, 15) resulted in consistently much higher creatinine 
values. The reason for the apparent discrepancy between 
their claimed specificity (12,15) and the present as well as 
the previous (10, 16) findings remains to be investi- 
gated. 

The results of the present study indicate that one should 
be cautious in using the automated and modified picrate 
methods for creatinine determinations. Since the HPLC 
method is generally considered to be more specific (31, its 
use should be preferred when accurate determinations are 
required. 

It has been recently reported that creatinine might be 
extensively secreted and reabsorbed by renal tubules in 
both humans (17,181 and animals (18,19), and there might 
also be a significant nonrenal elimination in normal hu- 
mans (19, 20) and normal rabbits (19). The full implica- 
tions of these findings in the use of creatinine remain to be 
explored. 
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Crystalline Anhydrous-Hydrate Phase 
Changes of Caffeine and Theophylline in 
Solvent-Water Mixtures 

Keyphrases Phase changes-in crystals, anhydrous to hydrate, caf- 
feine, theophylline, solubility studies 0 Caffeine-crystalline phase 
changes, anhydrous to hydrate, solubility studies 0 Theophylline- 
crystalline phase changes, anhydrous to hydrates solubility studies 

T o  the Editor: 
The extended Hildebrand solubility approach (1-3) was 

recently developed and evaluated for calculation of solu- 
bilities in solvent-water systems that are not adequately 
described by the regular solution theory (4). The approach 
is based on regression analysis of solubility data to calcu- 
late solute-activity coefficients as a function of the solu- 
bility parameter of the solvent mixture. 

A problem exists with several of the solutes used in the 
evaluation of the extended Hildebrand approach crys- 
talline anhydrous-hydrate phase transformation as the 
water content of the solvent mixture is changed. In the dry 
solvent it is clear that only a nonhydrated (anhydrous or 
solvated) form can be present at equilibrium (5); but in 
aqueous solvent mixtures the equilibrium form may be 
anhydrous solvated or hydrated crystals. This was recently 
demonstrated for cholesterol in water-glyceryl-l-mo- 
nooctanoate solutions (6). The transition between anhy- 
drous and monohydrate forms occurred at  5% water (37”) 
and was temperature dependent. In this system the max- 
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imum cholesterol solubility coincided with the anhy- 
drous-hydrate crystalline phase change. 

The water content at  which a given compound has the 
potential to convert to its hydrate is not predictable. A 
metastable form may remain supersaturated for long pe- 
riods, particularly if the degree of supersaturation is not 
large. In addition, little is known about the effects of such 
crystal changes on solubility profiles in mixed solvents. 
Based on these and other considerations discussed below, 
compounds subject to such phase changes are not appro- 
priate for modeling by the extended Hildebrand approach. 
Caffeine, theophylline, and theobromine all form hydrates, 
although they have been used as model compounds for 
evaluation of the extended Hildebrand approach (1-3). 
The purpose of this communication is to point out that 
knowledge of the crystal phase present at equilibrium is 
essential for the study of solubility. Furthermore it is 
especially important to identify the solid phase at  equi- 
librium in mixed solvents. 

To illustrate these points we examined the solid phases 
present when caffeine or theophylline were equilibrated 
a t  25" in 0-50% water-dioxane solutions for 3-5 days'. 
These conditions were similar to those employed previ- 
ously (1,2). To avoid compositional bias, separate samples 
were equilibrated which contained either the anhydrous 
or monohydrate forms. At equilibrium the solid phases 
were filtered, dried under ambient conditions, and ana- 
lyzed by differential scanning calorimetry (DS02 .  The 
hydrates were prepared by aqueous recrystallization and 
found to be monohydrates using Karl Fischer titrimetry3. 
At ambient conditions the hydrates were stable for at least 
24 hr with respect to dehydration (7), and the anhydrous 
forms did not react with atmospheric moisture to form the 
hydrates. For some samples, solubilities were measured 
spectrophotometrically after 0.2-pm membrane filtrationd. 
When heated in the DSC at 10°/min, the presence of water 
crystallization was verified by the broad dehydration en- 
dotherm centered at  about 80" (caffeine) and 90" (theo- 
phylline). In these experiments the heat of dehydration 
was not measured and, thus, samples with the hydrate 
peak could also contain some anhydrous material. The 
solubilities were consistent with the previously reported 
data (1-3) except as described below. 

For theophylline systems above -5% water, the hydrate 
was always present a t  equilibrium. Below this concentra- 
tion the anhydrous form was isolated. These findings were 
independent of the solid form initially added to the sol- 
vent, indicating that equilibrium was achieved with the 
more stable form. With a few exceptions, samples of caf- 
feine equilibrated with 1040% water, however, remained 
in the crystal form initially added. This apparent resis- 
tance to nucleation and crystallization of caffeine mono- 
hydrate led to significant differences in solubility. For 
example, at  50% water the solubilities were 71 mg/ml 
(hydrate) and 86 mg/ml (anhydrous). As the solvent water 
content decreased the solubilities became more similar [49 
mg/ml (hydrate) uersus 51 mg/ml (anhydrous)]. This be- 
havior may explain the irregularity of the reported solu- 
bility profile in water-dioxane (3). With 0-570 water, 
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3 Auto-aauatrator. Precision Scientific Co 
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samples initially prepared with hydrate were found to be 
anhydrous at  equilibrium. There was no correlation be- 
tween maximum solubility [at -3O-50% water (3)] and the 
crystal form change (at 5-1096 water) in these systems. 
This is probably related to the extensive self-association 
of caffeine in water (8). 

The regular solution theory (4) was developed to de- 
scribe the solubility of molecular crystals, i .e. ,  single 
component substances. For solubility calculations the heat 
(or entropy) of fusion and the melting point of the solute 
are required. In the previous work these constants were 
obtained for the anhydrous forms by DSC (1-3). Since the 
equilibrium crystal form was most often the hydrate, these 
values should not have been used for calculation of solu- 
bility. The different calorimetric heats of solution (25O) 
in water for anhydrous caffeine (3.4 kcal/mole) and the 
hydrate (5.0 kcal/mole) show that the forms have quite 
different crystal energies (8). Further work will be required 
to develop the appropriate equations and physical con- 
stants for solubility modeling of hydrated (or solvated) 
crystalline compounds. 
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Pharmacokinetic Absorption Plots from Oral 
Data Alone or Oral/Intravenous Data and An 
Exact Loo-Riegelman Equation 

Keyphrases 0 Deconvolution-amount absorbed as a function of time 
for all common disposition models; amount of drug in peripheral com- 
partments of mammillary model from measurement in central com- 
partment Wagner-Nelson equation-drug absorption 0 Loo-Riegel- 
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To the  Editor: 
The purposes of this Communication are: (a )  to give 

exact absorption equations when drug disposition is de- 
scribed by one, two, or three exponential terms; ( b )  when 
disposition is described by two exponential terms to show 
that one of the new absorption equations is an exact 
Loo-Riegelman equation and simpler and easier to use 
than the latter; and ( c )  to describe and illustrate use of the 
equations in a preliminary manner only. 

The models to be considered are shown as models I, 11, 
and I11 below. 
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imum cholesterol solubility coincided with the anhy- 
drous-hydrate crystalline phase change. 

The water content at  which a given compound has the 
potential to convert to its hydrate is not predictable. A 
metastable form may remain supersaturated for long pe- 
riods, particularly if the degree of supersaturation is not 
large. In addition, little is known about the effects of such 
crystal changes on solubility profiles in mixed solvents. 
Based on these and other considerations discussed below, 
compounds subject to such phase changes are not appro- 
priate for modeling by the extended Hildebrand approach. 
Caffeine, theophylline, and theobromine all form hydrates, 
although they have been used as model compounds for 
evaluation of the extended Hildebrand approach (1-3). 
The purpose of this communication is to point out that 
knowledge of the crystal phase present at equilibrium is 
essential for the study of solubility. Furthermore it is 
especially important to identify the solid phase at  equi- 
librium in mixed solvents. 

To illustrate these points we examined the solid phases 
present when caffeine or theophylline were equilibrated 
a t  25" in 0-50% water-dioxane solutions for 3-5 days'. 
These conditions were similar to those employed previ- 
ously (1,2). To avoid compositional bias, separate samples 
were equilibrated which contained either the anhydrous 
or monohydrate forms. At equilibrium the solid phases 
were filtered, dried under ambient conditions, and ana- 
lyzed by differential scanning calorimetry (DS02 .  The 
hydrates were prepared by aqueous recrystallization and 
found to be monohydrates using Karl Fischer titrimetry3. 
At ambient conditions the hydrates were stable for at least 
24 hr with respect to dehydration (7), and the anhydrous 
forms did not react with atmospheric moisture to form the 
hydrates. For some samples, solubilities were measured 
spectrophotometrically after 0.2-pm membrane filtrationd. 
When heated in the DSC at 10°/min, the presence of water 
crystallization was verified by the broad dehydration en- 
dotherm centered at  about 80" (caffeine) and 90" (theo- 
phylline). In these experiments the heat of dehydration 
was not measured and, thus, samples with the hydrate 
peak could also contain some anhydrous material. The 
solubilities were consistent with the previously reported 
data (1-3) except as described below. 

For theophylline systems above -5% water, the hydrate 
was always present a t  equilibrium. Below this concentra- 
tion the anhydrous form was isolated. These findings were 
independent of the solid form initially added to the sol- 
vent, indicating that equilibrium was achieved with the 
more stable form. With a few exceptions, samples of caf- 
feine equilibrated with 1040% water, however, remained 
in the crystal form initially added. This apparent resis- 
tance to nucleation and crystallization of caffeine mono- 
hydrate led to significant differences in solubility. For 
example, at  50% water the solubilities were 71 mg/ml 
(hydrate) and 86 mg/ml (anhydrous). As the solvent water 
content decreased the solubilities became more similar [49 
mg/ml (hydrate) uersus 51 mg/ml (anhydrous)]. This be- 
havior may explain the irregularity of the reported solu- 
bility profile in water-dioxane (3). With 0-570 water, 

Vibromixer E l ,  Chemapec Inc. * DSC-lB, Perkin-Elmer. 
3 Auto-aauatrator. Precision Scientific Co 

Alpha Metricel, Gelman 

samples initially prepared with hydrate were found to be 
anhydrous at  equilibrium. There was no correlation be- 
tween maximum solubility [at -3O-50% water (3)] and the 
crystal form change (at 5-1096 water) in these systems. 
This is probably related to the extensive self-association 
of caffeine in water (8). 

The regular solution theory (4) was developed to de- 
scribe the solubility of molecular crystals, i .e. ,  single 
component substances. For solubility calculations the heat 
(or entropy) of fusion and the melting point of the solute 
are required. In the previous work these constants were 
obtained for the anhydrous forms by DSC (1-3). Since the 
equilibrium crystal form was most often the hydrate, these 
values should not have been used for calculation of solu- 
bility. The different calorimetric heats of solution (25O) 
in water for anhydrous caffeine (3.4 kcal/mole) and the 
hydrate (5.0 kcal/mole) show that the forms have quite 
different crystal energies (8). Further work will be required 
to develop the appropriate equations and physical con- 
stants for solubility modeling of hydrated (or solvated) 
crystalline compounds. 
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Model I Model I1 
Input 

I 

U 

Model I11 

The bolus intravenous (disposition) equations corre- 
sponding to models 1-111 are given as Eqs. 1-3, respec- 
tively. 

Model I: C = Cle-Azf (Eq. 1) 

Model 11: C = Cle-A1c + C2e-A2c ( X I  < A,) (Eq. 2 )  

Model 111: 
(Eq. 3) 

In Eqs. 1-3, C is the plasma (serum or whole blood) con- 
centration of unchanged drug at  time t ,  A, is the slope of 
the least-squares line when y = In C and x = t ,  and Ci and 
Xi  are coefficients and exponents obtained by nonlinear 
least-squares fitting of C,t data. If the drug is administered 
by infusion and appropriate polyexponential functions 
fitted to the pre- and/or postinfusion C,t data, then the 
coefficients can be converted to those corresponding to a 
bolus intravenous injection as described by Wagner (1). 
There are 3 two-compartment disposition models (2) and 
model I1 is one of these. There are 21 three-compartment 
disposition models (3a, 4) and model 111 is one of these. The 
parameters k12, k21, and kel of model I are estimated from 
the C1, C2, hl, and X 2  of eq. 2 and the dose administered 
(3b). The parameters k12, k21, k13, k31, and k,l of model I11 
are estimated from C1, C2,  Cs, X I ,  Xz, and A3 of Eq. 3 and 
the dose (5). In using the absorption equations given below 
it is extremely important to derive the microscopic rate 
constants for models I to 111, which have central com- 
partment input and elimination, and not for one of the 
other possible models whose disposition is also described 
by eqs. 2 and 3. Erroneous absorption data would be ob- 
tained if one used microscopic rate constants, derived for 
one of the other two- or three-compartment disposition 
models, with the absorption equations given below. 
However, Vaughan and Dennis ( 6 )  and Wagner (3c) have 
shown that the Loo-Riegelman equations (7) is model 
independent, and for similar reasons, the new absorption 
equations are also model independent, providing input is 

C = Cle-A1c + Cze-Azt + C3e-X3c 
( X i  < A2 < X3) 

into the central compartment. (But elimination need not 
be from the central compartment.) It is also assumed that 
the central compartment is the one sampled. Thus, if oral 
data were generated from one of the two- or three-com- 
partment disposition models other than model I1 or 111, 
and one derived the parameters of model I or I11 and used 
these in the absorption equations below, one would obtain 
the correct input data as has been shown formerly by 
Wagner (312) for the Loo-Riegelman equation. 

The equations giving the amount absorbed per unit 
volume are: 

Model I: T 
& = C T + A ~ J  V Cdt 

(Eq. 4) 

AT 
VP 

Model 11: - = CT + kel c d t  

AT 
VP 

Model 111: - = CT + k,l J T  Cdt + k12e-k21T 

In Eqs. 4-6, AT is the amount of drug absorbed between 
time zero (time of administration) and the blood sampling 
time, T (0 I T 5 t ) ,  after a single dose of drug, t is clock 
time, V is the volume of the compartment of model I, V ,  
is the volume of the central compartment of models I1 and 
111, CT (or C )  is the plasma (serum or whole blood) con- 
centrations of unchanged drug at time T ,  and the XZ and 
subscripted k parameters are first-order rate constants. 
Equation 4 is the Wagner-Nelson equation (8), and Eqs. 
5 and 6 are new as written. Equation 5 is derived in the 
Appendix and Eq. 6 may be derived in a similar manner. 
The Loo-Riegelman equation provides approximate 
ATIV, data for model 11, since it assumes a linear segment 
between any two C,t points where the differences are AC 
and A t .  Equations 7 and 8 are the long form of the Loo- 
Riegelman equation in the symbolism of this article. 

Equation 5 is an exact Loo-Riegelman equation. The third 
term on the right-hand side of Eq. 5 is an exact equation 
for ( A 2 / V p ) ~  and replaces the entire right-hand side of Eq. 
8. In Eqs. 7 and 8 ( A ~ ) T , ,  is the amount of drug in the pe- 
ripheral compartment of model I1 at time Tn, and ( A ~ ) T , , - ~  
is the amount a t  the previous sampling time Tn-l .  Simi- 
larly Eq. 6 is an exact equation for model 111, and the last 
two terms of the right-hand side give the amounts of drug 
in the peripheral compartments 2 and 3 of model I11 di- 
vided by the volume V,, i.e.,  ( A 2 / V p ) ~  and ( A 3 / V p ) ~ .  
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When estimating AT/V or AT/V,  with Eqs. 4 to 6, the 
areas ( i .e . ,  integrals) may be determined by segmenting 
each area into trapezoids using the regular trapezoidal rule 
when concentrations are increasing or remaining constant 
and the logarithmic trapezoidal rule when the concentra- 
tions are decreasing (9). 

The apparent fraction of drug absorbed to time T ,  Fa,  
is given as: 

(Eq. 9) 

where A d V ,  is the asymptotic value of AT/VP and is given 
as: 

" P  JU 

When using Eq. 4 it is usually preferable to obtain A J V ,  
by averaging the values of the right side of Eq. 4 for those 
points used to estimate the apparent elimination rate 
constant, Xz (3d). When using Eqs. 5, 6, 9, and 10 the 
subscripted k parameters would be obtained from intra- 
venous data, and the remainder of the variables in the 
equations would be obtained from extravascular data. 

The differential forms of Eqs. 4-6 are shown as: 
Model I: 

Model 11: 

Model 111: 

have been defined formerly. Equation 11 has been derived 
formerly (8,3e). Equations 12 and 13 in different form were 
derived by a deconvolution technique (10, 11) (see Ap- 
pendix) .  Use of Eqs. 11-13 requires an estimate of the 
derivative ( d C / d t ) T  at each sampling time 7'; such esti- 
mates may be obtained by fitting C,t  data with a cubic 
spline function as described by Pedersen (10,ll) or a spline 
and Akima method as described by Wagner (30. Equations 
5-8, 12, and 13 require prior intravenous data for appli- 
cation. Equations 4 and 11 may be applied to extravascular 
data without intravenous data, and such application is 
appropriate when bolus intravenous data are fitted well 
to Eq. 1 as is sometimes the case (12-15). A special appli- 
cation of Eqs. 4 and 9 when input obeys zero-order kinetics 
will be the subject of a subsequent article. 

Oral and intravenous data were simulated using Model 
I1 with first-order input and parameter values of k lz  = 1.5 
hr-l, k ~ 1  = 0.5 hr-l, k e l =  0.5 hr-l, It, = 4 hr-1, V ,  = 10 
liters, FD,, = 1000 mg. These parameters with Model I1 
gave XI = 0.15669 hr-' and X2 = 2.3933 hr-l. Equation 14 
corresponds to Eq. 2 for this simulation. The simulated 

(Eq. 14) Ci, = 17.2675e-0.104361 + 82.7325e-2.3956t 

oral data were given by: KiT = v ($)T + VXzCT (Eq' 11) CT = 17.7301e-0.10436T + 206.2640e-2.3956T 
- 223.9941e-4T (Eq. 15) 

For this example the actual Fa values, shown in the last 

(Es. 16) 
Table I lists the sampling times, T ,  the CT values ob- 

component parts of Eq. 5 in columns 3-8. Note that a 
number in column 8 is the product of the numbers in the 

tained with Eq. 15, and the stepwise calculation of the 

same row of columns 6 and 7 and that a number in column 

4, and 8. Numbers in columns 3 and 6 were obtained by 

(s)T = (kl2 + k e l ) V p C T  + v 
T column of Table I, are given as: 

Fa = 1 - e-kaT = [I - e-47'1 
- k12k21e-kzlTVp SO C e k W t  (Eq. 12) 

(Y, = (k12 + k13 i- kel)VpCT i- V 

(Eq. 13) 9 is the sum of the numbers in the same row of columns 2, 

* In Eqs. 11-13, (dA/d t )T  is the rate of absorption at  the 
specific time T ,  (dCldt)T is the rate of change of drug 
concentration with respect to time at T, and other symbols 

Table  I-Simulation Example 

applying a combination of the regular and logarithmic 
trapezoidal rules (see text) to the numbers in columns 2 
and 5, respectively, and the time values in column 1. 

Components of EQ. 5 

0 0 0 '  0 0 0 0 
0.05 17.23 0.43 0.22 17.67 0.44 1.46 
0.1 29.72 1.60 0.80 31.24 1.66 1.39 
0.2 44.46 5.31 2.66 49.14 5.68 1.36 

0 0 0 0 
0.64 
2.31 
7.12 

18.09 0.181 0.181 
32.83 0.328 0.330 
54R4 0.547 nS51 - _ _  - -.-. . -.--_ . ._ 

0.3 50.25 10.05 5.03 58.38 11.06 1.29 14.27 69.55 0.694 0.699 
0.4 50.90 15.11 7.56 62.17 17.09 1.23 21.02 79.48 0.793 0.798 
0.5 47.78 20.09 10.05 62.63 23.33 1.17 27.30 86.13 0.860 0.865 
0.6 45.33 24.79 12.40 61.19 29.52 1.11 32.77 90.50 0.903 0.909 
0.75 39.45 31.14 15.57 57.40 38.41 1.03 39.56 94.58 0.944 0.950 . ._. 

1 30.67 39.86 19.93 50.57 51.89 0.910 47.22 97.82 0.976 0.982 
1.5 20.28 52.42 26.21 42.93 75.21 0.758 57 01 102 50 1 on n qws .. 

2 16.03 61.46 30.73 43.57 96 84 ll 5.59 _ _  _ _  - 
3 13.12 75.98 37.99 58.80 148.02 0.335 
4 11.69 88.37 44.19 86.38 220.61 0.203 

53.46 
49.59 

-"-.I" -.I-. I 
100.22 1.00 0.9997 
100.70 1.00 1 .oo 

44.78 100.66 1.00 1 .oo 
6 9.48 109.47 54.74 190.41 497.40 0.0747 37.16 101.38 1.01 1.00 

12  5.07 151.74 75.87 2045.38 7204.77 0.00372 26.80 107.74 1.08 1.00 
18 2.71 174.35 87.18 21959.36 9774.89 0.000 185 1.81 91.70 0.92 1.00 
0 A combination of the regular and logarithmic trapezoidal rules (see text) was used to estimate these integrals using data in the adjacent columns and the time values. 

Estimation of AUC 0 - m by the usual method (ref. 3g) directly from the T,Cr data gave AUC 0 - m = 200.33 pg hr/ml. hence AJV,  = L.l(AUC 0 - m )  = (0.5)(200.33) 
= 100.2 pg/ml. and this value was used to calculate the P. values using Eq. 9. 
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Table I1 compares the Fa values estimated by the new 
Eq. 5 and Eq. 9 with those calculated by the long form of 
the Loo-Riegelman equation (Eqs. 7 and 8) and Eq. 9. For 
this example with error-free data the accuracy of the two 
methods are essentially identical as the percent errors in 
Table I1 indicate. In using Eqs. 5 and 6 one must be careful 
to carry enough decimal places since at  the hi her time 

by a very small number ( k l ~ e - ~ 2 1 ~ ) .  Care must be taken 
also to estimate the asymptote A J V ,  correctly with Eq. 
10 and not average terminal ATIV, values as done in ap- 
plication of the Wagner-Nelson method. 

If absorption is first order then one can obtain an esti- 
mate of the absorption rate constant, k,, by applying the 
method described by Wagner and Ayres (16). With refer- 
ence to Table I1 one performs linear least-squares regres- 
sion using the x = AFa (second column of Table 11) and y 
= Fa (column 3); i .e.,  the x y  pairs for this example are: 
0.219, 0.328; 0.147, 0.547; 0.099, 0.694; 0.067, 0.793; and 
0.043,0.860. For this example the equally spaced At = 0.1 
hr. The equation of such a line is: 

values one is multiplying a very large number (JOCekzl tdt)  F 

intercept abscissa 

For the above data set the intercept was 0.994 (instead of 
the theoretical 1.00) and the slope was -3.0368. 

k, = = 3.99 hr-l At 0.1 
(Eq. 18) 

where the known value was 4.0 hr-1. 

article will be published subsequently. 
More extensive applications of the equations in this 

APPENDIX 

Derivation of Ea. 5-Let D = the dose, and. at  some 

Table 11-Comparison of Results with Eqs. 5 and 9 versus Eqs. 
7-9 

Time, Fn 7% Error in Fn 
hr AF, Eqs.5,9 Eqs.7-9 Eqs. 5,9  Eqs. 7-9 

0.05 0.181 0.181 0 0 
0.1 0.328 0.328 -0.61 -0.61 

0.219 
0.2 0.547 0.547 -0.54 -0.54 

0.147 . ~~ 

0.3 0.694 0.694 -0.72 -0.72 

0.4 0.793 0.792 -0.63 -0.75 
0.099 

0.067 
0.5 0.860 0.859 -0.58 -0.69 

0.6 0.903 0.903 -0.66 -0.66 
0.75 0.944 0.944 -0.63 -0.63 

0.043 

1 
1.5 
2 
3 

. .~ 

0.976 0.977 -0.61 -0.51 
1.03 0.999 MeanTF2 -7IR 
1.00 1.00 
1-00 1.01 

4 1.00 1.00 8 

6 
12 
18 

1.01 1.00 
1.08 1.00 
0.92 1.00 

The differential equation for the peripheral compart- 
ment of model I1 is: 

-- d A 2  - klaVpCl  - k21A2 
d t  

Rearrangement of Eq. 25 and multiplication of both 
sides by ek21t gives: 

But Eq. 26 may be written as: 

(Eq. 27) 

Integrating Eq. 27 between the limits t = 0 and t = T 

A2ek21T = k12Vp Clek21tdt (Eq. 28) 

d(A2ek21 t )  = h 12VpClek21t 
dt 

yields: 
T 

time T let A ,  = the amount of drug remaining at  the ab- 
sorption site, AT = the amount absorbed, A1 = amount in 
the central compartment of model 11, A2 = the amount in 
the peripheral compartment, and A ,  = the amount of drug 
which has been eliminated by metabolism and excretion. 
Then mass balances give: 

hence 
T 

A2 = k12e-k21TV, J Clek2Wt (Eq. 29) 

Substituting for A l ,  A2, and A ,  from Eqs. 22.29, and 24, 
respectively, into Eq. 21, followed by dividing by V ,  

AT = A1 + A2 + A ,  (Eq. 30)- 
Equation 30 is the same as Equation 5, since C1 of Eq. 

30 is equivalent to CT or C of Eq. 5 and e-k21T and ek21t of 
Eq. 30 are equivalent to e+lT and ek21t, respectively, of 
Eq. 5. 

Derivation of Eq. 12-To convert Eq. 67 of Veng- 
Pedersen (10) to Eq. 12, one must use the equalities shown 

Now: 

A1 = VpC1 (Eq* 22) 

The clearance equation for model I1 is: 

(Eq. 23) below: -- d$ - VpkelC1 

which, upon integration between the limits t = 0 and t = 
T yields: 
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(Eq. 33) 

(Eq. 34) 

Derivation of Eq. 13-Using similar equalities based 
on model I11 (5,lO) Veng-Pedersen’s Eq. 74 may be con- 
verted to Eq. 13. 
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REVIEWS 

Good Manufacturing Practices fo r  Pharmaceuticals-A P lan  for  
Total Quality Control. 2nd Ed. By SIDNEY H. WILLIG, MURRAY 
M. TUCKERMAN, and WILLIAM S. HITCHINGS IV. Marcel 
Dekker, New York, NY 10016.1982.259 pp. 15 X 23 cm. Price $49.75 
(20% higher outside the US .  and Canada) 
In the preface to the second edition of this book, the authors state the 

“This volume is a revised and expanded second edition. Sub- 
stantial changes have been made in organization in order to have 
the text follow 21 CFR 210 and 211 (43 FR 54076, September 29, 
1978). Many examples of violations which led to recall have been 
added to the text in order to illustrate problems encountered by 
the industry and to suggest ways in which they could have been 
avoided. In addition, several new chapters, which are not direct 
comments on the regulations but which are, nevertheless, perti- 
nent to compliance, have been added. These chapters deal with 
repackaging and relabeling; FDA inspection; recalls; safeguarding 
controlled substances; and how the manufacturer is designated on 
the label, as well as an appendix giving the standards for potable 
water. These additions, made in response to users of the first edi- 
tion, should make this second edition even more useful.” 

following: 

This statement fulfills the promises of this excellent book. The authors 
present each of the parts of the Current Good Manufacturing Practices 
(CGMP) with clear explanations and discussions. They present, in detail, 
not only their own interpretation of the regulations, but relevant inter- 
pretations by others. The authors also include both their own and FDA 
views of the underlying CCMP regulations, specifically and overall, in 
a philosophical vein, a most refreshing approach. In addition, practical 
examples and court cases are presented where relevant. 

Particularly useful are the authors’ clear discussion and clarification 
of the intent of the regulations. These discussions frequently include 
additional information which can be very useful for professionals in the 
pharmaceutical industry. Some examples should give an idea of the kinds 
of material included in this volume: 

Details of screening, hiring, and administrating quality control 

Details of building specifications and segregation of pharmaceutical 

A comprehensive list of raw material specifications. 
Details of paperwork including records, procedures, flow of records, 

personnel. 

manufacturing facilities. 

assignment of control numbers, and storage. 
Receipt of raw materials and certificates of analysis. 
Analytical production and quality control procedures and con- 

Description of labels. 
In-process controls. 
Laboratory controls: containers (glass and otherwise) and stability 
(physical, chemical, and container). 
Requirements and recommendations for records and reports. Design 
of records and reports-what kinds and how long to keep them. 
Numbering system for quality control records and systems. 
Problems with returned or salvaged product. 
FDA inspections and legal aspects. 
Recalls. 

The CCMP regulations often are broad in their definitions. This book 
clarifies the regulations with many practical examples. The authors ex- 
pand on the regulations, demonstrating their relation and applicability 
t o  the function and implementation of the Quality Control department. 
The authors further expand the discussion by freely offering their own 
opinions. Although one may not agree with their views all of the time, they 
are always stimulating and provocative. For example, the philosophy 
behind the following statement (page 22) could be fuel for a very inter- 
esting discussion: 

trols. 

“The quality control supervisor must have a questioning nature. 
Some say a supervisor must be naturally distrustful. This applies 
to all matters in his or her area, including calculations and conclu- 
sions reached by peers and superiors from an organization view- 
point. I t  certainly applies to findings submitted by vendors and 
vendees of the operation and by its subcontractors. If the supervi- 
sor is other than such, the reputation will be that of a buck 
passer.” 

This unique and information-packed book should be an indispens- 
able part of the libraries of all industrial pharmaceutical quality control, 
manufacturing, pharmacy, and legal departments. 

Reviewed by Sanford Bolton 
College of Pharmacy 
St .  John’s University 
Jamaica,  N Y  11439 
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(Eq. 33) 

(Eq. 34) 

Derivation of Eq. 13-Using similar equalities based 
on model I11 (5,lO) Veng-Pedersen’s Eq. 74 may be con- 
verted to Eq. 13. 
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REVIEWS 

Good Manufacturing Practices fo r  Pharmaceuticals-A P lan  for  
Total Quality Control. 2nd Ed. By SIDNEY H. WILLIG, MURRAY 
M. TUCKERMAN, and WILLIAM S. HITCHINGS IV. Marcel 
Dekker, New York, NY 10016.1982.259 pp. 15 X 23 cm. Price $49.75 
(20% higher outside the US .  and Canada) 
In the preface to the second edition of this book, the authors state the 

“This volume is a revised and expanded second edition. Sub- 
stantial changes have been made in organization in order to have 
the text follow 21 CFR 210 and 211 (43 FR 54076, September 29, 
1978). Many examples of violations which led to recall have been 
added to the text in order to illustrate problems encountered by 
the industry and to suggest ways in which they could have been 
avoided. In addition, several new chapters, which are not direct 
comments on the regulations but which are, nevertheless, perti- 
nent to compliance, have been added. These chapters deal with 
repackaging and relabeling; FDA inspection; recalls; safeguarding 
controlled substances; and how the manufacturer is designated on 
the label, as well as an appendix giving the standards for potable 
water. These additions, made in response to users of the first edi- 
tion, should make this second edition even more useful.” 

following: 

This statement fulfills the promises of this excellent book. The authors 
present each of the parts of the Current Good Manufacturing Practices 
(CGMP) with clear explanations and discussions. They present, in detail, 
not only their own interpretation of the regulations, but relevant inter- 
pretations by others. The authors also include both their own and FDA 
views of the underlying CCMP regulations, specifically and overall, in 
a philosophical vein, a most refreshing approach. In addition, practical 
examples and court cases are presented where relevant. 

Particularly useful are the authors’ clear discussion and clarification 
of the intent of the regulations. These discussions frequently include 
additional information which can be very useful for professionals in the 
pharmaceutical industry. Some examples should give an idea of the kinds 
of material included in this volume: 

Details of screening, hiring, and administrating quality control 

Details of building specifications and segregation of pharmaceutical 

A comprehensive list of raw material specifications. 
Details of paperwork including records, procedures, flow of records, 

personnel. 

manufacturing facilities. 

assignment of control numbers, and storage. 
Receipt of raw materials and certificates of analysis. 
Analytical production and quality control procedures and con- 

Description of labels. 
In-process controls. 
Laboratory controls: containers (glass and otherwise) and stability 
(physical, chemical, and container). 
Requirements and recommendations for records and reports. Design 
of records and reports-what kinds and how long to keep them. 
Numbering system for quality control records and systems. 
Problems with returned or salvaged product. 
FDA inspections and legal aspects. 
Recalls. 

The CCMP regulations often are broad in their definitions. This book 
clarifies the regulations with many practical examples. The authors ex- 
pand on the regulations, demonstrating their relation and applicability 
t o  the function and implementation of the Quality Control department. 
The authors further expand the discussion by freely offering their own 
opinions. Although one may not agree with their views all of the time, they 
are always stimulating and provocative. For example, the philosophy 
behind the following statement (page 22) could be fuel for a very inter- 
esting discussion: 

trols. 

“The quality control supervisor must have a questioning nature. 
Some say a supervisor must be naturally distrustful. This applies 
to all matters in his or her area, including calculations and conclu- 
sions reached by peers and superiors from an organization view- 
point. I t  certainly applies to findings submitted by vendors and 
vendees of the operation and by its subcontractors. If the supervi- 
sor is other than such, the reputation will be that of a buck 
passer.” 

This unique and information-packed book should be an indispens- 
able part of the libraries of all industrial pharmaceutical quality control, 
manufacturing, pharmacy, and legal departments. 

Reviewed by Sanford Bolton 
College of Pharmacy 
St .  John’s University 
Jamaica,  N Y  11439 
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EDITORIAL 

From time to time, the public press and health care news 
publications have widely reported on investigations of 
alleged financial improprieties involving some prominent 
individual in either the public or the private sector. 

Generally, the financially-related incidents involved 
were relatively insignificant or inconsequential in them- 
selves. They might have involved gifts, honoraria, direc- 
tor’s fees, or similar perquisites. However, it was because 
of the particular office of the person or his or her high po- 
sition of public trust, or corporate responsibility, or overall 
general authority that made the matter a special concern. 
Even an appearance of secret favors or undisclosed benefits 
throws into question the objectivity and impartiality of a 
supposedly neutral individual in rendering decisions or 
taking actions. 

This, then, brings us to our current concern: namely, the 
hidden biases or allegiances of scientists who volunteer or 
are called upon to participate in some proceeding as im- 
partial, but knowledgeable, experts. The activity involved 
may cover the gamut from serving on a high-brow com- 
mittee of some distinguished scientific society to testifying 
before some legislative or judicial body. 

The July-August issues of Science 83, a publication of 
the American Association for the Advancement of Science 
carried in its “Advice and Dissent” section, a column en- 
titled “When Scientists Testify for Hire.” The article was 
written by Michael F. Jacobson, executive director of the 
Center for Science in the Public Interest-an organization 
that describes itself as a Washington-based consumer 
advocacy group. 

“Of all the values that pervade science,” writes Ja- 
cobson, “one of the highest is objectivity, which I take to 
mean judgment uncompromised.. . . But scientific ob- 
jectivity is sometimes invoked more for appearance than 
for substance. Whenever science moves into the com- 
mercial world, scientists come face-to-face with Mammon 
and manufacturers. When profits are threatened by 
legislation, lawsuits, or bad publicity, many companies 
like to have their positions bolstered by academic scien- 
tists. A professor’s utterances are far more persuasive 
than those of the corporate chemist who developed the 
suspect 2,4,6-super-oxo-kleptane, or whatever.” 

Jacobson then goes on to cite a number of examples in 
which individual companies or an industry trade organi- 
zation will recruit academic scientists whose opinions they 
like or scientists who will willingly espouse opinions that 
are favorable to those companies or industry. These sci- 
entists may be “recruited” in any number of ways; for ex- 
ample, the industry ‘(recruiters’’ might hire them as con- 
sultants, sponsor their research, offer employment to their 

graduate students, appoint them to their corporate boards, 
endow their teaching positions or professorships, or oth- 
erwise get them into a position of indebtedness. 

Jacobsen brings out very nicely that it is not usually the 
positions per se that these scientists take that is wrong. 
What is objectionable is that they voice those positions 
while wearing a cloak of professed neutrality. And in this 
regard, Jacobson states that, “The public is cheated by 
being given the appearance but not the substance of ob- 
jective scientific analysis. Individuals and governments 
may make poor decisions based on one-sided information. 
The biggest loser in the long run, though, could be the 
scientific community itself, including the vast majority 
of scientists who do not testify for hire. The public sup- 
ports research in the belief that scientists seek the truth, 
uncompromised by conflicts of interest. ” 

And then Jacobson concludes by expressing a view that 
we have stated previously in this column. It is a view that 
was not original with us, but which we repeated when the 
National Academy of Sciences did some gutsy house- 
cleaning after it came to light that several members of one 
of its committees had strong, but concealed, ties to firms 
in an industry that was favored by the conclusions drawn 
by that same NAS committee. 

If we are to utilize experts and their expertise, of ne- 
cessity, we are going to draw upon people who have ties to 
groups, industries, or institutions with biased views or 
positions on the subject. What is important is: (a )  to have 
a very clear and open record as to what are each individu- 
al’s connections, obligations, and commitments, and ( b )  
to balance, as carefully as possible, the make-up of each 
panel or committee by including a good cross-section of 
people with an appropriate range of views on the matter 
and with approximately equal distribution of advocates 
from the respective opposing sides. 

When a scientist speaks out on a public issue, the pop- 
ulace expects that the scientist will feel obligated to ex- 
plicitly disclose any links that he or she has to the affected 
company or industry. 

Only in this manner will science and the scientific 
community continue to maintain integrity, and only 
through such integrity will science be able to continue to 
command the confidence and trust of the public a t  large. 
In its own way, that message is equally pertinent to each 
and every scientist. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract Phthalimide analogues have been shown to effectively lower 
serum cholesterol and triglyceride levels in rats and mice. The mode of 
action of these agents was not to suppress the appetite of animals, but 
rather to reduce the activities of key enzymes in the early synthesis of liver 
cholesterol and fatty acids in the triglyceride pathway. Phthalimide 
analogues were effective in accelerating biliary excretion of cholesterol 
and blocking its absorption from the gut. After 16 days dosing, it was 
evident that higher levels of lipids were being excreted than in control 
mice. The major serum lipoprotein fractions were reduced in cholesterol, 
triglyceride, and neutral lipid content, but not phospholipid content in 
rats after 14 days of administration. 

Keyphrases 0 Phthalimide-analogues, antihyperlipidemic activity, 
cholesterol and triglyceride reduction 0 Antihyperlipidemic agents- 
phthalimide analogues, cholesterol and triglyceride reduction 0 Cho- 
lesterol-antihyperlipidemic effect of phthalimide analogues 0 Tri- 
glyceride-antihyperlipidemic effect of phthalimide analogues 

Continued investigation for new hypolipidemic agents 
has revealed that phthalimide analogues are potent in 
lowering serum lipids in rodents (1). In mice phthalimide 
lowers serum cholesterol 43% after 16 days of dosing at 20 
mg/kg ip. Serum triglyceride levels were reduced 56% after 
14 days of drug administration. Although phthalimide was 
the most active member of the series, other analogues 
demonstrate similar magnitudes of hypolipidemic activity 
(2). Preliminary in uitro studies indicate that phthalimide 
analogues suppressed the activity of liver enzymes involved 
in the early de nouo synthesis of cholesterol and fatty acids. 
A more detailed study of the effects of these agents on lipid 
distribution and metabolism was undertaken. 

EXPERIMENTAL 

Source of Compounds-Phthalimide was purchased commercially'. 
The synthesis and chemical characterization of I-N-phthalimidobu- 

Ruger Chemical Co., Inc. 

tan-3-one and 3-N-phthalimidopropionic acid has been reported previ- 
ously (1). 

Antihyperlipidemic Screens in Normogenic Rodents-Com- 
pounds to be tested were suspended in 1% carboxymethylcellulose in 
water and administered to male CF1 (-25 g) mice intraperitoneally or 
male Holtzman rats (-200 g) orally by an intubation needle for 16 days. 
On days 9 and 16 blood was obtained by tail vein bleeding, and the serum 
was separated by centrifugation for 3 min. The serum cholesterol levels 
were determined by a modification of the Liebermann-Burchard reaction 
(3). Serum was also collected on day 14, and the triglyceride content was 
determined using a commercial kit2 (4). Animals were maintained on 
standard rodent food3 throughout the experiment. 

Hyperlipidemic-Induced Mice-Male CFI mice (-25 g) were placed 
on a commercial diet" which contained butter fat (400 g), cellulose5 (60 
g), cholesterol (53 g), choline dihydrogen citrate (4 g), salt mixture oil6 
(40 g), sodium cholate (40 g), sucrose (223 g), vitamin-free casein (200 g), 
and total vitamin supplement for a 2-week period. After the cholesterol 
and triglyceride levels were assayed and observed to be elevated, the mice 
were administered test drugs at 20 mg/kg/day ip for an additional 2-week 
period. Serum cholesterol and triglyceride levels were measured after 14 
days of drug administration. 

Animal Weights and Food Intake-Periodic animal weights were 
obtained during the experiments and expressed as a percentage of the 
animal's weight on day 0. After dosing for 16 days with test drugs, a 
number of organs were excised, trimmed of fat, and weighed. The organ 
weights were expressed as a percentage of the total body weight of the 
animal. The average food intake3 in g/rat/day was determined over the 
16-day period of dosing. 

Toxicity Studies-The acute toxicity (LDm value) (5) was determined 
in male CFI mice by administering test drugs intraperitoneally from 100 
mg to 2 g/kg as a single dose. The number of deaths in the group was de- 
termined for each dosage. 

Enzymatic Studies-Zn vitro enzymatic studies used 10% homoge- 
nates of male CF1 mouse liver with 2.5 pmoles of the test drugs and male 
Holtzman rat liver with 0.100-10 mM concentration of the test drugs. 
In viuo enzymatic studies used 10% homogenates of livers from male CF1 
mice obtained after administering the agents intraperitoneally for 16 days 
at 10-60 mg/kg/day. The liver homogenates for both in vitro and in uiuo 

Fisher, Hycel Triglyceride Test Kit. 
Wayne Blox Rodent Chow. ' U.S. Biochemical Corporation Basal Atherogenic Test Diet. 

6 Celufil. 
6 Wesson Oil. 
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Table I-Effects of Phthalimide Analogues on Serum Cholesterol and  Triglyceride Levels of Male Holtzman Ra t s  and  Male CFi  Mice 8 

Compound 

Rats Mice 
Dose, Trigly- Dose, Trigly- 

mg/kg/ Serum Cholesterol ceride mg/kg/ Serum Cholesterol ceride 
day Day 9 Day16 Day14 day Day9 Day14 Day14 

Control (1% carboxymethylcellulose) 
Phthalimide 

1-N-Phthalimidobutan-3-one 

3-N-Phthalimidopropionic acid 

5 
10 
20 
50 
10 
20 
- 
- 
20 
- 
- 

100 f 9d 
9 1 f 8  
81 f gC 
72 f 6b 
70 f 4b 
70 f 8b 
67 f 5b 
- 
- 

67 f 5b  
- 
- 

1 0 0 f 7 e  1 0 0 f 8 f  100 f 5; 

5 9 f 8 :  5 9 f 1 3 b  10 73 f 9b 

7 9 f 5 b  6 6 f 5 b  10 67 f 7 
6 6 f 7 b  5 6 2 ~ 5 ~  20 62 f 5b 
5 7 f 4 b  5 8 f 4 b  40 49 f 6b 
6 2 f 5 b  6 2 f 6 b  60 51 f 4b 

51 f 5 6 8 ~ k 3 ~  20 67 f gb  
- - 30 66 f 7b 
- - 10 84 f 6 b  

5 1 f 5 b  6 8 f 3 b  20 74 f ab 
- - 40 84 f 7' 
- - 60 87 f 6 b  

1 0 0 f 6 h  1 0 0 f 6 '  
4 3 4 ~ 4 ~  4 6 f 4 b  
59 f 56 44 f 36  
4 5 ~ k 3 ~  5 2 f 6 b  
4 0 f 5 b  5 6 f 7 b  
6 6 f 5 b  - 
6 3 f g b  5 8 ~ k 7 ~  
5 4 3 ~ 6 ~  - 
8 0 4 ~ 6 ~  5 2 2 ~ 4 ~  ~~ ~ ~ 

5 5 2 4 6  53 f 5 ;  
7 4 f 5 b  5 8 f 7  
7 6 f 6 b  5 6 f 6 b  

Percent of control, expressed as mean f SD: n = 6. * p I 0.001. p I 0.010. 73 mg %. 78 rng %. 110 mg %. 118 mg %. 122 mg To. I 137 mg %. 

Table 11-Effects of Phthalimide Analogues on Serum 
Cholesterol and  Triglyceride Levels in Hyperlipidemic-Induced 
Micea 

Compound 

Control (1% carboxy- 
methylcellulose) 

Control (hyper- 
lipidemic diet) 

Phthalimide 
1-N-Phthalimi- 

Serum Cholesterol Serum Triglyceride 
2-week 14 Days of 2-week 14 Days of 

Diet Dosing Diet Dosing 

1 0 0 f 6 '  1 0 0 f 7 d  1 0 0 f 5 e  1 0 0 f 4 f  

289 f g b  290 f gb  131 f 5 b  131 f 5b  

2 8 9 f g b  1 3 7 f 7 b  132fCib 5 7 f 5 b  
2 8 8 f g b  1 3 0 f 6 b  1 3 5 f 6 b  8 6 f 5 b  

dobutan-3-one 
3-N-Phthalimido- 288 f l ob  126 f 5b 130 f 5b 75 f 5b  

propionic acid 

Percent of control, expressed as mean f SD; n = 6. p 5 0.001. 74 f 4 mg %. 
76 f 5 mg oi. 136 f 7 rng %. 139 f 5 mg %. 

studies were prepared in 0.25 M sucrose and 0.001 M EDTA [(ethylen- 
edinitri1o)tetraacetic acid]. 

Acetyl coenzyme A synthetase (6) and adenosine triphosphate-de- 
pendent citrate lyase (7) activities were determined spectrophotomet- 
rically a t  540 nm as the hydroxamate of acetyl coenzyme A formed after 
30 min a t  37'. Mitochondria1 citrate exchange was determined by the 
procedure of Robinson et al. (8, 9) using sodium [14C]bicarbonate (41 
mCi/mmole) which was incorporated into mitochondrial [14C]citrate after 
isolating rat mitochondria (9OOOXg for 10 min) from the homogenates. 
The exchange of the [14C]citrate was determined after incubating the 
mitochondrial fraction, which was loaded with labeled citrate, with the 
test drugs for 10 min. Then the radioactivity was measured in the mito- 
chondrial and supernatant fraction in scintillation fluid' and expressed 
as a percentage. Cholesterol side-chain oxidation was determined by the 
method of Kritchevsky et al. (10) using [26-14C]cholesterol (50 mCi/ 
mmole) and mitochondria isolated from rat liver homogenates. After an 
18-hr incubation a t  37O with the test drugs, the generated 14COz was 
trapped in the center well in (2-[2-(p-1,1,3,3-tetramethylbutylcresoxy)- 
ethoxy]ethyl~dimethylbenzylammonium hydroxides and counted. 3- 
Hydroxy-3-methylglutaryaryl coenzyme A reductase (HMG CoA reductase) 
was measured using [l-14C]acetate (56 Ci/mmole) using a postmito- 
chondrial supernatant (9000Xg for 20 min) for 60 rnin a t  37' (11). The 
digitonide derivative of cholesterol was isolated and counted (12). Acetyl 
coenzyme A carboxylase activity was measured by the method of 
Greenspan and Lowenstein (13). Initially, the enzyme had to be poly- 
merized for 30 min a t  37", and then the assay mixture containing sodium 
['%]bicarbonate (41.0 mCi/mmole) was added and incubated for 30 min 
at  37' with the test drugs. Fatty acid synthetase activity was determined 
by the method of Brady et al. (14) using [2-14C]malonyl-coenzyme A (37.5 
mCi/mmole) incorporated into newly synthesized fatty acids, which were 
extracted with ether and counted. Acyl transferase activity was deter- 
mined with ~-[2-~H]glycerol-3-phosphate (7.1 Ci/mmole) and the mi- 
crosomal fraction of the liver homogenates (15). The reaction was ter- 
minated after 10 min, and the lipids were extracted with chloroform- 

Fisher, SOX-1 Scintiverse; Packard Scintillation Counter. 
Hyamine hydroxide; New England Nuclear. 

Table 111-Effects of Phthalimide Analogues on Body Weight 
and  Food Consumption of Ra t s  a f t e r  14 Days of Dosing8 

Body Weight Food 
Consumed 
Per Day, g 

Increase 
Over 14 Days, % 

Control 138 f 3 22.5 
Phthalimide 142 f 4 22.3 
1-N-Phthalimidobutan-3-one 136 f 3 21.5 
3-N-Phthalimidopropionic acid 137 f 3 20.0 
O n = &  

methanol (1:2) containing 1% 1 N HCI and counted. 
Phosphatidate phosphohydrolase activity was measured as the inor- 

ganic phosphate released after 30 min from phosphatidic acid by the 
method of Mavis et al. (16). The released inorganic phosphate after de- 
velopment with ascorbic acid and ammonium molybdate was determined 
a t  820 nm. 

The in uitro oxidative phosphorylation process in male CF1 mouse liver 
was also examined with an oxygen electrodeg connected to an oxygraph'O 
at 37'. The reaction vessel contained 55 pmoles of sucrose, 22 pmoles of 
monobasic potassium phosphate, 22 pmoles of potassium chloride, 90 
pmoles of succinate or 60 pmoles of a-ketoglutarate as substrate, 2 pmoles 
of adenosine triphosphate, and 2.5 pmoles of the test compounds in a total 
volume of 1.8 ml. After the basal metabolic (state 4) rate was obtained, 
0.257 pmole of adenosine diphosphate was added to obtain the adenosine 
diphosphate stimulated respiration (state 3) rate (17). The rates were 
calculated as fil of oxygen consumed/mg of livedhr. 

Liver, Small  Intestine, and  Fecal Lipid Extraction-In male CFI 
mice that had been administered test drugs for 16 days, the liver, small 
intestine, and fecal materials (24-hr collection) were removed and a 10% 
homogenate in 0.25 M sucrose and 0.001 M EDTA was prepared. An al- 
iquot (2 ml) of the homogenate was extracted by the Folch et al. (18) and 
Bligh and Dyer (19) methods and the number of milligrams of lipid 
weighed. The lipid was dissolved in methylene chloride, and the choles- 
terol level (3), triglyceride levelsll, neutral lipid content (20), and phos- 
pholipid content (21) were determined. 

[ i'C]Cholesterol Distribution in Mice and  Rats-Male CFI mice 
(-25 g) were administered test agents intraperitoneally for 14 days and 
rats were administered test agents orally. On day 13,lO pCi of [4-14C]- 
cholesterol (52.5 mCi/mmole) was administered, and feces were collected 
for 0 4 , 6 1 2 ,  and 12-24 hr postadministration. Twenty-four hours after 
cholesterol administration, the major organs were excised and samples 
of blood, chyme, and urine were collected. Homogenates (10%) were 
prepared of the tissues which were cornbusted12 and counted. Some tissue 
samples were plated on filter paper13, dried, and digested for 24 hr in 
bases at 40' and counted. Results were expressed as dpm/mg of wet tissue 
and dpm/mg of total organ. 

Cholesterol Absorption Study-Male Holtzman rats (-400 g) were 
administered test drugs intraperitoneally for 14 days at 20 mg/kg/day. 

9 Clark electrode. 
' 0  Gilson Instruments. 

l2 Packard Tissue Oxidizer. 
l 3  Whatman No. 3. 

Bio-Dynamicsbmc Triglyceride Kit. 
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Table IV-Effects of Phthalimide Analogues on Rat  Organ Weights af ter  14 Days of Administration * 

Liver Lung Heart Kidney Spleen 

Control 100 f 5 100 f 4 100 f 3 100 f 4 100 f 6 
Phthalimide 85 f 6" 100 f 5 93 f 3' 89 f 5c 73 f 56 
3-N-Phthalimidopropionic acid 84 f 7c 91 f 4c 87 f 2b 88 f 5c 60 f 5b 

Control 
Phthalimide 
3-N-Phthalimido~ro~ionic acid 

Brain 
lOO-Z-5 
100 f 6 
110 f 7 

Adrenals' mm3- 
95 f 7 

106 f 8 

Stomach 
7-mn-E 

98 f 9 
97 f 13 

Small Intestine 
100 f 10 
92 f 11 

101 f 9 

Larf;i;tytine 

108 f 10 
109 f 5 

0 Percent of control, expressed as mean f SD; n = 6. * p I 0.001. p 5 0.010. 

Table V-Zn Vitro Effects of Phthalimide Analogues (2.5 pmoles) on Mouse Liver Enzyme Activities af ter  16 Days of Dosing a 

Mitochondria1 
Citrate Acetyl Coenzyme A Citrate HMG CoA 

Compound Exchange Synthetase Lyase Reductase 

1% Carboxymethylcellulose 
Phthalimide 
1-N-Phthalimidobutan-3-one 

100 f 1 0 d  
19 f 76 
10 f 46 

3-N-Phthalimidopropionic acid 6 f 3 6  

100 f 11e  
70 f 8b 
53 f 76 
57 f 7b 

100 f 9f 
42 f 6 b  
34 f 46 

100 f 78 
85 f 7 
12 f 7b 

87 f 6 b  86 f 4b 

Compound 
Acetyl Coenzyme A Fatty Acid Phosphatidate 

Carboxylase Synthetase Phosphohydrolase 

Cholesterol 
Side 

Chain 

100 f 8h 
111 f 9 
90 f 7 
75 f 56 

sn-Glycerol- 
3-P-acyl 

Transferase 

1% Carboxymethylcellulose 
Phthalimide 
1-N-Phthalimidobutan-3-one 
3-N-Phthalimidopropionic acid 

Compound 

100 f 6' 
8 f 4 b  

17 f 3b 
18 f 4b 

100 f 7J 
105 f 8 
109 f 7 
107 f 7 

100 f 7k 
55 f 5b 
65 f 3b 
59 f 46 

100 f 8' 
2 8 f  8b  
46 f 56 
11 f 56 

Oxidative Phosphorylation 
(Y KetogIutarate Succinate 

State 4 State 3 State 4 State 3 

1% Carboxymethylcellulose 
Phthalimide 
1-N-Phthalimidobutan-3-one 
3-N-Phthalimido~ro~ionic acid 

100 f 6"' 
64 f 4 b  
79 f 6b 
69 f 5b 

100 f 7" 
65 f 6b 
76 f 7b 
64 f 5b 

100 f 5" 
64 f 7b 
83 f 5b 
68 f 6b 

100 f 6; 
65 f 5 
5 8 j ~ 4 ~  
59 f 3b 

Percent of control, expressed as mean f SD; n = 6. bp 5 0.001. < 0.010. d 30.8 f 3.1 mg 76 exchange of mitochondria1 citrate. 28.5 f 3.14 mg of acetyl coenzyme 
A formed/g wet tissue/30 min. f 30.5 f 2.74 mg of citrate hydro1 z;&wet tissue/3O min. g 384,900 f 26.943 dpm of cholesterol formed/g wet tissue/60 min. h 6080 f 
5.58 dpm of COn formed/g wet tissue/l8 hr. 8 32,010 f 1921 d p m i  wet tissue/30 min. J 37,656 f 2635 dpm/g wet tissue/30 min. 16.70 f 1.16 pg Pi/g wet tissue/l5 min. 
I 537,800 f 43,024 dpm of triglyceride formed/ wet tissue/lO min. 3.51 f 0.21 pl of oxygen consumed/hr/mg of tissue. " 5.21 f 0.36 p1 of oxygen consurned/hr/mg of 
tissue. 0 5.92 f 0.30 pl of oxygen consumedhrfmg of tissue. P 11.31 f 0.67 pI of oxygen consumed/hr/mg of tissue. 

On day 13,lO pCi of 1,2-[3H]-cholesterol (40.7 Ci/mmole) was adminis- 
tered to the rat orally. Twenty-four hours later, the blood was collected, 
and the serum was separated by centrifugation (22). Both the serum and 
the precipitate were counted. 

Bile Cannulation Study-Male Holtzman rats (-400 g) were treated 
with test drugs at  20 mg/kg/day orally for 14 days; the rats were anes- 
thetized with chlorpromazine (25 mg/kg) followed after 30 min by pen- 
tobarbital (22 mg/kg ip). The duodenum section of the small intestine 
was isolated and ligatures were placed around the pyloric sphincter and 
a t  a site distally approximately one-thud of the way down the duodenum. 
Sterile isotonic saline was injected into the sectioned off duodenum 
segment. The saline expanded the duodenum and the common bile duct. 
Once the bile duct was identified, a loose ligature was placed around the 
bile duct, and a nich was introduced into the duct immediately before 
it enters the duodenum. Plastic tubing14 was introduced into the duct, 
passing the ligature, and tied in place. The ligatures around the duo- 
denum were then removed. Once bile was freely moving down the can- 
nulated tube, [1.2-3H]cholesterol (40.7 Ci/mmole) was injected intrave- 
nously into the rats. The bile was collected over the next 6 hr and mea- 
sured (in ml). Aliquots were counted as well as analyzed for cholesterol 
content (3). 

Plasma Lipoprotein Fractions-Male Holtzman rats (-400 g) were 
administered test drugs at  20 mg/kg/day for 14 days. On day 14, blood 
was collected from the abdominal aorta. Serum was separated from whole 
blood by centrifugation a t  3500 rpm. Aliquots (3 ml) were separated by 
density gradient ultracentrifugation according to the methods of Hatch 
and Lees (23) and Have1 et al. (24) into the chylomicrons, very low- 
density lipoproteins, high-density lipoproteins, and low-density lipo- 
proteins. Each of the fractions were analyzed for cholesterol (3), tri- 
glyceride", neutral lipids (20), phospholipids (21), and protein levels 
(25). 

~ ~ ~ _ _ _ _ _  

PE-10 Intramedic Polyethylene tubing. 

RESULTS 

Clearly, phthalimide, l-N-phthalimidobutan-3-one, and 3-N- 
phthalimidopropionic acid were effective in lowering serum cholesterol 
and triglycerides in rats and mice. The 20-mg/kg dose appeared to be the 
most effective dose in rodents (Table I). The phthalimide analogues were 
not only effective in normogenic mice, but also in hyperlipidemic-induced 
mice where serum cholesterol was reduced -150% and triglyceride levels 
were reduced to below normal levels (Table 11). The phthalimide ana- 
logues essentially had no effect on body weight increase in rats over the 
period of drug administration or the consumption of food compared with 
the control (Table 111). Organ weights of the treated rats after 14  days 
of dosing were suppressed slightly in the case of the liver and moderately 
in the case of the spleen (Table IV). All other organs appeared to be within 
the normal range. 

Examination of mouse liver enzymatic activities (Table V) showed that 
phthalimide analogues present a t  2.5 pmoles suppressed mitochondrial 
exchange of citrate to the cytoplasm and cytoplasmic acetyl coenzyme 
Table VI-Zn Vitro Inhibition of Rat  Liver Lipid Enzymes 

Enzyme 

Acetyl Coenzyme A 
Synthetase 

Acetyl Coenzyme A 
Carboxylase 

Phosphatidate 
Phosphohydrolase 

sn-Glycerol-3-P-acyl 
Transferase 

ID50 Values M) 
3-N-Phthal- 

1-N-Phthal- imido- 
Phthal- imido- propionic 
imide butan-3-one Acid 

1.285 1.333 1.361 

1.221 2.100 2.227 

0.168 7.440 2.800 

5.174 7.616 7.168 
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Table VII-In Vivo Effects of Phthalimide Analogues on Male CFI  Mouse Liver Enzymesa 

Compound 

Acetyl Acetyl Phosphatidate Small 

mglkglday Synthetase Reductase Carboxylase hydrolase Synthetase Lipids Lipids 
Dose Coenzyme A HMG CoA Coenzyme A Phospho- Fatty Acid Liver Intestine 

Control (1% carboxymethylcellulose) 
Phthalimide 

3-N-Phthalimidopropionic acid 

- 

10 
20 
40 
60 
10 
20 
40 
60 

100 f 7d 100 f 6e 100 f 5f 100 f 88 100 f 6 h  100 f 9' 100 f 7 
7 6 f 5 b  8 9 f 9  6 0 f 5 b  91 f 9 79 f 8b 70 f 8b 106 f 8 
7 6 f 6 b  8 9 6 1 0  6 2 f 6 b  6 7 ~ t 8 ~  7 8 f 7 b  7 0 f 7 b  5 8 f 5  
7 5 f 4 b  8 8 f 8  5 6 f 5 b  2 9 f 5 b  8 2 f 4 b  6 8 f 8 b  7 7 f 6  
8 4 f 5 b  1 0 5 f  10 5 7 f  4h 3 f 2 b  7 6 f 6 b  6 4 f 6 b  8 8 f 7  
7 6 f 6 :  6 8 f 6 :  7 9 f 6 h  6 9 f 6 h  9 1 f 5  7 3 f 5 b  9 6 6 7  
7 9 f 7  5 9 f 5  6 6 f 5 h  7 6 f 7 b  9 6 f 6  6 7 f 4 b  7 6 f 6  
8 2 f 8 c  7 9 f 4 b  5 8 f 4 b  8 8 f 8  1 0 7 f 7  6 6 ? ~ 5 ~  7 7 f 6  
8 2 f 6 '  8 4 i ~ 6 ~  4 7 f 4 h  8 3 f 8 c  1 0 9 f 5  6 2 f 6 b  9 2 f 8  

0 Percent of control, expressed as mean * SD; n = 6. * p 5 0.001. p d 0.010. 28.5 f 3.14 mg of acetyl coenzyme A formed/g wet tissue/30 min. 384,900 f 26,943 
16.70 f 1.16 pg PI released/g wet dpm of cholesterol formed/g wet tissue/60 min. f 32,010 f 1921 dpm/g wet tissue/30 min. 8 37,656 f 2635 dpm/g wet tissue/30 min. 

tissue/l5 min. ' 79.5 f 5.56 mg/g wet tissue. 

A synthetase and adenosine triphosphate-dependent citrate lyase ac- 
tivities significantly. 3-Hydroxy-3-methylglutaryl coenzyme A reductase 
activity and side-chain oxidation of cholesterol were unaffected by the 
agents. Acetyl coenzyme A carboxylase, phosphatidate phosphohydrolase, 
and sn-glycerol-3-phosphate acyl transferase activities were suppressed 
by the phthalimide analogues, whereas fatty acid synthetase activity was 
unaffected. Both the basal and adenosine diphosphate-stimulated res- 
piration states of oxidative phosphorylation of liver were reduced in the 
presence of the analogues. IDm values obtained from rat liver assays are 
noted in Table VI for acetyl coenzyme A synthetase, acetyl coenzyme A 
carboxylase, phosphatidate phosphohydrase, and sn-glycerol-3-phos- 
phate acyl transferase. ID% values for 3-hydroxy-3-methylglutaryl 
coenzyme A reductase and fatty acid synthetase could not be obtained 
in the concentration range employed for these studies. When the same 
enzyme activities were tested in uiuo in mice, it can readily be seen that 
the same enzyme activities were inhibited significantly (Table VII) after 
16 days of dosing. In addition, suppression of 3-hydroxy-3-methyl glutaryl 
coenzyme A reductase activity was observed; in particular 3-N-phthali- 
midopropionic acid produced significant reduction of 3-hydroxy-3- 
methylglutaryl coenzyme A reductase activity. Dose-related suppression 
of acetyl coenzyme A carboxylase and phosphatidate phosphohydrolase 
activities and lipid content was observed for phthalimide, and acetyl 
coenzyme A carboxylase activity and lipid content suppression was ob- 
served for the 3-N-phthalimidopropionic acid. 

Analysis of the lipid content (Table VIII) revealed that cholesterol, 

Table VIII-Effects of Phthalimide Analogues on Lipid Content 
of Mouse Liver and Small Intestine a f t e r  16 Days of Dosing 

Liver Small Intestine 
3-N-Phthal- 3-N-Phthal- 

Phthal- imido- Phthal- imido- 
Dosage imide propionic Acid imide propionic Acid 

Control 
10 mglkg 
20 mg/kg 
40 mg/kg 
60 mg/kg 

Control 
10 mglkg 
20 mg/kg 
40 mglkg 
60 mg/kg 

Control 
10 mglkg 
20 mglkg 
40 mglkg 
60 mglkg 

Control 
10 mglkg 
20 mglkg 
40 melke 

100 f 7d 
74 f 6 b  
34 f 46 
56 f 5b 
63 f 5b  

100 f 4e 
51 f 5b  
36 f 5b  
18 f 4b 
15 f 5b 

100 f 5; 
37 f 7 
31 f 6b  
38 f 6 b  
30 f 7h 

100 f 8 g  
74 f 7 

144 f 8 
139 f 8 
137 f 9 

Total Cholesterol 
100 f 7h 

6 3 f 6 h  1 1 3 f 6  
4 8 f 5 b  1 9 4 ~ t 8 ~  
7 6 f 7 b  1 6 9 4 ~ 9 ~  
5 8 f 6 b  1 6 9 f a h  

100 f 7 6  

Neutral Li ids 
100 5' 
2 5 f 3 b  1 1 3 f 6 '  
2 2 f 2 b  4 5 f 5 b  
2 2 ? ~ 3 ~  4 5 ~ k 4 ~  
3 2 ~ k 2 ~  1 0 5 f 7  

*T$gIyce;i@* 6'b 

5 4 f 4 b  7 0 f 5  
39 f 3b 47 f 46 
4 0 f 4 b  4 8 4 ~ 3 ~  
4 4 3 ~ 4 ~  7 0 f 5 h  

100 :v 8 k  
128 f 7 88 f 7 
121 f 4 b  6 2 f 6 b  
1 2 8 f g b  8 4 f 7 C  

100 f 7h 
108 f 6 
242 f 8 6  
204 f 7 b  
95 f 6 

100 f 5' 
78 f 6b 
48 f 5b 
55 f 6b 
70 f 5b 

100 f 61 
109 f 6 
62 f 5 b  
70 f 5 b  
93 f 6 

100 f 8k 
101 f 7 
48 f 5h 
44 f 46 
74 f 6b 60 mg/kg 1 2 7 ~ k 7 ~  8 5 f 8  

a Percent of control, expressed as mean f SD; n = 6. 
12.24 mg/g tissue. 28.35 mg/g tissue. f 4.77 mg/g tissue. 8 4.39 mg/g tissue. 

p 5 0.001. p d 0.010. 
7.81 

2.02 mg/g tissue. mg/g tissue. ' 7.18 mg/g tissue. J 1.06 mg/g tissue. 

neutral lipids, and triglyceride content were reduced in liver homogenate 
with an elevation in phospholipid content. In the small intestine, cho- 
lesterol content was elevated and neutral lipid, triglyceride, and phos- 
pholipid content was reduced a t  the optimum dose, 20 mg/kg. 

Radiolabeled cholesterol studies (Tables IX and X) demonstrate that  
lipids removed from the blood compartment were not being deposited 
in major organs: i.e., liver, heart, brain, kidney, and lung in rats (where 
the cholesterol was administered orally) and mice (where the cholesterol 
was administered intraperitoneally). The labeled cholesterol in the 
treated animals was found in higher concentrations in the intestine, 
chyme, and feces. Cholesterol absorption (Table XI) from the gut over 
a 24-hr period was reduced by phthalimide and the propionic analogue. 
In conjunction with this observation, i t  can also be seen that the agents 
accelerated bile flow and biliary secretion of cholesterol (Table XII). The 
increase in cholesterol secretion is also reflected in the lipid extractions 
from feces of mice after treatment with phthalimide (Table XIII). Ele- 
vations in neutral lipids and phospholipids were also noted in the fecal 
excretion a t  all doses employed. Significant reduction of the lipid and 
protein content of serum lipoprotein fractions (Table XIV) were observed 
in rats after treatment with all three agents. Cholesterol, neutral lipids, 
and triglycerides were reduced in the chylomicron, very low-, low- and 
high-density lipoproteins. Phospholipid content was elevated in the 
chylomicron, very low-, and high-density lipoprotein fractions. Protein 
content was reduced in the chylomicron and very low-density fraction 
for all three agents. However, only phthalimide treatment resulted in a 
reduction of the protein of the low- and high-density lipoprotein frac- 
tions. 

Data are expressed in Tables I-VIII, XIII, and XIV as percent of 
control (mean f the standard deviation). The probable significant level 
( p )  between each test group and the control group was determined by 
the Student's t test. 

DISCUSSION 

A positive correlation between elevated serum cholesterol and tri- 
glycerides and the subsequent development of atherosclerosis has been 
made (26). Over the years, diet and chemotherapy have been the treat- 
ments of choice. However, the number of drugs distributed commercially 
for the treatment of hyperlipidemic states has been decreasing due to 
incurred hepatotoxicity, cardiovascular changes, and GI disturbances 
or due to the fact that  the agents did not effectively reduce both serum 
cholesterol and triglycerides in humans. 

The required doses to  elicit hypolipidemic activity for phthalimide 
analogues are in a safe therapeutic range compared with the LDm of >2 
g/kg (2). The agents were more active than clofibrate in reducing both 
serum cholesterol and triglyceride levels in rodents (27). Clofibrate re- 
duced total lipid and cholesterol by 15-2070 of the control values at doses 
of 1 W 2 0 0  mglkg daily by oral or subcutaneous routes of administration 
(27): 

The suppression of cholesterol synthesis by the phthalimide analogues 
was not exclusively a t  the regulatory site of the cholesterol pathway, e.g., 
clofibrate blocks 3-hydroxy-3-methylglutaryl coenzyme A reductase 
activity. Rather, earlier steps in the de nouo synthesis of acetyl coenzyme 
A appeared to be blocked by phthalimide analogues. Reduction of 
available citrate from the mitochondria, where it is generated from gly- 
colysis, may be a critical factor in the synthesis of cytoplasmic acetyl 
coenzyme A. Reduction of mitochondria1 citrate exchange in the rat liver 
has been shown with other agents, e g . ,  1,2,3-benzenetricarboxylate and 
2-p-iodobenzylmalonate (8). The inhibition of acetate incorporation into 
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Table IX-Effects of Phthalimide Analogues after 14 Days of Dosing on [3H]Cholesterol Distribution 24 h r  after Administration 

Control 
Total 

Phthalimide 
Total 

3-N-Phthalimidopropionic Acid 
Total 

Organ Organ dpm Recovery, % Organ dpm Recovery, % Organ dpm Recovery, % 

Brain 
Heart 
Lung 
Liver 
Spleen 
Kidney 
Stomach 
Small Intestine 
Large Intestine 
Chyme 
Feces 

42,412 
37,638 

100,584 
901,785 
67,760 
69,192 

127,446 
851,406 
246,924 
163,977 
889.892 

1.21 
1.07 
2.87 

23.77 
1.93 
1.97 
3.64 

24.33 
7.05 
4.68 

25.43 

23,394 
26,593 
80,827 

627,374 
56,684 
47,237 
80,477 

862,507 
500,709 
220,088 
974.126 

0.64 
0.76 
2.31 

17.93 
1.62 
1.35 
2.30 

24.65 
14.31 
6.29 

27.84 

21.694 0.62 
25[893 0.74 
75,229 2.15 

534,300 15.27 
41.638 1.19 
58;783 1.68 
52,835 1.51 

1,067,550 30.51 
244,581 6.99 
269,074 7.69 

1.106.389 31.62 

O n  =6 .  

fatty acids in neonatal chicks has also been shown for 1,2,3-benzenetri- 
carboxylate. Reduction of cytoplasmic levels of acetyl coenzyme A would 
markedly affect both cholesterol and fatty acid synthesis. Hepatic tri- 
glyceride synthesis appeared to be blocked at the regulatory sites, i .e.,  
sn-glycerol-3-phosphate acyl transferase and phosphatidate phos- 
phohydrase. The inhibition of phosphatidate phosphohydrolase activity 
by the phthalimide analogues may explain the elevation in levels of 
phospholipids observed in the liver and lipoprotein fractions. A number 
of agents have been identified that inhibit these two enzymes [e.g., 
1,3-bis(substituted phenoxy)-2-propanone, 1-methyl-4-piperidyl 
bis(p-chlorophenoxy)acetate, and clofibrate (28)) with a concomitant 
reduction of serum triglycerides (15). ID50 values obtained for inhibition 
of these enzyme activities in the rat liver seem to be realistic considering 
the in uiuo dose required for potent hypolipidemic activity of the 
phthalimide analogues. 

The phthalimide analogues did not uncouple liver oxidative phos- 
phorylation processes, as has been observed for clofibrate (29) and which 
is probably due to the detergent action of clofibrate causing disruption 
of the mitochondria1 membranes. The phthalimide did suppress both 
basal and adenosine diphosphate-stimulated respiration, which may 
reduce available energy for synthetic processes. The phthalimide ana- 
logues, like clofibrate (30), accelerated the excretion of cholesterol and 
probably cholesterol esters through the biliary route; these probably are 
not reabsorbed from the gut uia the extrahepatic circulation process. Data 
from the biliary study suggest that this mode of action of the phthalimide 
analogues may be of sufficient importance to account for some of the 
observed reduction of serum lipids. 

The lipids removed from the blood compartment are not being de- 
posited in the major organs of the body, which should be an ideal char- 
acteristic of a hypolipidemic agent. Other studies have indicated that the 
reduction of serum cholesterol and triglycerides after 16 and 14 days of 
dosing, respectively, were returned to predrug administration levels (31), 
indicating that the pharmacological effects of the phthalimide analogues 
are freely reversible after 2 weeks. Low-density lipoprotein, derived from 
intravascular very low-density lipoprotein, is the major lipoprotein that 

Table X-[3H]Cholesterol Content 24 h r  after Injection of 10 pCi 
in CFI Mice Administered Drug (20 mg/kg/day) for 14 DaysP 

Control Phthalimide 
Total Tritium Total Tritium 

Organ dpm Recovered, % dpm Recovered, % 

Brain 8305 0.124 7042 0.105 
Lung 33,949 0.506 20,589 0.307 
Heart 23,774 0.354 7041 0.105 
Liver 436,066 6.502 302,133 4.505 
Ween 54.303 0.810 55.329 0.825 

I - - -  . . ~ .  

Kidney 82[954 1.237 45,672 0.681 
Stomach 266,464 3.973 146,941 2.191 
Small Intestine 607,318 9.056 737,660 10.999 
Large Intestine 791,297 11.799 542.437 8.0881 

Subtotal 
Feces 

34.361 27.806 

0-6 hr 374,855 5.589 1,013,973 15.119 
6-12 hr 2,126,220 31.703 2,333,767 34.798 
12-24 hr 1,901,108 28.333 1,494,109 22.277 
Total excreted 65.625 72.194 

in 24 hr 
Plasma/ml 256,730 197,092 

O n  = 6 .  

Table XI-Effects of Phthalimide Analogues on 24-hr [3H]- 
Cholesterol Absorption in Rats After 14 Days of Dosing 

Percent of 
Compound Plasma" Control 

Control 14280 
Phthalimide 6283 446 
3-N-Phthalimidopropionic acid 5569 396 

0 dprn assuming 17 ml total volumehat; n = 6. * p 5 0.001. 

transports cholesterol (60-70%) to the peripheral tissue and in most 
species back to the liver (32,33). Low-density lipoproteins are deposited 
in the atherosclerotic plaque shedding their cholesterol into the form cells 
(34-36). An increase in dietary cholesterol is reflected as an increase in 
cholesterol levels of low-density and, to a less extent, high-density and 
intermediate-density lipoproteins (37). High-density lipoproteins, which 
originate from the liver and intestine, play an important role in the in- 
terconversion of lipid components to various 1ipoprotein.fractions and 
in the return of lipids from the peripheral tissue to the liver. Both the 
low- and high-density lipoproteins are actively taken up by the liver 
low-density lipoprotein receptors (33,38). High-density lipoproteins may 
participate in the transport of cholesterol out of the atherosclerotic plaque 
or may slow down the atherogenic process (39). Studies have suggested 
that high-density lipoproteins are inversely related to the incidence of 
coronary heart disease (e.g., Troms study) (40-43). However, other 
studies in humans dispute these findings (44-46). Other workers have 
proposed that the ratio of low-density to high-density lipoprotein is more 
important in predicting the incidence of atherosclerosis (46,47). The 
cholesterol content of each fraction or the ratio of high-density lipoprotein 
cholesterol to total cholesterol has also been discussed as possible pa- 
rameters for predicting coronary heart disease (46,47). 

Treatment with clofibrate does not significantly alter the high-density 
lipoprotein fraction in humans, but lowers the cholesterol of this fraction 
slightly; however, clofibrate does not protect against coronary heart 
disease (46). Treatment with probucol for short periods of time reduces 
the high-density lipoproteins as well as the ratio of cholesterol content 
of the high-density lipoproteins to total cholesterol content with no in- 
crease in the incidence of heart disease (44). A number of preliminary 
studies have alluded to the fact that high-density lipoproteins are taken 
up by the liver where the cholesterol is released from the apoprotein and 
acts as a precursor for bile acids and biliary cholesterol (33,48,49). 

Treatment with phthalimide derivatives for a 2-week period lowers 
cholesterol and triglyceride levels of chylomicrons, very low-, low-, and 
high-density lipoprotein fractions of the rat. Although the lipid distri- 
bution among the lipoproteins fractions in the rat is different from the 
human, some analogies may be drawn. The reduction of cholesterol and 

Table XII-Effects of Phthalimide Analogues on Bile Flow and 
Biliary [3H]Cholesterol Excretion in Rats After 14 Days of 
Dosing a 

6-hr Total 
Bile Flow cpm Cholesterol, mg% 

Control 3.36 f 0.16 1016 f 81 111 f 8 
Phthalimide 7.60 f 0.406 1686 f 144* 201 f 126 
3-N-Phthalimido- 5.23 f 0.576 1554 f 1036 171 f lo6 
propionic acid 

n = 6. p 5 0.001. 
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Table XIII-Effects of Phthalimide on Lipid Content of Fecal Material Collected after 16 Days of Dosinga 

Total Neutral 
Dosage Cholesterol Lipids Triglycerides Phospholipids 

Control 
10 mglkg 
20 mglkg 
40 mgkg 
60 mgkg 

Control 
10 mgkg 
20 mgkg 
40 mgkg 
60 mgkg 

Control 
10 mg/kg 
20 mg/kg 
40 mgkg 
60 mgkg 

100 f 7d 
139 f 86 
134 f 76 
188 f gb 
115 f 

100f 7h 
150 f 76 
157 f 86 
140 f 6b 
144 f 66 

100 f 8' 
148 f 6b 
146 f 76 
133 f 6b 
99 f 7 

0-6-hr Fecal Callection 
100 f 8' 100 f 6f 
121 f 8' 96 f 5 
151 f 6b 90 f 4 
156 f 7b 91f6 
128 f 6 99 f 8 

6-12-hr Fecal Collection 
100f 8' 100 f 6J 
137 f 7b 100 f 6 
204 f 8b 
162 f 7b 
161 f 8b 

102 f 5 
106 f 6 
112 f 7 

12-24-hr Fecal Collection 
100 f 6m 100 f 7" 
133 f 5b 
230 f 8b 
216 f 7b 
154 f 6b 

97 f6 
98 f 7 
98 f 7 
97 f 7 

100 f 58 
166 f 6b 
192 f 8b 
177 f 7b 
116 f 6c 

100 f 6k 
112 f 6 
145 f 7b 
182 f 7b 
125 f 66 

100 f 6" 
148 f 8b 
190 f 1 6  
150 f 6b 
129 f 5b 

~ ~~ 

Percent of control, expressed as mean f SD; n = 6. p 5 0.001. 'f 5 0.010. 19.77 mg/g tissue. e 17.62 mg/g tissue. f 1.74 mg/g tissue. 8 1.85 mg/g tissue. * 29.47 
mg/g tissue. 33.94 mg/g tissue. J 1.86 mg/g tissue. 1.61 mg/g tissue. 28.47 mg/g tissue. 33.94 mg/g tissue. " 1.86 mg/g tissue. 1.39 mg/g tissue. 

Table XIV-Effects of Phthalimide Analogues on Holtzman Lipoprotein Fraction after 14 Days of Dosing 

Compound Cholesterol Neutral Lipids Triglycerides Phospholipids Protein 

1% Carboxymethylcellulose 
Phthalimide 
1 -N-Phthalimidobutan-3-one 
3-N-Phthalimidopropionic acid 

1% Carboxymethylcellulose 
Phthalimide 
1-N-Phthalimidobutan-3-one 
3-N-Phthalimidopropionic acid 

1% Carboxymethylcellulose 
Phthalimide 
I-N-Phthalimidobutan-3-one 
3-N-Phthalimidopropionic acid 

1% Carboxymethylcellulose 
Phthalimide 
1-N-Phthalimidobutan-3-one 
3-N-Phthalimidopropionic acid 

100 f 96 
42 f 4" 
53 f 4" 
66 f 5" 

100 f 88 
47 f 5" 
75 f 6" 
85 f 8 

100 f 9' 
42 f 3u 
55 f 5 u  
57 f 7u 

100 f 8q 
44 f 5 u  
56 f 5u 
52 f 8" 

Ch lomicrons 
100 f 8' *d 
57 f 6" 
73 f 6" 
17 f 3" 

49 f 4" 
52 f 5" 
51 f 6" 

Very Low-Density Lipoprotein 
100 f 9h 100 f 7l 
75 f 7" 
78 f 6w 
85 f 6 

33 f 4" 
78 f 7" 
40 f 4" 

Low-Density Lipoprotein 
100 f 7"' 100 f 8" 
68 f 6" 
77 f 5" 
73 f 5" 

44 f 4" 
49 f 4" 
50 f 4" 

High-Density Lipoprotein 
100 f 9r 100 f 4s 
48 f 4u 
52 f 3" 
64 f 5" 

51 f 3" 
65 f 5" 
53 f 4" 

100 f 10e 
374 i 13" 
99 f 11 
197 f 15" 

100 f 7j 
205 f 10" 
213 f 9" 
359 i 5" 

100 f 70 
81 f 6" 
42 f 4" 
71 f 6u 

100 f 6' 
212 f 7" 
324 -f 12" 
225 f 8" 

100 f 7f 
61 f 5u 
61 f 6u 
57 f 6" 

100 f 8k 
43 f 3" 
86 f 7 
43 f 5u 

100 f 8P 
67 f 7u 
101 f 9 
98 f 8 

100 f 8" 
66 f 6" 
101 f 7 
104 f 8 

a Percent of control, expressed as mean f SD; n = 6. * 337 pglml. 67 pglml. 420 pg/ml. 149 pg/ml. f 221 pg/ml. 8 190 pg/ml. * 98 pg/ml. 221 pg/ml. J 26 pg/ml. 
I ,  50 pg/ml. ' 210 pglml. 10 pglml. 45 pg/ml. 41 pg/ml. p 122 pg/ml. q 544 pg/ml. 620 pg/ml. ' 27 pg/ml. 153 pg/rnl. 657 pg/ml. " p 5 0.001. p 5 0.010. 

triglyceride content of low- and high-density lipoproteins was approxi- 
mately of the same magnitude after drug treatment which probably did 
not change the low-density to high-density lipoprotein ratio during drug 
treatment. The reduction of cholesterol in both lipoprotein fractions may 
reflect the increase in cholesterol excretion in the bile after phthalimide 
treatment. Supposedly, the cholesterol esters are exchanged between 
high- and low-density lipoproteins (50), so a reduction of one by drug 
therapy should reflect in the other fraction ultimately. 

After phthalimide treatment it was noted that the phospholipid con- 
tent of the very low-density and chylomicron fractions were elevated. 
Clofibrate is also known to increase the phospholipid content of liver and 
serum (51). The very low-density and chylomicron remnants have their 
phospholipid content enzymatically removed before they can be taken 
up by the liver. If the phospholipid, e.g., phosphatidyl choline, remains 
on these remnants then the remnants are not taken up by the liver (52). 
The inability to take up these fractions may be critical to the regulation 
of liver cholesterol synthesis, since in hyperlipidemic patients and rats 
the cholesterol released from very low-density lipoproteins inhibit 3- 
hydroxy-3-methylglutaryl coenzyme A reductase activity (53). However, 
the cholesterol release from very low-density lipoproteins of normal rats 
did not inhibit the enzyme, suggesting that the actual content of cho- 
lesterol in the very low-density lipoprotein fraction may be the one de- 
cisive factor in the regulation of liver cholesterol synthesis (54). 

Mixed results have been observed regarding the cholesterol content 
of high- and low-density lipoprotein fractions. In the fibroblast system, 

they inhibit the regulatory enzyme of cholesterol synthesis. However, 
in the hepatocyte tissue culture system, the high cholesterol content of 
high- and low-density lipoprotein did not inhibit 3-hydroxy-3-methyl- 
glutaryl coenzyme A reductase activity (54). Further studies are being 
conducted with the relationship of lipoprotein fractions of rats after 
phthalimide treatment. 
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Abstract Eleven heterosulfamates have been synthesized, charac- 
terized, and evaluated for sweetness. Measurements of the molecular 
dimensions ( x ,  y ,  z ,  and V) of these sulfamates and 22 others that had 
been reported previously and evaluated for sweetness have been made 
using Corey-Pauling-Koltun space-filling models. The first-order mo- 
lecular connectivities (lxV) of all the heterosulfamates have been calcu- 
lated. The statistical technique of linear discriminant analysis was applied 
to the complete set of 33 compounds and to a reduced set of 27 com- 
pounds. The analysis was performed using the above five variables ( x ,  
y ,  z, V ,  and lxV) and various subsets thereof. For the complete set of 
compounds, Seven variable subsets were identified which yielded correct 
classifications of 27 and 28 compounds. A similar analysis of the reduced 
set did not improve the misclassification rate. 

Keyphrases Heterosulfamates-synthesis, classification by linear 
discriminant analysis, structure-taste relationship Sweetners, sulfa- 
mate-structure-taste relationship, classification by linear discriminant 
analysis Linear discriminant analysis-classification of heterosul- 
famates, molecular connectivity correlations 

Previous studies (1-4) on heterosulfamates have shown 
that when one of the ring carbons of cyclohexylsulfamate 
is replaced by an oxygen or nitrogen atom, sweetness is lost, 
whereas replacement by a moiety containing a sulfur atom 
results in the retention of sweetness. Compounds X (l), 
XVIII (2), and XX (1) are nonsweet while IX (2), XI (3), 
and IV (4) are sweet. 

X M 

XI XVLII 

xx Iv 
Furthermore, one of the basic structure-taste rules found 
for carbosulfamates does not appear to apply to hetero- 
sulfamates, namely, that the presence of a free hydrogen 
on the nitrogen of the sulfamate function was essential for 
sweetness (5 ) .  This was shown by the taste evaluation of 
the series of cyclic sulfides (IX, XXIV, XXI, and XXV) 
and sulfones (XI, XXIII, and XXII) which are sweet 
(3). 

IX: R -  H X I : R = H  
XXIV: R = - C H z C H ,  XXIII: R = --CHrCH, 

XXI: R = -(CHz),CH, 
XXV: R = - C H , C H z O H  

XXII: R = - (CH,) ,CH, 

Since only a few other heterosulfamates have been re- 
ported, 11 new heterosulfamates (both cyclic and open- 
chain) were synthesized and several structure-taste rela- 
tionships were established from measurements of the 
molecular dimensions and molecular connectivities of 
these and other heterosulfamates reported previously. 

EXPERIMENTAL 

Synthesis-All sulfamates except VII and XI1 were synthesized by 
previously described methods (5,6). 
5-Methylisoxazolo-3-sulfamate (Vll)-A solution of 3-amino-5- 

methylisoxazole (5 g, 0.05 mole) in dry nitrobenzene (40 ml) was cooled 
to 0". Chlorosulfonic acid (4.5 g, 0.05 mole) was added with stirring at  a 
rate such that the temperature did not rise above 5". The mixture was 
stirred at room temperature for 3 hr. Ether (20 ml) was added and the 
orange solid that precipitated from the solution was removed by filtration, 
dissolved in 0.05 M sodium hydroxide (20 ml), and the solution was ex- 
tracted with ether (2 X 20 ml). On removal of the ether under reduced 
pressure, an oily residue remained. On chilling this gave rise to a white 
solid which was the amine salt of the required sulfamate. Attempts to 
prepare this compound by the method of Hurd and Kharasch (4) failed. 
By employing the dipolar aprotic solvent nitrobenzene, a small yield 
(2.4%) was obtained. Possibly in this solvent protonation of the ring ni- 
trogen of the isoxazole and consequent reduced basicity of the amino 
group is inhibited. The basicity of the oxazole was such that the sulfamate 
formed was the oxazole salt rather than the sodium salt. 
3-Thia-3,3-dioxocyclopentylsulfamate (XI1)-A solution of 3- 

thia-3,3-dioxocyclopentylamine (5 g, 0.037 mole) in ethanol (40 ml) was 
cooled to 4". Chlorosulfonic acid (3.52 g, 0.03 mole) was added in a 
dropwise manner with stirring. The mixture was stirred at  room tem- 
perature for 3 hr, and then ethanol was removed under reduced pressure. 
The resulting yellow solid was dissolved in 2 M sodium hydroxide, and 
the liberated amine was extracted with ether (3 X 25 ml). The aqueous 
layer was then concentrated to -10 ml and the precipitated amine salt 
of the sulfamate was removed by filtration and then recrystallized from 
95% ethanol. Again the amine was sufficiently basic to form this salt 
rather than the expected sodium salt. The yields of the sulfamates syn- 
thesized were 2-20%. 

Analysis and Characterization-The sulfamates prepared gave 
satisfactory (within f0.5%) C, H, and N analyses except for I, 11, VII, 
XXVI, and XXVII. Analytical data (C, H, and N) for all new compounds 
are given in Table I. It should be noted that occluded solvent of recrys- 
tallization is a common problem with sulfamates (5,7,8). Despite re- 
peated recrystallization, the elemental analysis for I could not be im- 
proved; however, this compound displayed the sulfamate properties 
described below. 

IR spectra of all the sulfamates prepared were recorded'. The sul- 
famates gave the following characteristic bands (9): 3400-3190 (NH), 
1240-1210 (asymSOs), 1203-1170 (symSOa), 1072-1040 (symSOs), and 
730-660 cm-' (NS). All the prepared sulfamates gave a positive "sulfa- 
mate" test (2). 

Taste Analysis -Analysis was carried out as previously described 
(10). Two of the sulfamates (VII and XII) were isolated and purified as 
their amine salts (RHNSOFNHZR) and were tasted as such, since it is 
known that the salt-forming group does not influence the taste of sul- 
famates (5,11). 

Measurements with Models and Molecular Connectivity Mea- 
surements-The measurements with the Corey-Pauling-Koltun models 
were carried out as previously described (lo), and the parameters x ,  y,  

Perkin-Elmer 337 spectrophotometer using Nujol mulls. 
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Table I-Analytical Data for  New Sulfamates 

Found, % 
Compound C H N 

Required, % 
Formula C H N 

I 19.38 4.12 6.89 
I1 29.22 3.02 7.11 ~~ ~~ -~ 

111 28.21 i i .13 5.14 
VII 35.32 5.97 19.8 
XI1 27.38 5.44 7.82 

XI11 36.52 6.63 12.27 
XIV 49.13 5.83 9.80 ~ ~~ xv 34.38 6.23 11.51 
XIX 30.66 6.47 12.03 

XXVI 28.22 5.49 5.75 
XXVII 24.98 5.44 11.75 

23.42 6.22 5.44 
30.15 3.02 7.03 
27.69 10.76 5.00 
34.8 4.4 20.3 
21.42 5.14 8.00 
36.52 6.52 12.27 
49.32 5.82 9.59 
34.14 6.23 11.38 
30.76 6.41 11.96 
28.00 6.09 6.54 
25.00 7.08 11.66 

Isolated as the amine salt of the sulfamate. 

2, and V (i.e., x y z )  were determined as before (Table 11). The values for 
the molecular connectivity ( x )  for the different sulfamates were deter- 
mined by considering the valence electrons, whether bonded or non- 
bonded. The 6 values are considered to be the difference between the 
number of valence electrons zv and the number of hydrogen atoms hi: 

6y = z u  - h i  (Eq. 1) 

Thus, applying this to oxygen in an alcohol hV = zv - hi = 6 - 1 = 5. The 
SV values for heteroatoms are given in Table I11 (12). 6v can be used to 
calculate a valence chi-term of the first order ( l x V )  by the expression: 

l X V  = 8 ( 6 3 7 ) - 1 / 2  (Eq. 2) 

For example, the chi-term (of the first order) for the sulfamate anion 
XXVII was calculated as follows: 

2 X 0.447 
0.316 

2 X 0.500 
0.354 
0.250 

3 X 0.204 
y=3.43 

When cyclic compounds are considered, a ring correction factor must be 
used because of the presence of an additional edge (bond). This is ac- 
commodated for by the use of 0.5 as a modifying term to be subtracted 
from lxV.  For example, the chi-term for the 4-oxacyclohexylsulfamate 
( x )  was calculated as follows: 

'XV 3.05 

THEORETICAL 

The technique used to facilitate determination of structure-taste re- 
lationships is that of linear discriminant analysis. This method is applied 
when M(11) measurements (variables) are available for each member 
of two clearly defined groups and yields a linear function of the variables 
which best separates the two groups. 

The theory of the linear discriminant function is described in many 
statistical tests (17,18). Conceptually the method is identical for all values 

of M (the number of variables observed for each member of each group), 
but the essential ideas are most easily expanded for the case M = 2. In 
this case, we have two measurements, say X and Y, for each member of 
each group. Each member can therefore be represented as a point in the 
X , Y  plane. The linear discriminant function in this case is the line that, 
in a certain sense, best separates the two groups. If the equation of this 
line is: 

a X + b Y = k  (Eq. 3) 

then mathematically the problem is to use the given ( X , Y )  data to esti- 
mate constants a ,  b ,  and k such that the line given by (Eq. 3) separates 
the two groups in some optimal sense. The extension to the case of M > 
2 variables is mathematically straightforward, but conceptually more 
difficult. We now seek a linear combination: 

l ( X i , x 2 , .  . . X M )  = UlXl + a2X2 + .  . . + a M X M  = a'x (Eq. 4) 

where a1 = (al, a2,. . . a,) and X 1  = ( X I , .  . . X M )  such that an equation 
of the form: 

1(X)  = k (Eq. 5) 

optimally separates the two groups. In the case M = 3, this is equivalent 
to finding the plane that best separates the two groups in the three- 
dimensional space in which they can be represented. For M > 3, we obtain 
a hyper-plane separating the two groups. Although the geometrical 
representation breaks down for the case M > 3, the mathematical method 
is straightforward. 

Most statistical packages used on computers will perform this analysis. 
The package BMDP (19) was used in this case, and it yields the constants 
a l ,  a2, . . . O M  of Eq. 4. The constant k is then chosen to optimize the 
discriminatory power of the discriminant function l ( X ) .  The criterion 
of optimality usually used involves stochastic assumptions concerning 
the multivariate normal distribution of the underlying data. Given the 
nature of this particular data set, the more ad hoc criterion of minimizing 
the number of misclassifications using the discriminant function I ( X )  
has been adopted in this paper. 

Suppose one has two groups of compounds and has recorded the values 
of each of M variables for n1 members of group 1 and n2 members of group 
2. 

Let X i j k  (i = 1,2; j = 1,2 . . . ni; k = 1,2. . . MI be the value of the k~ 
variable for the jth member of the ith group. Let: 

i = 1,2 
k = 1,2, .  . . M 

- X i k  = X i j k h i  

J 
(Eq. 6) 

and define the mean vectors of the two groups to be, respectively: 

X: = (X11, X l z , .  . . X 1 M )  

xi = (??,I, x 2 2 , .  . . X Z M )  

(Eq. 7) 

(Eq. 8) 
- 

Further let: 

x x ( X i l k  - Xik)(Xij l  - XI,) 
Skl  = ' (Eq. 9) 

nl + n2 - 2 
so that: 

s = ( s k f )  (Eq. 10) 

is the M X M pooled estimate of the (assumed) common covariance ma- 
trix. Then the elements of the vector a of Eq. 4 are given by: 

a = (XI - X2)1. S-1 0%. 11) 
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Table 11-Spatial Parameters for R Groups, Chi-Values, and Taste of Heterosulfamates (R-SOa-M+) 

Compound RO Name of Sulfamate* Tastec x Y z V lxVd Reference 

I 

I1 

I11 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XI1 

XI11 

XIV 

xv 

XVI 

XVII 

XVIII 

XIX 

xx 
XXI 

XXII 

XXIII 

XXIV 

vm- 0 2  

dH- 

s 3 r  

0 3 3 N -  I 
I 

(CHz),CH, 

0 3 3 7 -  

s 3 - 7 -  
CH,CH, 

CH.CH, 

2-Tetrahydrofurfuryl- 

2-Furfuryl- 

N-pyrrolidino-2-ethyl- 

2-Thiazolyl- 

4-Methyl-2-thiazolyl- 

4-Phenyl-2-thiazolyl- 

5-Methylisoxazolo-3- 

4-m -Nitrophenyl-2-thiazolyl- 

4-Thiacyclohexyl- 

4-Oxacyclohexyl- 

4-Thia-4,4-dioxocyclohexyl- 

l-Ethylpiperidinyl-3- 

l-Benzylpiperidinyl-3- 

N-n- Propylmorpholino- 

3-Methyl-4-thiacyclohexyl- 

Pyridyl-2- 

Piperidino- 1 - 

Azacycloheptyl- 

Morpholino-4- 

N-n- butyl-4-thiacyclohexyl. 

N-n-  butyl-4-thia-4,4-dioxocyc- 
lohexyl- 

N-ethyl-4-thia-4,4-dioxocyclo- 
hexyl- 

N-ethyl-4-thiacyclohexyl- 

N 

N 

N 

S 

S 

N 

N 

N 

S 

N 

S 

B 

N 

N 

N 

S 

N 

N 

N 

N 

S 

S 

S 

S 

7.40 

5.96 

9.64 

7.08 

7.08 

7.08 

7.80 

7.08 

5.80 

5.52 

7.72 

6.00 

6.08 

11.50 

9.88 

6.20 

7.72 

7.00 

7.16 

5.68 

12.72 

13.56 

10.56 

9.84 

4.99 

4.89 

4.85 

3.66 

3.80 

7.20 

3.88 

8.48 

5.44 

5.36 

5.64 

5.64 

5.68 

6.80 

5.28 

5.33 

3.76 

5.30 

5.04 

5.36 

5.20 

6.24 

5.92 

5.44 

5.92 

5.72 

5.92 

5.84 

6.96 

8.56 

5.44 

9.24 

6.80 

6.40 

6.56 

6.56 

8.24 

6.32 

6.40 

7.88 

6.40 

6.50 

7.20 

6.24 

6.60 

6.52 

6.32 

6.40 

219.0 

167.0 

277.0 

151.0 

187.0 

436.0 

165.0 

555.0 

215.0 

189.0 

286.0 

222.0 

285.0 

494.0 

334.0 

259.0 

186.0 

241.0 

260.0 

190.0 

437.0 

552.0 

395.0 

343.0 

3.06 

2.47 

3.66 

1.97 

2.39 

4.05 

2.30 

4.50 

3.18 

3.05 

3.58 

2.99 

4.12 

5.68 

4.24 

3.60 

2.38 

3.22 

3.72 

2.80 

5.14 

5.55 

4.55 

4.14 

.~ 
continued 
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Table 11-Continued 

Compound R" Name of Sulfamateb TasteC x Y Z V lxVd Reference 

xxv 

XXVI 

XXVII 

XXVIII 

XXIX 

xxx 
XXXI 

XXXII 

XXXIII 

CH3>(CH,),NH - 
CHI 

N-(2-hydroxyethyl)-4-thiacy- 
clohexyl- 

3-Isopropoxyethyl- 

3-Dimethylamino- 1 -propyl- 

Piperidino-l- 

Azacycloheptyl- 

Morpholino-4- 

Pyrrolo-1: 

Azacyclooctyl- 

Azacyclononyl- 

11.24 

7.64 

8.52 

5.38 

6.44 

4.48 

4.88 

6.48 

6.05 

5.28 6.80 

5.05 6.32 

4.80 6.12 

5.30 6.40 

5.04 7.20 

4.48 6.32 

4.32 6.00 

5.12 7.76 

5.20 8.40 

404.0 

244.0 

250.0 

182 

234 

127 

126 

257 

264 

4.24 

3.40 

3.43 

3.49 

3.47 

2.59 

2.47 

3.97 

4.47 

3 

- 

- 

14,15 

16 

15 

14,16 

16 

16 

C- Measurements were made on the structures indicated. Compounds XXVIII-XXXIII are sulfonates, but may be regarded as secondary sulfamates and are thus 
Molecular connectivities were calculated for the total sulfamate anion, i .e. ,  the -SO; moiety was included in the included. Key: (S) sweet; (N) nonsweet; (B) bitter. 

calculations (see Expenmental). - Values obtained from this work. 

and the classification rule is: 
classify as group 1 if alX > k 
classify as group 2 if alX I k 

The choice of k is then made to minimize the number misclassified by 
this rule. 

RESULTS AND DISCUSSION 

In a previous paper, measurements using Corey-Pauling-Koltun 
(CPK) space-filling models were carried out on carbosulfamates and a 
semiquantitative structure-taste relationship was established (10). The 
approach was similar here and measurements of length ( x : ) ,  height (y), 
and width ( z )  of R-NH (or R-NR') in R-NHSO; (R-NRISOi) were 
made using CPK models. V (in A3) may be thought of as a measure of the 
size or three-dimensional structure of R-NH(R-NR') and was calcu- 
lated as previously described. In addition, a molecular connectivity term 
('x') has been calculated (see Experimental). The values of x ,  y, z ,  V, 
and lxV as well as the test data are given for all the heterosulfamates in 
Table 11. 

The mathematical analysis has been performed twice: with the com- 
plete set of 33 compounds and with a reduced set of 27 compounds 
(omitting the last six compounds of Table 11). Since six compounds of 
Table I1 are sulfonates that could be regarded as secondary sulfamates, 
the analysis has been tried with and without these compounds. As the 
analysis involving the reduced set did not improve the misclassification 
rate, i t  is not described further. 

The linear discriminant analysis could be performed using any subset 
of the five variables. There are 31 such subsets and, to save computation 
time, a preliminary analysis using a statistically equivalent technique, 
stepwise logistic analysis (19), enabled identification of the 14 subsets 
most likely to provide effective discrimination. The discriminant analysis 
was then performed using these subsets. For the complete set (33 com- 
pounds), the most effective variable subset of each (2, 3, 4, 5 ) ,  the 
discriminant function a 'X for each of those subsets, the corresponding 
constant k ,  and the number of compounds misclassified by the optimal 
classification rule so derived are given in Table IV. 

A discussion of the discriminant analysis applied to the complete data 
set and using the variable subset (x,lxV) will be utilized to highlight the 
main points of this type of analysis. From Table IV it can be seen that 
the dividing line in this case is: 

- 0.63~: + 0.58 'x' = -3.95 (Eq. 12) 

It  can be seen from Table IV that, with the exception of IV, V, IX, XI, 
XVI, and XXIV, all the sweet compounds lie above and all the nonsweet 
compounds lie below this line. The mathematically equivalent results 

for this case are given in Table V, which presents the values of: 

d = -0 .63~ + 0.58 'x' 03s. 13) 

for each compound. I t  can be seen that for all the sweet compounds (with 
the aforementioned exceptions), d < kl-3.951, whereas for all the non- 
sweet compounds d > k. 

Detailed results are not presented for the discriminant analyses based 
on the other variable subsets given in Table IV. From Table IV it can be 
seen that, although the inclusion of additional variables does not dra- 
matically affect the discriminatory performance, the number of mis- 
classified compounds does decrease (to 5 )  when one uses the subset 
x,z,lxV. For this particular case, the discriminant function is: 

d = -0.86% - 0.812 + 1.31 'xV (Eq. 14) 

and the corresponding classification rule is: 

classify as sweet if d < -8.18 
classify as nonsweet if d > -8.18 

In fact three sweet compounds (IX, XI, and XVI) have values of d > 
-8.18, and two nonsweet compounds (111, XVII) have values of d < -8.18. 
The remaining subsets in Table IV misclassify six compounds in each 
case. Thus, an accuracy of 85% can be attained for the subset involving 
the variables X,  2, and 'xV with 81% accuracy for all other subsets. For 
the carbosulfamates an accuracy of >90% could be achieved using the 
variables x and V only (10). Here the accuracy is not as good but, con- 
sidering the wide diversity of heterocompounds in Table 11, the present 
correlation can be regarded as reasonable. 

A weakness of the x)xV subset correlation seems to be that all six mis- 
classified compounds come from the group of 10 sweet compounds, while 
the 23 nonsweet compounds are classified correctly. One would prefer 
to see a more even spread of misclassified compounds from the sweet and 
nonsweet groups as in some of the four or five variable subsets in Table 

Table 111-Heteroatom Valence Delta-Values 

Group 6' Group 6' 

-OH 5 
-NH 4 -0- 6 

=O 6 
0 (both nitro) 

5 0 (both carboxylate) 6 
I 

-N- 
=N-(pyridine) 5 
-N=(nitro) 6 
-S- 4 
=S= 4 
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Table IV-Discriminant Analysis for  Best Subsets 

Subset a'X 

d x ;  " -0.631 + 0.58'~" 
Y,V, x 1 . 6 2 ~  - 0.02V + 0 .65 l~ '  
i z l ' i  
X;:v".'YV 

-0.86; - 0.812 + 1.31'X' 
-1.011 - 1.082 + 0.01v + 1 . 0 6 ' ~ '  

x;y;z,ii;' 
x ,Y 92 ,v 
X J . L , V , ' X V  

- 0 . 8 1 ~  + 0 . 3 4 ~  - 0.882 + 1.01'2 
-0.371 + 1 . 0 5 ~  - 0.412 - 0.01 V 
-1 .06~  - 0 . 0 8 ~  - 1.122 + 0.01V + 1.08'~' 

IV (e.g., the x,z,'xV subset which has three sweet and two nonsweet 
compounds misclassified). 

If one uses the number misclassified and the spread of misclassified 
compounds between sweet and nonsweet groupings as criteria of signif- 
icance, then one may concentrate on the last five subsets of Table IV. The 
importance of spatial or volume effects at the receptor site is clear when 
one observes that x and either z or y or both are involved in all these 
subsets. 'xV Encodes both volume and electronic effects of bonds (20), 
and it is noteworthy that this variable occurs in four of these five subsets. 
With the carbosulfamates, electronic influences were probably small and, 
hence, a correlation was possible using only spatial parameters. However, 
with the introduction of various heteroatoms into the sulfamates, elec- 
tronic effects of bonds could be important, and a more complicated type 
of correlation would thus be expected. 

Molecular connectivity terms have been used in recent years to cor- 
relate the sweetness of substituted nitroanilines (21) and the percent 
sweethitter taste of aldoximes, RCH=NOH (22). Thus, lxvwas intro- 
duced since a correlation with our spatial parameters only was not pos- 
sible. 

In the listing of misclassified compounds, the same compounds ap- 
peared 111, IX, XI, XV, XVI, and XVII. It is instructive to look at  these 
more closely in the hope of finding a common factor that may cause their 
deviation. Compounds IX, XI, and XVI all have a sulfur atom in a six- 
membered ring in either the disulfide or sulfone form. Compounds IV-VI 
Table V-Discriminant Function Values for  Subset (x,'~')  

Compounds Misclassified Total 
k Sweet Nonsweet Misclassified 

-3.95 IV, v ,  IX, XI, XVI, XXIV 6 
+4.21 IX,XI,XVI,XXIII,XXIV XVII 6 
-8.18 IX, XI, XVI 111, XVII 5 

-10.50 IX, XI, XVI 111, x v ,  XVII 6 
-7.49 IX, XI, XVI 111, x v ,  XVII 6 
-2.37 IV, IX, XI, XVI x v ,  XVII 6 

-11.17 IX, XI. XVI 111, x v ,  XVII 6 

Sweet Compounds Nonsweet Compounds 
Comoound d Comoound d 

IV -3.31 ' I -2.88 
V -3.06' I1 -2.31 

IX -1.80' 111 -3.94 
XI -2.78' VI -2.10 

XVI -1.81 ' VII -3.57 
XXI -5.01 VIII -1.84 

XXII -5.31 X -1.70 
XXIII -4.00 XI1 -2.04 
XXIV -3.78' XI11 -1.43 

xxxv -4.61 XIV -3.93 xv -3.75 
XVII -3.47 

XVIII -2.53 
XIX -2.34 xx -1.95 
XVT -2.83 

~ .. _ _  . - 
XVII -3.37 

XVIII -1.36 
XXIX -2.03 
XXX -1.31 .~~~~~ 

XXXI -1.63 
XXXII -1.77 

XXXIII -1.21 

a Discriminant function d = -0.631 + 0.58 Ixv < -3.95 sweet, > -3.95 nonsweet. 
b Misclassified. 

and VIII also have sulfur atoms in five-membered rings, but these atoms 
are involved in the aromaticity of the rings. Compound XI1 has sulfur 
in a five-membered saturated ring system, and one may regard com- 
pounds XXI-XXV as special cases since they all have disubstituted 
sulfamate nitrogens. It thus seems that the correlations established will 
consistently misclassify six-membered saturated sulfur ring systems. The 
reason(s) for the deviation of the three nonsweet compounds 111, XV, and 
XVII are less clear. 
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Abstract Eight nonionic surface-active agents were each incorporated 
at  a concentration of 10% into a white petrolatum ointment base con- 
taining 10% flufenamic acid with or without dimethyl sulfoxide. Percu- 
taneous absorption was studied by determining the plasma concentration 
of flufenamic acid in New Zealand White rabbits a t  regular intervals for 
8 hr following application of the ointment. The percutaneous absorption 
of flufenamic acid was significantly increased when sorbitan trioleate, 
polyoxyl8 stearate, or polyoxyethylene 2 oleyl ether were added to the 
ointment containing flufenamic acid and white petrolatum. The percu- 
taneous absorption of flufenamic acid was increased significantly when 
sorbitan monopalmitate, sorbitan trioleate, polyoxyl 8 stearate, poly- 
oxyethylene 20 cetyl ether, or polyoxyethylene 2 oleyl ether were added 
to the ointment containing dimethyl sulfoxide, flufenamic acid, and white 
petrolatum. 

Keyphrases Flufenamic acid-percutaneous absorption, effect of 
nonionic surfactants and/or dimethyl sulfoxide Dimethyl sulfox- 
ide-effect on the percutaneous absorption of flufenamic acid, synergism 
with nonionic surfactants Surfactants, nonionic-effect on the per- 
cutaneous absorption of flufenamic acid, synergism with dimethyl sulf- 
oxide 0 Absorption, percutaneous-of flufenamic acid, effect of dimethyl 
sulfoxide and/or nonionic surfactants 

The anti-inflammatory and analgesic actions of fluf- 
enamic acid, N-(a,a,a-trifluoro-rn-toly1)-anthranilic acid, 
have been reported previously (1-4). The side effects 
shown on oral administration of flufenamic acid are pre- 
dominantly GI disorders such as diarrhea, nausea, and 
vomiting. Cutaneous application of flufenamic acid for 
rheumatic disorders could have numerous advantages. A 
highly potent preparation could be used without causing 
the aforementioned GI disturbances. The active ingredi- 
ents diffuse directly through the skin at the application 
site, and the concentration of the active ingredients in the 
subcutis and the superficial musculature are considerably 
higher with a longer duration of action than after oral ad- 
ministration. Percutaneous absorption of flufenamic acid 
and the resulting anti-inflammatory activity has been 
shown using animal and human models (5-10). 

The use of dimethyl sulfoxide as a penetrant carrier has 
been suggested (11). Stoughton et al. (12,13) reported that 
dimethyl sulfoxide increased the rate of penetration of 
naphazoline hydrochloride, hexopyrronium bromide, and 
fluocinolone acetonide through the human skin. Dimethyl 
sulfoxide also has been found to accelerate the penetration 
of water (14), hydrocortisone, and testosterone (15) 
through the skin in uivo. 

Surfactants are one of the most important groups of 
adjuvants in pharmaceutical preparations. For topically 
applied preparations, surfactant-induced dissolution or 
emulsification of active ingredients and changes in oint- 
ment viscosity may modify the absorption process. Higuchi 
(16) suggested that the surfactants generally possess a 
particular affinity for membranous structure. As a result 
of this affinity, a nonionic surfactant could possibly 

emulsify the sebum, enhance the thermodynamic activity 
of drugs, or change the diffusion constant and activity 
coefficient of drugs, all of which would permit easier pen- 
etration of the drug into the cells. 

Shen et al. (17) studied the effects of 15 nonionic sur- 
factants on the percutaneous absorption of salicylic acid 
in white petrolatum containing dimethyl sulfoxide. They 
found that the plasma salicylate levels in rabbits were in- 
creased significantly when sorbitan trioleate, sorbitan 
monopalmitate, poloxamer 231, poloxamer 182, polyoxy- 
ethylene 4 lauryl ether, polyoxyethylene 2 oleyl ether, or 
polyoxyl8 stearate was added to the ointment. As a con- 
tinuation of this work, the effect of selected nonionic sur- 
factants on the percutaneous absorption of flufenamic acid 
in the presence of dimethyl sulfoxide was studied in rab- 
bits. 

EXPERIMENTAL 

Materials-The following ointments were used: 10% flufenamic acid' 
in white petrolatum*, 10% flufenamic acid plus 5% dimethyl sulfoxide3 
in white petrolatum, 10% flufenamic acid plus 10% surfactant in white 
petrolatum, and 10% flufenamic acid plus 10% surfactant plus 5% di- 
methyl sulfoxide in white petrolatum. The nonionic surfactants selected 
[with hydrophilic-lipophilic balance (HLB) values in brackets] were 
sorbitan monopalmitate* [6.7], sorbitan trioleate5 [1.8], polyoxyl8 stea- 
rate6 [11.1], polyoxyl40 stearate7 [16.9], polyoxyethylene 20 cetyl ethelB 
[15.7], polyoxyethylene 2 oleyl ether9 [4.9], poloxamer 1841° [15], and 
poloxamer 231" [2]. The absorption of topically applied flufenamic acid 
was compared for white petrolatum preparations containing the acid 
(with or without dimethyl sulfoxide) uersus the acid (with or without 
dimethyl sulfoxide) plus a surfactant. 

Ointment Preparation-Flufenamic acid, in a tine powder form, was 
dried at 50' in a heated vacuum desiccator for a t  least 48 hr before use. 
The prepared ointments contained 10% (w/w) flufenamic acid and 10% 
(w/w) surfactant with or without 5% dimethyl sulfoxide. Each ingredient 
was weighed on an analytical balance'* and incorporated into the white 
petrolatum by the fusion method. 

Test Animals-Each ointment was applied to the skin of a New 
Zealand white rabbit weighing 3.3-4.3 kg. Each rabbit was used four times 
and received the same group of surfactants in each test. Not more than 
three rabbits were utilized during any one experimental day, due to space 
and time limitations. The rabbits receiving ointments containing di- 
methyl sulfoxide for the first test run received the ointment without di- 
methyl sulfoxide for the second run and uice versa, with a 7-day rest 
period before reapplication. The animals were offered food'3 and water 
ad libitum and were housed individually in an animal room maintained 

Reagent grade, lot 0715KE Aldrich Chemical Co. 
Reagent grade, lot 5M05; Matheson Coleman & Bell. 
Reagent grade, lot 755838; Fisher Scientific Co. 

'Span 40; Atlas. 
Span 85; Atlas. 
Myrj 45; Atlas. 
Myrj 52; Atlas. 
Brij 58; Atlas. 

9 Brij 93; ICI. 
lo Pluronic L64: Wvandotte. 

Pluronic LSl; Wyandotte. 
l2 Model EA-1; Torsion Balance Co., Clifton, N.J. 
13 Purina rabbit chow; Ralston-Purina Co., St. Louis, Mo. 

0022-3549/83/0800-0857$0 1.00/0 
@ 1983, American Pharmaceutical Association 
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Table I-AUCba for Plasma Concentration(s) of Flufenamic 
Acid Versus Time for Formulations With and Without Dimethyl 
Sulfoxide * 

18 

17 - > 16-  

15 -  

ul a 

a 1 4 -  

a 12-  E 5 11- 

4 
V 

y 1 3 -  

-I 

Surfactant I b  IIC 

- 
- 

None 
Sorbitan 

monopalmitate 
Sorbitan 

trio 1 eat e 
Polyoxyl8 

stearate 
Polyoxyl40 

stearate 
Polyoxyethylene 

20 cetyl ether 
Polyoxyethylene 

2 oleyl ether 
Poloxamer 184 
Poloxamer 231 

7.400 f 1.332 
5.421 f 0.730 

38.511 f 12.976 

16.532 f 4.131 

7.456 f 0.373 

1.789 f 0.266 

23.066 f 8.460 

2.610 f 0.610 
8.455 f 2.749 

21.784 f 4.369 
38.721 f 1.016 

123.194 f 1.096 

64.462 f 3.662 

11.751 f 0.254 

37.753 f 5.044 

109.314 f 19.114 

10.023 f 0.608 
26.384 f 6.538 

a Percutaneous absorption in rabbits, average of three determinations. b Fluf- 
enamic acid, surfactant, and white petrolatum. c Flufenamic acid, surfactant, di- 
methyl sulfoxide, and white petrolatum. 

at a temperature of 25'. Fifteen to eighteen hours prior to the application 
of the ointment, the hair was removed from the back of the rabbit (8 X 
12-cm2 area) with an animal clipper14 and depilatory cream15. The skin 
was examined under low-power magnification for damage resulting from 
the shaving procedure, and the animal was not used if the skin barrier 
was disrupted. 

Application of Ointment-The rabbits were immobilized in a rack 
(stock) during treatment to prevent them from ingesting the ointment 
after application. The selected ointment was uniformly spread over the 
shaved back in a variety of doses (1 g ointmentkg). The ointment re- 
mained in contact with the skin for 8 hr, during which time the rabbit did 
not receive food or water. 

U 
0 
z 
k 
U 
k 
2 
w 
V 
2 

0 
a 
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a 

a 

i 7 
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1 

0.5 1 2 3 4  5 6 7 8  
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Figure 1-Effect of sorbitan surfactants on the percutaneous absorp- 
tion of flufenamic acid with or without dimethyl sulfoxide. Flufenamic 
acid in white petrolatum (0) with (0) sorbitan monopalmitate, (A) 
sorbitan trioleate, (0) dimethyl sulfoxide, (m) sorbitan monopalmitate 
plus dimethyl sulfoxide, and (4 sorbitan trioleate plus dimethyl 
sulfoxide. 

I4 
15 

Oster co. 
Neet; Whitehall Laboratory Inc.. New York, N.Y 

4 
5 3  

4 2  a 
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Figure 2-Effect of polyoxyethylene ester surfactants on the percu- 
taneous absorption of flufenarnic acid with or without dimethyl sulf- 
oxide. Flufenamic acid in white petrolatum (0) with (0) polyoxyl8 
stearate, (A) polyoxyl40 stearate, (0) dimethyl sulfoxide, (W) polyoxyl 
8 stearate plus dimethyl sulfoxide, and (A) polyoryl40 stearate plus 
dimethyl sulfoxide. 

Procedure of Sample Collection-Blood samples were collected and 
analyzed for flufenamic acid. One-half milliliter of blood was withdrawn 
from the marginal ear vein of the rabbit prior to application of the oint- 
ment, a t  0.5 hr after ointment application, and at hourly intervals for 8 
hr after application. The blood was collected with a sterile 26-gauge, 
0.9-cm needle'6 in a 1-ml disposable tuberculin syringe containing 0.05 
ml of sodium heparin17. This blood-heparin mixture was placed in a 
15-ml glass-stoppered centrifuge tube containing 0.5 ml of 0.2 M acetate 
buffer and 6 ml of ethyl acetate. 

The concentration of flufenamic acid was analyzed using the spec- 
trofluorometricls method described by Hattori et al. (18). Concentrations 
were determined using a standard curve obtained by analysis of hepari- 
nized (0.05 ml) blood samples with added known amounts of flufenamic 
acid. The plasma sample obtained from each rabbit prior to the drug 
application was used as a blank to determine the background fluore- 
scence for that animal. 

Statistical Analysis of Data-Three replications were made of each 
determination. A t test with four degrees of freedom at  the 95% signifi- 
cance level was used to test the null hypothesis. 

RESULTS AND DISCUSSION 

The altered percutaneous absorption patterns of flufenamic acid ob- 
tained on the addition of surfactants to flufenamic acid, with or without 
dimethyl sulfoxide, in white petrolatum ointments are shown in Figs. 14. 
The areas under the curves (AUC) for the plasma concentration of fluf- 
enamic acid uersus time of the different treatments were evaluated from 
0 to 8 hr postdose (AUCm) using the trapezoidal rule (Table I). The t 
test results for the comparison of the AUCm between flufenamic acid 
(with or without dimethyl sulfoxide) plus a surfactant and flufenamic 
acid (with or without dimethyl sulfoxide) are shown in Table 11. 

Statistical analyses of the results of this study indicated that some of 
the surfactants functioned as penetrant carriers, enhancing the percu- 

16 Lot No. 327322, Sherwood Medical Industries Inc. 
l7 10,OOO U/ml, lot No. 4CS09A; Eli Lilly & Co. 

Spectrophotofluorometer. Serial No. D223-62155: American Instrument Co., 
Silver Spring, Md. 
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Figure 3-Effect of polyoxyethylene surfactants on the percutaneous 
absorption of flufenamic acid with or without dimethyl sulfoxide. Flu- 
fenamic acid in white petrolatum (0) with (0)  polyoxyethylene 20 cetyl 
ether, ( A )  polyoxyethylene 2 oleyl ether, (m) polyoxyethylene 20 cetyl 
ether plus dimethyl sulfoxide, (A) polyoxyethylene 2 oleyl ether plus 
dimethyl sulfoxide, and (a) dimethyl sulfoxide. 

taneous absorption of flufenamic acid. When these surfactants were 
added to an ointment containing flufenamic acid and dimethyl sulfoxide, 
percutaneous absorption of flufenamic acid was significantly increased 
throughout the 8-hr experimental period. The data suggest that this was 
a synergistic effect between the surfactant and dimethyl sulfoxide. 

The percutaneous absorption of flufenamic acid was increased when 
dimethyl sulfoxide was added to the ointment. Since dimethyl sulfoxide 
(11) and flufenamic acid have been used alone in the treatment of mus- 
culoskeletal disorders, it was deemed worthwhile to conduct a further 
pharmacological study using concomitant cutaneous application of these 
two substances. 

Dimethyl sulfoxide exhibited an unusual concentration dependence. 
Some investigators have pointed out that a t  least 60% dimethyl sulfoxide 
was required for a measurable permeability change in the skin (19). In 

Table 11-t Test Comparisons of AUC- for  Plasma 
Concentrations of Flufenamic Acid for  Formulations With 
Versus Without Surfactant a 

Surfactant I b  IIC 

Sorbitan 2.256d 6.543e 
monopalmitate 

trioleate 

stearate 

Sorbitan 4.131e . 39.009e 

Polyoxyl8 3.644e 12.970e 

Polyoxyl40 0.070 3.972d 
stearate 

Polyoxyethylene 
20 cetyl ether 

Polyoxyethylene 
2 oleyl ether 

Poloxamer 184 
Poloxamer 231 

7.155d 4.145e 

3.16ge 7.732e 

5.663d 4.620d 
0.598 1.013 

t = 5.457 for the comparison of flufenamic acid in white petrolatum with uersw 
without dimethyl sulfoxide. * Flufenamic acid in white petrolatum with uersus 
without surfactant. Flufenamic acid plus dimethyl sulfoxide in white petrolatum 
with uersus without surfactant. Statistically significantly less, p < 0.05. e Sta- 
tistically significantly greater, p < 0.05. 
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Figure 4-Effect of poloxamer surfactants on the percutaneous ab- 
sorption of flufenamic acid with or without dimethyl sulfoxide. Fluf- 
enamic acid in white petrolatum (0) with (0) poloxamer 184, ( A )  
poloxamer 231, (a) dimethyl sulfoxide, (w) poloxamer 184 plus di- 
methyl sulfoxide, and (A) poloxamer 231 plus dimethyl sulfoxide. 

this study, the percutaneous absorption of flufenamic acid was increased 
significantly by the addition of 5% dimethyl sulfoxide. The lower per- 
cutaneous absorption of flufenamic acid with certain surfactants may 
be due to the lowering of the thermodynamic activity of flufenamic acid 
by complexation or by other interactions with the skin (20) or by miceller 
trapping of the active ingredient (21). 

Both the mechanism by which the percutaneous absorption of fluf- 
enamic acid is increased on addition of nonionic surfactants in the 
presence of dimethyl sulfoxide and the mechanism of action of dimethyl 
sulfoxide itself are unknown. However, it can be concluded that ultra- 
structural modifications of the stratum corneum caused by dimethyl 
sulfoxide and/or the surfactants, associated with altered skin permeability 
(22) do occur. Higuchi (16) suggested that the activity coefficient plays 
a major role in percutaneous absorption. Flufenamic acid may be held 
firmly by the white petrolatum, which exhibits a low activity coefficient. 
When dimethyl sulfoxide and the surfactants are added to the flufenamic 
acid in white petrolatum, the release rate of flufenamic acid could be 
increased by forming high activity Coefficient complexes such as dimethyl 
sulfoxide-drug, surfactant-drug, or dimethyl sulfoxide-surfactant- 
drug. 
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Abstract 0 A steady-state approach is proposed to examine the con- 
tribution that the lung makes to the total body elimination of medium- 
to high-clearance drugs. Carbamazepine, a potential candidate of pul- 
monary metabolism, was investigated by infusion into the femoral vein 
in seven unrestrained Sprague-Dawley rats (250-300 9) .  Blood samples 
(0.45 ml), taken simultaneously from the jugular vein and carotid artery 
in each rat during the infusion (2-5 days), were assayed in duplicate for 
carbamazepine by GLC/CI/MS. Venous blood concentrations were used 
to calculate the total body clearance of carbamazepine, 440 f 38 m l h r  
(mean f S E M ) ,  and the difference between simultaneous venous and 
arterial blood concentrations were used to calculate the extraction ratio 
of carbamazepine by the lung. The mean extraction ratio of 0.0058 ( n  = 
28) suggests that the lung only contributes -5% to the total body clear- 
ance of carbamazepine. It is proposed that this technique could be useful 
in examining the importance of the lung in the total body clearance of 
other drugs, and that it has several advantages over some currently used 
techniques. 

Keyphrases 0 Carbamazepine-elimination uia pulmonary metabolism 
in the rat, steady-state determination 0 Metabolism, pulmonary-of 
carbamazepine in the rat, steady-state determination of drug elimination 
uia the lungs Drug clearance-contribution to lung metabolism, 
steady-state determination using carbamazepine in the rat 

~~ ~ 

Numerous articles and reviews have appeared over the 
last 10 years establishing the xenobiotic-metabolizing 
capability of in uitro lung preparations (1-5). However, the 
extrapolation of in uitro data on pulmonary metabolism 
to drug elimination by the lungs in uiuo is fraught with 
difficulties and limitations (6-8). Several approaches are 
available for quantitation of lung metabolism in uiuo, in- 
cluding isolated lung perfusion (6-9), ratios of area under 
the curve following venous and arterial bolus doses (lo), 
and measurement of the extraction of drug across the lung 
at steady state (11). While each approach has advantages 
and disadvantages, measurement of drug extraction across 
the lung following achievement of steady-state drug levels 

constitutes a reliable and convenient method of delineating 
the contribution of the lung to the total body clearance of 
drugs. In the present study, the steady-state approach was 
used in rats to investigate the possible contribution of the 
lung to the total body clearance of the antiepileptic drug, 
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Figure 1-Schematic representation of the rat. The drug is infused into 
the femoral vein, while blood is sampled at Ci (jugular vein) and C, 
(carotid artery). CLL = QR X ER [lung clearance = lung blood flow X 
(Ci - C,)/CJ. 
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tribution that the lung makes to the total body elimination of medium- 
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to calculate the total body clearance of carbamazepine, 440 f 38 m l h r  
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arterial blood concentrations were used to calculate the extraction ratio 
of carbamazepine by the lung. The mean extraction ratio of 0.0058 ( n  = 
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Numerous articles and reviews have appeared over the 
last 10 years establishing the xenobiotic-metabolizing 
capability of in uitro lung preparations (1-5). However, the 
extrapolation of in uitro data on pulmonary metabolism 
to drug elimination by the lungs in uiuo is fraught with 
difficulties and limitations (6-8). Several approaches are 
available for quantitation of lung metabolism in uiuo, in- 
cluding isolated lung perfusion (6-9), ratios of area under 
the curve following venous and arterial bolus doses (lo), 
and measurement of the extraction of drug across the lung 
at steady state (11). While each approach has advantages 
and disadvantages, measurement of drug extraction across 
the lung following achievement of steady-state drug levels 

constitutes a reliable and convenient method of delineating 
the contribution of the lung to the total body clearance of 
drugs. In the present study, the steady-state approach was 
used in rats to investigate the possible contribution of the 
lung to the total body clearance of the antiepileptic drug, 
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Figure 1-Schematic representation of the rat. The drug is infused into 
the femoral vein, while blood is sampled at Ci (jugular vein) and C, 
(carotid artery). CLL = QR X ER [lung clearance = lung blood flow X 
(Ci - C,)/CJ. 
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Figure 2-Arterial (-) and wenous (-. -) carbamazepine blood leuels 
in rat 13 during a long-term carbamazepine infusion. 

carbamazepine. Carbamazepine has a large total body 
clearance in rats with a very small fraction (2%) eliminated 
unchanged in urine (12-14). Also, the reported clearance 
of carbamazepine in rat liver perfusions is too low to ac- 
count for the large total body clearance observed (15,16). 
Therefore, the potential contribution of the lungs to car- 
bamazepine elimination was investigated. 

THEORETICAL 

Based on mass balance principles, the clearance of a drug by an organ 
can be defined by the relationship: 

CL, = QB X ER 
ci - c, 

Ci 
=QBX- (Eq. 1) 

where CL, is the organ clearance, QB is the blood flow through the organ, 
and ER, estimated from the blood concentration before (Ci) and after 
(C,) the organ circulation, represents the extraction ratio of the drug 
across the organ (17, 18). By placing cannulas in the jugular vein and 
carotid artery, one can measure the change in drug levels across the heart 
and lungs (Fig. 1). With the assumption that the heart does not metab- 
olize the drug, one can calculate the pulmonary clearance of the drug a t  
steady state using Eq. 1. 

EXPERIMENTAL 

Materials-Infusion solutions of carbamazepine (5 mg/ml) were made 
by dissolving the drug in 6Wo polyethylene glycol 400. The solutions were 
filtered and autoclaved before use. Harnesses and swivel joints for 
long-term infusions in unrestrained rats were purchased'. Constant-rate 
infusion pumps2 were used for drug delivery. Cannulas were made of a 
short piece of silicone tubing3 (for insertion into the veins and artery) 
connected to a longer section of polyethylene-50 tubing. Ether (USP 
grade) was used as the anesthetic. 

Animals-Seven male Sprague-Dawley rats (250-300 g) were can- 
nulated under ether anesthesia. Cannulations were performed on the 
right carotid artery and jugular vein for blood sampling and on the fem- 
oral vein for drug infusion. The polyethylene-50 section of the cannula 
was run subcutaneously beneath the skin and out through a small incision 
in the back of the neck. All operations were performed under aseptic 
conditions using sterilized instruments and cannulas. Rats were then 
attached for unrestrained long-term infusions using previously described 
methods (19-21). 

Following the operation, animals were infused with sterile saline for 
3 days. During this time, the carotid artery and jugular vein cannulas were 
flushed once a day with sterile saline solution (without heparin) to pre- 
vent blood clotting in the line. 

Instech Laboratories, Pittsburg, Pa. 
*Sage pump models 352 and 355. Harvard pump model 2620. 
3 Silastic Medical-Grade tubing, i.d. 0.020 in., 0.d. 0.037 in., Dow-Corning, 

Midland, Mich. 
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Figure 3-Arterial (-) and uenous (-. -) carbamazepine blood leuels 
in rat 27 during a long-term carbamazepine infusion. 

D r u g  Treatment  and Blood Sampling-Three days after the can- 
nula implantation, the rats were started on a carbamazepine infusion 
(0.25-0.30 ml/hr). Blood samples (0.45 ml) were drawn simultaneously 
from jugular vein and carotid artery once every 12-24 hr after the be- 
ginning of the infusion. The blood was frozen immediately and main- 
tained a t  -2OO until assayed. 

Analytical Procedure-Whole blood (200 pl) was assayed for car- 
bamazepine using a GLC/CI/MS assay developed in this laboratory (22). 
Each sample was assayed in duplicate, and the average values were used 
for all calculations. 

RESULTS AND DISCUSSION 

The concentration-time profiles of carbamazepine from jugular vein 
and carotid artery blood samples in rats 13 and 27 are shown in Figs. 2 
and 3, respectively. Little, if any, difference in carbamazepine blood levels 
were found between these sampling sites. 

A plot of the arterial uersus venous carbamazepine blood levels for 28 
simultaneous samples in all seven rats is given in Fig. 4. Theoretically, 
any slope from zero (reflecting complete extraction) to 1.0 (no pulmonary 
extraction) could result. The slope of 0.992 (not significantly different 
than 1.0) suggests very little or no carbamazepine elimination during 
passage through the pulmonary circulation. 

The mean (6 SEM) extraction ratio of carbamazepine by the lung was 
0.0058 (f0.004) based on the 28 pairs of arterial-venous blood levels. 
Assuming a mean cardiac output of 62.5 ml/min in rats (23-25), the av- 
erage lung clearance of carbamazepine would be approximately 22 m l h .  
The total body clearance of the drug (CLT) was calculated using the 
infusion rate (KO) and steady-state concentration (C,) in the venous 
blood: 

KO CLT = 7 (Eq. 2) 
L V  

Based on a mean (A SEM) total body clearance of carbamazepine of 440 
(It 38) mlh r ,  the lung appears to contribute only -5% to the total elim- 
ination of carbamazepine in uiuo. The lack of significant lung metabolism 
of carbamazepine and the failure of liver perfusion experiments to ac- 
count for its large total body clearance suggest either the presence of some 
other extrahepatic sites of drug metabolism or an error in the total liver 
clearance of carbamazepine determined by liver perfusion. 

While the steady-state approach may be a useful technique to quan- 
titate the role that lung metabolism plays in the total body clearance of 
drugs, several aspects of the present study design need further consid- 
eration before an appreciation can be gained for the limits of this ap- 
proach. The blood flow through the pulmonary circulation is 3-4 times 
larger than the blood flow through other organs that are capable of drug 
elimination. Hence, even a small drug extraction ratio by the lungs can 
contribute significantly to the total elimination of a drug. T o  measure 
a potentially small pulmonary extraction ratio of a drug, a very sensitive 
and accurate assay is required in addition to a large number of samples. 
These problems were overcome in the present experiment by: ( a )  the use 
of a GLC/CI/MS assay for carbamazepine with a median percent dif- 
ference between duplicate determinations of only 1.4% and (b) the in- 
clusion of 28 pairs of observations from a group of seven rats. 
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Figure 4-Relationship between Venous and arterial carbamazepine 
blood levels during long-term infusions in seuen rats. The slope is 0.992 
(not significantly different than 1.000); R 2  = 0.997. 

Despite the need for an accurate and reproducible assay, the steady- 
state approach has several advantages over other available techniques 
for quantitating the importance of lung metabolism. First, it does not 
require measuring the amounts of metabolites formed by the lung. This 
may be advantageous, from an analytical point of view, when there are 
a large number of potential metabolites which could be formed or novel 
metabolites specific to lung metabolism. Second, i t  allows a quantitation 
of the contribution of the lung to the total body clearance of drugs in the 
intact animal rather than under low pulmonary blood flow rates or other 
conditions optimal toin uitro systems. Third, it eliminates problems of 
intraanimal variability in drug metabolism (a potential problem with 
single bolus doses given by different routes) by using instantaneous dif- 
ferences in blood levels. Fourth, the contribution of lung metabolism to 
the total body clearance of drugs can be determined a t  drug concentra- 
tions of therapeutic importance. 

The results of this study suggest that  the steady-state approach can 
be a reliable and simple means of quantitating the contribution of lung 
metabolism to the total body clearance of drugs. This may be particularly 
important for drugs that are metabolized extensively, and where signif- 
icant extrahepatic elimination is suspected. In addition, the steady-state 
approach can be a useful and direct means for examining the role of 
pulmonary metabolism for medium- to high-clearance drugs or model 
compounds which, based on other approaches, are postulated or appear 
to undergo significant lung metabolism. 

Finally, it should be noted that although a number of substances are 
metabolized by isolated perfused lungs or lung homogenates (26,271, little 
work has been directed toward quantitating the importance of lung me- 
tabolism to the total body clearance of these substances (1 1,28). Despite 
the role played by lung metabolism in lung cancer and i ts  induction by 
cigarette smoke (29-32), the importance of pulmonary metabolism in the 
overall elimination of drugs and its potential for producing toxic me- 
tabolites has only just begun to be appreciated (28,33). 

ADDENDUM 

Following submission of this manuscript for publication, a theoretical 
treatment of the importance of lung metabolism to total body clearance 
by Collins and Dedrick was published (34). 
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Abstract l,l-Diethoxy-3-(l-naphthoxy)-2-propanol (V), the diethyl 
acetal of an important aldehyde intermediate in the metabolic N-deal- 
kylation of propranolol, was prepared from compound X, the product 
of the reaction of the lithium salt of methyl methylsulfinylmethyl sulfide 
with 2-(l-naphthoxy)-acetaldehyde. Compound X, as a mixture of three 
diastereomeric a-hydroxydithioacetal derivatives, when treated with 
ethyl orthoformate afforded the desired acetal V as well as two ring- 
closure products, the dihydronaphtho[ 1,2-b]pyrans VI and VII. Com- 
pounds VI and VII were characterized on the basis of mass spectral and 
'H- and 13C-NMR data. The stereochemistry of these compounds was 
assigned on the basis of the 300-MHz 'H-NMR spectra of their acetate 
esters (XI and XII). 
Keyphrases 0 Propranolol-metabolite synthesis, 1,l-diethoxy-3- 
(l-naphthoxy)-2-propanol 0 Metabolism-of propranolol, synthesis of 
the diethyl acetal of an aldehyde intermediate, l,l-diethoxy-3-(l-na- 
phthoxy)-2-propanol 0 l,l-Diethoxy-3-(l-naphthoxy)-2-propanol- 
synthesis, diethyl acetal of an aldehyde intermediate in propranolol 
metabolism 

Propranolol (I) is a P-adrenergic receptor antagonist 
used extensively in the treatment of various cardiovascular 
disorders, including hypertension and angina pectoris 
(1-3). In humans, a major metabolic process is oxidative 
N-dealkylation, which consists of at least two multistep 
pathways that result in the ultimate formation of both 
3-(l-naphthoxy)-2-hydroxypropionic acid (11) and 3-(1- 
naphthoxy)propane-l,2-diol(III) (4-6). These metabolites 
are thought to arise from the oxidation and reduction of 
a common intermediate, 3-(l-naphthoxy)-2-hydroxy- 
propionaldehyde (IV) (7). This aldehyde (IV) probably 
arises to a small extent directly from propranolol, but to 
a much greater extent by way of desisopropylpropranolol 
(7-10). Preparation of an easily characterized derivative 
of IV to be used in the further study of these N-dealkyla- 
tion pathways was sought. In this paper, the synthesis of 
the diethyl acetal of IV (V) and the characterization of two 

OH OH 
I 

$lCHz-CH-X 
I 

I 

? Y O H  

11: X = COOH 
111: X = CH,OH 
IV: X = CHO 
V: X = CH(OEt), 

dihydronaphtho[l,2-b]pyrans (VI and VII), ring-cyclized 
products formed during the synthesis of V, are reported. 

RESULTS AND DISCUSSION 

The initial attempt to prepare V was based on partial reduction of the 
cyanohydrin of 2-( 1-naphthoxy)acetaldehyde (VIII), suitably protected 
as a dihydropyranyl ether. Sodium bis(2-methoxyethoxy)aluminum 
hydride has been reported to be successful in the partial reduction of some 
cyanohydrin acetals to form a-hydroxyaldehydes (1 1). However, over- 
reduction occurred and 1-naphthol, a product of ring cleavage, was 
formed, thus requiring an alternate approach. 

The successful synthesis of the desired acetal V was accomplished by 
allowing VIII to react with an anionic formaldehyde equivalent, the 
lithium salt of methyl methylsulfinylmethyl sulfide (1x1 (12). Three 
diastereomers of X were formed, which were separated. Each of these dia- 
stereomers (Xa, Xb, and Xc), when treated with ethyl orthoformate, gave 
the desired acetal V, as well as cyclized products VI and VII. The most 
successful and direct method for preparation of V, however, was to subject 
the mixture of the diastereomers of X, without prior separation, to these 
conditions. Conversion of the mixture of diastereomers of X to the acetal 
V (ethyl orthformate and acid catalysis) was attempted to prevent pos- 
sible isomerization of the a-hydroxyaldehyde, expected from direct hy- 
drolysis of X, to an a-hydroxyketone, as reported in related systems by 
Ogura and Tsuchihashi (12). 

OCH,CHO d -  VIII 

0 
OH t I ,SCH, 

QCHZ-CH-CH, 

'SCH3 HC(0Et)s  - V , V I , V I I  

X 
Crystallization and chromatographic separation of the products of the 

conversion of X to V afforded a 58% yield of the desired acetal V and two 
other components, which were characterized as VI and VII, obtained in 
9 and 30% yields, respectively. Attempts to use milder conditions or 
shorter times for the conversion of X to V failed to reduce the relative 
amounts of VI and VII formed, suggesting that the activation energies 
for their formation are similar to that for formation of the desired acetal 
V. 

The structures of compounds VI and VII were assigned on the basis 
of CI-MS data, 'H- and 13C-NMR data, and elemental analysis. Methane 
CI-MS of VI and VII each demonstrated the loss of the elements of 
ethanol. QM = m/z  245 rather than m/z  291; their 60-MHz IH-NMR 
spectra also showed the loss of one ethoxy substituent. In the aromatic 
region of the 'H-NMR spectra, the signal of Hs (the most downfield 
proton in V and other 1-alkoxynaphthalenes) was retained and the signal 
of H2 (the most upfield aromatic proton in V and other l-alkoxyna- 
phthalenes) was lost, indicating cyclization a t  C:! of the naphthalene ring. 
Comparison of the 'X-NMR spectrum of VII with the spectrum of V 
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(Table I), confirmed the structural assignment. Assignment of the signals 
of all the carbons in the naphthalene ring was accomplished by compar- 
ison with published spectra of 1-methoxynaphthalene and 2-methylna- 
phthalene (13). The most distinguishing feature was the difference in the 
chemical shift of C2 in the aromatic ring of V and the corresponding 
carbon atom Cda of VII. This signal was shifted upfield in the dihydron- 
aphtho[l,2-b]pyran VII. A similar upfield shift was noted for the signal 
of the acetal carbon CI, when it was converted to the benzylic carbon C4 
in VII. 

The assignment of the relative stereochemistry of VI and VII was not 
apparent from their 'H-NMR spectra because of similarities in the 
chemical shifts of the dihydropyran ring protons. The 3@.-MHz 'H-NMR 
spectra of their acetate esters (XI and XII, respectively) provided suffi- 
cient signal separation to allow assignment of the stereochemistry of the 
esters and thus of VI and VII. The 300-MHz IH-NMR data of the dihy- 
dropyran ring protons of XI and XI1 are given in Table 11. Comparison 
with 'H-NMR data of the related structures cis- and trans-3.4-diace- 
toxy-3,4-dihydro-W-pyran (15) and some related 3,kubstituted flavans 
(16-19) aided in assignment of the relative stereochemistry. 

Several spectral similarities were noted when these data were compared 
with data from the model dihydropyrans. In the spectra of XI and XII, 
J 3 , 4  = 3.7 and 2.6 Hz, respectively, compared with 53.4 = 4.12 and 2.87 
Hz for cis- and trans-3,4-diacetoxy-dihydro-2H-pyran, respectively (15). 
In XI, assigned the cis stereochemistry, J3.2 = 7.2 Hz. In both XI and XII, 
other 52.3 and Jy ,3  coupling constants are small (2.9 Hz in XI, 2.6 and 1.5 
Hz in XU), consistent with data from the model dihydropyrans (15). Also, 
a larger long-range coupling ( J 2 , 4  = 1.6 Hz) is observed in the spectrum 
of XI1 and in the reported data for the trans model dihydropyran, likely 
due to the contribution of a zigzag or W conformation (20). 

Both XI and XI1 seem likely to exist in solution as a mixture of half- 
chair and/or twist boat conformations. In a series of structurally related 
conformationally flexible flavans with similar substituents in the 3- and 
4-positions (16-19), the values of 53.4 are of similar size. In these model 
flavans, 53.4 of 3.24.5 Hz are observed in the spectra of cis-3,4-disub- 
stituted compounds, and 53.4 is -2.3 Hz in the spectra of trans-3.4-di- 
substituted compounds. These comparisons, and those in the flexible 
dihydropyrans, strongly indicate the relative stereochemistry of the 3- 
and 4-substituents is cis in XI and trans in XII. Thus, VI and VII are 
assigned the cis and trans relative stereochemistry, respectively. 

The synthesis and characterization of the acetal V and related na- 
phtho[l,2-b]pyrans VI and VII will facilitate additional experiments on 
the metabolic N-dealkylation of propranolol. Compound V has been used 
successfully in experiments to trap intermediate aldehyde IV as an 0- 
methyloxime (21). 

EXPERIMENTALL 

2-( 1-Naphth0xy)acetaldehyde (VII1)-This aldehyde was prepared 
from 1-naphthol and a-bromoacetaldehyde diethyl acetal as previously 
reported (22). 
l-Methylthio-l-methylsulfinyl-3-( l-naphthoxy)-Z-propanol (X) 

-To a solution of 1.24 g (1.1 ml, 10 mmoles) of methyl methylsulfinyl- 
methyl sulfide (IX) in 20 ml of tetrahydrofuran a t  0" was added slowly 
6.6 ml (10.3 mmoles) of 1.55 M methyllithium solution, followed by 1.86 
g (10 mmoles) of 2-(l-naphthoxy)acetaldehyde (VIII) in 5 ml of tetra- 
hydrofuran. The mixture was stirred at  0" for 1 hr, water was added, and 
the mixture was extracted with ether. The ether extract was dried 
(magnesium sulfate) and evaporated to dryness. The residue, containing 
three diastereomers ( X a ,  Xb, and Xc), was fractionally crystallized from 
a mixture of ethyl acetate-methanol (191) affording 200 mg (6.5%) of 
Xa (R ,  0.30 ethyl acetate-methanol, 191) and 359 mg (11%) of XC ( R f  
0.21). Xa, mp 172-173.5"; 'H-NMR (DMSO-ds): 6 2.20 (s, 3, SCHd, 2.80 
(s,3, SOCHs), 3.35 (s, 1, OH), 3.97-4.16 (m, 1, CHOH), 4.16-4.50 (m, 2, 
OCHz), 4.57-4.96 (m, 1, CHSCHd, and 6.85-8.50 (m, 7, naphthalene 
protons); CI-MS: m/z 311 (QM), 293, 246, and 229. Xc, mp 147-152O; 
'H-NMR (methanol-d4): 6 2.25 (s, 3, SCHd, 2.84 (s, 3, SOCHd, 4.024.30 

Melting points were determined on a Thomas-Hoover melting point apparatus 
and are uncorrected. IR spectra were recorded on a Perkin-Elmer 727B spectro- 
photometer. Routine 'H-NMR spectra were recorded on a Varian EM-360A spec- 
trometer, using T M S  as internal standard. Notations used in the 'H-NMR de- 
scriptions are as follows: ( s )  singlet: (d) doublet; (t)  triplet; (q) quartet; (m) multiplet. 
High-field 'H-NMR spectra were recorded on the Brucker 3W-MHz spectrometer. 
usin TMS as internal standard. W - N M R  spectra were recorded on the Varian 
C d 2 0  spectrometer, using TMS as internal standard. Mass spectra were recorded 
on a Biospect m a s  spectrometer, operated in the CI mode with methane (0.5 tiirr) 
as the reagent gas. Microanalyses were performed by Galbraith Laboratories. Inc., 
Knoxville, Tenn. 

Table I-I3C-NMR Data for 1,l-Diethoxy-3-( l-naphthoxy)-2- 
propanol (V) and  trans-4-Hydroxy-3-ethoxy-3,4-dihydro-2H- 
naphtho[ 1.2-blpyran (VII) 

*, ,, ,OCH,CH, 

~~ 

Compound V Compound VII 
Carbon Chemical shift, ppm Carbon Chemical shift, ppm 

154.44 ClOh 149.46 
105.03 C". 113.42 

c1 c, 
c; i25.82 C;" 126.80 

120.55 
134.47 

c4 120.60 . c6 
C4a 134.51 C6a 
CK 127.50 C7 128.32 c; 126.41 C!2 127.44 
c; 125.20 C, 124.90 
CS 121.92 ClO 122.17 

125.49 C& 125.68 
CT 71.14" 
C?, 68.50" C? 66.70,65.63 
6;. 102.53 C; 74.66 ~.~ .~ 

O ~ H ~ C H ~  64.16,63.57 OkH2CH3 64.64 
OCH2CH2 15.36, 15.20 OCHzCH3 15.62 

Tentative assi nment consistent with the reported 13C-NMR chemical shift 
assignments of carfJons in the propanolamine side chain of propranolol(14). 

(m, 1, CHOH), 4.30-4.50 (m, 1, CHSCHB), 4.60 (d, 2, OCHz), and 
6.90-8.65 (m, 7, naphthalene protons); CI-MS: m h  311 (QM), 293,246, 
and 229. 

The combined mother liquors were evaporated and the residue purified 
by column chromatography on 100 g of silica gel eluting with 500 ml of 
ethyl acetat+methanol(19:1) to give 1.18 g (38%) of a mixture of Xa, Xb, 
and Xc and 127 mg (4%) of Xb as a liquid (R, 0.25); 'H-NMR (DMSO- 
d6): 6 2.30 (5.3, SCH3), 2.68 (s, 3, SOCH3), 3.38 (s, 1, OH), 4.174.57 (broad 
s, 4, CHZCHOHCHSCH~), and 6.67-8.54 (m, 7, naphthalene protons); 
CI-MS: m/z 311 (QM), 293,246, and 229. 

Anal.-Calc. for C15H1803S2 (Xc): C, 58.04; H, 5.85. Found: c ,  58.35; 
H, 5.96. 

1,l-Diethoxy-3-( 1-naphthoxy)-2-propanol (V)-To a solution of 
the mixture of diastereomers of X (10.18 g, 32.8 mmoles) in 30 ml of 
ethanol was added 6.3 ml(38.1 mmoles) of ethyl orthoformate and 0.60 
g of concentrated sulfuric acid. The mixture was heated at 60" for 24 hr. 
The reaction mixture was neutralized with 1.0 ml of concentrated aqueous 
ammonia and evaporated to dryness. The mixture was partitioned be- 
tween water and ether, and the ether extract was evaporated to  dryness. 
The residue was purified by column chromatography on 200 g of silica 
gel. Elution with 1 liter of chloroform-ethanol(99:l) gave 0.750 g (9.3%) 
of VI (Rf  0.39 in chloroform-ethanol, 99:1), 5.50 g (58%) of V (R, 0.29), 
and 2.43 g (30%) of VII (R, 0.18). 

An analytical sample of the acetal V was obtained by rechromatog- 
raphing crude V on 150 g of silica gel. Elution with 500 ml of benzene- 
ethyl acetate (41) afforded V as an oil; 'H-NMR (CDCI3): 6 0.85-1.40 [2t, 
6, CH(OCHzCH3)2], 2.80-3.18 (broad s, 1, OH), 3.28-3.90 [m, 4, 
CH(OCHzCH3)2], 3.90-4.30 (m, 3, OCHzCHOH), 4.74 [d, J = 5 Hz, 1, 
CH(OCHzCH3)2], 6.75 (dd, J = 6 and 3 Hz, 1, naphthalene Hz), 7.15-7.55 
(m, 4, naphthalene H3, H4, He, H7), 7.70 (m, 1,naphthalene Hs), and 8.30 
(distorted dd, J = 5 and 3 Hz, 1, naphthalene Ha); W - N M R  (CDCb): 
see Table I; CI-MS: mlz 291 (QM), 245,227, and 199. 

Anal.-Calc. for C17HleO4: C, 70.32; H, 7.64. Found: C, 70.21; H, 
7.67. 

Compound V, in the presence of semicarbazide hydrochloride a t  pH 
4-5 (ethanol, 60°, 2.5 hr), afforded the semicarbazone of IV as a white 
solid, mp 205-207"; CI-MS: m/z 274 (QM). 

Anal.-Calc. for CI4H15N303: C, 61.35; H, 5.33; N, 15.38. Found: C, 
61.49; H, 5.72; N, 15.31. 

cis-4-Ethoxv-3-hvdroxy - 2H-3.4-dihydronaphtho[ 1,2- blpyran - -  
(V1)-Compound VI further purified twiceby column chiomatography 
on 15 g of silica gel eluting with 70 ml of chloroform-ethanol (1991) was 
obtained as a colorless oil; 'H-NMR (CDC13) 6 1.20 (t, J = 7 Hz, 3, 
OCHzCHz), 2.60-2.90 (broad d, J = 7 Hz, 1, OH), 3.68 (q, J = 7 Hz, 2, 
OCHZCH~),  4.10-4.30 (m, 3, OCHPCHOH), 4.42 (m, 1, CHOCzHd, 
7.0G7.92 (m, 5, naphthalene H3, H4, H5, HG, HT), and 8.20 (distorted dd, 
J = 5.5 and 2.5 Hz, 1, naphthalene Ha); CI-MS: m/z 245 (QM). 

Anal.-Calc. for CI5Hlfi03: C, 73.75; H, 6.60. Found: C, 73.50; H, 
6.60. 
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Table 11-300-MHz ‘H-NMR Data fo r  the Dihydropyran Ring 
Protons of XI and XI1 dH? 

Chemical 
Proton Shift (6) Apparent Coupling Constants 

Compound XI (cis) 
H4 4.74 J3,4 = 3.7 Hz, line broadeninga 
H3 

HP 4.55 Jgem = 11.1 Hz, 5 2 3  = 7.4 HZ 

5.47 53.2 = 7.4 Hz, 53.4 = 3.7 Hz, 5 3 . 2 ,  = 
2.9 Hz 

4.36 Jgem = 11.1 Hz, J2:,3 = 2.9 Hz, J y . 4  = 
1.0 Hz 

Hz, 
.._ 

Compound XI1 (trans) 
H4 4.32 J3,4 = 2.6 Hz, 52.4 = 1.6 Hz 
H3 

H2 

5.25 

4.56 

53.4 = 2.6 H z , J ~ , ~  = 2.6 Hz, 53.2’ = 

Jgem = 12.1 Hz, J2 .3  = 2.6 Hz, J 2 , 4  = 
1.5 Hz 

1.6 Hz 
HY 4.43 J,,, = 12.1 Hz, Jy.3 = 1.5 HZ 

0 Coupling constant J Z , , ~  was assigned on the basis of decoupling experiments 

cis-3-Acetoxy-4-ethoxy - 2H-3,4-dihydronaphtho[ 1,2- blpyran 
(XI)-To a solution of VI(120 mg, 0.49 mmole) in 5 ml of ether a t  room 
temperature was added triethylamine (717 mg, 7.1 mmoles), followed by 
the addition of acetyl chloride (569 mg, 7.1 mmoles). The reaction mixture 
was stirred for 2 hr, filtered, and evaporated to dryness. The residue was 
purified by column chromatography on 10 g of silica gel. Elution with 60 
ml of chloroform gave 65 mg (46%) of XI as a colorless oil. An analytical 
sample was obtained by rechromatographing on 10 g of silica gel, eluting 
with 40 ml of chloroform; ‘H-NMR (CDC13): 6 1.27 (t, J = 7 Hz, 3, 
OCH2CH3), 2.10 (s, 3, COCHs), 3.72 and 3.75 (overlapping q, J = 7 Hz, 
2,OCH2CH3),4.304.60(m,2,OCH2),4.70(d,J = 3.5 Hz,l,CHOC2H& 
5.25-5.65 (dt, J = 7, 3.5, and 3.5 Hz, 1, CHOCOCH3), 7.00-7.97 (m, 5, 
naphthalene H3, H4, H5, H6, H7), and 8.20 (dd, J = 6.5 and 3 Hz, 1, 
naphthalene Ha); partial 300-MHz ‘H-NMR spectrum: see Table 11; 
CI-MS: mlz 287 (QM). 

Anal.-Calc. for C17H1804: C, 71.31; H, 6.34. Found: C, 71.15; H, 
6.57. 
trans-4-Ethoxy-3-hydroxy - 2H-3,4-dihydronaphtho[1,2-b]- 

pyran (VI1)-Compound VII further purified by column chromatog- 
raphy on 60 g of silica gel, eluting with 300 ml of benzene-ethyl acetate 
(4:l) was obtained as a colorless oil; ‘H-NMR (CDC13): 6 1.10 (t, J = 7 
Hz, 3, OCHZCH~), 2.53-3.00 (broad d, 1, OH), 3.50 (q, J = 7 Hz, 2, 
OCHZCH~), 3.65-3.96 (m, 1, CHOH), 4.06 (d, J = 2 Hz, 1, CHOC~HS), 
4.16 (d, J = 2 Hz, 2, OCHz), 7.03-7.94 (m, 5, naphthalene H3, H4, Hs, Hg, 
HT), and 8.17 (distorted dd, J = 5 and 2.5 Hz, 1, naphthalene H8); 13C- 
NMR (CDCl3): see Table I; CI-MS: mlz 245 (QM). 

Anal.-Calcd. for C15H1603: C, 73.75; H, 6.60. Found: C, 73.60; H, 
6.89. 
traas-3-Acetoxy-4-ethoxy - 2H-3,4-dihydronaphtho[ 1,2- b]- 

pyran (XI1)-To a solution of VII (280 mg, 1.15 mmoles) in 10 ml of 
CHCl3 a t  0” was added triethylamine (1.74 g, 17.2 mmoles), followed by 
the addition of acetyl chloride (1.35 g, 17.2 mmoles). The reaction mixture 
was stirred at room temperature for 4 hr and quenched with ice. The 
chloroform layer was separated, dried (magnesium sulfate), and evapo- 
rated to dryness. The residue was purified by column chromatography 
on 15 g of silica gel. Elution with 80 ml of chloroform gave 70 mg (21%) 

and from the signal for Hy. 

of XI1 as a colorless oil. An analytical sample was obtained by rechro- 
matographing on 10 g of silica gel eluting with 40 ml of chloroform: ’H- 

(q, J = 7 Hz, 2, OCH&Ha), 4.20-4.40 (m, 1, CHOCzHs), 4.40-4.55 (m, 
2, OCH2), 5.26 (9. J = 2 Hz, 1, CHOCHOCH), 6.95-8.05 (m, 5, naph- 
thalene Ha, H4, Hg, Hs, H7), and 8.25 (dd, J = 6 and 2.5 Hz, 1, naphthalene 
HR proton): partial 300-MHz ‘H-NMR spectrum: see Table 11; CI-MS: 

NMR (CDCI:l): 6 1.25 (t, J = 7 Hz, 3,OCH&H:d, 1.95 (s, 3, COCH3)Y 3.77 

mli 287 (QM). 
Anal.-Calc. for CliH1804: C, 71.31; H, 6.34. Found: C, 71.40; H, 

6.52. 
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Abstract 0 A simple equation for the estimation of the aqueous solu- 
bility of crystalline solutes was previously derived based on the as- 
sumption that the presence of water does not significantly alter the crystal 
properties of the solute. The data presented verify the solubility equation 
for a set of 36 nonelectrolytes and weak electrolytes. Using the same set 
of solutes, the two major assumptions used to derive the equation were 
also verified: that the octanol solubility of nonelectrolytes is exponentially 
proportional to the melting point of the solute and that the octanol-water 
solubility ratio is a good approximation of the octanol-water partition 
coefficient. 

Keyphrases Solubility-of nonelectrolytes and weak electrolytes in 
octanol, determination using melting points and partition coefficients 

Partition coefficient-of nonelectrolytes and weak electrolytes in oc- 
tanol-water, use with melting point to determine solubility 0 Octa- 
nol-determination of the solubility of nonelectrolytes and weak elec- 
trolytes, partition coefficients with water 

In previous publications (1-6) a simple equation for the 
estimation of the aqueous solubility of crystalline solutes 
was derived on the basis of the following rationale: 

1. . The solubility of nonpolar and semipolar solutes in 
octanol is approximately equal to the ideal solubility. 

/ 
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Figure 1-Obserued and predicted aqueous solubilities of nonelectro- 
lytes (0) and weak electrolytes (0). Key: (-) theoretical line described 
by Eq. 1; (- - - -) regression line described by Eq. 6. 

2. 

3. 

4. 

5. 

The ideal solubility can be estimated from the 
melting point and entropy of fusion of the solute. 

The entropy of fusion of the solute is constant for 
rigid molecules. 

The octanol-water solubility ratio of a solute is 
equivalent to the octanol-water partition coefficient. 

The aqueous solubility is equal to the octanol solu- 
bility divided by the octanol-water partition coefficient. 
The above strategy is based on the assumption that the 
presence of water does not significantly alter the crystal 
properties of the solute. This assumption is usually valid; 
however, its failure can occasionally be the source of an 
incorrect estimate of the aqueous solubility of a semipolar 
substance. 

THEORETICAL 
An equation enables the estimation of the aqueous solubility ( S ,  in 

moles/liter) of rigid organic compounds from melting point (mp) and 
octanol-water partition coefficient (PC) data. This equation has the 
simple form: 

log SJcalc) = -0.01 mp - log PC + 1.05 (Eq. 1) 

1 
100 200 300 400 

MELTING POINT, 

Figure 2-Octanol solubilities and melting points of nonelectrolytes 
(0) and weak electrolytes (0) .  Key: (-) theoretical line described by 
Eq. 2; (- - - - )  regression line described by Eq. 1 1 .  
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Table I-Estimation of Aqueous Solubility a 

log PC 1% s w  1% s w  
(obs) mp', (obs) (calc) Difference Solute 

Acetylsalicylic acid 
p-Aminobenzoic acid 
Aminopyrine 
Antipyrine 
Barbital 
Benzoic acid 
Butyl-p-aminobenzoate 
Caffeine 
Flurbiprofen 
Ethyl-p-aminobenzoate 
Fumaric acid 
Ibuprofen 
Methyl-p-aminobenzoate 
Phenobarbital 
Phenacetin 
Phenol 
Prostaglandin Ez 
Prostaglandin FB- 
Salicylic acid 
Theophylline 
Acetanilide 
Biphenyl 
Butyl-p-hydroxybenzoate 
Cortisone 
Desoxycorticosterone 
Ethyl-p-hydroxybenzoate 
Fluorene 
Methyl- hydroxybenzoate 
lR-s-15-R?ethyl prostaglandin FzCr 
Methyltestosterone 
Prednisolone 
Propyl-p-hydroxybenzoate 
Progesterone 
Testosterone 
Triazolam 

(1.21) 
(0.58) 
(0.80) 
(0.26) 
(0.67) 
(1.87) 
2.72 

-0.20 
3.26 
1.96 
0.28 
4.43 
1.35 

(1.48) 
(1.58) 
(1.48) 
2.82 
2.72 

(2.23) 
-0.09 
(1.21) 
(3.98) 
3.57 
1.47 
2.88 
2.47 
4.18 
1.96 

methyl ester 3.21 
3.36 

(1.42) 
(3.04) 
3.87 
3.32 
2.42 

135 
187 
108 
112 
190 
122 
58 

238 
111 
89 

200 
76 

114 
176 
135 
41 
67 
30 

158 
272 
114 
70 
69 

222 
142 
116 
117 
131 
55 

163 
240 
96 

131 
155 
224 

(-1.60)' 
-1.35 

(-0.36)d 

(-1.41)e 
-1.53 
-2.84 
-0.98 
-3.74 
-2.17 
-1.29 
-3.76 
-1.70 
-2.26 
-2.28 

(-0.0411 
-2.47 
-2.38 
-1.95 
-1.38 
-1.31 
-4.34 
-2.93 
-3.12 

(-3.45)g 
-2.20 
-4.91 
-1.78 
-2.88 
-3.99 
-3.10 
-2.35 

(-4.15)h 
(-3.87)h 
-4.09 

0.53 

-1.51 
-1.40 
-0.83 
-0.33 
-1.52 
-2.04 
-2.25 
-1.13 
-3.32 
-1.80 
-1.23 
-4.14 
-1.44 
-2.19 
-1.88 
-0.84 
-2.44 
-1.97 
-2.76 
-1.58 
-1.30 
-3.63 
-3.21 
-2.64 
-3.25 
-2.58 
-4.30 
-2.22 
-2.71 
-3.94 
-2.77 
-2.95 
-4.13 
-3.82 
-3.61 

0.094 
-0.048 
-0.470 
-0.865 
-0.106 
-0.507 

-0.154 
0.593 

0.424 
0.368 
0.062 

-0.382 
0.259 
0.072 
0.399 

0.017 
0.409 

-0.813 
-0.200 

0.007 
0.710 

-0.283 
0.479 
0.201 

-0.380 
0.607 

-0.438 
0.173 
0.046 
0.335 

-0.600 
0.023 
0.048 
0.485 

-0.796 

" Values in parentheses were obtained from the [iterature. Melting point data taken from Ret'. 8 or the manufacturers'specifications. L. d .  Edwards. Trans. Farndav 
F. A. Long and W. F. McDevitt, Chem. Reu., 51, 119 (1952). f L. Erichsen and E. Dobbert. Hrennstojf 

K. Uekema, T. Fujinaga, F. Hirayama, M. Otagiri, and 
SW., 57, 1191 (1951). 
Chem., 36,338 (1955). R H. Tornida, T. Yotsuyanagi, and K. Ikeda, Chem. Pharm. Bull. Tokyo, 26,2832 (1978). 
M. Tamasaki, Znt. J.  Pharm., 10,l (1982). 

R. Charonnat, Compt. Rend., 185, 284 (1927). 

In the derivation of this equation, several important assumptions were 
made: 

1. Octanol is a nearly ideal solvent for the solutes of interest, so that 
the octanol solubility ( X ,  in moles fraction) is given by: 

log X,(calc) = -0.01 mp + 0.25 0%. 2) 

2. The octanol-water partition coefficient is equal to the octanol- 
water solubility ratio (SR), which is defined as the octanol solubility (So 
in moles/liter) divided by the aqueous solubility (Sw in molesfliter): 

PC = SR = So/Sw (Eq. 3) 

log (Sw/So) = -log PC = -log SR (Eq. 4) 

3. The melting point of the drug in equilibrium with octanol is the 
same as the melting point of the drug in equilibrium with water. The 
overall strategy of this approach can be expressed as: 

s w  = so (S,/S,) (Eq. 5) 

with S ,  and the solubility ratio being determined by Eqs. 2 and 4, re- 
spectively. 

In this report, an attempt was made to extend Eq. 1 to include some 
pharmaceutically important solutes and to verify the assumptions that 
were used in its derivation. A single set of solutes was chosen for these 
purposes, including both nonelectrolytes and weak electrolytes of widely 
varying chemical structure. 

or 

EXPERIMENTAL 

Materials-The octanol was reagent grade'. All other compounds were 
of the purest grade available from commercial sourcesp and were used 
as received. 

Solubilities-The aqueous solubilities of some of the solutes were 
taken from the literature or previous work in this laboratory3. Only values 
in the 20-30' range were used. Solubilities for those compounds for which 
literature data were not available were determined experimentally in the 
following manner. An excess amount of solute was allowed to equilibrate 
with water in a sealed vial for 24 hr at  30". After equilibration the samples 
were filtered through either a 0.22-pm porous filter4 or a 1.2-pm silver 
membrane filter5 which was preequilibrated at  30". Analysis of the filtrate 
was performed using UV spectrophotometry6. Octanol solubilities were 
determined in the same manner as the aqueous solubilities, except that 
dilutions were made with 2-propanol. 

Parti t ion Coefficients-For many of the solutes the partition coef- 
ficients were taken from the literature (7). For selected solutes, the par- 
tition coefficients were determined in the following manner. A known 
amount of solute was dissolved in water-saturated octanol or octanol- 
saturated water. The two phases were shaken for 3 hr and then allowed 
to equilibrate a t  30' for 3-6 days. The phases were separated by cen- 
trifugation a t  1500 rpm for 15 min, and the concentration in each phase 
was determined spectrophotometrically. 

Solubility Ratio in Mutually Saturated Solvents-Water-saturated 
octanol and octanol-saturated water were prepared by shaking an excess 
of water or octanol with the pure solvent for 8 hr. After equilibration, the 
two layers in each of the solvent mixtures were separated to yield the 
mutually saturated octanol and water. These solvents were used to de- 
termine the aforementioned saturation solubilities for antipyrine, 
ethyl-p-aminobenzoate, caffeine, and theophylline. All determinations 
were run in duplicate. 

RESULTS AND DISCUSSION 

Water  Solubility-The logarithms of the aqueous solubilities cal- 
culated by Eq. l for the solutes studied are listed in Table I, along with 

S. H. Yalkowsky and S. C. Valvani, unpublished compilation. 

Zeiss DMR 21. 

' Millipore. 
6 Selas. ' Aldrich. * Aldrich, Eastman, Fluka. 
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Table 11-Estimation of Octanol Solubility 

log x o  log x o  
Solute mpo. (obs) (calc) Difference 

Acetylsalicylic acid 
p-Aminobenzoic acid 
Aminopyrine 
Antipyrine 
Barbital 
Benzoic acid 
Butyl-p-aminobenzoate 
Caffeine 
Flurbiprofen 
Ethyl-p-aminobenzoate 
Fumaric acid 
Ibuprofen 
Methyl-p-aminobenzoate 
Phenobarbital 
Phenacetin 
Phenol 
Prostaglandin Ez 
Prostaglandin Fzn 
Salicylic acid 
Theophylline 
Acetanilide 
Biphentl 
Butyl-p- hydroxybenzoate 
Cortisone 
Desoxycorticosterone 
Diphenylethane 
Ethyl-p -hydroxybenzoate 
Fluorene 
Methyl-p- hydroxybenzoate 
15-s-15-Methyl prostaglandin F2<, 
Methyltestosterone 
Prednisolone 
Propyl-p- hydroxybenzoate 
Progesterone 
Testosterone 
Triazolam 

methyl ester 

135 
187 
108 
112 
190 
122 
58 

238 
111 
89 

200 
76 

114 
176 
135 
41 
67 
30 

158 
272 
114 
70 
69 

222 
142 
52 

116 
117 
131 
55 

163 
240 
96 

131 
155 
224 

-1.58 
-1.68 
-0.89 
- 1.06 
-1.80 
-0.95 
-0.72 
-2.61 
-1.05 
-1.19 
-2.00 
-0.55 
-1.42 
-1.97 
-1.73 
-0.06 
-0.81 

0.11 
-0.73 
-2.83 
-1.00 
-0.98 
-0.48 
-2.85 
-1.58 
-0.66 
-0.83 
-1.45 
-0.96 

0.12 
-1.31 
-2.50 
-0.55 
-1.58 
-1.35 
-2.93 

-0.30 
-0.82 
-0.03 
-0.07 
-0.85 
-0.17 

0.47 
-1.33 
-0.06 

0.16 
-0.95 

0.29 
-0.09 
-0.71 
-0.30 

0.64 
).38 
0.75 

-0.53 
-1.67 
-0.09 

0.35 
0.36 

-1.17 
-0.37 

0.53 
-0.11 
-0.12 
-0.26 

0.50 
-0.58 
-1.35 

0.09 
-0.26 
-0.50 
-1.19 

0.395 
-0.023 
-0.029 

0.122 
0.071 

-0.109 
0.340 
0.395 
0.140 
0.469 
0.169 
0.017 
0.444 
0.382 
0.543 

-0.300 
0.406 
0.263 

-0.679 
0.276 
0.027 
0.448 
0.021 
0.797 
0.340 
0.337 

-0.150 
0.445 

-0.182 
0.046 

-0.130 
0.270 

-0.267 
0.447 

-0.013 
0.856 

Melting point data taken from Ref. 8 or the manufacturers' specifications. 

the experimentally determined values (log S ,  and log PC) and the 
melting point data; the last column lists the difference between the ob- 
served and calculated solubilities. In no case is the error in the estimate 
greater than an order of magnitude, and in over three-quarters of the 
examples it is less than a factor of 3. 

The relationship between the observed and predicted values is shown 
in Fig. 1. The regression line is described by: 

log S ,  = 1.129 log S,(calc) + 0.32 
(Eq. 6) r =0.954 s = 0.400 n = 36 

It is clear that  there is no systematic deviation from the regression line 
for the nonelectrolytes or the weak electrolytes. The regression lines for 
the weak electrolytes [log S, = 1.124 log S,(calc) + 0.3081 and for the 
nonelectrolytes [log S ,  = 1.143 log S,(calc) + 0.3711 are both in good 
agreement with the line described by Eq. 6. 

The multiple-regression equation for the aqueous solubility in terms 
of the melting point and the octanol-water partition coefficient is: 

log S, = -0.012 mp -1.13 log PC + 1.62 
(Eq. 7) r = 0.955 s = 0.402 n = 36 

This compares favorably with the theoretical line from Eq. 1. In spite of 
an added parameter, Eq. 7 is virtually equivalent to Eq. 6 in estimating 
the aqueous solubilities of the compounds studied. 

Octanol Solubility-If octanol is an ideal solvent for a drug, then the 
mole fractional solubility of that drug in octanol (X , )  should be equal 
to the ideal mole fractional solubility ( X , )  as given by the van't Hoff 
equation: 

log X , ,  = log X ,  = [ASr/(2.303 R T ) ]  ( T ,  - T )  (Eq. 8) 

where hSf is the entropy of fusion of the solute, T ,  is the solute melting 
point in O K ,  R is the gas constant, and T is the temperature of interest 
in O K .  It has been shown that, for rigid molecules (molecules with little 
or no conformational flexibility), the entropy of fusion can be approxi- 
mated by 13.5 eu (9). Thus, for rigid molecules at  room temperature (298 
O K ) ,  Eg. 8 becomes: 

log X ,  = -0.01 ( T ,  - 298) (Eq. 9) 

If the melting point and temperature in Eq. 9 are converted to the cen- 
tigrade scale (by subtracting 273 from T,  and from 298O), Eq 9 becomes 
identical to Eq. 2. 

If the intercept is expressed in moles per liter rather than in mole 
fraction, then 0.80 (the logarithm of the molarity of pure octanol) must 
be added to the left hand side of Eq. 9, so that it becomes: 

log So = -0.01 ( T ,  - 298) + 0.8 = -0.01 (T, - 378) (Eq. 10) 

The use of 0.80 is only an approximation of log ([(lOOOp - M.W)/130.22] 
+ MI, where p is the density of solution, M is the molarity of the solute, 
W is the molecular weight of the solute, and 130.22 is the molecular weight 
of octanol. When the solute molarity (M) is low or when the molecular 
weight of the solute ( W) is close to that of octanol, the exact expression 
reduces to 0.80. The mole fractional solubilities in octanol (X,) can be 
estimated by assuming that the density of the solution ( p )  is equal to the 
density of octanol (p,) by: 

Regression analysis of the octanol solubility data (Table 11) against 
melting point for the 36 solutes gives: 

log X, = -0.012 mp + 0.26 
r = 0.92 s = 0.32 n = 36 

which is in good agreement with Eq. 2. The relationship between the 
octanol solubilities and the predicted values is illustrated in Fig. 2. No 
adjustable parameters were used in the analyses. The data cover three 
orders of magnitude, and there is no systematic difference in the data for 
nonelectrolytes and weak electrolytes. 

The regression equations for the 2 1  weak electrolytes (log X o  = -0.011 
mp + 0.15) and for the 15 nonelectrolytes (log X o  = -0.013 mp + 0.44) 
are both consistent with Eq. 11. This confirms the applicability of the 
first assumption to the solutes selected for this study. The reason for the 
near ideal solubility of this wide range of solutes in octanol has been ex- 
plained on the basis of regular solution theory and the fact that  the sol- 

0%. 11) 
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Table 111-Estimation of Parti t ion Coefficient a 

log S" log s w  log PC log SR 
Solute (obs) (obs) (obs) (calc) Difference 

Acetylsalicylic acid -0.69 (-1.60) 1.21 0.91 0.301 
p-Aminobenzoic acid -0.80 -1.35 (0.58) 0.56 0.024 
Aminopyrine -0.00 (-0.36)' (0.80) 0.36 0.441 
Antipyrine -0.19 0.53 (0.26) -0.73 0.987 
Barbital -0.92 (-1.41)d (0.67) 0.49 0.177 
Benzoic acid -0.06 -1.53 (1.87) 1.47 0.399 
Butyl-p-aminohenzoate 0.13 -2.84 2.72 2.97 -0.253 
Caffeine -1.72 -0.98 -0.20 -0.75 0.548 
Flurbiprofen -0.20 -3.74 3.26 3.54 -0.284 
Ethyl-p -aminobenzoate -0.31 -2.17 1.96 1.86 0.101 
Fumaric acid -1.12 -1.29 0.28 0.17 0.107 
Ibuprofen 0.27 -3.76 4.43 4.03 0.399 
Methyl-p-aminobenzoate -0.53 -1.70 1.35 1.17 0.185 
Phenobarbital -1.09 -2.26 (1.48) 1.17 0.310 
Phenacetin -0.84 -2.28 (1.58) 1.44 0.145 
Phenol 0.94 (-0.04)e (1.48) 0.98 0.496 
Prostaglandin Ez -0.03 -2.46 2.82 2.43 0.389 

Salicylic acid 0.15 -1.95 2.23 2.10 0.134 
Theophylline -1.95 -1.38 -0.09 -0.57 0.476 

Butyl-p-hydroxybenzoate 0.34 -2.93 3.57 3.27 0.304 
Cortisone -1.97 -3.12 1.47 1.15 0.318 
Desoxycorticosterone -0.71 (-3.45)f 2.88 2.74 0.139 
Diphenylethane 0.19 -4.63 5.12 4.82 0.299 
Ethyl-p -hydroxybenzoate 0.04 -2.20 2.47 2.24 0.229 
Fluorene -0.56 -4.91 4.18 4.34 -0.162 
Methyl-p-hydroxybenzoate -0.08 -1.78 1.96 1.70 0.256 
15-s-15-Methyl prostaglandin Fz, methyl ester 0.45 -2.88 3.21 3.34 -0.127 
Methyltestosterone -0.45 -3.99 3.36 3.54 -0.176 
Prednisolone -1.62 -3.10 1.42 1.49 -0.065 
Propyl-p-hydroxybenzoate 0.36 -2.35 (3.04) 2.71 0.333 
Progesterone -0.71 (-4.15)g 3.87 3.45 0.424 

Triazolam -2.05 -4.09 2.42 2.05 0.371 

Values in arentheses taken from the literature. * L. J. Edwards, Trans. Faraday SOC., 57,1191 (1951). R Charonnat, Compt. Rend., 185,284 (1927). d F. A. Long 
and W. F. Mcgevitt, Chem. Reu., 51,119 (1952). L. Erichsen and E. Dobbert, Brennstoff Chem., 36,338 (1955). H. Tomida. T. Yotsuyanagi, and K. Ikeda, Chem. Pharm. 
Bull., Tokyo, 26,2832 (1978). 8 K. Uekema, T. Fujinaga, F. Hirayama, M. Otagiri, and M. Yamasaki, fn t .  J .  Pharm., LO, 1 (1982). 

Prostaglandin Fzm 0.49 -2.38 2.72 2.87 -0.146 

Acetanilide -0.12 -1.31 (1.21) 1.19 0.021 
Biphenyl -0.10 -4.34 (3.98) 4.24 -0.262 

Testosterone -0.49 (-3.87)g 3.32 3.38 -0.061 

ubility parameter of octanol (10.3) is within 3.3 units of the solubility 
parameter of each compound. 

Solubility Ratio and Partition Coefficient-The second major 
assumption that is used to obtain Eq. 1 is that the octanol-water partition 
coefficient is equivalent to the octanol-water solubility ratio. Regression 
analysis clearly indicates a linear relationship between the logarithms 
of the two parameters: 

log PC = 0.900 log SR + 0.390 
(Eq. 12) r = 0.985 s = 0.233 n = 36 

For most of the compounds studied, the solubility ratio does not differ 
greatly from the partition coefficient (Table 111). Antipyrine is a notable 
and inexplainable exception; this difference is concentration depen- 
dent. 

Figure 3 shows the observed partition coefficients and solubility ratios 
for the solutes studied. If the regression line is forced through the origin, 
it becomes: 

log PC = 1.027 log SR 
(Eq. 13) r = 0.992 s = 0.326 n = 36 

which is in agreement with the theoretical expectation. Again the weak 
electrolytes and the nonelectrolytes conform to regression equations 
similar to the equation for the entire data set. For weak electrolytes the 
equation is log PC = 0.868 log SR + 0.421; for nonelectrolytes it is log PC 
= 0.942 log SR + 0.281. 

Experimentally the octanol-water partition coefficient is the ratio of 
the concentrations of the solute in each of the two phases determined in 
dilute solution, i.e., PC = C,/Cw. This differs from the solubility ratio 
in two respects. The solubility ratio (SR) is the ratio of the solubilities 
determined in pure octanol and pure water (or buffer), whereas the 
partition coefficient is based on the concentration ratio determined in 
water-saturated octanol and octanol-saturated water. The solute-solute 
interactions, which are concentration dependent, are more significant 
in the solute-saturated solutions used to determine the solubility ratio 
than in the dilute solutions used to determine the partition coeffi- 
cient. 

Fortunately these factors are not usually large, and for nonpolar and 
semipolar solutes (log PC > 0) they tend to negate each other. For polar 
solutes (log PC < O), however, these effects amplify each other and in- 
crease the difference between the solubility ratio and the partition 
coefficient. 

The effect of self-association of polar solutes a t  high concentration in 
octanol will generally increase the partition coefficient by increasing the 
ability of the octanol to accomodate the solute. This can be seen from a 
comparison of the partition coefficients determined in dilute solution 
and a t  saturation in Table IV. The effect of increasing the concentration 
of nonpolar solutes is to encourage their self-association in the aqueous 
phase. This, in turn, usually decreases the octanol-water partition 
coefficient by increasing the relative proportion of solute in the water. 
The effect of mutual saturation of the partitioning phases is to decrease 
the partition coefficient compared to the solubility ratio for nonpolar and 
semipolar solutes. Mutual saturation makes the octanol more water-like 
and the water more octanol-like. This tends to decrease the absolute value 
of log PC by bringing the partition coefficient closer to unity. For three 
of the four solutes in Table IV, the solubility ratio determined in mutually 
saturated solvents is closer to unity than the value determined in pure 
solvents. The mutual cancellation of the above effects can also be seen 
from the data in Table 111, where the partition coefficients determined 
in dilute solution are quite close to the solubility ratio. 

State of Undissolved Solute-The third assumption used for Eq. 1 

Table IV-Effect of Mutual Saturation on Solubility Ratio 

log (So/Sw) 
log (SJSw) (mutually log (CJC,) 

Solute (pure phases)" saturated) (dilute) 
~~~ 

Antipyrine -0.73 -0.50 0.26 
Ethyl-p-aminobenzoate 1.86 2.21 1.96 
Caffeine -0.75 -0.42 -0.20 
Theophylline -0.57 -0.08 -0.09 

0 log SR. b log PC. 
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Figure %-Partition coefficients and solubility ratios of nonelectrolytes 
(0) and weak electrolytes (0).  Key: (-) theoretical line described by 
Eq. 3; (- - - -) regression line described by Eq. 13. 

is that the melting point of the pure solute is the same as the melting point 
of the solute in equilibrium with its saturated solution in water. If this 
is not true, then the melting point used in Eq. 1 would be wrong. Fortu- 
nately, most organic compounds do not take up sufficient amounts of 
water to invalidate this assumption. Some compounds, however, can 

accomodate large enough amounts of water to significantly alter their 
physical properties. Phenol, for example, can take up enough water to 
cause liquification. The use of the normal melting point of phenol in Eq. 
1 introduces a systematic error which results in an underestimation of 
the aqueous solubility of phenol. Still other organic compounds form 
crystalline hydrates which have melting points that are significantly 
different from the anhydrous parent compounds. If a substance is known 
to form a hydrate, the melting point of the hydrate should be used in Eq. 
1. If a substance forms an undetected hydrate and if the melting point 
of this hydrate is different from the melting point of the unequilibrated 
material, then the use of the melting point of the latter would result in 
an erroneous estimation of the aqueous solubility. 

I t  is not always feasible to isolate the exact species of a solute that  is 
in equilibrium with its saturated solution. Recrystallization and drying 
can alter the water content and even the crystal form of the solute. Even 
the act of determining the melting point can alter the crystal in favor of 
a more anhydrous or a more stable form. For these reasons it appears 
likely that the use of an inappropriate melting point is the most likely 
source of error in the use of Eq. 1. 

Fortunately, melting point alterations caused by water are rarely a 
problem with nonpolar solutes and are only infrequently significant for 
semipolar solutes. This is confirmed by the highly successful application 
of Eq. 1 to nonpolar solutes (1) and to a mixture of nonpolar and semi- 
polar solutes ( Z ) ,  as well as to the compounds used herein. 
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Abstract 0 Uptake of the fluorescent probe, 1-anilmo-8-naphthalene- 
sulfonate (I) into isolated rat liver cells was studied using both fluores- 
cence and filtration methods. The time course of the fluorescence en- 
hancement of I after addition to the isolated liver cells was analyzed in 
terms of rapid, medium, and slow phases. The slow phase (half-time -7 
min) was characteristic of viable cells. The fluorescence enhancement 
was proportional to the amount of I taken into the cells, as measured by 
the filtration method. The uptake of I followed Michaelis-Menten ki- 
netics with an apparent K,,, of 39 fiM and V ,  of 1.4 nmole/l06 cells/min. 
The temperature coefficient (Qlo) of the uptake of I was found to be -1.9. 
No pH optimum was observed, and various metabolic inhibitors did not 
affect the uptake of I. Among the amino acid reagents used, only 2,4- 
dinitrofluorobenzene decreased the uptake of I (by -45%). The effects 
of various organic anions on the uptake of I were measured. The inhibition 
of the uptake of I by sulfobromophthalein could be analyzed in terms of 
competitive inhibition; the slight inhibition by sodium taurocholate could 
not. It is concluded that the uptake of I is a carrier-mediated facilitated 
process, and that the carrier is common to both I and sulfobromo- 
phthalein. 

Keyphrases Fluorescence-measurement of 1-anilino-8-naphtha- 
lenesulfonate uptake into isolated rat liver cells, effect of organic anions, 
comparison with filtration method 1-Anilino-8-naphthalenesulfo- 
nate-determination of uptake into isolated rat liver cells using fluo- 
rescence enhancement, effect of organic anions, kinetics 0 Kinetics-of 
1-anilino-8-naphthalenesulfonate uptake into isolated rate liver cells, 
fluorescence enhancement, effect of organic anions 

Sulfobromophthalein (11) and indocyanine green (111) 
are anionic drugs used to test liver function. The uptake 
mechanism responsible for the rapid and relatively selec- 
tive hepatic clearance of these anions has been studied 
using whole animals (1-3), isolated perfused rat liver (3-5), 
liver slices (6), and isolated liver cells (7,8). These studies 
suggested that the hepatic uptake of these anionic drugs 
is a carrier-mediated process. 

Bile acids, endogenous compounds that are anionic a t  
physiological pH, are also readily extracted from the 
plasma by the liver. Many investigators (9-11) have sug- 
gested that a carrier-mediated process might be respon- 
sible for the hepatic uptake of bile acids. If this is true, the 
question then arises as .to whether the aforementioned 
anionic dyes and bile acids are transported by a common 
carrier. Studies on the inhibition of the uptake of one 
compound by another in isolated perfused rat liver (3,5) 
and isolated rat liver cells (7) led to the suggestion that bile 
acids and other organic anions such as I1 and I11 are 
transported into the liver by two different systems. 

The anionic fluorescent probe, 1-anilino-8-naphth- 
alenesulfonate anion (I) has been used to study the mem- 
brane structure of several isolated membrane systems 
(12-14) since the large changes in its fluorescence pa- 
rameters are observed in different environments (15,16). 
Compound I also is an effective probe in the study of anion 
transport in erythrocytes (17) and Ehrlich ascites cells (18). 
Recently, Cheng and Levy (19) described the interaction 

of I with isolated rat liver cells, observing that the transport 
of I into liver cells was a carrier-mediated process. In the 
present study, we have attempted to clarify the mechanism 
of the uptake of I into isolated liver cells and to determine 
whether the transport system of I is shared by other or- 
ganic anions, such as 11,111, and the bile acid salts. 

EXPERIMENTAL 

Materials-The following analytical grade materials were used: so- 
dium l-anilino-8-naphthalenesulfonate', bromophenol', rose bengal2, 
p-aminohippuric acid2, sulf~bromophthalein~, indocyanine green3, 
phen~lsulfonphthalein~, sodium taurocholate4, sodium oleatel, potassium 
cyanide2, n-ethylmaleimide2, 2,4-dinitroflu~robenzene~, rotenone4, 
carbonylcyanide m-chlor~phenylhydrazone~, p-hydroxymercuriben- 
zoate4, trypan blue2, and collagenase (type I)4. 

Isolation of Liver Cells-Liver cells were isolated using a modifica- 
tion of the procedure of Baur et  al. (20). Male Wistar rats (260-330 g), 
given free access to food and water, were used. During preparation, the 
liver was perfused with a calcium-free perfusion buffer at  37" via the vena 
portae (35 ml/min for 15 rnin). After preparation of the liver, perfusion 
was continued with a recirculating medium containing 4 mM calcium and 
0.05% collagenase. After 15-20 min, the vena portae began to leak; the 
perfusion was continued via the vena cava for another 10-15 min. After 
perfusion for -30 min, the liver disintegrated. Subsequently, the tissue 
was transferred to a round-bottomed flask and enzymatic treatment was 
continued for another 10 min with slow stirring. After washing, the cells 
were stored as a suspension (5 X 106 cells/ml) at Oo in a standard buffer 
saturated with 95% 0 2  and 5% COZ5. The composition of the perfusion 
buffer was: 121 mM NaCI, 6 mM KCI, 0.6 mM MgS04,12 mM NaHC03, 
0.74 mM KH2P04, and 5 mM glucose (pH 7.2-7.1). The composition of 
the standard buffer was: 131 mM NaCI, 5.2 mM KCl, 0.9 mM MgS04, 
0.12 mM CaC12,3 mM Na2HP04, and 10 mM Tris/HCl (pH 7.4). 

Cell viability for each experiment was determined by the trypan blue 
exclusion test; the value obtained usually ranged from 93-98%. Damaged 
liver cells (<9% viability) were prepared by treatment in an automatic 
mixer for >5 min. 

Uptake Studies-Filtration Method-Aliquots of the stock cell 
suspensions were diluted in 5 ml of the standard buffer to a final con- 
centration of 5 X 105 cells/min. After preincubation for 3 min at  25O, small 
aliquots (3-35 rl) of a 5 mM solution of I were added, and the mixtures 
were incubated for various times. The uptake process was terminated 
by vacuum filtration of 1 ml of the suspension using a glass-fiber mem- 
brane6. After washing the cells on the filter three times with 3 ml of the 
ice-cold standard buffer, the content of I in the cells was analyzed spec- 
trofluorometrically7. The cells were extracted with 4 ml of solvent 
(methanol-1 N NaOH, 81) for 1 hr. After centrifugation8 a t  3000 rpm 
for 15 min, the supernatant solution was analyzed spectrofluorometrically 
at 500 nm (excitation a t  390 nm). The recovery of I from the liver cells 
was nearly 100%. 

Fluorescence Method-The fluorescence measurements7 were per- 
formed a t  room temperature (20-22"), unless otherwise stated, with 
10-nm slit widths for both excitation and emission channels and a 430-nm 
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Figure 1-Time course of the fluorescence enhancement of I ( %  pM) 
added to isolated liver cells (5 X lo5 cells/ml) in the standard buffer (pH 
7.4) at room temperature. Excitation is at 400 nm; emission is at 480 nm; 
fluorescence is in arbitrary units. Each point is the mean of five ex- 
periments; bars represent the standard error. Key: (.) intact cells 
(93-989;. cell viability); (0) damaged cells (3-9s”c cell viability), 

cutoff filter. The excitation and emission wavelengths for I were 400 and 
480 nm, respectively. If necessary, fluorescence intensities were corrected 
for the inner filter effect according to the method of Chignell (21). 

Small aliquots of a solution of I were added to the cell suspension (5 
X lo5 cells/ml) in the standard buffer. The solution was preincubated 
for 5 min and quickly mixed with a small stirring rod, and the fluorescence 
intensity was recorded a t  a chart speed of 12 cm/min. The mixing pro- 
cedure could be performed in <& sec. In some experiments, after the 
time course of uptake had been recorded for 30 sec after the addition of 
I, the zero point was lowered by adjusting the zero-suppression knob, and 
the sensitivity was increased so that the change of fluorescence could be 
monitored more closely. 

In the experiments on inhibition by other organic anions, inhibitors 
were added 10 sec before the addition of I. In the experiments on inhi- 
bition by metabolic inhibitors and amino reagents, the reagents were 
added at the beginning of the 5-min preincubation. 

Kinetic Analysis of the Data  Obtained by the Fluorescence 
Method-For reasons discussed subsequently, the initial uptake rate 
of I was obtained from the initial slope of the slow component of fluo- 
rescence enhancement (40-100 sec). If the change of fluorescence (me”) 
is assumed to be proportional to the change of I content within the cells 
(AAced, then: 

AFceIl = Y cell . M c e ~  (Eq. 1) 

where ycell is the proportionality coefficient, which corresponds to the 
quantum yield of I bound to the intracellular components. [The validity 
of this assumption will be demonstrated later (Results) .]  The initial 
uptake rate in a carrier-mediated transport system can be expressed by 
the Michaelis-Menten-type equation: 

(Eq. 2) 

where bACe11 is the initial uptake rate (40-100 sec), K ,  is the apparent 
Michaelis constant, V,,, is the maximum rate of uptake, and ( A )  is the 
concentration of I in the medium. Substituting Eq. 2 into Eq. 1 gives: 

(Eq. 3 )  

and Dceu is the initial rate of fluorescence enhancement (40-100 sec). 
The binding of I to the plasma membrane of liver cells was determined 

by extrapolating the uptake curves to time zero, as described previously 
(7, 9, 11, 22). The kinetic analysis was carried out in a similar way, 
using: 

(Eq. 5) 

and c: = n ‘ ymembrane(Pcel1) (Eq. 6) 

Here, F,,,, is the fluorescence intensity obtained by extrapolating the 
uptake curves to time zero, qmembrane is the proportionality coefficient 

. s i 4 t  v,o ;: 
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(10 sec-5 min) 

Figure 2-Comparison of measurements of I uptake by the fluorescence 
and filtration methods using the same cell preparation. Small aliquots 
(3-35 p l )  of I were added to the cell suspension (5 X lo5 cellsfml), and 
the fluorescence change from 10 sec to 5 rnin was measured (abscissa), 
as described in Fig. 1 .  The amount of I taken into the cells during the 
same period was measured by the filtration method (ordinate). Each 
point is the mean of 4-5 experiments; bars represent the standard error. 
Key: (0) in the absence of I1 (concentration of I ,  4.7-54 pM); (0) in the 
presence of  11, added 10 sec before the addition of I (concentration of 
I ,  38 pM; concentration of 11,20430 pM). The arrow shows the result 
at a I concentration of 38 pM in the absence of 11 (control). 

(which corresponds to the quantum yield of I bound to the plasma 
membrane), KPm is the dissociation constant, (P,II) is the concentration 
of cells, ( A )  is the concentration of I in the medium, and n is the number 
of binding sites for I on a cell. Kinetic parameters were calculated with 
a program (23) for least-squares fitting, using a compute+. 

RESULTS 

Time Course of I Uptake into In t ac t  and Damaged Cells-When 
38 p M  I was added to hepatocytes (5 X lo5 celldml), a marked en- 
hancement of the fluorescence of I was observed. The fluorescence of I 
in buffer alone was negligible when compared with that obtained in the 
presence of hepatocytes. Figure 1 shows the time course of fluorescence 
enhancement of I both in intact and damaged cells. The time course in 
damaged cells (viability <9%) showed a rapid phase (half-time less than 
the mixing time) and a time-dependent (medium) phase which had al- 
most reached a plateau within 40 sec. In the case of intact cells, a new 
time-dependent kinetic phase (slow phase) appeared, and the fluores- 
cence intensity continued to increase up to 30 min. This slow phase, which 
is characteristic of intact cells, is thought to reflect the uptake of I and 
subsequent binding to intracellular components, while the rapid phase 
may correspond to the binding of I to plasma membrane. On this basis, 
the initial uptake rate was calculated from the initial slope of the slow 
phase of fluorescence enhancement (40-100 sec), as shown in Fig. 1. 

Comparison of the Data  Obtained by the Fluorescence a n d  the 
Filtration Methods-To analyze the uptake of I by the fluorescence 
method, the validity of Eq. 1 must be demonstrated. Therefore, the 
changes of the fluorescence of I (10 sec-5 min) were compared with the 
amounts of I transported into cells during that period, as directly mea- 
sured by the filtration method (Fig. 2). Figure 2 shows that the change 
of fluorescence (AFcell) is proportional to that of I content within cells 
(AAcell). The ycell value in Eq. 1 was calculated to be 18.7/nmole of I from 
the data in Fig. 2. 

The cell-medium ratio (WM) of I after the establishment of equilib- 
rium between the cells and the medium (-30 min after the addition of 
I) was calculated both from the data in Fig. 1 and from the 9-11 value. In 
calculating the intracellular concentration of I, an intracellular volume 
of 4.2 p1/106 cells was used (24). C/M values of 45 f 4 and 36 f 2 were 
calculated for initial I concentrations of 4.7 pM and 39 f iM, respec- 
tively. 

Kinetic Analysis of the Init ial  Uptake Ra te  and  Binding to 
Plasma Membrane at Various Concentrations of I-The initial rates 
(40-100 sec) of I uptake at concentrations ranging from 4.7 to 78.5 p M  

Hitachi 8700/8800 computer. 
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Figure 3-(a) Double-reciprocal plot of I binding to the plasma membrane, determined by extrapolating the curve of fluorescence enhancement 
to time zero. The line represents the regression line calculated using Eq. 5. (b) Lineweaoer-Burk plot of I uptake with the initial rate calculated 
from the initial slope (40-100 sec) of the slow phase (Fig. 1). The line represents the regression line calculated using Eq. 3. The fluorescence was 
measured at room temperature in the standard buffer with a cell concentration of 5 X lo5 cellslml. Each point is the mean of 5-9 experiments; 
bars represent the standard error. 

were measured by the fluorescence method. Figure 3b shows a Line- 
weaver-Burk plot of theuptake rates based on Eq. 3. An apparent K,,, 
of 38.8 f 5.2 pM and AFEr of 26 f 2.8 min-l were obtained. A Vmax of 
1.39 f 0.15 nmole/106 cells/min was calculated from the AFZf and the 
qcell values (18.7/nmole of I). 

The binding of I to the plasma membrane of liver cells was determined 
by extrapolating the uptake curves to time zero. The data thus obtained 
were analyzed by means of a double-reciprocal plot based on Eq. 5, as 
shown in Fig. 3a. A dissociation constant (Kpm) of 56.7 f 5.5 pM was 
obtained. 

Effects of Metabolic Inhibitors and Amino Acid Reagents-To 
determine whether the uptake of I is dependent on metabolic energy, 19 
pM I was added to cell suspensions preincubated for 5 min with one of 
four metabolic inhibitors, and the initial enhancement of fluorescence 
(40-100 sec) was measured. The inhibitors were potassium cyanide (1 
mM), which blocks electron transport at the final step; rotenone (10 pM), 
which blocks electron transport near the initial step; ouabain4 (1 mM), 
which inhibits Na+-K+ ATPase and the oxidative phosphorylation un- 
coupler carbonylcyanide m-chlorophenylhydrazone (10 pM). None of 
the inhibitors had a detectable effect on the initial uptake of I. Conse- 
quently, the concentrative uptake of I (CIM = 36-45) described previ- 
ously is not due to the active transport of I, but to its binding to intra- 
cellular components. 

The effects of amino acid reagents, which have been successfully used 

MINUTES 

Figure 4-Effect of temperature on the time course of fluorescence 
enhancement when I f19  pM) was added to a cell suspension (5 X lo5 
cells/ml) in the standard buffer. Each point i s  the mean of three ex- 
periments; bars represent the standard error. Key: (@) intact cells, 25'; 
(A) intact cells, 35'; (0) damaged cells, 25'; (A) damaged cells, 35'. 

in membrane and cell research to inhibit carrier-mediated processes, were 
measured by the fluorescence method. p-Hydroxymercuribenzoate (100 
pM) and n-ethylmaleimide (100 pM), which bind covalently to free 
sulfhydryl groups, did not significantly reduce the initial uptake of I 
(concentration of I, 19 pM); 2,4-dinitrofluorobenzene (100 pM), which 
binds covalently to free amino groups, decreased the initial uptake of I 
by 47 f 7% (mean f SE for three separate experiments). To confirm its 
effect, 2,4-dinitrofluorobenzene was also studied by the filtration method, 
which gave similar results, i.e., a reduction ratio of 43% (n = 2). 

Effect of Temperature and pH-In viable cells, the initial en- 
hancement of fluorescence (40-100 sec) a t  35' was higher than that at 
25' (Fig. 4). The temperature coefficient (AF350lAF250) was 1.43 f 0.12 
(n = 3). The dependence of the initial uptake of I on temperature was also 
measured by the filtration method, and a temperature coefficient (810) 
of 1.9 f 0.3 (n = 3) was obtained. The methods seem to give slightly dif- 
ferent coefficients. The most likely explanation for this discrepancy is 
that the qcell value in Eq. 1 changes with temperature. In damaged cells, 
the fluorescence intensity obtained after establishment of equilibrium 
at  25' was higher than that a t  35' (F35dF250 = 0.83 f 0.05). This result 

7 26r 
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PH 
Figure 5-Effect of pH on I uptake, using the standard buffer brought 
to various pH values. An aliquot of stock cell suspension (1 X lo8 
cellslml) was diluted with the medium at each p H  to yield a final con- 
centration of 5 X lo5 cells/ml prior to the addition of I (19 pM). The 
initial rates of uptake were measured by the fluorescence method as 
described in Fig. 3b. After the fluorescence measurement, the pH of each 
suspension was remeasured. Open and closed circles represent results 
using different cell preparations. 
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Figure 6-Inhibitory effects of uarious organic anions at concentrations 
of 20 pM. Inhibitors were added to the cell suspension in the standard 
buffer (5 X lO5cells/ml) IOsec before the addition of I ( 1 9  pM). Initial 
rates of uptake were measured by the fluorescence method as described 
in Fig. 36. Fluorescence intensities were corrected as necessary for the 
inner filter effect. Each point is the mean for 3-4 experiments; bars 
represent the standard error; asterisks indicate statistical significance 
at the p < 0.05 leuel. 

in damaged cells might reflect a change of qceu with temperature. On this 
basis, the Qlo obtained by the fluorescence method was recalculated as 
1.75 (1.43/0.83), which is in good agreement with the value obtained by 
the filtration method. 

Figure 5 shows the pH dependence of the initial uptake rate of I 
(concentration, 19 pM) measured by the fluorescence method. Between 
pH 6 and 9, the fluorescence was considerably increased. 

Effects of Organic Anions-The initial uptake rate of 19 pM I was 
determined by the fluorescence method in the presence of various organic 
anions, each at  20 pM concentration (Fig. 6). Four organic anions (11,111, 
bromophenol blue; and rose bengal), which are thought to act as sub- 
strates for an organic anion transport system in the liver, inhibited the 
uptake of I by >50%; sodium taurocholate, which is thought to be 
transported into the liver by a different system (3,5),  did not show sig- 
nificant inhibition. p-Aminohippuric acid and phenolsulfonphthalein, 
which are known to act as substrates for an organic anion transport sys- 
tem in the kidney, did not have a significant effect. 

Compound I1 and sodium taurocholate were selected as typical anions 
transported into the liver by different systems, and kinetic investigations 
of the inhibition of I uptake using these compounds were carried out. 
First, the effect of the addition of I1 on the qcell value in Eq. 1 was ex- 
amined (Fig. 2). Although both the fluorescence and filtration methods 
showed inhibition of I uptake by 11, the qceu value was not significantly 
altered by 11. This finding indicates that i t  is possible to analyze the in- 
hibition of I uptake kinetically by the fluorescence method. 

In Fig. 7, the reciprocal of the initial rate of fluorescence enhancement 
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of I (40-100 sec) is plotted versus the concentration of 11. This Dixon plot 
shows that the uptake of I is inhibited competitively by I I z h e  kinetic 
parameters K, = 32.7 f 6.5 pM, K ;  = 22.2 f 2.7 pM, and Per = 22.2 
f 4.3 min-I were obtained by fitting the data to an equation that corre- 
sponds to competitive inhibition: 

(Es. 7) 

where i is the concentration of inhibitor (II), K; is the inhibition constant, 
and the other symbols are the same as those in E ~ S .  3 and 4. The kinetic 
parameters thus obtained ( K ,  = 32.7 pM and Pa= 22.2 min-l) are 
in good agreement with those ( K ,  = 38.8 pM and Pmff = 26.0 min-') 
obtained from an independent uptake study of I (Fig. 3a). 

On the other hand, inhibition by sodium taurocholate could not be 
detected in Fig. 5, so the inhibition of I uptake (19 pM) at  a higher con- 
centration of sodium taurocholate was measured. Even 170 pM sodium 
taurocholate inhibited the uptake of I by only 20% (mean of two separate 
experiments). If it is assumed that the uptake of I is competitively in- 
hibited by sodium taurocholate and that the Ki value is 19 pM, 20 and 
170 pM sodium taurocholate should inhibit the uptake of I by 41 and 86%, 
respectivelyL0. A Michaelis constant of 19 pM was obtained by Schwarz 
et al. (9) in a study of taurocholate uptake into isolated liver cells. Marked 
discrepancies between the observed and calculated values suggest that 
the uptake system of sodium taurocholate is different from that of I. 

Countertransport-Compound I1 was added to the cell suspension 
after addition of I (Fig. 8). The addition of I1 induced a rapid decrease 
of fluorescence which was complete within 10 sec, followed by a slower 
decrease. The rapid decrease suggests the inhibition of the plasma 
membrane binding of I by 11. The slower decrease of fluorescence may 
represent the efflux of I previously taken into the cells, reflecting coun- 
tertransport (1,25,26). A similar effect was also seen when 111 was added 
instead of 11. 

DISCUSSION 

Many studies on the hepatic uptake of various compounds utilize 
isolated liver cells, and the advantage of their use has been discussed (7, 
8.27). In most of these studies, cells were separated from the incubation 
medium by centrifugation or filtration. The present study, using a fluo- 
rescence probe (I) as a substrate, has the advantage that the uptake of 
I can be determined simply by measuring the fluorescence change, 
without separation. This method has already been adopted in studies of 
anion transport in erythrocytes (17), Ehrlich ascites cells (18), and iso- 
lated liver cells (19). 

The time course of fluorescence enhancement of I (Fig. 1) was analyzed 
by means of a semilogarithmic plot of log [fluorescence change (total 

10 Equation 7 yields the following equation: 
Ratio of fluorescence change (R) 

- mrrll in the presence of sodium taurocholate 
M e e l l  in the absence of sodium taurocholate 

K,,, +- ( A )  - K,(1 + [sodium taurocholate]/K;) + ( A )  

where K,,, = 38.8 p M ,  ( A )  = 19 p M ,  and K ;  = 19 p M .  
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minus partial)] against time. This method is known to give good fits to 
kinetic data obtained in experiments with erythrocyte ghosts (28) or 
submitochondrial particles (29). The plot in the case of intact cells could 
be analyzed in terms of a three-exponential equation (not shown): i .e. ,  
the fluorescence enhancement consisted of a rapid phase (half-time less 
than the mixing time), a medium phase (half-time of -15 sec), and a slow 
phase (half-time of -7 min). The rapid, medium, and slow phases com- 
prised -35, 20, and 45% of the overall fluorescence enhancement, re- 
spectively. Damaging the cells by vigorous shaking (viability <Wo) hardly 
affected the half-time of the medium phase, but abolished the slow phase. 
A half-time (-15 sec) corresponding to the medium phase in the present 
study was also found in studies of the interaction of I with erythrocyte 
ghosts (28) and plasma membranes of hepatoma tissue culture cells (19), 
both of which lack intracellular components. Our findings and those of 
other workers suggest that  the rapid phase corresponds to the binding 
to superficial sites of the plasma membrane, the medium phase to the 
binding to deep sites within the plasma membrane, and the slow phase 
to the uptake and subsequent binding to intracellular components. We 
assumed that the permeability barrier to I would be destroyed in damaged 
cells, and used the slow phase for measurement of the initial uptake of 
I. Cheng and Levy (19) used the period from 30 to 120 sec in uptake 
studies of I into isolated liver cells. However, in the present studies, we 
used 40-100 sec for measurement of the initial rate of uptake as the plot 
of fluorescence enhancement against time showed curvature after 100 
sec (Fig. 1). Furthermore, we used 40 sec as the starting time of the slow 
phase to avoid the contribution of the medium phase. 

Before the fluorescence method can be accepted for the measurement 
of I uptake, it must be demonstrated that the fluorescence change is 
proportional to the amount of I taken into the cells, i.e., the qeell value 
in Eq. 1 should be constant regardless of the I concentration within the 
cell. The results shown in Fig. 2, which demonstrate the validity of Eq. 
2, confirm this method. The q-11 value (18.7/nmole of I) was obtained 
from the data between 10 sec and 5 min (Fig. 2); however, strictly 
speaking, the qcell value should be obtained using only the slow phase, 
which is thought to reflect the true uptake phase. On the other hand, we 
also compared the changes of I fluorescence (0-10 sec) at several con- 
centrations of I in a similar way. This period is thought to reflect the 
binding to the plasma membrane. A qmembrme of 23/nmole of I was ob- 
tained in this experiment (unpublished data). This Qmembrme value, which 
corresponds to the quantum yield of I bound to the plasma membrane 
of liver cells, is not very different from the qcell value (18.7/nmole of I). 
This result suggests that the quantum yields of I are essentially the same 
whether I is bound to the plasma membrane or to the intracellular com- 
ponents. Therefore, the qcell value obtained from the data between 10 
sec and 5 min may be considered to represent the true qcell value. More- 
over, the qcell value was not altered by I1 (Fig. 2), and this result made i t  
possible to investigate the inhibition of I uptake by I1 using the fluores- 
cence method. T o  our knowledge, this is the first experiment demon- 
strating the validity of the fluorescence method. 

Several specific criteria must be met to demonstrate the presence of 
carrier-mediated transport across biological membranes: the transport 
system must be saturable, structurally similar compounds should inhibit 
the transport process, and the system should show countertransport. 
These criteria are common to both active-transport and facilitated-dif- 
fusion processes. T o  differentiate between these two types of transport, 
other criteria are required. 

By definition, active transport differs from facilitated diffusion in two 
ways: ( a )  transport of a substrate can occur against a chemical potential 
and ( b )  an expenditure of metabolic energy is required and the process 
generally is associated with a temperature coefficient (810) of 1 3  (25). 
Each of these criteria was investigated in detail for the I uptake into 
isolated liver cells. The saturability (Fig. 3b) and the competitive inhi- 
bition by I1 (Fig. 7) suggest that a carrier-mediated transport system may 
be responsible for the uptake of I; saturability of I uptake was also sug- 
gested by Cheng and Levy (19). A countertransport study was undertaken 
to confirm the presence of carrier-mediated transport. The results ob- 
tained with I1 and I11 suggest countertransport (Fig. 8). However, these 
results should be interpreted with caution, since the phenomena shown 
in Fig. 8 might occur if I1 and 111 simply displace I from the binding sites 
of I on the intracellular components. This displacement would increase 
the unbound concentration of I within the cells and, thus, accelerate the 
efflux of I to the medium. Therefore, the fluorescence change caused by 
I1 and 111 shown in Fig. 8 is necessary but not sufficient t o  demonstrate 
true countertransport. 

In addition to these findings, the inhibition of I uptake by 2,4-dini- 
trofluorobenzene, which combines with free amino groups on the carrier 
molecule, strongly suggests the countribution of a carrier-mediated 

process to uptake of I. It has been shown that sulfhydryl reagents can 
inhibit the uptake of cortisol (30) and procainamide ethobromide (31) 
into isolated liver cells. In the present study, p-hydroxymercuribenzoete 
and n-ethylmaleimide did not have a significant inhibitory effect. This 
may indicate the absence of a functional sulfhydryl group a t  the active 
site of the carrier protein for I. However, the uptake of I was unaffected 
by various metabolic inhibitors, suggesting that active transport is not 
involved. Independence of metabolic energy has also been demonstrated 
by Schwenk et al. (7) in the uptake of I1 into isolated liver cells. Fur- 
thermore, the relatively small dependence of I uptake on temperature 
(Qlo = 1.9) also suggests a facilitated-diffusion process. A similar tem- 
perature dependency (activation energy of 11 kcal/mole, 810 of -2) was 
reported in the uptake of I1 into isolated liver cells (7). Based on these 
findings, which suggest the facilitated diffusion of I, the accumulation 
of I in the cells (C/M of 36-45) found in the present study could be re- 
garded as due to the binding of I to the intracellular components. In fact, 
I is bound to the cytoplasmic binding proteins (X, Y, and 2 fraction) in 
the liver, especially to the Z-protein (32). 

With regard to pH, the uptake of I (Fig. 5) is similar to that of I1 (7). 
Both have no pH optimum, though the uptake was considerably increased 
below pH 6. As described above, the uptake of I resembles that of I1 in 
many respects, namely the effect of metabolic inhibitors, the temperature 
dependence, and the pH profile. On the other hand, the uptake of sodium 
taurocholate was inhibited by metabolic inhibitors (carbonylcyanide 
m-chlorophenylhydrazone, ouabain, and antimycin A), the activation 
energy amounted to 29 kcal/mole which corresponds to a Q10 of -5, and 
the uptake showed a pH optimum between pH 6.5 and pH 8.0 (9). 

The similarity of the uptake of I to that of I1 raised the possibility that 
both compounds share a common carrier. T o  test this possibility, the 
effect of I1 on the uptake of I was studied kinetically (Fig. 7). A Dixon plot 
showed that uptake of I is inhibited competitively by 11, indicating a 
common carrier for the uptake of both compounds. The K, value (22 p M )  
of I1 obtained in the present study is comparable with the K ,  value (7 
p M )  for I1 obtained by Schwenk et al. (7). On the other hand, the slight 
inhibition of I uptake by a high concentration of sodium taurocholate (170 
g M )  could not be explained by competitive inhibition. These findings 
indicate that I and I1 are transported by the same carrier, and that this 
carrier is different from that for sodium taurocholate. This result supports 
the hypothesis of Paumgartner and Reichen (3,5) that  there are a t  least 
two transport systems for organic anions: one for bile acids and the other 
for organic anions such as I1 and 111. 

Recently, a high-affinity binding protein for I1 (thought to be the 
carrier protein) has been isolated from the plasma membrane of the rat 
liver (33-35). During this isolation, the binding activity at each step was 
evaluated by gel-filtration using a small column (33) or equilibrium di- 
alysis (34). The present result that I and I1 share a common carrier raised 
the possibility that fluorescence measurements of I could provide a simple 
and novel method for detecting binding protein for organic anions such 
as I1 and I11 during the isolation procedures. 
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Abstract The dissolution profiles of 50-mg hydrochlorothiazide tablets 
representing all approved manufacturers (at the time of the study) were 
determined in two vehicles [purified water and dilute (1:lOO) hydrochloric 
acid] by three methods (rotating basket at 150 rpm; spin filter a t  300 rpm; 
paddle method at  50 rpm). The paddle method was preferred on the basis 
of overall ease of operation, reproducibility, and discrimination. The 
paddle data were validated in both vehicles on the same lots of tablets 
by a second laboratory. A standard of not <8Wo dissolution in 60 min by 
the paddle method in water is proposed for hydrochlorothiazide tab- 
lets. 

Keyphrases Hydrochlorothiazide tablets-dissolution studies, paddle 
method, basket method, spin filter method 0 Dissolution-paddle 
method, basket method, spin-filter method, hydrochlorothiazide tablets 

Paddle method-dissolution of hydrochlorothiazide tablets 0 Basket 
method4issolution studies of hydrochlorothiazide tablets 0 Spin-filter 
method-dissolution studies of hydrochlorothiazide tablets 
~~ ~~ ~ 

Hydrochlorothiazide is a member of the benzothiadia- 
zine class of orally effective diuretics widely used in the 
treatment of hypertension, congestive heart failure, and 
other edematous conditions. As a class, these compounds 
generally are poorly wetted and have limited solubility. 
Thus, it is not surprising that they have been identified in 
the Federal Register (1) as a class of drugs with a potential 
for bioavailability/bioequivalency problems and for which 
dissolution standards should be developed. For such 
standards to be meaningful and reflect bioavailability 
performance, the dissolution system must be capable of 
generating data that consistently correlate with in uiuo 

performance. However, the dissolution of a drug from its 
dosage form is dependent on many factors, which include 
not only the physicochemical properties of the drug, but 
also how the dosage form is formulated and processed. 
Thus, even in the absence of a correlation between in uivo 
and in vitro data, dissolution data provide a desirable aid 
in controlling formulation and manufacturing variables 
and should be a reliable indicator of uniformity of manu- 
facture. The objectives of this study were to (a )  survey the 
dissolution performance of marketed hydrochlorothiazide 
products by various methods, ( b )  select an appropriate 
dissolution method, and (c) develop acceptable dissolution 
standards based on the performance of the marketed 
products. The results of this study should form a basis for 
the consideration of other members of the benzothiadia- 
zine class. 

EXPERIMENTAL 

Materials-Commercial 50-mg hydrochlorothiazide tablets’ (repre- 
senting all approved manufacturers a t  the time of the study) were 
used. 

Reagents and Chemicals-Distilled water was used throughout, and 
all other chemicals or reagents were either official grade or reagent grade. 
Hydrochlorothiazide USP was the reference standard. 

Product 1, Abbott Laboratories Lot No. 55-116AF22; Product 2, Barr Lot No. 
6C02013; Product 3, Ciba Lot No. 10721; Product 4, Danbury Lot No. 12357; 
Product 5, Heather Lot No. 61088; Product 6, Merck Sharp and Dohme Lot No. 
V2487; Product 7, Towne Paulsen Lot No. 037652; Product 8, Zenith Lot No. 
A2083 13. 
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Abstract The dissolution profiles of 50-mg hydrochlorothiazide tablets 
representing all approved manufacturers (at the time of the study) were 
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Product 5, Heather Lot No. 61088; Product 6, Merck Sharp and Dohme Lot No. 
V2487; Product 7, Towne Paulsen Lot No. 037652; Product 8, Zenith Lot No. 
A2083 13. 
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Figure 1-Dissolution of hydrochlorothiazide tablets in purified water-paddle method (50 rpm). Key: product 1 (*); product 2 &;product 
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Figure 2-Dissolution of hydrochlorothiazide tablets in purified water-rotating basket method (150 rpm). See Fig. I for key to graph. 

Dissolution Methods-The dissolution tests were carried out in two 
laboratories using UV spectrophotometry2. Dissolution was monitored 
by continuously circulating the filtered medium from each flask to and 
through a 0.1-cm path-length flow cell mounted in the spectrophotom- 
eter, and then back to the flask. The filter was mounted on the intake end 
of the hosing and consisted of a 13-mm fiberglass pad held in a plastic 
holder. 

Dissolution was carried out in distilled water and in dilute (1:lOO) 
hydrochloric acid: 900 ml at 37". 

Rotating Basket (USP X I X ,  Method 1)-The basket assemblies were 
rotated in resin flasks by means of a multiple-spindle drive system3. 

2 Beckman 25/7 Spectrophotometer, Beckman Instruments, Fullterton, Calif. 
3 Easilift Dissolution Test Station Model 63-734-100, Hanson Research Corp., 

Northridge, Calif. 

Official specifications (2) were adhered to, including the 150-rpm stirring 
rate noted in the hydrochlorothiazide monograph. 

Paddle Method ( U S P X X ,  Method 2)-The paddles were rotated in 
round-bottom flasks by suitable adaptation of the multiple-stirrer head. 
All official specifications (2) were followed. A paddle speed of 50 rpm was 
selected. 

Spin-Filter Method-This method is essentially the stationary basket, 
spinning-filter method described by Shah et al. (3). The apparatus4 was 
obtained commercially. The geometry relating the position of the basket 
to the filter is fixed by the apparatus design; however, the filter unit was 
always set 2 mm from the bottom of the flask, as recommended (3). Filter 
rotational speed was 300 rpm. 

' Magne-Drive Dissolution Test Apparatus, Series 74, Coffman Industries, Inc., 
Kansas City, Kan. 
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Table I-Dissolution of 50-mg Hydrochlorothiazide Tablets by Paddle Method at 50 rpm in Water and Acid 

% Dissolved in Water % Dissolved in Acid 
30 min 60 rnin 30 rnin 60 rnin 

Product Mean SD Mean S D  Mean SD Mean SD 
1 68.9 7.4 89.4 2.5 86.7 2.3 95.3 1.4 

95.8O 2.2 - - 94.30 5.9 
3 93.70 5.3 - - 94.1" 4.6 
2 

4 93.7 4.9 - - 91.5 5.3 
5 68.4 10.3 81.1 6.7 86.3 9.6 
6 42.5 3.9 63.8 4.9 66.0 11.0 78.0 6.9 
7 73.5 8.6 90.5 2.3 97.8 2.2 
8 35.5 5.3 88.0 7.3 80.0 4.5 95.5 3.2 

- - 
- - 
- - 
- - 

- - 

0 - 15-min value. 

Except for the spin-filter runs, the media were not deaerated. Con- 
centrations were determined at  272 nm. Laboratory I used all three 
methods, laboratory I1 validated laboratory I results using only the paddle 
method. Six or more tablets from each lot were evaluated by each labo- 
ratory. 

Stability of Hydrochloride in the Dissolution Media-Stability 
studies were conducted in purified water and dilute hydrochloric acid 
(1:lOO) for 90 min at 37'. The samples were analyzed for diazotizable 
substances (hydrolyzed product) using both the Bratton-Marshall col- 
orimetric technique (4) and a specific high-performance liquid chroma- 
tographic (HPLC) method. For the HPLC method, a (& reverse-phase 
column, a 254-nm detector, and a methanol-water eluant (6040) were 
used. 

Table 11-Dissolution of 50-mg Hydrochlorothiazide Tablets by 
Basket Method a t  150 rpm in Water and Acid 

Water Acid 
% Dissolved in % Dissolved in 

30 rnin 
Product Mean SD 

30 rnin 
Lean  S D  

1 71.8 12.4" 83.2 2.9b 
2 88.3' 1.4 94.3' 4.3 
3 79.2' 4.5 94.OC 5.7 
4 88.7 7.2 81.0' 5.3 
5 87.7 3.9 87.0' 5.6 
6 67.5 4.6d 90.8 7.1 
7 73.3' 0.5 78.8 4.0' 
8 64.8 12.01 93.2 1.9 

a 90.5 f 2.1 in 60 min. 94.5 f 2.3 in 60 min. In 15  min. 88.8 i. 3.5 in 60 min. 
'88.3 f 3.7 in 60 min. 183.2 f 10.3 in 60 min. 

For the purposes of identity and determining the extent of hydrolysis 
under dissolution conditions, USP reference hydrolyzed products were 
used. Less than 5% hydrolysis was found in either medium after 90 
min. 

RESULTS AND DISCUSSION 

One of the first requirements of a dissolution study is to determine the 
equilibrium solubility of the compound. The solubility test gives the 
maximum expected dissolution of less soluble compounds and provides 
information as to whether sink conditions are being approximated in the 
test or not. In earlier investigations, it was accepted that the maintenance 
of sink conditions (or the approximation) increases the chances for in 
uitro-in uiuo correlation, although lack of sink conditions does not nec- 
essarily prohibit such a correlation. Equilibrium solubility studies carried 
out showed that hydrochlorothiazide is soluble to the extent of 1.05 mg/ml 
in water and 1.06 mg/ml in dilute hydrochloric acid, which approximates 
to only 5.3% saturation for a 50-mg tablet in 900 ml of the medium. 

The dissolution of all marketed hydrochlorothiazide tablets was sur- 
veyed using both dilute (1:lOO) hydrochloric acid and water as the dis- 
solution media: water is the simplest possible medium, and dilute acid 
has physiological significance owing to the pH of the gastric contents. 

The USP rotating basket a t  150 rpm was selected since it was the of- 
ficial method used for hydrochlorothiazide tablets in USP XIX. The 
paddle method has been gaining popularity in recent years and is cur- 
rently recognized as Method 2 in the official compendia. The paddle 
speed of 50 rpm was selected on the basis of preliminary experiments and 
the experience of the Food and Drug Administration with this method. 
It was felt that this low degree of agitation would not only enhance the 
chances for in uitro-in uiuo correlation, but also enhance discrimination 
between brands. The stationary basket-spinning filter method was se- 
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Figure 3-Dissolution of hydrochlorothiazide tablets in purified water-spin fi l ter method (300 rpm). See Fig. I for key  to graph. 
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Table 111-Dissolution of 50-mg Hydrochlorothiazide Tablets by Spin-Filter Method a t  300 rpm in Water and Acid 

Water 
TO Dissolved 

Product Minutes Mean SD 

Acid 
% Dissolved 

Minutes Mean SD 
15 
5 
5 

10 
15 
30 
5 

30 

67.3 
84.2 
69.0 
76.7 
75.9 
59.4 
82.7 
58.4 

13.4 
5.4 
6.2 

11.8 
10.4 
13.4a 
5.8 

18.1 

15 
5 

10 
10 
10 
15 
10 
15 

96.4 5.3 
83.6 3.4 
80.0 4.9 
65.5 11.5 

(I 75.7 f 10.0 in 60 min. *78.0 f 9.6 in 60 min. 

lected largely on the basis of the encouraging results reported by Shah 
et al. (3). 

The dissolution results by all three methods in both media are sum- 
marized in Tables 1-111 and Figs. 14. The final procedure for validation 
in laboratory I1 was selected based on the reproducibility of the method, 
its ability to discriminate brands, and ease of operation. 

The data in Tables 1-111 show that the dissolution results in water and 
acid were similar, although some products (1, 5, 6, and 8) apparently 
contain acid-soluble excipients and, therefore, tend to show faster dis- 
solution in this medium. For example, with the paddle method, the eight 
hydrochlorothiazide products dissolved in the range of 3596% in 30 min 
in water, whereas in acid the same products dissolved in the range of 
66-97% in 30 min (Table I). However, all products exhibited at least 60% 
dissolution in 60 min in both media. Dissolution by the basket method 
at  150 rpm was faster than the paddle method, but the spin-filter method 
showed the fastest dissolution. Most of the products showed '7040% 
dissolution in 10 min by the spin-filter method. 

The same lots were evaluated by each of the methods. The relative 
standard deviations were comparable for the paddle and basket methods; 
however, variability tended to be somewhat higher in the spin-filter ap- 
paratus. Furthermore, a comparison of the percent-dissolved figures 
reveals that both the paddle and basket methods tended to separate the 
tablet brands reasonably well. A somewhat more distinct separation was 
realized with the paddle method. In the case of the spin-filter apparatus, 
the dissolution rates of nearly all tablets were quite high, but the sepa- 
ration of brands was somewhat poorer. These distinctions can be visu- 
alized by comparing the dissolution profiles of the products in Figs. 1-6. 
The bar around each point represents the standard deviation. The results 
in Tables I-IV also show that regardless of the method, a somewhat 
clearer separation of the brands results when water is the dissolution 
medium. 

I 

2 5 10 15 20 30 60 
MINUTES 

In general, the paddle method was easier to set up and use. The dis- 
integrated-tablet components tended to remain localized under the 
paddle in the concavity of the round-bottomed flask, where they pre- 
sumably received a uniform degree of agitation during the course of the 
run. In addition, the paddle method was the easiest of the three methods 
to clean up. 

In contrast, the basket method required insertion of the tablets into 
individual baskets prior to starting. As particles from the disintegrated 
tablet gradually pass through the basket screen during the test, it ap- 
peared that not all of the tablet material received uniform agitation. 

The most difficult method to set up and use was the spin-filter appa- 
ratus. This method requires careful adjustment of the spinning filter to 
maintain a clearance of 2 mm from the bottom of the flask. Even after 
careful tightening of the lock nuts, the filter was found to drop at  times 
to the bottom of the flask. This alters the rotational speed and contributes 
to variability. The most troublesome problem was the tendency of the 

Table IV-Validation Studies on 50-mg Hydrochlorothiazide 
Tablets (Paddle Method, 50 rpm) 

% Dissolved in 60 min 
Water Acid 

Product Mean SD Mean SD 
~ 

1 94 1.4 94 1.0 
2 100 1.9 99 0.8 
3 99 1.5 100 1.9 
4 90 8.1 97 1.4 
5 90 7.8 99 1.3 
6 59 9.1 101 2.6 
7 100 1.6 101 3.0 
8 87 7.2 91 2.6 

, ,  1 I ,  , L 

2 5 10 15 20 30 60 
MINUTES 

Figure 4-Dissolution of hydrochlorothiazide tablets in dilute (1: lOO) hydrochloric acid-paddle method (50 rpm). See Fig. 1 for key to graph. 
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Figure 6-Dissolution of hydrochlorothiazide tablets in dilute (1:lOO) hydrochloric acid-spin filter method (300 rprn). See Fig. 1 for key to 
graph. 

spinning filter to create air bubbles in the flow lines which interfered with 
spectrophotometric readings. Careful cleaning of the filters in an ultra- 
sonic bath and thorough deaeration of the medium reduced the air bubble 
problem to manageable levels; however, they could not be eliminated 
entirely. 

In conclusion, on the basis of data reproducibility (lower standard 
deviation) and ease of operation, as well as enhanced separation of the 
dissolution results for all products tested, the paddle method a t  50 rpm 
was selected (preferred) over the basket method a t  150 rpm and the 
spin-filter method a t  300 rpm. 

The same lots of hydrochlorothiazide tablets were validated by another 
laboratory using the paddle method with water and dilute hydrochloric 
acid as the dissolution media. The results from these studies (Table IV) 
show good agreement between data from the two laboratories. All eight 

products studied show a good dissolution profile. Additional batches of 
products 6 and 8 were also studied, and they showed faster dissolu- 
tion. 

At present, there is no documented evidence of any bioavailability 
problem from the marketed products studied. The dissolution survey 
described herein indicated that i t  is possible to manufacture products 
that  dissolve not <80% in 60 min by the paddle method a t  50 rpm in 
water. The dissolution methodology presented herein is simple. In ad- 
dition, it is evident that the limit specified is achievable. These two facts 
show that the method could be useful in a quality assurance program. 
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Abstract A series of N8-alkyloxycarbonylalkyl-nortropane-3-spiro- 
5’-hydantoins has been synthesized and studied by spectral and crys- 
tallographic methods. The crystal and molecular structure of one 
[8(y-ethoxycarbonylpropyl)nortropane-3-spiro-5’-hydantoin, VI] was 
determined by X-ray diffraction. The preferred conformations of these 
compounds and subsequent changes on protonation were determined 
from ‘H-NMR and I3C-NMR data. 

Keyphrases N-Substituted nortropane spirohydantoins-synthesis, 
structural studies using IR, NMR, and X-ray crystallography NMR 
spectroscopy-analysis of N-substituted nortropane spirohydantoins 
0 IR spectroscopy-analysis of N-substituted nortropane spirohydan- 
toins 0 X-Ray crystallography-analysis of N-substituted nortropane 
spirohydantoins 

In a previous paper (l), ‘H- and 13C-NMR studies of a 
pharmacologically interesting series of tropane- and N -  
substituted nortropane-3-spiro-5’-hydantoins were re- 
ported. The structure of tropane-3-spiro-5’-hydantoin 

I: R’ = H 
11: R’=-CH3 

111: R = -CHbHcC6H~ 
s 

P -  Y a’! 0” 

B r  
a B r  a‘ 0’ 

IV: R‘ = --CHzCHzCOzCHzCH3 

V: R’ = --CH(CH,), 

VI: >N~-CH,CH,CH,CO~CH~CH, 

VII: )N8-C6H,-p-C02CH2CH3 
a‘ 0‘ 

Scheme I 

(determined by X-ray methods) also has been described 
(2). In this study the synthesis and structural determina- 
tion of a series of N8-ethoxycarbonylalkyl-nortropane- 
3-spiro-5’-hydantoins and their corresponding hydro- 
chlorides is reported (Scheme I). Treatment of the ap- 
propriate N8-substituted nortropinone’ with potassium 
cyanide and ammonium carbonate in aqueous ethanol gave 
the desired hydantoins. 

h 

x 
Figure 1-View of the three molecules showing the  hydrogen bond 
(- - -). 

1 G. C.  Trigo, M. Martinez and E. Galvez, unpublished results. 
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Table 11-Atomic Parameters  of VI Table I-Bond Distances and Angles of VI 

Bond Distance, 8, Bond Angle, O 

C(2)-C(l)-N(8) 
C(2)-C(l)-C(7) 
C(7)-C(l)-N(8) 
C(l)-C(8)--C(5) 
C(2)-C(3,5’)-C(4) 
C(2)-C(3,5’)-N(l’) 
C(2)-C(3,5’)-C(4’) 
C(4)-C(3,5’)-N(l’) 
C(4)-C(3,5’)-C(4‘) 
N( l’)-C(3,5’)-C(4’) 
C(3,5’)-C(4)-C(5) 
C(4)-C(5)-N(8) 
C(4)-C(5)-C(6) 
C(6)-C(5)-N(8) 
C(5)-C(6)-C(7) 
C( 1)-C(7)-C(6) 
C( l)-N(8)-C(5) 
C( l)-N(8)-C(9) 
C(5)-N(8)-C(9) 
N(8)-C(9)-C(10) 
c ( 9 ) - c ( l o ~ - c ~ l l ~  
c( lo)-c( l l ) -c~l2)  
C(ll)-C( 12)-O(13) 
C(ll)-C(l2)-0(14) 

112.3(3) a 

’ 0.2776(3) 
0.3078(3) 
0.3056(2) 
0.3648(3) 
0.3279(3) 
0.1787l3) 

C(l-C(2) 1.533(3) 
C(l)-C(7) 1.541(4) 
C(l)-N(8) 1.487(4) 
C(2)-C(3,5’) 1.545(4) 
C(3,5’)-C(4) 1.544(4) 
C(4)-C(5) 1.529( 4) 
C(5)-C(6) 1.537(4) 
C(5)-N(8) 1.487(4) 

Nonhydrogen Atoms 
0.1901 (3) 0.81 32( 3) 

C(2) 0.8438(3) 
0.7014(3) 

0.3822(3) 
C(3,5’) 0.4600(3) 
C(4) 0.3581(3) 0.5954(3) 

ii2.4i3j 
100.8(2) 318(9) 

294(8) 
279(8) 
316(9) 
312(8) 
405(10) 

101.1(2) 
11 1.6(2) 
112.6(2) c i5 j  0.1691(3) 0.5894(3) iog.oi2j 
112.7(2) 0.1446i3j 

0.3688(2) 
0.5083(3) 
0.5953(3) 

383iioj 
298(7) 
350(9) 
488(12) 

N(8)-C(9) 1.467(3) 
C(9)-C(lO) 1.528(5) 
C(ll)-C(12) 1.504(6) 
C(12)-0(13) 1.198(5) 
C(12)-0(14) 1.333(4) 
0(14)-C(15) 1.457(6) 
C(15)-C(16) 1.488(8) 
C(3,5’)-N( 1’) 1.468(3) 
N( l’)-C(2’) 1.340(3) 
C(2’)-N(3’) 1.400(3) 
C(2‘)-0(1) 1.223(3) 
N(3’)-C(4’) 1,198(3) 1.370(4) 
C(4‘)-0(2) 
C(4’)-C(3,5’) 1.536(3) 

109.9(2) 
100.4(2) 
112.6(3) 0.1711(3) 0.8245( 3) 

0.7524(4) 
C(9) 
CllO 0.0785(4) ii2.7i2j 

113.4(3) 
100.4(2) 

ciii) 0.1623i4j 0.8igii5j 
C(12) 0.3229(5) 0.7624(4) 
O(13) 0.3574(4) 0.6479(4) 
O(14) 0.4215(4) 0.8548(3) 
C(15) 0.5737(6) 0.8048( 5) 
C(l6) 0.7171(7) 0.8660(7) 

0.7119(2) 0.5600(3) 
0.8149(3) 
0.6248(3) 

‘(l) 0.6823(2) 
o(2) 0.4891(2) 
N(l’) (32’) 0.6514(3) 0.6202(3) 

0.7397i3j 553l14) 
0.7714i3j 
0.7086(3) 
0.8803 (3) 
0.9287(4) 

m(12j 
724(13) 
623(11) 
644(16) 

104.7(3) 
104.0(3) 
101.ii2j 
114.4(3) 
116.8(3) 

0.8774l6) 850(24) 
459(8) 0.0785i2 j 

0.4978(2) 
0.1749(2) 

44ii8j 
313(7) 111.8(3) 

110.8(3) 0.1722(3) 
0.2971(2) 
0.3832(3) 

321(9) 
342(8) 
306(8) 

i i2.i i4j  
124.7(4) 
111.2(4) 

0.7441 i2j  0.7006i3j 
C(4‘) Ni3;) 0.6410(3) 0.7480(3) 

H(11) 0.162(7) 
H(21) 0.414(6) 0.91 l(5) 
H(22) 0.424(6) 0.893(6) 
H(41) 0.394(6) 0.634(6) 
H(42) 0.390(6) 0.502(6) 
H(51) 0.118(6) 0.522(6) 
H(61) 0.020(7) 0.494(6) 

0.474(6) 

H dro enAtoms 0(13)-C(12)-0(14) 124.1(4) 
C( 12)-O( 14)-C( 15) 116.5(4) 
C(14)-C(15)-C(16) 110.3(5) 

0.291 (5) 
0.396(5) 
0.247(5) 
0.464i5j 
0.335(5) 
0.369(5) 
0.153( 5) 
0.134(5) 
0.078(5) 
0.110(5) 
0.516(5) 
0.539(5) 
0.568(6) 
0.585(6) 
0.799(7) 
0.773(7) 
0.888(8) 
1.022(7) 

EXPERIMENTAL 

IR spectra were recorded on a double-beam spectrophotometer2 using 
indene and polystyrene for calibration. The ‘H-NMR spectra were re- 
corded at 60 MHz3,W MHz4, and 250 MHz5. The W-NMR spectra were 
determined a t  20 MHz6 in the Fourier transform mode a t  room temper- 
ature. Both broad-band decoupled and single-frequency off-resonance 
decoupled spectra were determined. Mass spectral determinations were 
made’. Elemental analyses were determineds. 

NB-Substituted Nortropane Spirohydantoins (I-VI1)-A solution 
of potassium cyanide (0.15 mole) and ammonium carbonate (0.3 mole) 
in water (115 ml) was added to a solution of the corresponding racemic 
N-substituted nortropinone’ (0.1 mole) in ethanol (35 ml). The mixture 
was heated at 60’ in a sealed flask for 24 hr. After cooling, the precipitated 
solid was removed by filtration. The mother liquors were concentrated 
(-50%) under reduced pressure and cooled, and the resulting solid was 
removed by filtration and added to the first material obtained. 

Hydrochlorides of I-VI-Solutions of I-VI (0.01 mole) in ethanol 
(10 ml) were added to hydrogen chloride dissolved in ethanol (2 ml, 5 N). 
The resulting mixtures were heated a t  reflux for 10 min and then allowed 
to cool. The solvent was removed under reduced pressure, and each res- 
idue was recrystallized from ethanol. 

H(92) 0.290(7) 0.838(6) 
H(101) 0.084(8) 0.638(7) 
Hiioej 0.033iaj o.76ai7j 
H(111) 0.094(9) 0.791(8) 
H(112) 0.188(9) 0.927(8) 
H(151) 0.578(10) 0.680(9) 
H(152) 0.612(10) 0.863(9) 

0.109i5j . ~~~ 

Hi3’:ij 0.853ilj 
H(161) 0.737(12) 0.984( 11) 
H(162) 0.688(12) 0.827(11) 

0.3igi5j 
0.916(9) 
0.779(9) 
0.926(9) H1163) 0.811(12) 0.833( 11) 

0 Coordinatesand thermal parameters asUeq = (l/&ZIU,j = a,*aj*a,aj cos(a,,a,)] 
pm2. 

Table 111-Torsion Angles of VI 

Angle, O Bonds 
RESULTS AND DISCUSSION 

Structure  Determination and  Refinement of VI-The cell pa- 
rameters a = 8.191 ( l ) ,  b = 9.380 (2), and c = 10.752 A (2) and (Y = 105.45 
(2), /3 = 98.68 ( I ) ,  and y = 97.00O (1) were obtained from a least-squares 
calculation of the setting angles of 30 reflections measured on an auto- 
matic four-circle diffractometelg. The calculated density was 1.325 g/cm3 
with 2 = 2. The intensities were collected from a crystal of 0.30 X 0.40 
X 0.25 mm in the range 2 < 28 < 60° in the 8/28 scan mode with MoK, 
radiation monochromatized by a graphite crystal; 4478 independent re- 
flections were measured of which 2598 had I 2 2u (I), u being calculated 
from counting statistics. No systematic absznces were observed; therefore, 
the possible space groups were P1 and P1. 

A centrosymmetric structure was suggested by normalized structure 
factor statistics. The structure was solved by direct methods [MULTAN 
77 (3)]. The best E map revealed all the nonhydrogen atoms. Anisotropic 
full-matrix least-squares refinement with unit weights led to R = 0.10. 

C(3,5’)-C(2)-C(l)-N(8) 
C(2)-C( l)-N(8)-C(5) 
C( l)-N(8)-C(5)-C(4) 
N( 8)-C( 5)-C( 4)-C( 3,5’) 
C(5)-C(4)-C(3,5’)-C(2) 
C(4)-C(3,5’)-C(2)-C(l) 
C( 1 )-N(8)-C(5)-C(6) 
N(8)-C(5)-C(6)-C(7) 
C(5)-C(6)--C(7)-C(l) 
C(6)-C(7)-C(l)-N(8) 
C(7)-C(l)-N(8)-C(5) 
N( l’)-C(2’)-N(3’)-C(4’) 
C( 2’)-N (3’)-C (4’)-C (3,5’) 
N(Y)-C(4’)-C(3,5’)-N(l’) 
C(4’)-C(3,5’)-N(l’)-C(2’) 
C(3,5’)-N( l’)-C(2’)-N(3’) 

56.4(3) 
-68.5(3) 

69.5(3) 
-57.5i3j 

38.3(3) 
-38.1(3) 
-51.5(3) 

31.3(3) 
-0.5(3) 

-30.4(3) 
51.3(3) 
4.4(3) 

-3.3(3) 

-3.7(3) 

1.1(3) 
1.7(3) 

A difference synthesis showed all hydrogen atoms. Final refinement, with 
the isotropic temperature factor for hydrogen, gave R = 0.070 and R, = 
( Z W A ~ / Z W I F O ~ ~ ) ’ / ~  = 0.079. A final difference synthesis showed no sig- 
nificant electron density’”. 

Description of the Structure-The molecular conformation of the 

10 The structure factor lists are deposited in the Division of DrugChemistry, Food 
and Drug Administration, Washington, DC 20204; coples are avallable on request 
to the authors. 

2 Perkin-Elmer 577. 
HitachiPerkin-Elmer R-24 B spectrometer. 
Varian EM 390 spectrometer. 
Bruker WM 250 SY spectrometer. 
Bruker WM 80 SY spectrometer. 

7 HitachiPerkin Elmer RMU-6M spectrometer. 
8 Carlo Erba Elemental Analyzer model 1104. 

Philips P W  1100. 
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Table IV-Physical Data and Spectral Properties of I-VII and the Corresponding Hydrochlorides 

Yield, Melting IRE (KBr), 
Compound R' a % Pointb,' cm-' MS, mlz 

I 

I - HCl 

I1 

I1 HCl 

I11 

I11 - HCl 

IV 

IV - HCI 

V 

V * HC1 

VI 

VI HCI 

VII 

47 

95 

58 

83 

39 

72 

72 

96 

57 

87 

37 

82 

24 

225-226 3358 (m), 2720 (vw), 281 (M+), 208,181,96, 
1765 (s), 1745 (s), 80,55,44 
1710 (vs) 1760 (w), 
1730 ( s ) ~  

185 1720,1745,1760 

239-240 3250 (m), 2720 (m), 295 (M+), 222,168,136, 
1770 (s), 1740 (vs), 70,68,56,55,44 
1720 (vs) 1760 (w), 
1720 ( s ) ~  

199 1730,1768 

22&229 3240 (m), 2720 (w), 342 (M+ - 29), 299,280, 
1765 (s), 1735 (sh), 159,130,103,91,89, 
1720 (vs) 1760 (w), 67,55,54,44 
1720 (s)~ 

248 1735,1768 

135-136 3300 (w), 2712 (w), 281 (M+), 336,234,151, 
1762 (m), 1750 (s), 
1720 (vs) 1760 (w), 
1730 ( s ) ~  

19g199 1736.1770 

134,63, 55, 54 

206 3365 (m), 3190 (m), 280 (M+ - 43), 250,138, 
1775 (s), 1728 (vs), 
1710 (vs) 1760 (w), 
1725 ( s ) ~  

96,83,55, 54,44 

235-236 1730,1767 

180 3270 (m), 2710 (m), 309 (M+), 264,208,182, 
1765 (m), 1730 (vs), 124,82,64,55,54,44 
1715 (vs) 1765 (w) 
1725 (sId 

250-252 1732,1770 

320-321 3400 (m), 3195 (m), 
1770 (s), 1730 (4, 
1700 (vs) 1770 (w), 

C 55.50 
H 6.80 
N 14.93 

C 49.13 
H 6.34 
N 13.22 
C 56.94 
H 7.17 
N 14.23 

C 50.68 
H 6.68 
N 12.66 
C 64.67 
H 6.78 
N 11.31 

C 58.89 
H 6.42 
N 10.30 
C 54.12 
H 7.31 
N 10.51 

C 51.73 
H 6.75 
N 10.05 
C 59.61 
H 7.50 
N 13.03 

C 53.40 
H 7.28 
N 11.67 
C 58.23 
H 7.49 
N 13.58 

C 52.09 
H 6.99 
N 12.15 
C 62.96 
H 6.16 
N 12.23 

55.60 
6.68 

14.57 

48.95 
6.26 

13.20 
56.60 

7.10 
14.16 

50.43 
6.93 

12.58 
64.30 

6.93 
11.70 

58.80 
6.29 

10.12 
54.37 
7.45 

10.82 

51.79 
7.06 
9.79 

60.00 
7.85 

12.75 

53.32 
7.26 

11.77 
58.26 

7.80 
14.00 

51.78 
6.89 

12.09 
62.65 

6.10 
12.57 

~~ 

a R' is the same in each compound for the free base and corresponding hydrochloride salt. All compounds were recrystallized from ethanol except for 111, which was 
recrystallized from methanol. The N-H and C=O stretching frequencies are listed for the free bases. The C=O stretching frequencies are listed for the hydrochloride 
salts. Key: (s) strong; (w) weak; (sh) shoulder; (vs) very strong; (vw) very weak. d Spectra were run in dimethyl sulfoxide (DMSO) solution. 

Table V-Chemical Shifts of I-VII in Dimethyl Sulfoxide a 

Group I I1 IIIb IV V VI VII 

H1,5 
H6.7 
Nl'-H 
N3'-H 

CH,, 
CHp 
CH,. 

Spectra recorded at 90 MHz unless otherwise indicated; tetramethylsilane was used as the internal standard. Key: (a) doublet of doublets; (b) multiplet; (c) wide 
singlet; (d) singlet; (e) quartet; (0 doublet; (g) triplet; (h) quintuplet. Spectra recorded at 250 MHz. c Not resolved. 

Journal of Pharmaceutical Sciences I 883 
Vol. 72, No. 8. August 1983 



Table VI-Coupling Constants of I-VII in Dirnethyl Sulfoxide a 

Identification I I1 111 IV V VI VIIb 

JH2,dCr-H2,4# 14 15 14 14 14 14 14 

JH2,4,-H1,5 <I 1 <I -1 <1 <1 <1 
8 9 10 10 9 9  JH1,5(W1/2) 

JH2.4rHi .5  3 3 3 3 3 3  

C JH't-Ho 7 6 6 
J H p H  6 6 
J H , ~  I 7 7  7 7 7 7 7  
JH,--&- 7 
a Hertz values; tetramethylsilane was used as the internal reference. 

b Aromatic 'J=7.  C I n  the molecular fragment >N-CHa-C-$: JHa- 
rb 

I 
HC 

Hb=10. JHa-Hc=4. and JHb-Hc=12. 

compound reported here provides a comparison with some of the deriv- 
atives already studied (2 ,4 ,  5). Figure 1 shows the structural formula. 
Table I lists the bond lengths and angles; Table I1 shows the final pa- 
rameters for the atoms; Table 111 lists the torsion angles. 

The molecule consists of a piperidine ring and a five-membered ring 
joined by a common C-N-C bridge, with an ethoxycarbonylpropyl 
group attached to the N-8 atom and a hydantoin ring substituted at the 
C-3,5' atom. The piperidine ring adopts a distorted chair conformation. 
The asymmetry parameters (6) are ACfvS' = 0.9, AC$*-3.s' = 15.0, and 
AC$'.'' = 30.8, showing that mirror symmetry is dominant with an ap- 
proximate C,-plane passing through C-3,5' and N-8. The displacements 
of C-3,5' and N-8 from the plane through the remaining atoms of the 
piperidine ring are 0.496 and -0.818 A, respectively: larger than the 
corresponding deviations of the (2-33' and N-6 in N3-ethyl-3-azabicy- 
clo(3.2.l)octane-8-spiro-5'-hydantoin (4). -0.897 and 0.575 A, respec- 
tively. The nonbonded distances C-7 . . C-3,5' and N-8. . . C-3.5' are 3.04 
and 3.01 A, respectively, similar to the corresponding distances found 
in N8-methyl-nortropane-3-spiro-5'-hydantoin (2). 

The five-membered ring adopts a puckering NB-envelope conforma- 
tion. This conformation has been studied in terms of the torsion angles 
(7). The pseudo-rotation parameters A and $I are -35.0 and 53.7O, re- 
spectively, and the deviation of N-8 atom from the plane through C-1, 
C- 5, C-6, and C-7 is -0.750 A, similar to the value found previously (4) 
for the C-3,5' atom. 

The configuration of N-8 is pyramidal, as in other mentioned cases (2, 
4). and the ethoxycarbonylpropyl radical is attached to the N-8 in an axial 
position as previously described (2). Two hydrogen bonds of the types 
N-H.. .O and N-H.. .N link the molecules together (Fig. 1). The ge- 
ometry of these hydrogen bonds are N(1'). . .O(l)(-x + 1, -y + 1, - 2 )  

= 2.932 A, N(3'). . .N(8)(x + 1, y,z) = 3.005 A, N-H.. .O = 163.0°, and 
N-H,. .N = 178.3'. 

IR Spectra-The IR data of I-VII (Table IV) were compared with 
analogous azabicyclospirohydantoins studied previously (8,9). The IR 
spectrum of VI in the solid state shows a medium band at 3270 cm-1 and 
a broad band at  2710 crn-'. The band at  3270 cm-I is due to the stretching 
of the N"-H bond belonging to the intermolecular bonding system, 
N1'-H.. .0=C2' formed between pairs of molecules related by a center 
of symmetry. The band a t  2710 cm-l is explained by the existence of a 
strong intermolecular hydrogen bond formed between the weak acid 
N3'-H group and the basic piperidine nitrogen atom. Both structural 
facts are in good agreement with the results obtained by X-ray diffraction. 
The spectrum of VI in solid state shows a medium band at 1765 cm-l and 
two strong bands a t  1730and 1715 crn-' in the carbonyl region. The bands 
at 1765 and 1715 cm-' are attributed to the symmetrical and asymmet- 
rical modes of the pseudo-ring system formed between molecules shown 
in Fig. 1. The band corresponding to the C4'=0 stretching vibration did 
not appear in the IR spectrum. As in related systems, this fact is explained 
by overlapping of the band corresponding to the CY=O asymmetric 
stretching mode of the dimer. The band at 1730 cm-' is attributed to the 
stretching of the ester carbonyl group. The spectra of I1 and 111 in solid 
state also showed bands similar to those found in VI. 

The spectra of V and VII in solid state are different from those of 11, 
111, and VI (in which the intermolecular hydrogen bonds deduced from 
IR data were confirmed by the X-ray study of VI). Therefore the inter- 
molecular hydrogen bonds in V and VII are different; there is no N3'- 
H . .  .N bond which can be attributed to the great size of the N-substituent 
in the case of V and to the low basicity of the piperidine nitrogen atom 
in the case of VII. 

The carbonyl region shows the same pattern as those found in 11,111, 

i' 

I 
Hb 

Figure 2-Newman projection showing the conformation about C,CB 
bond in III. 

and VI. The spectra of I-VII showed the same absorption pattern in the 
carbonyl region in solid state as in solution in dimethyl sulfoxide; con- 
sequently, the "--. . .0=C2' bonds remain in solution. 

NMR Spectra-The 'H- and W - N M R  data of I-VIP1 are summa- 
rized in Tables V-XI. In all cases, broad-band decoupled and single- 
frequency off-resonance decoupling spectra were obtained. Assignments 
of the carbon resonances were made by the multiplicity of signals in the 
single-frequency off-resonance decoupled spectra, the peak intensity of 
the broad-band decoupled spectra, and the literature data (1,lO-18). 

From the 'H- and 13C-NMR data of I-VII and the crystal structure 
of VI, the following general features were deduced (a) the pyrrolidine 
and piperidine rings in these compounds all have a flattened NB-envelope 
and distorted chair conformation puckered a t  N-8 and flattened at C-3,5' 
similar to that observed in the crystal structure of VI; (b) the C4'=O 
group is attached to the piperidine ring in an equatorial position (Scheme 
I), in good agreement with the X-ray results for VI; and ( c )  the radical 
attached to the piperidine nitrogen adopts an equatorial position; how- 
ever, in the solid state (according to X-ray and IR data for 11,111, and VI), 
the corresponding radical is attached in an axial position. 

These conclusions are supported by the following. In the 'H-NMR 
spectra, the W1/2 value (1) for the C-1 and C-5 hydrogen signals of -10 
Hz corresponds to a tropane system with the piperidine ring in a flattened 
chair conformation (1,19). The J H2,4-H1,5 values (Table VI) correspond 
to dihedral angles of -60'. In all cases J H2,4@--H1,5 is greater than J 
H2,&-H1,5; consequently, the dihedral angle H2,4a-C-C-H1,5 is 
greater than H2,4pC-C-H1,5. The C-6 and C-7 hydrogen signal ap- 
pears in all cases as a wide singlet; in an ideal chair, the C-6 and C-7 endo 
hydrogen atoms would be deshielded by the anisotropic effect due to the 
hydantoin ring. The C-213 and C-4p hydrogen signals are shifted to lower 
field, with respect to the C-2a and C-4a hydrogen signals, because of the 
anisotropic deshielding effect due to the equatorial C4'=0 group (1). 

In the 13C-NMR spectra, the chair conformation adopted by the pi- 
peridine ring is confirmed by the c - 2  and c-46  values (Table IX). For a 
boat conformation, these carbon signals would be shifted to higher field 
because of the steric compressing effect due to the eclipsing between the 
C-2(4)p and C-1(5) hydrogen atoms (16). The different radicals are at- 
tached to the piperidine nitrogen atom in an equatorial position. For an 
axial position of the radical, the y-effect exerted on H-2a and H-4a would 
shift to higher field to the C-2 and C-4 carbon signals (16). The puckering 
of the piperidine ring at N-8 is deduced from the y-shielding effect ex- 
erted by the equatorial N-group on H-6 exo and H-7 exo. This y-effect 
is -3 ppm12, smaller than that expected for an ideal envelope confor- 
mation of the pyrrolidine ring. 

The hydrochlorides of I-IV, which are the usual species in pharma- 
cological studies, have also been studied. The main features found in the 
protonated forms are: ( a )  the puckering a t  N-8 is decreased, and (b )  the 
proton attached to the N-piperidine atoms is in the axial position. 

These results are supported by the following. In the 13C-NMR, the 
carbon signals corresponding to the C-2 and C-4 in the hydrochlorides 
of I-IV are shifted to higher fields with respect to the same carbon signals 
of the corresponding bases. This fact is due to the syn-diaxial effect of 
the N+-H proton. The mentioned decreasing of the puckering is sup- 

l 1  Copies of the I3C-NMR spectra of 11, II.HCI, III,III-HCl, V, and VI and the 
'H-NMR spectrum of 111 are deposited in the Division of Drug Chemistry, Food 
and Drug Administration, Washington, DC 20204 and are available on request to 
the authors. 

This value is the difference between the C-6 and C-76 values of compounds 
I-VII and the C-6 and C-76 value of nortropane (10). 
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Table VII-Chemical Shifts of the Hydrochlorides of I-VI 
Vb,d 

2.20(a) 2.05(a) 
2.70(a) -2.7(b)f 
4.40(c) 4.l(c) 
2.35(c) 2.30(c) 

8.60(c) 
4.23(a) -4.2( b) f 
3.17(a) 2-2.7(b)f 

2-2.7(b)f 
4.10(e) 4.33(e) 
1.06(g) 1.23(g) 

4.02(e) 
1.1264 

7.2-7.4(b) 

2.20(a) 
-2.7(b)f 

4.0(c) 
2.34(c) 

-4.0( b)f 
2.60(c) 
2.60(c) 
4.36(e) 
1.32(g) 
4.20(e) 
1.31(e) 

CH,, 
CHB. 
CH,F 
CHp 
Aromatic 

p Key: (a) doublet of doublets; (b) multiplet; (c) wide singlet; (d) singlet; (e) quartet; (f) doublet: (g) triplet; (h) quintuplet. * In dimethyl sulfoxide. c In deuterium 
oxide. Spectra recorded at 60 MHz. e Spectra recorded at 90 MHz. f Not resolved. 

Compound I-In this case, the decreasing of the puckering on pro- 
tonation is noticeable A6(C-6, C-7) = -4.5 ppm. 

Compound ZI-In this case, the decreasing of the N-puckering is less 
than that observed in I, A6(C-6, C-7) = -2.5 ppm. The proton-coupled 
spectral data of I1 hydrochloride are in Table XI; from the J C4'-H2,40 
value of 3 Hz, a value near 0' can be deduced for the dihedral angle 
C4'-C3-C2-H2,4p in good agreement with values found in the literature 
(20,211. 

Compounds 111 and IV-For these compounds, the decreasing of N-8 
puckering on protonation is remarkable, Ad(C-6,7) N -5 ppm. From the 
'H-NMR spectra of I11 resolved at 250 MHz, it can be deduced that the 
N-piperidine group adopts the preferred conformation represented in 
Fig. 2. This fact can be explained as: 

1. The vicinal coupling constants (Table VI) of the 
+CH~-CH-N< fragment. 

2. Hc resonates a t  a lower field with respect to Hb; this is due to the 
anisotropic effect exerted by the phenyl group. 

3. The aromatic proton resonance is a complex multiplet, showing 
a distinct conformational preference about the aryl-CP bond. 

4. In the proposed conformation, the ethyl ester protons resonate 
at a higher field position than those of related compounds (Table V) since 
they are shielded by the *-electron cloud of the phenyl group. 

The deshielding of the C-l and C-5 carbon signals on protonation (= 5 
ppm, Tables IX and X) remains unexplained. It could be explained by 
the enhancement of the N-a-effect on protonation, but it had been shown 
(22) that, in N-methyl piperidine, the N-protonation effect on the 
a-carbon is quite irregular (-1.7-26.1 ppm). 

Table VIII-Coupling Constants of the Hydrochlorides of I-VI a 

Identification Ib Ic IIb IIc IIIC IVb IVc V b  VI' 

JH2,4"-H2,48 16 16 15 16 15 14 16 14 14 

JH2,4*-H1,5 <1 <1 <1 <1 <1 -1 -1 <I 
JHz.4eHi.5 -3 3 3 3  -3 -3 

JH1,s(W1/2) -10 -10 -12 -12 -12 
JH,--Hb 7 d  6 8  
JHB-H 6 7  
JH,~-I-~ I 7 7 7 7 7 7 7 7 7  
JH,.-H% 7 7  

~~ 

0 Hertz values; tetramethylsilane was used as the internal reference. 
the molecular frag- bIn dimethyl sulfoxide. CIn deuterium oxide. 

9" H 
4 ment ,N-CHa4*; JHa-Hb= 10. JHa-Hc =5,  and JHb-Hc=15. 

I 
HC 

ported by the increased y-effect exerted by the N-group on the C-6 and 
C-7 exo hydrogen atoms, so that the C-6 and C-7 carbon signals are 
shifted to higher fields. 

To give a detailed account of the former results, several pairs of 
base-hydrochloride compounds were studied. For solubility reasons, it 
was not possible to run the spectra of the bases and the hydrochlorides 
in the same solvent; however, medium-induced shifts are often negligibly 
small in W-NMR because the nuclei studied are buried in the molecular 
framework. 

Table IX-13C-Chemical Shifts for I-VII in Dimethyl Sulfoxide 

I1 IIIb IVb V 
Carbon 

Position Multiplicitya I VIb VIIb 

1,5 

2,4 
3 
6 7  

C-CY 
C-P 
c-Y 
c-c=o c-c=o 
C-a' 
C-p 
C-a'' 
C--p" 
c-2' 
c-4' 
Aromatic 
c-I 
C-2,6 
c-3,5 
c-4 

57.09(d) 

38.58 
59.28 
24.97 

52.70(t) 

55.70 

37.41 
59.24 
25.48 
25.01 
54.39(d) 
16.28(q) 

54.43 
54.82 

54.34 
54.70 

53.87 
55.70 56.70 51.90 

35.41 
60.15 
26.43 

37.50 
59.55 

38.01 
59.01 

38.47 
59.75 
25.88 

38.92 
59.70 

25.87 

63.58(d) 
37.50(t) 

25.60 

59.82(d) 
25.60(t) 
29.14(t) 

172.13 

25.14 

49.79( t )  
23.65(t) 
31.62(t) 

172.80 

59.52 
14.02 

26.03 
66.78(d) 
28.14(d) 
16.79(q) 
19.53(q) 

171.72 

59.53 
13.98 

170.73 

59.68 
13.91 

172.63 

60.41 
13.98 

171.83 165.55 

59.49 
14.17 

172.73 
60.13 
13.87 
60.13 

59.76 
13.75 

13.87 
156.84 
178.77 

156.68 
178.84 

156.79 
178.70 

156.84 
178.92 

156.72 
178.80 

156.81 
178.95 

156.81 
177.82 

149.02 
130.92 
117.01 
113.36 

137.30 
126.70 
128.03 

S 
d 
d 
d 126.25 

_____ 

a Signal multiplicity obtained from single-frequency off-resonance decoupling spectra. Key: (s) singlet; (d) doublet: (t) triplet; (q) quartet. b In 10% deuterated chloro- 
form. 
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Table X--’3C-Chemical Shifts fo r  the Hydrochlorides of I-IV in Deuterium Oxide 
~~ ~ 

Carbon 
Position Multiplicityn I I1 IIIh IV 

1.5 

2.4 
3 
6.7 
C-lY 
C--P 
C--r 
c,-CEO c,--c=o 
C-lY’ 
C-L? 
C-lY” 

C-2 
c-4‘ 

C-4‘‘ 

d 

t 
S 

t 

t 
S 
S 
t 
q 
t 
q 
S 
S 

59.09 
35.41 
36.25 

20.44 
51.17(t) 

55.85 

167.34 

61.25 
10.77 

155.80 
176.06 

57.60 
61.20 
37.50 
37.71 

22.96 
23.55 

13.92(q) 

58.46 

~ n . 4 m )  

169.4s 

64.04 
13.44 

158.30 
178.44 

58.10 57.70 
60.16 58.16 
34.32 
55.43 
20.50 
20.80 
56.5n(d) 
3 1 . 6 8 ~  

165.41 

61.37 
10.39 

155.66 
176.01 

34.28 
55.61 
20.39 
20.93 
56.31(d) 
20.93 (t) 
26.78 

10.85 

165.50 
171.13 
61.70 

59.61 
10.69 

155.63 
175.90 

~ ~~~~ ~~ ~ ~~~ ~L ~ 

Signal multiplicity obtained from single-frequency off-resonance decoupling spectra. Key: (s) singlet: (d) doublet; (t) triplet; (4) quartet. b Aromatic: C-1, 130.70 
C-2 and C-6‘. 126.70; C-3 and C-V, 126.68: C-4.  125.S2, Values may be interchanged. 

Table XI-I3C-H Coupling Constants of t he  Hydrochloride of I1 
in Deuterium Oxide a 

0 Hertz values. 

Compounds V and VI-The ‘H- and ‘“C-NMR data for these com- 
pounds are analogous to those of I-IV. 

Compound VII-Because of the *-releasing conjugative effect of the 
N-piperidine atom, the phenyl group is essentially located on a plane 
approximately parallel to the C’-C2-C4-C5 plane; consequently, a 
0-compressing effect on H-6 exo and H-7 exo is exerted, and the I3C- 
NMR signal of C-1 and C-5 carbon atoms are shifted to higher field (A 
N -4 ppm) with respect to the same C-signal of the parent com- 
pounds. 

CONCLUSIONS 

In the crystalline state, the cyclohexane ring of VI adopts a deformed 
chair conformation with a flattening a t  C-3,5’. This deformation is 
probably due to the steric interaction between the ethylene bridge and 
the hydantoin group. The opposite puckering a t  N-8 and the axial posi- 
tion of the N-substituent make the formation of the intramolecular 
N3’-H. . .N8 bond easy. Compounds ILVII in dimethyl sulfoxide solution 
show the same deformation in the cyclohexane rings, but the N-H. . .N 
bond disappears, and the N-radical adopts the equatorial position to 
avoid the syn-diaxial effect on the C-2 and C-4 axial hydrogen atoms. In 
111 and VII the Ns-group shows a distinct conformational preference. The 
NB-puckering of I-VII in dimethylsulfoxide solution is governed by the 
steric effect of the NB-group on the C-6 and C-7 exo hydrogen atoms. In 
deuterium oxide solution, the NR-protonation of I-IV takes place in an 
axial position. An equatorial protonation would produce the aforemen- 
tioned syn-diaxial effect. The decreasing of N-puckering on protonation 
would decrease the N+-H syn-diaxial effect on the C-2 and C-4 axial 
hydrogen atoms and facilitate the N+-H solvation. 
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Evaluation of Some Mannich Bases Derived from 
Substituted Acetophenones Against P-388 Lymphocytic 
Leukemia and on Respiration in Isolated Rat Liver Mitochondria 
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Abstract Series of 3-dimethylamino-1-aryl-1-propanone hydro- 
bromides (IV) and 3-dimethylamino-2-dimethylaminomethyl-1-aryl- 
1 -propanone dihydrobromides (V) were synthesized. Evaluation of these 
derivatives against P-388 lymphocytic leukemia growth revealed that 
two compounds show promise as antineoplastic agents. Compounds of 
the V series were unstable in phosphate buffer (in contrast to series IV), 
and when the same nuclear substituent was present in both series of 
compounds, V was -100 times more active than IV in both the stimula- 
tion and inhibition of respiration of mitochondria isolated from rat liver 
cells. Representatives from both series showed that respiration in mito- 
chondria was affected by changing the pH of the aqueous buffer from 7.4 
to  6.9 or 6.4 and by reducing the temperature from 37' to 20'. The com- 
pounds showed reactivity toward a biomimetic thiol. 

Keyphrases 0 3-Dimethylamino-I-aryl-1-propanone hydrobrom- 
ides-synthesis, activity against P-388 lymphocytic leukemia growth, 
effect on mitochondrial respiration 3-Dimethylamino-2-dimethyl- 
aminomethyl-I-aryl-1 -propanone dihydrobromides-synthesis, activity 
against P-388 lymphocytic leukemia growth, effect on mitochondrial 
respiration Antineoplastic agents-potential, 3-dimethylamino-l- 
aryl-1-propanone hydrobromides, 3-dimethylamino-2-dimethylami- 
nomethyl-1-aryl-1-propanone dihydrobromides, activity against P-388 
lymphocytic leukemia growth 

When arylalkyl ketones such as propiophenone (I) are 
attacked by nucleophiles such as thiols, thiohemiketals are 
formed (1). While the rate of nucleophilic attack may be 
increased by electron-withdrawing substituents on the 
aromatic ring, other molecular modifications of these 
compounds, such as the formation of the corresponding 
Mannich bases (e.g., 111, allow the possibility of increased 
nucleophilic attack at the carbonyl carbon atom. First, the 
proton attached to the quadrivalent nitrogen in I1 is acidic 
and therefore intramolecular proton transfer to the car- 
bony1 oxygen may occur, expediting nucleophilic attack 
at  the carbonyl carbon atom. Second, such additions as in 
111, exemplified by the attack of a thiol, lead to a reaction 
intermediate where there is relief from dipole repulsion 
between the carbonyl and onium groups. 

There are, however, two other ways the Mannich bases 
could interact with cellular nucleophiles, per se or after 
undergoing molecular modification to give reactive de- 
rivatives. First, the strong positive inductiveteffect of the 
ammonium group [Taft (r* value for (H3C)sN is 1.90 (2)] 
renders the carbon atom of the adjacent methylene group 
susceptible to nucleophilic attack. Instances may be cited 
where thiol displacements have occurred (3) although, on 
occasion, vigorous conditions have been required (4). In 
the second case, instances have been described whereby 
Mannich bases have undergone elimination to give the 
corresponding enones (5,6); such compounds readily un- 
dergo nucleophilic attack (7). Treatment of a variety of 
3-dialkylaminopropiophenones with thiophenols gave the 
corresponding sulfides, possibly formed by an elimina- 

tion-addition mechanism (8). For these reasons the syn- 
thesis of the series of IV compounds for antineoplastic 
evaluation was contemplated. 

When a second dimethylaminomethyl group is intro- 
duced into the molecule, as in V, the proton of the methine 
group adjacent to the carbonyl group is more acidic than 
the methylene protons adjacent to the carbonyl group in 
IV. Hence, compounds of the V series have a greater ten- 
dency to undergo elimination than IV compounds. Fur- 
thermore, after the loss of one onium group in V, the olefin 
formed may react in a facile manner with nucleophiles, and 
expedition of the loss of the remaining quaternary am- 
monium group could occur generating a further center for 
nucleophilic attack. 

Some of a series of Mannich bases (VI) have activity in 
the P-388 screen. These compounds, which resemble IV, 
except that an olefinic linkage separates the aromatic ring 
from the keto function, affected basal respiration in mi- 
tochondria isolated from liver cells of male Wistar rats at 
concentrations as low as 1-5 pmoles (9,lO). One of these 
compounds [VI, R1 = 3-OH; R2 = H; R3 = (CH2)4CH:J 
elicited a biphasic response: at low dose levels (e.g., 1.25 
pmoles), stimulation of respiration occurred, while at 
higher doses (5 pmoles), inhibition of respiration was noted 
(11). The stimulation of respiration was shown to be due 
to the uncoupling of oxidative phosphorylation, while the 
inhibition was due to the blocking of the electron transport 
chain between cytochromes b and c1 (11). Thus, it was 
considered of interest to evaluate the antineoplastic ac- 
tivity and the effect on mitochondrial respiration of series 
I V  and V compounds and to determine whether a corre- 

4.04 

I i /  I I 
1 

1 .o 2.0 3.0 4.0 5.0 6.0 

Figure 1-The effect  of IVb (25 pmoles) on respiratiun in rat liiier 
mitochondria at 37' and p H  7.4. Succinate and I Vh uwre added at i and 
ii, respectiuely. The periods A (between ii and iii) and C (between iv and 
v) represent lag periods prior to the constant maximal stimulation 
(phase B) and constant maximal inhibition (phase D) of respiration. 
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Table I-Physical Data, Activity Against P-388 Lymphocytic Leukemia in  Mice, a n d  Murine Toxicity of t h e  Amine and  Diamine 
Hydrobromides IV and  V 

Analysis, % 
Melting Calc. Found T/C%O Murine Toxicityb 

Compound Yield, % Point, ' Formula C H N C H N (doseinmg/kg) (dose inmg/kg) 

IVa 60 180-181 C11HIGBrNO 51.17 6.24 5.43 50.76 6.17 5.41 llO(100) 0(200),6(100) 
IVb 63 183-184 C11H1SBrClNO 45.14 5.17 4.79 45.11 5.26 4.79 106(50) 1(200), 5(100), 6(50) 
IVC 54 199-200 CllH14BrC12N0 40.39 4.31 4.28 40.43 4.48 4.17 107(50) 1(200), 5(100), 6(50) 
IVd 41 164-166 C12HlsBrNO 52.94 6.67 5.15 52.63 6.68 5.12 107(100) 0(200),6(100) 
IVe 51 178-179 C12H18BrN02 50.01 6.29 4.86 50.08 6.39 4.73 104(50) 5(200, loo), 6(50) 
Va 23 187-188 C14H24Br2N20 42.44 6.11 7.07 42.32 6.29 7.03 117(25) 2(50), 6(25) 
Vb 15 180-181 C14H23Br2CIN20 39.04 5.38 6.51 38.91 5.57 6.48 116(25) 3(50), 6(25) 
vc  11 188-189 CI4H22Br2C12N20 36.15 4.77 6.02 36.09 4.81 5.96 lOS(12.5) 3(100), 6(50) 
Vd 12 184-185 C,,H~fiBr~N90 43.92 6.39 6.83 43.68 6.64 6.82 138125) 0(501.6(251 
Ve 24 204-206 C;;HiiBr;N;02 42.27 6.15 6.57 41.82 6.08 6.57 136(25) 4i5ojl6i25j 

Anticancer activity is expressed as the ratios of the survival time of the treated animals to control animals expressed as a percentage. All of the compounds were initially 
screened at 200,100, and 50 mg/k if mortalities occurred at these doses, they were reduced to nonlethal levels. A compound should increase the median survival time 
by 120% to be considered active. fThese figures are survivors out of six mice on the fifth day after commencement of the dosage schedule (nine daily doses given intra- 
peritoneally) except V b  and c in which cases the compounds were administered for five consecutive days only. 

lation between these two biological parameters exists. In 
addition, a comparison of the general bioactivity of IV and 
V could reveal molecular features associated with efficacy 
against the growth of P-388 lymphocytic leukemia and 
effect on mitochondria1 function. 

The effect of temperature on the pattern of respiration 
was considered of interest since recent reports indicate 
alterations in mitochondrial function with changes in 
temperature (12,13). The compounds could serve as bio- 
chemical tools. For example, if both stimulation and in- 
hibition of mitochondrial respiration occurs at 3 7 O  and 
only inhibition occurs when the temperature is lowered to 
20°, the effects of concentration can be determined for 
inhibition of respiration alone. 

A number of investigators have shown that the pH of 
certain tumors is -7.0 (14, 15), and in addition, the ad- 
ministration of glucose to tumor-bearing animals has 
lowered the pH of the neoplasm to 6.4 while the pH of 
normal tissue was unaffected (14, 15). Earlier work was 
shown that certain compounds in series VI had increased 
respiratory-inhibiting properties in mitochondria obtained 
from both rat liver cells and from the Morris 5123 TCH 
tumor (16) as the pH was lowered from 7.4 to 6.9 and then 
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Figure 2-Effects of IVb (2.5 pmoles) on rate of oxygen consumption 
by rat liver mitochondria at 37' and pH 7.4. 

from 6.9 to 6.4. The question was posed as to whether a 
similar variation in effect in mitochondria would occur 
with series IV and V compounds. 

RESULTS AND DISCUSSION 

The two series of compounds (IV and V) were prepared and assessed 
for activity against P-388 lymphocytic leukemia growth (Table I). The 
dose schedule was constant for compounds of both series except fewer 
doses of Vb and c were administered. From the data available, it may be 
seen that, while the monobasic compounds of series IV were uniformly 
inactive against murine P-388 lymphocytic leukemia growth, variation 
in antineoplastic activity in series V compounds was found. Compounds 
V d  and e showed significant activity in this screen, Va and b displayed 
marginal potencies, and Vc was inactive. The compounds were less active 
than 5-fluorouracil, which has a T/C% of 182 at 25 mg/kg (20 daily doses) 
in the P-388 murine screen (17). All of the compounds in Table I showed 
toxicity; but, whereas no mortalities were found at 50 mg/kg in series IV, 
only the inactive diamine of the V series (Vc) did not cause deaths a t  this 
dose level. No animals died when Va-e were administered a t  a dose of 
25 mg/kg. Thus, with the exception of Vc, greater antineoplastic activity 
accompanied by greater murine toxicity was found with series V than with 
series IV. 

The reasons for the differences in bioactivities between series IV and 
V were then considered. Lability of a number of Mannich bases to  pro- 
duce the corresponding a,/?-unsaturated ketones is well documented (6, 
18) and, on occasions, this property has been invoked to explain the 
bioactivities of a number of Mannich bases (19,201. Such deamination 
processes are possible in both 1V and V, leading to the formation of 
substituted acrylophenones which could undergo attack with cellular 
nucleophiles such as thiols of proteins. Since the rate of deamination is 
dependent on the nature of the Hammett u value in the aromatic ring, 
the stabilities of the compounds with the most divergent u values namely 
IVc and Vc (u = t0.60) and IVe and Ve ( u  = -0.27) were examined under 
simulated physiological conditions (buffer of pH 7.4 and 37'). Both IVc 
and e were stable for a t  least 1.5 hr; after 5 min, degradation of Vc and 
e to VIIa and b occurred as evidenced by extraction of the reaction me- 
dium and analysis by NMR. When the temperature was reduced to 5O, 
Vc gave rise to a mixture of VIIa and Vc as the free base in a ratio of 1O:l  
after 5 min, while Ve gave rise to the free base and no olefin. After 1 hr 
a t  5'. Ve gave a mixture of VIIb and the free base of Ve in a ratio of 7:4. 
Hence, the comparative rates of deamination of Vc and e follow that 
predicted by a consideration of the electronic effects of the nuclear sub- 
stituents. The difference between IV and V in ability to  undergo elimi- 
nation, producing the corresponding a,/?-unsaturated ketones, is probably 
due to variation in the acidity of the protons in the /?-position to the di- 
methylamino group, since the rate-determining step in such elimination 
reactions is the attack of the hydroxyl anion at  the methylene carbon 
atom adjacent to the keto function. This facile elimination could permit 
reaction with cellular nucleophiles, and reaction of Vc with a biomimetic 
thiol (2-mercaptoethanol) was undertaken. Preliminary experiments 
involving incubation of Vc and 2-mercaptoethanol in buffer a t  37" fol- 
lowed by extraction with chloroform gave a mixture of compounds, as 
revealed by TLC. However, when Vc and the thiol were incubated for a 
short period of time in a mixture of buffer and chloroform, the product 
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I1 I 

VI 

R' = Rz = H, C1, O H  
R3 = H, (CHi),CH, 

Vc,e 

VII 
a :  R' = Rz = C1 
b: R' = OCH,; R2 = H 

VIII 
a :  R' = RZ = C1 

Scheme Z 

isolated was shown by NMR to be VIIIa, which could arise as shown in 
Scheme I. The mass spectral (MS) fragmentation pattern was consistent 
with the structure of VIIIa; in particular, a molecular ion corresponding 
to the dithioether was observed and the absence of a prominent peak a t  
mlz 58, which is often the base peak in Mannich bases due to the di- 
methylmethyleneimmonium ion, was noted. It was considered that the 
stability of IV compounds in buffer, and hence lack of formation of the 
corresponding olefins, may have led to inactivity of these compounds 
towards thiols. The least reactive member of the series, IVe, was incu- 
bated with 2-mercaptoethanol in the presence of chloroform and buffer, 
and the mixture was shown by NMR and MS to be principally 3-(2- 
hydroxyethylthio)-l-(p-methoxyphenyl)-l-propanone, i.e., the di- 
methylamino group had been replaced by a 2-hydroxyethylthio function. 
Control experiments showed that the reaction between IVe and 2-mer- 
captoethanol occurred in the buffer and not in the organic solvent. Hence, 
elimination in series IV may occur in the presence of stronger nucleophiles 
than the hydroxide anion found in the aqueous buffer. It is conceivable, 
however, that  the Mannich bases of IV and V could interact with thiols 
by a substitution reaction on the carbon atom adjacent to the dimethyl- 
amino group, but the synthesis of such derivatives is often accomplished 
in the presence of virtually nonpolar solvents and elevated temperatures 
(4). Hence, the elimination-addition mechanism seems more feasible. 

The effect of IV and V compounds on respiration in rat liver mito- 
chondria is given in Table 11. At low concentrations in both series of 
compounds, stimulation of respiration occurs. In general, as the con- 
centration is increased, stimulation of respiration increases and then 
diminishes while inhibition of respiration increases. In addition, the el- 
evation of concentration shortens the time period prior to inhibition by 
IV and V compounds. A typical result is illustrated in Figs. 1 and 2. While 
from a qualitative viewpoint, both series of compounds exert similar ef- 
fects, a quantitative evaluation of IVa-e with the compounds bearing 
a similar nuclear substituent in series V, indicates that IV requires -100 
times the concentration to elicit the same increases in both stimulation 
and inhibition of respiration as V. For example, doses of 25 pmoles of 
1Va-e cause similar percentage inhibitions of respiration in mitochondria 
as 0.25-pmole concentrations of Va-e. At comparable concentration 
levels, the olefins VIIa and b have similar respiration-inhibiting prop- 
erties as their progenitors Vc and e ,  although the effect on stimulation 
of respiration appears somewhat different. Two representative com- 
pounds in series IV and V were examined for their effect on mitochondria 
at 20° and, in general, stimulation of respiration was increased and in- 
hibition of respiration diminished a t  this temperature compared with 
37O (Table 111). The respiration-inhibitory data generated for Va and 
c are comparable to the olefinic analogues VI (R' = R2 = H) and VI (R' 
= 3-CL; R2 = 4-CL). respectively (9). 

A comparison of the effect on respiration in mitochondria between a 
compound displaying significant activity against P-388 lymphocytic 
leukemia (Ve) and an inactive analogue (Vc) at pH values of 6.9 and 6.4 
is summarized in Table IV. With the exception of the 1.0-pmole dose for 
Vc, the largest increase in stimulation of respiration is at  the pH of normal 
cells (7.4) in the case of Vc, while the maximal increase in stimulation for 
the active compound Ve is at pH 6.4. If antineoplastic activity is in- 
fluenced by the effect on stimulation of respiration (e.g., by the un- 
coupling of oxidative phosphorylation impairing the synthesis of aden- 
osine triphosphate), selective toxicity under the acidic conditions of the 
tumorous cells is conceivable. When inhibition of respiration was ex- 
amined, an alternate situation was found; i.e., minimal percentage in- 
hibition of respiration occurs with both Vc and e at pH 6.4. Hence, the 
bioactivity of Ve in contrast to Vc is explicable only in terms of the effect 
on Stimulation and not inhibition of respiration if the effect on mito- 
chondrial function is associated with anticancer properties and the pH 
of malignant cells is much lower than that of the corresponding normal 
cells. 

In conclusion, the following generalizations regarding chemical 
structure and bioactivity may be made. First, series V was found to be 
more active against P-388 lymphocytic leukemia growth and to display 
greater murine toxicity than series IV, possibly due to the greater fragility 
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Table 11-Effect on Respiration in Rat Liver Mitochondria Using Succinate as the Substrate at pH 7.4 and 37" 

Time Prior 
to Constant 

Concentration, Stimulation, Inhibition of Inhibition, 
Compound pmoles 70 SE Respiration, min SE % SE 

IVa 

IVb 

IVC 

IVd 

IVe 

Va 

Vb 

v c  

Vd 

Ve 

VIIa 

VIIb 

10 
25 
50 

100 
5 

10 
25 
35 
5 

10 
25 
10 
25 
50 

100 
10 
25 
50 

100 
0.01 
0.1 
0.25 
1.0 
5.0 

10.0 
25.0 
0.01 
0.1 
0.25 
1.0 

10 
25 
0.01 
0.1 
0.25 
1.0 

0.01 
0.1 
0.25 
1 .o 

10 

10 
26 
0.01 
0.1 
0.25 
1.0 

10 
12.5 
15 
25 
50 

10 

10 
26 

1.0 

1.0 

37.33 
35.57 
28.22 
28.62 
35.26 
45.03 
57.24 
27.79 
68.48 
63.27 

0 
39.93 
92.89 
34.23 

0 
35.46 
52.18 
64.69 
49.1 1 
64.72 
38.65 
33.68 
20.02 
34.60 
12.22 

32.14 
27.41 
37.56 
24.19 
16.48 

38.58 
63.90 
79.86 

0 

0 

0 
0 

63.32 
28.87 
57.85 
56.67 
0 
0 

54.77 
18.41 
27.75 
34.00 
33.17 
60.08 
36.92 
17.25 
0 

68.71 
0 

37.00 
69.46 
49.34 

13.22 
6.09 
5.10 
2.86 
7.67 

12.18 
4.69 
5.79 

15.13 
6.26 

7.96 
6.54 
8.47 

1.08 
7.82 
8.45 
5.61 
7.43 
5.29 
4.25 
1.97 
4.29 
3.23 

9.19 
2.28 
5.44 
3.47 
1.54 

8.65 
8.60 
9.44 

- 

- 

- 

- 

- 
- 
1.03 
6.94 
5.01 
4.47 
- 
- 

14.25 
1.99 
5.37 
5.99 
3.32 
7.05 
3.44 
7.77 

7.14 

8.37 
4.07 

- 

- 

- 
6.72 
7.76 
4.43 
3.68 
3.36 
3.08 
3.38 
3.89 
2.22 
1.00 
1.50 
5.60 
3.58 
2.95 
- 
- 

6.02 
5.22 

2.81 
3.64 
5.14 
1.90 
1.28 
1.25 

4.84 
3.64 
2.32 
0.84 

0 

4.76 
1.66 
1.17 
0.20 

3.32 
6.40 
2.82 
1.22 
0.87 

- 

- 

- 

- 

- 
- 

4.29 
3.88 
2.20 
1.88 
2.32 
1.64 
1.57 
2.18 
0.65 
6.94 
2.52 

- 
0.90 
0.86 
0.35 
0.18 
0.16 
0.16 
0.20 
0.36 
0.19 
0.09 
0.92 
0.27 
0.29 
0.34 
- 
- 

0.17 
0.21 

1.05 
0.64 
1.10 
0.11 
0.12 
0.06 

0.23 
0.27 
0.10 
0.02 

- 

- 

- 

- 

0.21 
0.79 
0.03 
0.03 

0.68 
0.38 
0.10 
0.07 
0.07 

- 

- 
- 

0.37 
0.21 
0.19 
0.12 
0.30 
0.10 
0.30 
0.14 
0.04 
0.30 
0.18 

0 
54.18 
57.44 
72.38 
48.75 
50.36 
63.96 
86.09 
84.86 
63.38 
87.76 
4.31 

62.27 
46.83 
78.93 
0 
0 

29.75 
56.58 
0 
9.81 

53.94 
70.60 
85.27 
87.58 
96.62 

34.90 
70.97 
83.30 
89.33 
94.47 

79.78 
79.08 
89.98 
97.35 

23.65 
51.14 
64.88 
82.82 
97.36 
0 
0 

0 

0 

0 

21.58 
55.60 
75.62 
78.97 
80.52 
90.54 
97.78 
84.70 
90.25 
36.25 
74.70 

- 

12.21 
4.87 
2.19 
8.92 

11.79 
1.88 
2.11 
2.73 
4.73 
3.91 
3.28 
3.95 
9.68 
3.67 
- 
- 

15.11 
2.26 

4.21 
5.22 
4.37 
1.37 
2.79 
1.02 

4.65 
5.78 
1.97 
2.46 
2.31 

1.24 
4.61 
1.09 
1.16 

5.67 
1.68 
4.33 
1.37 
0.57 

- 

- 

- 

- 

- 
- 

4.27 
1.63 
4.24 
6.61 
3.12 
0.99 
0.78 
2.50 
1.76 
7.10 
2.89 

4.84 1.42 0.02 81.85 3.06 

of V in aqueous media in which decomposition to the corresponding en- 
ones occurred. The only exception was Vc, which was inactive against 
the particular tumor under consideration and appeared to be less toxic 
than Va,  b, d ,  and e .  Retrospectively, the five substitution patterns in 
the aromatic ring in V were the ones recommended for a Topliss analysis 
(21), and the order of activity found in this series of compounds is claimed 
by such an approach to indicate the greater importance of the Hammett 
u value over the Hansch r parameter. Second, murine toxicity in both 
IV and V compounds may be associated, at  least partially, with interac- 
tion with cellular nucleophiles. Third, both series of compounds affected 
respiration in mitochondria isolated from rat liver cells, but compounds 
bearing the same nuclear substituents differed -100-fold in the doses 
fequired to elicit similar effects, A direct correlation between antineo- 

plastic activity and the effect on respiration in mitochondria was absent. 
Fourth, maximum antineoplastic activity is found with Vd and e ,  al- 
though these do not represent the extremes in regard to either rate of 
decomposition or effect on respiration in mitochondria. Thus, if de- 
composition is proportional to the Hammett u value, Va-c liberate the 
corresponding acrylophenones faster than Vd and e while the IV com- 
pounds appeared to be stable in aqueous media. In isolated mitochondria, 
a similar generalization appears valid, i . e . ,  Va-c are more active and IV 
is less active than V d  and e .  I t  is conceivable, therefore, that  an optimal 
rate of breakdown is required for good activity against P-388 lymphocytic 
leukemia; e.g., although Vc is rapidly converted to VIIa, which can affect 
mitochondria a t  very low dose levels, it may be inactivated prior to 
reaching a site of action. On the other hand, the absence of formation of 
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the acrylophenone or formation at a very slow rate could lead to insuffi- 
cient compound for anticancer efficacy, which may involve the mito- 
chondria as one of the targets. Relationships between the optimal 
chemical reactivity required for anticancer activity have been described 
previously (22), and the evolution of Vd and e from this study permits 
these compounds to serve as lead compounds (23) in the design of further 
anticancer molecules. 

EXPERIMENTAL 

Melting points are uncorrected. Elemental analyses were undertaken 
locally' and when necessary both solvents and organic extracts were dried 
with anhydrous magnesium sulfate. No attempt was made to optimize 
the percentage yields of compounds unless otherwise stated. TLC was 
carried out using sheets of silica gel with fluorescent indicator2 and a 
solvent mixture of chloroform-methanol (101). Mass spectra3 were run 
a t  70 eV and the 60-MHz NMR spectra4 were determined using tetra- 
methylsilane as the internal standard. High-performance liquid chro- 
matography (HPLC)5 was undertaken using a column6 eluted with ace- 
tate buffer (0.04 M) in acetonitrile. 

Synthesis-3-Dimethylamino-1 -aryl- I-propanone Hydrobromides 
(IVa, d ,  and e)-The crude hydrochloride salts of the Mannich bases 
derived from acetophenone, p-methylacetophenone, and p-methoxy- 
acetophenone were prepared as previously described (24). The yields 
obtained for the hydrochloride salts corresponding to IVb and c were 42 
and 16%, respectively. The crude hydrochloride salts of IVa, d, and e were 
converted to the hydrobromide salts by the procedure described below 
to give IVa, d ,  and e as colorless crystals from acetone-methanol. In an 
attempt to improve the yield of 1-(3,4-dichloropheny1)-3-dimethyl- 
amino-1-propanone hydrochloride, a mixture of 3,4-dichloroacetophe- 
none (9.45 g, 0.05 mole), paraformaldehyde (1.80 g, 0.06 mole) dimeth- 
ylamine hydrochloride (5.30 g, 0.065 mole), hydrochloric acid (0.1 ml), 
and l,2-dimethoxyethane (35 ml) was heated under reflux for 24 hr. The 
solid that separated on cooling was removed by filtration, dried, and re- 
crystallized from ether-ethanol to give 1-(3,4-dichlorophenyI)-3-di- 
methylamino-1-propanone hydrochloride (4.2 g, 300/0) as colorless crystals, 
mp 193-195' [lit. (25) mp 193-195'1. 

1 - (p-Chlorophenyl)-3-dimethylamino-l -propanone Hydrobromide 
(1Vb)-An excess of acetyl chloride was added to N,N,N',N'-tetra- 
methyldiamin~methane~ (10.2 g, 0.1 mole) in dry methylene chloride (100 
ml) a t  0" with vigorous stirring. The precipitated Mannich reagent was 
removed by filtration, washed with methylene chloride, and dried in 
uacuo to give N,N-dimethyl(methy1ene)ammonium chloride (8.5 9). This 
compound was used without purification. 

A solution of p-chloroacetophenone (15.50 g, 0.1 mole) in dry aceto- 
nitrile (40 ml) was added to the N,N-dimethyl(methy1ene)ammonium 
chloride (9.35 g, 0.1 mole), and the mixture was stirred a t  room temper- 
ature for 2 hr. The precipitate was removed by filtration, dried, and re- 
crystallized from ether-methanol to give l-(p-chlorophenyl)-3-di- 
methylamino-1-propanone hydrochloride (21.5 g, 84%) as colorless 
crystals, mp 173-175' (26). 

An aqueous solution of 1 -(p-chlorophenyl)-3-dimethylamino-l-pro- 
panone hydrochloride (6.20 g, 0.025 mole) was basified with aqueous 
sodium carbonate solution (10% w/v) and extracted with chloroform (3 
X 15 ml). The chloroform extracts were combined, washed with water 
(2 X 5 ml), and dried with anhydrous magnesium sulfate; removal of the 
chloroform gave a viscous oil which was dissolved in acetone-ether (1:l) 
and treated with dry hydrogen bromide gas. The crude hydrobromide 
(5.0 g) which precipitated was removed, and recrystallization from 
ether-methanol gave l-@-chlorophenyl)-3-dimethylamino-l-propanone 
hydrobromide, IVb (5.5 g), as colorless crystals. The yield of IVb was 63% 
based on the quantity of p-chloroacetophenone utilized. 

l-(3,4-DichlorophenyI)-3-dimethylamino-l-p~opanone Hydrobro- 
mide (1Vc)-This compound was prepared in the same manner as IVb. 
The yield for the formation of l-(3,4-dichlorophenyl)-3-dimethyl- 
amino-1-propanone hydrochloride, mp 193-194' [lit. (25) mp 193-195'1 
was 7290, and the overall yield for the formation of IVc from 3,4-dichlo- 
roacetophenone was 54%. 

1 Mr. R. E. Teed, Department of Chemistry and Chemical Engineering, University 
of Saskatchewan. 

2 Eastman-Kodak Co. 
3 AEI MS-12 m a s  spectrometer, Picker X-Ray Engineering Ltd.; VG Micromass 

4 Varian T-60 spectrometer, 'JarIan Associates of Canada Ltd. 
5 Waters Associates Model 440 fitted with a UV absorbance detector (254 nm) 

MMl6F mass spectrometer with 2025 data system. 

and a Beckman l l0A pump. 
6 Ultrasphere cyanocolumn. 
7 Aldrich Chemical Co. 

3-Dimethylamino- 2 -dimethylaminomethyl - 1 -aryl-1-propanone 
Dihydrobromides (V)-The general procedure for preparing V is illus- 
trated by the synthesis of Va. A mixture of acetophenone (6.0 g, 0.05 
mole), an aqueous solution of formaldehyde (37% w/v, 12 ml, 0.15 mole), 
dimethylamine (25% w/v, 27 ml, 0.15 mole), and ethanol (25 ml) was 
heated under reflux for 3 hr. After removal of the ethanol in uacuo, the 
mixture was cooled and extracted with ether (3 X 20 ml). The combined 
ether extracts were washed with water and dried with anhydrous mag- 
nesium sulfate; evaporation of the ether gave the crude ketone as a viscous 
oil. A solution of this oil in dry acetone was treated with hydrogen bromide 
gas to give a colorless solid which was removed by filtration, washed with 
acetone, dried, and recrystallized from methanol to give 3-dimethyl- 
amino-2-dimethylaminomethyl-1-phenyl-1-propanone hydrobromide, 
Va (4.5 g), as colorless crystals. Compound Vd was prepared in an iden- 
tical manner as Va, while the times of heating under reflux for Vb, c, and 
e were 16,30, and 6 hr, respectively. The structures of Va-e were con- 
firmed by NMR, and the data generated for a representative compound, 
Ve, are as follows: 8 8.1 (d, 2, aromatic protons a t  Cp and CS), 7.15 (d, 2, 
aromatic protons a t  C3 and C5), 3.95 (s, 3, OCHB), 3.2-3.9 [m, 5, 
C2H(CH2)2] and 2.95 [s ,  12,2N(CH3)2]. The base peak in the MS was at  
58 AMU. 

2-Dimethylaminomethyl-1 -aryl-2-propen-l-ones ( VIIa and b)- 
Chloroform (20 ml) was added to a solution of Vc (0.500 g) in 40 ml of 
%remen's phosphate buffer, pH 7.4, (27) and the mixture was incubated 
at 37' with vigorous shaking. After 1 hr, the chloroform layer was removed 
and dried with anhydrous magnesium sulfate; evaporation of the organir 
solvent gave 2-dimethylaminomethyl-l-(3,4-dichlorophenyl)-2-pro- 
pen-I-one, VIIa (0.155 g, 56%) as a light yellow semisolid. HPLC showed 
one major peak (95.3%) plus two minor peaks. NMR. 8 7.85 (s, 1, aromatic 
proton at c5), 7.7 (s, 2, aromatic protons at  c p  and CS), 6.05 (s, 1, =C3H2), 
5.7 (s,1,==C3H2),3.4 (~,2,--CHzN),and 2.4 [s,6,N(CH&];MS: mlz 257 
(M+, 5%), 173 (9%), and 58 (100%). 

Anal.-Calc. for C12H13C12NO: N, 5.43. Found: N, 5.37. 
2-Dimethylaminomethyl-l-~-methoxyphenyl)-2-propen-l-one, VIIb, 

was prepared in the same way as a light yellow semisolid in 63% yield. 
HPLC showed one major peak (94.7%). NMR: 6 7.85 (d, 2, aromatic 
protons a t  Cp and CS), 6.9 (d, 2, aromatic protons at  Ca and Cs), 6.05 (s, 
1, =C3Hp), 5.7 (s, 1, =C3Hz), 3.9 (s, 3, OCHd, 3.4 (s, 2, CHnN), and 2.4 
[ s ,  6, N(CH&]; MS: m/z 219 (M+, 19%). 

Anal.-Calc. for C ~ ~ H L ~ N O ~ :  N, 6.38. Found: N, 5.94. 
Stabilities in Phosphate Buffer-Compounds IVc and e-Chlo- 

roform (5 ml) was added to a solution of IVc (100 mg, 0.306 mmole) in 
phosphate buffer (pH 7.4,2 ml), and the mixture was incubated at  37' 
on a shaking constant-temperature bath8. After 1.5 hr, the chloroform 
layer was separated and dried; removal of the solvent afforded a colorless 
solid (0.081 g, 95%) identified as the free base of IVr. N M R  8 8.2-7.5 (m, 
3, aromatic), 3.3-2.6 (m, 4, C2H2 and C3H2), and 2.3 [s, 6, N(CHah]. 

Similarly IVe gave the free base corresponding to IVe in 90% yield. 
N M R  6 7.9 (d, 2, aromatic protons at  Cp and CS), 6.9 (d, 2, aromatic 
protons at  C3 and Cs), 3.8 (s, 3, OCH3), 3.4-2.6 (m, 4, C2Hp and C3Hd, 
and 2.4 [s, 6, N(CH3)zI. 

Compounds Vc and e-Compound Vc (100 mg, 0.215 mmole) was 
dissolved in a mixture of phosphate buffer (pH 7.4,2 ml) and chloroform 
(5 ml) a t  37" using a constant-temperature baths. After 5 min, the chlo- 
roform layer was separated and dried; removal of the solvent afforded 
a semisolid which was identified by NMR as predominantly (>95%) VIIa. 
Similarly Ve gave rise to VIIb. 

The experiment was repeated except that Vc was added to a mixture 
of buffer and chloroform in an ice bath (5") and the resultant mixture 
shaken manually for 5 min. The chloroform layer was separated and 
dried; removal of the solvent gave a semisolid which was shown from the 
NMR spectra to be a mixture of VIIa and Vc as the free base in a ratio 
of 101. The ratio of these two compounds was determined from the NMR 
spectra using the following simultaneous equations: AX0 + BXb = Y and 
CXo + D x b  = 2 where A and B are the number of aromatic protons in 
VIIa and Vc, respectively, as the free bases; XO and xb are the mole 
fractions of VIIa and Vc, respectively, as the free bases; C and D are the 
number of protons in the dimethylamino group of VIIa and Vc, respec- 
tively, as the free bases; and Y and 2 are the respective integrals. When 
the experiment was repeated with Ve (100 mg, 0.2346 mmole) a t  5' and 
for 5 min, only the free base of Ve was obtained. However if the length 
of time was increased to 1 hr, a mixture of VIIb and Ve as the free bases 
was obtained which was shown by the NMR spectra and the use of the 
aforementioned simultaneous equations to be in a ratio of 7:4. 

~~ 

8 Dubnoff Metabolic Shaking Incubator. 
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Table 111-Effect of IVc, e and Vc, e on Respiration in Rat Liver Mitochondria Using Succinate as the  Substrate at pH 7.4 and 20' 

Time prior 
to Constant 

Concentration, Stimulation, Inhibition of Inhibition, 
ComDound umoles % SE Resairation. min SE % SE 

IVC 

IVe 

vc 

Ve 

5 
10 
25 
25 
50 

100 
0.1 
0.25 
1.0 

0.1 
0.25 

10 

10 
15 
25 
50 

27.03 
70.00 
68.56 
42.35 
60.80 
66.45 
25.70 
46.54 
29.64 

5.19 
21.17 
49.86 
51.36 
49.96 

- 

- 

11.26 
18.45 
9.50 
3.89 
6.18 
4.58 
4.62 

10.50 
1.92 

1.80 
3.54 
5.87 
7.28 
8.73 

- 

- 

- 
- 

10.76 
- 
- 
- 

7.62 
3.46 
2.04 
0.62 
- 
- 
5.78 
3.62 
2.98 
1.34 

- 
- 

1.09 
- 
- 
- 

0.17 
0.16 
0.10 
0.13 
- 
- 

0.45 
0.27 
0.41 
0.40 

- 
- 

39.70 
- 
- 
- 

43.98 
50.62 
69.16 
82.75 
- 
- 

48.30 
61.25 
68.37 
84.37 

- 
- 
6.73 
- 
- 
- 

2.98 
11.57 
2.50 
2.46 
- 
- 
6.69 
4.76 
4.45 
3.17 

Reaction of W e  with 2-Mercaptoethanol-Chloroform (10 ml) was 
added to a solution of IVe (200 mg, 0.694 mmole) and 2-mercaptoethanol 
(167 mg, 2.1 mmoles) in phosphate buffer (pH 7.4.4 ml), and the mixture 
was incubated a t  37O on a shaking constant-temperature baths. After 1 
hr, the chloroform layer was separated and dried; removal of the organic 
solvent and excess of 2-mercaptoethanol under reduced pressure gave 
a bright-yellow viscous oil, the NMR spectrum of which showed the re- 
tention of the aromatic and methoxy protons but the absence of the di- 
methylamino protons. Other unidentified peaks were present and the 
oil appeared to be a mixture of compounds, although predominantly 
34 2-hydroxyethylthio) -1 - ( p  -methoxyphenyl) - 1 -propanone. MS gave 
a parent peak corresponding to this ketone (mlz 240,0.4%) with major 
ions at  rnlz 222: 

195 ( H 3 C O v i C H 2 C H z S ,  - 6%), 
n 

and 

135 ( H 3 C O e f ,  - 100%). 

0 

The intensity of the peak at  m/z 58 was 1%. 
The experiment was repeated twice: in the absence of phosphate buffer 

and when chloroform was omitted. In the absence of buffer, a 98% re- 
covery of IVe, identified by NMR and melting point, was found. In the 
absence of chloroform, IVe and 2-mercaptoethanol were incubated at  
37' in buffer (5 ml) for 1 hr, and the mixture was extracted with chloro- 
form (3 X 10 ml). The organic extract was saturated with dry hydrogen 
chloride gas and dried. Removal of the chloroform gave a residue which, 
when triturated with dry ether, gave IVe as the hydrochloride salt (0.042 
g). identified by NMR. Evaporation of the ether gave a residue which was 
shown by NMR to contain 3-(2-hydroxyethylmercapto)-l-(p-methox- 
ypheny1)-1-propanone along with minor amounts of contaminants. 

Preparation of 3-(2-Hydroxyethyl)mercapto-2-[ (2-hydroxy- 
ethyl)mercapto]methyl-l-(3,4-dichlorophenyl) - 1 - propanone 
(VII1a)-A solution of 2-mercaptoethanol (125 mg, 1.6 mmoles) in 
phosphate buffer, pH 7.4 (13 ml), was added to a solution of Vc (250 mg, 
0.538 mmole) in phosphate buffer, pH 7.4 (10 ml). After the addition of 
chloroform (50 ml). the mixture was incubated for 15 min at  37" with 

vigorous stirring. The chloroform layer was removed, washed with water, 
and dried with anhydrous magnesium sulfate, and both chloroform and 
excess 2-mercapt~ethanol were removed in U ~ C U O  to give a yellow viscous 
oil (0.120 g) which was predominantly 3-(2-hydroxyethyl)mercapto-2- 
[(2-hydroxyethyl)mercapto]methyl-l-(3,4-dichlorophenyl)-l-propanone. 
MS: mlz 368: 

(M+', 0.5%), 

and 

6% 1 

58 AMU (4%) was noted. 
Anal.-Calc. for C I ~ H ~ ~ C I ~ O ~ S ~ :  C, 45.53; H, 4.91; N, 0.00. Found: C, 

44.43; H, 5.18; N, 0.27. 
Effect of IV and V on Respiration in  R a t  Liver Mitochondria- 

Compounds IV and V were dissolved in Sdrensen's buffer and kept ice- 
cold prior to the addition to the previously prepared mitochondria1 sus- 
pension. The mitochondria were obtained from male Wistar rats (2W250 
g) and the effect of IV and V on respiration was measured using a previous 
procedure (9). The buffer used in isolating the mitochondria and the 
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Table IV-Effect of Vc and  e on Respiration in Rat Liver Mitochondria Using Succinate as the Substrate  a t  pH 6.9 and  6.4 and  37” 

Stimulation 
Levels of Significance ( p )  

Between pH Values of 
7.4 & 6.9 6.9 & 6.4 7.4 & 6.4 

Concentration, pH 6.9 
Compound pmoles % SE 

v c  0.01 12.23 2.71 30.41 7.15 0.05 0.10 0.50 
0.1 0 - 34.47 7.06 <0.001 0.005 0.01 
0.25 0 - 40.76 6.73 <0.001 <0.001 <0.001 
1.0 0 - 49.53 7.96 >0.50 <0.001 <0.001 

Ve 0.25 
1.0 
10 

19.57 4.11 54.22 1.85 0.20 <0.001 0.005 
17.48 2.98 58.65 6.86 0.10 <0.001 0.01 
9.27 4.97 43.33 6.89 0.25 0.005 0.50 

Time Prior to Constant Inhibition of Respiration 
Levels of Significance ( p )  

Concentration, pH 6.9 pH 6.4 Between pH Values of 
Compound pmoles min SE min SE 7.4 & 6.9 6.9 & 6.4 7.4 & 6.4 

v c  

Ve 

0.01 
0.1 
0.25 
1.0 
0.25 
1 .o 
10 

~ ~~ 

4.74 0.26 0 0 <0.001 <0.001 >0.50 
3.42 0.11 10.22 0.41 0.005 <0.001 <0.001 
3.50 0.21 6.20 0.25 <0.001 <0.001 <0.001 
1.90 0.09 3.65 0.13 <0.001 <0.001 <0.001 
1.78 1.11 0 0 0.10 0.10 0.01 
3.26 0.97 0 0 0.50 0.005 <0.001 
3.93 0.31 7.97 0.19 <0.001 <0.001 <0.001 

Inhibition 
Levels of Significance (D) 

Concentration, pH 6.9 pH 6.4 Between iH Values 2 
Compound pmoles % SE % SE 7.4 & 6.9 6.9 & 6.4 7.4 & 6.4 

v c  0.01 11.35 2.49 0 - <0.001 <0.001 >0.50 
0.1 67.43 3.79 24.13 9.30 0.20 <0.001 <0.001 
0.25 87.56 2.00 46.09 5.36 0.20 <0.001 <0.001 
1.0 94.45 1.45 82.29 3.04 0.20 0.005 0.025 

Ve 0.25 7.33 4.51 0 - 0.05 0.50 0.025 
1.0 12.14 4.57 0 - <0.001 0.005 <0.001 
10 73.01 1.87 49.30 6.72 <0.50 0.005 0.005 

respiration media employed were those described previously (9), except 
that SZrensen’s buffer and not tromethamine hydrochloride was used. 
The data generated a t  37O (Table 11) and the percentage stimulation and 
inhibition of respiration are both in relation to the original respiration 
rate. A minimum of five determinations were made a t  each concentration; 
in the case of IVc (5.0 pmoles), Va (0.1 pmole), Vd (0.1 pmole) and Ve 
(0.25 and 25 pmoles) a total of 12 determinations were performed. 

In both Figs. 1 and 2, the data shown indicate differences in oxygen 
uptake compared with control mitochondria (no succinate or compound 
added). The lag period (A) was also found with IVa (10 pmoles), IVd (10 
pmoles), IVe (10,25, and 50 pmoles), Va (0.01, 0.1, and 0.25 pmole), Vb 
(0.01 pmole), Vc (0.001,0.01,0.1,and0.25pmole), Vd (0.01,0.1,0.25, and 
l.Opmole), Ve (0.01,0.1,0.25,1.0, and lOpmoles), and VIIb (1.0pmole). 
In some cases, during interval A the slope of the line was identical to that 
after the addition of succinate; i .e.,  no difference in oxygen utilization 
was noted after addition of the compound. This phenomenon occurred 
with IVb (5 and 10 pmoles), Va (1.0 pmole), Ve (12.5 and 15 pmoles), and 
VIIa (1.0 pmole). Inhibition of respiration occurred prior to stimulation 
of respiration during interval A in the case of IVa (25 pmoles). IVb (25 
pmoles), IVc (5 and 10 pmoles), IVd (25 and 50 pmoles), IVe (100 
pmoles), Va (10 pmoles), Vb (0.01 and 0.1 pmole), and VIIb (10 and 25 
pmoles). In the remaining cases, the lag period (A) was absent and ad- 
dition of the compound led to effects noted in one or more of the time 
periods B, C, and D. 

The effect on respiration at pH values of 6.9 and 6.4 is given in Table 
111. A t  pH 6.9, respiration continued a t  the same rate as after addition 
of succinate during interval A in the case of Vc (0.01 pmole) and Ve (0.25 
and 1.0 pmoles). Inhibition of respiration during interval A occurred with 
Ve (10 pmoles). The lag period was absent at  concentrations of 0.1,0.25, 
and 1.0 pmole of Vc. At pH 6.4, submaximal stimulation of respiration 
was noted with Vc (0.01 and 0.1 pmole) and Ve (0.25 and 1.0 pmole). 
Inhibition of respiration during interval A was found with Vc (0.25 and 
1.0 pmole) and Ve (10 pmoles). 

Table IV indicates the effect of various concentrations of IVc and e, 
Vc and e on respiration in rat  liver mitochondria at 20’. The same pro- 

cedure (9) was employed, using a constant-temperature bath9. Sub- 
maximal stimulation occurred during the lag period for IVc (5 pmoles) 
and Vc (0.1,0.25,10,15, and 25 pmoles). Respiration was identical to that 
after the addition of succinate for IVe (25 pmoles) and Vc (0.25 pmoles). 
Inhibition of respiration during interval A was noted for IVc (10 and 25 
pmoles), IVe (50 and 100 pmoles), and Vc (1.0 pmole). The lag period 
was absent in the cases of Vc (10 pmoles) and Ve (50 pmoles). 

Screening of Compounds-The anticancer screening was carried out 
by the Drug Research and Development Division of the National Cancer 
Institute, Bethesda, Md., using their protocols (28). Male or female CDzFl 
mice were used. The compounds were administered by the intraperitoneal 
route in saline except for IVc, for which hydroxypropylcellulose was 
employed. 
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Abstract 0 Piperacillin sodium was administered intravenously to dogs, 
alone or in combination with gentamicin, twice a day (-5 hr apart) for 
36-37 days. The pharmacokinetics of neither drug changed in the pres- 
ence of the other; however, the percentage of the gentamicin dose re- 
covered in the urine decreased significantly when coadministered with 
piperacillin. The data demonstrate that  interaction between the two 
drugs in urine is feasible. 

Keyphrases Piperacillin-pharmacokinetics in the dog, effect of 
concomitant administration of gentamicin Gentamicin-pharmaco- 
kinetics in the dog, effect of concomitant administration of piperacillin 

Pharmacokinetics-of piperacillin and gentamicin in the dog, effect 
of concomitant administration 

Piperacillin’, sodium (2S, 5R, 6R)-6-[(R)-2-(4-ethyl- 
2,3-dioxo-l -piperazinecarboxamido) -2-phenylacetam- 
idol -3,3-dimethyl-7-oxo-4-thia-l -azabicyclo[3.2.0] hep- 
tane-2-carboxylate, is a novel semisynthetic penicillin that 
possesses broad spectrum antibacterial activity against 
Gram-negative and Gram-positive pathogenic bacteria, 
including anaerobes. Results of in uitro studies (1) have 
shown piperacillin to be superior to ampicillin, carbeni- 
cillin, and cephalosporins against Gram-negative bacteria, 
particularly Klebsiella , Proteus, and Serratia species and 
Pseudomonas aeruginosa. In certain cases, a piperacillin 
and gentamicin combination would be preferred to obtain 

Pipracil; American Cyanamid Co. 

a synergistic effect. To  evaluate the toxicity of these two 
drugs when administered alone or in combination, a 1- 
month study was undertaken in dogs. Since aminoglyco- 
sides can interact with ,&lactam antibiotics ( 2 4 ,  the study 
was designed to allow the serum concentrations to be an- 
alyzed pharmacokinetically. This paper describes the 
pharmacokinetics of piperacillin and gentamicin when 
given alone or in combination. 

EXPERIMENTAL 

Animal Studies-Six groups of lb2O-month-old beagle dogs2 (two 
males and two females in each group) were utilized for the study. The 
weight range was 9.4-12.3 kg for the males and 7.9-9.6 kg for the females. 
The dogs were assigned to groups using a table of random numbers. They 
were housed individually in a room maintained at 21-24’, with a 12-hr 
on/off light cycle. Food3 (250-300 g) was offered to  each dog daily, -30 
min after the last dose; water was available ad libitum. 

Drug solutions, made prior to each dose, were administered twice daily 
(-5 hr apart) over a 5-min period with an infusion pump4 calibrated using 
the specific syringes, solutions, and tubing employed. Doses, adjusted 
to the body weight twice a week, were administered according to the 
schedule shown in Table I. The concentration of the piperacillin solution 
in sterile water for injection, expressed as free acid, was 250 mg/ml. The 
gentamicin solution was made in concentrations of 1 and 2 mg/ml (ex- 
pressed as base equivalent activity) using sterile isotonic saline. For dogs 

2 Marshall Research Animals, North Rose, N.Y. 
3 Respond 2000, Country Foods Div., A way, Hauppauge, N.Y. 
4 Model 355, Sage Instrument, Cambrifge, Mass. 
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Abstract 0 Piperacillin sodium was administered intravenously to dogs, 
alone or in combination with gentamicin, twice a day (-5 hr apart) for 
36-37 days. The pharmacokinetics of neither drug changed in the pres- 
ence of the other; however, the percentage of the gentamicin dose re- 
covered in the urine decreased significantly when coadministered with 
piperacillin. The data demonstrate that  interaction between the two 
drugs in urine is feasible. 
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Piperacillin’, sodium (2S, 5R, 6R)-6-[(R)-2-(4-ethyl- 
2,3-dioxo-l -piperazinecarboxamido) -2-phenylacetam- 
idol -3,3-dimethyl-7-oxo-4-thia-l -azabicyclo[3.2.0] hep- 
tane-2-carboxylate, is a novel semisynthetic penicillin that 
possesses broad spectrum antibacterial activity against 
Gram-negative and Gram-positive pathogenic bacteria, 
including anaerobes. Results of in uitro studies (1) have 
shown piperacillin to be superior to ampicillin, carbeni- 
cillin, and cephalosporins against Gram-negative bacteria, 
particularly Klebsiella , Proteus, and Serratia species and 
Pseudomonas aeruginosa. In certain cases, a piperacillin 
and gentamicin combination would be preferred to obtain 
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a synergistic effect. To  evaluate the toxicity of these two 
drugs when administered alone or in combination, a 1- 
month study was undertaken in dogs. Since aminoglyco- 
sides can interact with ,&lactam antibiotics ( 2 4 ,  the study 
was designed to allow the serum concentrations to be an- 
alyzed pharmacokinetically. This paper describes the 
pharmacokinetics of piperacillin and gentamicin when 
given alone or in combination. 

EXPERIMENTAL 

Animal Studies-Six groups of lb2O-month-old beagle dogs2 (two 
males and two females in each group) were utilized for the study. The 
weight range was 9.4-12.3 kg for the males and 7.9-9.6 kg for the females. 
The dogs were assigned to groups using a table of random numbers. They 
were housed individually in a room maintained at 21-24’, with a 12-hr 
on/off light cycle. Food3 (250-300 g) was offered to  each dog daily, -30 
min after the last dose; water was available ad libitum. 

Drug solutions, made prior to each dose, were administered twice daily 
(-5 hr apart) over a 5-min period with an infusion pump4 calibrated using 
the specific syringes, solutions, and tubing employed. Doses, adjusted 
to the body weight twice a week, were administered according to the 
schedule shown in Table I. The concentration of the piperacillin solution 
in sterile water for injection, expressed as free acid, was 250 mg/ml. The 
gentamicin solution was made in concentrations of 1 and 2 mg/ml (ex- 
pressed as base equivalent activity) using sterile isotonic saline. For dogs 

2 Marshall Research Animals, North Rose, N.Y. 
3 Respond 2000, Country Foods Div., A way, Hauppauge, N.Y. 
4 Model 355, Sage Instrument, Cambrifge, Mass. 
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Table I-Dosing Schedule of Animals Administered Intravenous Piperacillin and  Gentamicin Alone or in Combination 

Number 
Dose, mg/kg BID Samples Collected Day of Collection of Doses 

Group" Piperacillin Gentamicin Animal Sex Serum Urine Serum Urine Administeredb 

2 500 0 015945 M X X 2,37 5,6,34, 35 73 

015998 F X X 2, 37 5,6,34,35 73 
015966 M - X - 5,6,34,35 71 

016024 F - X - 5,6,34, 35 71 
3 0 

4 0 

5 500 

6 500 

2 015943 
015956 
015994 
016022 

4 015937 
015952 
016006 
016021 

2 015963 
015965 
016007 
016014 

M X 
M - 

F X 
F 
M X 
M - 
F X 
F 
M X 
M - 

F X 
F - 

- 

- 

X 3, 37 5,6,34, 35 
X - 5,6,34, 35 
X 3, 37 5,6,34, 35 x - 5,6,34, 35 
X 1, 36 5,6,34, 35 
X - 5,6,34, 35 
X 1,36 5,6,34, 35 
X - 5,6,34, 35 
X 2,37 5,6,34, 35 
X - 5,6,34,35 
X 2,37 5,6,34,35 
X - 5,6,34, 35 

73 
71 
73 
71 
73 
71 
73 
71 
73 
71 
73 
71 

4 015917 M X X 1,36 5,6, 34, 35 73 

0 16005 F X X 1,36 5.6.34, 35 73 
015953 M - X - 5,6,34, 35 71 

016015 F - X - 5.6.34. 35 71 
~ 

a Group 1 is not included as the dogs received no drug and served only as control for the toxicological evaluation. * No dose was administered on day 13 and in the evening 
of day 14 for reasons which were not drug related. 

Table 11-Mean Serum Concentrations of Piperacillin Following Intravenous Administration Alone or in Combination with 
Gentamicin a 

Dose of Dose of 
Piperacillin, Gentamicin, Mean Serum Concentration, pg/ml 
mg/kg BID mg/kg BID Phase 5 min 10 min 20 min 40 rnin 60 rnin 120 rnin 240 rnin 

500 0 1 2475 1825 1305 715 530 167 13 
2 4200 2188 1380 775 615 154 17 

500 2 1 2475 1514 1145 855 510 165 15 
2 2650 1625 1005 780 533 137 18 

500 4 1 2700 1763 1325 870 613 179 17 
2 3000 1870 1410 965 825 232 26 

0 n = 2 for each group. 

that received both drugs, the solutions of piperacillin and gentamicin were 
prepared independently and mixed in the infusion flow during admin- 
istration, as illustrated in Fig. 1. 

Serum samples were obtained from one dog per sex-group prior to the 
infusion and a t  5 (end of the infusion), 10,20,40,60,120, and 240 min 
following the commencement of the infusion during the first (phase I) 
and last (phase 2) week of dosing. Urine samples (0-24 hr) were collected 
for 2 consecutive days from all dogs during the first and last weeks of the 
study. 

Antibiotic Assay-Antibiotic concentrations were determined by the 
disk diffusion method. The assays for piperacillin were performed with 
Sarcina lutea ATCC 9341 (indicator organism) grown on antibiotic 
medium No. l5 to which 0.6% sodium polyanetholesulfonate was added 
to inhibit gentamicin activity (5). This concentration of sodium poly- 
anetholesulfonate was sufficient to inactivate 50 pg/ml of gentamicin in 
the solutions containing 2.5-0.16 pg/ml of piperacillin used for the 
standard curve. The recovery from samples of known piperacillin con- 
centration, alone or combined with gentamicin, was 95-108%; the limit 
of detection was 0.16 pg/ml. 

The assays for gentamicin were performed with Bacillus subtilis ATCC 
6633 grown on mycin agar5 to which 1000 kinetic units of pencillinasee 
were added per milliliter of medium to inactivate the piperacillin. This 
concentration of the enzyme was sufficient to inactivate >440 pg/ml of 
piperacillin in the solutions containing 2.54.16 pg/ml of gentamicin used 
for the standard curve. Samples were diluted to the range of concentra- 
tions in the standard curve. The recovery from samples of known gen- 
tamicin concentration, alone or combined with piperacillin, was 96-107% 
the limit of detection was 0.16 pg/ml. All samples were assayed twice, and 
the precision of the assays was f15%. 

Pharmacokinetic Analysis-Pharmacokinetic analysis of the data 

was performed using the digital computer program AUTOAN (6) in 
conjunction with the nonlinear regression analysis program NONLIN 
(7). The serum concentrations were weighted according to the square of 
their reciprocals. The excretion rate constant (k,) was computed 
using: 

u=k,  X"  
Dose K,1 

where X; is the amount of unchanged drug excreted in the urine and K,1 
is the overall elimination rate constant of the drug. Renal clearance was 
estimated by multiplying k, by the volume of distribution of the central 
compartment. The other pharmacokinetic parameters were obtained by 
previously published pharmacokinetic equations (8). 

Statistical Methods-The pharmacokinetic model parameters were 

Difco Laboratories, Detroit, MI 48201. 
Baltimore Biological Laboratory, Cockeyaville, MD 21050 

Figure 1-Apparatus used to combine the piperacillin and gentamicin 
doses during infusion. 
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Table 111-Mean Serum Concentration of Gentamicin Following Intravenous Administration Alone or in Combination with 
Piperacillin 

Dose of Dose of 
Piperacillin, Gentamicin, Mean Serum Concentration, pg/ml 
mg/kg BID mg/kg BID Phase 5 min 10 min 20 min 40 rnin 60 rnin 120 min 240 rnin 

0 2 

0 4 

500 2 

500 4 

1 
2 

9.6 
12.4 

6.0 
7.7 

4.4 2.8 
6.2 5.1 

1 25.5 18.4 12.9 9.7 
2 29.0 19.6 12.9 8.6 
1 8.1 6.7 5.0 3.5 
2 7.7 6.2 4.6 3.9 
1 17.9 15.3 12.1 8.9 
2 15.4 10.9 8.6 7.5 

2.2 1.1 0.5 
3.4 1.9 0.8 
7.3 3.5 1.0 
6.8 3.4 1.0 
2.5 1.2 0.4 
3.0 1.6 0.5 
6.9 3.6 1.3 
5.9 3.8 1.3 

n = 2 unless otherwise noted. n = 1; data from dog 016007 (female) was rejected as an outlier. 

Table IV-Mean Pharmacokinetic Parameters  of Piperacillin and  Gentamicin 

Dose, Half-life, min vc, Vd , Vd,, Clearance, ml/min k ut 
Drug mg/kg BID Phase CY P ml/kg m l h g  ml/kg Body Renal min-' 

Piperacillina 500 1 3.9 32.8 154 256 236 50 22 0.016 
2 3.2 35.6 87 263 219 47 21 0.026 

2 4.1 70.7 123 307 280 30 19 0.015 
Gentamicinb 2 o r 4  1 5.4 70.1 163 391 347 36 18 0.011 

O n  = 2. n = 4. 

Table V-Effect of t h e  Piperacillin-Gentamicin Combination on the Pharmacokinetics of Piperacillin 

Dose, mg/kg BID Half-life, min V,, V d ,  Vd,, Clearance, ml/min k , ,  
Pineracillin Gentamicin Phase CY B ml/ke ml/ke ml/ke Bodv Renal min-' AUC. uprninlml 

500 0 1 3.9 32.8 154 256 236 50 22 0.016 96.918 
2 1.2 34.8 121 320 302 57 31 0.029 94,134 
4 1.5 34.9 128 314 295 58 32 0.027 105,624 

500 0 
2 
4 

2 3.2 
2.8 
4.8 

35.6 
37.1 
37.8 

87 
138 
145 

263 
351 
254 

219 
312 
234 

47 
59 
43 

21 
13 
13 

0.026 
0.011 
0.013 

113,086 
90,823 

124,870 

a n = 2 .  

Table VI-Effect of the Piperacillin-Gentamicin Combination on the Pharmacokinetics of Gentamicin * 

Dose, mg/kg BID Half-life, min V,, V d ,  Vd,, Clearance, ml/min k, ,  
Gentamicin PiDeracillin Phase Q B ml/kp ml/kg ml/kp Body Renal min-' AUC,upmin/ml 

2 0 1 5.6 76.5 187 504 440 43 20.9 0.012 425 
5006 14.2 76.8 258 486 407 41 1.5 0.0006 468 

4 0 5.1 63.7 139 278 255 30 14.3 0.010 1318 
500 10.9 79.9 266 419 378 34 1.5 0.0008 1242 

2 0 2 3.1 74.7 126 303 285 27 16.2 0.015 660 
500 4.2 71.4 245 402 387 35 2.3 0.001 523 

4 0 5.1 66.7 121 311 274 33 22.1 0.014 1293 
500 2.9 81.4 209 430 413 34 7.4 0.004 1090 

~~ 

a n = 2 unless otherwise noted. n = 1; data from dog 016007 (female) was rejected as an outlier. 

subjected to three separate ANOVA to compare the pharmacokinetics 
of piperacillin with gentamicin, determine the effects of gentamicin on 
piperacillin pharmacokinetics, and determine the effects of piperacillin 
on gentamicin pharmacokinetics. The first analysis included animals that 
received only one drug. The effects tested were drug, phase, and the drug 
by phase interaction; the dose level of gentamicin was not considered. 
The second analysis included animals that  received 500 mg/kg of pip- 
eracillin, alone or in combination with gentamicin a t  either 2 or 4 mg/kg. 
The effects tested were dose level of gentamicin, phase, and the inter- 
action between dose level and phase. The final analysis included animals 
that received gentamicin at  either 2 or 4 mg/kg, alone or in combination 
with 500 mg/kg of piperacillin. The effects tested were dose levels of both 
drugs, phase, and all interactions. Homogeneity of variance within the 
male and female dogs was assumed. 

RESULTS AND DISCUSSION 

The mean serum concentrations attained following administration of 
500 mg/kg of piperacillin and 2 or 4 mg/kg of gentamicin (alone or in 
combination) during phase 1 (day 1,2, or 3) and phase 2 (day 36 or 37) 
are shown in Tables I1 and 111. Following administration of 500 mg/kg 

of piperacillin alone, the mean serum concentration a t  the end of the 
infusion in phase 1 was 2475 pg/ml; after 5 min, it declined rapidly and 
biexponentially. The mean serum concentrations at 10,20,40,60, 120, 
and 240 min after administration were 1825,1305,715,530,167, and 12.5 
pglml, respectively. In phase 2, no detectable levels of piperacillin were 
present before the start of the infusion. At the end of the infusion, the 
serum concentration was 4200 pg/ml, a level higher than seen in phase 
1. After 5 min, serum concentrations were about the same magnitude as 
observed in phase 1. Simultaneous administration of gentamicin did not 
change the serum piperacillin levels to any significant extent. 

Following 2 mg/kg of gentamicin alone, the serum concentration at  the 
end of the infusion in phase 1 was 9.6 pg/ml; after 5 min, it declined in 
a biexponential manner. The respective serum levels at 10,20,40,60,120, 
and 240 min were 6.0,4.4,2.8,2.2,1.1, and 0.5 pg/ml. In phase 2, no de- 
tectable levels of gentamicin were present before the start of the infusion. 
At the end of the infusion, the serum level was 12.4 pg/ml and was higher 
than that in phase 1. Following the 4-mg/kg dosage regimen, the serum 
levels in both phases 1 and 2 were about two- to threefold the corre- 
sponding serum levels observed following the 2-mg/kg dosage reg- 
imen. 

The time course of both piperacillin and gentamicin in the dog serum 
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Table VII-Percentage of Dose Excreted in the Urine Following 
Intravenous Administration of Piperacillin Alone o r  in 
Combination with Gentamicin 

Table  VIII-Percentage of Dose Excreted in the Urine 
Following Intravenous Administration of Gentamicin Alone o r  
in Combination with Piperacillin 

Mean" Percent of Mean" Percent of 
Dose, mg/kg BID Dose Excreted Dose, mg/kg BID Dose Excreted 

Pioeracillin Gentamicin Animal Phase 1 Phase 2 Pioeracillin Gentamicin Animal Phase 1 Phase 2 

500 

500 

500 

0 015945 45.20 39.73 0 
015998 42.44 49.70 
015966 16.52b 1.56b 
016024 50.53 30.10 
Mean 46.06 39.84 

015963 57.74 18.61 ~~ ~~ . ~ ~ ~ . .  

016007 51.09 24.45 
015965 60.51 26.55 
016014 55.39 37.13 

015917 51.57 10.21 
016005 59.08 49.88 
015953 49.47 39.03 
016015 58.92 24.54 
MeanC 55.47 28.81 

500 

2 015943 63.88 60.40 
015994 32.66 59.05 
015956 52.24 68.52 
016022 61.80 43.37 

4 015937 51.01 49.00 
016006 43.83 57.34 
015952 56.89 84.62 
016021 67.83 54.41 
Mean 53.77 59.59 

2 015963 3.71 5.17 
016007 5.15 8.13 
015965 0.83 17.72 
016014 2.58 12.55 

4 015917 1.11 20.06 
016005 9.25 23.33 
015953 4.88 6.25 

0 Mean of two 0-24-hr collections from 2 consecutive days. Values of 16.52 and 016015 6.67 14.02 
Mean 4.28 13.41 

1.56 are considered outliers and were not used in calculating the mean. Mean of 
2- and 4-mgjkg dose levels together. 

could be described by a two-compartment open model. The relevant 
mean pharmacokinetic parameters estimated based on this model are 
given in Table IV. Table V shows the effect of gentamicin administration 
on the pharmacokinetics of piperacillin; Table VI shows the effect of 
piperacillin administration on the pharmacokinetics of gentamicin. 

The pharmacokinetic parameters, except the volume of distribution 
of the central compartment (VJ, of both of the drugs in phase 2 were not 
different from those in phase 1. Even though V, dropped significantly 
in phase 2, no statistically significant change was observed either in the 
volume of distribution a t  steady state (Vd,) or the overall volume of 
distribution, Vd. The reason for the lower V, in the second phase is not 
known. 

Since the two drugs were given in combination, it was considered of 
interest to compare the pharmacokinetics of piperacillin with that of 
gentamicin. Based on data from both phases, the half-life of piperacillin 
was 34 min, the body and renal clearances were 49 and 22 ml/min, re- 
spectively, and the volume of distribution a t  steady state was 228 mlkg. 
The corresponding values for gentamicin were 70 min, 33 and 19 ml/min, 
and 314 ml/kg, respectively. Compared with gentamicin, piperacillin had 
a shorter half-life and a larger body clearance. There were no statistically 
significant differences in the volume of distribution nor in the renal 
clearance of the two drugs. 

The percentages of the piperacillin and gentamicin doses excreted in 
the urine are given in Tables VII and VIII, respectively. The excretion 
data of dog 015966 were not used in averaging because of the exceptionally 
low values obtained: these values are considered to be outliers7. When 
piperacillin was administered alone, -46% of the dose was recovered in 
0-24 hr during phase 1 and -40% in phase 2. The two urinary recoveries 
were not statistically different ( p  > 0.05). These recoveries remained 
unaffected when gentamicin was administered concurrently ( p  > 0.05). 
Following administration of gentamicin alone, -54% of the dose was 
excreted in the urine in 0-24 hr in phase 1 and -60% in phase 2; again, 
no statistical differences were observed between the two recoveries ( p  
> 0.05). Simultaneous administration of piperacillin reduced ( p  < 0.05) 
the phase recovery by 92% (from 53.8 to 4.3) and the phase 2 recovery by 
78% (from 59.6 to 13.4). 

Gentamicin did not affect the pharmacokinetics of piperacillin to any 
large extent, nor were the pharmacokinetics of gentamicin changed sig- 
nificantly when piperacillin was administered simultaneously. The serum 
levels, area under serum concentration-time curve (AUC), body clear- 
ance, and half-life of gentamicin were not affected by the combination. 
However, the urinary recovery of gentamicin decreased significantly when 
it was coadministered with piperacillin. 

The similarity of the pharmacokinetic parameters of gentamicin ad- 
ministered alone or in combination with piperacillin clearly indicate that 
the interaction between piperacillin and gentamicin occurred after ex- 
cretion, i .e.,  either in the urinary bladder or the collection container. The 

~~~ 

Inclusion of data of this animal in the analysis did not affect the results or 
conclusions. 

Mean of two 0-24-hr collections from 2 consecutive days. Mean of 2- and 4- 
mg/kg dose levels together. 

in uitro inactivation of aminoglycoside antibiotics by 6-lactam antibiotics 
has been documented (2-4,9,10). I t  has been proposed (3,9) that the two 
interact to form a biologically inactive conjugate linked between the 
amino group of the aminoglycoside and the 8-lactam ring of the penicillin. 
Piperacillin in high concentrations has been shown to inactivate genta- 
micin in serum in uitro, but less rapidly than carbenicillin (11). It has also 
been shown that the inactivation of gentamicin proceeds at  a much faster 
rate in saline or distilled water than in serum (9). Since both piperacillin 
and gentamicin are excreted in the urine rapidly and in high concentra- 
tions, the interaction could take place in the urinary system, especially 
if voiding does not occur for a long time. Inactivation of gentamicin by 
piperacillin either during infusion or in uiuo would have resulted in an 
area under the gentamicin serum concentration-time curve lower than 
that in dogs given gentamicin alone. Statistically, there was no difference 
between the AUC values. Thus, the drop seen in the excretion rate con- 
stant and the renal clearance is probably an artifact of the computation 
process since the equation to calculate these parameters utilizes the 
amount of unchanged drug excreted in the urine. Results very similar to 
ours were observed by Waitz and coworkers (3) with carbenicillin. They 
showed that an intravenous administration of carbenicillin had no effect 
on gentamicin serum levels in dogs, but did result in reduced urinary 
excretion of gentamicin. Young et al. (4) have also investigated the in- 
activation of gentamicin by carbenicillin. In dogs whose urine flow was 
obstructed surgically, they were able to demonstrate that an interaction 
between carbenicillin and gentamicin could take place in the urinary 
bladder. 

An in uitro study was conducted to confirm the interaction of the two 
drugs in urine. Piperacillin and gentamicin, alone and in combination, 
were incubated in dog urine a t  37" a t  approximately the same concen- 
tration levels as were encountered in the urine of dogs receiving pipera- 
cillin or gentamicin alone. Aliquots of urine were removed a t  predeter- 
mined intervals and assayed for piperacillin and gentamicin activity 

Table IX-Concentrations of Piperacillin and Gentamicin in 
Dog Urine as a Function of Time Following Incubation at 37" 
Either Alone o r  i n  Combination 

~~ ~ 

Concentration in Urine, pg/ml 
Time, Piperacillin Gentamicin 

hr Alone In Combination Alone In Combination 

0 4270 5120 69.9 60.4 
0.5 4350 4790 67.8 47.0 
1 4070 4820 65.4 48.8 
2 4120 4730 64.9 48.4 
4 4110 4670 34.7" 40.7 
6 4050 4920 64.0 35.2 
8 4020 4630 64.2 32.1 

a An apparent outlier. 
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(Table IX). There was no loss in piperacillin activity whether incubated 
alone o r  with gentamicin; however, a 47?h loss of the initial activity of 
gentamicin was noted when it was incubated with piperacillin. The data 
clearly demonstrate that interaction between the two drugs in urine is 
feasible. 
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Abstract 0 This paper describes the possible utility of plasma lipo- 
proteins for the site-specific delivery of diagnostic agents. The class of 
lipoproteins known as chylomicrons was selected for this preliminary 
study, since they are known to be rapidly metabolized and taken up by 
the liver. Cholesteryl iopanoate (II), an iodinated analogue of a normal 
constituent of the hydrophobic core of chylomicrons, was synthesized 
from cholesterol and iopanoic acid (I) and subsequently radiolabeled with 
ioidine-125. Whereas intravenous administration of I1 in physiological 
saline resulted in the appearance of -31% of the dose in the liver a t  0.5 
hr, prior incorporation of I1 into chylomicrons resulted in an almost 
threefold (87%) increase in the liver accumulation of I1 in the same time 
period. A more gradual appearance of I1 in steroid-secreting tissues was 
consistent with the association of I1 with high-density lipoproteins fol- 
lowing administration. 

Keyphrases 0 Chylomicron-remnants as carriers for hepatographic 
agents, potential tumor- or organ-imaging agents 0 Tumor-imaging 
agents-potential, chylomicron remnants as carriers for hepatographic 
agents 0 Organ-imaging agents-potential, chylomicron remnants as 
carriers for hepatographic agents 

The early detection of small metastatic lesions in the 
liver has been a long-term goal of radiology and nuclear 
medicine. Among the noninvasive diagnostic approaches, 
radionuclide scintiscanning, ultrasonography, and com- 
puted tomography (CT) have all enjoyed variable success 
(1). Over the past several years, one of the goals of this 
laboratory has been to devise approaches for the selective 
delivery of radiopharmaceuticals or radiopaque agents to 
the liver on the premise that specific uptake of these agents 
in either normal or abnormal tissue will significantly im- 
prove image resolution of small lesions. While others have 
employed liposomes as delivery vehicles for radiophar- 
maceuticals (2) and radiopaque contrast agents (3), the 

focus of this study is on those naturally occurring macro- 
molecules responsible for the transport of lipophilic sub- 
stances in the plasma-the lipoproteins. 

It has been known for many years that the liver plays a 
major role in lipoprotein catabolism. This is especially true 
for the class of lipoproteins known as chylomicrons (4,5). 
The chylomicrons are synthesized in the intestinal mucosa 
during fat absorption and are responsible for the transport 
of dietary fats to sites of utilization and storage. Struc- 
turally they are the largest (800-5000 A) and the lightest 
(<0.95 g/ml) of the lipoproteins, and consist of an apolar 
core of lipid surrounded by a phospholipid monolayer (Fig. 
1). The lipophilic core is composed of triglycerides and 
cholesteryl esters. Free cholesterol and apoproteins are 
associated with the outer phospholipid membrane. 

Once in the circulation, these native chylomicrons are 
acted on by tissue lipoprotein lipase, the enzyme respon- 
sible for hydrolyzing triglycerides and providing free fatty 
acids for cellular metabolism. The resulting triglyceride- 
depleted, cholesteryl ester-enriched chylomicrons are re- 
ferred to as chylomicron remnants. In humans, these 
smaller remnants (300-800 A) are rapidly taken up by the 
liver, and their plasma half-life is in the range of 4-5 min 
(6). 

The uptake of chylomicron remnants by liver cells has 
been shown t o  occur by a saturable high-affinity process, 
suggesting the existence of receptors on the surface of liver 
cells capable of specificially binding these particles (7,8). 
Moreover, the presence of apoprotein E on the surface of 
the remnants has been shown to be important for the 
recognition and uptake of these particles (9,101. 
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(Table IX). There was no loss in piperacillin activity whether incubated 
alone o r  with gentamicin; however, a 47?h loss of the initial activity of 
gentamicin was noted when it was incubated with piperacillin. The data 
clearly demonstrate that interaction between the two drugs in urine is 
feasible. 
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prove image resolution of small lesions. While others have 
employed liposomes as delivery vehicles for radiophar- 
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focus of this study is on those naturally occurring macro- 
molecules responsible for the transport of lipophilic sub- 
stances in the plasma-the lipoproteins. 

It has been known for many years that the liver plays a 
major role in lipoprotein catabolism. This is especially true 
for the class of lipoproteins known as chylomicrons (4,5). 
The chylomicrons are synthesized in the intestinal mucosa 
during fat absorption and are responsible for the transport 
of dietary fats to sites of utilization and storage. Struc- 
turally they are the largest (800-5000 A) and the lightest 
(<0.95 g/ml) of the lipoproteins, and consist of an apolar 
core of lipid surrounded by a phospholipid monolayer (Fig. 
1). The lipophilic core is composed of triglycerides and 
cholesteryl esters. Free cholesterol and apoproteins are 
associated with the outer phospholipid membrane. 

Once in the circulation, these native chylomicrons are 
acted on by tissue lipoprotein lipase, the enzyme respon- 
sible for hydrolyzing triglycerides and providing free fatty 
acids for cellular metabolism. The resulting triglyceride- 
depleted, cholesteryl ester-enriched chylomicrons are re- 
ferred to as chylomicron remnants. In humans, these 
smaller remnants (300-800 A) are rapidly taken up by the 
liver, and their plasma half-life is in the range of 4-5 min 
(6). 

The uptake of chylomicron remnants by liver cells has 
been shown t o  occur by a saturable high-affinity process, 
suggesting the existence of receptors on the surface of liver 
cells capable of specificially binding these particles (7,8). 
Moreover, the presence of apoprotein E on the surface of 
the remnants has been shown to be important for the 
recognition and uptake of these particles (9,101. 
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The parenchymal cells, which comprise the majority of 
cells in the liver, have been shown to be the most intimately 
involved in the clearance of chylomicron remnants from 
the circulation (11, 12). Of particular interest was the 
finding that remnant-incorporated cholesteryl esters are 
not taken up to any significant extent by nonparenchymal 
cells (Kupffer and endothelial) of the rat liver (13). Since 
radioactive colloids currently used for imaging of liver 
function are phagocytized by Kupffer cells, chylomicron 
remnants offer an alternate mechanism for the localization 
of imaging agents in the liver. 

Since cholesteryl esters are a major constituent of chy- 
lomicron remnants, it seemed reasonable that incorpora- 
tion of polyiodinated esters of cholesterol into remnant 
vesicles could give rise to a new class of hepatographic 
agents. The iodine of these polyiodinated esters would 
confer sufficient electron density to serve as radiopaques, 
or the iodine could be substituted with any one of its var- 
ious radioisotopic forms (e.g. ,  iodine-123) for radionuclide 
imaging. To test this hypothesis, iopanic acid (I), an es- 
tablished cholecystographic agent was esterified with 
cholesterol to afford the highly lipophilic cholesteryl io- 
panoate (11). This new ester was then labeled with io- 
dine-125 to assist in the measurement of chylomicron in- 
corporation and subsequent tissue distribution analysis. 

I 

-1 0 
H2N 

1. R =  H = I O P A N  O I C  A C I D  

EXPERIMENTAL' 

Cholesteryl Iopanoate (11)-A solution of iopanoic acid (I, 571 mg, 
1 mmole) and 1,l'-carbonyldiimidazole (170 mg, 1.05 mmoles) in dry 
tetrahydrofuran (5 ml) was heated at reflux for 10 min. Cholesterol (425 
mg, 1.1 mmoles) was added along with a catalytic amount of sodium hy- 
dride. The mixture was stirred at  room temperature for 1 hr, whereupon 
the solvent was removed using a rotatory evaporator. Water (10 ml) was 
carefully added to the residue and the mixture was extracted with ben- 
zene. The benzene extracts were combined, the solvent was removed 
under reduced pressure, and the residue was chromatographed on silica 
gel (benzene). The fractions containing the ester were combined, the 
solvent was removed under reduced pressure, and the residue was crys- 
tallized from ethanol-water to give 11, mp 128-130' (dec) in 58.5% yield. 
IR(KBr): 3465,3370, and 1738 cm-'; 'H-NMR 4.8 (m, 3 H), 4.85 (s, NHd, 
5.45 (m,  6 vinyl H), and 8.15 ppm (s, Ar 1 H). 

Anal.-Calc. for C38H&N02: C, 48.58; H, 6.01; I, 40.52. Found: C, 
48.71; H, 5.97; I, 40.23. 

Isotope Exchange of 11-The ester (5 mg) and acetamide (100 mg) 
were placed in a flask containing M NH.+CI (1.0 eq based on the 

1 NMR spectra were obtained on a Varian EM360A spectrometer in CDCL3 
containing tetrarnethylsilane as an internal reference. IR spectra were taken in KBr 
pellets on a Perkin-Rlmer 281 spectrophotometer. Elemental analyses were er 
formed hy Midwest Mirrolab, Ltd., Indianapolis, Ind. TIC was performet on 
Eastrnan polyethylene-backed silica gel plates with a fluorescent indicator. Cho- 
lesterol and 1,l'-carhonyldiirnidazolde were obtained from the Aldrich Chemical 
Co., Milwaukee, Wis. Iopanoic acid was a gift from the Sterling-Winthrop Research 
Institute, Rensselaer. N.Y. Sodium iodide- 125 was purchased from Union Carbide, 
Tuxedo, N.Y. Polysorhate 20 (Tween 20) was obtained from Sigma Chemical Co., 
St. Louis, Mo. Rats were obtained from Spartan Research Animals, Inc., Haslett, 
Mich. Rat food was purchased from Ralston Purina Co., St. Louis, Mo. Agarose gel 
(Biogel A-50M) was obtained from Bio-Rad Laboratories, Richmond, Calif. 

ESTERS 

Figure I-General structure of a plasma lipoprotein. 

amount of pH 9 Nalz5I solution to be added) and M Na2S207 
(1.3-1.5 eq based on Iz5I- with a specific activity of 2.5 X lo9 mCi/mole). 
NalZ5I (15 mCi) was added and rinsed in with acetone (0.15 ml). The flask 
was heated a t  170' under a slight positive nitrogen pressure for 1 hr to 
evaporate the acetone and water present. Heating a t  170' was continued 
for an additional 12 hr, and the flask was allowed to cool. The solid residue 
was dissolved in benzene, washed with water, and chromatographed on 
silica gel with benzene to afford [12s1]lII (3 mg; 2.4 mCi). Radiochemical 
purity was established by TLC with unlabeled ester as the standard: R f  

Animals-Sprague-Dawley rats (200-250 g), maintained on a stan- 
dard rat food, were used for all studies. They were housed in temperature- 
and light-controlled quarters and had free access to food and water. 

Isolation of Chylomicrons-To maximize the yield of chylomicrons 
from blood samples, the animals were given corn oil intragastrically (2 
ml) three times a t  3-hr intervals with a fourth dose (3 ml) administered 
20 min prior to exsanguination. Blood was drawn by cardiac puncture 
in heparinized evacuated tubes2 while the rats were under ether anes- 
thesia (each rat gave approximately 6 ml of blood). The blood was im- 
mediately centrifuged at  3000 rpm for 10 min a t  4" to separate plasma 
from packed cells. The plasma was divided into 6.25-m1 fractions and 
layered beneath an equal volume of 0.15 M NaCl solution containing 
0.002 M EDTA [(ethylene dinitri1o)tetraacetic acid] in cellulose nitrate 
tubes. These tubes were placed in an ultracentrifuge3 with a Type 40 rotor 
and spun at  37,000 rpm (114,OOOXg) a t  12" for 20 hr. The top, milky 
white, flocculant layer containing the chylomicrons was carefully sepa- 
rated from the remaining solution and stored a t  4'. Lipid analysis of this 
fraction showed it to contain 281 meq/liter of triglycerides and 15.5 
meqhiter of cholesterol4. 

Chylomicron Incorporation-Radioiodinated I1 (2.0 mg, 420 pCi) 
was dissolved in benzene (1 ml) to which was added polysorbate 20 (0.2 

0.50 (CsH6); Rf 0.08 (CC14). 

 LIVER 

I 
n 

rr . I  

0.25 0.5~ 1 .o 24 
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Figure %--Tissue distribution of radioactiuity following administration 
of chylomicrons labeled with [1251]cholestery/ iopanoate as a function 
of time. 

2 Vacutainer; Bectin, Dickinson and Co. 

4 Analysis provided hy Dr. Walter Block of the University of Michigan School 
Beckrnan LS200. 
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Table I-Distribution of Radioactivity 0.5 and  24 hr a f t e r  
Intravenous Administration of Cholesteryl [1Z51]Iopanoate in 
Polysorbate 20-Saline Vehicle or Chylomicrons 

Table  11-PAGEP Analysis of Rat Plasma at Various Times 
Postinjection of Cholesteryl [ L251]Iopanoate in Polysorbate 20- 
Saline o r  Incoroorated into Chylomicron Remnants 

~~ 

9'0 Administered Dose/g of Tissue f SEM 
Polysorbate 20-Saline Chylomicrons 

Tissue 0.5 hrn 24 hr" 0.5 hrb 24 hrb 

Adrenal 4.903 f 0.718 11.029 f 2.172 1.293 f 0.126 1.921 f 0.207 

Blood 0.696 f 0.048 0.062 f 0.008 0.231 f 0.047 
Liver 4.035 0.543 6.587 f 0.316 9.220 f 0.251 9.151 f 0.315 
T.iine 1.340 f 0.126 0.599 f 0.078 0.286 f 0.062 0.252 f 0.050 

cortex 
5.191 f 0.441 

_ _  
OvaFy 5.161 f 0.716 24.542 2 2.964 0.118 f 0.019 3.464 f 0.773 
Plasma 10.369 f 0.862 1.345 f 0.082 0.133 f 0.027 0.388 f 0.104 
Soleen 0.777 f 0.073 2.001 f 0.134 3.136 f 0.447 2.735 f 0.344 
Thyroid 0.868 f 0.098 3.571 f 0.218 0.075 f 0.014 1.319 f 0.317 

" N  = 5 .  *N = 4. 

ml). This mixture was vortexed and the benzene evaporated. Physio- 
logical saline (1.0 ml) was added, and the solution was vortexed for 5 min. 
This solution was added to the chylomicron suspension (2.5 ml) in an 
Erlenmeyer flask, and the mixture was incubated in a water bath a t  37' 
with shaking for 24 hr. At the end of the incubation period, an aliquot was 
taken for radioactivity determination and the remainder was placed on 
an agarose-gel (1.5 X 90 cm) column. The column was eluted with 0.20 
M NaCl solution containing 0.002 M EDTA and 0.02% sodium azide. The 
column was run a t  a flow rate of 2.5 ml/min, the fractions were collected 
in a fraction collector5 (150 dropdtube). The fractions were assayed for 
optical density (280 nm) and radioactivity6 (50-pl aliquots) (Fig. 3). The 
fractions in the void volume were pooled, concentrated to a final volume 
of 13 ml in an ultrafiltration unit', and analyzed for total radioac- 
tivity. 

Tissue Distribution-Rats were injected with radiolabeled chylo- 
microns (0.6 ml, 2.5 pCi per animal) intravenously through the tail vein. 
Groups of four animals were sacrificed by cardiac puncture under ether 
anesthesia a t  0.25, 0.5, 1.0, and 24 hr. The tissues were excised, placed 
in preweighed cellulose acetate capsules, weighed, and assayed for ra- 
dioactivity as previously described (14). The tissue concentrations a t  0.5 
and 24 hr are tabulated in Table I; the results for five key tissues are 
graphed in Fig. 2. 

Tissue Extraction-Adrenal, liver, and plasma were extracted ac- 
cording to the method of Folch et al. (15). The percentage of radioactivity 
in the aqueous and organic phases was measured. The organic phase was 
streaked on a TLC plate and chromatographed using a petroleum 
etherdiethy1 ether (7:2) system. The TLC plates were sliced and counted 
in a y-counter to determine the amount of original ester remaining in the 
tissues. 

Polyacrylamide Gel Electrophoresis (PAGE)-PAGE analysis of 
plasma samples was performed according to the method of Narayan et 
al. (16). as previously described (17). The amount of radioactivity asso- 
ciated with each lipoprotein class was determined by sectioning the gels 
and counting each section in a y-counter. The radioactivity associated 
with each lipoprotein class was expressed as a percentage of the total 
radioactivity applied to the gel (Table 11). 

RESULTS AND DISCUSSION 

As has been shown in previous papers in this series (18,19), cholesterol 
is efficiently esterified by acid imidazolides. Using this mild procedure, 
cholesteryl iopanoate (11) was obtained in 58.5% yield from cholesterol 
and iopanoic acid. This product was readily radioiodinated with io- 
dine-125 by using the isotope exchange method in acetamide (19). 

Incorporation of I1 into chylomicron remnants also proved successful. 
Similar to previous studies (20) with radiolabeled cholesteryl oleate, I1 
was found to diffuse from the saline solution into the lipophilic core of 
the chylomicrons during incubation. Incorporated ester was readily 
separated from unincorporated ester by gel filtration. The elution profile 
exhibited two peaks when assayed for radioactivity and absorbance a t  
280 nm (Fig. 3). Since the molecular mass exclusion limit of the gel was 
50 X lo6 daltons and the approximate molecular mass of chylomicrons 
is -200 X 106 daltons, the radioactivity appearing in the void volume 
represented I1 associated with chylomicrons and the radioactivity in the 
later fractions represented unincorporated ester. Extraction of the labeled 

LKB 2070 Ultra Rac 11. 
Searle 1185 y-Counter (84.5% efficiency). 
Diaflo YM-30; Amicon Corporation. Lexington, Mass 

Total Radioactivity in Gel, % 
0 hrd 0.25 hr 0.50 hr 1.00 hr 24 hr Preparation RegionC 

Polysorhate 20- Stacking gel 80.0 - 1.1 - 5.1 
Saline VLDLLDL 16.8 - 23.5 - 27.2 

HDL/albumin 2.2 - 75.2 - 66.7 
Below albumin 1.0 - 0.2 - 0.9 

Chylomicron Stacking gel 97.0 90.6 38.2 40.6 32.4 
remnants VLDLLDL 0.8 5.7 21.2 18.4 15.3 

HDL/albumin 1.1 2.4 21.2 22.3 35.2 
Below albumin 1.1 1.3 19.4 18.7 17.1 

,I PAGE is polyacrylamide gel electrophoresis. n = 3-5. LDL = low-density 
Analysis of dose prior to administration. lipid; HDL = high-density lipid. 

chylomicrons and TLC analysis of the extract demonstrated that all of 
the radioactivity was still associated with 11. Moreover, PAGE analysis 
was consistent with incorporation of I1 into chylomicrons. The overall 
process is outlined in Fig. 4. Following this procedure, -40% of I1 was 
incorporated into chylomicron remnants. 

The disposition of I1 administered in saline was compared with I1 ad- 
ministered in chylomicron remnants. The tissue distribution of radio- 
activity a t  0.5 and 24 hr after intravenous administration of these two 
preparations is summarized in Table I. When the ester was given in saline, 
high levels of radioactivity remained in the plasma a t  0.5 hr. Plasma levels 
declined with time and a t  24 hr, the adrenal and ovaries were the tissues 
containing the highest concentration of radioactivity. Lipid extraction 
and TLC analysis of these tissues demonstrated that the radioactivity 
was still associated with cholesteryl iopanoate. 

Administration of I1 incorporated into chylomicron remnants, on the 
other hand, led to a marked increase in the amount of ester reaching the 
liver within 0.5 hr. Based on organ weights, -87% of I1 was present in the 
liver following administration in chylomicrons as opposed to -31% when 
given in saline. This result agrees very closely with that obtained earlier 
(20) using chylomicron remnants labeled with cholesteryl oleate. A major 
difference from cholesteryl oleate, however, was that the concentration 
of I1 in the liver remained essentially unchanged over the 24-hr period 
(Fig. 2). TLC analysis of the lipid extracted from the liver revealed that 
the radioactivity was still in the form of cholesteryl iopanoate (11). Unlike 
the naturally occurring esters of cholesterol, I1 is apparently a poor 
substrate for cholesteryl ester hydrolase (EC 3.1.1.13) present in the liver. 
In all likelihood, this in uiuo stability accounts for its ability to persist 
in the liver. 

The increased radioactivity in the steroid-secreting tissues (adrenals 
and ovaries) with time (Fig. 2) suggests redistribution of I1 from chylo- 
micron remnants to other lipoproteins. In the rat, the major cholesterol 
carrier is high-density lipoproteins (HDL), and steroid-secreting tissues 
have been shown to acquire their cholesterol by an HDL receptor-med- 
iated process (21). Thus, the high levels in the ovary and adrenal may 
result from the transfer of I1 from chylomicron remnants to HDL. Sup- 
port for such a sequence comes from the PAGE analysis of the plasma 
(Table 11). At 0 hr, 97% of I1 is in the chylomicron band (stacking gel), 
but by 0.5 hr, 21.2% is found to be associated with HDL. At 24 hr, the 
amount of I1 associated with HDL is 35.2%. By contrast, when I1 is ad- 
ministered in normal saline, it rapidly becomes associated with HDL such 

Figure 3-Cel filtration profile of incubation medium containing rat  
chylornicrons and ['251]cholesteryl iopanoate. The solid line represents 
radioactivity in c p m  and the dotted line represents absorbance a t  280 
nm. 
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WHOLE BLOOD REFERENCES L 
PLA,SMA PACKED CELLS 

20 hr 137,000 rprn 

m - C H Y  LOMICRONS 

U-:H: DENSITY 1.006 

n 
CHOLESTERYL [ 1 2 5 1 ]  IOPANOATE 

INCUBATION FOR 24 hr 
AT 37' 

CHY LOMICRONS 

GEL 
F I LTR ATlON 

ANALYSIS LIP1 D EXTRACTION - TLC 
ELUTION PROFILE 

INTRAVENOUS ' -1 PAGE 
INJECTION 

TISSUE 
DISTRIBUTION 

I 

Figure 4-Outline of procedures employed for  the isolation of rat 
plasma chylomicrons, the incorporation of radioiodinated cholesteryl 
iopanoate, and the subsequent purification and analysis of the ra- 
dioiodinated chylomicron preparation. 
that >75% is associated with this lipoprotein fraction at 0.5 hr. This could 
account for the higher concentration of ester appearing in the adrenals 
and ovaries following administration of I1 in saline. 

The purpose of this preliminary study was to determine whether for- 
eign lipid molecules could be introduced into chylomicron remnants and 
delivered selectively to the liver. This study has demonstrated that, a t  
least in radiotracer amounts, cholesteryl iopanoate (11) can be incorpo- 
rated into chylomicron remnants in a manner similar to that shown 
previously for cholesteryl oleate. Moreover, it has been shown that such 
remnant incorporation of I1 markedly increased its ability to selectively 
accumulate in the liver. These results suggest a potential use of lipo- 
proteins as carriers of radiopharmaceuticals for liver imaging. Even in 
this instance, however, the procedures described in this paper would have 
to be modified in order to use radionuclides such as iodine-123, which 
has a half-life of 13 hr. Moreover, to be useful as vehicles for the delivery 
of radiopaques to the liver, it would be necessary to develop methods 
capable of incorporating radiologic concentrations of radiopaques into 
chylomicrons. Studies aimed at  answering these and related questions 
are now in progress. 
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Abstract The adenosine deaminase inhibitor pentostatin (I), recently 
shown to be effective in the treatment of several types of acute and 
chronic human leukemias, was impregnated in a silicone polymer mo- 
nolithic disk device for release in oitro in the presence of the antitumor 
nucleoside N6-(A2-isopenteny1)adenosine (11) against mouse L-1210 
lymphocytic leukemia cells. Although I is ineffective alone against L-1210 
cells, controlled release from the polymeric delivery matrix potentiates 
the antiproliferative effects of I1 during the midlog phase of growth (48 
hr). Cytotoxicity is prolonged, leading to total cell death during the sta- 
tionary phase of growth (96 hr). The present study suggests that  poly- 
meric delivery systems be used for controlled release of oncologic agents, 
alone or in combination with inhibitors, especially where lability is a 
concern. 

Keyphrases Pentostatin-use to potentiate antineoplastic activity 
of N6-(A2-isopenteny1)adenosine against L-1210 leukemia cells, poly- 
meric delivery system 0 N6-(A2-1sopentenyl)adenosine-antineoplastic 
agent, potentiation by pentostatin against L-1210 leukemia cells 0 De- 
livery systems-impregnated silicone polymer, pentostatin 

The clinical use of several adenosine analogues for the 
treatment of various types of cancer as well as some im- 
munodeficiency diseases has been hindered by inactivation 
of the oncologic agent. Elevated adenosine deaminase 
(adenosine aminohydrolase, E.C. 3.5.4.4), responsible for 
enzymatically deaminating adenosine nucleosides, has 
been reported in patients with acute or chronic (T-cell) 
lymphocytic leukemia (1-3). Certain of these patients have 
also been unresponsive to other conventional courses of 
chemotherapy (3). Treatment with pentostatin (I) (4), a 
tight-binding inhibitor of adenosine deaminase, has been 
shown to result in a successful level of clinical remission 
when used in single-agent therapy (1, 3, 5).  It has been 
suggested that the antineoplastic activity of I alone when 
used in Phase I clinical trials is the result of accumulation 
of deoxyadenosine-5'-triphosphate (2 ,6) .  The latter then 
interferes with DNA synthesis and/or the accumulation 
of 2'-deoxyadenosine which, in turn, is capable of blocking 
critical methylation reactions (6). Whatever the exact 
biochemical locus, it 

OH 

H-% H O -  Hz0 

HO 

I 

is clear that I potentiates certain 

HO-CH, 

HO d OH 

I1 

adenosine analogues such as the antiviral agent vidarabine 
(9-P-D-arabinofuranosyladenine) (3,7) and the antitumor 
nucleoside N6-( A2-isopenteny1)adenosine (11) (8-10) used 
in the present investigation. Nucleoside I1 has been shown 
to be immunosuppressive (1 1) as well as capable of inter- 
fering with the transmembrane translocation of unmodi- 
fied nucleosides in several mammalian systems (12). 

Recently, this laboratory demonstrated that controlled 
release of I1 from a monolithic silicone polymeric delivery 
system results in more effective cytotoxic action against 
cultured L-1210 leukemia cells (8,9). Current studies have 
revealed that the adenosine deaminase inhibitor pentos- 
tatin (I), itself marginally active against L-1210 leukemia, 
is capable of potentiating and prolonging the cytotoxic 
activity of 11. The present investigation has sought to take 
advantage of both the ability of I to act as an inhibitor of 
adenosine deaminase and the properties of the silicone 
monolithic polymeric delivery system for the controllable 
release of I to provide maximal potentiation and regulation 
of the cytotoxic effects of I1 against cultured L-1210 leu- 
kemia cells. 

EXPERIMENTAL 

Drug  Agents-Pentostatin (I), (R)-3-(2-deoxy-P-D-erythro- pento- 
furanosyl)-3,6,7,8-tetrahydroimidazo[4,5-d] [1,3]diazepin-S-o1, (2'-de- 
oxycoformycin; NSC-218321) was supplied'. The preparation of N6- 
(A2-isopentenyl)adenosine (11) was as previously described (6,9,12). Both 
agents are routinely stored a t  -20O over silica gel. 

Culturing of L-1210 Cells and Determination of the Antileukemic 
Activity of I and  11-Mouse lymphocytic L-1210 leukemia cells were 
routinely cultured in RPMI-1640 medium with L-glutamine plus 10% 
fetal bovine serum2 in tissue culture flasks? a t  37O under controlled 
conditions using a digital incubator4 containing a 5% carbon dioxide-air 
atmosphere, and grown to various densities as previously described (8, 
9). Total cell number and cell viability values were determined using 
Turk's solution and trypan blue exclusion, respectively (8,9). After the 
addition of I, I-silicone polymer, or I1 (singly or in combination), aliquots 
of each type of cell suspension were aseptically removed a t  various in- 
tervals for the determination of cell number. In  addition, a portion of each 
cell suspension was centrifuge-filtered5 to produce cell-free filtrates for 
high-performance liquid chromatographic (HPLC) analyses as previously 
described (8,9),  with certain modifications. 

HPLC Analyses for I and  I1 i n  L-1210 Cell Cul ture  Medium- 
HPLC using a reverse-phase column6 eluted at designated flow rates with 
various concentrations of aqueous or phosphate-buffer methanolic so- 
lutions was used to quantitatively analyze I and I1 in each cell-free culture 

Natural Products Branch, Division of Cancer Treatment, National Cancer 

C'orninr No. 25100: 25 ml. 

Institute, Bethesda, Md. 
'' Grand Island Biological Co., Grand Island, N.Y. 

Forma Scientific, Marietta, Ohio (Model 3029). 
Binanalytical System. Inc., West Lafayette, Ind. 

fi Micropak MCH-10 (300 mm X 0.4 mm i.d.). Varian Instrument Co., Palo Alto, 
Calif. 
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Figure 1-Representative reverse-phase chromatograms of cell-free growth medium fractions from cultured L-1210 leukemia cells: (A) mobile 
phase, 60% methanol-water; column temperature, 25'; injection volume, 30 pl; (B) programmed mobile phase, 25% methanol-3 m M  phosphate 
buffer, p H  7.0, increased to  70% methanol-3 mMphosphate buffer, pH 7.0, a t  a rate of 4.59AImin. Key: (I) inosine or adenosine; (2) II; (3) I. 
extract. Representative chromatograms are given in Fig. 1A and B. Three 
different calibration curves (stored in computer memory) were estab- 
lished to quantitate the results using a spectrophotometric-computer 
interface system7 as previously described (8,9). Standard curves for both 
I and I1 constructed using a detector sensitivity of 0.05-0.5 AUFS were 
found to be linear over the concentration ranges detected in the samples. 
Correlation coefficients for the standard curves were usually 0.99 (n = 
7). The preparation of samples for HPLC employed cellulose prefilters, 
.as detailed previously (9). 

RESULTS AND DISCUSSION 

The nucleoside N6-(A2-isopenteny1)adenosine has been shown to in- 
terfere with the transport of unmodified nucleosides in several types of 
mammalian cells a t  the level of transmembrane translocation (11). Fol- 
lowing its metabolism in mouse spleen lymphocytes, 11, or its phos- 
phorylated form, interferes with the transport of unmodified nucleosides 
thereby resulting in inhibition of cellular RNA and DNA synthesis (12). 
I t  has been possible to prepare a serologically specific antibody to I1 (13) 
as well as to demonstrate an immunosuppressive response to the parent 
nucleoside (12). Although a t  first I1 appeared to be potentially useful for 
treating leukemia in humans (lo), its antitumor activity was found sub- 
sequently to be limited by its low solubility and short half-life (14) due 
to rapid deamination to inosine by adenosine deaminase (15, 16). 

This laboratory recently demonstrated (8,9) that  it is possible to use 
a silicone polymeric delivery system to control the release rate of I1 against 
cultured L-1210 leukemia cells, avoiding the usual peak and trough 
concentrations encountered with direct single additions of antitumor 
agents. Moreover, information was acquired in that study concerning the 
interaction of I1 and silicone polymers. In other recent studies using 
pentostatin, information has been acquired showing that I potentiates 
the antileukemic effects of I1 when added in combination directly to 
L-1210 cells grown in culture8. The enhanced cytotoxicity of this syner- 
gistic combination has not only been demonstrated in these studies in 
uitro, but has also been shown to substantially increase the mean survival 
time (MST) using tumorgenicity assaysin CDPFl mice in uivo? 

In the present investigation, analyses for I and I1 in cell-free extracts 
from serum-containing growth medium have been accomplished using 
two separate reverse-phase HPLC systems (Fig. 1). When 60% aqueous 
methanol was used as described previously (8,9), it was possible to resolve 

~ 

UV-50, Varian Instrument Co., Palo Alto, Calif. 
8 B. Hacker and Y. Chang (presented at the 73rd American Association of Cancer 

Research, St. Louis, Mo., April 1982); Cancer Treat. Reports (submitted for pub- 
lication). 

9 B. Hacker and Y. Chang, unpublished results. 

I and I1 with a retention time difference of -3 min (Fig. IA). On occasion, 
the peak for I1 had a tendency to broaden in that system, thereby re- 
ducing the sensitivity for detecting I and obtaining less than satisfactory 
results. Use of a computer-programmed gradient, initially at a concen- 
tration of 25% methanol in 3 mM phosphate buffer, pH 7.0, and increased 
to 70% methanol a t  a methanol rate change of 4.5%/min, gave much 
greater sensitivity for detecting I (Fig. 1B). In addition to increasing the 
retention time difference to 13 min, I1 became more lipophilic, thereby 
reversing the elution order for I and I1 when using the programmed gra- 
dient system. Use of the programmed mobile phase system, however, gave 
some tailing of the peak of 11. In practice both systems were used 
throughout this investigation for routinely separating I and I1 to confirm 
and generate the data given in Table I and elsewhere. 

Experiments conducted to assess the antileukemic effects of I alone 
and in combination with I1 revealed some profound information. Al- 

50 L 
I 

. -  
0 24 48 72 96 144 

HOURS 

Figure 2-Effects of I and II on the proliferation of L-1210 mouse 
leukemia cells. Aliquots of each cell suspension were removed a t  des- 
ignated intervals for HPLC and determination of cell number. Key: (a) 
no additions; (0) plus 25 pglml of II; (A) plus 2 pglml of I; (0 )  plus 2 
pglml of I and 2.5 pglml of II. 
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Table I-HPLC Determination of W-(A2-1sopentenyl)adenosine and  Pentostatin in Medium from Cultured L-1210 Leukemia Cells 

Sample Time, hr 

Concentration in Growth Mediumb, pg/ml 
0 72 96 144 

Addition a t  Time Zero" I I1 I I1 I I1 I I1 

None 0 0 0 0 0 0 0 0  
I(10 p /ml) 8.6 0 5.1 0 3.5 0 2.8 0 
I ( 3  pg$ml) plus I1 (25 pglml) 2.3 25.3 3.0 24.2 1.3 19.2 0.9 17.1 
I (10 pglml) plus I1 (25 pglml) 9.4 20.6 5.4 21.9 4.3 14.0 3.0 13.3 
I1 (25 pglml) 0 21.2 0 25.3 0 25.1 0 19.3 
Silicone-I (1.96 mg of I per 88.8 mg silicone device; 1 X 7 cm) 11.7 0 90.3 0 80.6 0 76.8 0 
Silicone-I (2.18 mg of I per 98.6 mg silicone device; 1 X 7 cm) plus I1 (25 pglrnl) 23.0 27.2 98.7 20.0 79.2 21.8 75.4 16.0 

0 Each T-flask contained 5 ml of growth medium (RPMI-1640 plus 10% fetal bovine serum) plus 1 X 105 L-1210 leukemia cells. The experiments were initiated (time 
zero) by the addition of each agent in RPMI-1640 without serum in a volume of 0.05-0.10 ml with prior sterile-filtration before their introduction into the cell cultures. * Aliquots (0.20 ml) of each cell suspension were removed at each designated sample time for the determination of cell number, viability, and HPLC analyses. Values 
reflect the results of duplicate determinations. 

though I is a tight-binding inhibitor of adenosine deaminase and has 
demonstrated antitumor effects against certain human lymphocytic 
leukemias (3,6),  it is by itself marginally inhibitory (54%) toward cul- 
tured L-1210 cells (Figs. 2 and 3). On the other hand, when I (2 pglml) 
is added directly to cultured L-1210 lymphocytic leukemia cells, it dra- 
matically potentiates the effects of I1 (25 pglml) within 24 hr. At 144 hr 
after each addition of I and I1 in combination, 85% inhibition is achieved. 
This represents an additional 30% compared with I1 used alone (Fig. 2). 
The most dramatic result here is that without concurrent use of I and 11, 
the ability of I1 to be cytostatic gradually declines from a 73% value a t  
24 hr to 56% a t  144 hr. The combined use of I and I1 not only potentiates 
the latter, but  also prolongs its cytostatic effects against L-1210 cells in 
culture. Recently, Cass e t  al. (17) have shown that several sugar-substi- 

HOURS 

Figure 3-Effects of pretreatment of cultured L-1210 cells. Additions 
of 1(5 pglml) and 11 (25 pglml) to cultures of L-1210 cells were made 
at time zero and 48 hr. Aliquots of each cell suspension were removed 
at designated intervals for HPLC and determination of cell number. 
Key: (a) no additions; (0) plus 1 at time zero; ( 0 )  plus 1 at time zero 
and 11 at 48 hr; (W) plus I1 at time zero; (A) plus 1 and 11 at time zero; 
(V) plus 11 at  time zero and 1 at 48 hr; (A) plus 1 and 11 at 48 hr. 

lo B. Hacker, unpublished results. 

tuted homologues of tubercidin and adenosine, which are deaminase- 
sensitive, were also active in combination with I. 

In subsequent experiments, when the concentration of I was increased 
to 5 pglml and given in combination with 11, it was found to further 
potentiate the latter to an -96% level within 144 hr (Fig. 3). The few cells 
which remained had viability values <50%. Use of higher concentrations 
of I did not result in significantly greater cytotoxicitylO. If the addition 
of I1 (25 pg/ml) is delayed for 24 hr after the introduction of I into the 
cultured L-1210 cell suspension, inhibition is reduced by about one-fourth 
compared with the inhibition when both agents are added simultaneously 
(Fig. 3). This suggests the importance of administering I at the onset to 
maximize its inhibition of adenosine deaminase, thereby reducing the 
overall deamination of 11. When this occurs the antileukemic effects of 
I1 are potentiated and prolonged. Under these conditions it may be 
possible to reduce the concentration or dose of I1 required for maximally 
effective cytotoxicity as an antitumor agent. 

With these initial observations, experiments were designed to establish 
the feasibility of preparing a silicone polymeric delivery form for I that 
was perhaps similar to the system used previously for I1 (8, 9). The 
underlying rationale was that the controlled release (if possible) of I from 
such a device might serve to block the deamination of 11, thereby making 

V i I  

" 

0 24 48 72 ! 
HOURS 

Figure 4-Enhancement of antiproliferative actioity of 11 against 
cultured L-1210 leukemia cells by 1 and I-silicone polymeric monolithic 
membrane (SPMM) in the presence of 11. Aliquots of each cell sus- 
pension ulere removpd at designated intervals for HPLC and determi- 
nation of cell number. Key: (a) no additions; (0) plus 25 pglml of II; 
( 0 )  plus 25 pg/ml of 11 and 2 pglml of 1; (A) plus 25pglml of II and 5 
pglml of I ;  (W) plus 25 pglml o f  11 and I-SPMM (2.18 mg of 1198.6 mg 
of S P M M ,  I X 7 c m ) .  
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I1 a more potent cytotoxic agent. As the release of I begins to occur (Fig. 
4 and Table I), its protective effect uia binding and inhibition of adeno- 
sine deaminase is initiated. This occurs within 48 hr with the concurrent 
potentiation of the cytotoxic property of 11. At 72 hr, inhibition by I1 is 
almost complete with remaining cells a t  30% viability. At 96 hr, when the 
silicone polymer-I is present initially, inhibition by I1 is total. Although 
it was not possible to achieve total cell death when I was added directly 
(at  concentrations as high as 100 pg/ml) with I1 (Figs. 2 and 31, that end 
was reached when lower concentrations of I were released into the growth 
medium from the silicone polymeric delivery device in the presence of 
11. The few remaining cells a t  144 hr were found to be nonviable (Fig. 4) 
when the combination of the I-silicone polymer plus I1 was used. 

Although both I and I1 are separately stable when incubated in cell-free 
medium, analyses of the data using HPLC (Table I) suggest that L-1210 
cells have the capacity to metabolize I and/or 11. Concentrations of I and 
I1 gradually decrease a t  longer sample times. Previously it was demon- 
strated that cell-free enzyme extracts of L-1210 cells converted I1 to its 
nucleoside monophosphate (18). Similarly, recent studies by Venner and 
Glazer (19) have shown that L-1210 cells convert I to its mononucleotide 
to the extent of 116%, while most of the parent drug is excreted un- 
changed in the urine of tumor-bearing mice. Studies by two groups have 
sought to develop models and data for I alone to describe the pharma- 
cokinetics in normal and leukemic (L-1210) mice (20,21). 

The present study has demonstrated that the adenosine deaminase 
inhibitor I is capable of greatly potentiating the antileukemic effects of 
11, particularly when the former is released a t  a controllable rate from 
a silicone monolithic polymeric matrix. The clinical application of pro- 
tection labile oncologic agents in this manner will be explored in the near 
future. 
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Abstract Extensive blood sampling and repeated long-term car- 
bamazepine infusions were carried out in four rhesus monkeys to examine 
the time course of carbamazepine autoinduction in detail and assess the 

superimposed on the autoinduction phenomenon. It is proposed that the 
simultaneous expression of diurnal oscillations and autoinduction are 
the result of effects on drug metabolism at two independent levels. 

intraanimal variability in the rate constant of induction. Diurnal oscil- 
lations in carbamazepine blood levels were observed during all infusions 
and these prevented a good data fit for the biochemical model previously 
proposed for describing the decline in drug blood levels during induction 
by carbamazepine. An attempt at fitting only selected blood samples to 
the model resulted in variable (and perhaps questionable) induction rate 
constants, even in the same animal. Previous variability in calculated 
induction rate constants mav he due to the presence of diurnal oscillations 

Keyphrases Carbamazepine-autoinduction in the rhesus monkey, 
rate constant determination, effect of diurnal oscillations on drug me- 
tabolism Metabolism-of carbamazepine in the rhesus monkey, au- 
toinduction rate constants, effect of diurnal oscillations 0 Diurnal Os- 
cillation-effect on metabolism of carbamazepine in the rhesus 
monkey 

The ability of carbamazepine to induce self-elimination 
during chronic administration in the rat, dog, monkey, and 
human is well established (1-10). This increased elimi- 
nation is reflected in a decline in carbamazepine steady- 

state blood levels. To describe this time-dependent decline, 
equations have been proposed based on a biochemical 
model of exponentially increasing levels of drug-metabo- 
lizing enzymes in the liver (11-14). These equations have 
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Table I-Calculated Induction Half-Life a During 
Carbamazepine Long-Term Infusions 

Calculated 
Infusion Induction 

Monkey Infusion Rate, ml/hr r b  Half-Life, hr 

202 1 1 .oo 0.866 
1.000 
0.965 
0.941 
0.988 
0.946 
0.994 
0.964 
0.957 
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0.892 
0.926 
0.995 
0.962 
0.944 
0.868 
0.947 
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Figure 1-Carbamazepine concentration versus time for fiue infusions 
in monkey 202. 

been used to fit the plasma concentration-time data during 
auto- and heteroinduction by carbamazepine and to cal- 
culate a first-order rate constant (induction rate constant) 
which characterizes the time course of the decline in 
plasma drug levels (15-18). Recently, further support for 
this model was provided by the finding of a close correla- 
tion between the change in liver enzymes responsible for 
drug metabolism (cytochrome P-450) and the change in 
metabolic clearance of carbamazepine in monkeys during 
long-term infusions (19). 

An interesting result of the application of this model has 
been the remarkable interanimal variability in the in- 
duction rate constant (twofold or more) (15-18). Although 

a Calculated using only the blood samples collected at  18,20,22,24,26, 28,32, 
52,72, and 96 hr, fitting the calculated intrinsic clearance a t  these times to a model 
that predicts a monoexponential increase in intrinsic clearance (12.13). * Corre- 
lation coefficient from fitting intrinsic clearances to a monoexponential equation. 
c - Lost due to technical difficulties. 

it is tempting to speculate about the meaning of this ob- 
servation, such speculation should be limited until the 
reproducibility of the rate constant in a given animal can 
be determined. Following an assessment of intraanimal 
variability in this parameter, the interanimal variability 
in the induction rate constant and the possible contribu- 
tion of genetic factors could be evaluated. The present 
study was undertaken: (a )  to characterize in greater detail 
the time course of carbamazepine autoinduction in the 
rhesus monkey, (6) to quantitate the intraanimal vari- 
ability in the rate constant of autoinduction, and ( c )  to 
examine factors that may affect the rate constant deter- 
mination. 

- 0.6 
_E 0; 

- 0.6 
-E o 

1 
m 

I- 5 2.5 

0 1.0 

5 4.0 IINBIM 9 

L - 
0 1.6 

L 

0.5; 
- 0  

2 1.0 
a 0.5 
m o  

- a 0.8 
m 0: 

I m I M  5 2 4.0 
3.2 2.41 /"2---. = - 
1.6 - 1 . .- 
0.8 

' w a r n  6p-pm 
HOUR 

Figure 2-Carbamazepine concentration versus time for fiipe infusions 
in monkey 204. 
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Figure 3-Carbamazepine concentration versus time for five infusions 
in monkey 203. 
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EXPERIMENTAL 

Animals-This study was conducted in five restraint chair-adapted 
normal rhesus monkeys (Macaca rnulatta). Each animal was equipped 
with two chronic indwelling catheters (femoral for drug infusions and 
jugular for blood sampling). 

Dosing-Four animals received five 96-hr carbamazepine infusions, 
a fifth animal received a single 96-hr carbamazepine infusion. Infusions 
were separated by a t  least a 3-week period, during which time no drugs 
were administered. Sterile carbamazepine solutions (10 mg/ml) in 60% 
polyethylene glycol 400 were used for drug administration. Carbamaze- 
pine was infused a t  rates of 1.0-1.8 ml/hr with an infusion pump'. 

Blood Sampling-Blood samples (1.4 ml) were obtained at 2,6,7,8, 
9,10,11,12,14,16,18,20,22,24,26,28,32,36,40,44,48,52,60,72,and 
96 hr during the carbamazepine infusion. Each sample was divided and 
stored at  -20' until assayed. 

Liver Biopsies-To investigate the relationship between the cyto- 
chrome P450 level and the diurnal changes in carbamazepine clearance 
observed in this study, an additional but limited investigation of diurnal 
change in the cytochrome P ~ w  level was undertaken. Liver biopsies were 
obtained in three of the five monkeys at 1:OO a.m. and 1:OO p.m. Monkeys 
received only saline (no carbamazepine) during this phase of the study, 

1 Holter model 905: Extracorporeal Medical Specialties, Inc., King of Prussia, 
PA 19406. 

with a 3-week rest period between biopsy samples. The liver tissue was 
immediately placed on ice, blood clots were eased away from the tissue, 
and the biopsy was blotted dry and weighed. The liver tissue was ho- 
mogenized in 2O"o glycerol phosphate buffer to give 10 mg of liver tis- 
sue/ml of buffer. The homogenate was centrifuged a t  200Xg, and the 
supernatant was removed and assayed for cytochrome P4m and pro- 
tein. 

Analytical Procedures-Whole blood samples were assayed in du- 
plicate for carbamazepine by GC interfaced with a mass spectrometer 
in chemical ionization mode (20). Cytochrome P450 measurements were 
performed with a scanning spectrophotometer2 by using the sodium di- 
thionite difference technique reported by Estabrook et al. (21) and Joly 
et a!. (22). Protein was determined with the sodium anazolene3 assay 
reported by Spector (23). 

RESULTS AND DISCUSSION 

Plots of the time course of carbamazepine blood levels from replicate 
infusions in four monkeys are given in Figs. 1-4. These curves appear to 
show two types of phenomena: (a)  an overall decrease in steady-state 
carbamazepine blood levels between the first and the fourth day and ( b )  

2 Aminco DW-2 UV-VIS spectrophotometer; American Instruments Co.. Silver 
Spring MD 20910. 

Comassie Blue; Pierce, Rockford, 1L 61125. 
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Table 11-Cytochrome Paso Determination in Liver 
Homogenates 
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Figure 5-Carbamazepine concentration versus t h e  for a single 
infusion in monkey N436. 

oscillations in blood levels (increase followed by decrease) during the first 
two dark periods. This pattern in carbamazepine blood levels was re- 
producible in replicate studies in four monkeys and was also found in the 
single infusion of monkey N436 (Fig. 5). 

The decrease in carbamazepine blood levels during the 4-day infusions 
involves a chemically induced, time-dependent increase in clearance (24) 
(autoinduction) which has been observed consistently during long-term 
infusions of carbamazepine in the rhesus monkey (16,25). The oscillations 
in carbamazepine levels during the dark periods are probably the ex- 
pression of a diurnal phenomenon. Diurnal oscillations in steady-state 
levels of several drugs (valproic acid, ethosuximide, and carbamazepine) 
have been observed in the rhesus monkey (2628)  and are most likely the 
result of an endogenous physiological process (24). This study shows that 
these two different types of time-dependent phenomena can occur si- 
multaneously. As a result, the blood level data could not be fitted to 
previous equations describing the time course of induction (12,13). 

In an effort to separate the diurnal oscillations from the autoinduction 
phenomenon, carbamazepine blood samples taken at  18,20,22,24,26, 
28,32,52,72, and 96 hr were used to describe the time course of induction. 
The systemic clearance of carbamazepine a t  each of these times was 
computed by dividing the rate of infusion by the respective blood con- 
centration. Each systemic clearance was then used in conjunction with 
an estimated liver blood flow rate [2.735 l i tershrkg (29,30)] to calculate 
the intrinsic clearance at  these respective times. Both the intrinsic and 
systemic clearance values were fitted with the BMDX85 computer pro- 
gram to the equation (13.14): 

CLt = CLo + P(1)(1 - e-[P(2)([-8)11 (Eq. 1) 
where CLt represents the clearance a t  any time t ,  CLO represents the 
initial clearance calculated from the steady-state blood levels, P(1) rep- 
resents the change between the initial and final clearance values, P(2) 
represents the rate constant of induction, and 0 is the time lag before the 
start of the induction process. The induction half-lives obtained by di- 
viding In 2 by the rate constant of induction exhibited large variability 
(intra- and interanimal) whether intrinsic (Table I) or systemic clearance 
values were used. The poor reproducibility in induction half-lives prob- 
ably reflects the inability to accurately separate the diurnal oscillations 
from the autoinduction process. The variability observed in the past may 
also be a reflection of this problem (15-18, 31). However, other bio- 
chemical factors which may also vary and influence the time course of 
induction cannot be ruled out. 

The diurnal phenomenon observed in this study is consistent with what 
has been reported for other drugs in the rat and human (32-40). Factors 
that could contribute to this phenomenon include a decrease in liver blood 
flow, enterohepatic recycling, and/or a decrease in the carbamazepine 
free fraction during the night. However, there are a number of reasons 
to suspect that  the oscillations are more likely due to changes in intrinsic 
drug clearance by the liver. First, carbamazepine is extensively metab- 
olized and only a small amount is eliminated unchanged in the monkey 
(41). Second, the liver appears to be the predominant eliminating organ 
based on intravenous and portal vein catheter experiments in this labo- 
ratory. Third, liver blood flow would have to decrease an average of 40% 

3 

Unpublished data. 

Cytochrome P45o Levels, nmoles/g liver 
Monkey 1:00 a.m. 1:00 p.m. 

204 
N436 

203 

32 

- 32b 

36 
28 
33 

Mean f S D  32 f 0 32 f 4 

Monkeys 202 and 60409 were not available for P450 determinations. - P450 
could not be determined due to the small amount of liver tissue available. 
each night to explain the observed decrease in drug clearance and ele- 
vation of carbamazepine levels. Fourth, ethosuximide and valproic acid, 
which are extensively metabolized in the monkey and have clearances 
insensitive to changes in liver blood flow, also exhibit pronounced diurnal 
oscillations (26,27). Fifth, the time course of change in carbamazepine 
blood levels overnight is too slow to be compatible with an enterohepatic 
recycling process. The absence of elevated carbamazepine levels following 
meals during the day also suggests that  the oscillations are probably not 
due to an enterohepatic recycling process. Sixth, in view of the linear 
binding (free fraction 0.35 f 0.02) of carbamazepine in monkey plasma 
between 1 and 10 pg/ml, a large decrease in this parameter during the 
night seems unlikely. 

If the diurnal oscillations observed in the present study are due to 
changes in hepatic metabolic activity, the lack of any apparent change 
in cytochrome P450 (Table 11) suggests that the diurnal variations are not 
due to changes in this enzyme. This is consistent with other observations 
in rats, which also exhibit pronounced diurnal oscillations in drug me- 
tabolism but little diurnal change in cytochrome P450 levels (42,43). This 
hypothesis is further supported by the consistent observation in this 
study that diurnal oscillations are unaffected by the process of induction 
which is known to involve an increase in liver cytochrome P450 en- 
zymes. 

An alternative mechanism for the diurnal oscillations in this study may 
be concurrent oscillations in cytochrome P450 reductase activity. The 
levels of the reductase are one-tenth to one-twentieth those of cytochrome 
P450 levels (44, 45), and reductase levels have been found to be a rate- 
limiting component in microsomal monoxygenase systems (44, 46). 
Furthermore, several studies in rats have shown diurnal oscillations in 
cytochrome P450 reductase activity (42,43,47). In addition, the formation 
of a t  least one major metabolite of carbamazepine (carbamazepine- 
10,ll-epoxide) in the human has been shown to be dependent on the 
activity of this enzyme (48). If the reductase activity undergoes diurnal 
oscillations in the monkey and is also a rate-limiting component in some 
of the pathways of carbamazepine elimination, the two time-dependent 
phenomena observed in this study could be the result of effects on sep- 
arate components of the drug metabolizing system (diurnal oscillations 
related to oscillations in cytochrome P450 reductase activity and au- 
toinduction related to increase in cytochrome P450 enzymes). 

It should be noted that endogenous steroids are also known to exhibit 
diurnal variations in both the rat and human. Whether these steroids are 
responsible for changes in drug metabolism or just spuriously related is 
unknown. Whatever the relationship between endogenous steroids and 
the diurnal phenomena noted for drug metabolism, it is probable that 
a key to the mechanism lies in understanding the factors responsible for 
changes in drug metabolism a t  the cellular level. 

This study provides the first evidence that two types of time-dependent 
phenomena, diurnal oscillations and autoinduction, can occur simulta- 
neously. As a result, blood level data cannot be fitted to previous equa- 
tions for describing the time course of induction. Use of selected blood 
samples resulted in variable induction rate constants, even in the same 
animal. In view of the observed intraanimal variability, the first-order 
rate constants of induction computed in the past should be interpreted 
with some caution. We propose that the autoinduction and diurnal 
phenomena seen in this study may be the result of effects on drug me- 
tabolism at two independent levels. 
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Abstract The calibrator tablets now used in the USP suitability test 
do not reveal common sources of systematic error associated with Ap- 
paratus 2. When the apparatus was operated under conditions near or 
beyond USP tolerances, changes in the results of the USP calibrators were 
slight, whereas those of several samples of commercial prednisone tablets 
were significant. Thus, the USP calibrators and requirements do not 
guarantee suitability of the equipment for general dissolution testing of 
drug products. 

Keyphrases 0 Dissolution-systematic error associated with Apparatus 
2 of the USP dissolution test using calibrator tablets 0 Calibrator tablets, 
USP-systematic error associated with Apparatus 2 of the dissolution 
test 0 Apparatus 2 - 0 f  the USP dissolution test, systematic error using 
calibrator tablets 

The USP provides an Apparatus Suitability Test (1) to 
ensure that a dissolution apparatus operates satisfactorily 
and is free from significant extraneous vibration (2). Two 
official calibrators, both compressed tablets, are available' 
for use in the test. The nondisintegrating calibrator is la- 
beled to contain 300 mg of salicylic acid; the disintegrating 
calibrator is labeled to contain 50 mg of prednisone. The 
test conditions for use of the tablets and the ranges within 
which the results must fall appear in information sheets 
provided with the calibrators. 

Before a given piece of equipment is considered suitable 
for use as Apparatus 2, it must pass a four-point test. 
Dissolution results from both calibrators must fall within 
the established ranges at 50 and 100 rpm. If the equipment 
fails the test, alignment, speed, vibration, etc.  should be 
checked and corrected. If the requirements cannot be met, 
the equipment is judged unsuitable for use as Apparatus 
2 (3). Thus, equipment suitability is determined by the 
response of the calibrator tablets to variations in the USP 
test conditions. 

Some of the test conditions are defined in terms of nu- 
merical tolerances, e.g., the shaft rotation speed is to be 
maintained within f4% of a specified value, and the shaft 
axis is to be positioned not more than 2 mm from the ver- 
tical axis of the vessel. Others are defined in absolute 
terms, e.g., the vessel is cylindrical with a spherical bottom, 
and the paddle blade forms a section of a circle of specified 
diameter subtended by parallel chords of specified length. 
Certain other test conditions are not clearly defined, but 
rather are to be controlled so that they do not significantly 
influence the results, e .g . ,  no part of the assembly (vessel, 
paddle, and variable-speed drive) or the surrounding en- 
vironment should contribute significant motion, agitation, 
or vibration beyond that which is due to the smoothly ro- 
tating paddle, and dissolved gases are to be removed from 

1 USP-NF reference standards (prednisone, Lot F; salicylic acid, Lot G). US. 
Pharrnacopeial Convention. Inc., Rwkville, MD 20852. 

the dissolution medium if they change the dissolution re- 
sults. 

Results from commercial prednisone tablets can be in- 
fluenced by minor variations in equipment alignment (4) 
and small differences in vessel curvature (5). Both of these 
conditions may cause systematic error among laboratories. 
Another possible source of error, recognized in the USP, 
is the effect of excess gas in the medium. 

Two studies (6, 7) indicate that the USP calibrator 
tablets do not respond to certain variations in test condi- 
tions associated with Apparatus 2. Such lack of response 
normally would lead to the conclusions that the test is 
rugged, and that similar results for these tablets could be 
obtained among laboratories. However, the collaborative 
study results used to derive the acceptance ranges (3) show 
that similar results were not obtained among the labora- 
tories. 

Because the calibrator tablets respond only slightly to 
variations in test conditions, the purpose of the suitability 
test is not achieved. Comparisons of the responses of the 
USP calibrators and certain commercial prednisone tablets 
to variations in selected test conditions are presented in 
this paper. 

EXPERIMENTAL 

Apparatus  and Samples-Two analysts, each using a separate 
commercial apparatus2, performed the USP suitability test with 50-mg 
prednisone tablets' and 300-mg salicylic acid tablets'. A commercial 
10-mg prednisone tablet, previously identified as Tablet 2 (5), was studied 
in a similar manner using the appropriate USP methodology (8). 

Each analyst, working independently, adjusted the apparatus to con- 
form to the USP test conditions as closely as practical. One analyst 
worked with an apparatus that possessed parallel shafts; the other worked 
with an apparatus known to have two shafts that were not parallel to the 
other four (4,5). Although the shaft alignment in the vessels in these two 
positions differed from the shaft alignment in the vessels in the other four 
positions, the apparatus could be adjusted to pass the USP require- 
ments. 

Six tablets from each of the three samples were tested. A third analyst 
measured the absorbances of the filtered aliquots, thus minimizing sys- 
tematic error in this step of the test. These results became a benchmark 
to which other results were compared; benchmark results were obtained 
before and after test conditions were varied. 

Variations in Test Conditions-Selected test conditions were 
changed from the USP requirements, one a t  a time. Six additional tablets 
from each sample were tested after each change. 

Paddle Rotation-The motor drive was operated a t  least 15 min to 
allow it to stabilize. The drive was then adjusted to give the desired 
number of revolutions in 60 (+I, -0) sec by manual count and use of a 
stopwatch. The rotational speed was again measured after the aliquots 
were obtained and filtered. In this way the benchmark results were ob- 
tained a t  50 (* 0.8) and 100 (* 1.6) rpm. For comparison, data were also 
obtained at  54 (k 0.9) and 108 (+ 3.3, - 1.8) rpm. 

Model 72RL. Hanson Research Corp., Northridge, CA 91324 
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Table I-Response of U S P  Nondisintegrating Calibrator 
Tablets a to Changes in Test Conditions * Table 11-Response of U S P  Disintegrating Calibrator Tablets a 

to Changes in Test Conditions 

50 rpmd 100 rpmd 
Test Analyst 1 Analyst 2 Analyst 1 Analyst 2 

Condition' Mean SD Mean SD Mean S D  Mean S D  

50 rpmd 100 rpmd 
Test Analyst 1 Analyst 2 Analyst 1 Analyst 2 

Conditionc Mean SD Mean SD Mean S D  Mean SD 

Benchmark' 15.9 2.3 15.2 2.0 21.0 1.2 21.2 1.1 Benchmarke 68.8 1.5 67.2 3.1 76.7 1.2 74.6 1.1 
A 16.6 1.4 16.1 1.7 20.6 0.8 21.0 1.2 A 71.9 0.7 68.5 1.4 77.0 1.2 76.0 0.8 
B 16.5 1.8 15.6 0.8 19.9 0.6 21.0 0.8 B 69.1 1.0 64.3 2.9 75.7 2.0 75.4 1.2 
C 19.2 2.1 16.9 2.7 20.0 0.8 20.1 1.0 C 68.6 3.1 67.4 2.3 77.6 0.8 74.4 1.2 
D 17.2 2.1 17.2 1.2 20.2 0.8 21.2 0.9 
E 18.5 3.2 19.3 2.4 21.5 1.2 22.2 0.3 - 
F i8.3 2.7 16.0 1.7 20.2 0.7 20.3 1.8 
G 16.1 1.6 14.9 0.7 19.5 1.4 20.6 1.7 
H 16.9 1.5 16.6 0.8 23.4 1.8 23.1 1.3 
I 15.7 1.6 18.8 3.0 20.4 0.6 20.6 1.4 
J _ _  18.7 1.4 - - 20.7 1.3 

Benchmark1 17.0 3.4 16.9 3.1 20.1 1.1 21.5 1.3 

0 Salicylic acid, 300 m , Lot G .  * Ex ressed in percent of label claim; n = 6. (A) 
54 or 108 rpm; (B) irregufar glass vesseE; (C) paddle rotating before tablet dropped; 
(D) vessel axis displaced 2 mm from paddle axis; (E) vessel axis displaced 4 mm from 
paddle axis; (F) nonvertical shafts (test 1); ( G )  nonvertical shafts (test 2); (H) me- 
dium not deaerated; ( I )  paddle depth 2.0 cm; (J) probe present throughout test. 
d Except results obtained under test condition A. Obtained before any variation 
in test conditions. /Obtained after variations in test procedures were com- 
pleted. 

Vessels-Six plastic vessels3 were used by each analyst to obtain the 
benchmark results. For comparison, one set of irregular glass vessels4 was 
used by both analysts. The inside bottom curvatures of these glass vessels 
did not conform to USP specifications (5). 

Tablet Immersion-For benchmark results, each tablet was allowed 
to sink to the bottom of the vessel before the clutch controlling the paddle 
rotation was engaged. Results for comparison were obtained with the 
tablet dropped into the vessel while the paddle was rotating. 

Centering of Vessels-The tops of the plastic vessels were centered 
precisely around the paddle shafts when the benchmark results were 
obtained, using a specially designed centering tool (9). For comparison, 
results were obtained with each paddle shaft set either 2 or 4 mm from 
the center of the top of its vessel. T o  measure these offsets, an overlay 
of concentric circles 9.5,13.5,17.5, and 21.5 mm in diameter was placed 
over the centering tool with the innermost circle coinciding with the top 
of the hole in the centering tool. The tool was placed in the top of one of 
the centered, rigidly held vessels. The paddle shafts were inverted in the 
chucks of the dissolution apparatus drive head, and the drive head was 
repositioned until the paddle shafts were either 2 or 4 mm off-center with 
respect to the tops of the vessels. 

Shaft Verticality-For benchmark conditions, the collars on the stand 
of the dissolution apparatus were adjusted to 136 mm between the bottom 
of the drive head and the top of the leveled base of the stand. This dis- 
tance was chosen because it equals the distance from the top of the stand 
base to the bottom of the paddles when the paddles are set 2.5 cm above 
the bottom of the plastic vessels. To facilitate measurements, the paddles 
were inserted in their inverted (paddle at the top) positions. The drive 
head was adjusted until a torpedo level (bubble indicators at right angles) 
placed on the paddle shafts showed that they were vertical. The shafts 
were then inserted in their normal (paddle down) positions, and the 
benchmark results were obtained. 

Two tests were performed with nonvertical shafts. In the first (test l ) ,  
the equipment was misaligned so that each paddle shaft intersected the 
vertical axis of its vessel a t  the top of the vessel and was displaced 2 mm 
from the vertical axis 2.5 cm from the bottom of the vessel. For the second 
(test 2), the equipment was misaligned so that the paddle shaft axis was 
displaced 2 mm to the front of the vertical axis of the vessel at the top of 
the vessel and 2 mm to the rear of the vertical axis 2.5 cm above the bot- 
tom of the vessel. Results of both misalignments were compared to the 
benchmark results. 

Deaeration of Media-Water from a commercial deionizer system was 
mist-sprayed5 into a 19-liter (5-gallon) glass carboy under vacuum to 
obtain benchmark results for the prednisone calibrators. For the salicylic 
acid tablets, the prepared buffer was drawn by vacuum through a 30-mm 
coarse-porosity glass frit into a 19-liter glass carboy. For comparison, 
water taken directly from the deionizer system was used for the predni- 
sone samples, and buffer, originally prepared in deionized water and then 

Eli Lilly and Co., Indianapolis, IN 46206. 
Kimble Div., Owens-Illinois, Inc., Vineland, NJ 08360. 
Taken from a three-spray nozzle, available from Fogg-It Nozzle Co., San 

Francisco, CA 94116. 

D 67.7 1.9 65.8 1.1 77.6 0.9 74.6 1.1 
E 70.4 0.9 68.8 1.2 78.7 1.1 75.9 0.8 
F 69.6 1.3 69.2 1.3 77.9 1.5 75.0 1.7 
G 69.3 0.7 68.0 1.2 79.6 0.8 75.5 0.9 
H 67.3 1.5 64.6 3.3 74.8 1.5 73.4 0.6 
I 70.2 1.2 66.6 1.0 76.8 1.3 75.1 0.7 

67.5 2.8 - - 77.1 1.1 J 
Benchmarkf 69.3 1.4 67.3 1.2 77.6 1.0 75.9 1.2 

Prednisone, 50 mg, Lot F. * Expressed in percent of label claim; n = 6. c As in 
Table I. Except results obtained under test condition A. e Obtained before any 
variation in test conditions. f Obtained after variations in test procedures were 
completed. 

allowed to equilibrate with the atmosphere at room temperature, was 
used for the salicylic acid tablets. Both of the latter media released excess 
gas as bubbles a t  37". 

Paddle Depth-The lower edge of the paddle was placed 2.5 cm above 
the bottom of the vessel as the benchmark and 2.0 cm above the bottom 
of the vessel for comparison. 

Effect ojProbes-All aliquots were taken manually with 50-ml syringes 
fitted with 4-mm 0.d. glass tubes cut to lengths that allowed the aliquots 
t o  be taken from a standardized position (midway between the top of the 
medium and the top of the paddle blade and midway between the shaft 
and the wall of the vessel). For the benchmark condition, the tubes were 
inserted in the medium only as aliquots were obtained. 

To assess the effect of probes, such as those often used with automatic 
analyzers, a 4-mm 0.d. glass tube fitted with a filter tip6 was placed in the 
vessel so that the filter was at the standardized position throughout the 
test. Otherwise, the aliquots were taken as described for the benchmark 
condition. Only one analyst collected data on the effect of probes in the 
medium because more thorough studies (10, l l )  have been reported on 
commercial tablets. 

Analysis of Commercial Tablets-The two analysts each tested five 
samples of 5-mg prednisone tablets from four manufacturers. Benchmark 
results were obtained as described above. Analyst 1 also obtained com- 
parative results with the paddle shafts 2 mm off-center, while analyst 2 
obtained comparative results by ( a )  substituting the set of irregular glass 
vessels for the plastic vessels and ( b )  using the dissolution medium con- 
taining excess gas instead of the deaerated dissolution medium. 

_ -  

RESULTS AND DISCUSSION 

When possible, test conditions were varied in such a way to theoreti- 
cally give a higher result the rotational rate of the paddle was increased, 
not decreased, and the location of the paddle in the vessel was lower, not 
higher. The bottom curvature of the irregular glass vessels was flatter than 
that of a sphere. Any misalignment of the vertical axis of the paddle with 
that of the vessel tends to raise the results. Because it takes a finite time 
for motion from the paddle to produce motion in the liquid, dropping the 
tablet into the vessel with the paddle rotating tends to raise the re- 
sults. 

Whether air dissolved in the dissolution medium will influence test 
results is difficult to predict. Often, little or no effect is seen; but a t  times, 
the effect is dramatic. If the dissolution medium is not deaerated prop- 
erly, small air bubbles are released from the medium during the test. 
These bubbles collect on all solid surfaces in contact with the medium, 
including the tablet or disintegrated tablet particles. Air bubbles adhering 
to the surface of tablet particles may act as a barrier between the solid 
drug and the medium. This tends to lower the dissolution results because 
the drug must contact the medium to dissolve. 

Certain tablet products give disintegrated particles with a density such 
that the particles are lifted from the vessel bottom and circulated by the 
swirling medium in the absence of air bubbles. With such products the 
presence of air bubbles tends to lower the dissolution results due to the 
barrier effect. Furthermore, air bubbles attached to particles may syn- 
chronize the particle's motion with that of the medium; in this case, the 

Centaur Chemical Co., Stamford, CT 06902. 
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Table 1x1-Response of Tablet  2 to Changes in Test 
Conditions 

50 rpmd 
Test Analyst 1 Analyst 2 Analyst 1 Analyst 2 

Condition‘ Mean SD Mean SD Mean SD Mean SD 
Test Analyst 1 Analyst 2 Analyst 1 Analyst 2 

Condition‘ Mean SD Mean SD Mean SD Mean SD 

Benchmark‘ 37.9 3.0 36.2 5.0 79.8 3.1 80.9 6.2 

R 34.8 1.8 35.4 2.1 86.5 5.2 90.6 4.0 
A 41.9 3.0 39.7 5.4 83.6 1.6 82.8 8.3 
- ~~ _ .  

C 39.3 1.9 38.8 3.0 78.2 3.7 78.5 6.1 
D 40.2 4.0 41.6 4.8 86.8 4.1 88.5 1.7 
E 45.7 3.1 45.7 3.3 92.8 1.7 90.3 2.1 
F 37.3 4.5 34.9 3.2 78.8 8.2 76.6 7.6 
G 37.6 4.6 39.5 5.7 81.6 8.2 80.2 6.3 
H 83.0 4.2 83.2 3.9 96.0 1.7 96.4 0.8 
I 37.2 2.0 34.6 4.0 80.9 3.9 80.8 5.8 
J _ _  41.2 4.2 - ~ 90.9 2.8 

Benchmarkf 34.9 2.5 34.3 5.1 78.2 2.3 75.4 8.0 

As in Table 
I. Except results obtained under test condition A. PObtained before any variation 
in test conditions. f Obtained after variations in test procedures were com- 
pleted. 

concentration gradients near the particles could increase, also lowering 
the dissolution results. 

Other tablet products disintegrate into particles of sufficient density 
to collect in a compact, cone-shaped mass on the bottom of the vessel in 
a region of relatively low liquid agitation. If the density of the tablet 
particles is changed sufficiently by the presence of air bubbles, the ag- 
gregate of particles on the vessel bottom is disrupted and more particles 
are lifted into regions of higher liquid agitation. Considered alone, this 
effect raises the dissolution results because more particles are brought 
into contact with more liquid in a given time. In practice, however, the 
net result of this effect plus the barrier effect is observed for such prod- 
ucts. 

The mean results of the USP calibrator tablets change only slightly 
with variations in individual test conditions (Tables I and 11). If a vari- 
ation in test conditions truly affects the dissolution behavior of these 
tablets, a bias will be present in the results a t  both 50 and 100 rpm. Sta- 
tistical techniques suggested by Steiner (12) were used to analyze the 
mean results. 

The means obtained by each analyst at each rotational rate were 
ranked from low to high, without the results obtained when probes were 
present in the dissolution medium. The ranks of all mean results obtained 
under the particular test conditions (specified in Tables I and 11) were 
summed. The rank sums were then compared with values representing 
upper and lower limits that would not be exceeded by chance a t  the 95% 
confidence level. 

When the means obtained from the salicylic acid tablets (Table I) were 
analyzed by this technique, it was found that a small upward bias may 
have existed in the results when the USP tolerance for centering was 
doubled (test variation E). The statistical test gave a borderline result 
a t  the 95% confidence level. The means obtained by test variation E were 
removed, and the means remaining in the table were ranked a second 
time. The remaining test variations did not give a consistent bias to the 
results. Individual means were then tested for bias. The means obtained 
by test variation H a t  100 rpm were found to be significantly high a t  the 
95% confidence level. Thus, air bubbles accumulating on the tablets 
produced a small bias in the results at 100 rpm, but not at 50 rpm. 

When the means obtained from the USP disintegrating calibrator 
tablets (Table 11) were ranked and the ranks were summed across the 
table, test variation H was found to produce a downward bias. Thus, air 
bubbles accumulating on these tablets lower the dissolution results. After 
the means from test variation H were removed, no consistent bias was 
found for the other test variations. No individual means were found to 
contain a bias significant a t  the 95% confidence level. 

The means obtained from Tablet 2 (Table 111) were analyzed in a 
similar manner. The means obtained under the last benchmark condi- 
tions were found to have a downward bias, and test variation H was found 
to produce an upward bias. After these means were removed, test varia- 
tion E was found to produce an upward bias, test variation D produced 
a high bias with borderline significance a t  the 95% confidence level, and 
test variation A produced a high bias. No consistent bias was found for 
the remaining means obtained under the first benchmark conditions and 
test variations B, C, F, G, and I. When these means were analyzed indi- 
vidually, the two means obtained from test condition B at 100 rpm were 
found to be significantly high a t  the 95% confidence level. Thus, a bias 
is produced in the results from Tablet 2 by not deaerating the medium, 

0 Prednisone, 10 mg. * Expressed as percent of label claim; n = 6. 

by not centering the paddles in the vessels, by doubling the USP tolerance 
for rotational rate of the paddle, and, a t  100 rpm, by using glass vessels 
with flattened bottom curvatures. The magnitude of the bias is large when 
there is excess gas present in the medium. The magnitude of the bias is 
noticeable when the USP tolerance for centering is doubled and, at 100 
rpm, when the paddles are shifted 2 mm from the vessel centers. The bias 
from the glass vessels is noticeable a t  100 rpm. 

Probes, used in many laboratories to take aliquots automatically, can 
influence the dissolution results of tablets (10,l l) .  The USP calibrator 
tablets do not respond noticeably to changes in the hydrodynamics of 
the test generated by the probes (Tables I and 11). 

Five samples of 5-mg prednisone tablets from four manufacturers were 
subjected to selected changes in test conditions (Table IV). Analyst 1 used 
an apparatus previously described (4) and discussed (5). Because the 
paddle shafts in positions 4 and 6 were not parallel to the other four 
shafts, tablets from each of the samples gave higher results in these two 
positions. All shafts in the apparatus used by analyst 2 were parallel. This 
difference in equipment is the major cause of the differences between the 
benchmark results collected by the two analysts. The response to changes 
in test conditions is considerably greater for the commercial tablets than 
for the calibrator tablets. These commercial tablets fail the USP disso- 
lution test when the test is performed under benchmark conditions, but 
may easily pass the test when the conditions are only slightly altered. 

The official acceptance ranges for the USP calibrator tablets are based 
on results of collaborative studies (Table V) that involved 20 laboratories 
(3). Two independent studies of the 50-mg prednisone tablets a t  50 rpm 
have also been reported-one by 5 (6) and the other by 11 FDA labora- 
tories (13). 

The official ranges show considerable overlap: the equipment could 
give identical results a t  50 and 100 rpm and yet pass the requirements. 
This paradox arises from the large systematic errors of unknown origin 
among the 20 collaborating laboratories. However, only a small part of 
the wide spread in collaborative results can be ascribed to malfunctioning 
equipment (Tables I and 11). 

The official ranges are much too wide. According to the USP calibrators 
and ranges, the equipment used to collect the data in Tables I-IV is 
suitable for use, even when the measurable official tolerances (rotation 
and geometry) are exceeded. Narrowing the official calibrator ranges will 
not help, however, because the USP calibrators do not respond to the 
variables of interest (Tables I and 11). 

Tablet 2 has been used in several FDA laboratories as a performance 
standard for Apparatus 2, complementing, but not replacing, the USP 
calibrators. The acceptance ranges for Tablet 2 (Table V) were derived 
from a collaborative study by 11 FDA laboratories (13). Although Tablet 
2 shows excellent sensitivity to excess gas in the dissolution medium, it 
does not respond adequately to irregularities in vessel curvature or to 
equipment misalignment. Nevertheless, Tablet 2 often has revealed 
subtle differences among sets of dissolution equipment that appeared 
equivalent when tested with the USP calibrators. 

Roles of Disintegration and Density-Tablets that  do not disinte- 
grate during the test usually show little response to malfunctioning 
equipment or excess gas in the medium. Tablets that disintegrate within 
2-3 min and give disintegrated particles that  are lifted and circulated 
throughout the medium are usually immune to minor variations in 
equipment alignment and vessel curvature. Tablets that  disintegrate 
within 2-3 min into granules that remain on the vessel bottom are likely 
to respond to such minor variations and, thus, are candidates as cali- 
brators for the test. 

Tablet  Position Effect-The behavior of a tablet that  disintegrates 
after 5-7 min is influenced by its position in the vessel’. If such a tablet 
settles a t  the center of the vessel, it will take longer to disintegrate and 
will exhibit a slower dissolution rate than a similar tablet that settles some 
distance away from the center. The latter tablet will disintegrate faster, 
and the disintegrated tablet material will be pulled toward the center by 
the circular liquid flow generated by the rotating paddle. For prednisone 
tablets of this nature, differences of 10-20% of label claim are commonly 
seen among the dissolution results of individual tablets. If the tablets 
settle at  widely different locations in the dissolution vessels, the mean 
result will be higher than it should be and the standard deviation will be 
large. The wide range of results usually is blamed on the “inherent 
standard deviation” of the tablets when, in fact, it is due to the scattered 
positions of the tablets a t  the start of the test. The two samples of tablets 
from manufacturer B (Table IV) take from 10-15 min to disintegrate and 
exhibit this position effect. Ideally such tablets should be positioned at  

This effect has also been observed in Food and Drug Administration laboratories 
in Chicago. Ill., and Winchester. Mass. 
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Table IV-Response of Commercial 5-mg Prednisone Tablets t o  Changes in Test Conditions a 

Manufacturer 
A Bib B2 C D 

Condition‘ Mean SD Mean SD Mean SD Mean SD Mean SD 

Benchmark 68.4 12.2 69.2 16.3 77.2 14.7 75.3 7.5 79.7 5.4 
Benchmark‘ 70.8 5.3 64.6 9.0 71.0 7.2 74.0 4.2 76.4 4.3 
Be 76.3 8.0 77.6 13.3 80.3 11.9 82.5 10.7 82.5 6.3 
Dd 88.0 3.5 94.2 2.3 95.8 2.9 90.4 3.0 87.0 3.2 
He 98.9 1.4 97.2 1.7 95.7 2.1 97.3 1.6 95.5 2.7 

Expressed in percent of label claim; n = 6. Two different lots from manufacturer B were used. As in Table I. Performed by Analyst 1. Performed by Analyst 
2. 

the bottom of the vessel a t  the start of each test. Tablets whose results 
depend on their initial position in the vessel should not be considered as 
potential calibrators. 

Role of Calibrators-The ideal calibrator is easily defined, but has 
yet to be found. It should warn of incorrect shaft-rotation speed, equip- 
ment misalignment, irregularities in vessel curvature, etc. The calibrator 
results must leave no doubt about equipment suitability. A reproducible 
way to manufacture the calibrator must exist so that it may be distributed 
widely. These requirements will not soon be met. A simple suitability test 
for correct equipment setup is highly desirable, but its benefits may be 
outweighed by the expense of developing and manufacturing the required 
calibrator. 

Meanwhile, most of the requirements for suitability of equipment can 
be met without using calibrator tablets. Alignment of equipment can be 
ensured by careful measurement with centering tools, calipers, and 
bubble levels. Uniform vessels are available. Control of shaft-rotation 
speed and temperature is trivial. Drug manufacturers can easily test 
whether deaerating the media influences the results for their prod- 
ucts. 

CONCLUSIONS 

Large systematic errors existed among the laboratories that  contrib- 
uted the data from which the USP acceptance ranges for the official 
calibrators were derived. The sources of these errors are unknown; 
however, the USP calibrators do not warn of common equipment mal- 
functions. Thus, the USP suitability test cannot ensure correct equipment 
operation. 

The general chapter on dissolution testing in the USP recognizes many 

Table V-Acceptance Ranges for  Tablets Used in  the Apparatus 
2 Suitability Test 

Acceptable Range Maximum 
Tablet rPm of Means“ Acceptable SDa 

Salicylic acid 50 14.1-22.5 
Lot G b  100 17.6-30.0 

Prednisone, 50 mg 50 56.6-77.0 
Lot Fb 100 67.9-84.3 
Lot Fc 
Lot F: 

Tablet 2 

50 63.1-73.2 
50 62.4-69.8 
50 32.545.3 

3.7 
3.7 
4.5 
3.2 
3.3 
4.1 
5.9 

Expressed in percent of label claim; n = 6. Basis for official USP values, de- 
rived from results collected by 20 Pharmaceutical Manufacturers Association 
laboratories (3). Derived from results collected by 5 FDA laboratories (6). 
d Derived from results collected by 11 FDA laboratories (13). 

of the test conditions that require control and gives an idealized concept 
of how the test is to be conducted. Unfortunately, control of equipment 
tolerances is not well defined in some cases and not fully adequate in 
others. The effect of changes in some of these equipment conditions on 
the dissolution results obtained from certain commercial tablets has been 
demonstrated. 

Although equipment alignment and shaft-rotation speed may be 
controlled with simple measurements, a calibrator tablet is very useful 
when checking for test conditions that are difficult to measure (e.g., excess 
gas) or that require sophisticated equipment (eg., vibration). One cannot 
rely totally on calibrator tablets to establish that the dissolution test 
conditions remain unchanged from day to day unless these requirements 
are met: (a )  the tablets must respond to changes in critical test conditions, 
( b )  the tablet response must be measured under rigidly controlled and 
well-defined test conditions, and ( c )  an acceptance range must be es- 
tablished within which variations in results due to minor fluctuations 
in test conditions can safely be ignored. 
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Abstract 0 A radioimmunoassay was developed for the measurement 
in human serum and urine of erythro-9-(2-hydroxy-3-nonyl)-hypoxan- 
thine. Antisera were produced in rabbits by immunization with an 
erythro-9-(2-hydroxy-3-nonyl)-hypoxanthine hemisuccinate-bovine 
serum albumin conjugate. The competitive antigen was erythro-942- 
hydroxy-3-nonyl)-hypoxanthine labeled with carbon-14 on the purine 
ring. Cross-reactivities were measured against three metabolites and the 
naturally occurring purine bases inosine and hypoxanthine. Sensitivity 
of the method was 1 ng/ml in serum and 10 ng/ml in urine. Precision a t  
clinical levels was f15% in serum a t  2 ng/ml and f 3 %  in urine a t  200 
ng/ml. 

Keyphrases erythro-9-(2-Hydroxy-3-nonyl)-hypoxanthine-im- 
munomodulator, quantitation in human serum and urine by radioim- 
munoassay Rndioimmunoassay-of er.ythro-9-(2-hydroxy-~-non- 
yl)-hypoxanthine, quantitation in human serum and urine 0 Immuno- 
modulatom-erythro-9-(2-hydroxy-3-nonyl)-hypoxanthine, quantitation 
by radioimmunoassay, human serum and urine 

A considerable amount of interest in the academic and 
industrial community is currently being directed a t  the 
emerging discipline of immunopharmacology. The cellular 
immunological component of this pharmacological cate- 
gory includes both natural and synthetically derived 
substances with biological activity. Paramount among the 
former category are the thymic hormones (l), bacterial 
agents [BCG (2), Corynebacterium paruurn (3)], transfer 
factor (4), and interferon (5). Levamisole (6),  inosiplex (7), 
krestin (8), and interferon inducers (5) are examples of 
synthetic entities that possess a number of interesting 
immunomodulatory properties that have been defined in 
both in uitro and in uiuo systems. 
erythro-9-(2-Hydroxy-3-nonyl)-hypoxanthinel (I) is an 

immunopharmacologically active substance (9, 10) which 
is intended for use in the treatment of acquired or geneti- 

OH 

I 7  
CH3 - (CH2);CH-CH-CH3 

I : R = O H  
11: R = COI(CH2)ZCOOH 

111: R = C02(CH,)2CONH-Albumin 

NPT 15392. 

cally determined deficiencies in cell-mediated immune 
function. Since the minimum effective dose of this com- 
pound was relatively small (0.01 mgkg), serum and urine 
levels were expected to be correspondingly low. Initial 
analytical development, utilizing high-performance liquid 
chromatographic (HPLC) reverse-phase techniques and 
UV detection, indicated a lower limit of detectability on 
the order of 0.5 pg/ml in plasma. The detectability in urine, 
however, was even less sensitive due to interferences from 
normal urine constituents. Extractive procedures using 
various organic phases were of limited utility in improving 
the levels of detectability. 

This paper describes a radioimmunoussuy (RIA) for I. 
The assay is of sufficient specificity and sensitivity to de- 
termine relevant pharmacological parameters (e.g.  , bio- 
availability, elimination, and absorption) a t  the expected 
therapeutic doses which would be used in clinical investi- 
gations. 

EXPERIMENTAL 

Chemicals and  Materials-Reagent-grade solvents and chemicals 
were used except for the HPLC solvents, which were HPLC grade. 
Freund's adjuvant2 (complete and incomplete) was purchased in sealed 
glass ampules. Bovine serum albumin? was RIA grade. Sodium [I4C]- 
formate4 (99% radiopure, specific activity 51 mCi/mm) was packaged 
in a glass ampule in 70% ethanol under a nitrogen atmosphere. erythro- 
5-Amino-4-chloro-6-(2-hydroxy-3-nonyl)-pyrimidine~ contained 1.5% 
of the threo isomer. The erythro-9-(2-hydroxy-3-nonyl)-hypoxanthine 
used in these assays was reference standard grade, containing 0.2% of the 
threo isomer. 

Chromatographic Systems-Preparative TLC was performed on 
2-mm silica plates6 using n-butyl alcohol-2 N ammonia (5:l) as a solvent 
(system A). TLC systems were silica7 with n-butyl alcohol-acetic acid- 
water (4:1:2) (system B) and cellulose F-254 with isopropyl alcohol-water 
(4:l) (system C). 

HPLC separations were carried out using a gradient liquid chroma- 
tograph8, a 5-pm reverse-phase 250 X 4.6-mm columng, and a detectorlo 
operating a t  254 nm. The eluant used was typically 0.05 M in 
water-methanol (60:40) (system D). 

Scintillation Counting-Radioactivity measurements were per- 
formed on a liquid scintillation counter*]. An open channel was used for 
the carbon-14 counts. Scintillation fluid12 (2.5 ml) was added to  15 X 
45-mm glass vials containing the [I4C]protein precipitate from the urine 
assay. For the serum assay precipitate, 10 ml of cocktail was added to 21 
X 68-mm glass vials. 

Preparat ion of the  Immunogen-Synthesis of Erythro-9-(P-hy- 
drox\-3-nonS.l)-hypf)xanthine Hernisuccinate (11)-Compound I (300 

Grand Island Biological Co., Grand Island, N.Y. 
Sigma Chemical Co., St. Louis, Mo. 

Dr. A. Giner-Sorolla. Sloan-Kettering Institute for Cancer Research, Rye, 

Silica 60 F-254, E. Merck, Darmstadt, West Germany. 
Silica IB-F, J. T. Baker, Phillipshurg, N.J. 
Altex Model 332, Beckman Instruments, Irvine, Calif. 
Ultrasphere, Beckman Instruments, Irvine, Calif. 

lo Model LS-8o00, Beckman Instruments, Irvine, Calif. 
l1 Waters Associates, Milford, Mass. 

Aquasol, New England Nuclear, Boston, Mass. 

' Rosechem Products, Los Angeles, Calif. 

N.Y. 
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Table I-Recoveries of I from Human Serum 260C 

Amount of 
I Added, Estimated I Recovered, 

ndml ng/ml Mean C V b , %  

Aa B C D E F 
1 1.0 0.8 0.5 1.1 1.1 1.2 0.95 27.2 
2 2.3 2.2 1.8 1.9 1.5 1.9 1.93 14.9 
5 4.2 4.5 3.4 4.8 4.2 5.0 4.35 13.0 

a Individuals providing serum samples. * Coefficient of variation for six individual 
observations. 

mg) and succinic anhydride (2 g) were dissolved in 4 ml of pyridine. The 
mixture was stirred overnight a t  40'. The pyridine was removed under 
reduced pressure, and the residue was dissolved in a minimum amount 
of ethanol. Concentrated ammonium hydroxide was added until pre- 
cipitation ceased. The supernatant was removed, and the precipitate was 
washed three times with small volumes of ethanol. The supernatant and 
ethanol washes were pooled and applied to chromatographic system A. 
After a 15-hr development, the major UV-absorbing band a t  Rf 0.34 was 
isolated and eluted with 15 ml of ethanol. This elution was repeated three 
times. The ethanol was removed under reduced pressure, and the residue 
was dissolved in 50% ethanol-water prior to ultraf~ltration~~. The solvent 
was again removed under reduced pressure to give 124 mg (30% yield) 
of the hemisuccinate 11. The identity of I1 was confirmed by base hy- 
drolysis (1 N NaOH, 70' for 1 hr), which gave total conversion to the 
parent compound, I. 

Preparation of the Rooine Serum Albumin Conjugate (111)-A so- 
lution of bovine serum albumin (23 mg) in 1.5 ml of water was stirred and 
room temperature and the pH was adjusted to 5.5 with a dilute sodium 
hydroxide solution. The hemisuccinate I1 was added (11 mg in 0.5 ml of 
water) and the pH was readjusted to 5.5. l-Cyclohexyl-3-(2-morpholi- 
noethyl)-carbodiimide metho-p-toluenesulfonate (21 mg) was added to 
the aforementioned solution and the resulting turbid mixture was stirred 
overnight a t  room temperature. The suspension was removed and di- 
alyzed against phosphate-buffered saline a t  4'. The dialysate was 
changed frequently. 

The product was characterized in the following manner: 
1. An aliquot of the product was ultrafiltered, and the ultrafiltrate was 

analyzed by system D for I. Only a trace amount was found. 
2. The ultrafiltrate was hydrolyzed with base and then analyzed for 

I. Again, only a trace amount of the drug was found. 

~ ~ ~~ 

1 2 3 4 5  10 20 
CONCENTRATION OF I, ng/ml 

Figure 1-Serum RIA standard curve. Known amounts of I were added 
t o  control serum at 0 ,1 ,2 ,5 ,10 ,  and 20 nglml, the RIA was carried out, 
and the percent cpm was calculated. Percent cpm was defined as cpm 
sample + cpm control ( X I O O ) .  

l 3  CF-50 Membrane Cone, Amicon Corp., Lexington, Mass 
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Figure 2-Urine RIA standard curve. Known amounts of I were added 
to water at 10,20,50,100, and 200 nglml, and the RIA was carried out 
as described in the text. 

3. An aliquot of the product was hydrolyzed with base and ultrafil- 
tered. A large amount of I was found in the ultrafiltrate, corresponding 
to 4.21 pmoles or -13 molecules bound to a molecule of bovine serum 
albumin in the product. 

4. Base hydrolysis of bovine serum albumin alone did not interfere 
with the HPLC assay. The results of the first two experiments indicated 
only small amounts (<1 pg) of I and I1 were present in the product. Two 
other coupling agents used under various conditions did not yield a 
conjugate. Agents found not to be effective were l-ethyl-3-(3-dimethyI- 
aminopropy1)-carbodiimide and N-ethyl-5-phenylisoxazolium-3'-sul- 
fonate. 

The conjugate (111) was diluted with sterile phosphate-buffered saline 
to a final concentration of 1 mglml and frozen in aliquots. It was deter- 
mined by the aforementioned HPLC procedure that a freeze-thaw cycle 
did not alter the integrity of the conjugate. 

Immunization-The solution of I11 was thawed and emulsified 
thoroughly with an equal volume of Freund's complete adjuvant. Sub- 
cutaneous injections of the emulsion (1.6 ml) were made to the back area 
of each of four New Zealand White rabbits. After 3 weeks, a second in- 
jection was administered with incomplete Freund's adjuvant. Four weeks 
after the second injection, all rabbits showed a workable titer of anti- 
bodies to I. Blood was removed from the ear vein, allowed to clot a t  room 
temperature for 1 hr, and stored overnight at  4'. The serum was removed 
and used in the RIA. Periodic booster shots of the original preparation 
of 111 were administered to the rabbits for over 1 year, and each time the 
antiserum titer showed a anamnestic (2-week) rise to original levels. 

Preparat ion of [8-14C]erythro-9-(2-Hydroxy-3-nonyl)-hypo- 
xanthine (1V)-The 70% ethanol solvent was removed under reduced 
pressure from sodium [14C]formate (5 mCi, 51 mCi/mm). The sodium 
[14C]formate was then dissolved in 100 p1 of phosphoric acid, and an ex- 
cess of erythro-5-amin0-4-chloro-6-(2-hydroxy-3-nonylamino)-pyrim- 
idine (55 mg) was added with vortexing. The reaction was heated at  
95-100' in an oil bath for 4 hr, and then cooled. Methanol (300 pl) and 
then concentrated ammonium hydroxide (180 pl )  were added with vor- 
texing. This solution was applied to system A and developed overnight. 
The UV-absorbing band corresponding to I (R, 0.51) was isolated and 
eluted into 175 ml of methanol. Analysis by HPLC (system D) determined 
a chemical purity of97.9% IV, which contained 1.4% of the threo isomer; 
yield was 13.7 mg of IV (50%). Radiochemical purity analyses using the 
same system showed 96.5% of IV and 1.6% of the t h o  isomer. Analyses 
in systems B and C revealed 99.6 and 98.6% overall radiopurity, respec- 
tively. The TLC systems were unable to resolve the threo isomer. 
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RIA f rom Human Serum-A stock solution of IV was prepared in 
water a t  an activity of -2 X lo7 dpm/ml. A stock solution of 0.5 M sodium 
phosphate buffer, pH 7.5, was also made.The assay mixture was prepared 
by mixing 1.6 p1 of stock solution IV, 2 ml of buffer, 50 pl of antiserum, 
and diluting to a final 10 ml volume. This mixture was freshly prepared 
and used immediately. In practice, the antiserum was diluted to give a 
total binding of IV in the presence of control serum of 70%. 

The assay mixture (1 ml) was added to 2 ml of serum, and each sample 
was run in duplicate. Standards of I were prepared in serum at 0 , 1 , 2 , 5 ,  
10, and 20 ng/ml (also in duplicate) and analyzed concurrently. The so- 
lutions were thoroughly mixed and allowed to incubate overnight at 4'. 
After warming to room temperature, saturated ammonium sulfate was 
added slowly with vortexing to a final dilution of 40% saturation. The 
precipitate was allowed to stand 5 min, then centrifuged. The supernatant 
was aspirated, and the precipiate was washed with 1 ml of 50% saturated 
ammonium sulfate. Water (0.5 ml) was used to dissolve the precipitate, 
and the radioactivity (in cpm) was measured. 

Quantitation of the amount of drug present in serum was determined 
from a standard curve of percent cpm uersus ng/ml of I added. Percent 
cpm for a given sample was calculated by dividing the sample cpm by the 
control cpm and multiplying by 100. A typical standard curve is illus- 
trated in Fig. 1. 

RIA from Human Urine-The assay mixture was identical to that 
for the serum RIA except human control s e m  was also added (ml serum 
per 10 ml assay mixture) to ensure adequate levels of precipitable protein. 
To duplicate 1-ml urine samples, 2 ml of ethyl acetate was added; this 
was vortexed over a 5-min period. Duplicate standards of 0. 10,20,50,  
100, and 200 ng/ml of I in water were prepared, extracted, and run con- 
currently. One milliliter of the top layer was removed, and the solvent 
was evaporated under a stream of nitrogen. The assay mixture (1.5 ml) 
was added and incubated a t  4' overnight. After warming to room tem- 

Table 11-Recoveries of I f rom Human Urine 

Amount of 
I added, 
ng/ml 

0 
10 
20 
50 

100 
200 

Estimated I Recovered, 
ng/ml Mean CV*,% 

A a B C D E  
<10 <10 <10 <10 13 

10.5 23 12.5 8 24 15.6 47.4 
14 32 21.5 11 39 23.5 50.5 
41 63 51 56 66 55.4 18.0 

112 112 108 103 120 111 5.6 
205 210 202 215 220 210 3.5 

0 Individuals providing urinesamples. * Coefficient of variation for five individual 
observations. 

Figure 3-RIA competition curues for  the 
drug (I), three of its metabolites (M-1, M-2, 
M-3), inosine, and hypoxanthine. The 
serum RIA was carried out as described, 
and  either I, a metabolite, inosine, or hy- 
poxanthine was added as a competitor. 

perature, 1 ml of saturated ammonium sulfate was added slowly while 
vortexing. The precipitate was allowed to stand for 5 min, then centri- 
fuged to a pellet. The supernatant was aspirated and discarded. Water 
(0.2 ml) was used to  dissolve the precipitate, and the radioactivity (in 
cpm) present in the pellet was measured. Quantitation of the amount of 
drug present in the urine was derived from a graph of the standard curve 
of cpm uersus ng/ml of I added. A typical standard curve is illustrated 
in Fig. 2. 

RESULTS AND DISCUSSION 

The accuracy and precision of the immunoassays were evaluated and 
the results are given in Tables I and 11. For the serum RIA, samples were 
collected from six untreated individuals, and I was added at levels of 1, 
2, and 5 ng/ml. Control serum was also run for each individual. Percent 
cpm (cpm sample/cpm control X 100) was calculated, and the concen- 
tration of drug present (in ng/ml) was read from a graph of a standard 
curve. The standard curve was generated from similarly treated pooled 
human sera. Average recoveries in serum a t  levels of 1,2, and 5 ng/ml were 
95,97,  and 8770, respectively. Precision was directly related to the con- 
centration. The coefficient of variation (CV)  decreased from 27% a t  1 
ng/ml (the sensitivity of the assay) to 15% a t  2 ng/ml and 13% at 5 ng/ml. 
The method clearly discriminates between control (blank) serum and 
drug-treated serum a t  low levels (1 ng/ml) and yields quantitatively ac- 
ceptable results at  higher levels. 

Various statistical methods were attempted to improve the accuracy 
of quantitation in serum. These methods include linear regression of log 
ng/ml uersus percent cpm and polynomial least-squares fit to ng/ml 
uersus percent cpm. Simple graphical interpolation gave results com- 
parable to the computer-generated data. 

The serum RIA requires a control sample from each individual for the 
calculation of percent cpm. However, i t  was possible to obtain quanti- 
tative results without the control sample by a plot of cpm uersus ng/ml 
of the standard and deriving the concentration from the uncorrected cpm 
of the sample. These results were considerably less accurate than those 
obtained from the percent cpm method, probably due to variable amounts 
of competing materials in the individual sera. The interference was not 
removed by solvent extraction or chemical or membrane deproteinization. 
Since control sera are generally available from pharmacological studies, 
their requirement is not a great limitation. A calculation of percent cpm 
was not necessary for the standard curve of the urine RIA. Acceptable 
results were obtained from a plot of uncorrected cpm uersus ng/ml of I 
in water for the urine quantitation. 

The urine RIA recovery data are given in Table 11. For this study, urine 
from five individuals was sampled, and I was added at  levels of 10,20,50, 
100, and 200 ng/ml. Control urine was also analyzed for each individual. 
The assays were carried out over a period of several weeks, with each 
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individual being analyzed on a separate day using a concurrent standard 
curve. The urine assay standards of I were made in water, extracted, and 
treated identically to the urine samples. 

Average recoveries of drug in urine a t  levels of 10,20,50,100, and 200 
ng/ml were 156,118,111,111, and 10576, respectively. The high recovery 
values were due to small constant amounts of background in the normal 
urine (5-10 ng/ml) and were mostly due to two individuals (Band E). The 
interference, of course, becomes less important a t  higher drug levels 
(100-200 ng/ml). The precision also improves considerably at higher 
levels, ranging from a CV of 50% a t  10-20 ng/ml to 3% at 200 ng/ml. 

For the urine RIA, an extraction was necessary to increase the sensi- 
tivity level. Without an ethyl acetate extraction, a background of 50-100 
ng/ml was present in control urine. The cause of this interference has not 
been determined. The highest background level noted in this study was 
in subject E a t  13 ng/ml, which has subsequently been found to  be the 
highest level observed in any normal urine examined. In every other 
normal urine assayed, the amount of interference was well below the 
lowest concentration on the standard curve (usually 10 ng/ml). 

The specificity of the RIA was also investigated. Three metabolites 
of I, designated as M-1, M-2, and M-3, were isolated from rabbits. UV 
spectra of the metabolites indicated the purine base was unchanged, so 
the amount of metabolites could be estimated using the molar absorp- 
tivity of the parent compound. These metabolites and other possible 
competitors containing a similar purine ring (hypoxathine and inosine) 
were added to an assay in varying amounts and compared with the 
competitive effects of I (Fig. 3). Metabolite M-2 was the most effective 
competitor in the assay, having a cross-reactivity of 2 4 % .  Metabolite 
M-1 had a cross-reactivity of 1.5-270, and M-3 was the least effective 
competitive metabolite a t  O.b2%. Hypoxanthine and inosine were 
cross-reactive a t  4.1%. Percent cross-reactivity was defined as the ng 
of I + ng of competitor (XlOO)  when each was a t  a level producing the 
same reduction in percent cpm. 

The various rabbit antisera were screened for usability. Of the four 
immunized rabbits, the serum from one particular animal was extremely 
sensitive to changes in I. When used in the serum RIA, this rabbit’s an- 
tiserum gave the curve illustrated in Fig. 1, whereas the other rabbits’ 
antiserum produced no measurable reduction in percent cpm up to a drug 
concentration of 10 ng/ml. At some concentrations (2-10 ng/ml), the 
percent cpm actually significantly increased compared with the control. 
This effect has been noted in other systems and has been ascribed to in- 
creasing amounts of hapten producing a conformational change in the 
antibody, thus increasing its binding affinity (11). 

Various approaches to assay optimization were used. Incubation times 
from 2 to 24 hr were explored. The shorter times were usable, but the 
24-hr incubation time yielded the maximum slope (sensitivity) at lower 
concentrations. Reversing the order of the addition of IV and sample to 
the antiserum had no effect. The pH of the assay buffer was incrementally 
varied from 5 to 7.5, but binding remained constant throughout this 
range. Since hypoxanthine and inosine were slightly competitive in the 
assay and are present in normal plasma a t  a level of 4 0 0  ng/ml(12) and 
-200 ng/ml(13), respectively, the effect of their enzymatic removal from 
the serum was studied. Purine nucleoside phosphorylase, xanthine oxi- 
dase, and uricase were added to normal serum and compared by an RIA 
standard curve to the same untreated serum. There were no apparent 
differences between the standard curves generated. 

Attempts to synthesize an 1251-labeled derivative of I yielded appar- 
ently unstable products. Attachment of tyrosine or tyrosine methyl ester 

to I1 gave multiple UV-absorbing products by TLC analysis. Attachment 
of iodine-125 to tyrosine methyl ester, then conjugating the labeled ester 
to I1 also yielded multiple-labeled products. These products were isolated 
and tested in the RIA, but would not bind to the antiserum. Since the 
14C-labeled drug gave acceptable sensitivity and excellent chemical and 
radiochemical stability, neither iodine-I25 or tritium labeling efforts were 
pursued. 

The RIA described in this article has been used to assess serum and 
urine drug levels in human volunteers participating in a tolerance trial. 
Patients were administered a single oral dose of either 0.7,3.0, or 9.0 mg 
of I. Assays were performed on 24-hr pooled urine collections and on 
serum at 2 hr postdose. 

Urinary levels obtained after administration of 0.7 mg of I ranged from 
64 to 290 ng/ml ( n  = 5); after 3.0 mg the range was 190 to 640 ng/ml ( n  
= 7); and after 9.0 mg the range was 437 to 1425 ng/ml ( n  = 6). Urine 
samples were diluted with water when necessary to bring the drug con- 
centration into the standard curve range. Corrections were made for urine 
volume, and the amount and percent of dose excreted were calculated 
(f standard deviation). From the 0.7-, 3.0-, and 9.0-mg dose groups, 196 
f 62 pg (28.0% of dose), 355 f 102 pg (9.6% of dose), and 850 f 241 pg 
(9.4% of dose) wete excreted, respectively. The percentage of dose ex- 
creted unchanged from the 0.7-mg group is significantly higher than the 
other two groups (ANOVA, p < 0.001). 

The 2-hr postdose serum levels were also analyzed from the three 
dosage groups. The 0.7-mg group attained a mean serum level of 1.24 
ng/ml ( n  = 4), the 3.0-mg group a level of 5.43 ng/ml ( n  = 6), and the 
9.0-mg group had an average level of 10.7 ng/ml ( n  = 4). The RIA tech- 
niques, therefore, appear to possess adequate sensitivity for their in- 
tended purpose. 
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Abstract The binding of drugs to plasma proteins has been studied 
extensively using a variety of methods, including equilibrium dialysis. 
Published information on controls used in these studies is frequently 
inadequate; in other cases, there are deficiencies in the experimental 
design for the controls. A method is described that eliminates many of 
the problems associated with artifactual errors in dialysis studies. Mul- 
tiple replicated controls are performed at  the Same time as the test, under 
identical conditions. The controls are used to correct for concentration- 
dependent binding of drug to the membrane or other equipment. The 
method was used to determine the binding of sulfadimethoxine to CF- 
IV-1 a-globulin a t  therapeutic concentrations. The level of binding was 
low (9-13%), but the stringent control technique permitted statistical 
analysis which showed each mean test value to be significantly different 
from its corresponding control. Furthermore, there was a linear rela- 
tionship between the control-corrected percentage binding values and 
total drug concentration, whereas there was no correlation between total 
drug concentration and the uncorrected percentage binding values. 

Keyphrases Equilibrium dialysis-measurement of low-level protein 
binding, elimination of artifactual error, multiple replicated controls 0 
Protein binding-low levels measured by equilibrium dialysis, use of 
multiple replicated controls to eliminate artifactual error, correction for 
concentration-dependent binding 0 Sulfadimethoxine-binding to 
CF-IV-1 a-globulin a t  therapeutic doses, equilibrium dialysis with 
multiple replicated controls 

The binding of drugs and xenobiotic agents to blood 
proteins is an important parameter in pharmacokinetic 
studies, since the extent and affinity of this binding in- 
fluences distribution of the compound in the body (1,2). 
The concentration of unbound drug in the plasma can af- 
fect rates of metabolism and elimination (3).  Numerous 
qualitative and quantitative techniques have been used 
to study the interaction between drugs and macromole- 
cules. Equilibrium dialysis is the classical procedure and 
remains the most popular method (4). In the conventional 
method, the drug-protein mixture is contained within a 
sealed tube of semipermeable membrane, with protein-free 
buffer solution outside the membrane. At  equilibrium the 
concentration of drug in the dialysate equals that of the 
unbound drug inside the dialysis tube. If a suitable range 
of drug concentrations is used, it is also possible to deter- 
mine the extent of binding, the binding constants, and the 
number of binding sites on an isolated pure protein ( 5 ) .  A 
comprehensive study also should include an appropriate 
range of protein concentrations to detect any differences 
in binding due to changes in protein concentration. 

Good controls are essential in any dialysis study since 
many drugs bind to the semipermeable membranes and 
apparatus (6), reducing the apparent concentration of free 
drug. Other factors influencing the extent of binding 
measured include temperature (7,8), pH (9), and variation 
in the physicochemical properties of the protein (10). 
Additional influences are those parameters inherent in the 
design of the experiment, such as the nature and concen- 
tration of proteins present (1 1) and the drug used. Arti- 

factual errors in the determination of protein binding can 
be minimized through adequate controls and consideration 
of experimental design. Literature reports of equilibrium 
dialysis studies for the determination of free drug con- 
centrations are frequently deficient in details concerning 
the controls used. 

All methods for determination of free drug concentra- 
tions in plasma, serum, or solutions of macromolecules a t  
normal biological concentrations have some inherent 
problems that may influence the results (4). The most 
commonly used techniques involve separation of a fraction 
of the unbound drug from the bound component. One of 
the advantages of dialysis is that the free component re- 
tains access to the bound component when equilibrium is 
reached. Concentrations of free and bound drug are not 
affected to the same extent as in ultrafiltration, where a 
portion of the free drug is removed from the system. U1- 
trafiltration also results in some concentration of the 
protein solution, which may influence the binding (12). 

Inadequacy of controls is a major contributor to the 
variations found in binding studies reported in the liter- 
ature. Nonspecific adsorption to the semipermeable 
membrane is a problem in the dialysis of many compounds 
(13). The extent of adsorption to membranes is frequently 
<lo% of the total drug present, but may exceed 50% (6) 
and vary according to the method of preparation and 
storage of the membrane (14). I t  can occur with all types 
of membrane and is a source of potential error in free drug 
determination. Nevertheless, a commonly used technique 
is to run limited preliminary controls which are used to 
generate a correction factor to be applied to all subsequent 
results obtained with solutions containing protein (15). In 
many cases, the binding to apparatus and membranes is 
considered negligible. But variations in these losses may 
become highly significant when working a t  low concen- 
trations such as those encountered with many drugs at 
therapeutic doses. Furthermore, the variability in results 
obtained with conventional dialysis procedures often 

Figure 1-Plot of percentage binding versus concentration ofsulfadi- 
rnethoxine. Percentage binding values are calculated directly from the 
optical density mean values shown in Table I. 

918 I Journal of Pharmaceutical Sciences 
Vol. 72. No. 8. August 1983 

0022-35491 831 0800-09 18$0 l .OO/O 
@ 1983, American Pharmaceutical Association 



Table I-Percentage Protein Binding of Sulfadimethoxine 
Calculated Directlv f rom the Mean ODtical Density Values 
(First  Method) a 

Initial Mean Optical 
Concen- Density Protein 
tration, Control Test Binding,b 
Ccg/ml ( Y c )  ( Yt)  % 

100 0.3783 f 0.0025 0.3394 f 0.0041 10.28 f 1.09 
140 0.5338 f 0.0066 0.4710 f 0.0082 11.76 f 1.54 . .._ ~ - ._ 

180 0.7170 f 0.0129 0.6378 f 0.0096 11.05 f 1.33 
250 1.049 f 0.0051 0.9276 f 0.0084 11.57 f 0.80 
340 1.452 f 0.0080 1.253 f 0.0094 13.71 f 0.65 

r = 0.9997 r = 0.9994 r = 0.8811 

a Expressed as mean f SE; I? = 5. * [( Y ,  - Yt)/Yc]  X 100. 

precludes accurate determination of binding for drugs that 
show a low percentage bound. 

In the present study, an equilibrium dialysis method is 
described which employs calibration and control proce- 
dures that minimize artifactual errors and permit statis- 
tical evaluation of control, as well as test data. The method 
permits compensation to be made for concentration- 
dependent binding to apparatus and membranes and al- 
lows for variations in conditions in individual experiments. 
Sulfadimethoxine and Cohn fraction (CF) IV-1 a-globulin 
were selected as a model drug-protein system that gives 
a low percentage binding. The concentration of the protein 
was constant at the normal blood level of 0.81% w/v, with 
the drug present in amounts equivalent to those found in 
therapeutic application. 

EXPERIMENTAL 

Equilibrium dialysis was performed using 20-cm strips of dialysis 
tubing’ (1-cm diameter, 4.8-nm pore diameter) with a molecular weight 
cut-off not greater than 12,000. These membranes were immersed in 
boiling water and stirred for 2 hr as the water cooled. The tubing was then 
stirred with 70% methanol for 30 min, stored in 50% methanol overnight, 
rinsed with distilled water, and soaked in phosphate buffer (pH 7.4) for 
2-3 hr prior to use. The membranes were used immediately after prep- 
aration. The tubing was tied with a double knot a t  one end and filled with 
2 ml of protein solution (CF-IV-1 a-globulin* in phosphate buffer, 0.81% 
w/v; pH 7.4) containing sulfadimethoxine. The drug concentration range 
was 100-340 pg/ml. The tubing was sealed and placed in a glass culture 
tube (16 X 125 mm) with a polytetrafluoroethylene cap. Four milliliters 
of phosphate buffer (pH 7.4) was placed in each culture tube, and the 
solutions were dialyzed for 24 hr at  3703. The tubes were rotated 12 times 
per minute using a rotary rnixer4. The protein solution and dialysate were 
assayed for sulfadimethoxine using the Bratton-Marshall method (16). 
Absorbance was measured at 420 nm; five replicates of each test con- 
centration were dialyzed. A set of five controls was prepared for each 
concentration studied and placed in the rotary mixer with the test sam- 
ples. Controls were identical to the test samples, except the solution inside 
the dialysis membrane contained no protein. Glassware and buffer were 
sterilized by autoclave5 prior to use. Preparation and transfer of solutions 
were carried out under aseptic conditions in a laminar-airflow hood6. The 
dialysate was tested for the absence of protein both visually (absence of 
frothing) and by means of a semiquantitative colorimetric indicator’. 

RESULTS AND DISCUSSION 

The mean optical density values (n = 5) for control and test solutions 
are shown in Table I. Each set of controls is an exact replicate of the 
corresponding set of test solutions, except that  the dialysis bags in the 

Fisher Scientific Co., Toronto, Ontario, Canada. 
2 United States Biochemical Corp., Cleveland, Ohio. 
3 Thelco Model 4 Incubator, Fisher Scientific Co., Toronto, Ontario, Canada. 

Hematology/Chemistry Mixer Model 346, Fisher Scientific Co., Toronto, On- 
tario, Canada. 

Castle Autoclave, Fisher Scientific Co., Toronto, Ontario, Canada. 
Enviralab Sterility Module, Bio-Dynamics, Burlington, Ontario, Canada. 

7 Albustix, Ames Co. Division, Miles Laboratories, Rexdale, Ontario, Canada. 

Table 11-Percentage Protein Binding of Sulfadimethoxine 
Calculated by a Regression Equation (Second Method) a 

Initial Corrected 
Concentration, Protein Binding, TO Protein 

Testb Controlc Binding, p d m l  
100 5.53 f 0.81 -3.06 f 0.47 8.59 f 0.91 
140 11.75 I1.16 1.84 f 0.94 9.91 f 1.30 
180 10.87 f 1.05 1.16 f 1.42 9.71 f 1.18 
250 10.22 f 0.66 -0.51 f 0.40 10.73 f 0.74 
340 12.84 f 0.54 -0.097 f 0.46 12.93 f 0.61 

r = 0.6842 r = 0.2243 r = 0.9670 

control tubes contained no protein. The controls therefore take into ac- 
count any spurious loss of drug due to adsorption to the tubes, cap liners, 
membrane, transfer pipets, or any other equipment. Furthermore, the 
controls obviate any day-to-day variation in the assay procedure or ex- 
perimental conditions because they are run in parallel with the tests, and 
they may be subjected to the same statistical analyses as the tests. 

Calculation of Protein Binding-First Method-The difference 
in mean optical density values between the test and its corresponding 
control ( Y ,  - Yt)  is attributable to binding of the drug to protein since 
artifactual discrepancies are represented in the control value. The control 
value is the optical density reading that would be,obtained in the corre- 
sponding test if there were no binding of drug to the protein. Thus, the 
value obtained by subtracting the test optical density from that of the 
control, expressed as a percentage of the control [lo0 ( Y ,  - Yt ) /Yc ] ,  
corresponds to the percentage binding of the drug to protein (Table I). 
The percentage binding in the present experiment was -10% throughout 
the concentration range studied (Fig. 1). Nevertheless, the stringent 
control technique permits statistical analysis, which showed each test 
optical density mean to be significantly different from its corresponding 
control (Student’s two-tailed t test; p < 0.001 except for the 180-pg/ml 
concentration where the limit wasp < 0.01). It is interesting to note that 
there is a linear relationship between the percentage drug bound and 
concentration (y = 0.01183~ + 9.279; r = 0.8811, p‘ = 0.05). We would 
point out however that the y-intercept value of 9.279% is meaningless 
because we have no data for concentrations <lo0 pg/ml, and there is no 
reason to presume that linearity in the relationship would continue to 
hold at very low drug concentrations. 

Second Method-As an alternate approach to  the calculation, the 
controls (Table I) may be used to generate a calibration curve (y = 
0.004525~ - 0.08808; r = 0.9970) from which the test optical density 
values (Y t )  may be converted to percentage binding values. In this pro- 
cedure, the experimental test optical density mean value (Yt )  is inserted 
in the regression equation to calculate a value ( X t )  for the concentration 
of free drug in the test solution a t  equilibrium. The percentage drug 
bound to the protein is then calculated by the expression 100 (XO - 
A t ) / X o ,  where Xo is the initial concentration of the drug (Table 11). There 
is no correlation (Fig. 2) between these uncorrected percentage binding 
values and initial drug concentration (r = 0.6842, not significant). 

However, the present experimental design also permits the control 
optical density mean value (Y , )  to be converted similarly to a value (8,) 
for the concentration of free drug in the control solution a t  equilibrium. 
The percentage “spurious” binding in the control is then given by the 
expression 100 (X, - 8 , ) / X o .  The “spurious” binding values calculated 
by this method are shown in Table 11. Theoretically, the controls should 
show no binding because they contain no protein. In practice, positive 

2o r 

60 100 140 180 250 340 
SULFADIMETHOXINE CONCENTRATION, pglml 

Figure 2-Plots of percentage binding versus concentration of sulfa- 
dimethoxine. Key: (A) mean test values; (A) mean control values; (0) 
adjusted test values (test less control). 
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Figure 3-Erroneous percentage binding values calculated from the 
regression equation of an  unpaired calibration curve. 

or negative deviations from 0% binding reflect nonideal behavior in the 
system, brought about by the binding of drug to the equipment or other 
experimental error. Thus, the control (“spurious”) binding values were 
subtracted from the corresponding test (uncorrected) binding values to 
give the percent binding. The simplified expression for the calculation 
of percent binding values by this method is 100 (Ac - At , ) /Xo.  There is 
a good correlation between the corrected percentage binding and initial 
concentration of drug (y = 0.01650~ + 7.042; r = 0.9670, p’ = 0.01). 

Comparison of data in Tables I and I1 reveals that  the percentage 
binding values calculated by the two methods are similar, but not iden- 
tical. The disparity arises because of the different types of arithmetic 
manipulation of data employed. In the first method (Table I), the ex- 
perimental optical density mean values of the test and control are used 
directly to calculate percentage binding values. By contrast, the second 
method (Table 11) depends on the ability of the regression equation to 
predict the drug concentration (8) which corresponds to an experi- 
mentally determined optical density value (Y).  Thus the numerical dif- 
ference between the percentage binding values generated by the two 
methods may be predicted by the expression 100 ( l /Yc  - l/mXo)(Y, - 
Y J ,  where m is the slope of the regression equation. Full details of the 
derivation of this expression will be published elsewhere. 

The percentage binding values calculated by the second method are 
consistently smaller than those calculated by the first method. This re- 
sults in high t values (>7.0 with 4 degrees of freedom) when individual 
results contributing to a pair of mean values are compared, term by term, 
in a paired t test. However, the scatter of results about each mean is 
sufficiently wide to produce low t values (<LO with 8 degrees of freedom) 
in an unpaired t test. This means that, for practical purposes, there is no 
significant difference between mean percentage binding calculated by 
the two methods. We therefore prefer the first method because it is simple 
and direct. 

Variability in the System-To assess day-to-day variability in the 
system, control-calibration experiments were run on nine different oc- 
casions by the same technician. Slope values generated from this data 
varied considerably (mean, 0.003970; SD, 0.0004974; coefficient of vari- 
ation, 12.53%). This reflects not only variation in the analytical method, 
but also any day-to-day differences in the adsorption of drug to the 
membrane. The latter is suspect because the membranes have to be 
prepared for each run (see Experimental) and it is possible that there 
is interbatch variation in the extent of drug adsorption. 

T o  illustrate the distortion that may be brought about by the use of 
an unpaired calibration curve, the test optical density mean values in 
Table I were converted to percent protein binding values by means of a 
calibration curve (y = 0.003522~ + 0.06394; r = 0.9981) selected a t  ran- 
dom from the nine calibration-control experiments described above. The 
resulting percentage binding-drug concentration plot (Fig. 3) has a 
negative slope (y = -0.09193~ + 28.81; r = -0.9406) and bears little re- 
semblance to the authentic uncorrected plot (Fig. 2). 

In the execution of the experiments, care was taken to standardize the 
manipulative procedures to minimize experimental error. The use of 
tubes with polytetrafluoroethylene-lined caps avoided the problem of 
leaching from rubber- or polyvinylchloride-lined caps, which can cause 
displacement of drugs from protein binding sites (17). All solutions and 
glassware were sterilized before use, and solution transfers were made 
under aseptic conditions in a laminar-airflow hood. This eliminates the 
possibility of microbial growth during dialysis and permits the experi- 
ments to be conducted for 24 hr without the use of preservatives that 
could influence binding characteristics. All dialysates were checked for 
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Figure 4-Relationship between nanomoles of sulfadirnethorine bound 
per  milligram of protein and total drug concentration. 

the absence of protein, both visually (absence of frothing) and by the use 
of a semiquantitative colorimetric indicator. 

The majority of protein-binding experiments described in the literature 
are concerned with drugs which have a high percentage binding to plasma 
proteins and with protein fractions that transport a major fraction of a 
drug in the blood. The significance of minor proteins may increase in 
disease or other conditions, and it can be important to know their con- 
tribution to the overall binding of drugs in the blood. 

The variability in results obtained with conventional dialysis proce- 
dures often precludes accurate determination of the binding of drugs 
which show a low percentage bound or a low affinity for proteins. The 
results (Fig. 1) obtained by the present method however, reveal a low, 
but statistically significant percentage binding throughout the drug 
concentration range studied. Conventional percentage binding-drug 
concentration plots can be difficult to interpret when the slope is shallow 
as in Fig. 1 (r = 0.01183% + 9.297). However, if the percentage binding 
is expressed in terms of nanomoles of drug bound per milligram of pro- 
tein, i t  is clear that  the amount of drug bound increases with total drug 
concentration in a linear manner (y = 0.05866~ - 2.116, r = 0.9913; Fig. 
4). 

CONCLUSION 

The method developed in this study provides an accurate technique 
for the minimization of errors that  arise in equilibrium dialysis and is 
particularly suitable for use when the percentage binding is low. The 
stringent control technique permits correction to be made for concen- 
tration-dependent binding of drug to the membrane or other equipment. 
Most significant in the present study is the linear relationship between 
total drug concentration and control-corrected percentage binding, 
whereas there was no correlation between total drug concentration and 
conventional (uncorrected) percentage binding. The method may be 
adapted to other experimental designs (e.g., fixed concentration of drug 
uersus varied concentration of protein) and can be employed with any 
suitable method of drug analysis. 
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Warfarin (I) is administered clinically as a racemic 
mixture. In humans, S(-)-warfarin is five times more 
potent and is more rapidly eliminated than the R-isomer 
(1,2). Consequently, the concentration of each isomer in 
plasma varies with time within an individual andfalso be- 
tween individuals following a dose of racemic warfarin. The 
response to warfarin is also variable (3). Drugs interact 
with the isomers differently (4-6). Thus, a more complete 
understanding of the sources of variability in response to 
warfarin, and the nature of interactions of drugs with 
warfarin, requires either giving each isomer separately (a 
rare clinical procedure) or determining the concentration 
of each isomer in plasma following administration of the 
prescribed racemic drug. 

Stereospecific analysis of a mixture of enantiomers is 
difficult. Several specialized analytical techniques, in- 
cluding the synthesis of stable isotopes (pseudo-racemates) 
coupled with mass spectrometry (7,8) and a stereospecific 

OH ~H,COCH, 

I R = H  
I I R = F  

radioimmunoassay (9) have been developed to overcome 
this difficulty. 

Chromatographic separation of enantiomers is possible 
if a diastereoisomeric relationship is established between 
them either through the use of chiral solvents (10-12) or 
derivatization with a suitable chiral reagent (13-15). This 
paper describes a simple method for the quantitative es- 
timation of the isomers of warfarin in plasma using car- 
bobenzyloxy-L-proline to form diastereoisomeric esters, 
which can be separated by high-performance liquid 
chromatography (HPLC) using silica as the stationary 
phase. 

EXPERIMENTAL 

Reagents and  Materials-Racemic warfarin was obtained from its 
sodium salt' by precipitation with 0.1 M HCl. The dried material was 
recrystallized from absolute ethanol. R(+)- and S(-)-warfarin2, the in- 
ternal standard3 (3-[a-(4'-fluorophenyl-)-~-acetylethyl]-4-hydroxy- 
coumarin; 4'-fluorowarfarin) (111, imidazole4, dicy~lohexylcarbodiimide~, 
carbobenzyloxy-~-proline~, hexane (HPLC grade)6, methanol', and ethyl 
acetate (HPLC grade)6 were used as supplied. Peroxide-free ethers was 
prepared by passage through a column of activated aluminas (45 g, 
Brockman type 1 alkaline). 

Extraction of RS-Warfarin-Plasma (0.2 ml) and internal standard 
(0.1 ml; 0.846 pg/O.l ml of water) were added to a clean culture tubelo (16 
X 125 mm). The solution was made alkaline with 0.1 M K2C03 (1 ml), 
shaken manually for 3 min with ether (4 ml), and separated by centrif- 
ugation" a t  3000 rpm for 5 min. After aspiration of the organic layer, the 
aqueous layer was acidified with 1 M HCl(l.5 ml) and shaken manually 
for 3 min with ether (6 ml), followed by centrifugation at  3000 rpm for 
3 min. The aqueous layer was quickly frozen by immersion in liquid ni- 
trogen (4MO sec) to allow the organic layer to be decanted into a culture 
tube whose tip was drawn out to a capacity of 0.2 ml. An antibumping 
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3 Gifts from Ciba Geigy Ltd., Switzerland. 
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5 Aldrich Chemical Co., U.S.A. 
6 Rathburn, Scotland. 
7 Analar; Fisons, U.K. 
8 May and Baker, Dagenham, U.K. 
9 B.D.H., U.K. 
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response to warfarin is also variable (3). Drugs interact 
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warfarin, and the nature of interactions of drugs with 
warfarin, requires either giving each isomer separately (a 
rare clinical procedure) or determining the concentration 
of each isomer in plasma following administration of the 
prescribed racemic drug. 

Stereospecific analysis of a mixture of enantiomers is 
difficult. Several specialized analytical techniques, in- 
cluding the synthesis of stable isotopes (pseudo-racemates) 
coupled with mass spectrometry (7,8) and a stereospecific 
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radioimmunoassay (9) have been developed to overcome 
this difficulty. 

Chromatographic separation of enantiomers is possible 
if a diastereoisomeric relationship is established between 
them either through the use of chiral solvents (10-12) or 
derivatization with a suitable chiral reagent (13-15). This 
paper describes a simple method for the quantitative es- 
timation of the isomers of warfarin in plasma using car- 
bobenzyloxy-L-proline to form diastereoisomeric esters, 
which can be separated by high-performance liquid 
chromatography (HPLC) using silica as the stationary 
phase. 

EXPERIMENTAL 

Reagents and  Materials-Racemic warfarin was obtained from its 
sodium salt' by precipitation with 0.1 M HCl. The dried material was 
recrystallized from absolute ethanol. R(+)- and S(-)-warfarin2, the in- 
ternal standard3 (3-[a-(4'-fluorophenyl-)-~-acetylethyl]-4-hydroxy- 
coumarin; 4'-fluorowarfarin) (111, imidazole4, dicy~lohexylcarbodiimide~, 
carbobenzyloxy-~-proline~, hexane (HPLC grade)6, methanol', and ethyl 
acetate (HPLC grade)6 were used as supplied. Peroxide-free ethers was 
prepared by passage through a column of activated aluminas (45 g, 
Brockman type 1 alkaline). 
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(0.1 ml; 0.846 pg/O.l ml of water) were added to a clean culture tubelo (16 
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Table I-Chromatographic Parameters  for  the Carbobenzyloxy- 
L-prolyl Esters of Warfarin on Various Stationary Phases 

Table  11-Within-Assay Variability of Peak Height Ratios at 
Various Amounts of RS-Warfarin 

Solvent StationaryD 
Composition Phase ksb  k R c  Rd ae 

Amount of Isomer, Relative Standard Deviation, % 
wg SS' RS' SS2b RS2b 

Acetonitrile-water-acetic Spherisorb 26.2 23.3 1.13 1.12 

Ethyl acetate-hexane Spherisorb 8.3 10.5 1.44 1.26 

Ethyl acetate-hexane Spherisorb 5.0 7.0 2.74 1.40 

acid (43:66:1) 5 ODS 

(15:85) 5 CN 

(25:75) 5 Si 
Column size was 4.6-mm i.d. X 10 cm. Capacity factor for the carbobenzy- 

Capacity factor for the carbobenzyloxy-L-prolyl loxy-L-prolyl ester of S-warfarin. 
ester of R-warfarin. Resolution factor. Selectivity. 

granule was added to the organic layer, which was evaporated to dryness 
on a heating block a t  45' under a stream of nitrogen. The inside of the 
tube was washed several times with small (100-200 pl) volumes of ether, 
with vortexing and evaporating to dryness between additions. 

For each day of analysis a calibration curve was prepared using the 
above extraction procedure on blank plasma (0.2 ml) spiked with an 
aqueous solution (0.1 ml) containing 0.2-2.0 pg of RS-warfarin and in- 
ternal standard (0.8 pg, 0.1 ml). 

Derivatization-The derivatization procedure involves esterification 
with carhobenzyloxy-Ia-proline using imidazole as catalyst and dicyclo- 
hexylcarbodiimide as the condensing agent. To the plasma extract in the 
modified culture tubes was added carbobenzyloxy-L-proline (10 pl; 100 
mg/ml of acetonitrile), imidazole (10 pl; 1 mg/ml of acetonitrile), and 
dicyclohexylcarbodiimide (10 pl; 100 mg/ml of acetonitrile). The mixture 
was vortexed for -10 sec, during which time a precipitate formed. The 
reaction was allowed to proceed for 2 hr. The tubes were centrifuged at  
3000 rpm for 5 min, and aliquots (3-10 p l )  of the supernatant were ana- 
lyzed by HPLC. 

High-Performance Liquid Chromatography-For HPLC dis- 
crimination of the diastereoisomers, a pump", fitted to a stainless steel 
column (250 mm X 5 mm4.d.) packed with silicaI3 was used with ethyl 
acetate-hexane-methanol-acetic acid (2574.750.250.4) as mobile phase, 
at a flow rate of 1 ml/min (-600 psi). Test samples were applied by means 
of an on-column injector, and the effluent was monitored at  313 nm (0.005 
AUFS) using a UV detector14. All analyses were performed a t  ambient 
temperature. Chromatographic tracings were obtained on a strip chart 
recorder15 a t  a chart speed of 1 cm/2 min. The concentrations of the 
isomers in the unknown samples were calculated by reference to the ap- 
propriate calibration curves, constructed by plotting the peak height 
ratios obtained (using either ester of the internal standard) versus the 
known amounts of isomer per sample of plasma. 

Synthesis of the Diastereoisomeric Esters-To RS-warfarin (100 
mg) in a conical flask (10 ml) was added dichloromethanes (3.0 ml) and 
carbobenzyloxy-L-proline (300 mg). This was sonicated to effect solution, 
and dicyclohexylcarbodiimide (300 mg in 1 ml of dichloromethane) was 
added. A precipitate formed immediately, but the reaction was allowed 
to proceed for -14 hr at  room temperature. The mixture was then filtered, 
and the filtrate was stored in the dark until TLC separation was per- 
formed. 

Isolation of Diastereoisomers-Prior to sample application, the TLC 
plates (silica gel GF 254/G60) were chromatographed in methanol, dried, 
and rerun in the solvent system, ethyl acetate-hexane-acetic acid (30: 
700.2), used for the separation of the diastereoisomers. The filtered so- 
lution containing the diastereoisomers was applied as a narrow band -2 
cm from the bottom edge of the plate. The bands were detected using 
short-wavelength (254-nm) UV light. Identification of the spots was made 
by chromatographing each ester formed by independently reacting 
R(+)-warfarin and S(-)-warfarin with carbobenzyloxy-L-proline. The 
average time to complete an analysis (15 cm) was 1.5 hr in a nonequili- 
brated tank. Care was taken not to overload the plate, since this led to 
band broadening. In the advent of overlap, lines were drawn across the 
plate a few millimeters above and below where the overlap had occurred. 
The material contained within this area was used as racemic diastereo- 
isomeric ester. The regions above and below these lines were scraped into 
tubes labeled SS ester and RS ester, respectively, and eluted by manually 
shaking for 2 min with ethyl acetate or dichloromethane (2 ml). The 
materials were transferred to microcentrifuge tubes (1.5 ml), centrifuged 

l 2  Altex Model 100A, Anachem Ltd., U.K. 
Spherisorb Si 5 pm, Phase Sep.. U.K. 

I4 Waters Model 440, Waters Associates, U.S.A. 
Servosrribe 210, Smiths Instruments, L1.K. 

1.0' 
0.4' 
O.ld 

3.2 3.5 3.25 3.7 
6.3 6.7 5.1 6.6 
9.8 8.4 11.9 11.8 

Peak height ratios determined relative to the first eluting ester of the internal 
standard. * Peak height ratios determined relative to the second eluting ester of 
the internal standard. n = 6. n = 4. 

a t  12,OOOXg for 1 min, and the supernatant was transferred to a clean vial. 
An aliquot of each supernatant was chromatographed using the same 
solvent system used to separate the diastereoisomeric esters. Those 
fractions chromatographing as either SS ester, RS ester, or racemic ester 
were pooled in appropriately labeled vials. The entire process was then 
repeated using several plates. 

A sample of silica gel was taken from an area free from UV-absorbing 
material and processed as for the diastereoisomers. Mass spectraP and 
IR17 (solution) analyses were performed on both the silica gel blank and 
the diastereoisomers. 

RESULTS AND DISCUSSIONS 

The proposed structures of the carbobenzyloxy-L-prolyl diastereo- 
isomeric esters of warfarin (111) were established (after separation of the 
diastereoisomers by semipreparative TLC) by low-resolution electron 
impact (EI) and chemical ionization (CIMS, ammonia as carrier) mass 
spectrometry (MS) and IR analysis. The chemical ionization MS data, 
in conjunction with EI studies, verified the predicted molecular weight 
(CIMS: rn/z 557, [M + NH,]+; EI: m/z 539, [M+]). These molecular ions 
were not present in the background sample of silica gel. As expected the 
MS of the R(+)- and S(-)-warfarin esters were similar. The IR spectra 
(chloroform) of the diastereoisomeric esters showed an absorption a t  1780 
cm-l consistent with vinylic esters (1800-1770 cm-l). 

Not all apparently good candidates for the formation of diastereoiso- 
men  with RS-warfarin gave favorable results. Thus, N-acetyl-~-alanine~ 
and N-acetyl-~-phenylalanine~ did not form derivatives with RS-warfarin 
using dicyclohexylcarbodiimide as the activating agent. Also, although 
both R(-)-2-methoxy-2-phenylacetic acidIs and L-menthoxyacetic acid5 
formed derivatives, chromatographic conditions could not be found to 
achieve resolution of the resultant diastereoisomeric esters on either 
silica'" or Spherisorb 5 O D W  stationary phases. In contrast, successful 
derivatization and resolution of RS-warfarin was achieved using N -  
acetyl-L-proline (16) and carbobenzyloxy-L-proline (2-L-proline). The 
latter was eventually chosen because of its higher (>99%) optical pu- 
rity. 

The effectiveness of the derivative for resolution is subject to several 
criteria: conformational rigidity of groups attached to the asymmetric 
center [a center as part of a ring system can improve resolution (17)], e.g., 
N-acetyl-L-proline and carbobenzyloxy-L-proline; a minimum distance 
of 3-4 atoms between the chiral centers of the reagent and solute (1€&20); 
and polar or polarizable groups in close proximity to the asymmetric 
centers (21). In R(-)-2-methoxy-2-phenylacetic acid the asymmetric 
center is not part of a ring system. Although the asymmetric center of 
L-menthoxyacetic acid is in a ring sytem, the asymmetric centers of the 
proposed derivative are six atoms apart. These results suggest that  all 
of the above criteria must be met if adequate resolution is to be effected. 
The lack of reactivity of the N-acyl derivatives of L-alanine and L-phe- 
nylalanine may be due to formation of oxazolones (22, 23) when dicy- 
clohexylcarbodiimide is used as the activating agent. 

I11 

I6 Kratos. MS25. 

l8 Fluka, A.G., Switzerland. 
Perkin-Elmer 237 Infra-red Spectrophotometer, Perkin-Elmer, U S A .  
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Figure 1-Chromatograms obtained after derivatization with carbo- 
benzyloxy-L-proline of  (A) control human plasma and (B) human 
plasma spiked with RS-warfarin (2 pg). Key: (1) SS-warfarin ester; (2) 
first eluting ester o f  the internal standard; (3) RS-warfarin ester; (4) 
second eluting ester of the  internal standard. 

N,N’-Dicyclohexylurea, a byproduct in the activation of carboxyl 
functions by dicyclohexylcarbodiimide (24) is soluble only to a certain 
extent in most organic solvents. To overcome the purification problem 
caused by the formation of N,N’-dicyclohexylurea and N-acyl ureas, 
water-soluble carbodiimides are often used (25). However ester formation 
with carbobenzyloxy-L-proline in the presence of such water-soluble 
carbodiimides as l-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide 
methoxy-p-toluene~ulfonate~ or l-(3-dimethyl-aminopropyl)-3-ethyl 
carbodiimide5 was inferior to that in the presence ofdicyclohexylcarbo- 
diimide. With the first, derivative formation did not occur; with the 
second, derivatization was incomplete. Even so, as the technique is being 
developed specifically for analytical purposes, the lack of the option for 
removal of the urea-type impurities is not a serious disadvantage, because 
the impurities lack good chromophores a t  the wavelength (313 nm) used 
in the analysis of warfarin, so that minimal interference is observed. 

Reverse-phase HPLC is popular partly because of the wide variety of 
stationary phases available and partly because the ability to inject 
aqueous samples reduces the number of prechromatographic steps re- 
quired. From preliminary investigations with the stationary phases 
Hypersil-5 ODS19, Spherisorb 5 ODS13, Spherisorb 5 phenyl13, and 
Spherisorb 5 CNI3 in the reverse-phase mode only Spherisorb 5 ODS and 
Spherisorb 5 CN gave sufficient promise to warrant further study. Im- 
proved performance was seen, however, when Spherisorb 5 CN was used 
in the normal-phase mode. Under optimal conditions, using the solvent 
combinations shown in Table I, Spherisorb 5 ODS showed both low se- 
lectivity and resolution. In general, normal-phase chromatography on 
silica gave the highest selectivity and resolution. Although the maximum 
difference in selectivity between Spherisorb 5 CN and Spherisorb 5 Si 
was -11%, this resulted in a 90% increase in resolution for the diaste- 
reoisomeric esters. Addition of acetic acid to the mobile phase when 
Spherisorb 5 Si is used as stationary phase decreases retention time 
without adversely affecting resolution or selectivity for the diastereo- 
isomeric carbobenzyloxy-L-prolyl esters (Table I). 

The rate of derivatization of RS-warfarin (2 mg/ml of ethyl acetate, 
10 pl) by carbobenzyloxy-L-proline (100 mglml of ethyl acetate, 10 pl) 
in the presence of dicyclohexylcarbodiimide (100 mglml of ethyl acetate, 
15 pl), measured by the disappearance of RS- warfarin, was followed for 
12 hr. The rate is first order with a half-life of disappearance of 3.5 hr. 
With completion (99%) of the reaction not anticipated before 24 hr, this 
reaction time was considered too long. In the presence of pyridine (24.5 
pl in ethyl acetate) as catalyst, the reaction was complete within 1 hr, and 
the resultant diastereoisomers remained stable for at least 9 hr. However, 
the detection of a large peak attributed to pyridine, eluting after the 
diastereoisomers, limited its use as catalyst because the number of HPLC 
analyses would be restricted to only two samples per hour. Pyridine ab- 
sorbs strongly in the 305-315-nm region, which coincides with the 

l9 Shandon, Southern Products Ltd., U.K. 

Table 111-Between-Assay Variability of Peak Height Ratios at 
Various Concentrations of RS-Warfarin over a 6-Week Period 

Amount of Isomer, Relative Standard Deviation, % 
PCg SS’ RS1 S S 2 b  RS2 

Lo= 3.8 3.6 6.0 5.1 
O.ad 3.1 2.9 5.9 4.2 
0.6d 6.05 7.8 4.1 6.8 
0.4e 7.7 7.4 7.5 7.9 
0.2d 9.0 8.3 9.4 9.9 
O. l f  13.7 17.1 14.4 13.7 

0 Peak height ratios determined relative to the first eluting ester of the internal 
standard. * Peak hei ht ratios determined relative to the second eluting ester of 
the internal standarrf c n = 26. n = 10. e n = 23. f n = 16. 

wavelength (313 nm) used for detection of the diastereoisomeric esters. 
Imidazole, which has a lower maximum wavelength of absorption (207 
nm), proved to be just as good a catalyst as pyridine; the mechanism of 
catalysis of esterification is similar (26). Apparently, the presence of a 
basic nitrogen alone is not sufficient, since triethylamine failed to catalyze 
the reaction. 

Initially, 4-hydroxycoumarin was chosen as the internal standard; it 
produced a single ester with carbobenzyloxy-L-proline, eluting just after 
the RS-warfarin ester. However, there was a high degree of variability 
in the subsequent assay procedure which was identified with an instability 
of the carbobenzyloxypropyl ester of 4-hydroxycoumarin, probably due 
to imadazole-catalyzed hydrolysis. The absence of a 3-substituent in 
4-hydroxycoumarin (cf. warfarin) would make attack of the ester carbonyl 
more facile, due to lack of steric hindrance, for this ester than for the 
warfarin ester. Of the many others examined, 4’-fluorowarfarin proved 
the most suitable with respect to retention time and stability, although 
being a racemate, diastereoisomeric esters are formed. 

A typical chromatogram obtained after derivatization of an ethereal 
extract from human plasma spiked with RS-warfarin and internal 
standard (4’-fluorowarfarin) is shown in Fig. 1. Identification of the re- 
tention times of RS-  and SS-warfarin esters was made by chromato- 
graphing each of the esters formed by independently reacting R(+)- 

6 L  

. 
m 
9 

[r 
!- z 
w 
0 

I 

I 

0.5 - 
0.4 I 

0.3 

0 . 2 1  

0.1 1 
40 80 

HOURS 

Figure 2-Plasma concentration-time profile of R(+)-warfarin (+) 
and S(-)-warfarin (@) following oral administration of RS-warfarin 
(1.56 mglkg) to a human subject. 
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warfarin and S(-)-warfarin with carbobenzyloxy-L-proline. The 
S(-)-warfarin carbobenzyloxy-L-prolyl ester elutes before the ester of 
R(t)-warfarin, with a separation factor of 3.0. A similar elution order is 
assumed for the internal standard, but could not be verified because this 
compound has never been resolved. Repeated analyses with time indi- 
cated that the derivatives were stable for at  least 48 hr in the final reaction 
mixture. 

The recovery of RS-warfarin investigated by taking RS-warfarin (0.8 
pg) spiked with [14C]RS-warfarin through the extraction, derivatization, 
and HPLC analysis was 70% ( n  = 3). The major losses occurred during 
evaporation of the sample, therefore the inside of the tube must be 
washed to concentrate the extracted material in the tip of the tube. 

Linear calibration plots for either isomer (r2 > 0.99) were obtained over 
the range 0.1-1.0 pghsomer. As shown in Table 11, based on either of the 
internal standard esters (RS or SS) ,  the relative standard deviations of 
the peak height ratios were between 11.9 and 3.2% for 0.1 and 1.0 pg 
warfarin isomer, respectively. Table I11 summarizes the results of a similar 
assessment of between-assay variability for studies performed over a 
6-week period using 0.1-1.0 pg of warfarin isomer. Satisfactory precision 
(<lo%) is observed over a fivefold concentration range of warfarin iso- 
mers. The results indicate that the assay is accurate and reproducible. 

The determination limit of the assay with a 1Wo coefficient of variation 
was computed from the expression (27): 

xo = lOdw?J 
where XO is the determination limit at the preselected coefficient of 
variation, and V ( X 0 )  is the variance associated with XO. Using the above 
procedure, the determination limits (10’70 C V )  of the UV assay for S- and 
R-warfarin are 0.16 and 0.096 pg, respectively, using the first eluting 
standard. Similar values were obtained when using the second eluting 
standard. The difference in determination limits of the esters of warfarin 
may be ascribed to the greater potential for interference between the 
SS-ester of warfarin and the first internal standard, due to changes in 
retention as a result of column deterioration, or day-to-day variability 
in eluant composition. 

Figure 2 shows the plasma concentration-time profiles for the R- and 
S-isomers (using 200-4 plasma samples) following administration of 
RS-warfarin (1.5 mg/kg PO) to a normal volunteer. At  this dose level the 
plasma concentration can be monitored for at least 5 days for the S-iso- 
mer or 6 days for the R-isomer. The more rapid elimination of the S- 
isomer confirms the findings using the stereospecific MS methods (7,8) 
or following the administration of the separate enantiomers (2). 
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Chlorthalidone (I) is a monosulfamyl diuretic used in 
the treatment of hypertension. The official analysis of 
chlorthalidone tablets, as prescribed in the United States 

Pharmacopeia, is a spectrophotometric assay (1). Chlor- 
thalidone has been quantitated in various media using a 
variety of methodologies (2-8). The major techniques in 
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warfarin and S(-)-warfarin with carbobenzyloxy-L-proline. The 
S(-)-warfarin carbobenzyloxy-L-prolyl ester elutes before the ester of 
R(t)-warfarin, with a separation factor of 3.0. A similar elution order is 
assumed for the internal standard, but could not be verified because this 
compound has never been resolved. Repeated analyses with time indi- 
cated that the derivatives were stable for at  least 48 hr in the final reaction 
mixture. 

The recovery of RS-warfarin investigated by taking RS-warfarin (0.8 
pg) spiked with [14C]RS-warfarin through the extraction, derivatization, 
and HPLC analysis was 70% ( n  = 3). The major losses occurred during 
evaporation of the sample, therefore the inside of the tube must be 
washed to concentrate the extracted material in the tip of the tube. 

Linear calibration plots for either isomer (r2 > 0.99) were obtained over 
the range 0.1-1.0 pghsomer. As shown in Table 11, based on either of the 
internal standard esters (RS or SS) ,  the relative standard deviations of 
the peak height ratios were between 11.9 and 3.2% for 0.1 and 1.0 pg 
warfarin isomer, respectively. Table I11 summarizes the results of a similar 
assessment of between-assay variability for studies performed over a 
6-week period using 0.1-1.0 pg of warfarin isomer. Satisfactory precision 
(<lo%) is observed over a fivefold concentration range of warfarin iso- 
mers. The results indicate that the assay is accurate and reproducible. 

The determination limit of the assay with a 1Wo coefficient of variation 
was computed from the expression (27): 

xo = lOdw?J 
where XO is the determination limit at the preselected coefficient of 
variation, and V ( X 0 )  is the variance associated with XO. Using the above 
procedure, the determination limits (10’70 C V )  of the UV assay for S- and 
R-warfarin are 0.16 and 0.096 pg, respectively, using the first eluting 
standard. Similar values were obtained when using the second eluting 
standard. The difference in determination limits of the esters of warfarin 
may be ascribed to the greater potential for interference between the 
SS-ester of warfarin and the first internal standard, due to changes in 
retention as a result of column deterioration, or day-to-day variability 
in eluant composition. 

Figure 2 shows the plasma concentration-time profiles for the R- and 
S-isomers (using 200-4 plasma samples) following administration of 
RS-warfarin (1.5 mg/kg PO) to a normal volunteer. At  this dose level the 
plasma concentration can be monitored for at least 5 days for the S-iso- 
mer or 6 days for the R-isomer. The more rapid elimination of the S- 
isomer confirms the findings using the stereospecific MS methods (7,8) 
or following the administration of the separate enantiomers (2). 
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Chlorthalidone (I) is a monosulfamyl diuretic used in 
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chlorthalidone tablets, as prescribed in the United States 

Pharmacopeia, is a spectrophotometric assay (1). Chlor- 
thalidone has been quantitated in various media using a 
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Table I-Precision Study of USP Chlorthalidone Assay 

Lot No. 
HPLC USP Assay, ?h 

Concentration Assay, % Lab 1 Lab 2 Lab 3 Lab 4 

16-910-AR 

Mean 
SD 
RSD 
16-911-AR 

25 mgltab 

50 mghab 

Mean 
SD 
RSD 

101.8 94.8 100.4 96.7 104.0 
95.2 

98.43 
f3.75 
f3.817~ 

95.6 102.3 

100.5 96.4 101.4 104.8 106.8 
94.5 106.1 106.5 

102.36 
f2.65 
42.58% 

Table 11-Standard Addition and Recovery of Chlorthalidone 25-mg and 50-mg Tablets 

Chlorthalidone 
Added, mg 

Placebo for 25-mg Tablets 
mg Found Recovery,% 

Placebo for 50-mg Tablets 
mg Found Recovery,% 

12.54 12.38 
25.08 24.74 
37.62 37.12 
50.16 49.45 
62.70 61.68 

biological materials involve extractive alkylation and GLC 
(6-8) or deamination followed by UV spectrophotometric 
quantitation (2,3,5).  Although a high-performance liquid 
chromatographic (HPLC) method using a polyamide 
column (9) has been published for chlorthalidone formu- 
lations, the USP still officially requires a UV spectropho- 
tometric assay. An investigation of the precision of this 
analysis indicated erratic results (Table I). Two lots of **- Chlorthalidone 3.02 **- Chlorthalidone 3.02 

Chlorthalidone 

Deg. Product 

Chlorthalidone - 3.05 

y4op ro d u ct C 
c 

Figure 1-Chromatograms of USPassay preparations. Key: (A) USP 
standard lot G immediately after acidification; (B) current marketed 
product immediately after acidification; (C) chlorthalidone (generic 
25 mg) immediately after acidification. 

98.7 12.44 
24.87 
37.20 
49.64 99.0 

98.4 62.10 99.0 

chlorthalidone tablets were analyzed by the USP method 
in four separate testing laboratories with varying re- 
sults. 

so2NH2 

oPcl I 

2-Chloro-5-( 2,3-dihydro- 1 -hydroxy-3-oxo- 1H-isoindol- 1 -yl)benzene- 
sulfonamide 

Since the UV absorbance of chlorthalidone is known to 
conform to Beer's law in the concentration region used for 
the assay, the possibility that chlorthalidone is unstable 
in the acidic assay preparation was investigated. The USP 
analysis is not stability indicating; therefore, development 

100 

80 901 

(120.99.3) 

(30.81.0) 

(30.79.3) 

- 
20 40 $0 80 1QO 120 

MINUTES 

Figure %-Rate of degradation of chlorthalidone in USP assay medium. 
Key: (A) standard preparation; (B) sample preparation. 
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Table 111-Precision Study for the Chlorthalidone HPLC Assay 
I Inject 

Chlorthalidono 

0 
5. 
J 

Inject 
I 

cn 
0 - 
"- 

3.92 Chlorthalidone 

p-Nitroaniline 

z 
Iniect 

p-Nitroaniline 

-;--5**9 
c g. 
¶ 

Figure 3-Typical chlorthalidone chromatograms. 

of an HPLC assay using a less specialized and sensitive 
column than previously reported (9) was undertaken. The 
HPLC system was used to evaluate the current USP 
methodology and is suggested as an alternate assay. 

BACKGROUND 

The USP assay for chlorthalidone consists of an acetone extraction 
followed by filtration and evaporation of the extract. The residue is then 
dissolved in acidic methanol and quantitated by UV spectrophotometry. 
The analytical wavelength is 275 nm. 

When the final acidic methanol solutions from the USP assay were 
examined by HPLC (Fig. 1) they were found to contain mixtures of 
chlorthalidone and one or both of the degradation products (I1 and 1111, 
which coelute, shown below: 

0 

I1 
2-(3-aminosulfonyl-4-chlorobenzoyl)benzoic acid 

0 

I11 
3- [ (4-chloro-3-aminosulfonyl)phenyl] - 1 H -isoindol- 1 -one 

Both compounds I1 and I11 have larger extinction coefficients at the an- 
alytical wavelength than does chlorthalidone. This study reports the 
occurrence of a noncontrolled degradation of chlorthalidone in the USP 

-25 mghablet -50 mg/tablet 
mg Found mg Found mg Found mg Found 

23.77 
23.92 
23.88 

23.97 
23.74 
23.49 

47.91 47.26 
48.04 47.04 
47.92 47.04 

23.87 23.98 47.54 47.39 
23.80 23.58 41.81 47.03 

Mean 23.80 mghablet 47.50 mghablet 
SD f0.16 mghablet f0.40 mghablet 
RSD f0.6870 f0.84% 

sample and standard preparations and details an HPLC analysis for 
chlorthalidone, which is stability indicating in so far as the degradation 
products are separated from the parent drug. These products can be 
quantitated independently if desired. Kinetic studies of the standard 
preparation and the tablet preparation during the USP assay show that, 
although similar, the rates of degradation of the sample and standard are 
different (Fig. 2). Since the degradation is not quantitative, the samples 
assayed are heterogeneous mixtures and errors result in both direc- 
tions. 

The use of a mineral acid in the USP assay causes chlorthalidone to 
degrade. The HPLC analysis presented here does not use strong acid 
during sample preparation. 

EXPERIMENTAL 

Materials-Acetonitrile', acetic acid', methanol2, and p-nitroaniline3 
were used as received. The chlorthalidone used was USP reference 
standard lot G. 

A high-performance liquid chromatograph4, a scanning spectropho- 
tometers, a UV-visible spectrophotometefi, and a mechanical shaker' 
were used. A microparticulate octadecylsilane columns was used. The 

I-; & I 

Figure 4-Time study of USPassay wing HPLC. Key: (A) immediately 
after preparation; (B)  I0 min after; (C) 30 min after. 

1 Glass Distilled, Burdick and Jackson. 
Mallinckrodt. 
Aldrich Chemical Co. 
Waters Model 6000A liquid chromatographic ump; Spectra-Physics Model 

4100 computing integrator; DuPont variable-wavef)ength UV detector; Rheodyne 
Model 7120 injector with a 2Opl loop. 

CaryNarian 219 recording spectrophotometer. 
Beckman DU SDeCtrODhOtOmeter with Gilford Model 222 Dhotometer uDdate . .  

attachment. 
Shaker in the round Model S-500, Kraft Apparatus Inc. 

8 Waters Associates Cl8 p-Bondapak. 
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Figure 5-UV scans of acidified versus neutral solution. 
Key: (A) chlorthalidone in methanol; (B) USP assay 
preparation. 
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Figure 6-UV scans of chlorthalidone degradation products. 
Key: (A) 2-(3-aminosulfonyl-2-chlorobenzoyl)benzoic acid 9.9 
pglml in acidified MeOH; (B) 3-[(4-chloro-3-aminosulfonyl)- 
phenyll-IH-isoindol-I-one I0 pglml in acidified MeOH. 
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mobile phase was acetonitrile-2% acetic acid (3070) a t  a flow rate of 1.5 
mllmin. The analytical wavelength was 280 nm. 

Reagent Preparation-The internal standard solution was 5 mg/ml 
of p-nitroaniline in methanol. 

Approximately 40 mg of chlorthalidone USP standard was accurately 
weighed and dissolved in 100.0 ml of methanol containing 5.0 ml of the 
internal standard solution. The solution was diluted 1:l with water before 
injection into the liquid chromatograph. 

Sample Preparation-Twenty intact tablets were weighed to de- 
termine an average tablet weight, finely ground, and a quantity equivalent 
of 40 mg of chlorthalidone was weighed into a 100-ml volumetric flask. 
Approximately 50 ml of methanol was added, and the mixture was shaken 
mechanically for 1 hr. After shaking, 5.0 ml of the internal standard so- 
lution was added; the solution was diluted to volume with methanol. A 
portion of this solution was filtered and diluted 1:l with water before 
injection into the liquid chromatograph. 

Calculations-The percent of label claim was calculated on the basis 
of peak height ratios as follows. 

460 

(oeak heieht chlorthalidone).,~ 
(peak height internal standard),,i 

(peak height internal s t a n d a r d h  ,. 
(peak height chlorthalidone),td 

Conc. of std. loo x 2  
(mg/ml) Sample Wt 

av. tablet wt. 
(mg/tab~et)th,,, 

X = '70 Label Claim 

RESULTS AND DISCUSSION 

The precision data for the HPLC analysis and the precision study 
conducted on the USP assay (Tables I and 111) demonstrate that the 
HPLC analysis is significantly better than the current compendia1 
method. 

When spiked samples were analyzed, recoveries ranged from 98.4 to 
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Figure 7-HPLC system for both degradation products. 

99.2% (Table 11). The HPLC method had a relative standard deviation 
of 0.68% for the analysis of 25 mg of chlorthalidone and 0.84% for 50-mg 
tablets (Table 111). These data were obtained by separate analysts in three 
laboratories. p-Nitroaniline was used as the internal standard. Typical 
chromatograms for the analysis are shown in Fig. 3. 

HPLC analysis of the USP preparation indicated that the solutions 
being analyzed were mixtures of compounds I, 11, and 111. The degrada- 
tion products were isolated from the USP preparation using HPLC. 
Compound I1 was identified by comparison with an authentic samples 
and compound 111 was identified by spectroscopic techniqueslO. 

The extent to which chlorthalidone degrades in the acidic methanol 
appears to depend on pH, water content, and time, although these factors 
were not all studied in depth. Both of the degradation compounds (I1 and 

~~ ~~ ~ 

Two authentic samples were used one prepared by Abbott Laboratories, 
characterized by MS, NMR, IR, CHN; a second obtained as a USP standard. 
Comparison waa done by HPLC and MS to the impurities found in the USP assay 
pre aration. 

IfCompound 111 was identified by high-resolution mass spectroscopy. 

111) have larger extinction coefficients at  the wavelength used for the USP 
assay than does chlorthalidone. Consequently, the extent of degradation 
has a marked effect on the assay results and can cause errors in either 
direction. Figure 4 shows the decrease in chlorthalidone and increase in 
I11 with time. Since the degradation is not quantitative and no restraints 
are prescribed in the USP for pH or time, the absorbance recorded cannot 
be attributable to any single component. 

Comparison of the UV curve for the USP assay preparation with that 
of chlorthalidone (Figs. 5 and 6) shows substantially the same maxima 
and minima with slightly greater absorbances. The UV spectrum of 
compound 111 is strikingly similar to that of chlorthalidone except for the 
increased absorptivity for compound I11 (Fig. 6). The large absorption 
of chlorthalidone below 260 nm could easily mask the maxima of com- 
pound 11. This juxtaposition explains how the degradation of chlorthal- 
idone under the USP assay conditions could have been misinterpreted 
simply as an increase in absorbance due to pH. 

The HPLC method described here was designed to quantitate chlor- 
thalidone only. I t  is stability indicating in so far as chlorthalidone is 
separated from its degradation products. If a quantitation of the degra- 
dation products is desired, a modification of the mobile phase to 85% of 
290 acetic acid and 15% acetonitrile flowing at  2 ml/min will allow analysis 
of I, 11, and I11 concomitantly (Fig. 7). 

Close examination of the current compendia1 assay for chlorthalidone 
tablets reveals that the drug degrades during analysis. The extent of the 
degradation is neither quantitative nor reproducible, making the USP 
assay unreliable. The HPLC method developed in our laboratory is sta- 
bility indicating and provides a rapid, reliable assay of chlorthalidone. 
Slight changes in the mobile phase also allow quantitation of the indi- 
vidual degradation products. 
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Abstract A simple solution model that has lead to successful predictive 
equations for the partial molar excess properties of a solute in simple 
binary solvent mixtures containing only nonspecific interactions is ex- 
tended to include association between the solute and one of the solvent 
components. An expression is derived and tested for its ability to describe 
anthracene solubilities in binary solvent mixtures containing benzene. 
The best description of the experimental solubilities requires the for- 
mation of a 1:l anthracene-benzene complex, with a molarity-based 
equilibrium constant of KiC = 0.107 A4-l. In comparison, a stoichiometric 
complexation model which attributes all solubility enhancement to the 
formation of anthracene-benzene complexes requires a somewhat larger 
equilibrium constant (Kit S= 0.228 A4-1) to describe the solubility be- 
havior of anthracene in the benzene-n-heptane system. The results of 
these calculations illustrate that the determination of solute-solvent 
equilibrium constants from solubility data depends on the theoretical 
model used and the manner in which nonspecific interactions are incor- 
porated into the model. 

Keyphrases Solute-solvent interactions-determination of equilib- 
rium constants from solubility measurements, comparison of the stoi- 
chiometric and nearly ideal binary solvent models 0 Solvent systems- 
binary, anthracene solubility determinations in benzene mixtures using 
the nearly ideal binary solvent model 0 Solubility-binary solvent sys- 
tems, extension of the nearly ideal binary solvent model to include so- 
lute-solvent complexation 

Current approaches for predicting solubility often 
overlook the role of specific interactions in determining the 
solubilities of organic solids in organic solvents. As part of 
a continuing study on the thermochemical properties of 
a solute at high dilution in binary solvent mixtures (1-8), 
this paper considers the calculation of solute-solvent 
equilibrium constants from solubility measurements. 

Historically, the interpretation of solution nonideality 
has followed two dissimilar lines of reasoning: the physical 
approach originated by van Laar (9) and the chemical 
approach proposed by Dolezalek (10). The physical ap- 
proach may be described by a random distribution of 
molecules throughout the entire solution, while the 
chemical approach may be characterized by a specific 
geometric orientation of one molecule with respect to an 
adjacent molecule. Even in systems known to contain 
specific interactions, the need to properly account for 
nonspecific interactions is recognized. 

Arnett et al. (11,121 attempted a classical separation of 
specific and nonspecific interactions with their “pure” base 
calorimetric method for determining enthalpies of hy- 
drogen bond formation. The sensitivity of the numerical 
results to the selection of the model compound and inert 
solvent (13) points out the difficulty in separating the 
physical and chemical contributions of solution nonide- 
ality. Christian et al. (14,15) proposed a model for relating 
the thermodynamic properties of polar solutes involved 
in complex equilibria to those of analogous nonpolar so- 

lutes in the same solvent media. In the nonpolar analogue 
method, the polar solute is replaced by a hypothetical 
nonpolar molecule which has the same molecular volume 
and the same total energy of interaction with a nonpolar 
solvent as does the polar solute. Saluja et al. (16) used a 
somewhat similar rationale in their comparison of 
enthalpies of transfer of alkenes and the corresponding 
alkanes from the vapor state to methanol, dimethylform- 
amide, benzene, and cyclohexane, with the more exo- 
thermic values for the alkenes in methanol and dimeth- 
ylformamide attributed to dipole-induced dipole inter- 
actions between the solvent and the polarizable r-bond. 

Many of the remaining methods for studying association 
phenomena can be classified as solubility methods. That 
is, the increase in solubility of a solute a t  constant fugacity 
in a complexing-inert solvent mixture, relative to the sol- 
ubility in pure inert solvent, is generally attributed to the 
formation of molecular complexes. This primary as- 
sumption is common to several thermodynamic methods, 
such as the partition of solutes between two immiscible 
liquid phases, the measurement of infinite dilution GC 
partition coefficients, ’ e d  the increased solubility of solids. 
The techniques for calculating formation constants are 
essentially identical for all solubility methods, as are the 
difficulties in properly assessing what portion of the ob- 
served solubility enhancement is due to nonspecific in- 
teractions. 

In earlier papers, the experimental solubilities for benzil 
(5) and p-benzoquinone (6) in binary solvent mixtures 
containing carbon tetrachloride were reported, in which 
the mole fraction solubility of benzil and p -benzoquinone 
cover a 14- and 6-fold range, respectively. The experi- 
mental data were interpreted with solution models de- 
veloped previously for solubility in systems containing 
specific solute-solvent interactions and with models of 
purely nonspecific interactions. A stoichiometric com- 
plexation model based entirely on specific interactions 
(nonspecific interactions ignored) required several equi- 
librium constants to mathematically describe the experi- 
mental results, while the simple nearly ideal binary solvent 
(NIBS) model based on nonspecific interactions ade- 
quately described the observed solubilities without in- 
troducing a single equilibrium constant. 

The success of the NIBS approach in predicting the 
binary solvent effect on benzil and p-benzoquinone solu- 
bilities suggests the possibility that this model may provide 
a foundation for approximations of the physical interac- 
tions even in a system containing chemical interactions 
such as association between the solute and a complexing 
solvent. To pursue this idea further, the basic NIBS model 
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is extended to complexing systems and an expression is 
derived for the calculation of solute-solvent equilibrium 
constants from solubility measurements. Equilibrium 
constants for presumed benzene-anthracene complexes 
are calculated from the newly derived expression and are 
compared with values calculated from a stoichiometric 
complexation model based entirely on specific interactions. 
Although the magnitude of the calculated equilibrium 
constants are relatively small, and perhaps meaningless, 
the calculations do illustrate the importance of including 
nonspecific interactions, particularly in the case of weak 
association complexes. 

THEORETICAL 

Stoichiometric Complexation Model-Stoichiometric complexation 
models have been used frequently to quantitatively explain enhanced 
solubilities of a polar organic solute in binary mixtures containing an inert 
hydrocarbon and a polar cosolvent. The basic model assumes complex- 
ation between the solute, A, and an interacting cosolvent, C (17-21): 

A~ + c1 ~ A C   SAC^ 3 ..-Ac~. . . AC, 

Each reaction is described by an appropriate equilibrium constant with 
concentrations expressed in molarities: 

(Eq. 1) 

(Eq. 2) 

where CT,' is the saturation solubility of solute in pure inert hydrocarbon 
(assumed to represent the free solute concentration in binary mixtures 
as well) and Ccl is the free (uncomplexed) ligand concentration. This 
particular model assumes only a single solute molecule is present in each 
complex, but the mathematical form of the resulting equations is not 
significantly altered by additional solute molecules per complex. 

The total solubility of solute in any system, CX', can be expressed 
as: 

CAC, 
CACn-iCCi 

KXC" = 

CTt = C% + KLcCT,':'Cc, + KXcKic,CT,T& + . . . (Eq. 3) 

and the total concentration of complexing agent, Cc, as: 

If only 1:1 solute-solvent complexes are present, Eqs. 3 and 4 can be 
combined to give: 

Fractional change - CTt - CT: = K',cCc - (Eq. 5) 
in solubility CY; 1 + KicCY; 

and a plot of the fractional change in solubility uersus added ligand gives 
a straight line, with the equilibrium constant calculated from the 
slope. 

Direct graphical evaluation of equilibrium constants is also possible 
for systems having both 1:1 and 1:2 solute-solvent complexes. Suitable 
mathematical manipulations of Eqs. 3 and 4 result in: 

where a = KXcCT;/(l - KicCT;) and /3 = KXc,CT;/(l - KXCCT;)~. Plots 
of the left-hand side of Eq. 6 uersus CC - 2(CYt - CY:) gives a straight 
line. The two equilibrium constants, K i C  and K ~ C ? ,  are easily calculated 
from the slope and intercept. 

Graphical determination of the association constants is depicted in 
Figs. 1 and 2 for anthracene solubilities in binary solvent mixtures con- 
taining benzene, as reported previously (8). Inspection of the two figures 
reveal that the solubility data can be described adequately throughout 
most of the concentration region. The model, however, does not describe 
the solubility in pure benzene. Equilibrium constants calculated from 
the various slopes and intercepts are small in magnitude, e.g., linear 
least-squares analysis of the anthracene solubilities in benzene-n-heptane 
mixtures oia Eq. 6 gives K ~ c  = 0.228 M-' and K',cz = 0.034 M-I .  By re- 
porting these numerical values, we do not intend to imply that anthra- 
cene-benzene complexes actually exist in solution. Rather, the experi- 
mental solubilities are being used to illustrate the calculation of solute- 

solvent equilibrium constants from solubility data and to  show that the 
numerical values of these constants depend on how nonspecific interac- 
tions are incorporated into the theoretical model. This is particularly true 
for weak association complexes. 

Although the stoichiometric complexation model mathematically 
describes the experimental solubilities, one is naturally suspicious of 
whether the calculated values of Kicn truly represent specific solute- 
solvent interactions or the failure of the model t o  properly describe 
nonspecific interactions. As demonstrated in an earlier paper (51, ex- 
perimental solubilities of benzil in simple hydrocarbon mixtures do vary 
with solvent composition, and there is no reason to expect the free solute 
concentration to be independent of solvent composition in more complex 
systems. The failure of Eqs. 5 and 6 to allow for variation in free solute 
concentration has been one of the main criticisms of this model. 

A second limitation of this particular complexation model becomes 
apparent on writing the solubility expressions in terms of the solubility 
in the two pure solvents: (CT;)B and (CTt)C1. The complete description 
of experimental solubility in the pure complexing solvent through Eq. 
5 requires: 

where Cb refers to the concentration of pure complexing solvent in the 
saturated solution. Within limitations of the approximate relation- 
ships: 

ci = 103 xp/(x;VB + xO,Vc) (Eq. 8) 

and 

( c ~ ~ ) ,  = 103 ( x ~ ~ ) , l v ~  (Eq. 9) 

combination of Eq. 5 and 7-9 enables the solubility in binary solvent 
mixtures to be expressed as a mole fraction average of the values in the 
two pure solvents: 

xTt = X$(XTt)B + X$(XTt)C (Eq. 10) 

xi = 1 - xt = X,/(XB + XC) 

Predictions using Eq. 10 are off by as much as 50% for p-benzoquinone 
in n-heptane-carbon tetrachloride mixtures (6) and are off by a factor 
of two for benzil in the isooctane-carbon tetrachloride system (5). It is 
difficult to attribute the failure of Eq. 10 to specific solute-solvent in- 
teractions between the solutes and carbon tetrachloride or to the de- 
parture from infinite dilution, as the nearly ideal binary solvent approach 
describes these experimental solubilities to within a maximum deviation 
of 6% without introducing a single equilibrium constant. 

Equation 10 was derived specifically for binary solvent systems con- 
taining both a complexing and inert solvent, but comparable equations 
have been derived from quite dissimilar models. Sytilin (22) described 
solubility in mixed solvents as: 

CTt = KBCB + KcCc (Eq. 11) 

Ki = (CX')/C; i = B, C 

Equation 11 becomes identical to Eq. 10 when the saturation solubility 
is sufficiently small. Sytilin's expression is based on the assumption of 
solvational complexes between the solute and solvent and has been ap- 
plied to systems in which true association is generally not considered to 
exist (i .e. ,  iodine-n-alkane mixtures). While Eq. 10 does provide rea- 
sonable predictions for a rather large number of systems, the expression 
is obviously incapable of describing systems containing either a maximum 
or minimum mole fraction solubility. Classic examples are found in 
studies of phenanthrene (23) and 2-nitro-5-methylphenol (24) in cyclo- 
hexane-methylene iodide mixtures where the observed solubilities show 
maximum values that are almost twice that predicted by Eq. 10. Exten- 
sion of Eq. 11 to include mixed solvates has been proposed by Sytilin (25) 
as a means of explaining maximum solubilities, but even this explanation 
seems unsatisfactory since the existence of maximum solubility in these 
two systems is predicted by solubility parameter theory. 

In a series of papers devoted to infinite dilution solubility of volatile 
third components in binary mixtures of relatively nonvolatile liquids, 
Purnell and coworkers (26,27) have shown that a majority of published 

The solubility of the solute in the inert solvent ( C ~ ' ) B  equals the solubility of 
the uncornplexed solute in the inert solvent (C$)B. 
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Figure 1-Graphical determination of Kicfrom plots of the fraction 
change in solubility versus benzene molarity in several binary solvents 
consisting of benzene and n-hexane (a), n-heptane (O), cyclohexane 
(A), or isooctane (0). The basic model requires additional solute-sol- 
vent complexes to explain the nonlinear behavior (see Eqs. 3 and 4). 

data can be described by a simple linear relationship between the volume 
fraction and partition coefficient: 

KOR = $B(KOR)B + @c(KOR)c (Eq. 12) 

irrespective of the complexing nature of the solvents. C#JB and @C are vol- 
ume fractions of solvents B and C, respectively, K& is the infinite dilution 
gas-liquid partition coefficient in the mixted solvent, and ( K ~ ) B  and 
(K& refer to the corresponding values of KOR in the pure liquids. Using 
standard definitions relating partition and activity coefficients, Purnell 
and Vargas de Andrade (26) have shown that Eq. 12 is equivalent to: 

(Eq. 13) 

where 
to Raoult's law), with only the ideal molar volume approximation. 

of a solid through the thermodynamic relationship: 

is the infinite dilution activity coefficient of the solute (relative 

The activity coefficient of the solute can be related to the solubility 

aylid = X?'rXt 0%. 14) 

in which the activity of the solid depends on temperature only and is 
determined relative to the pure supercooled liquid. If the solubility is 
sufficiently small, the activity coefficient of the solute a t  infinite dilution 
may be approximated directly as the activity coefficient at saturation: 

YTt = ri (Eq. 15) 

Combination of Eqs. 13-15 yields an expression which is identical to Eq. 
10. 

The fact that  several dissimilar solution models reduce to a common 
mathematical expression in the limits of low solute solubility suggests 
that  there is often more than one interpretation of solution nonideality 
that will describe the observed solubility data. Each solution model, 
therefore, must be judged not only on its ability to describe a particular 
set of experimental data, but also on the validity and limitations of i t s  
underlying assumptions and simplifying approximations. 

Extension of the NIBS Approach to Solubility in Complexing 
Systems-The NIBS treatment has been shown to be quite dependable 
for estimating heats of solution (28,29), gas-liquid partition coefficients 
(1-3), and solubilities (4-8) in binary solvent systems that are free of 
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Figure 2-Graphical determination of KLc and KLcZ for anthracene 
in several binary solvents at 25". The binary mixtures contained benzene 
and n-hexane (a), n-heptane (O) ,  cyclohexane (A), or isooctane 
(0). 
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Figure 3-Comparison between experimental solubilities (0) and the 
predictions of Eq. 30 (-) for anthracene in binary mixtures of ben- 
zene-n-heptane. The free energy of mixing data for the binary solvent 
(ACFd is taken from measurements by Harris and Dunlop (32). 

association. The form of the NIBS equation which has been most suc- 
cessful for describing the excess chemical potential of solutes is based 
on a simple mixing model of a multicomponent system: 

N 
. . .  N = RT X ni In @, + X niVi ,X X @i@jAr,) (Eq. 16) 

in which n, is the number of moles of component i, V ,  is the molar volume 
of a pure liquid, @, is the volume fraction, and A,, is a binary interaction 
parameter that  is independent of solvent composition. The application 
of Eq. 16 to the quaternary system (Al,  B, C1, and AC) takes the form 
Of: 

AG"" = RT(nA,ln @A, + nBln @B + nclln @c, + nAcln @AC) 

1 = 1  [ i r 1  ) ( , = I  ,> i  

+ (nA,vA + nBVB + ~ C I V C I  + NAC~AC)(@AI@BAAIB 
+ @ A ~ @ c ~ A A ~ c ~  + @A,@ACAA,AC + @B@c,ABC, 

(Eq. 17) 

The only assumption is that the molar volume of the AC coyplex equals 
the sum of the molar volumes of components A and C, i .e . ,  VAC = VA + 
Vc. The chemical potentials of the individual components relative to the 
pure liquids (/.I;) are obtained through the appropriate differentiation: 

PA, - 

+ @B@ACABAC + @C~@ACAC,AC) 

= R T  In @A, + 1 - - ( V 8 V A  o 1 u t i o 3 
+ VA[bB(l - @AJAA,B + @ C i ( l  - @ A ~ ) A A ~ c ~  + @AC(1 - @ A ~ ) A A ~ A C  

- @B@c,ABC, - ~ B ~ A C A B A C  - @C~@ACAC,AC] (Eq. 18) - 
pg - pB = R T  In @B + 1 - - ( Qsolutio vB 3 

+ VB[@A,(~  - @ B ) A A ~ B  + @cl(l - @ B ) A B C ~  + @ A C ( ~  - @B)ABAC 

- @ A ~ @ c ~ A A ~ c ~  - @A,@ACAA,AC - @ c l @ ~ c A c l ~ c l  0%. 19) 

and 

In @c, + 1 - - 
frsolution 

+ vC"#'AI(1 - @ C ~ ) A A , C ,  + @ B ( l  - @Cl)ABCI + @AC(1 - ~ C J A C , A C  

- @ A ~ @ B A A ~ B  - @A,@ACAA~AC - ~B,$ACAB,AC]  

where frSOIUtlOn is the molar volume of the true solution a n d  

(Eq. 20) 

, 

As shown in many thermodynamic textbooks [e.g., Prigogine and Defay 
(30)], the chemical potential of stoichiometric component C (and also 
A) is equal to the chemical potential of the monomeric (uncomplexed) 
species in the solution: 

PC = PC1 (Eq. 22) 

Combining Eqs. 18-22, the Gibbs free energy of mixing can be written 
as: 

AC""" = RT nAln @ A ~  + nBln @B + ncln @cl + n~ + ng + nc 

] + ( ~ A v A  + ~ B v B  + ~ C ~ C ) ( @ A @ B A A ~ B  

I 
- (nAVA + nHVR + ncVc) 

VsoIution 

+ @A@C,AA~C, + @A@ACAA~AC + @C@A,AA,C~ + @C@BABC~ 

+ @C@ACAC,AC - @ A ~ @ c ~ A A ~ c ~  - @ A ~ @ A C A A ~ A C  
- @C,@ACAC,AC) (Eq. 23) 

where n~ = n~~ + ~ A C  and nc = ncl + ~ A C .  Equation 23 obviously con- 
tains far too many parameters for useful applications, but reasonable 
assumptions enable the number of parameters to be greatly reduced. 
Treatment of all interaction parameters involving the AC complex in a 
manner similar to that employed by Bertrand (31) for the chloroform- 
triethylamine complex leads to: 

AA,AC = W V A  + V C ) - ~ A A , C ~  (Eq. 24) 

AC,AC = VX(VA + VC)-~AA,C~ (Eq. 25) 

and 

Substitution of these approximations into Eq. 23, after suitable mathe- 
matical manipulations, yields the following expression for the Gibbs free 
energy: 

AG"" = RT f l ~  In @A, + f l ~  In QB + flc In @el + nA + ng 4- n c  

1 + (nAVA + n B V B  nCVC)($A'#'BAAiB 

I 
- ( f l A V A  + flBVB + nCVc) 

VSOIUtlUn 

+ ~ @ c A B c ,  + @A@CAA~C,) (Eq. 26) 

Using the equilibrium condition defined by: 

A l + C l = A C  

@AC 

@Ai@Ci 
K f c  = - (Eq. 27) 

it can be easily shown that the chemical potential of the solid solute (at 
saturation) is: 

p A  - p i  = RT In ayIid = R T  In @k + 1 - - 

+ v ~ ( 1  - @ X ' ) 2 ( @ 8 A ~ , ~  + @ ' & A A ~ c ~  - $~@'&ABCJ (Eq. 28) 

where & = 1 - $8 = @B/(@B + @c) and is the activity of the solid 
solute. This activity is defined as the ratio of the fugacity of the solid to  
the fugacity of the pure supercooled liquid and is calculated from: 

(Eq. 29) 

with the molar enthalpy of fusion (AHy)  a t  the normal melting point 
( T d .  

Inspection of Eq. 28 reveals that, for model systems obeying this ex- 
pression, the AIB and AA,c, interaction parameters can be eliminated 
from the basic model via the saturation solubilities in the pure solvents, 
and the A B C ~  parameter can be eliminated uia the excess Gibbs free en- 

ln asolid A = JTl ( A H y / R T 2 ) d T  
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ergy of the binary solvent mixture calculated according to Eq. 16. Per- 
forming these substitutions: 

-( l-@f)(l-%)] (Eq.31) 

and 

The liquid-phase compositions for Eqs. 31 and 32 refer to the saturated 
pure solvents. In the absence of solute-solvent complexation (KWc = O), 
the above expression reduces to an equation derived earlier (Eq. VV of 
Ref. 4) for systems containing only nonspecific interactions. 

Despite the complex appearance of Eq. 30, its predictive application 
to solubilities in mixed solvents is relatively straightforward and is similar 
in concept to the numerical example presented in an earlier paper (8) for 
systems containing only nonspecific interactions. The quantities (ACP); 
and (ACT); are calculated from the volume fraction solubility of the solid 
in the pure solvents using an assumed value for the equilibrium constant. 
These quantities, with the excess Gibbs free energy of the binary solvent 
mixture (usually obtained from the literature), are then used in Eq. 30 
to calculate @$using a reiterative approach. The overall volume fraction 
solubility, $Tt, can be calculated from the solubility of the uncomplexed 
solute and the equilibrium constant: 

(Eq. 33) 

The entire procedure can be repeated until the numerical value of KWc 
that best describes the experimental solubility in a particular binary 
solvent system is obtained. 

Graphical comparison between the experimental solubilities and 
predictions of Eq. 30 (with KWc = 1.91) are shown in Figs. 3 and 4 for 
anthracene in n-heptane-benzene and isooctane-benzene mixtures. 
Properties of the pure components were taken from a previous tabulation 
(8). Examination of these two figures indicates Eq. 30 can describe ade- 
quately the experimental data using a single equilibrium constant2. 
Readers are reminded that the calculation of association constants for 
a presumed anthracene-benzene complex does not imply the authors 
believe such a complex actually exists in solution. As in all cases, the 
presence of molecular complexes should be supported by independent 
measurements involving spectroscopy, calorimetry, etc. 

Although the numerical value of KWc = 1.91 is much larger than the 
equilibrium constant used in Eq. 6, direct comparison requires both 
constants to be based on an identical concentration scale. Doing this 
conversion: - _  

V A  VC 
KEAC = KWC (VA + vc) (Eq. 34) 

one finds that the molarity-based equilibrium constant of Eq. 6 ( K ~ C  = 
0.228 M - l )  is actually two times greater than the molarity-based equi- 
librium constant of Eq. 30 (Kit = 0.107 At'). These calculations further 
support our earlier observation (5) that equilibrium constants determined 
from solution models based entirely on specific interactions may not truly 
represent specific solute-solvent interactions, but rather, in some cases, 
the failure of the particular solution model to properly describe non- 
specific interactions. 

RESULTS AND DISCUSSION 
A simple solution model that has led to successful predictive equations 

for the thermochemical properties of a solute in simple binary solvent 

Improvements in the descriptive ability of Eq. 30 could be obtained by per- 
mittin thee uilibrium constant to vary from one solvent system to another. For 
exampfe, the%est description of the benzene-isooctane system required a slightly 
larger value for Kit. This fact is not too disturbing as many of the prevailing solution 
theories predict that complex formation constants will not be constant in different 
solvents, even if a maximum-randomness criterion is met by all the species involved 
in the formation reaction in each of the solvents (34,35). The numerical value quoted 
in the text is for the benzene-n-heptane system. 

t 0.007 

0.006 

0.005 

0.004 c 
0.003 

0.002 

0.00lt  

I I 1 I 1 T 
0.2 0.4 0.6 0.8 1 .o 

Figure 4-Comparison between experimental solubilities (@) and the 
predictions of Eq. 30 (--) for anthracene in binary mixtures of ben- 
zene-isooctane. The free energy of mixing data for the binary solvent 
is taken from an  article by Weissman and  Wood (33). 

Xbenzene 

systems containing only nonspecific interactions has been extended to 
include association between the solute and one of the solvent components. 
An expression has been derived and tested for its ability to describe an- 
thracene in binary solvent mixtures containing benzene. The best de- 
scription of the experimental solubilities required the postulation of a 
1:l anthracene-benzene complex, with a molarity-based equilibrium 
constant of KiC = 0.107 M-I .  In comparison, a stoichiometric complex- 
ation model that  attributes all solubility enhancement to the formation 
of anthracene-benzene complexes required a larger equilibrium constant 
(Kit = 0.228 A 4 - I )  t o  describe the six-fold mole fraction range of an- 
thracene solubilities in the benzene-n-heptane system. That the two 
equilibrium constants differ by a factor of two demonstrates the impor- 
tance of including nonspecific interactions in equilibrium constant cal- 
culations, particularly in the case of weak association complexes. 

Furthermore, it has been shown that several dissimilar solution models, 
developed previously for predicting solubility in binary solvent mixtures, 
reduce to a common mathematical expression in the limits of low solute 
solubility. Based on this observation, we conclude that there may be more 
than one interpretation of solution nonideality that will describe the 
observed solubility data. As criteria for selecting the best description of 
solution nonideality, we suggest that  each solution model should be 
judged on its ability to describe the thermochemical properties of the 
solute (in this case, solubility) and on the validity of the model's under- 
lying assumptions and simplifying approximations. 
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Abstract The relative potencies of a series of substituted anilines as 
acetyl acceptors in the enzymatic N-acetylation reaction have been 
correlated using physicochemical substituent constants (r, c), molecular 
connectivity indices (lx, lxv), and newly formulated information-theo- 
retic topological indices (IC, SIC). Results indicate a predominant role 
of the topological steric parameters in determining the rates of the N-  
acetyltransferase reaction. 
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tuted anilines N-Acetylation reaction-of substituted anilines, enzy- 
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The biochemical acetyl transfer reaction is important 
not only for normal physiological processes, but also in the 
extramicrosomal metabolism of therapeutically active 
compounds like isoniazid (1,2), p-aminosalicylic acid (3), 
sulfonamides (4, 5), and anticancer drugs-uiz., 6-ami- 
nonicotinamide (4). Acetyltransferase is capable of cata- 
lyzing the transfer of the acetyl moiety from acetyl CoA 
(CoASAc) to aliphatic and aromatic amines as well as the 

reversible transfer of an acetyl group between different 
aromatic amines (6,7). Therefore, one of the probable ways 
of elucidating the molecular basis of this reaction might 
arise from the study of acetyl group transfer rates from a 
particular acetylated amine (donor) to other variously 
substituted amines (acceptor) that vary in their physico- 
chemical and geometrical characteristics in a well-defined 
manner. 

Jacobson (6) studied the rates of acetyl transfer from 
p -(p-acetylaminopheny1azo)benzenesulfonate to  a series 
of substituted anilines in the presence of purified pigeon 
liver acetyltransferase. The electronegativity of the sub- 
stituent(s) was conjectured to have an overwhelming role 
on the rates of the reaction. This notion gained support 
from the quantum chemical studies of Perault and Pull- 
man (8) where the electronic charge on the amine nitrogen 
( E )  of the acceptor was shown to parallel the acetylation 
rate. Further studies by Hansch et al. (9) using substituent 
constants derived from physical organic model systems 
showed that a biparametric relationship using hydrophobic 
( T )  and electronic (a- or E )  parameters could adequately 
correlate the biological data. 
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acetyl acceptors in the enzymatic N-acetylation reaction have been 
correlated using physicochemical substituent constants (r, c), molecular 
connectivity indices (lx, lxv), and newly formulated information-theo- 
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The biochemical acetyl transfer reaction is important 
not only for normal physiological processes, but also in the 
extramicrosomal metabolism of therapeutically active 
compounds like isoniazid (1,2), p-aminosalicylic acid (3), 
sulfonamides (4, 5), and anticancer drugs-uiz., 6-ami- 
nonicotinamide (4). Acetyltransferase is capable of cata- 
lyzing the transfer of the acetyl moiety from acetyl CoA 
(CoASAc) to aliphatic and aromatic amines as well as the 

reversible transfer of an acetyl group between different 
aromatic amines (6,7). Therefore, one of the probable ways 
of elucidating the molecular basis of this reaction might 
arise from the study of acetyl group transfer rates from a 
particular acetylated amine (donor) to other variously 
substituted amines (acceptor) that vary in their physico- 
chemical and geometrical characteristics in a well-defined 
manner. 

Jacobson (6) studied the rates of acetyl transfer from 
p -(p-acetylaminopheny1azo)benzenesulfonate to  a series 
of substituted anilines in the presence of purified pigeon 
liver acetyltransferase. The electronegativity of the sub- 
stituent(s) was conjectured to have an overwhelming role 
on the rates of the reaction. This notion gained support 
from the quantum chemical studies of Perault and Pull- 
man (8) where the electronic charge on the amine nitrogen 
( E )  of the acceptor was shown to parallel the acetylation 
rate. Further studies by Hansch et al. (9) using substituent 
constants derived from physical organic model systems 
showed that a biparametric relationship using hydrophobic 
( T )  and electronic (a- or E )  parameters could adequately 
correlate the biological data. 
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Table I-Partitioning of p-Nitroaniline H 1' H 1' 

Number of 
Atoms in 

Partition the Partitioned Probability 
Class Coordinate Class" (Pi = nJn) 

I 
I1 

111 
IV 
V 

VI . _  
VII 

VIII 

14 
13 
25 ' 

142222 
111114 
111424 
141524 
131424 

1 
4 
1 
1 

4/16 
2/16 
2/16 
1/16 
1/16 
4/16 
1/16 
1/16 

Total number of atoms in the molecule = 16. 

One of the important outcomes of the Hansch analysis 
in this area was that the steric factor is insignificant in 
enzymatic acetyl transfer process, a conclusion drawn from 
a study of six compounds. Jacobson (6) studied the N -  
acetylation of 10 substituted anilines. Although the 
physicochemical substituent constants for the remaining 
four compounds were not available then (9), some of them 
can be derived today. Moreover, in recent years, a number 
of information-theoretic (10-14) and molecular connec- 
tivity-type (15-20) topological indices have been derived 
and found to be of use in biological correlations. While 
valence molecular connectivity ("xV) indices are excellent 
electronic parameters (21), simple connectivity indices 
("x) and information-theoretic indices derived from the 
topological neighborhood of vortices (atoms) in the mo- 
lecular graph (structure) are steric parameters that encode 
information regarding the topological shape of the mole- 
cule (11-15, 22). Although the action of nonspecific 
bioactive molecules is mainly guided by their hydropho- 
bicity, the in uivo and i n  vitro activity of specific biologi- 
cally active agents, i.e., molecules which act by virtue of 
being recognized by an enzyme or a physiological receptor, 
is highly dependent on stereoelectronic makeup associated 
with the molecular architecture (23,24). 

Hence it was of interest to examine whether steric pa- 
rameters have any role in the mechanism of action of N -  
acetyltransferase. To this end, correlations of the rates of 
enzymatic acetylation of amines with the physicochemical 
substituent constants (K, c), molecular connectivity in- 
dices ('x, lxV), as well as information-theoretic topological 
indices ( l l ) ,  i.e., information content (IC) and structural 
information content (SIC), have been attempted. Also, a 
comparative study of the role of physicochemical versus 
theoretical parameters in the correlation of biological data 
has been undertaken using multiparametric regression 
equations. 

EXPERIMENTAL 

Calculation of the Hydrophobic Constant (*)-The hydrophobic 
parameter for the various substituents in the aniline derivatives are taken 
from Hansch and Leo (25). In cases where more than one substituent is 
present, the combined lipophilic effect is calculated by the addition of 
the individual contributions of the groups with respect to lipophili- 
city. 

Calculation of the Electronic Parameter  (u-)-The u- values for 
the various groups in the aniline system are taken from Hansch et  al. (9, 
25), Hoefnagel et al. (26), and Zeng (27). Since the simple additivity rule 
is obeyed with respect to electronic parameters of the Hammett type from 
a single system (281, the electronic effects (6-) of more than one sub- 
stituent in the ring is taken to be the sum of their individual contributions 
in the aniline system. 

Calculation of Molecular Connectivity ('x)-To each atom of the 

Figure 1-Coordinate-attached structure of p-nitroaniline. 

hydrogen-suppressed graph a 6 value is assigned corresponding to the 
number of nonhydrogen atoms bonded to it. No consideration is made 
to the class of atom or type of bond. A connectivity value for a bond c k  
(connecting atoms i and j )  is computed as follows (15): 

And 'x is calculated as the sum of all connectivity terms: 

'X = F c k  

(Eq. 1)  

(Eq. 2)  

Calculation of Valence Molecular Connectivity ('xV)-To each 
atom of the hydrogen-depleted skeleton a 6" value is assigned as follows 
(15,21): 

6' = Zy - h, (Eq. 3) 

where 27 is the number of valence electrons and hi is the number of hy- 
drogen atoms attached to the particular atom. Thereafter, lxv is calcu- 
lated in a similar manner as lx by substituting 6' for 6 in Eq. 1. 

Calculation of Information Content (IC) and  Structural  Infor- 
mation Content (SIC) from the Molecular Graph-In this graph- 
theoretic formalism, the total (nonhydrogen-suppressed) molecular graph 
is considered to define the various topological indices. The method is 
sufficiently general to include the linear graphs as well as multigraphs. 
If G is a molecular graph with vertex set X(G) and Ai(i = 1 , 2 , .  . . , k )  is 
a partition of X(G), then a probability scheme is given by: 

1 1, Az.. . . , Ak d" 1, P 2 9 . .  . ,Pk 
where pi = nJn, and n; and n are the cardinalities of Ai  and X ( G ) ,  re- 
spectively. Then, the information content (IC) of the graph G with respect 
to this mode of partition of X ( G )  is given by Shannon's formula (29): 

IC(X(G)) = -x pi log2pi bits (Eq. 4) 

The logarithm is taken a t  a basis 2 to measure the information in bits. 
By defining a first-order topological neighborhood and an equivalence 
relation on the vertex set X ( G )  of a molecular graph, Sarkar et ol. (10) 
computed the first-order topological information content of various 
molecular graphs. Subsequently Basak et al. (30) defined another in- 
formation-theoretic topological index, structural information content 
(SIC): 

SIC = IC/logzn. (Eq. 5)  

Let us take a member of the series of anilines, p-nitroaniline (Fig. l) ,  
to exemplify the partitioning of atoms into disjoint classes (Table I) and 
also the calculation of IC and SIC. In this graph-theoretic treatment, 
which is patterned after the work of Sarkar et al. ( lo) ,  all four hydrogen 
atoms attached to the aromatic ring lie in the same disjoint subset. This 
partitioing scheme differs from that proposed by Kier (14) where 
chemical intuition is also used in the decomposition of the vertex set of 
the molecular graph into disjoint subsets. 

k 

RESULTS AND DISCUSSION 

Table I1 shows the A and u- values of the substituents, 'x and 'xV in- 
dices from the hydrogen-suppressed molecular graphs, IC and SIC indices 
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Table 11-Biological Properties and  Molecular Descriptors for Aniline Derivatives 

Relative IC 
Compound Rate (A,) u- n- ' X  'XV (bits) SIC 

Aniline 
p-Me- Aniline 
p-CI- Aniline 
p-Rr-Aniline 
p-NO2-Aniline 
Sulfanilamide 
p-NH2-Salicylic acid 
p-NH2-Benzoic acid 
Sulfanilic acid 

0.70 
1 .oo 
1.09 
1.12 
0.34 
0.18 
0.15 
0.03 
0.01 

0.00 0.00 3.3938 2.1994 2.0060 0.5269 
-0.17 

0.23 
0.23 

0.48 3.7877 2.6100 2.3432 0.5733 
0.93 3.7877 2.7120 2.0138 0.5289 
1.13 3.7877 3.1021 2.0185 0.5301 

1.27 0.50 4.6984 2.6988 2.7500" 0.6875b 
0.91 -1.16 4.9900 3.1110 2.8795 0.6778 ~. ~- ~ ~~~~ ~~ ~~ . .~ ~ ~. ~ . . ~ ~  

0.38 -0.99 5.1091 2.9280 3.3083 0.7934 
0.77 -0.32 4.6984 2.7878 3.0286 0.7409 
0.48 -4.76 4.9980 3.0422 3.0588 0.7335 

a IC = 2 X 4/16 log2(16/4) + 2 x 2/16 log2(16/2) + 4 X 1/16 logz(16/1) = 2.7500 bits. * SIC = IC/log2(16) = 0.6875. 

from the total chemical graphs, and the relative rates of enzymatic 
acetylation (A,) for a series of substituted anilines; the experimental data 
was taken from the work of Jacobson (6). Since our approach was to have 
a comparative study between the physicochemical and theoretical de- 
scriptors in the correlation of acetylation rates, p-aminohippuric acid 
was not considered for correlation because the u- value for the para 
substituent was not available. 

Table I11 shows the correlation matrix (31) for A, and the six molecular 
descriptors under study. High correlations are observed between the 
variables A,, IC, SIC,and ' x .  The parameters lxv, A, and u- are poorly 
correlated with A, and the other three descriptors. Linear correlation 
results of each of the six descriptors with A, are: 

(Eq. 6) 

(Eq. 7) 

(Eq. 8) 

(Eq. 9) 

(Eq. 10) 

(Eq. 11) 

A, = -0.616 ('x) + 3.20 
n = 9 r = 0.88 s = 0.24 F1.7 = 23 ( p  < 0.002) 

A, = -0.473 ( ' ~ " 1  + 1.84 
n = 9 r = 0.30 s = 0.48 F1.7 = 0.68 (p  < 0.439) 

A, = -0.830 (IC) + 2.67 
n = 9 r = 0.91 s = 0.20 F1.7 = 35 ( p  < 0.001) 

A, = -4.07 (SIC) + 3.13 
n = 9 r = 0.92 s = 0.20 F1.7 = 36 ( p  < 0.001) 

A, = 0.181 ( A )  + 0.598 

A, = -0.648 (a-) + 0.807 
n = 9 r = 0.64 s = 0.38 F1,7 = 4.8 ( p  < 0.065) 

n = 9 r = 0.70 s = 0.36 F1.7 = 6.7 ( p  < 0.036) 

Here n is the number of data points, r the correlation coefficient, s the 
standard deviation, and F is the F-ratio between the variances of the 
observed and calculated values. 

Equations 6-11 account for 76.8,8.7,83.4,83.7,48.7, and 40.6% of the 
variance (9) in A,, respectively. I t  is clear from these results that steric 
(topological) parameters like ' x ,  IC, and SIC have a very important role 
in determining the rates of enzymatic acetylation as compared with the 
hydrophobic ( A )  or electronic (u- or lxv)  parameters. The same trend 
is obtained with the parabolic correlations of A, with ' x .  lxV, IC, SIC, 
and A: 

A, = 0.462 ( A )  + 0.0761 ( T ) ~  + 0.494 
n = 9 r = 0.87 s = 0.26 Fz.6 = 9.8 ( p  < 0.013) 

A, = 2.97 ( ' x )  - 0.418 ( ' x ) *  - 4.34 
n = 9 r = 0.90 s = 0.23 F2.6 = 12 ( p  < 0.007) 

A, = -0.782 ('~'9 + 0.0574 ('x')' + 2.25 

(Eq. 12) 

(Eq. 13) 

(Eq. 14) 
n = 9 r = 0.30 s = 0.51 F2.6 = 0.29 ( p  < 0.759) 

Table 111-Correlation Matrix 

Ax A ' x  'XV IC SIC u- 

A, 1.00 
A 0.70 1.00 
' X  -0.88 -0.62 1.00 

IC -0.91 -0.63 0.95 0.46 1.00 
SIC -0.92 -0.60 0.94 0.43 0.99 1.00 
U- -0.64 -0.16 0.69 -0.37 0.55 0.53 1.00 

' x "  -0.30 -0.36 0.63 1 .00 

A, = -1.73 (IC) + 0.174 (IC)' + 3.79 
n = 9 r = 0.92 s = 0.224 F2.6 = 16 ( p  < 0.004) 

A, = -17.60 (SIC) + 10.5 (SIC)' + 7.39 
n = 9 r = 0.93 s = 0.20 F2,6 = 18 ( p  < 0.003) 

Of the nine compounds in Table 11, the last seven are homogeneous 
in the sense that each of them has an electron-withdrawing substituent 
in the position para t o  the amino group. Therefore, it is expected that 
steric fit may better correlate the biological data for such a homogeneous 
group of compounds. Regression equations (Eqs. 17-20) show this to be 
the case: 

(Eq. 15) 

(Eq. 16) 

A, = -6.67 ('x) + 0.666 ('x)' + 16.8 

A, = -4.49 (IC) + 0.695 (IC)2 + 7.35 

A, = -28.5 (SIC) + 18.6 (SIC)' + 11.0 
n = 7 r = 0.99 s = 0.10 F2,4 = 69 (p  < 0.001) 

A, = 0.451 (r) + 0.0781 (A)' + 0.411 

(Eq. 17) 

(Eq. 18) 

(Eq. 19) 

0%. 20) 

n = 7 r = 0.98 s = 0.13 F2.4 = 41 ( p  < 0.002) 

n = 7 r = 0.99 s = 0.09 F2.4 = 93 (p < 0.001) 

n = 7 r = 0.90 s = 0.25 F2.4 = 9.0 (p  < 0.033) 

The addition of the hydrophobic parameter, A, to Eqs. 17 and 18 made 
only marginal improvement in the correlation coefficient. 

It is evident from the above that topological indices reveal a predom- 
inant role of steric factor in determining the rate of the enzymatic N- 
acetyltransferase reaction, although Hansch et al. (9) could assign no role 
of the steric descriptor with a smaller subset of these compounds. With 
nine compounds a topological parameter such as ' x ,  IC, or SIC emerged 
to be the single variable best suited for correlation of this type of bioactive 
agent. The significant relationships developed above may be utilized in 
the rational design of substrates for N-acetyltransferase. 
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Abstract  0 In developing a high-performance liquid chromatographic 
assay for thiopental [5-ethyl-5-( l-methylbutyl)-2-thiobarbituric acid], 
a thiopental isomer [5-ethyl-5-( l-ethylpropyl)-2-thiobarbituric acid] was 
found. This isomer occurs (6-7%) in supposedly pure thiopental and in 
the commercially available thiopental sodium administered to patients 
for induction of anesthesia. A similar type of isomer also occurs in pen- 
tobarbital, the oxybarbiturate analogue of thiopental. Because the dis- 
position and anesthetic potency of the isomer is unknown, its phar- 
macokinetic properties were determined in humans and its anesthetic 
potency in mice. In five surgical patients, the terminal elimination half- 
life, clearance, and volume of distribution at steady state of the isomer 
were not statistically different from those of thiopental. In mice, the 
isomer proved to be as effective as thiopental for induction of anesthesia. 
The LDm and sleep time a t  one-half the LDm did not statistically differ 
between the two compounds in mice. The close structural similarity of 
thiopental and the isomer results in similar pharmacokinetic and anes- 
thetic properties. It does not appear critical that the isomer be separated 
from thiopental in subsequent pharmacological research. 

Keyphrases 0 Thiopental-isomer determination in serum by high- 
performance liquid chromatography, pharmacokinetics in humans, an- 
esthetic potency in mice Pharmacokinetics-of a thiopental isomer 
in humans, comparison with thiopental 0 Anesthetic agents-potency 
of a thiopental isomer in mice, comparison with thiopental 

Previous high-performance liquid chromatographic 
(HPLC) assays for thiopental apparently lacked the 
chromatographic resolution to separate thiopental from 
any side-chain isomer (1-4). This paper describes an 
HPLC assay that separates thiopental, 5-ethyl-5-( 1- 
methylbutyl)-2-thiobarbituric acid, from this isomeric 
material, 5-ethyl-5-( l-ethylpropyl)-2-thiobarbituric acid 
(see Fig. 1). The isomer was found both in standard thio- 
pental obtained from the manufacturer and the commer- 

cially available thiopental sodium used for the induction 
of anesthesia in patients. It apparently is formed during 
the manufacture of thiopental’. The presence of a similar 
isomer has been described for pentobarbital [5-ethyl-5- 
(1-methylbutyl) barbituric acid], the oxybarbiturate an- 
alogue of thiopental(5). 

EXPERIMENTAL 

Apparatus and  Reagents-A liquid chromatograph2 was equipped 
with a variable-wavelength detect& and column heater. The phosphoric 
acid, monobasic potassium phosphate, sodium hydroxide, and sodium 
carbonate were certified ACS grade4; anhydrous ethyl ether was reagent 
grade5; acetonitrile was HPLC grade6. The sodium salt of thiopenta17 and 
the thiopental isomer8 were used for preparation of the standard curves. 
The thiopental contained 9.0% of the isomer, based on peak heights from 
a sample separated on the HPLC assay. The isomer did not contain 
thiopental; only a single peak was seen when the isomer was chromato- 
graphed on the HPLC assay. Thiamylal acid9 was used as an internal 
standard for measurement of thiopental and the isomer. 

Thiopental Protein Precipitation and  Chromatography-The 
HPLC assay described by Kabra et al. (6) was modified. For thiopental 
concentrations >200 ng/ml, an equal volume of acetonitrile containing 
the internal standard (2.5 or 25 pgiml) was added to human serum (200 
pl )  and mixed on a vortex mixer. Following two sequential centrifuga- 
tions, the acetonitrile supernatant was injected into the chromatograph. 

’ Personal communication, Abbott Laboratories, North Chicago, 111. 
* Model 5020, Varian, Palo Alto, Calif. 

‘ Fisher Scientific Co., Fair Lawn, N.J. 
Model UV-50, Varian, Palo Alto, Calif. 

J. T. Baker Chemical Co., Phillipsburg, N.J. 
Distilled in glass; Burdick & Jackson Laboratories, Muskegon. Mich. 
Lot 845-7283. Abbott Laboratories, North Chicago, Ill. 
Abbott 13750, Lot No. 16-859-AX, Abbott Laboratories, North Chicago, Ill. 
Lot 7274 x 24-6, Parke-Davis & Co., Detroit, Mich. 
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Abstract  0 In developing a high-performance liquid chromatographic 
assay for thiopental [5-ethyl-5-( l-methylbutyl)-2-thiobarbituric acid], 
a thiopental isomer [5-ethyl-5-( l-ethylpropyl)-2-thiobarbituric acid] was 
found. This isomer occurs (6-7%) in supposedly pure thiopental and in 
the commercially available thiopental sodium administered to patients 
for induction of anesthesia. A similar type of isomer also occurs in pen- 
tobarbital, the oxybarbiturate analogue of thiopental. Because the dis- 
position and anesthetic potency of the isomer is unknown, its phar- 
macokinetic properties were determined in humans and its anesthetic 
potency in mice. In five surgical patients, the terminal elimination half- 
life, clearance, and volume of distribution at steady state of the isomer 
were not statistically different from those of thiopental. In mice, the 
isomer proved to be as effective as thiopental for induction of anesthesia. 
The LDm and sleep time a t  one-half the LDm did not statistically differ 
between the two compounds in mice. The close structural similarity of 
thiopental and the isomer results in similar pharmacokinetic and anes- 
thetic properties. It does not appear critical that the isomer be separated 
from thiopental in subsequent pharmacological research. 
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Previous high-performance liquid chromatographic 
(HPLC) assays for thiopental apparently lacked the 
chromatographic resolution to separate thiopental from 
any side-chain isomer (1-4). This paper describes an 
HPLC assay that separates thiopental, 5-ethyl-5-( 1- 
methylbutyl)-2-thiobarbituric acid, from this isomeric 
material, 5-ethyl-5-( l-ethylpropyl)-2-thiobarbituric acid 
(see Fig. 1). The isomer was found both in standard thio- 
pental obtained from the manufacturer and the commer- 

cially available thiopental sodium used for the induction 
of anesthesia in patients. It apparently is formed during 
the manufacture of thiopental’. The presence of a similar 
isomer has been described for pentobarbital [5-ethyl-5- 
(1-methylbutyl) barbituric acid], the oxybarbiturate an- 
alogue of thiopental(5). 

EXPERIMENTAL 

Apparatus and  Reagents-A liquid chromatograph2 was equipped 
with a variable-wavelength detect& and column heater. The phosphoric 
acid, monobasic potassium phosphate, sodium hydroxide, and sodium 
carbonate were certified ACS grade4; anhydrous ethyl ether was reagent 
grade5; acetonitrile was HPLC grade6. The sodium salt of thiopenta17 and 
the thiopental isomer8 were used for preparation of the standard curves. 
The thiopental contained 9.0% of the isomer, based on peak heights from 
a sample separated on the HPLC assay. The isomer did not contain 
thiopental; only a single peak was seen when the isomer was chromato- 
graphed on the HPLC assay. Thiamylal acid9 was used as an internal 
standard for measurement of thiopental and the isomer. 

Thiopental Protein Precipitation and  Chromatography-The 
HPLC assay described by Kabra et al. (6) was modified. For thiopental 
concentrations >200 ng/ml, an equal volume of acetonitrile containing 
the internal standard (2.5 or 25 pgiml) was added to human serum (200 
pl )  and mixed on a vortex mixer. Following two sequential centrifuga- 
tions, the acetonitrile supernatant was injected into the chromatograph. 

’ Personal communication, Abbott Laboratories, North Chicago, 111. 
* Model 5020, Varian, Palo Alto, Calif. 

‘ Fisher Scientific Co., Fair Lawn, N.J. 
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Figure 1-A chromatogram demonstrating the presence 
of the isomer in a sample of supposedly pure thiopental. 
The structures of thiopental, the isomer, and the inter- 
nal standard (thiamylal) are as indicated. 

1 
Appropriate concentrations of the internal standard were added before 
the protein precipitation. To increase the sensitivity of the assay to 25 
ng/ml, the ether extraction procedure described for the thiopental isomer 
can be used. Because the thiopental concentrations were >200 ng/ml for 
the duration of the study, it was not necessary to use the extraction. 
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Figure 2-Typical chromatogram obtained using the assay described 
for measurement of thiopental. Key: (A) separation of thiopental (peak 
1 )  and the internal standard (peak 2) when both are injected directly 
onto the chromatograph; (Bj a human serum blank; (C) separation of 
1.25 pg of thiopental and2.5 pg of the internal standard from 1.0 ml of 
human serum. 

24 32 

The HPLC mobile phase was acetonitrile-phosphate buffer (38:62). 
The buffer was prepared by adding 175 pl  of 1 M KHpPOl and 50 p1 of 
I M H3P04 to 1 liter of glass-distilled and filtered water. The pH of the 
phosphate buffer was 4.5, and the molarity was 4.5 X 10-4 M acid and 
1.75 X M salt. The flow rate was 1.2 ml/min with a CIS reverse-phase 
column10 (4-mm i.d. X 30 cm) at 50". The detector wavelength was 290 
nm and ranged from 0.01 to 0.05 AUFS. 

To prepare standard curves, aliquots of thiopental in methanol were 
evaporated to dryness and diluted to volume with serum. The standard 
was then handled as described above. Standard curves were linear at all 
concentrations from 200 ng/ml to 50 pglml. The retention times of 
thiopental and the internal standard were 9.2 and 11.2 min, respectively 
(Fig. 2). The assay does not separate the isomer from thiopental and 
therefore measures both compounds. 

Isomer Extraction and Chromatography-For analysis of isomer 
concentrations between 25 and 500 ng/ml, variable volumes of serum 
(0.1-1.0 ml) were extracted with 200 ng of thiamylal as the internal 
standard. Following acidification with 1 M phosphoric acid two-thirds 
saturated with potassium phosphate, an extraction with ether (3 ml) was 
performed. The ether phase was removed and evaporated to dryness. The 
residue was reconstituted in 100 pl of the HPLC assay eluant and injected 
into the chromatograph. The HPLC mobile phase was acetonitriledilute 
phosphate buffer (33:67). The flow rate was 1.2 ml/min on a C18 re- 
verse-phase column" (4-mm i.d. X 30 cm) at  50'. The detector wave- 
length was 290 nm and 0.01 or 0.02 AUFS. 

Standard curves for the isomer assay were prepared by evaporating 
to dryness aliquota of the pure isomer in methanol and diluting to volume 
with serum. The standard was then prepared using the aforementioned 
acidification and ether extraction. Standard curves were linear from 25 
to 500 ng/ml of the pure isomer. Retention times were: isomer, 16.7 min; 
thiopental, 18.1 min; and the internal standard, 23.6 min (Fig. 3). 

Isomer Identification-The isomer was identified by addition of pure 
5-ethyl-5-( l-ethylpropyl)-2-thiobarbituric acid to a sample of thiopental. 
When chromatographed using the aforementioned assay that separated 
the two compounds, addition of the isomer resulted in an increase of the 
isomer peak height in the thiopental sample, with an identical retention 
time. The UV spectra of thiopental and the isomer were identical, 
showing a maximum absorption at 290 nm. The structure of the isomer 

lo Varian MCH-10, Varian, Palo Alto, Calif. 
p-Bondpack C18, Waters Associates Inc., Milford, Mass. 
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Figure 3-Typical chromatogmms obtained 
using the assay for measurement of the iso- 
mer. Key: (A) separation of the isomer (peak 
1) from thiopental (peak 2) and the internal 
standard (peak 3) when thiopental and in- 
ternul standard are injected directly onto 
the chromatograph; (Bj a human serum 
blank; (C) separation of the compounds from 
human serum. Peak I in chromatogram C 
represents 56 ng of the isomer, peak 2 is 781 
ng of thiopental, and peak 3 is 200 ng of in- 
ternal standard extracted from 0.5 ml of 
serum. 

3 

also was characterized using 13C- and 'H-NMR12. No evidence of inter- 
conversion of the two compounds was found during the extraction and 
HPLC chromatography. 

Pharmacokinetics in the Human-One female and four male pa- 
tients undergoing elective surgical procedures were studied. An institu- 
tion review board approval was obtained along with consent from each 
patient. Subject age, weight, and thiopental dose are indicated in Table 
I. Commercially available thiopental sodium was used to induce anes- 
thesia; therefore, both thiopental and the isomer were administered to 
the patients. A sample of the thiopental sodium administered was ana- 
lyzed for the amount of isomer present (Table I). 

Following rapid intravenous injection of the thiopental sodium for 
induction of anesthesia, blood samples were obtained from a catheter 
inserted into a radial artery or an antecubital vein. Arterial blood samples 
were obtained at 1,2,3,5,10,15,30,45,60,90, and 120 min; venous blood 
samples were obtained at 3,4,6,8,10,12,14,16,18,20,22, and 24 hr. This 
protocol allows accurate characterization of the distribution and elimi- 
nation phases of thiopental and the isomer. Serum samples were frozen 
and subsequently analyzed using two assays: one that collectively mea- 
sured the thiopental and isomer, and one that measured only the isomer. 
Following the administration of thiopental sodium, anesthesia was 
maintained with nitrous oxide-oxygen (6040) and enflurane (1-2%) for 
1-3 hr. 

The pharmacokinetic data analysis used only the serum concentration 
versus time data. Linear regression of the postdistribution log serum 
concentration versus time data was used to determine the terminal 
elimination half-life. The dose divided by the area under the curve (linear 
trapezoid rule) was used to determine total body clearance. The area 
under the first-moment curve, as described by Benet and Galleazzi (7), 
was used to determine the volume of distribution at steady state. A 
two-tailed paired t test at a significance level of p < 0.05 was used to 
statistically compare the pharmacokinetic parameters for thiopental and 
the isomer. 

Anesthetic Potency in Mice-Thiopental and the isomer were 
compared for anesthetic potency in male white Swiss rnicel3 weighing 
18-24 g. Thiopental was used as the commercially available sodium salt 
containing 8.3% sodium carbonate. The free acid isomer was converted 
to the sodium salt by adding 1 meq of NaOH and 8.3% Na2C03 to 1 meq 
of the free acid. Both compounds were used as a 0.4% solution. 

12 Varian XL100, Varian, Palo Alto, Calif. 
13 Simson, Gilroy, Calif. 

1 1 1  1 1  1 I I 

0 8 16 24 32 

Because the anesthetic effect of these compounds is influenced by the 
peak blood level achieved, the speed of intravenous injection into the tail 
vein was rigidly controlled at 0.01 mV5 sec. Sleep occurred immediately, 
during, or at the end of the injection. The anesthetized animals were 
placed on their backs and left undisturbed until they righted them- 
selves. 

In the fatal-dose range, death was due to respiratory arrest a few 
minutes after the drug injection. After the initial dose-ranging studies, 

'""I: 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 
HOURS 

Figure 4-Serum concentration versus time decay curve of thiopental 
(+) and the isomer (A) for subject 5 in Table I. 
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Table I-Demographic and Pharmacokinetic Data  

Volume of Distribution at 
Age, Weight, Dose, Elimination Half-Life, min Clearance, ml/kg/min Steady State, liter/kg 

Patient year kg Isomer, % mg/kg Thiopental Isomer Thiopental Isomer Thiopental Isomer 

1 30 55 6.1 8.2 409 29 1 3.3 3.4 1.52 1.30 
2 23 79 6.1 5.9 932 835 3.1 4.9 2.82 4.32 
3 30 81 6.2 5.4 566 636 2.6 2.4 1.66 1.85 .. .~ 

4 28 67 
5 35 82 

~~ 

6.1 
6.0 

6.6 
5.6 

~~~ 

378 
465 

~~~ 

752 
396 

4.4 
3.1 

3.9 
2.7 

~ ~~ 

2.0i 2.6 
1.4 1.4 

Mean 29.2 72.8 6.10 6.3 550 582 3.3 3.8 1.88 2.29 
*SD 4.3 11.6 0.07 1.1 225 231 0.6 1.0 0.57 1.24 

the LDm was determined for both drugs using groups of eight mice at 
three dosage levels for each drug. The LDm and 95% confidence limits 
were determined using the method of Litchfield and Wilcoxon (8). In 
addition to the LDm, the sleep time a t  one-half the LDso was also de- 
termined using eight mice per drug. A third study was performed with 
an additional eight mice per drug to determine if cumulative properties 
of these two barbiturates were the same. One-half of the LDm dose was 
given to a mouse and a second injection '/s of the LDm dose was given 
when the animal righted itself. The sleep times from the first and second 
doses were compared using a two-tailed unpaired t test a t  a significance 
level of p < 0.05. 

RESULTS AND DISCUSSION 

Assay Sensitivity, Reproducibility, and Chromatography-With 
the acetonitrile protein precipitation, the assay sensitivity for thiopental 
was 200 ng/ml. Analysis of the same serum sample 6 8  times on the same 
day gave the following coefficients of variation: 300 ng/ml, 4.2%; 1.1 pg/ml, 
3.7%; and 15.4 pg/ml, 1.8%. The between-day coefficient of variation a t  
a thiopental concentration of 2.5 pglrnl was 5.0%. The isomer assay was 
sensitive to 25 ng/ml. Analysis of the same serum sample for the isomer 
6-8 times on the same day gave the following coefficients of variation: 
25 ng/ml, 7.9%; 125 ng/ml, 7.870, and 500 ng/ml, 5.4%. The between-day 
coefficient of variation at  an isomer concentration of 125 ng/ml was 5.1%. 
Figure 1 indicates the chemical structures of thiopental and the isomer, 
along with a chromatogram showing the presence of the isomer peak in 
a sample of thiopental obtained from the manufacturer'. Analysis of 10 
different lots of commercially available thiopental sodium showed that 
the isomer comprised 6 7 %  of the total drug content. Figure 2 is a rep- 
resentative chromatogram obtained with the thiopental assay where 
thiopental and the isomer are not separated. Figure 3 demonstrates a 
representative chromatogram of the isomer assay where thiopental and 
the isomer are effectively separated. 

Pharmacokinetics in the Human-Table I summarizes the derived 
pharmacokinetic parameters for thiopental and the isomer in each pa- 
tient. Figure 4 displays the serum concentration Versus time data for 
patient 5. Simultaneous arterial and venous samples in three patients 
demonstrated minimal thiopental concentration differences due to 
sample site, which had no effect on the derived pharmacokinetic vari- 
ables. There was no statistical difference between the terminal elimina- 
tion half-life, clearance, or volume of distribution at steady state when 

Table 11-LDsn and Anesthetic Potency in Mice 

thiopental was compared with the isomer. The variability occurs because 
the isomer serum concentrations are 10-15 times lower than the thio- 
pental concentrations and measurement varies more at the low isomer 
concentrations. While not formally characterized in this analysis, there 
was no visible difference in the initial distribution phases of thiopental 
relative to the isomer. Thus, in humans, the distribution and elimination 
of thiopental and the isomer are similar. This would be expected given 
the close structural similarity and (presumably) physicochemical prop- 
erties of thiopental and the isomer. 

Anesthetic Potency in  Mice-Thiopental and the isomer had an 
identical fatal dose as judged by the LD50 studies (Table 11). With one- 
half of the LDm, the duration of sleep (as judged by return of the righting 
reflex) was not statistically different. Additionally, there was no evidence 
of a statistical difference in the cumulative duration of sleep when the 
anesthetic was administered a second time. Thus, it appears that  the 
thiopental isomer is an anesthetic of potency comparable with that of 
thiopental in mice. 

In summary, there is a 6-7% level of an isomer form present in thio- 
pental. In the human, this isomer has distribution and elimination 
characteristics similar to thiopental. It also has, in mice, a degree of an- 
esthetic potency similar to that of thiopental. I t  is therefore not critical 
that  subsequent analytical technology used for thiopental pharmacoki- 
netic or pharmacodynamic research quantitate or separate this isomer 
from thiopental. 
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Cumulative Sleep Times, 

Drug mg/kg min 1st Dosea 2nd Doseb 
LDso, Sleep Time" min 

Thiopental 90 25.4 f 17.3 25.3 f 15.5 32.3 f 20.9 

Isomer 90 38.0 != 18.3 31.3 f 33.0 52.7 f 22.1 
(84.9-95.4)' 

(84.9-85.4) 

Dosed at 45 mgkg; mean f SD. * Dosed at 11.5 mg/kg; mean f SD. Range 
in parentheses. 
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Abstract A highly sensitive method ( I 1  ng/ml) for single-dose 
pharmacokinetic studies of diphenhydramine which utilizes GLC with 
nitrogen-phosphorus detection is described. Standard curves, using or- 
phenadrine as the internal standard, were linear for diphenhydramine 
concentrations from 1.0 to 300 ng/ml. Applicability of the method was 
demonstrated by a pharmacokinetic study in a normal volunteer who 
received 25 mg iv of diphenhydramine. 

Keyphrases Diphenhydramine-determination in human plasma 
using GLC with nitrogen-phosphorus detection, application to single 
low-dose pharmacokinetic studies GLC-with nitrogen-phosphorus 
detection, determination of diphenhydramine in human plasma, sin- 
gle-dose pharmacokinetic study Pharmacokinetics-of diphenhy- 
dramine in the human, detection after a single dose using GLC with ni- 
trogen-phosphorus detection 

Diphenhydramine, widely used in the treatment of al- 
lergic conditions (1) and as a sedative-hypnotic in the el- 
derly (2), has been measured by GLC using flame-ioniza- 
tion detection (3), GLC-MS (4), UV spectrophotometry 
(5), and by a fluorescent dye procedure (6). With the ex- 
ception of GLC-MS, these methods lack adequate speci- 
ficity and sensitivity. A method using GLC with nitro- 
gen-phosphorus detection that is rapid, specific, and 
sensitive to 1 ng/ml is described. Following a straightfor- 
ward plasma extraction requiring 3-4 hr, up to 150 samples 
per 24 hr can be analyzed if an automated injection system 
is used. This method is valuable since, in some subject 
populations (particularly the elderly), a diphenhydramine 
dose small enough to cause little sedative or anticholinergic 
effect but large enough to permit a blood level determi- 
nation for the time needed to complete a single-dose 
pharmacokinetic study is necessary. 

EXPERIMENTAL 

Apparatus and Chromatographic Conditions-A gas chromato- 
graph' equipped with a nitrogen-phosphorus detector and an electronic 
integrator was used. The column was coiled glass (1.83 m X 2-mm i.d.) 
packed with 3% SP-2250 on 80/lOO mesh Supelcoport2. The carrier gas 
was ultra-high purity helium3 at a flow rate of 30 ml/min. The detector 
purge was ultra-high purity hydrogen3 at 3 ml/min mixed with dry air3 
at 50 ml/min. Operating temperatures were: injection port, 310'; column, 
205'; and detector, 2'75'. Before being connected to the detector, new 
columns were conditioned at 270' for 48 hr with a carrier flow of 30 
ml/min. At  the beginning of each work day, the column was primed with 
2 pg of phospholipid (asolectin) in benzene. 

1 Hewlett-Packard Model 584OA. 
*Packing 1-1767, Su ICO, Bellefonte, Pa. 

Matheson Gas P r x c t s ,  Gloucester, Mass. 

Reagents-Certified n-hexane4 (99% pure) and isoamyl alcohol4 were 
used. The toluene5, methanold, concentrated hydrochloric acid5, sodium 
hydroxide5, sodium carbonate5, and sodium bicarbonate5 were analytical 
reagent grade. The isoamyl alcohol was glass-distilled prior to use; other 
organic solvents were used without further distillation. All aqueous sol- 
vents (0.25 M NaOH, 0.1 M HCl, and 1 M carbonate-bicarbonate buffer) 
were washed five times with hexane-isoamyl alcohol (982) prior to 
use. 

Reference Standards-Pure standards of diphenhydramine hy- 
drochloride6 and orphenadrine citrate7 were provided by the manufac- 
turers. Standard solutions of each were prepared by dissolving the ap- 
propriate quantity of the salt to yield 100 mg of base in 100 ml of meth- 
anol. Sequential dilutions to 1 pg/ml were made. The solutions were 
stored in the dark in glass-stoppered bottles at 4' and were stable for at 
least 4 months. 

Preparation of Samples-Orphenadrine was used as the internal 
standard for all analyses. A 100-pl volume of stock solution (1 pg/ml), 
containing 100 ng of orphenadrine, was added to 15-ml tubes, with poly- 

0 4 8 
MINUTES 

Figure 1-Chromatogram of the extract of a 1-ml plasma blank (A) and 
plasma with 25 nglml of diphenhydramine and 100 ng of orphenadrine 
added (B). Key: (1) diphenhydramine; (2) orphenadrine. 

Fisher Scientific. Fair Lawn. N.J. 
Mallinckrodt, St. Louis, Mo.' 
Benadryl; Parke-Davis Div., Warner-Lambert Co., Ann Arbor, Mich. ' Riker Laboratories, Inc., Northridge, Calif. 

0022-3549183lO800-094 1$0 1.0010 
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Table I-Representative Calibration Data 

Diphenhydramine 
Concentration, ng/ml Peak Height Ratioa 

1.0 0.00615 f 0.00025 
5.0 0.03831 f 0.00354 

10.0 0.07177 f 0.00372 
25.0 
50.0 

200.0 
Correlation coefficient 
SloDe 

0.30977 f 0.01362 
0.64632 I o.oiiiS 
2.5786 f 0.0341 
0.9998 
0.01303 

Intircept -0.02341 
Slope corrected through origin 0.01287 

0 M e a n f S D ; n  = 5  

tef-faced, rubber-lined, screw-top caps. A 0.25-2.0 ml test sample of 
plasma was added to each tube. Calibration standards for diphenhy- 
dramine were prepared by adding 1,2.5,5,10,25,50,100,200, and 300 
ng of drug to consecutive tubes. Drug-free control plasma was added to 
each of the calibration tubes. One plasma sample, taken from the subject 
prior to drug administration, was analyzed with the calibration standards 
and each set of unknown samples as a blank. 

Extraction Procedure-One milliliter of 0.25 M NaOH solution was 
added to each tube. To this was added 5 ml of hexane-isoamyl alcohol 
(982), and the tubes were agitated gently in the upright position on a 
vortex mixer for 15 min. The samples were centrifuged at  room temper- 
ature for 5 min a t  400xgS. The organic layer was transferred to another 
15-ml tube that contained 1.2 ml of 0.1 M HCL This mixture was agitated 
gently in the upright position on a vortex mixer for 10 min. The samples 
were centrifuged again at room temperature for 5 min at 400Xg, and the 
upper, organic layer was discarded. The aqueous layer was carefully 
transferred to another tube, and to this was added 0.5 ml of 1 M car- 
bonate-bicarbonate buffer (pH 11.5). To the mixture was added 200 pl 
of toluene-isoamyl alcohol (8515). This mixture was agitated gently in 
the upright position on a vortex mixer for 15 min, and the samples were 
centrifuged again at room temperature for 5 rnin at 400Xg. Using a 23-cm 
disposable pipet passed through the organic layer, the entire aqueous 
layer was removed leaving the organic phase (150 pl) containing di- 
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Figure 2-Plasma diphenhydramine concentrations and the derived 
pharmacokinetic function following intravenous diphenhydramine 
administration to a healthy 32-year-old male subject. The elimination 
half-life is 4.1 hr (see Table I ) .  

8 Portnble refrigerated centrifuge Model PR-2, Head No. 269; International 
Equipment, Boston, Mass. 

Table 11-Derived Diphenhydramine Pharmacokinetic 
Parameters in a Healthy Male Subject a 

Subject Characteristics 
32/male 

70.5 
Diphenhydramine Kinetic Variables 

Distribution half-life, rnin 14.3 
Elimination half-life, hr 4.06 
Central compartment volume, literskg 2.66 
Total volume of distribution, literdkg 12.17 
Total metabolic clearance. ml/min/kp 34.7 

0 Diphenhydramine dose of 25 mg iv. 

phenhydramine and the internal standard. This was transferred to a 2-ml 
automatic sampling vial.9 Six microliters was injected into the gas chro- 
matograph using the automatic-injection sampling system. 

Single-Dose Pharmacokinetic Study-A healthy 32-year-old male 
volunteer participated after giving written informed consent. Di- 
phenhydramine hydrochloride (25 mg) was administered by intravenous 
bolus injection. The drug solution (50 mg/ml) was administered through 
a glass syringe. Multiple venous blood samples were drawn into hepa- 
rin-containing tubes1° over 8 hr postdose. Concentrations of diphenhy- 
dramine were determined by the aforementioned method. 

Plasma diphenhydramine concentrations were analyzed by iterative, 
weighted, nonlinear, least-squares regression analysis (7, 8). After cor- 
rection of the dose to diphenhydramine base, the following pharmaco- 
kinetic variables were determined: distribution half-life, elimination 
half-life, total volume of distribution, and total clearance. 

RESULTS 

Under the described conditions, retention times for diphenhydramine 
and orphenadrine were 3.41 and 4.32 rnin, respectively. A chromatogram 
of a typical blank plasma sample compared with a sample containing 
diphenhydramine and orphenadrine (internal standard) is shown in Fig. 
1. 

The relationship between diphenhydramine concentration and the 
area ratio (versus internal standard) is linear to a t  least 300 ng/ml. 
Analysis of more than 20 standard curves over a month always afforded 
a correlation coefficient 20.99. The day-to-day coefficient of variation 
in the slopes of the calibration curves was 5.9% (Table I). 

The sensitivity limit of the method is 1 ng/ml using a 2-ml extracted 
plasma sample. The within-day coefficient of variation for identical 
samples (n = 5) were: 1 ng/ml, 4%; 5 ng/ml, 9.2%; 10 ng/ml, 5.2%; 25 ng/ml, 
4.4%; 50 ng/ml, 1.7%; 100 ng/ml, 1.7%; 200 ng/ml, 1.3%; and 300 ng/ml, 
2.8%. Residue analysis indicated the extraction of diphenhydramine is 
97.3% at  a plasma concentration of 25 ng/ml. 

Figure 2 shows the plasma diphenhydramine concentration and 
pharmacokinetic function for the test subject. The derived pharmaco- 
kinetic parameters are listed in Table 11. 

DISCUSSION 

This report describes a reliable, sensitive, and specific method for the 
quantitation of diphenhydramine in plasma using GLC with nitrogen- 
phosphorus detection. This method is an advance over previously re- 
ported methods in that the sensitivity is adequate for single-dose phar- 
macokinetic studies with very low doses, permitting safe study in widely 
varying subject populations. Addition of a dilute sodium hydroxide- 
hexane-isoamyl alcohol mixture to the plasma samples followed by an 
acid extraction of the organic phase, readjustment of the aqueous phase 
to pH 11.5, and reextraction with toluene-isoamyl alcohol afforded blank 
samples suitable for direct injection into the GC that were consistently 
free of contaminants in the area corresponding to the retention time for 
diphenhydramine. Known basic metabolites will not elute from the GLC 
column without derivatization, and acidic metabolites are not coextracted 
by the procedure used (9). The value of this GLC with nitrogen-phos- 
phorus detection method includes the reasonable time required for 
sample preparation, as well as a sensitivity that is adequate for single 
low-dose pharmacokinetic studies. 

Wheaton Scientific, Millville. N.J. 
10 Venoject. 
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Abstract The intestinal absorption of L-lysine-p-nitroanilide, L- 
alanine-p-nitroanilide, and glycine-p-nitroanilide was studied in perfused 
rat intestine in the presence of a variety of potential competitive inhib- 
itors. The results indicate that the hydrolysis site(s) show side-chain 
specificity, and that inhibitors require a free amino group in the a-posi- 
tion and must be in the L-configuration to be effective. Glycyl-L-proline, 
a peptide transport inhibitor, had no effect on the absorption rate. 

Keyphrases 0 Absorption, intestinal-amino acid derivatives, structural 
requirements for membrane hydrolysis, rats Hydrolysis, mem- 
brane-structural requirements, intestinal absorption of amino acid 
derivatives, rats 0 Amino acid derivatives-intestinal absorption, 
structural requirements for membrane hydrolysis, rats 

Previous reports (1,2) have demonstrated that intestinal 
membrane (or brush-border) enzymes may serve as useful 
prodrug reconversion sites. For example, compounds that 
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Figure 1-Intestinal wall permeability (OPg of L-lysine-p-nitroanilide 
alone (A) and with L-lysine methyl ester (B), L-arginine-P-naphth- 
ylamide (C), L-arginine methyl ester (D), a-N-acetyl-L-lysine methyl 
ester (E), L-lysine (F), L-phenylalanine methyl ester (G), L-alanine 
methyl ester (H), glycine methyl ester ( I ) ,  L-prolylglycine (J), or gly- 
cyl-L-proline (K). 

are insoluble, unstable, or have other undesirable phar- 
maceutical properties may be derivatized so as to improve 
these properties with the regeneration of the active drug 
occurring just prior to entry into the systemic circulation. 
Clearly the specificity of the enzymes in the brush-border 
region sets a boundary for this strategy. In this report the 
intestinal absorption of L-lysine-, L-alanine-, and gly- 
cine-p-nitroanilides is studied in the presence of a variety 
of potential competitive inhibitors to more clearly define 
the specificities of the surface peptidases. 

EXPERIMENTAL 

Materials-L-lysine-p-nitroanilide', L-alanine-p-nitroanilide*, and 
glycine-p-nitroanilide' were used as received. The inhibitors L-lysine?, 
L-lysine methyl ester2, a-N-acetyl-L-lysine methyl ester3, L-alanine 
methyl ester2, L-alanine amidel, P-alanine methyl ester', D-alanine 
methyl ester', L-phenylalanine methyl ester3, L-phenylalanine amide', 
glycine methyl ester2, L-arginine methyl ester', L-arginine-P-naphth- 
ylamide', L-prolylglycine', and glycyl-L-proline' were used as re- 
ceived. 

Perfusion Experiments-Rat intestinal perfusion experiments were 
carried out as previously described (1,2). Inlet (Co) and exit (Cm ,) con- 
centrations of the perfused segment were measured by determining the 
p-nitroaniline concentration after a 12-hr hydrolysis. The Cm/Co ratio 
was determined using a three-point spectral analysis to account for any 
background absorbance due to protein in the perfusate. Experiments were 
carried out with the substrate concentration a t  4 X M and the in- 
hibitor concentration at 4 X M. Each permeability is the average 
result from 6-10 rats. 

RESULTS AND DISCUSSION 

The dimensionless intestinal wall permeability, O P ; ,  was calculated 
as previously described (3). Tests for significance were done using the 
two-sample t test for samples with unequal variance4 (95% confidence 
level). The results are shown in Table I and Figs. 1-3. 

L-Lysine methyl ester, L-arginine-P-naphthylamide, and L-arginine 

U S .  Biochemical Corp., Cleveland, Ohio 
Sigma Chemical Co., St. Louis, Mo. 

MINITAB, University of Pennsylvania, Philadelphia, Pa. 
3 Aldrich Chemical Co., Milwaukee, Wis. 
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Abstract The intestinal absorption of L-lysine-p-nitroanilide, L- 
alanine-p-nitroanilide, and glycine-p-nitroanilide was studied in perfused 
rat intestine in the presence of a variety of potential competitive inhib- 
itors. The results indicate that the hydrolysis site(s) show side-chain 
specificity, and that inhibitors require a free amino group in the a-posi- 
tion and must be in the L-configuration to be effective. Glycyl-L-proline, 
a peptide transport inhibitor, had no effect on the absorption rate. 

Keyphrases 0 Absorption, intestinal-amino acid derivatives, structural 
requirements for membrane hydrolysis, rats Hydrolysis, mem- 
brane-structural requirements, intestinal absorption of amino acid 
derivatives, rats 0 Amino acid derivatives-intestinal absorption, 
structural requirements for membrane hydrolysis, rats 

Previous reports (1,2) have demonstrated that intestinal 
membrane (or brush-border) enzymes may serve as useful 
prodrug reconversion sites. For example, compounds that 
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Figure 1-Intestinal wall permeability (OPg of L-lysine-p-nitroanilide 
alone (A) and with L-lysine methyl ester (B), L-arginine-P-naphth- 
ylamide (C), L-arginine methyl ester (D), a-N-acetyl-L-lysine methyl 
ester (E), L-lysine (F), L-phenylalanine methyl ester (G), L-alanine 
methyl ester (H), glycine methyl ester ( I ) ,  L-prolylglycine (J), or gly- 
cyl-L-proline (K). 

are insoluble, unstable, or have other undesirable phar- 
maceutical properties may be derivatized so as to improve 
these properties with the regeneration of the active drug 
occurring just prior to entry into the systemic circulation. 
Clearly the specificity of the enzymes in the brush-border 
region sets a boundary for this strategy. In this report the 
intestinal absorption of L-lysine-, L-alanine-, and gly- 
cine-p-nitroanilides is studied in the presence of a variety 
of potential competitive inhibitors to more clearly define 
the specificities of the surface peptidases. 

EXPERIMENTAL 

Materials-L-lysine-p-nitroanilide', L-alanine-p-nitroanilide*, and 
glycine-p-nitroanilide' were used as received. The inhibitors L-lysine?, 
L-lysine methyl ester2, a-N-acetyl-L-lysine methyl ester3, L-alanine 
methyl ester2, L-alanine amidel, P-alanine methyl ester', D-alanine 
methyl ester', L-phenylalanine methyl ester3, L-phenylalanine amide', 
glycine methyl ester2, L-arginine methyl ester', L-arginine-P-naphth- 
ylamide', L-prolylglycine', and glycyl-L-proline' were used as re- 
ceived. 

Perfusion Experiments-Rat intestinal perfusion experiments were 
carried out as previously described (1,2). Inlet (Co) and exit (Cm ,) con- 
centrations of the perfused segment were measured by determining the 
p-nitroaniline concentration after a 12-hr hydrolysis. The Cm/Co ratio 
was determined using a three-point spectral analysis to account for any 
background absorbance due to protein in the perfusate. Experiments were 
carried out with the substrate concentration a t  4 X M and the in- 
hibitor concentration at 4 X M. Each permeability is the average 
result from 6-10 rats. 

RESULTS AND DISCUSSION 

The dimensionless intestinal wall permeability, O P ; ,  was calculated 
as previously described (3). Tests for significance were done using the 
two-sample t test for samples with unequal variance4 (95% confidence 
level). The results are shown in Table I and Figs. 1-3. 

L-Lysine methyl ester, L-arginine-P-naphthylamide, and L-arginine 

U S .  Biochemical Corp., Cleveland, Ohio 
Sigma Chemical Co., St. Louis, Mo. 

MINITAB, University of Pennsylvania, Philadelphia, Pa. 
3 Aldrich Chemical Co., Milwaukee, Wis. 
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Table I-Inhibition Results for t he  Various Substrates  a 

Inhibitor 

L-Lysine methyl 
ester 

L- Arginine-p-naph- 
thylamide 

L-Arginine methyl 
ester 

L-Phenylalanine 
methyl ester 

Glycine methyl ester 
L-Lysine 
a-N-Acetyl-1.-lysine 

methyl ester 
L-Alanine methyl 

ester 
@-Alanine methyl 

ester 
D-Alanine methyl 

ester 
L-Alanine amide 
L-Phenylalanine 

L-Prolylglycine 
Glvcvl-L-Droline 

amide 

Substrate 
L-Lysine-p- L-Alanine-p- Glycine-p- 
nitroanilide nitroanilide nitroanilide 

Yes 

Yes 

Yes 

No 

No 
NO 
No 

No 

Yes 
No 

No 

No 

No 

Yes 

No 

No 

No 
No 

Yes 
No 

No 

Yes 
No 

~- 

a Using a t test a t  the 95% confidence level. 

methyl ester reduced the permeability of L-lysine-p -nitroanilide, while 
L-phenylalanine methyl ester, glycine methyl ester, N-acetyl-L-lysine 
methyl ester, and ~-alanine methyl ester did not. This suggests that  the 
hydrolysis site for lysine-p-nitroanilide shows a preference for positively 
charged side chains (lysine, arginine) and a lower affinity for the nonpolar 
side chains (alanine, glycine). The fact that  N-acetyl-L-lysine methyl 
ester is not an inhibitor while ~-1ysine methyl ester is a good inhibitor 
demonstrates the requirement for a free L-amino group. 

The results for L-alanine-p-nitroanilide indicate that, of the com- 
pounds studied, only L-alanine methyl ester is a good competitive in- 
hibitor. Since the methyl esters of lysine, arginine, phenylalanine, and 
glycine did not show significant inhibition, the site of L-alanine-p-ni- 
troanilide hydrolysis must be relatively specific for small nonpolar amino 
acid side chains. The fact that @-alanine methyl ester and D-alanine 
methyl ester were not inhibitors suggests that the free amino group must 
be in the a-position and that the stereochemistry is important. This is 
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Figure 2-Intestinal u~all  permeability (OPg of L-alanine-p-ni- 
troanilide alone (A) and ui th L-alanine methyl ester (B), 8-alanine 
methyl ester IC), D-aianine methyl ester (D), L-lysine methyl ester (E), 
L-phenylalanine methyl ester f F ) ,  L-arginine methyl ester ((2). glycine 
methyl ester ( H ) .  L-alanine amide ( I ) ,  L-phenylalanine amide ( J ) ,  L -  
prolylglycine ( K ) ,  or glycyl-&proline (L). 

* E  I I 

Figure 3-Intestinal wall permeability PPIJ ofglycine-p-nitroanilide 
alone (A) and with glycine methyl ester (B), L-lysine methyl ester (C),  
L-prolylglycine (D), or glycyl-L-proline (E). 

what one would expect for an enzymatic reaction, where the free a-amino 
group was located in the primary binding site. If the free amino group is 
located in any other position, the carbonyl carbon that is the subject of 
attack during hydrolysis would be improperly located with respect to the 
catalytic groups on the enzyme. The fact that  L-alanine amide is not a 
good competitive inhibitor is somewhat surprising. However, as is the 
case with a-chymotrypsin substrates (4), it would appear that  the amide 
of alanine has a higher K ,  (weaker binding) than the corresponding 
ester. 

The results for glycine-p-nitroanilide suggest that the affinity of glycine 
for the hydrolysis site is weak since glycine methyl ester was not an in- 
hibitor of glycine-p -nitroanilide uptake. 

The results using the dipeptides glycyl- proli line and L-prolylglycine 
show that I.-prolylglycine inhibited the absorption of all three amino acid 
anilides studied. It has been shown that glycyl-L-proline has a high af- 
finity for the intestinal peptide transport process and is not a substrate 
nor inhibitor of brush-border amino peptidase (5,6). Since this compound 
did not inhibit absorption of any of the substrates studied, the result 
suggests that  direct uptake by the peptide transport process does not 
occur for these compounds. On the other hand, 1.-prolylglycine appears 
to be a general amino peptidase inhibitor. 

Further studies on the specificity of the intestinal brush-border pep- 
tidases in an intestinal perfusion system show that, in addition to the 
required presence of an n-amino group, the enzymes show specificity for 
the amino acid side chains as well. The results clearly demonstrate that  
the absorption mechanism for these compounds is not simple passive 
diffusion and that the hydrolysis site is probably of the amino peptidase 
type. 
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Abstract 0 As part of a search for substances from marine organisms, 
which exhibit inotropic effects, the chemical constituents of the marine 
green alga, Uloa pertusa were investigated. The fractionated extract was 
tested for inotropic effects on the isolated guinea pig atria. The aqueous 
layer obtained from the acetone extract of fresh algae was concentrated, 
and the residue was extracted with methanol. The methanolic extract 
was fractionated by chromatography using mixtures of aqueous methanol. 
Elution with 50% aqueous methanol afforded material that had a sig- 
nificant negative inotropic effect. Further purification of this material 
by high-performance liquid chromatography (HPLC) using methanol- 
water (2:5) afforded crystalline adenosine, which was shown to be the 
active substance of U. pertusa, causing a negative inotropic action. 

Keyphrases Cardioinhibitory effects-of extracts of the marine green 
alga (Ulua pertusa), adenosine Ulva pertusa-inotropic effects of 
extract fractions (adenosine), cardioinhibitory effects Adenosine- 
extracted from the marine green alga (Uloa pertusa), cardioinhibitory 
effects 

The marine green alga, Ulua pertusa, is cultivated 
around the seashore in all parts of Japan, especially in the 
intertidal zone. This alga is also cultured in uitro (1). The 
green alga possesses only type I aldolase, which is also 
present in the animals and higher terrestrial plants, but 
not in bacteria which have the type I1 aldolase (2). It has 
been reported that a water-soluble fraction from the green 
alga had antimicrobial activity (3). 

A screening program was designed to assess the biolog- 
ical activity of various marine organisms. In such screening 
tests, extracts of the marine green alga have produced 
cardioinhibitory action on the isolated guinea pig atria. A 
cardiotonic fraction (4) was extracted from a sea weed, 
Undaria pinnatifida, but the chemical nature of the active 
substance was not reported. Therefore, the purpose of this 
work was to investigate the chemical constituents and 
pharmacological properties of the active substance 
(causing the negative inotropic effect) of the green alga. 

EXPERIMENTAL 

Isolation-An acetone extract of U. pertusal (5.6 kg) was concen- 
trated under reduced pressure, washed successively with hexane (2 X 1.5 
liters) and ethyl acetate (1.8 liters), and then concentrated in U ~ C U O  to 
dryness. The resulting brown powder was extracted with methanol to 
remove inorganic salts. After filtration the yellow methanolic solution 
was concentrated to give a light-brown oil (45 g), which showed a negative 
inotropic effect on the isolated guinea pig atria a t  concentrations >lO-4 
g/ml. The crude oil was subjected to column chromatography on TSK-Gel 
(2-3000 S2 (220 ml). The column was developed successively with water 
(600 ml, fractions 1-6), aqueous methanol (8020 200 ml, fractions 7 and 
81, aqueous methanol (5050,200 ml, fractions 9 and lo), and methanol 
(400 ml, fraction 11). Fraction 9 (365 mg) was found to have inotropic 
activity; this fraction was purified by high-performance liquid chroma- 

Collected at  Himaka-Jima, Aichi, Japan in August 1981. The alga was identified 
as  Uloo pertusa (Chlorophyceae) by Professor W. Kida, Mie University, Japan. 
A voucher specimen (No. KY-15) representing material collected for this investi- 
ation is available for inspection at  the Herbarium of Laboratory of Organic I '  hemistry, Department of Chemistry, Nagoya University, Nagoya, Japan. 

Toyo Soda Manufacturing Co., Ltd. 

tography ( H P L 0 3  using a Megapack SIL c g  column, a mobile phase of 
methanol-water (v/v 25),  and a UV detector a t  210 nm. The fraction 
corresponding to the major peak gave pale yellow crystals (46.3 mg, 8.3 
X yield), which showed a negative inotropic effect a t  concentra- 
tions g/ml. Recrystallization from water gave colorless needles (32 
mg): CloH13N504, mp 233-235'; UV4 (methanol): 260 nm ( 6  14,800); IR5 
(KBr): 1665,1610, and 1580 cm-l; 'H-NMR6 (deuterium oxide): d 3.92 
(3, m), 4.30-4.50 (2, m), 6:06 (1, d, J = 6 Hz), 8.16 (1, s), and 8.31 (1, s). 
The above data, as well as the chromatographic properties (TLC, HPLC) 
of the crystals, were in agreement with those of authentic adenosine7. 

Bioassay-The bioassay of fractions was performed on isolated guinea 
pig heart. The left atrium was separated from the rest of the heart and 
suspended in a 50-ml tissue bath containing physiological salt solution 
of the following composition (mM): NaCl, 120.3; KCl, 48; CaC12, 1.2; 
MgS04,1.3; KH2P04,1.2; NaHC03,25.2; and glucose, 5.5. The solution 
was bubbled continuously with a gas mixture of oxygen-carbon dioxide 
(191) and maintained at  30°, pH 7.4. Contractile response was recorded 
isometrically through a force-displacement transducera and displayed 
on a polygraphs. The atrium was driven by an electrical stimulator lo a t  
a frequency of 2 Hz with square-wave pulses of 5 msec duration at  100% 
above threshold voltage. The atrium was allowed to equilibrate under 
0.5-g tension for 60 min prior to beginning each measurement. 

RESULTS AND DISCUSSION 

Table I shows the negative inotropic effect of fractions extracted from 
the green alga U. pertusa on the guinea pig left atria driven electrically. 
The crude oil caused a negative inotropic effect a t  a concentration of 4 
X g/ml while fraction 9 (TSK-Gel filtration) showed an effect a t  4 
X g/ml and the purified crystalline material at loV5 g/ml. The po- 
tency of the purified crystalline material was essentially equivalent to 

0 

Wash 

1x10-5 3x10-5 g/ml 
0 

Wash 

Pmin 

Figure 1-Inhibitory effects of the final crystals (A) from U. pertusa 
and authentic adenosine (B) on the guinea pig atria driuen electrica//y 
(2 Hz, 5 V. and 5 msec duration). The final crystals and adenosine a t  
concentrations of 1 X and 3 X 10-5glml were applied t o  the muscle 
and  then washed out of the solution. 

JASCO TRI ROTAR-I1 liquid chromatograph. 

JASCO Model IRS instrument. 
Varian HA-100D spectrometer. 

Toyo Baldwin model T-7-30, Tokyo. 
Nihon Kohden model RM6000, Tokyo. 

' 0  Nihon Kohden model SEN7103, Tokyo. 

4 JASCO UVIDEC 510 spectrophotometer. 

7 Kohjin Co., Ltd. 
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Table I-Inhibitory Effect of Adenosine and Fractions 
Extracted from U. pertusa on t h e  Contracti l i ty of Isolated 
Guinea Pig Atria a 

Substance Concentration, g/ml Inhibition,b % 

Crude oil 
Fraction 9' 
Final crystals 
Adenosine 

4 x 10-4 
4 x 10-5 
1 x 10-5 
1 x 10-5 

6.9 
40.4 
63.6 
69.0 

a The guinea pig left atria was electrically driven with square pulses (2 Hz, 5 msec 
duration, and 5 V). Inhibition was expressed by percent decrease in the systolic 
tension development of the atria. c Purified using column chromatography 
(TSK-Gel). 

that of authentic adenosine, 1 X g/ml. Figure 1 is representative of 
the negative inotropic effect of the purified crystalline material (1 x 10-5 
and 3 X g/ml) on the atria. 

When the crystalline material was washed out of the tissue bath, the 
negative inotropic action of the agent disappeared. The contractility was 
restored to the control level within 1 min after washout, similar to the 
effect of the removal of adenosine reported by Baumann et al. (5). Fur- 
thermore, negative inotropic effects of the purified crystalline material 

and adenosine were not affected by the 0-blocker propranolol(1 X lo-" 
M) or the a-blocker phentolamine (1 X M ) .  Thus, the inhibitory 
action of the purified crystalline material is not mediated through the 
activation of adrenoceptors. In conclusion, the chemical and pharma- 
colgical results indicate that the cardioinhibitory substance isolated from 
the green alga U. pertusa is adenosine, which had not been found pre- 
viously in marine organism. 
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Abstract  The degradation of the prostaglandin fenprostalene (111) 
was studied in aqueous solution. The reaction was both specific acid and 
base catalyzed. The only reaction found to occur was hydrolysis of the 
methyl ester a t  C-1. Activation energies for the acid- and base-catalyzed 
reactions were determined and are nearly identical to that for the hy- 
drolysis of ethyl acetate, a model ester. A competing acid-catalyzed re- 
action of the C-1 free acid of 111 was found to be - 10 times slower than 
the hydrolysis of 111. 

Keyphrases  0 Degradation-fenprostalene, prostaglandins, high- 
performance liquid chromatography, kinetics, ester hydrolysis 0 Fen- 
prostalene-degradation, prostaglandins, high-performance liquid 
chromatography, kinetics, ester hydrolysis High-performance liquid 
chromatqraphy-degradation of fenprostalene, kinetics, ester hydrolysis 

Ester hydrolysis-fenprostene degradation, high-performance liquid 
chromatography, kinetics 
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The degradation of prostaglandin F P ~  in aqueous solu- 
tion is known to be acid catalyzed (1,2). No evidence of 
degradation under alkaline conditions has been reported. 
Recently, the degradation of two FZ,-type aryloxy pros- 
taglandins (I and 11) was reported by Jones et al. (3). The 
authors found that the degradation of these luteolytic 
agents in aqueous solution was acid catalyzed, and the rate 
of degradation as well as the type of products formed were 
dependent on the presence of oxygen in the solution. No 
degradation of these compounds was observed at  pH val- 
ues >5. 

Fenprostalene (111)' is a new prostaglandin developed 
for use as an abortifacient and for estrus synchronization 
in cattle (4,5). The likely degradation route of this F-type 
prostaglandin a t  high pH is hydrolysis of the C-1 methyl 

Fenprostalene is the generic name for methyl 7-[3,5-dihydroxy-2-(3-hy- 
droxy-4-phenoxy-1 -butenyl)cyclopentyl]-4.5-heptadienoate. 

I: R = CF, 
11: R = C1 

ester group. However, we were interested to see whether 
acid-catalyzed decomposition reactions analogous to those 
found for I and I1 (3) or PGFz, itself (1,2) might compete 
with acid-catalyzed hydrolysis of the ester moiety in I11 at 
low pH. Accordingly, we have studied the degradation of 
fenprostalene (111) and its C-1 free acid (IV) in aqueous 
solution as a function of pH. 

EXPERIMENTAL 

Materials-The fenprostalene (6) used was 99% pure by high- per- 
formance liquid chromatographic (HPLC) area normalization. The 
methanol was glass-distilled HPLC grade, and the water was purified 
through a filtration and ion exchange system2. All other chemicals were 
reagent grade quality. 

Kinetics Methods-Buffer solutions contained 0.025 M total buffer, 

Barnstead Nanopure System. 
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Table I-Inhibitory Effect of Adenosine and Fractions 
Extracted from U. pertusa on t h e  Contracti l i ty of Isolated 
Guinea Pig Atria a 

Substance Concentration, g/ml Inhibition,b % 

Crude oil 
Fraction 9' 
Final crystals 
Adenosine 

4 x 10-4 
4 x 10-5 
1 x 10-5 
1 x 10-5 

6.9 
40.4 
63.6 
69.0 

a The guinea pig left atria was electrically driven with square pulses (2 Hz, 5 msec 
duration, and 5 V). Inhibition was expressed by percent decrease in the systolic 
tension development of the atria. c Purified using column chromatography 
(TSK-Gel). 

that of authentic adenosine, 1 X g/ml. Figure 1 is representative of 
the negative inotropic effect of the purified crystalline material (1 x 10-5 
and 3 X g/ml) on the atria. 

When the crystalline material was washed out of the tissue bath, the 
negative inotropic action of the agent disappeared. The contractility was 
restored to the control level within 1 min after washout, similar to the 
effect of the removal of adenosine reported by Baumann et al. (5). Fur- 
thermore, negative inotropic effects of the purified crystalline material 

and adenosine were not affected by the 0-blocker propranolol(1 X lo-" 
M) or the a-blocker phentolamine (1 X M ) .  Thus, the inhibitory 
action of the purified crystalline material is not mediated through the 
activation of adrenoceptors. In conclusion, the chemical and pharma- 
colgical results indicate that the cardioinhibitory substance isolated from 
the green alga U. pertusa is adenosine, which had not been found pre- 
viously in marine organism. 
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Abstract  The degradation of the prostaglandin fenprostalene (111) 
was studied in aqueous solution. The reaction was both specific acid and 
base catalyzed. The only reaction found to occur was hydrolysis of the 
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The degradation of prostaglandin F P ~  in aqueous solu- 
tion is known to be acid catalyzed (1,2). No evidence of 
degradation under alkaline conditions has been reported. 
Recently, the degradation of two FZ,-type aryloxy pros- 
taglandins (I and 11) was reported by Jones et al. (3). The 
authors found that the degradation of these luteolytic 
agents in aqueous solution was acid catalyzed, and the rate 
of degradation as well as the type of products formed were 
dependent on the presence of oxygen in the solution. No 
degradation of these compounds was observed at  pH val- 
ues >5. 

Fenprostalene (111)' is a new prostaglandin developed 
for use as an abortifacient and for estrus synchronization 
in cattle (4,5). The likely degradation route of this F-type 
prostaglandin a t  high pH is hydrolysis of the C-1 methyl 

Fenprostalene is the generic name for methyl 7-[3,5-dihydroxy-2-(3-hy- 
droxy-4-phenoxy-1 -butenyl)cyclopentyl]-4.5-heptadienoate. 

I: R = CF, 
11: R = C1 

ester group. However, we were interested to see whether 
acid-catalyzed decomposition reactions analogous to those 
found for I and I1 (3) or PGFz, itself (1,2) might compete 
with acid-catalyzed hydrolysis of the ester moiety in I11 at 
low pH. Accordingly, we have studied the degradation of 
fenprostalene (111) and its C-1 free acid (IV) in aqueous 
solution as a function of pH. 

EXPERIMENTAL 

Materials-The fenprostalene (6) used was 99% pure by high- per- 
formance liquid chromatographic (HPLC) area normalization. The 
methanol was glass-distilled HPLC grade, and the water was purified 
through a filtration and ion exchange system2. All other chemicals were 
reagent grade quality. 

Kinetics Methods-Buffer solutions contained 0.025 M total buffer, 

Barnstead Nanopure System. 
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Table I-Observed Rate Constants fo r  the Decomposition of 111 
and IV in Aqueous Solution 

kobs X lo7 
Compound pH Buffer" Temperature (sec-') 

111 1.15 HCl 80" 3360 
2.99 Formate 80" 35.0 
3.21 Formate 80" 22.1 
3.22c Formate 80" 21.6 
5.13 Acetate 80" 1.43 
6.51d Phosphate 80" 18.6 
6.57e Phosphate 80" 21.4 
7.21 Phosphate 80" 84.5 
9.22 Carbonate 80" 8350 
1.03 HCl 60" 855 
9.26 Carbonate 60" 1331 
1.20 HCl 30" 42.7 
9.31 Carbonate 30" 35.3 
1.1 HCl 80" 302 

,111 

I 

IV 

I 
I 
I 

_ _  
3.10 Formate 
4.98 Acetate 
7.05 THAM 

80" 2.0 
80" 0.11 
80" <0.05f 

a Buffer concentration 0.025 M except for HCI (0.1 M). Contains 10-3M Fe"+. 
c Contains lO-3M Cu2+. d Contains Fe3+. e Contains Cu2+. No degradation was 
observed after 104 days at 80'. 

and potassium chloride was added to make the ionic strength 0.10 (0.20 
for solutions of IV). Metal ions M )  were added to some buffer so- 
lutions; however, precipitation occurred with both iron and copper a t  pH 
6.5. These solutions were filtered a t  room temperature, and the rate 
constants were thus measured in solutions saturated with these 
metals. 

The pH of all solutions was measured a t  the reaction temperature (30, 
60, or 80°)3. Reaction solutions were typically prepared by adding 4 ml 
of a 2.5-mg/ml methanol solution of 111 to 96 ml of buffer to give a final 
solution containing 100 pg/ml of 111 and -4% methanol. The solutions 
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!? 

MINUTES 
Figure 1-Chromatogram of an aqueous solution of III after partial 
hydrolysis to IV at pH 1.03,60". 

3 Radiometer model PHM 64 pH meter equipped with a Radiometer model 
GK2401C electrode. 
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Figure 2-First-order plot for the degradation of 111 at 60' in a pH 9.26 
buffer solution (0) and a pH 1.03 buffer solution (0). 

were stored in sealed amber glass ampules and placed in a constant- 
temperature water bath a t  80,60, or 30" for the appropriate period of 
time. They were then removed, and in the case of the 30" samples the 
ampules were frozen until tbey were assayed. The 80 and 60" samples 
were refrigerated (4") until assayed. The solutions were then diluted 2 5  
with mobile phase and analyzed by HPLC for the amount of 111 (or IV) 
remaining compared with an initial sample kept at 4'. 

HPLC Method-An HPLC system consisting of a pump4, a vari- 
able-wavelength detector5 and a 100-pl fixed-loop injector6 was used. A 
10-pm ODS column7 was used with a mobile phase of methanol402 M 
acetic acid (55:45) and detection wavelength of either 270 or 219 nm to 
achieve baseline separation of compounds 111 and IV (Fig. 1). Quantita- 
tion by peak area integration8 gave excellent linearity for 111 over the 
range of concentrations investigated in the kinetics. The mobile phase 
in the above method was modified slightly (4555 ratio of methanol to 0.02 
M acetic acid) to follow the degradation of IV. 

RESULTS AND DISCUSSION 

The rate of disappearance of fenprostalene (111) in aqueous solution 
was followed using HPLC. At 80" the reaction was studied over the pH 
range 1.1-9.2, while a t  30 and 60" the reaction was studied only a t  the 
extremes of this pH range. The degradation reaction obeyed pseudo- 
first-order kinetics as evidenced by the linear log percent remaining 
versus time plot shown in Fig. 2 for pH 9.26 and 1.03 at  60". The observed 
pseudo-first-order rate constants (kobs) are listed in Table I. 

Degradation of 111 throughout the entire pH region was found to give 
the corresponding acid (IV) of fenprostalene as the only observable 
product by HPLC (Fig. 1). Mass balance was determined by comparing 
the combined area of the peaks representing 111 and IV throughout the 
time course of the reaction with the initial area of 111. Greater than 94% 
mass balance was found for both acid- and base-catalyzed decomposition 
of 111 by this method. These results are consistent with hydrolysis of the 
ester group a t  C-1 as the exclusive reaction occurring in aqueous solu- 
tion. 

The log kobs uersus pH profile for the hydrolysis of 111 in aqueous so- 
lution a t  80" is shown in Fig. 3. The line drawn through the experimental 
points represents the rate law described in Eq. 1 where k H t  = 3.94 X 
M-' sec-' and kHo- = 2.16 b4-l sec-': 

(Eq. 1) 

This simple rate law contains only two terms: a specific acid term and a 
specific base term. The excellent fit of the theoretical line to the data 

4 Altex model 110 A. 
5 Cecil model CE 212. 
6 Rheodyne model 70-10. 

8 Spectra-Physics model SP-4OOO. 

Spherisorb ODS particles (10 p n )  were packed under high pressure in a 250 
mm X 3.2-mm i.d. column. 
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Table 11-Second-Order Rate Constants for the Acid- and Base- 
Catalyzed Decomposition of I11 * 

k H +  X lo5, k HO-, 
TemDerature M-I sec-l M-I sec-l 

80" 
60" 
30" 

394 
81.0 
6.72 

2.16 
0.761 
0.118 

a Calculated from the data in Table 1. 

indicates no other catalytic terms are necessary to explain the observed 
data. This also implies that it is likely that no significant buffer catalysis 
occurred in these solutions. It is also apparent from Fig. 3 that the pres- 
ence of Cu2+ and Fe3+ had no effect on the rate of degradation of 111. 

The rate equation describing the pH dependence for the degradation 
of I11 (Eq. 1) is likely to hold at low temperatures as well as at 80". The 
second-order rate constants k H O -  and k H +  at 60 and 30" were thus ob- 
tained by determining k& a t  high pH (9.3) and low pH (1.1) and calcu- 
lating k H O -  and k H +  from Eqs. 2 and 3, respectively: 

The second-order rate constants at 80,60, and 30" are shown in Table 
I1 and were used to calculate the activation energies for the specific acid- 
(17 kcal/mole) and base-catalyzed (12 kcal/mole) hydrolysis of IIP. 

The degradation kinetics of IV were also investigated at  80" from pH 
1 to 7. The degradation reaction followed pseudo-first-order kinetics, and 
the observed rate constants obtained are shown in Table I. From the plot 
in Fig. 3 one can see that the degradation rate of IV is acid catalyzed and 
is significantly slower than that of its methyl ester (111) in the acidic pH 
region. The degradation rate for IV at  pH 7.0 was too slow to measure. 
If the assumption is made that the degradation reaction of IV does not 
involve the C-1 carboxyl grouplo, then this acid-catalyzed pathway is 

These results are nearly identical to those reported for the hydrolysis of ethyl 
acetate (7). 

Jones et a/. (3) studied the degradation of I1 in acidic solution under aerobic 
conditions. The products were a complex mixture of compounds, and no major 
products were identified. We have not identified the de radation products of IV 
in acidic media but have observed on HPLC that  severafproducts are formed. 

t 
0 

-8 t 
-9 I 

0 2 4 6 8 10 
PH 

Figure 3-Log kubs versus pH profile for the hydrolysis o f  III at 80". 
Key: solid circles represent simple buffer solutions, open triangles 
represent buffer solutions containing Cu2+ and Fe3+ ions, and the re- 
action of IV in aqueous solution a t  80" is shown by the open circles. 

probably available to fenprostalene (111) itself. Hydrolysis of the C-1 
methyl ester, however, is preferred by -10-fold over this alternate deg- 
radation pathway for I11 at  80" in the acidic pH region. 
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Previous papers in this series described high-perfor- 
mance liquid chromatographic (HPLC) methods for the 
determination of hydrazine in isoniazid and phenelzine 
products and reported typical amounts found in com- 

mercial formulations (1,2).  Since hydrazine is a mutagen 
(3) and a carcinogen in laboratory animals (4), concern over 
its presence in drug products resulted in proposed regu- 
latory action in the United States (5) and to the recall of 
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Table 11-Second-Order Rate Constants for the Acid- and Base- 
Catalyzed Decomposition of I11 * 
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TemDerature M-I sec-l M-I sec-l 

80" 
60" 
30" 

394 
81.0 
6.72 
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indicates no other catalytic terms are necessary to explain the observed 
data. This also implies that it is likely that no significant buffer catalysis 
occurred in these solutions. It is also apparent from Fig. 3 that the pres- 
ence of Cu2+ and Fe3+ had no effect on the rate of degradation of 111. 

The rate equation describing the pH dependence for the degradation 
of I11 (Eq. 1) is likely to hold at low temperatures as well as at 80". The 
second-order rate constants k H O -  and k H +  at 60 and 30" were thus ob- 
tained by determining k& a t  high pH (9.3) and low pH (1.1) and calcu- 
lating k H O -  and k H +  from Eqs. 2 and 3, respectively: 

The second-order rate constants at 80,60, and 30" are shown in Table 
I1 and were used to calculate the activation energies for the specific acid- 
(17 kcal/mole) and base-catalyzed (12 kcal/mole) hydrolysis of IIP. 

The degradation kinetics of IV were also investigated at  80" from pH 
1 to 7. The degradation reaction followed pseudo-first-order kinetics, and 
the observed rate constants obtained are shown in Table I. From the plot 
in Fig. 3 one can see that the degradation rate of IV is acid catalyzed and 
is significantly slower than that of its methyl ester (111) in the acidic pH 
region. The degradation rate for IV at  pH 7.0 was too slow to measure. 
If the assumption is made that the degradation reaction of IV does not 
involve the C-1 carboxyl grouplo, then this acid-catalyzed pathway is 

These results are nearly identical to those reported for the hydrolysis of ethyl 
acetate (7). 

Jones et a/. (3) studied the degradation of I1 in acidic solution under aerobic 
conditions. The products were a complex mixture of compounds, and no major 
products were identified. We have not identified the de radation products of IV 
in acidic media but have observed on HPLC that  severafproducts are formed. 

t 
0 

-8 t 
-9 I 

0 2 4 6 8 10 
PH 

Figure 3-Log kubs versus pH profile for the hydrolysis o f  III at 80". 
Key: solid circles represent simple buffer solutions, open triangles 
represent buffer solutions containing Cu2+ and Fe3+ ions, and the re- 
action of IV in aqueous solution a t  80" is shown by the open circles. 

probably available to fenprostalene (111) itself. Hydrolysis of the C-1 
methyl ester, however, is preferred by -10-fold over this alternate deg- 
radation pathway for I11 at  80" in the acidic pH region. 
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an isoniazid product in Canada (6). Determination of hy- 
drazine has now been extended to hydralazine, an anti- 
hypertensive drug. 

Hydrazine contamination of hydralazine may occur 
during synthesis (7) or by degradation of the drug. Hy- 
drazine is a metabolite of hydralazine in humans, and a 
GLC method for its identification and quantitation in 
urine has been described (8). Methods for the determina- 
tion of hydrazine as a metabolite of isoniazid have also 
been reported (9, 10). Since attempts to determine hy- 
drazine in hydralazine by the HPLC methods developed 
for isoniazid and phenelzine (1, 2) led to irreproducible 
results, a GLC method was developed. The sensitivity and 
stability of this method prompted its extension to isoniazid 
products as an alternative to the HPLC procedure (1). 

EXPERIMENTAL 

Materials-Hydrazine dihydrochloride', hydralazine hydrochloride', 
benzalazinez, 5-chloro-2-methylaminoben~ophenone~, and benzaldehyde3 
were used as received. Solvents and reagents were commercial analytical 
reagent grade, except for n-heptane4 which was HPLC grade. 

Apparatus-The gas chromatograph5 was equipped with a nitro- 
gen-phosphorus alkali thermionic detector and a coiled-glass column 
(0.91-m X 4-mm i.d.) packed with 2% 0V-1Ol6 on Chromosorb G-HP7 
(80/100 mesh). Instrument temperatures were: injector port, 275O; col- 
umn, 250"; and detector, 300". Gas flows were: nitrogen, 40 ml/min; air, 
60 ml/min; and hydrogen, 1.75 ml/rnin. 

Standard Solutions and  Reagents-A stock solution of 5-chloro- 
2-methylaminobenzophenone in n-heptane (12 pg/ml) was diluted daily 
with n-heptane to obtain the working internal standard solution (1.2 
pg/ml). The benzaldehyde reagent was prepared by dissolving benzal- 
dehyde in a solution of equal parts (by volume) of methanol and water 
to yield a final concentration of 35 mg/ml. 

Preparation of the Calibration Curve-An 80-pg/ml aqueous so- 
lution of hydrazine dihydrochloride (equivalent to 24.4 pg/ml of hydra- 
zine) was diluted with distilled water to obtain five standard solutions 
ranging from 0.080 to 2 pg/ml of hydrazine dihydrochloride (representing 
0.005-0.122 ng of hydrazine on-column). T o  a 2.0-ml aliquot of each so- 
lution, pipetted into separate 150 X 20-mm culture tubes fitted with 
polytef-lined screw caps, was added 1.0 ml of benzaldehyde reagent so- 
lution. The tubes were rotated for 10 min at 30 rpm, 10.0 ml of the 
working internal standard solution was added to each tube, and the tubes 
were rotated again for 30 min a t  30 rpm. Duplicate 1-p1 aliquots of the 
upper phase were chromatographed, and the slope was calculated from 
the ratio of the area counts of the benzalazine peaks to the area counts 
of the internal standard peaks uersus the corresponding weight ratio. 

Day-to-Day Calibration-Two hydrazine dihydrochloride standards, 
usually -0.40 and 1.20 pg/ml, were prepared daily. Two-milliliter aliquots 
of these standards were derivatized as described above, and 1-pl aliquots 
were injected onto the chromatograph a t  regular intervals. 

Analysis of Drug Raw Materials and  Tablet  Formulations-An 
accurately weighed amount of hydralazine hydrochloride, isoniazid drug 
raw material, or a powdered tablet composite equivalent to 50 mg of drug 
substance was tumbled for 30 min in a screw-capped culture tube with 
5.0 ml of distilled water. After centrifugation, a 2.0-ml aliquot of the 
aqueous extract was derivatized as described above, and 1-pl aliquots 
were injected onto the chromatograph. 

Analysis of Liquid Formulations-An aliquot of hydralazine hy- 
drochloride injectable or isoniazid syrup equivalent to 20 mg of drug was 
pipetted into a 150 X 20-mm culture tube with 1.0 ml of distilled water, 
if necessary, to bring the total volume to 2.0 ml. The solution was deriv- 
atized and chromatographed as described above. 

Quantitation-Hydrazine was estimated by comparison of the ben- 
zalazine to internal standard peak area ratio of the sample to the corre- 
sponding ratio of the standard. When the area ratio of the sample was 

Si ma Chemical Co.. St. Louis, Mo. 
KiK-ICN Pharmaceutical, Plainview, N.Y. 

Burdick and Jackson Laboratories, Muskegon, Mich. 

Pierce Chemical Co., Rockford, Ill. 
Johns-Manville, Celite Division, Denver, Colo. 

3 Aldrich Chemical Co., Milwaukee, Wis. 

5 Hewlett-Packard Model 5880A. 

Table I-Hydrazine Levels in Hydralazine Hydrochloride 
Products  

Hydral- 
Lot azine 

Products No. Strength Hydrazine, %O 

Dru raw material (4 lots) - ND 
Tabfet A 10mgl Trace 

Tablet B 25mg/ ND 

Tablet C 50mg/ Trace 

Injectable D 20 mg/ml 0.0327; 0.0326 
Tablet E 50mg/ Trace 

Tablet (lot E, stressedb) 
Tablet (with 0.2 mg of F 50mg/ ND 

Tablet (lot F, stressedb) 0.0045f 
Tablets (with 0.1 mg of G 25mg/ ND 

tab 

tab 

tab 

tab 

reserpine) tab 

reserpine and tab 
25 mg of 
hydrochlorothiazide) 

Tablet (lot G, stressedc) ND 
Injectable H 20 mg/ml 0.0217; 0.0215; 0.0240 
Injectable (lot H, storedd) 0.0422; 0.0409; 0.0394; 

0.0387 
Iniectable (lot H, stressede) 0.10838 

0.0017; 0.0018; 0.0013 

Expressed as weight percent of the labeled amount of hydralazine hydrochlo- 
ride. Key: (ND) none detected; (Trace) minimum amount detectable (-O.O003%). 

Stressed at 37" and 75% relative humidity for 221 days. c Stressed at 22O (room 
temperature) and 75% relative humidity for 221 days. d Stored at roam temperature 
for 221 days. Stressed at 37' for 221 days. Mean of five determinations; relative 
SD 7.0%. 8 Mean of four determinations; relative SD 0.83%. 

less than that of the daily calibration standard, a new standard was 
prepared to approximate the concentration of the sample in question. 
When the area ratio exceeded that of the daily calibration standard, the 
sample was diluted with the working internal standard solution to ap- 
proximate the concentration of the standard. 

RESULTS AND DISCUSSION 

Hydrazine in hydralazine and isoniazid raw materials and formulations 
was determined as the benzaldehyde derivative by GC. Hydrazine di- 
hydrochloride was chosen as the calibration standard because it is more 
stable in aqueous solution (50 days) than the sulfate (7 days) or the hy- 
drate (1 day). 

Concomitant with the formation of benzalazine in the derivatization 
step is the formation of a hydrazone from the condensation of hydralazine 
with benzaldehyde. This compound is not separated from benzalazine 
by extraction and appears a t  -4.3 and 8.1 min, well after the appearance 
of benzalazine and the internal standard a t  1.2 and 1.6 min, respectively. 
It is the presence of this compound which leads to the requirement for 
a GLC method: the compound accumulated on the HPLC column, only 
to elute after a time with a resultant baseline shift and other undesirable 
chromatographic features. Similar compounds form from phenelzine and 
isoniazid. In the former case the compound elutes from the HPLC col- 
umn, while in the latter it does not enter the partitioning solvent. 

Derivatization Reaction-Hydralazine-Water was used as the 
medium for dissolution of the hydralazine and the derivatization reaction. 
The final pH values associated with dissolution of the drug were similar 
for all raw materials and formulated products (pH 2.9-3.2) and had no 
apparent effect on the derivatization reaction. The sodium acetate buffer 
(pH 6) used for sampling in the method for hydrazine in phenelzine (2) 
could not be used for hydralazine because it gave rise to an unidentified 
peak on the chromatogram that interfered with the internal standard 
peak. The time required for complete derivatization and the stability of 
the benzalazine formed were determined by measuring the GLC response 
due to benzalazine as a function of the time during which the derivati- 
zation was allowed to proceed. The derivatization of the hydrazine di- 
hydrochloride standard was complete within 3-5 min, and the benzalazine 
formed was stable for a t  least 35 min. Hydralazine hydrochloride was 
stable under the derivatization conditions for 30 min after which time 
a peak due to a trace (0.0003%) of benzalazine appeared in the chro- 
matogram. Neither hydralazine nor reserpine and/or hydrochlorothiazide 
(sometimes formulated with hydralazine) interfered with the derivati- 
zation reaction. 

In contrast to the behavior of hydrazine dihydrochloride, the benza- 
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Table 11-Hydrazine Levels in Isoniazid Products 

Product Lot No. 
Isoniazid 
Strength 

Hydrazine, %'J 
Mean Range 

Drug raw material (1 lot) Trace - 
Tablet (stressedc) I 16mg/tab 0.0012 O.OO12-0.0013( 2) 
Tablet (with 50 mg pyridoxine J 300 mg/tab 0.0582 0,0571-0.0595(4) 

Tablet (with 50 mg pyridoxine K 300 mg/tab 0.0029 O.OO26-0.0034( 5) 

Tablet (lot K, stressede) 0.0199 0.0192-0.0210(4) 
Tablet (lot K, stressed4 0.0052 0.0050-0.0055(3) 

Syrup L 10 mg/ml 0.235 0.234-0.236 (2) 
Syrup M 10 mg/ml 0.200 0.188-0.210 (3) 

hydrochloride d ,  

hydrochloride) 

Tablet (lot K, stressedg) 0.0671 0.0619-0.0757(3) 

Syrup (lot M, storedb) 0.349 0.326-0.378 (3) 

Expressed as wei ht percent of the labeled amount of isoniazid. Trace means the minimum detectable amount (4.0003%). * Number of determinations is in parentheses. 
Stressed at 45" andiambient humidity for 3 ears d Ex ired product. e Stressed at 22" (room temperature) and 75% relative humidity for 228 days. f Stressed at 37' 

and ambient humidity for 228 days. g Stressegat 37" an875% relative humidity for 228 days. Stored at room temperature for 228 days. 

lazine derivative formed from hydrazine sulfate in water or acetate buffer 
was stable for only 10 or 20 min, respectively (2). There was no difference 
in the time required for the derivatization to go to completion. 

Isoniazid-Either water or acetate buffer can be used for the sampling 
and derivatization of hydrazine from isoniazid products: the rate of 
derivatization of hydrazine dihydrochloride was the same in both sol- 
vents. Neither isoniazid nor pyridoxine interfered with the derivatization 
reaction. The mole ratio of benzaldehyde to hydralazine required to 
achieve quantitative derivatization of hydrazine in the presence of hy- 
dralazine, determined as previously described (1, 2), was 251.  The 
method provides for a mole ratio of 3.01. 

Neither hydralazine nor isoniazid decomposed to hydrazine during 
extraction and derivatization. This is demonstrated by the nondetectable 
and trace levels found in some drug raw materials and formulations 
(Tables I and 11) and by the complete recovery of hydrazine from spiked 
samples (Table 111). 

Extraction and Partition-The extraction was done with n-heptane 
because i t  was free of interfering impurities and was a good solvent for 
the internal standard. To show that benzalazine was completely extracted 
from the derivatization medium, the latter was shaken with n-heptane 
in ratios of 1:20; 1:lO; 210, and 3:lO. The peak area ratios of derivative 
to internal standard divided by the corresponding weight ratios were 
11.064, 11.028,11.112, and 11.052, respectively, showing that partition 
was virtually complete. In addition, there was no significant change in 
the chromatographic response of internal standard solutions containing 
benzalazine after they had been extracted with the aqueous derivatization 

Table 111-Iiydrazine Recoveries 

Hydrazine, nghnjection Recovery, 
Product Original Added Found % 

Hydralazine hydrochloride 
drug raw material 

Hydralazine hydrochloride 
and reserpine tablet 
(lot F) 

Hydralazine hydrochloride, 
reserpine, an hydro- 
chlorothiazide tablet 
(lot G )  

Isoniazid syrup 

Isoniazid and pyridoxine 
hydrochloride tablet 
(lot K) 

Isoniazid and pyridoxine 
hydrochloride tablet 
(lot J) 

0 
0 
0 
0 

0 
0 

0 
0 

2.289 
2.289 

0.253 
0.261 

1.305 
2.18 
3.44 
5.74 

0.350 
0.606 

0.0263 
0.584 

0.315 
0.315 

0.715 
1.072 

1.285 
2.19 
3.45 
5.68 

0.327 
0.606 

0.0263 
0.556 

2.61 
2.65 

0.949 
1.265 

0.0243 
0.0493 

0.0210 0.0443 
0.0552 0.1078 

0.582 0.1071 0.696 

98.5 
101.0 
100.1 
98.9 

93.4 
100.3 

100.0 
95.2 

100.2 
102.0 

98.0 
94.9 

97.8 
103.2 
101.0 

medium. The ratios of aqueous to the organic phase examined were 1:5, 
2:5, and 4:5. 

Tablet extraction conditions were verified by shaking portions of an 
isoniazid-pyridoxine tablet composite equivalent to 50 mg with 3.0,5.0, 
10.0, and 20.0 ml of water. After derivatization and extraction, hydrazine 
levels were found to be 0.0640,0.0662,0.0654, and 0.0602%, respectively. 
To check the time required for extraction, an isoniazid-pyridoxine tablet 
product was shaken with 5 ml of water for 10 and 30 min. Hydrazine 
levels, after derivatization and extraction, were 0.0060 and 0.0065%, re- 
spectively, identical within the experimental error. 

The amount of n-heptane required to extract the hydrazine derivative 
from the aqueous phase was established by experiments with a hydral- 
azine injectable and an isoniazid elixir. For the injectable, aqueous to 
organic phase ratios of 2:5,2:10,2:15, and 2:20 gave apparent hydrazine 
levels of 0.0257,0.0240,0.0256, and 0.0260%, respectively. For the isoni- 
azid syrup formulation, the hydrazine levels were 0.374,0.370,0.363, and 
0.389%, respectively, for the same solvent ratios. The method calls for 
a ratio of 2: 10. 

Linearity, Reproducibility, and Accuracy-A standard curve was 
prepared by derivatizing, extracting, and chromatographing known 
amounts of hydrazine dihydrochloride. Over the range from 0.005 to 0.122 
ng of hydrazine injected (as benzalazine), the slope of the area count ratio 
of benzalazine to internal standard versus the corresponding weight ratio 
was 11.7121 and the intercept did not differ significantly from zero (7.2 
X The standard deviation of the slope was 0.2131, and the corre- 
lation coefficient was 0.9987. This range represents hydrazine levels from 
0.0003 to 0.0061% for 2000 ng of drug injected. 

The chromatographic reproducibility was established by injecting 
seven aliquots of each of three solutions of derivatized and extracted 
hydrazine dihydrochloride. The amounts of hydrazine injected (as ben- 
zalazine) were 0.0264, 0.0486, and 0.0972 ng, and the relative standard 
deviations of the count/weight ratios were 1.60,0.63, and 0.89%, respec- 
tively. The reproducibility of the procedure as applied to formulated drug 
products can be gauged from the data in Tables I and 11. Relative stan- 
dard deviations ranged from 4.0% for a hydralazine injectable (4 repli- 
cates, 0.0403% hydrazine) to 10.3% for isoniazid tablets (5 replicates, 
0.0029% hydrazine). 

The recovery of hydrazine in the presence of formulation matrices was 
determined by adding known amounts of hydrazine dihydrochloride at  
the extraction step and carrying the assay through to completion. Re- 
coveries ranged between 93.4 and 103.2% (Table 111). 

The minimum detectable amount of hydrazine, as benzalazine on- 
column, is -0.005 ng, with the minimum quantifiable level about three 
times this amount. This permits detection of hydrazine at the level of 
4.0003% in drugs. This method is 20 times as sensitive as the previously 
described HPLC methods (1,2). 

Hydrazine in Drug Raw Materials and Formulations-No hy- 
drazine was found in raw material lots of hydralazine. Traces of hydrazine 
were found in some tablet lots and these amounts increased in tablets 
subjected to stress (Table I). Hydrazine levels in injectable hydralazine 
products were higher than in tablets and increased with time and tem- 
perature stress (Table I). It would appear that hydrazine is a degradation 
product of hydralazine. 

Only a trace of hydrazine was found in the isoniazid raw material lot 
examined, but the formulated products examined contained hydrazine. 
The levels increased in products subjected to temperature and humidity 
stress (Table 11). Again, it appears that hydrazine is a degradation product 
of the drug. 
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Abstract 0 A simple diffusion-based pharmacokinetic model is proposed 
relating blood-brain barrier transfer kinetics of theophylline to the dif- 
ference in the free concentrations of the drug in serum and cerebrospinal 
fluid (CSF). The model predicts that  the CSF drug level is proportional 
to the serum drug level convoluted by exp(-kt), where k is the blood- 
brain barrier diffusion rate constant. An excellent agreement was found 
by nonlinear regression analysis between serum and CSF theophylline 
data in eight dogs and the proposed model for the blood-brain barrier 
transfer kinetics of theophylline. The ratio of the free fractions of theo- 
phylline in serum and CSF predicted from the model also agrees with the 
value determined experimentally. 

Keyphrases 0 Theophylline-blood-brain barrier transfer in dogs, 
kinetics Kinetics-of theophylline, blood-brain barrier transfer in dogs 

Blood-brain barrier-theophylline transfer in dogs, kinetics 

The narrow therapeutic range of theophylline and the 
substantial intersubject variability in its disposition have 
resulted in extensive studies of the pharmacokinetics and 
clinical dosage management of the drug (1-8). Several 
investigations have related the bronchodilator effect of 
theophylline to its serum concentration level (5,6,9-13). 
However, it is the adverse effects rather than the thera- 
peutic effect that dictates the dose administered and limits 
the therapeutic efficacy. The main adverse effects appear 
to be of CNS origin. It may be misleading, therefore, to use 
serum levels as a guide for the clinical management of the 
drug without any a priori knowledge of the kinetics of the 
blood-brain barrier transfer of theophylline. The theo- 
phylline concentration in the cerebrospinal fluid (CSF), 
should provide a better correlation to the CNS effects. The 
object of this study is to investigate the serum-CSF dis- 
position of theophylline and the blood-brain barrier 
transfer kinetics. By establishing the kinetic relationship 
between the serum and CSF drug levels, a more rational 
approach to the usage of serum theophylline determina- 
tions can be established. 

Although it was recognized early that theophylline en- 
ters the cerebrospinal fluid, neither the rate of equilibra- 
tion with serum nor the serum-CSF concentration ratio 
have been defined adequately. In fact, little is known about 
the kinetics of transfer of drugs across the blood-brain 

barrier. The few CSF samples that have been correlated 
with serum samples in humans provide only a very limited 
insight into the kinetics (14-17). The use of dogs in the 
present study allowed comprehensive CSF sampling en- 
abling a proper pharmacokinetic analysis of the seruml- 
CSF theophylline disposition. Animals are often a poor 
predictor of human pharmacokinetics mainly due to sub- 
stantial differences in the elimination processes. However, 
the present manner of analysis of the serum-CSF transfer 
kinetics is not influenced by absorption or elimination or 
other disposition processes. Furthermore, the tissues that 
constitute the blood-brain barrier apparently do not differ 
significantly between dogs and humans (18). The results 
from this study should therefore be of clinical interest. 

EXPERIMENTAL 

Study Design-After an 18-hr fast, eight dogs were anesthetized with 
30 mg/kg iv of sodium pentobarbital; supplemental doses were given as 
needed during the remainder of the experiment. A polyethylene catheter 
in the left lateral saphenous vein was used for the infusion of amino- 
phylline. Aminophylline’ for intravenous use was utilized containing 25 
mg of aminophylline (20.63 mg of anhydrous theophylline)/ml of solution. 
Aminophylline, 9 mghg (7.43 mgkg theophylline) was diluted with saline 
to  19.4 ml and infused with a constant-infusion pump over a total of 20 
min. 

Blood samples for theophylline level determination were taken from 
a catheter in the left external jugular vein.‘An 18-gauge needle was per- 
cutaneously placed in the cisterna magna for obtaining the CSF samples. 
Cerebrospinal fluid and blood for theophylline levels were obtained a t  
time zero (start of the infusion) and 20 (end of infusion), 50,80,140,200, 
260,320,350, and 380 min. The dogs were ventilated through a cuffed 
endotracheal tube using a constant-volume ventilator2 with periodic 
hyperinflation to prevent atelectasis. 

Theophylline Assay-The serum from 2-3 ml of blood and 0.5 ml of 
CSF were frozen and later assayed for theophylline, usually within 1-3 
days. Theophylline concentrations were determined by the GC method 
of Least and coworkers (19) using 100-pl samples and substituting io- 
dobutane for iodopentane in the derivation procedure. Theophylline 
concentrations were calculated using peak height ratios of theophylline 
to internal standards. 

Protein Binding-The protein binding of theophylline was deter- 
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relating blood-brain barrier transfer kinetics of theophylline to the dif- 
ference in the free concentrations of the drug in serum and cerebrospinal 
fluid (CSF). The model predicts that  the CSF drug level is proportional 
to the serum drug level convoluted by exp(-kt), where k is the blood- 
brain barrier diffusion rate constant. An excellent agreement was found 
by nonlinear regression analysis between serum and CSF theophylline 
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The narrow therapeutic range of theophylline and the 
substantial intersubject variability in its disposition have 
resulted in extensive studies of the pharmacokinetics and 
clinical dosage management of the drug (1-8). Several 
investigations have related the bronchodilator effect of 
theophylline to its serum concentration level (5,6,9-13). 
However, it is the adverse effects rather than the thera- 
peutic effect that dictates the dose administered and limits 
the therapeutic efficacy. The main adverse effects appear 
to be of CNS origin. It may be misleading, therefore, to use 
serum levels as a guide for the clinical management of the 
drug without any a priori knowledge of the kinetics of the 
blood-brain barrier transfer of theophylline. The theo- 
phylline concentration in the cerebrospinal fluid (CSF), 
should provide a better correlation to the CNS effects. The 
object of this study is to investigate the serum-CSF dis- 
position of theophylline and the blood-brain barrier 
transfer kinetics. By establishing the kinetic relationship 
between the serum and CSF drug levels, a more rational 
approach to the usage of serum theophylline determina- 
tions can be established. 

Although it was recognized early that theophylline en- 
ters the cerebrospinal fluid, neither the rate of equilibra- 
tion with serum nor the serum-CSF concentration ratio 
have been defined adequately. In fact, little is known about 
the kinetics of transfer of drugs across the blood-brain 

barrier. The few CSF samples that have been correlated 
with serum samples in humans provide only a very limited 
insight into the kinetics (14-17). The use of dogs in the 
present study allowed comprehensive CSF sampling en- 
abling a proper pharmacokinetic analysis of the seruml- 
CSF theophylline disposition. Animals are often a poor 
predictor of human pharmacokinetics mainly due to sub- 
stantial differences in the elimination processes. However, 
the present manner of analysis of the serum-CSF transfer 
kinetics is not influenced by absorption or elimination or 
other disposition processes. Furthermore, the tissues that 
constitute the blood-brain barrier apparently do not differ 
significantly between dogs and humans (18). The results 
from this study should therefore be of clinical interest. 

EXPERIMENTAL 

Study Design-After an 18-hr fast, eight dogs were anesthetized with 
30 mg/kg iv of sodium pentobarbital; supplemental doses were given as 
needed during the remainder of the experiment. A polyethylene catheter 
in the left lateral saphenous vein was used for the infusion of amino- 
phylline. Aminophylline’ for intravenous use was utilized containing 25 
mg of aminophylline (20.63 mg of anhydrous theophylline)/ml of solution. 
Aminophylline, 9 mghg (7.43 mgkg theophylline) was diluted with saline 
to  19.4 ml and infused with a constant-infusion pump over a total of 20 
min. 

Blood samples for theophylline level determination were taken from 
a catheter in the left external jugular vein.‘An 18-gauge needle was per- 
cutaneously placed in the cisterna magna for obtaining the CSF samples. 
Cerebrospinal fluid and blood for theophylline levels were obtained a t  
time zero (start of the infusion) and 20 (end of infusion), 50,80,140,200, 
260,320,350, and 380 min. The dogs were ventilated through a cuffed 
endotracheal tube using a constant-volume ventilator2 with periodic 
hyperinflation to prevent atelectasis. 

Theophylline Assay-The serum from 2-3 ml of blood and 0.5 ml of 
CSF were frozen and later assayed for theophylline, usually within 1-3 
days. Theophylline concentrations were determined by the GC method 
of Least and coworkers (19) using 100-pl samples and substituting io- 
dobutane for iodopentane in the derivation procedure. Theophylline 
concentrations were calculated using peak height ratios of theophylline 
to internal standards. 

Protein Binding-The protein binding of theophylline was deter- 
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Table I-Pharmacokinetic Parameters  Obtained by Fitt ing Eqs. 5 and  8 Simultaneously to Theophylline Serum and Cerebrospinal 
Fluid Concentration Data  

1 0.0135 
2 0.0151 
3 0.0668 
4 0.0194 
5 0.0323 
6 0.0340 
7 0.0158 
8 0.0143 

Mean 0.0264 
SD 0.0182 

0.690 
0.664 
0.674 
0.614 
0.670 
0.610 
0.642 
0.632 
0.600 
0.029 

0.00865 
0.0489 
0.0135 
0.0144 
0.0327 
0.0172 
0.00671 
0.0249 
0.0208 
0.0141 

419 
634 
416 
617 
450 
587 
326 
560 
501 
113 

0.9906 
0.9902 
0.9963 
0.9939 
0.9918 
0.9945 
0.9971 
0.9928 
0.9934 
0.0025 

0.9913 0.9716 
0.9943 0.9505 
0.9965 0.9771 
0.9963 0.9489 
0.9980 0.9391 
0.9923 0.9458 
0.9975 0.9777 
0.9980 0.9164 
0.9955 0.9533 
0.0026 0.0212 

0 Correlation coefficients between observed and calculated theophylline levels: (TT) total (serum and CSF), ( r s )  serum, and (rc)  CSF. 

mined by filtering serum and CSF samples through filter membrane 
cones3 to yield an ultrafiltrate free of molecules with molecular weights 
>50,000. A 2-ml aliquot was centrifuged at 2000 rpm (not exceeding 
1OOOXg) for 30 min yielding -1 ml of filtrate. Both the filtrate and orig- 
inal sample were assayed for theophylline. The amount of theophylline 
bound to protein was determined by subtracting the amount of theo- 
phylline in the protein-free ultrafiltrate sample from the amount of 
theophylline in the original sample. The percent of protein-bound 
theophylline was calculated by dividing the amount of protein-bound 
theophylline by the amount of theophylline in the original sample. The 
free fractions of theophylline in serum were 0.86, 0.85,0.89,0.86,0.91, 
0.79,0.80, and 0.83 and the cerebrospinal fluid 1.00,1.00,0.92,1.00,0.99, 
1.00, 1.00, and 0.95 for dogs 1-8, respectively. 

PHARMACOKINETIC ANALYSIS 

The object of the pharmacokinetic analysis is to elucidate the blood- 
brain barrier transfer kinetics of theophylline on the basis of serum and 
CSF concentration data. Compounds may pass the blood-brain barrier 
by different mechanisms such as simple diffusion, facilitated passive 
diffusion with carrier substances, and active transport (20). The latter 
two are saturable processes. However, due to the narrow therapeutic 
range of theophylline, it may not be possible to establish kinetically if 
the drug crosses the blood-brain barrier by simple diffusion or by a sat- 
urable facilitated transport. For a diffusional process the rate of transfer 
of drug across the blood-brain barrier would be proportional to the dif- 
ference between the free drug concentrations on the two sides of the 
barrier, i.e.: 

(Eq. 1) 

where subscripts c and s denote cerebrospinal fluid and serum, respec- 
tively; V, C, and F stand for volume, total drug concentration, and free 
(unbound) fraction, respectively; and k l  is a positive diffusion constant. 
Equation 1 assumes that the drug is not metabolized in the CSF, which 
is consistent with our current knowledge about the metabolic systems 
present on the CNS side of the blood-brain barrier (20). 

Equation 1 can be written simply as: 

-- d C c ( t )  - k [ R C , ( t )  - Cc(t)]  dt 
(Eq. 2) 

where k = F,k l /Vc  is a diffusion rate constant with dimension time-’ 
and R = FJF, is the free fraction ratio. Laplace transformation of Eq. 
2 yields, after rearrangement (bars denote transformed functions): 

(Eq. 3) 

which back-transformed gives: 

C c ( t )  = k R C , ( t )  * e - k t  (Eq. 4) 

where * denotes convolution. Equation 4 expresses how the concentration 
of theophylline in the CSF relates to the concentration of the drug in 
serum if the transfer of the drug across the blood-brain barrier is by 
simple diffusion. The diffusional transport hypothesis is tested kinetically 
in the following manner according to Eq. 4: 

A suitable arbitrary function is chosen to approximate the C,(t)  re- 

3 Type CFSOA Centriflo, Americon Corp 

sponse by nonlinear least-squares curve fitting. The fitting of the arbi- 
trary function to the serum data is done simultaneously with a fitting to 
the CSF data of a second function resulting from convoluting the first 
function with e -k t  and multiplying by a constant ( k R )  according to Eq. 
4. The two constants k and R are treated as unknown parameters and 
determined in the simultaneous curve fitting. 

The following empirical function was used to approximate the serum 
data resulting from a short ( t  = 0 to t = T )  constant rate infusion: 

(Eq. 5) C s ( t )  = A [e-m(t-T)+ -e-“t 1 

A, a,  B , P  > 0 

(t  - T)+ = t - T for t > T (Eq. 6) 

(t  - T)+ = 0 for t 5 T (Eq. 7) 

and A,  a, B, fi  are positive constants that are adjusted in the curve fitting 
to provide a least-squares approximation of the serum level data by the 
C, ( t )  function. 

+B[e-P(t-T)+ -e-Bt] 

where: 

Convoluting Eq. 5 according to Eq. 4 yields: 

Equations 5 and 8 were fitted simultaneously to serum and CSF theo- 
phylline data for each dog using the interactive nonlinear regression 
program FUNFIT (21). 

RESULTS AND DISCUSSION 

The present method of pharmacokinetic analysis differs in several 
aspects from classical pharmacokinetic approaches: 

1. The study focuses on a single disposition process (the blood-brain 
barrier transfer kinetics) which is analyzed without interference from 
other pharmacokinetic processes. 

The kinetic model for the process is physiologically meaningful. 
The analysis does not rely on the many often unrealistic assump- 

tions and concepts of classical pharmacokinetic approaches such as linear 
disposition, abstract multicompartmental drug transfer, rate processes 
that are proportional to the amount rather than the concentration of the 
drug, etc. 

With the exception of the specific process under investigation, the 
method is completely model independent. No attempts are made to de- 
rive kinetic models to account for the drug’s disposition and elimination 
kinetics. 

The approach may perhaps best be characterized as a “response ap- 
proximation approach” where the concentration response is estimated 
by fitting a suitable arbitrary function (Eq. 5) to the data. It is not nec- 
essary to attach any kinetic significance to the approximating function 
and i ts  parameters. I ts  purpose is not to model the pharmacokinetics but 
to estimate (approximate) the concentration profile so it can be used to 
investigate changes in the theophylline concentrations in the serum and 
CSF in a way that is consistent with the proposed kinetic model for 
transfer of the drug across the blood-brain barrier (Eqs. 1 and 4). 

The serum and cerebrospinal fluid data for each of the eight dogs 
showed excellent agreement with the proposed diffusion model for the 
transfer of theophylline across the blood-brain barrier (Fig. 1, Table I). 

2. 
3. 

4. 
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Figure 1-Simultaneous least-squares fit of Eqs. 5 and 8 to serum (0) 
and CSF (A) theophylline data resulting from a 20-min constant-rate 
intravenous infusion for dog 2. This fit has the smallest total correlation 
coefficient of the eight dogs studied (Table I). 

The k values are all of the same order of magnitude. Since k = F,kl/Vc 
depends on both V,, the volume of the CSF and F,, the free fraction of 
theophylline in the CSF, this parameter is naturally expected to show 
greater intersubject variability than the more intrinsic diffusion pa- 
rameter, kl (defined in Eq. l). The determination of kl would have re- 
quired V ,  to be experimentally determined which was not done in the 
present study. The free fraction ratio R = F$F, differs remarkably little 
from subject t o  subject. The mean value of 0.60 f0.03 (SD) for R comes 
fairly close to the ratio of 0.86 f 0.06 (SD)  calculated from experimentally 
determined values. The difference may well be due to the inherent in- 
accuracy of binding determination by ultrafiltration and to the fact that  
the free fraction is dependent on the total drug concentration. The mi- 
croenvironment where the diffusion takes place may also have a different 
protein composition than that found in serum and CSF. 

The binding of theophylline in serum is not likely to be affected by the 
presence of pentobarbital, because a significant change in the free fraction 
of a drug by competitive binding is usually only seen for drugs that are 
highly bound 095%).  

Theophylline serum data are used in clinical monitoring for dosage 
adjustments and in the management of overdose cases. However, since 
the side effects are of a CNS origin, the CSF drug level should provide 
a better basis for monitoring. In the postdistribution phase of a drug input 
where the ratio between the theophylline serum and CSF levels remains 
fairly constant (Fig. l ) ,  the serum level should be a good indicator of the 

CNS level of the drug. However, in the distribution phase (lasting 1-1.5 
hr after a rapid drug input), there appears to be a significant divergence 
in the serum and CSF drug levels4. In fact, during this phase the serum 
level may drop while the CSF level increases (Fig. 1). Evidently it is of 
great clinical significance to understand this kinetic phenomenon. During 
the distribution phase of a case of theophylline overdosing, i t  would be 
inappropriate to rely on serum levels for safety predictions. A decline in 
the serum level may not guarantee improvement; it would be wise to be 
prepared for delayed severe toxic effects. In a study of overdose cases 
resulting in seizure, it was reported that the most noteworthy phenom- 
enon was the apparent absence of adverse effects in seven of the eight 
patients prior to the seizure (13). That study is consistent with what could 
be predicted from our pharmacokinetic investigation when the toxic ef- 
fects are related to the CSF drug level rather than the serum level. Un- 
doubtedly there is a need to further study the serum-CSF disposition 
of theophylline so a proper pharmacodynamic basis can be established 
for the rational clinical use of theophylline serum data. 
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The distributionfhhase in the present context is defined in reference to the CSF. 
Thus,  although the rstrrbution of theophylline to compartments other than the 
cerebrospinal fluid appears very rapid judged from the short n-phase in the serum, 
this is not the case for the CSF (Fig. 1). 
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Abstract 0 The guinea pig maximization test was used to determine the 
potential of seven cannabinoids to produce allergic contact dermatitis. 
A9-Tetrahydrocannabinol and cannahinol were found to be extreme 
(Grade V) sensitizers. Cannabidiol, A8-tetrahydrocannabinol, and can- 
nabichromene were moderate (Grade 111) sensitizers. Cannabigerol and 
cannabinol methyl ether were not sensitizers. Most of the cannabinoids 
were found to be allergenically cross-reactive. Additionally, it was shown 
that the presence of a free 1’-hydroxyl group was required for sensitiza- 
tion, but not to elicit a response in sensitive animals. 

Keyphrases 0 Cannabinoids-naturally occurring, allergenic properties, 
determined by the guinea pig maximization test for skin sensitivity 0 
Allergenicity-of naturally occurring cannabinoids, guinea pig maxim- 
ization test for skin sensitivity Sensitizers, skin-allergenic properties 
of naturally occurring cannabinoids, guinea pig maximization test 

Ag-Tetrahydrocannabinol (I) was shown to be a potent 
skin sensitizer in the guinea pig, and serum from sensitive 
animals sensitized guinea pig mast cells for degranulation 
(1). Tetrahydrocannabivarol, a Ag-tetrahydrocannabinol 
homologue, was also found to be a potent skin sensitizer 

A9-Tetrahydrocannabinol 
I 

A’-Tetrah ydrocannabinol 

I1 

Cannabidiol 
I11 

m 
Cannabinol 

I V  

OCH, 
I QaCH 5 I I  

Cannabinol Monomethyl  Ether  
V 

Cannabigerol 
VI  

Cannabichromene 
VII  

(2). In view of these findings, a systematic study comparing 
the sensitizing potential of I to six other cannabinoids was 
conducted utilizing the guinea pig maximization test. The 
cross-allergenicity of these cannabinoids was also 
studied. 

EXPERIMENTAL 

Female Hartley guinea pigs, weighing 350-400 g, were used’. Food2 and 
water supplemented with vitamin C were available ad  libitum. Ag-Te- 
trahydrocannabinol (I), A8-tetrahydrocannabinol (II), cannabidiol (110, 
and cannahinol (IV) were obtained from the National Institute on Drug 
Abuse, Rockville, Md. Cannabigerol (VI) was synthesized according to 
the literature procedure (3); cannabinol monomethyl ether (V) was 
synthesized from cannabinol as previously reported (4); cannabichromene 
(VII) was synthesized by the literature procedure (5). The purity of each 
cannabinoid was shown to be >95% by GC analysis. 

Ten guinea pigs were used for maximization testing of cannabigerol 
and cannabinol methyl ether. Twenty guinea pigs were used for max- 
imization testing of the remaining cannabinoids. The maximization 
method of Magnusson and Kligman (6) was used to determine the sen- 
sitizing capacity of each cannabinoid. A 5% water-in-oil emulsion of each 
cannahinoid (50 mg/ml of emulsion) was prepared by dissolving the 
cannabinoid in complete Freund’s Adjuvant3 and emulsifying using ad- 
juvant-sterile water (1:1, v/v). A 5% solution of each cannabinoid was 
dissolved in sterile paraffin oil. Guinea pigs were sensitized by duplicate 
0.1-ml intradermal (id) injections of cannabinoid emulsion, cannabinoid 
in paraffin oil, and adjuvent alone. 

Topical induction sites were prepared by application of 10% sodium 
lauryl sulfate in petrolatum over the intradermal induction sites, 6 days 
after intradermal induction. Forty-eight-hour occlusive patches of the 
cannabinoid in petrolatum (0.03% w/w) were applied directly over the 
intradermal induction sites on day 7, after removal of the sodium lauryl 
sulfate. On day 23 the animals and nonsensitive control animals were 
given topical open epicutaneous skin tests with 100 and 50 pg of each 
cannabinoid in 10 p1 of alcohol. The sites were observed 24,48, and 72 
hr later for erythema and edema. The Draize scoring system (7) was used 
to rank the intensity of erythema and edema based on a 0 to t 4  rating 
scale. The mean erythema and edema scores from the three test readings 
were summed to provide an intensity score for each animal. The intensity 
scores of the 20 animals in each group were averaged to provide an average 
score. Animals demonstrating sensitivity to homologous sensitizing 
cannabinoids were skin tested with the other cannabinoids to determine 
if cross-allergenicity occurred. 

RESULTS AND DISCUSSION 

All of the cannabinoids subjected to maximization testing were sen- 
sitizers except cannabinol methyl ether and cannabigerol. A9-Tetrahy- 
drocannabinol and cannabinol were rated as extreme sensitizers (Table 
I), while cannabidiol, As-tetrahydrocannabinol, and cannabichromene 
were found to be moderate sensitizers. The allergenic potency of the 
cannabinoids (in descending order) was I = IV > I11 > VII > I1 > VI = 
V. 

The cross-allergenicity of some cannabinoids and eugenol are shown 
in Table 11. The extreme sensitizers, I and IV, provided the greater 
number of cross-reactions to the other cannabinoids. All cannabinoids 
tested were cross-reactive with other cannabinoids. However, the mod- 
erate sensitizers produced fewer cross-reactions than did the extreme 

* Kentucky Cavies. Fern Creek, Ky. 
Purina guinea pig chow, Ralston-Purina, St .  Louis, Mo. 
Complete Freund’s Adjuvant, Difco Laboratories, Detroit, Mich. 
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Table I-Maximization Grading of Cannabinoids 

Average 
Sensitization Draize 

Cannabinoid Rate Grade Score 

Table 11-Immunological Cross-Reactivity of Cannabinoids 

Sensitizing 
Substance I IV 111 I1 VII VI V Eugenol 

Skin Test Substance0 

I 100 V, Extreme 3.75 
IV 100 V, Extreme 3.29 
111 60 111, Moderate 1.69 

VII 40 111, Moderate 0.38 
I1 30 111, Moderate 0.70 

VI 0 Inactive 0 
V 0 Inactive 0 

sensitizers. Eugenol did not elicit cross-reactions in any animals. Since 
cannabinol methyl ether failed to sensitize, but did produce reactions 
in animals sensitized with cannabinol and cannabidiol, i t  appeared that 
a free hydroxyl group in position one was required for sensitization, but 
not to elicit a reaction in animals already sensitized. The failure of can- 
nabinol methyl ether to elicit reactions in A9-tetrahydrocannabinol- 
sensitized animals is not understood. 

Although many of the biological effects of A9-tetrahydrocannabinol 
are shared by all naturally occurring cannabinoids, the psychoactive ef- 
fects are not. Desoize et al. (8) found that six natural cannabinoids (I, 
11, 111, IV, VII, and cannabicyclol) suppressed phytohemagglutinin- 
induced DNA synthesis in normal human peripheral-blood lymphocytes, 
an in vitro model for cell-mediated immune function. In addition, the 
inhibitory effects of five of these six natural cannabinoids on the passive 
cutaneous anaphylaxis reaction in rats has been reported (9). Compound 
I, however, was a more potent inhibitor of passive cutaneous anaphylaxis 
than the other cannabinoids, and 111 was least active. Zimmerman et al. 
(10) reported that cannabidiol and cannabinol did not reduce hemag- 
glutination titers to sheep red blood cells in mice a t  doses of 25 mg/kg, 
while A9-tetrahydrocannabinol did. 

The olivetol moiety of the molecule appeared, in the above studies, to 
be the portion of the molecule required for the shared activities. Olivetol 
was found by Desoize et al. (8) to inhibit phytohemagglutinin-induced 
lymphocyte transformation. 

In this study, most cannabinoids containing the olivetol moiety were 
found to be skin sensitizers. Cannabinol methyl ether, which has its hy- 
droxyl function blocked with a methyl ether, was not a sensitizer. The 
cross-allergenicity of these compounds is likely to be directly related to 
the presence of the olivetol component. 

111 016 016 6/10 016 0110 216 216 016 
I1 013 013 013 3/10 013 NT NT NT 

Expressed as the number of animals with positive reactions to the skin test 
substance over the number tested. 
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Abstract Eighteen healthy volunteers received single 650-mg doses 
of acetaminophen by 5-min intravenous infusion, in tablet form by mouth 
in the fasting state, and in elixir form orally in the fasting state in a 
three-way crossover study. An additional eight subjects received two 
325-mg tablets from two commercial vendors in a randomized crossover 
fashion. Concentrations of acetaminophen in multiple plasma samples 
collected during the 12-hr period after each dose were determined by 
high-performance liquid chromatography. Following a lag time averaging 
3-4 min, absorption of oral acetaminophen was first order, with apparent 
absorption half-life values averaging 8.4 (elixir) and 11.4 (tablet) min. 
The mean time-to-peak concentration was significantly longer after tablet 
(0.75 hr) than after elixir (0.48 hr) administration. Peak plasma con- 
centrations and elimination half-lives were similar following both prep- 

arations. Absolute systemic availability of the elixir (87%) was signifi- 
cantly greater than for the tablets (79%). Two commercially available 
tablet formulations did not differ significantly in peak plasma concen- 
trations, time-to-peak, or total area under the plasma concentration curve 
and therefore were judged to be bioequivalent. 

Keyphrases 0 Bioavailability-absolute and relative, oral acetamino- 
phen preparations, determined by high-performance liquid chroma- 
tography Acetaminophen-absolute and relative bioavailability of oral 
preparations, determination by high-performance liquid chromatography 
0 High-performance liquid chromatography-oral acetaminophen 
preparations, determination of absolute and relative bioavailability 

Acetaminophen (paracetamol) is used extensively as a 
nonprescription analgesic and antipyretic agent (1). Over 
40 oral acetaminophen preparations are available com- 

mercially (2). The present study evaluated the absolute 
bioavailability of orally administered acetaminophen in 
elixir and tablet forms. Also assessed was the relative 
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a free hydroxyl group in position one was required for sensitization, but 
not to elicit a reaction in animals already sensitized. The failure of can- 
nabinol methyl ether to elicit reactions in A9-tetrahydrocannabinol- 
sensitized animals is not understood. 

Although many of the biological effects of A9-tetrahydrocannabinol 
are shared by all naturally occurring cannabinoids, the psychoactive ef- 
fects are not. Desoize et al. (8) found that six natural cannabinoids (I, 
11, 111, IV, VII, and cannabicyclol) suppressed phytohemagglutinin- 
induced DNA synthesis in normal human peripheral-blood lymphocytes, 
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I, however, was a more potent inhibitor of passive cutaneous anaphylaxis 
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The olivetol moiety of the molecule appeared, in the above studies, to 
be the portion of the molecule required for the shared activities. Olivetol 
was found by Desoize et al. (8) to inhibit phytohemagglutinin-induced 
lymphocyte transformation. 

In this study, most cannabinoids containing the olivetol moiety were 
found to be skin sensitizers. Cannabinol methyl ether, which has its hy- 
droxyl function blocked with a methyl ether, was not a sensitizer. The 
cross-allergenicity of these compounds is likely to be directly related to 
the presence of the olivetol component. 
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Abstract Eighteen healthy volunteers received single 650-mg doses 
of acetaminophen by 5-min intravenous infusion, in tablet form by mouth 
in the fasting state, and in elixir form orally in the fasting state in a 
three-way crossover study. An additional eight subjects received two 
325-mg tablets from two commercial vendors in a randomized crossover 
fashion. Concentrations of acetaminophen in multiple plasma samples 
collected during the 12-hr period after each dose were determined by 
high-performance liquid chromatography. Following a lag time averaging 
3-4 min, absorption of oral acetaminophen was first order, with apparent 
absorption half-life values averaging 8.4 (elixir) and 11.4 (tablet) min. 
The mean time-to-peak concentration was significantly longer after tablet 
(0.75 hr) than after elixir (0.48 hr) administration. Peak plasma con- 
centrations and elimination half-lives were similar following both prep- 

arations. Absolute systemic availability of the elixir (87%) was signifi- 
cantly greater than for the tablets (79%). Two commercially available 
tablet formulations did not differ significantly in peak plasma concen- 
trations, time-to-peak, or total area under the plasma concentration curve 
and therefore were judged to be bioequivalent. 
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Three -way  Crossover S tudy  of Acetaminophen Dosage 
Forms-Eighteen healthy male and female volunteers, aged 22-36 years, 
participated after giving informed written consent. All participants were 
ambulatory, were taking no other medications, and had no history of 
chronic disease. All subjects received a single 650-mg dose of acetami- 
nophen on three occasions separated by a t  least 1 week. The sequence 
of the three trials was randomized. The modes of administration were: 

1. Intravenous acetaminophen, administered as a sterile solution' 
infused into an antecubital vein over a period of 5 min; 

2. Acetaminophen elixir2 administered as 19.5 ml of a 33.3-mg/ml 
solution and followed by 20 ml of water; 

3. Two 325-mg oral tablets3 administered with 100-200 ml of water. 
For the two oral dosage trials, subjects were fasted overnight prior to and 
for 3 hr following drug administration. 

Venous blood samples were drawn from an indwelling butterfly cath- 
eter, or by separate venipuncture, and placed in heparinized tubes. 
Samples were collected prior to intravenous acetaminophen infusion, 
immediately a t  the end of the infusion, and at 5,15,30, and 45 min, 1.1.5, 
2,2.5,3,4,6,8, and 12 hr postinfusion. In the oral acetaminophen trials, 
a sample was drawn prior to dosage, at 5, 10, 15, 30, and 45 min, and 
thereafter as described for intravenous acetaminophen. Whole-blood 
samples were centrifuged, and the plasma was separated and stored until 
the time of assay. 

Concentrations of acetaminophen in all plasma samples were deter- 
mined by high-performance liquid chromatography (HPLC) (3). The 
sensitivity of this method was 0.1-0.2 pg of acetaminophen/ml of plasma. 
For six identical samples a t  concentration points ranging from 0.25-15 
pg/ml, the coefficient of variation was <5%. The mean deviation between 
pairs of duplicate samples (n = 45) analyzed during pharmacokinetic 
studies was 2.4%. 

Plasma acetaminophen concentrations after intravenous dosage were 
analyzed by iterative nonlinear least-squares techniques as described 
in detail previously (4.5). Plasma levels were fitted to a linear sum of 2 
or 3 exponential terms. Coefficients, corrected for the infusion period (6), 
and exponents from the fitted function were used to determine the total 
area under the plasma concentration curve from time zero to infinity 
(AUCo-..,). After oral dosage, plasma concentrations likewise were fitted 
to a linear sum of 2 or 3 exponential terms. Coefficients and exponents 
from the fitted function were used to determine the apparent lag time 
prior to the start of absorption, the first-order absorption half-life, and 

1 Thirteen milliliters of a 50-mg/ml solution [pro ylene glycol+thyl alcohol-5% 
dextrose (401050, v/v)] diluted to 50 ml with 5% Lxtrose. 

2 McNeil, Fort Washington, Pa. 
Parke-Davis, Ann Arbor, Mich. 

the total AUC (7,8). 
Absolute bioavailability of both oral acetaminophen preparations for 

each subject was determined as the AUC following oral administration 
divided by the AUC following intravenous dosage to the same subject. 
Statistical methods included Student's t test and ANOVA. 

Two-way Crossover Study of Two Acetaminophen Tablets-The 

Tab le  I-Pharmacokinetics of Intravenous Acetaminophen 

Volume of P Clear- 
Distribu- Half-life, ance, AUCo-,, 

Subiect Aee Sex tion. liters/ka hr ma/min/ka d m l -  hr 
~ 

1 
2 

8 

~ 

25 
25 ~~ 

33 
25 
23 
32 
29 
26 

1.27 
0.76 
0.90 
0.66 
1.07 
0.88 
0.95 
0.99 

2.65 
2.70 
2.15 
2.78 
2.94 
2.32 
3.06 
2.83 

5.55 
3.27 
4.85 
2.73 
4.20 
4.37 
3.59 
4.06 

41.0 
50.3 
44.7 
72.8 
47.3 
48.8 
53.2 
49.8 

5 22 M 0.97 2.64 4.24 31.2 .. ~. 

10 33 M 1.02 3.02 3.92 42.0 
11 24 M 1.36 2.21 7.11 21.6 
12 24 M 1.13 1.88 6.94 22.2 
13 39 M 0.99 2.55 4.48 28.0 
14 39 M 1.34 2.90 5.53 22.6 _. _. 

15 30 M 1.09 2.54 4.93 32.2 
16 26 M 1.00 2.61 4.45 35.7 
17 22 M 0.91 2.39 4.36 34.2 
18 25 M 1.52 3.19 5.50 31.0 

Mean 27.9 1.05 2.63 4.67 39.37 
f SE 1.3 0.05 0.08 0.27 3.12 

Tab le  11-Pharmacokinetic Parameters  for Two Oral  
Preparat ions of Acetaminophen 

Mean f SE Values Student's 
Pnmmet.er Elixir Tablet t test 

Peak nlasma concentration. ue/m112.41 f 1.22 11.99 f 1.02 0.34 
Timefto-peak concentration; fir 0.48 f 0.06 0.76 f 0.12 2.54b 
Lag time, hr 0.06 f 0.01 0.07 f 0.01 0.58 
Absorntion half-life, hr 0.14 f 0.02 0.19 f 0.04 1.03 
Elimiiation half-life, hr 2.74 f 0.13 2.55 f 0.14 1.78 
Svstemic availabilitvC 0.87 f 0.02 0.79 f 0.02 4.47d 

0 In the three-way crossover study. * Significance level = p < 0.025. Fraction 
of intravenous. d Significance level = p < 0.001. 
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Figure 2-Absolute bioavailability of oral acetaminophen in the elixir 
(e) and tablet (v) preparations. Horizontal lines represent means 
(-), standard errors (- - -), and 100% of the intravenous bioavailability 
(. . . . .), 
relative bioavailability of two oral acetaminophen tablet preparations 
was evaluated in a two-way randomized crossover study involving seven 
male and one female volunteer. All subjects received a single 650-mg dose 
(two 325-mg tablets) of oral acetaminophen on two occasions separated 
by at  least one week, using two commercially available4 products (A and 
B). 

Plasma samples were obtained as described above following both oral 
acetaminophen trials. Acetaminophen concentrations in all samples were 
determined by HPLC (3). Pharmacokinetic and statistical analyses were 
as described above. Differences between the two oral preparations were 
evaluated by Students’s t test. 

RESULTS 

Comparison of Intravenous, Elixir, and Tablet  Dosage Forms- 
Following intravenous acetaminophen administration, disappearance 
of drug from plasma was described by a linear sum of exponential terms 
(Fig. 1 and Table I). Iterative solutions were possible for 15 subjects 
following acetaminophen elixir administration and for 11 subjects fol- 
lowing acetaminophen dosing by tablet (Fig. 1). 

4 Brand A w&s Tylenol tablets, lot HF’2588, McNeil Consumer Products Co., Fort 
Washington, Pa.; Brand B was Tapar tablets, lot 2C246, Parke-Davis, Ann Arbor, 
Micb. 

Table 111-Pharmacokinetic Parameters for  Two Tablet 
Formulations of Acetaminophen 

Parameter 
Mean f SE Values Student’s 

Brand A Brand B Paired t 

Peak plasma concentration, pg/ml 8.56 f 1.22 8.89 f 0.78 0.221 
Time-to-peak concentration, hr 1.06 f 0.27 0.78 f 0.10 0.986 
Elimination half-life, hr 2.62 f 0.10 2.43 f 0.11 2.30a 
Total AUCO-~, 4 m l  X hr 0.468 26.82 f 1.44 27.37 f 0.94 

0 Significance level 0.05 < p < 0.10. 

Peak plasma concentrations following the elixir preparation admin- 
istration were slightly higher than that for tablets, but the difference was 
not significant (Table 11). The time-to-peak concentration averaged 0.48 
hr after dosage with elixir versus 0.75 hr with the tablet ( p  < 0.025). The 
two preparations did not differ significantly in apparent half-life of ab- 
sorption or in lag time prior to the start of absorption. 

Absolute systemic availability of both oral preparations was signifi- 
cantly less than 100% complete (Table 11, Fig. 2). Absolute availability 
of the elixir (87%) was significantly greater than that for tablets (79%). 
The elimination half-lives were similar following both preparations 
(Table 11). 

Comparison of Two Acetaminophen Tablet  Formulations-The 
kinetics of acetaminophen absorption following dosing with brand B were 
very close to that reported in the three-way crossover study. Peak plasma 
concentration averaged 8.9 pglml and was reached an average of 0.78 hr 
after dosing. These values were similar to those observed for brand A (8.6 
pg/ml and 1.1 hr after dosing, respectively), and the differences did not 
approach significance. The total AUC was nearly identical for both 
preparations (Fig. 3, Table 111). The elimination half-life following brand 
B administration (2.43 hr) was shorter than with brand A (2.62 hr) al- 
though the magnitude of the mean difference was only 8%. 

DISCUSSION 

The results of the three-way crossover study concur with reports of 
other investigators (9) and indicate that absorption of acetaminophen 
from both tablet and elixir preparations is relatively rapid, with peak 
plasma concentrations generally attained within 1 hr postdose. The 
time-to-peak concentration was significantly shorter with the elixir than 
with the tablet, but differences in other absorption kinetic parameters 
did not reach statistical significance. Generally, drug absorption from 
an elixir preparation will be somewhat more rapid than from the same 
dose administered as a tablet. Absorption of acetaminophen from oral 
tablet preparations can be dissolution rate limited (lo), probably ex- 
plaining why the time-to-peak concentration was earlier following the 
elixir than with the tablet. 

Neither preparation showed complete (100%) systemic availability; 

HOUkS POSTDOSE 

Figure 3-Plasma concentrations following 650-mg doses of two brands 
of acetaminophen. Eachpoint is the mean forall subjects at that time 
point. Key: ( A )  Brand A; (0) Brand B. 
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the elixir had significantly greater bioavailability than did the tablet. The 
incomplete systemic availability of oral acetaminophen could be ex- 
plained either by incomplete absorption or presystemic biotransforma- 
tion, (e.g. ,  first-pass hepatic extraction or metabolism in the epithelium 
and/or lumen of the GI tract), or by a combination of these two factors 
(11). Differentiation between these two possible mechanisms could be 
achieved through an examination of route-dependent differences in the 
pattern of drug metabolism, as described by Harris and Riegelman (12). 
In a previous study of systemic availability (13), Rawlins et al. reported 
the bioavailability of acetaminophen tablets in a 500-mg dose to be only 
63% compared with 79% in our study of a 650-mg dose. Bioavailability 
increased to 89 and 87% following 1,000- and 2,000-mg doses, respectively 
(13). The discrepancy in results of the two studies may be due to satu- 
ration of presystemic biotransformation a t  doses >500 mg. 

The comparative bioavailability studies of two widely used acetami- 
nophen tablets suggest that  they have essentially similar systemic 
availability and therefore should be therapeutically equivalent. 
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Abstract  A high-performance liquid chromatographic method is de- 
scribed for the simultaneous determinations of cefsulodin and cefotiam 
in serum and bone marrow blood samples. After extraction with aceto- 
nitrile, the cephalosporins were applied to a reverse-phase column with 
an internal standard, cefazolin; the mobile phase was a mixture of 0.005 
M tetrabutylammonium phosphate and methanol (35:65, v/v). The 
method yielded satisfactory resolutions for these agents, and the results 
were compared with those obtained using the microbiological method. 
The statistical analysis of the relationship between the methods gave a 
good correlation for all of these agents and samples. The concentrations 
of cefsulodin and cefotiam, concurrently administered by the intravenous 
route to patients subjected to artificial total joint prosthesis, in serum 
and bone marrow blood collected a t  0.5 and 1 hr postinjection were almost 
equivalent. 

Keyphrases 0 Cefsulodin-simultaneous determination with cefotiam 
in serum and bone marrow blood, high-performance liquid chromatog- 
raphy Cefotian-simultaneous determination with cefsulodin in serum 
and bone marrow blood, high-performance liquid chromatography 0 
High-performance liquid chromatography-simultaneous determination 
of cefsulodin and cefotiam in serum and bone marrow blood 

Cefsulodin, sodium 4-carbamoyl- 1 - [ (6R ,7R) -2-car- 
boxy-8-0x0-7- [(Z) -2-phenyl-2-sulfoacetamido] -5-thia- 
l-azabicyclo[4.2.0]oct-2-en-3-yl]methylpyridium hy- 
droxide, a potent cephalosporin derivative, is superior to 
sulbenicillin and carbenicillin and comparable to genta- 
micin in activity against Pseudomonas aeruginosa. The 

drug is stable to P. aeruginosa-specific cephalosporinase 
(1-3). Cefotiam, (6R ,7R) -7- [2-( 2-amino-4-thiazolyl) - 
acetamido] -3-[ [ [ 1- [2-(dimethy1amino)ethyll -lH-tetra- 
201-5 - yl] thiolmethyl] - 8- 0x0 -5- thia- 1 - azabicyclo[4.2.0] - 
oct-2-ene-2-carboxylic acid dihydrochloride, also shows 
broad-spectrum antibacterial activity against both 
Gram-positive and Gram-negative bacteria (4). Combined 
administration of these agents is frequently used to treat 
systemic infections in which a broader anti-infective 
spectrum is needed. A simple, specific high-performance 
liquid chromatographic (HPLC) method was developed 
which determines both cefsulodin and cefotiam in bio- 
logical fluids. A comparison is made with the previously 
used microbiological method. 

EXPERIMENTAL 

Materials-Cefsulodin’ and cefotiam2 were used as received. Cefa- 
zolin3, employed as an internal standard, was used as received. HPLC- 
quality methanol4 and acetonitrile? were used. Tetrabutylammonium 

Tilmapor, Ciba-Geigy, Basle, Switzerland. * Halospor, Ciba:Geigy. Basle, Switzerland. 
Cefamezin, Fujisawa Pharmaceutical Co., Osaka, Japan. 

4 Wako Chemical Co., Osaka, Japan. 
Tokyo Kasei Chemical Co., Tokyo, Japan. 
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(13). The discrepancy in results of the two studies may be due to satu- 
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scribed for the simultaneous determinations of cefsulodin and cefotiam 
in serum and bone marrow blood samples. After extraction with aceto- 
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an internal standard, cefazolin; the mobile phase was a mixture of 0.005 
M tetrabutylammonium phosphate and methanol (35:65, v/v). The 
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The statistical analysis of the relationship between the methods gave a 
good correlation for all of these agents and samples. The concentrations 
of cefsulodin and cefotiam, concurrently administered by the intravenous 
route to patients subjected to artificial total joint prosthesis, in serum 
and bone marrow blood collected a t  0.5 and 1 hr postinjection were almost 
equivalent. 

Keyphrases 0 Cefsulodin-simultaneous determination with cefotiam 
in serum and bone marrow blood, high-performance liquid chromatog- 
raphy Cefotian-simultaneous determination with cefsulodin in serum 
and bone marrow blood, high-performance liquid chromatography 0 
High-performance liquid chromatography-simultaneous determination 
of cefsulodin and cefotiam in serum and bone marrow blood 
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boxy-8-0x0-7- [(Z) -2-phenyl-2-sulfoacetamido] -5-thia- 
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acetamido] -3-[ [ [ 1- [2-(dimethy1amino)ethyll -lH-tetra- 
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oct-2-ene-2-carboxylic acid dihydrochloride, also shows 
broad-spectrum antibacterial activity against both 
Gram-positive and Gram-negative bacteria (4). Combined 
administration of these agents is frequently used to treat 
systemic infections in which a broader anti-infective 
spectrum is needed. A simple, specific high-performance 
liquid chromatographic (HPLC) method was developed 
which determines both cefsulodin and cefotiam in bio- 
logical fluids. A comparison is made with the previously 
used microbiological method. 
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Table I-Recoveries of Cefsulodin, Cefotiam, and  Cefazolin f rom 
Serum 0.008 A.U. 

Concentration, Recoverya, 
Drug mlml  % 

Cefsulodin 

Cefotiam 

Cefazolin 

100 
50 
10 
5 

100 
50 
10 
5 

100 
50 
10 
5 

103.0 f 2.7 
98.0 f 1.2 
98.5 f 3.2 
98.1 f 2.0 
99.6 f 2.1 

102.1 f 4.1 
99.9 f 1.3 
98.5 f 1.8 

101.8 f 2.3 
103.2 f 1.1 
99.4 f 3.2 
98.8 f 3.3 

Recovery calculated as (serum value/water control value) X 100. Each value 
is the mean f SD of six determinations. 

phosphate6 was used as a constituent of the mobile phase. All other re- 
agents were of analytical grade. 

Serum and  Bone Marrow Blood Samples-Cefsulodin (1 g) and 
cefotiam (2 g) were administered concurrently by intravenous injection 
to 16 patients immediately before beginning surgery. Serum and bone 
marrow blood samples were collected from each subject a t  0.5 and 1 hr 
after injection (a total of 64 samples). Samples were centrifuged imme- 
diately a t  3000 rpm for 15 min. The serum fractions were separated and 
stored frozen a t  -60' until assayed. 

Chromatographic Conditions-An HPLC apparatus7 equipped with 
a LJV-absorbance detectorH and a reverse-phase columng (10 pm, 30 cm 

(A )  

t- .. .. I .. 

0.008 A.U. 

I 

I I I 1 I I I 

0 2 4 6 8 10 12 
MINUTES 

Figure 1-Chromatograms of cefsulodin (I) ,  cefotiam (It), and cefazolin 
(internal standard, I I I )  in human serum, at concentrations o f  25 pglml  
for I ,  40 Wgglml for II, and 50 pglml for Ill. Key: (A) spiked serum sample; 
(U) serum blank. Chromatograph was run at 0.08 AUFS with a chart 
speed of -5 mmlmin. 

1 Waters Associates, Milford, Mass. 
' Model 520, GASUKURO KOGYO, Tokyo, Japan. 
8 UVIDEC 100-11. JASCO. Tokvo. Jaoan. 

rBondapak CIS, Waters Associates.'Milford, Mass. 

I 

LOO8 A.U. 

1 
I l l  

1 I I a 1 

0 2  4 6 8 10 li 
MINUTES 

Figure 2-Typical chromatograms of human serum (A) and bone 
marrow blood (B) samples collected f rom a patient 0.5 hr after intra- 
venous injection of both drugs. Key: ( I )  cefsulodin; (11) cefotiam; ( I I I )  
cefazolin. 

X 3.9-mm i.d.) were used. Peak areas were obtained by a data analyzerlo. 
The mobile phase was a mixture of methanol-water (3565, vlv) and 0.005 
M tetrabutylammonium phosphate. The flow-rate was 1.5 mllmin with 
an operating pressure of 220 kg/cm2. The column eluate was continuously 
monitored a t  280 nm, with a sensitivity of 0.08 AUFS and a chart speed 
of 5 mmlmin. 

Assay Procedures-A 0.2-1111 serum sample was mixed with aceto- 
nitrile (0.2 ml) containing a known amount of the internal standard on 
a vortex mixer for 10 sec and then contrifuged a t  12,000 rpm for 5 min. 
The supernatant was passed through a membrane filter (0.45 prn)l1 and 
a 10-pl aliquot was injected into a port of the HPLC column. 

Calibration Curves of Cefsulodin, Cefotiam, and Cefazolin- 
Calibration curves were constructed using a known concentration of the 
drugs (10-100 pglml) dissolved in human serum. The relationship be- 
tween the concentration (ordinate) and the peak area (abscissa) showed 
good linearity for each: respective intercepts, slopes, and correlation 
coefficients, 0.558, 0.0106, and 0.998 for cefsulodin; 0.030, 0.0088. and 
0.999 for cefotiam; and 0.558,0.0059, and 0.998 for cefazolin (internal 
standard). The ratios (R) of the slopes of cefsulodin and cefotiam to that 

' 0  C-R1A CHROMATOPAC, Shirnadzu, Kyoto, Japan. 
' I  TM-2P. Toyo Scientific Inc., Tokyo, Japan. 
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Table 11-Concentrations of Cefsulodin and Cefotiam in  Se rum 
and Bone Marrow Blood Determined by the HPLC Method 

Sample Timeb, hr 
Concentration”, pg/rnl 

Cefsulodin Cefotiam 

Serum 

Marrow 

0.5 
1 
0.5 
1 

44.2 f 20.8 
34.1 f 16.8 
39.6 f 16.8 
30.1 f 13.4 

79.8 f 33.1 
46.4 f 14.5 
76.1 f 34.7 
44.4 f 22.1 

Mean f SD of 16 subjects. * Blood samples were collected with @lO-min 
variance. 

of the internal standard were 1.80 and 1.49, respectively, from which the 
sample concentration (C.) was calculated as: C ,  = (peak area ratio be- 
tween sample and internal standard) X (concentration of internal stan- 
dard)/R. 

Microbiological Assay-The microbiological assay was performed 
according to a modified method of Fugono et  al. (5). The concentrations 
of cefsulodin and cefotiam were determined by the cup plate method (61, 
using P. aeruginosa12 and Proteus mirabilis13 as test organisms. The 
minimum inhibitory concentrations of these agents are: 1.56 and >lo0 
pg/ml against P. aeruginosa for cefsulodin and cefotiam, respectively,and 
>lo0 and 0.01 gg/ml against P. mirabilis for cefsulodin and cefotiam, 
respectively, with an inoculation of 106 cells/ml (7,8).  The culture me- 
dium was prepared from an agar base14 containing 0.1% sodium acetate 
(w/v). A series of dilutions for the calibration curve were made with 
normal human serum. 

RESULTS AND DISCUSSION 

Recovery and  Separation of Cephalosporins-Recovery of cefsu- 
lodin, cefotiam, and cefazolin from injected solutions in serum was es- 
tablished by comparing the peak areas for samples with those from water 
solutions in the range of 5-100 pglml. As shown in Table I, the recoveries 
were regarded as 100% for these cephalosporins. 

The liquid chromatograms of cefsulodin, cefotiam, and the internal 
standard in serum are shown in Fig. 1. The retention times were found 
to be 3.8,6.3, and 8.3 min, respectively. The peaks of the control serum 
had low retention times and were completely separated from those of the 
antibacterial agents. Also, the separation of peaks among cefsulodin, 
cefotiam, and the internal standard was established with satisfactory 
resolutions for simultaneous determination. 

Determinations of Cephalosporins in Se rum and  Bone Marrow 
Blood-The HPLC method was applied for the simultaneous determi- 
nations of cefsulodin and cefotiam in serum and bone marrow blood 
samples. Figure 2 shows typical chromatograms of serum and bone 
marrow blood samples collected from a patient 0.5 hr after intravenous 
injection. There was little difference in the retention time between serum 

l2 IF0 12582, Institute of Fermentation of Osaka, Osaka, Japan. 
l3 IF0 3849, Institute of Fermentation of Osaka, Osaka, Japan. 
I4 Diagnostic Sensitivity Test, Code CM 261, Oxoid Ltd.. England. 

and bone marrow blood samples that originated from different sources 
of body fluids. 

Table I1 indicates the average concentrations and standard deviations 
of cefsulodin and cefotiam in serum and bone marrow blood samples that 
were collected from 16 subjects. There were no significant differences 
in the concentrations between the different samples for each agent, al- 
though there was a tendency for the average concentration in serum to 
be slightly higher than that in bone marrow blood. The results indicate 
that very fast movement of these agents from the peripheral to the bone 
marrow blood was always established. 

Correlation of the HPLC and  Microbiological Methods-To ex- 
amine the reliability of the HPLC method, the same biological samples 
containing cefsulodin and cefotiam were also assayed by the microbio- 
logical method in general use, and the correlation between both the 
methods was studied. The great difference in the minimum inhibitory 
concentration enabled these agents to be determined individually even 
when concurrently administered, even though cefsulodin and cefotiam 
are categorized in the same family of cephalosporins. 

The calculation of the correlation coefficient and regression analysis 
were conducted for both serum and bone marrow blood samples irre- 
spective of the sampling time. The statistical values were: in cefsulodin, 
y(HPLC) = O.Slx(microbiologica1) + 1.71, r = 0.974 (n  = 32) in serum 
and y = 0 . 9 1 ~  - 1.52, r = 0.961 (n  = 32) in bone marrow blood; in cefo- 
tiam,y = 1 . 0 7 ~  -8.99, r = 0.971 ( n  = 32) inserumandy = 1 . 0 1 ~  - 4.05, 
r = 0.978 ( n  = 32) in bone marrow blood. 

The intercepts of the regression lines of cefsulodin gave vahes closer 
to the origin than those of cefotiam, while the regression coefficients were 
very close to unity for each agent, indicating that the sensitivity of the 
HPLC procedure described here was almost equivalent to the microbi- 
ological method. Therefore, the HPLC method is accurate enough to use 
within the putative range of effective concentrations in biological fluids 
as well as enabling the simultaneous determination of these cephalo- 
sporins. The HPLC method, furthermore, was more rapid and easier to 
perform than the microbiological method. 
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Abstract  A rapid and sensitive high-performance liquid chromato- 
graphic (HPLC) assay for the quantitative determination of doxylamine 
in plasma is described. The drug levels of doxylamine in plasma were 
monitored after the oral administration of a single 25-mg tablet of dox- 
ylamine succinate to each of 20 male volunteers. The compound was 
extracted from the plasma samples, concentrated under a nitrogen 
stream, and analyzed by HPLC using normal-phase chromatography with 
detection a t  254 nm. The detection limit is -5 ng/ml. 

Keyphrases 0 Doxylamine-in human plasma, determination by 
high-performance liquid chromatography High-performance liquid 
chromatography-quantitation of doxylamine in human plasma 0 
Antihistamines-doxylamine succinate, determination of doxylamine 
in human plasma by high-performance liquid chromatography 

Doxylamine, one of the oldest drugs exhibiting anti- 
histaminic properties, also possesses impressive hypnotic 
properties. Although the characteristic activity of the 
antihistamines is their ability to antagonize the effects of 
histamine on various peripheral structures (11, these 
compounds are known to have a wide spectrum of phar- 
macological and therapeutic effects. Since many of these 
drugs cause sedation, they are frequently used as hypnotic 
agents or sedatives, in spite of their mixed excitatory and 
depressant actions within the CNS (2). According to 
Sjoqvist and Lasagna, 25-50 mg of doxylamine is more . "  

"ii 

I 

effective as a sedative than 100 mg of secobarbital(3), and 
it is often used as a hypnotic antihistamine at  bedtime 
(4). 

A previous method, tested by the Food and Drug Ad- 
ministration in 1972, describes a doxylamine assay in urine 
using GC (5). This paper describes a simple, sensitive, 
high-performance liquid chromatographic (HPLC) 
method for the measurement of doxylamine in plasma 
using normal-phase chromatography. 

EXPERIMENTAL 

Materials-Reagent grade sodium hydroxide, ammonium hydroxide, 
and ammonium chloride; HPLC grade acetonitrile, chloroform, methanol, 
and dichloromethane; and USP reference standard dextroamphetamine 
sulfate and doxylamine succinate were used. 

Standard Preparation-A set of standard samples was prepared by 
adding 80,50,30,20, and 10 pl of a lO-ng/pl solution of doxylamine suc- 
cinate in water to 3.0-ml plasma blanks with a microliter syringe. The 

0 2 4 6 8 10 12 14 16 18 
MINUTES 

Figure I-Chromatogram of a plasma blank. Key: (1) and (2) uniden- 
tified components of plasma; (3) amphetamine peak. 
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Figure %--Chromatogram of a plasma sample taken from a human 
volunteer 2 hr after oral administration of 25 rng of doxylamine succi- 
nate in tablet form. Key: (1 )  and (2) unidentified components of plasma; 
(3) amphetamine; (4) doxylarnine. 
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Figure 3-Plasma leuels of doxylamine in a human volunteer following 
the oral administration of 25 mg of doxylamine succinate in tablet 
form. 

internal standard was prepared by adding 10 ml of 0.3 N NaOH and 20 
ml of dichloromethane to 20 mg of dextroamphetamine sulfate in a 
125-ml separatory funnel and shaking manually for 5 min. After the layers 
separated, the organic layer was collected in a 50-ml volumetric flask. The 
extraction was repeated with 20 ml of dichloromethane, and the organic 
phase was combined with the first extract. This was diluted to volume 
with dichloromethane to obtain a 300+g/ml concentrated solution of 
dextroamphetamine in dichloromethane. A 5-ml aliquot of this solution 
was transferred to a 50-ml volumetric flask and diluted to volume with 
the eluting solvent. The concentration of the resulting solution was 30 
pglml. 

Subjects-After an overnight fast, 20 healthy male volunteers (20-50 
years old, 5 H 8  kg) were administered a single 25-mg dose of doxylamine 
succinate in tablet form. Blood samples of sufficient volume to obtain 
10 ml of plasma were drawn prior to administration and at regular in- 
tervals postadministration. All samples were collected in heparinized 
evacuated containers’ and centrifuged a t  2500 rpm. The separated plasma 
was stored at -20’ until analysis. 

Plasma Extraction-Plasma (3.0 ml) was pipetted into a 20-ml 
screw-cap2 test tube, and 10 ml of 0.3 N NaOH and 5 ml of dichloro- 
methane were added. The tubes were placed on a rocking shakes at a slow 
speed for 15 min and then centrifuged. Any emulsion formed was broken 
up by lightly tapping the tubes and the samples were centrifuged again. 
The organic layer was transferred to a 12-ml glass-stoppered conical-tip 
tube using a Pasteur pipet. The extraction of the aqueous layer was re- 
peated with an additional 5 ml of dichloromethane. This was centrifuged, 
the organic layer was combined with the first extract in the conical-tip 
tube, and the tubes were placed in a water bath with the temperature 
maintained a t  40’. The combined extracts were evaporated under a ni- 
trogen stream, and 200 p1 of the dilute dextroamphetamine solution was 
added with a 100-jd syringe. The tube was capped with the glass stopper, 
vortexed4, and centrifuged. 

Chromatographic Analysis-The HPLC system5 consisted of a 
solvent delivery pump, a fixed-wavelength UV detector a t  254 nm, and 

1 Vacutainer; Becton, Dickinson & Co., Oxnard, Calif. * Teflon-lined screw cap, No. 9826; Pyrex. 
3 Ruchler Instruments, Fort Lee, N.J. 
4 Vortex-Genie, Model K-5504,  Scientific Industries, Bohemia, N.Y. 

Solvent delivery pump Model M6000. UV detector Model 440. Waters Asso- 
ciates, Milford Mass. 

Table I-Reproducibility of Doxylamine Determination in 
Human  Plasma 

Doxylamine 
Succinate Doxylamine-Amphetamine 

Concentration, Peak Height Ratio, 
n d m l  n d m l  cv, 7% 

268 1.600 2.5 
167 0.982 3.8 
100 
67 

0.598 
0.406 

2.5 
3.2 

34 0.203 6.2 

a n = 20 for all concentrations. 

a pPorasil column (10 pm, 3.9 mm X 30 cm). The eluting solvent was 8 
parts chloroform, 1 part acetonitrile, and 1 part of a mixture of metha- 
nol-ammonium hydroxide-ammonium chloride (57:2:1); the flow rate 
was 1.5 ml/min. The UV absorption was monitored using an electronic 
integrate@ with an attenuation of 24-25, as necessary. 

Eighty microliters of the plasma extract was introduced into the col- 
umn using an automatic injector7. Retention times for doxylamine and 
amphetamine were 14.6 and 12.1 min, respectively. The peak height ratio 
of doxylamine to the internal standard in the sample plasma was mea- 
sured and compared with the peak height ratio in the standards t~ achieve 
quantitation. 

Calibration Curve-The linearity of the calibration curve was de- 
termined by adding 100-800 ng of doxylamine succinate8 to 3-ml plasma 
blanks. The coefficients of variation were determined using replicate 
plasma standards spiked with doxylamine succinate. 

RESULTS AND DISCUSSION 
The method was evaluated in terms of extraction efficiency, interfer- 

ence, linearity, and precision. Preliminary experiments demonstrated 
the need for adding amphetamine at the end of the extraction steps. 
When known amounts of amphetamine were added to the dichloro- 
methane solution in the beginning of the extraction procedure, its re- 
covery was negligible. T o  ensure the availability of a fixed amount of 
amphetamine in the sample solution, 200 p1 of amphetamine was added 
to each tube after the dichloromethane was evaporated. 

The peaks observed for doxylamine and amphetamine were well sep- 
arated from any naturally occurring plasma constituents or any metab- 
olites of the drug. With the blank plasma, when the standard doxylamine 
was eliminated from the assay, no peaks absorbing at 254 nm that had 
the same retention time as doxylamine were observed (Fig. 1). Figure 2 
shows plasma extracted from a typical subject 2 hr after the adminis- 
tration of 25 mg of doxyfamine succinate. From 0.5-36 hr postadminis- 
tration, the concentration of doxylamine in plasma was generally in the 
range of 10 to 150 ng/ml (Fig. 3). The peaks encountered for doxylamine 
and the internal standard were symmetrical and well defined. 

The mean values of the peak height ratio of doxylamine to amphet- 
amine obtained from 20 calibration curves are given in Table I. The 
method exhibits excellent linearity: the correlation coefficient of the 
doxylamine to amphetamine peak height ratio uersus doxylamine suc- 
cinate added to plasma was 0.99 over the range of values obtained (Table 
I). The absolute recovery when 570 ng of doxylamine succinate was added 
to 3 ml of plasma was 84.8% (based on three determinations). The assay 
is suitable for the study of doxylamine succinate pharmacokinetics, 
representing a reproducible and accurate method for the detection of 
doxylamine in plasma to 5 ng/ml. 
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Abstract 0 A rapid, precise, sensitive, and specific assay for nitroglycerin 
in sublingual, sustained-release, and ointment dosage forms using 
high-performance liquid chromatography is described. The nitroglycerin 
dosage forms were dissolved in methanol, filtered, and injected directly 
into the liquid chromatograph. A variable-wavelength UV detector op- 
erated a t  220 nm and a CIS microporous silica column were employed. 
The mobile phase was methanol-water (40:60). 

Keyphrases Nitroglycerin-high-performance liquid chromato- 
graphic determination in sublingual, sustained-release, and ointment 
dosage forms Dosage forms-ointment, sublingual, sustained-release, 
high-performance liquid chromatographic determination of nitroglycerin 

High-performance liquid chromatography-determination of nitro- 
glycerin in sublingual, sustained-release, and ointment dosage forms 

Several techniques for the determination of nitroglyc- 
erin in commercial dosage forms have been reported (1-5). 
Some limitations of these methods include: the time- 
consuming and nonspecific determination of the com- 
pendial assay (l), the poor sensitivity and lack of precision 
of the IR method (2,3), possible decomposition in the GC 
method (4), and the inability to distinguish among the 
decomposition products using the polarographic method 
(5) .  

High-performance liquid chromatography (HPLC) as 
a determinative technique appears to offer the best ap- 
proach (6,7). As reported here, it is both rapid and stability 
indicating. A single procedure is applicable to more than 
one dosage form, and individual tablets can be analyzed 
at low dosage levels. The latter is necessary when analyzing 
nitroglycerin products because nitroglycerin migrates from 
tablet to tablet on exposure to air (8,9). The use of HPLC 
eliminates interferences from other organic or inorganic 
nitrates and allows nitroglycerin to be distinguished from 
its mono- and dinitrate degradation products. 

EXPERIMENTAL 

Reagents-HPLC-grade methanol' and water' were used. All other 
chemicals and solvents were reagent grade and were used without further 

1 

0 24 48 
MINUTES 

Figure 1-Chromatogram of sublingual tablet sample. Key: ( I )  nitro- 
glycerin; (2) pentaerythritol tetranitrate. 

J. T. Baker Chemical Co., Phillipsburg, N.J. 

purification. A 10% nitroglycerin in lactose triturate2 was used as a ref- 
erence standard and was assayed by the USP phenoldisulfonic acid 
method (1). Authentic 1,2- and 1.3-dinitroglycerin and 1- and 2- 
mon~nitroglycerin~ were used to determine the presence of any degra- 
dation products; pentaerythritol tetranitrate4 and isosorbide dinitrate5 
were used as internal standards. 

Apparatus-The liquid chromatographic system consisted of a 
dual-head reciprocating piston positive-displacement pump6, a sept- 
umless syringe-loaded loop injector with a 2 0 4  loop7, a variable-wave- 
length UV detectors operated at  220 nm, a 10-mV recorderS, and a 3.9 mm 
X 30-cm CIS microparticulate columnlo with a 4 cm X 4.6-mm guard 
column packed with pellicular octadecyl reverse-phase material''. The 
solvent system was methanol-water (40:60). The flow rate was 1 ml/min 
with a pressure of -1600 psi. 

Nitroglycerin Standard Solution-An accurately weighed quantity 
of nitroglycerin reference standard was dissolved in the internal standard 
solution (0.1 mg of pentaerythritol tetranitrate/ml of methanol) to obtain 
a concentration of 4 .075  mg/ml. 

Extraction-Sublingual Tablets-Sufficient powdered tablet com- 
posite or individual powdered tablets (if individual tablet assays were 
required) were transferred to a 25-ml glass-stoppered Erlenmeyer flask 
and diluted with internal standard solution to give a nitroglycerin con- 
centration of 0.075 mg/ml. The mixture was sonicated for 2 min then 
mechanically shaken for 30 min. The resulting solution waa filtered 
through 0.7-pm filter paper12 and injected into the chromatograph. 

Ointment-Sufficient ointment was transferred to a 25-ml glass- 
stoppered Erlenmeyer flask and diluted with internal standard solution 
to give a nitroglycerin concentration of 0.075 mg/ml. The mixture was 
warmed in a 50" water bath and shaken intermittently until the ointment 
dispersed. The ointment solidified after being removed from the bath 
and shaken vigorously. The heating and shaking operation was then re- 
peated. The solution was filtered through a 0.7-1.lm filter paper12 and 
injected into the chromatograph. 

1 
3 

MINUTES 

Figure 2-Chromatogram of sustained-release tablet sample that 
contains phthalates. Key: (1) isosorbide dinitrate; (2) nitroglycerin; (3) 
phthalate excipient. 

ICI Americas, Wilmington, Del. 
Arnar-Stone Labs, McCaw Park, Ill. 
Atlas Chemical Industries, Wilmington, Del. 
USP Reference Standard, United States Pharmacopeial Convention, Rockville. 

Model lWA, Altex Scientific, Berkeley, Calif. 
Model 210 injector with 210-06 loop, Altex Scientific, Berkeley, Calif. 
Model 155-40, Altex Scientific, Berkeley, Calif. 
B-D-41, Kipp &,Zonen, Delft, The Netherlands. 

lo pBondapak CIS, Waters Associates, Milford, Mass. 
l1 pBondapak C*$Corasil, Waters Associates, Milford, Mass. 
l2 Gilman Instrument Co., Ann Arbor, Mich. 

Md. 
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Table I-Nitroglycerin Found in Sublingual, Sustained-Release, and  Ointment Dosage Forms and in Synthetic Mixtures 

Manu- 
Tablet 

Concentration, Found, 
Spike 

Added, Recoverv, 
facturer mg 70 mg % 

Synthetic Mixture 

mg % 
Recovery, Added, 

1 

2 

1 
2 

3 

4 

1 
2 
3 

0.15 
0.30 
0.40 
0.60 
0.15 
0.30 
0.40 
0.60 

6.5 
2.5 
6.5 
9.0 
2.5 
6.5 
2.6 
6.5 

Su blingual Tablets 
104.4 99.3 
108.7 ::% 100.7 
103.3 
108.7 
98.0 

106.7 
102.3 
105.0 

0.204 
0.335 
0.081 
0.169 
0.192 
0.337 

100.9 
99.7 
99.3 
99.7 

101.0 
100.9 

Sustained-Release Tablets and Capsulesh 
101.8 99;:; E 100.9 

94.8 3.10 101.8 
92.5 3.65 99.8 

114.0 
106.5 
91.0 
93.1 

0.251 
0.643 
0.243 
0.635 

2% Ointmentsd 
101.0 

110.0 1.127 
113.3 A:& 

98.3 
99.4 
97.2 
98.1 

99.7 
99.2 
99.4 

0.147 
0.302 
0.423 
0.615 
0.146 
0.298 
0.421 
0.614 

0.602 
0.248 
0.500 
0.896 

C 

C 

C 

C 

- 
- 
- 
- 

1.745 
2.037 
1.975 

100.0 
100.3 
100.9 
100.9 
99.3 

100.9 
100.9 
99.7 

100.9 
99.8 

100.5 
99.1 
- c  
- c  

C 

C 

- 
- 

99.5 
99.7 
99.3 

Average recovery for all manufacturers, 100.2%; coefficient of variation, 0.753%; correlation coefficient, 0.9998. * Average recovery for all manufacturers, 99.4% coefficient 
Formulations not available for preparation of synthetic mixtures. d Average recovery for all manufacturers, 99.4%; of variation, 1.83%; correlation coefficient. 0.9999, 

coefficient of variation, 0.253%; correlation coefficient, 0.9997. 

Sustained-Release Tablets or Capsules-This procedure required 
an alternate internal standard (isosorbide dinitrate) be used if phthalates 
were present as an excipient since phthalates have approximately the 
same retention time (R,) as pentaerythritol tetranitrate under the con- 
ditions described. The presence of phthalates was detected by injecting 
a portion of sample dissolved in methanol into the chromatograph (a peak 
with the same Rt as that of pentaerythritol tetranitrate indicated the 
presence of phthalates). In such cases, isosorbide dinitrate (0.1 mg/ml 
of methanol) was used as the internal standard solution. Sufficient 
powdered sustained-release composite was transferred to a 25-ml glass- 
stoppered Erlenmeyer flask and diluted with the appropriate internal 
standard solution, giving a nitroglycerin concentration of 0.075 mg/ml. 
The mixture was sonicated for 2 min, then mechanically shaken for 30 
min. The sohtion was filtered through 0.7-pm filter paperI2 and injected 
into the chromatograph. 

Quantitation-The drug was quantitated by using the internal 
standard method, which compares peak height ratios. The internal 
standard for the sublingual tablets, ointments, and sustained-release 
dosage forms that did not contain phthalates was pentaerythritol tetra- 
nitrate; isosorbide dinitrate was used for the sustained-release dosage 
forms that contained phthalates. 

RESULTS AND DISCUSSION 
Figure 1 shows a typical chromatogram of 1.5 pg of nitroglycerin from 

a composite of sublingual tablets. Figure 2 shows a chromatogram of 1.5 
pg of nitroglycerin from a composite of sustained-release tablets 
employing isosorbide dinitrate as the internal standard. Ointment and 

2 
1 1  

0 5 10 15 20 
MINUTES 

Figure 3-Chromatogram of degradation products of nitroglycerin. 
Key: ( I )  I -  and 2-mononitroglycerin; (2) 1,3-dinitroglycerin; (3) I ,2- 
dinitroglycerin. 

sustained-release capsules not containing phthalates gave chromatograms 
similar to those of the sublingual tablets because they contain no excipient 
interferences in the area of either nitroglycerin or pentaerythritol 
tetranitrate. The RI with 40% methanol in water was -12 min for iso- 
sorbide dinitrate, 18 min for nitroglycerin, and 32 min for pentaerythritol 
tetranitrate. 

During the development of this assay, a number of variations were 
tried. Methanol was chosen as the extracting solvent because of its ability 
to separate nitroglycerin and its mono- and dinitroglyceryl degradation 
products from the excipients in the various dosage forms. Methanol gave 
a cleaner solution than dimethyl sulfoxide; the latter dissolved the active 
ingredient as well as the excipients. Methanol and acetonitrile performed 
equally well as the mobile phase; methanol was chosen because it is less 
costly. Pentaerythritol tetranitrate was chosen as the internal standard 
because a number of samples contained excipients whose Rt value was 
the same or slightly different from that of isosorbide dinitrate, thereby 
causing peak distortion. One manufacturer’s sustained-release tablets 
contained a phthalate with the same Rt as pentaerythritol tetranitrate. 
necessitating the use of isosorbide dinitrate as the internal standard. 

The HPLC method described is capable of separating nitroglycerin 
from its mono- and dinitroglyceryl degradation products. Since these 
degradation products are more polar than nitroglycerin, they travel 
through the reverse-phase column faster and are eluted soon after the 
solvent front. T o  determine the degradation products, the methanol 
concentration of the mobile phase must be decreased, thereby increasing 
the Rt value of the other nitrate esters. 

While detection at  254 nm may be possible when assaying nitroglycerin 
in a composite sample, it is not suitable for determining individual sub- 
lingual tablet uniformity because of the small quantity of active ingre- 
dient present in a single tablet. Detection a t  220 nm gives a 60-fold en- 
hancement in sensitivity with quantitative results comparable to those 
obtained a t  254 nm, thus making individual tablet analysis possible. 

The internal standard method of calculation was applied to the 
quantitative determination of nitroglycerin in the various dosage forms. 
The relative percentage of nitroglycerin found in the various dosage forms 
as well as the recovery data appear in Table I. 

Synthetic mixtures (analogous to commercial formulations) were 
prepared by adding known amounts of the nitroglycerin triturate to the 
excipients according to the manufacturer’s specifications. With these 
synthetic mixtures, the method demonstrated linearity from 0.05 to 1.5 
mg/ml of original sample solution with a correlation coefficient >0.999 
(10). Spiked samples of each dosage form were prepared using standard 
addition procedures. Weighed amounts of the triturate were added to 
previously assayed dosages containing the active ingredient. These 
preparations were then analyzed as described above (Table I). 

This assay provides a rapid, sensitive, and specific method for the 
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determination of nitroglycerin in various dosage forms. The degradation 
products of nitroglycerin can be determined by a simple change of the 
mobile solvent system (methanol-water, 2080) (Fig. 3). The assay is 
faster, more specific, and provides more stability-indicating information 
than the USP method. 
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Abstract Hydrazine levels in formulations of hydralazine, isoniazid, 
and phenelzine have been measured over a 2-year period under ambient 
conditions and under temperature and humidity stress. Hydralazine 
tablets are stable under ambient conditions, but the hydrazine level in 
an injectable formulation increased from 4.5 to 10 p g / d  over a 23-month 
period. Isoniazid tablets are also stable, but hydrazine levels in an elixir 
and a pyridoxine combination product doubled to 44 pg/ml and 19 
pg/tablet, respectively. Levels in phenelzine tablets appeared to remain 
constant a t  -60 pg/tablet, with considerable tablet-to-tablet varia- 
tion. 
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niazid, and phenelzine over a 2-year period Hydralazine-hydrazine 
levels in formulations over a 2-year period Isoniazid-hydrazine levels 
in formulations over a 2-year period 0 Phenelzine-hydrazine levels in 
formulations over a 2-year period 

Previous work demonstrated the presence of hydrazine 
in an isoniazid injectable product (1) and showed that 
isoniazid may hydrolyze to hydrazine (2,3). Because hy- 
drazine poses a risk of cancer in humans (4, 5), these ob- 
servations prompted an assessment of other drugs derived 
from hydrazine that are available in Canada. These include 
carbidopa, hydralazine, isocarboxazid, and phenelzine, in 
addition to isoniazid. Hydrazine levels in isoniazid sin- 
gle-component tablet formulations were determined by 
TLC (2) and high-performance liquid chromatography 
(HPLC) (6) and by modifying a GLC procedure originally 
developed for the determination of phenelzine in urine (7). 
Methods for the determination of hydrazine in formula- 
tions of hydralazine (a), isoniazid elixir, isoniazid-pyri- 
doxine combination tablets (€9, and phenelzine (9) have 
also been developed. A 2-year normal and accelerated 
aging study of hydrazine formation in formulated products 
of hydralazine, isoniazid, and phenelzine has been com- 
pleted and the results are reported in this paper. 

Hydrazine is used in some syntheses of hydralazine (lo), 
isoniazid (11), and phenelzine (12), and its presence in a 

formulated drug product may result from improper puri- 
fication of the drug. All three drugs are known to degrade 
to hydrazine in solution (6,9, l l ) ,  but there does not appear 
to be any published information on the formation of hy- 
drazine in formulations of these drugs. 

EXPERIMENTAL 

Sample Preparation-Drug formulations were obtained directly from 
the manufacturer. All tablet samples were transferred to amber bottles 
for storage with a t  least five tablets in each bottle, and 1.0-ml aliquots 
of the elixir were transferred to culture tubes and securely capped. 
Phenelzine tablets from lot D were sealed in glass tubes (22 X 220 mm) 
by drawing out the top of the tube in a flame. The 100% relative humidity 
condition was achieved by sealing a 12-ml centrifuge tube containing 4 
ml of water in with the tablets; tablets were not in direct contact with the 
water. 

Storage Conditions-All formulations were aged under the tem- 
perature and humidity conditions given in Tables I, 11, and 111. Except 
as noted above, the humidity was controlled by placing silica gel (0% 
relative humidity) or an aqueous solution of sodium chloride (75 and 80?6 
relative humidity) (13) in desiccators along with the product to be aged. 
The desiccators were placed in ovens’ a t  the appropriate temperatures. 
Temperature variations were within l.Oo over the time of the experi- 
ments. 

Procedure-All products were analyzed for hydrazine at  the start of 
each study and a t  appropriate times thereafter. Assays were done in 
duplicate, usually on composites of five tablets, or composites of three 
ampules of an injectable or elixir or, for phenelzine, on single tablets. 
Hydrazine content (as the benzaldehyde derivative) in hydralazine (81, 
isoniazid-pyridoxine tablets, and isoniazid elixir (8) was determined by 
GLC using a 2% OV-101 column and a nitrogen-phosphorus detector. 
In phenelzine products and for some isoniazid analyses, hydrazine content 
(as the benzaldehyde derivative) was determined by HPLC (9) on a 
5-pm silica gel column with a mobile phase of 6% chloroform in n-hexane 
and detection at 313 mm. In isoniazid single-component tablets after 2.5 
and 6.8 months, hydrazine, as the acetone derivative, was determined 
by GLC on a 3% OV-225 column with a flame-ionization detector (7). The 
initial assessment of hydrazine in isoniazid tablets was made by TLC with 
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determination of nitroglycerin in various dosage forms. The degradation 
products of nitroglycerin can be determined by a simple change of the 
mobile solvent system (methanol-water, 2080) (Fig. 3). The assay is 
faster, more specific, and provides more stability-indicating information 
than the USP method. 
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Previous work demonstrated the presence of hydrazine 
in an isoniazid injectable product (1) and showed that 
isoniazid may hydrolyze to hydrazine (2,3). Because hy- 
drazine poses a risk of cancer in humans (4, 5), these ob- 
servations prompted an assessment of other drugs derived 
from hydrazine that are available in Canada. These include 
carbidopa, hydralazine, isocarboxazid, and phenelzine, in 
addition to isoniazid. Hydrazine levels in isoniazid sin- 
gle-component tablet formulations were determined by 
TLC (2) and high-performance liquid chromatography 
(HPLC) (6) and by modifying a GLC procedure originally 
developed for the determination of phenelzine in urine (7). 
Methods for the determination of hydrazine in formula- 
tions of hydralazine (a), isoniazid elixir, isoniazid-pyri- 
doxine combination tablets (€9, and phenelzine (9) have 
also been developed. A 2-year normal and accelerated 
aging study of hydrazine formation in formulated products 
of hydralazine, isoniazid, and phenelzine has been com- 
pleted and the results are reported in this paper. 

Hydrazine is used in some syntheses of hydralazine (lo), 
isoniazid (11), and phenelzine (12), and its presence in a 

formulated drug product may result from improper puri- 
fication of the drug. All three drugs are known to degrade 
to hydrazine in solution (6,9, l l ) ,  but there does not appear 
to be any published information on the formation of hy- 
drazine in formulations of these drugs. 

EXPERIMENTAL 

Sample Preparation-Drug formulations were obtained directly from 
the manufacturer. All tablet samples were transferred to amber bottles 
for storage with a t  least five tablets in each bottle, and 1.0-ml aliquots 
of the elixir were transferred to culture tubes and securely capped. 
Phenelzine tablets from lot D were sealed in glass tubes (22 X 220 mm) 
by drawing out the top of the tube in a flame. The 100% relative humidity 
condition was achieved by sealing a 12-ml centrifuge tube containing 4 
ml of water in with the tablets; tablets were not in direct contact with the 
water. 

Storage Conditions-All formulations were aged under the tem- 
perature and humidity conditions given in Tables I, 11, and 111. Except 
as noted above, the humidity was controlled by placing silica gel (0% 
relative humidity) or an aqueous solution of sodium chloride (75 and 80?6 
relative humidity) (13) in desiccators along with the product to be aged. 
The desiccators were placed in ovens’ a t  the appropriate temperatures. 
Temperature variations were within l.Oo over the time of the experi- 
ments. 

Procedure-All products were analyzed for hydrazine at  the start of 
each study and a t  appropriate times thereafter. Assays were done in 
duplicate, usually on composites of five tablets, or composites of three 
ampules of an injectable or elixir or, for phenelzine, on single tablets. 
Hydrazine content (as the benzaldehyde derivative) in hydralazine (81, 
isoniazid-pyridoxine tablets, and isoniazid elixir (8) was determined by 
GLC using a 2% OV-101 column and a nitrogen-phosphorus detector. 
In phenelzine products and for some isoniazid analyses, hydrazine content 
(as the benzaldehyde derivative) was determined by HPLC (9) on a 
5-pm silica gel column with a mobile phase of 6% chloroform in n-hexane 
and detection at 313 mm. In isoniazid single-component tablets after 2.5 
and 6.8 months, hydrazine, as the acetone derivative, was determined 
by GLC on a 3% OV-225 column with a flame-ionization detector (7). The 
initial assessment of hydrazine in isoniazid tablets was made by TLC with 
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Table I-Hydrazine Levels in Hydralazine Products  some products, more noticeably a t  37'; hut even a t  37' not all tablet 
products were affected. A t  37" and 80% relative humidity, the maximum 
level observed was -3.8 pg in a 50-mg tablet after -2 years. In the in- 
jectable product at  room temperature and 37", the hydrazine level in- 
creased from 4.5 to 12 and 76 pg/ml, respectively, in 16 months and then 
decreased, possibly due to decomposition of hydrazine rather than vial- 
to-vial variation in the hydrazine content. More rapid degradation to  
hydrazine in a liquid product would be expected. There is no indication 
that the presence of reserpine and/or hydrochlorothiazide had any effect 
on the formation of hydrazine from hydralazine. 

Isoniazid-The isoniazid stability study was done in two parts. In the 
first, samples from two lots of tablets were stressed for 8 months under 
the conditions given in Table 11. This work was undertaken before the 
analytical methodology was firmly established. The hydrazine assays were 
by TLC (initial), GLC (2.5 and 6.8 months), and HPLC (8.2 months). The 
GLC procedure (7) was modified to provide for the reaction of hydrazine 
with acetone to form an acetonide which was partitioned between water 
and ether and chromatographed at 45" on 3% OV-225 on Chromosorb 
WHP (100/120 mesh). The results (Table 11) indicate only low levels of 
hydrazine contamination in products kept a t  room temperature and 0% 
relative humidity. Hydrazine formation is promoted a t  higher humidity, 
as would be anticipated, but the effect is not pronounced except in one 
product a t  60" and 75% relative humidity. 

In the second part of the work, an isoniazid-pyridoxine combination 
product and an isoniazid elixir were evaluated (Table 11). The hydrazine 
level in tablets a t  ambient humidity (room temperature and 37") rose 
to a constant value of -20 pg/tablet. At 80% relative humidity, hydrazine 
levels were much higher, but again there was some indication of the at- 
tainment of a steady-state hydrazine level. In the elixir a t  room tem- 
perature, the hydrazine level increased to a steady level of -40 pg/ml, 
but a t  37" it declined to a steady level of 2-4 pg/ml. A temperature- 
dependent steady-state level of hydrazine would result when the rate of 
formation of hydrazine and its rate of decomposition are in balance. 

Phenelzine-The stability study of phenelzine tablets began when 
samples from lot C were tested under the temperature and humidity 
conditions given in Table 111. After 4 months it was observed that the 
cores of individual tablets varied in color from white to beige. Single 
tablets were analyzed for hydrazine, and it was found that  hydrazine 
levels increased roughly with the color of the tablet, with a range of 3 p 8 2  
pghablet. The data obtained from the sample stored at 37' and 80% 
relative humidity indicated a loss of hydrazine due to volatilization and/or 
chemical breakdown. In view of these uncertainties, a second lot (D) of 
tablets were obtained, repackaged in sealed containers, and tested to find 
out what became of the hydrazine (Table 111). 

The first observation that can be made from the data is that  hydrazine 
levels decreased during storage a t  80 and 100% relative humidity. The 
levels decreased sharply a t  1 W o  relative humidity and the tablets showed 
extensive deterioration. Hydrazine levels also decreased a t  80% relative 
humidity and 37". The data obtained from the samples stored in sealed 
containers show that these decreases can be attributed to  chemical deg- 
radation rather than evaporation of the hydrazine. At ambient humidity, 
both at room temperature and 37", there may have been some increase 
in the hydrazine content to a steady level, but once this state was reached 
(after a few months) there did not appear to be any further increase. 

Hydrazine Level, pg/tablet' 
Time, RT, RT, 37". 37". 

Product months AHb 80% AH 80% 

Tablets (10 mg) 0 Tr.C Tr. 
0.03 0.22 
0.05 0.12 
0.06 0.05 
Tr. Tr. 

Tr. Tr.  
0.03 0.06 
0.05 n.d. 
0.24 n.d. 
Tr. Tr.  
n.d. 0.8 
n.d. 1.3 
0.1 3.8 
4.5 - 
pg/mld 

22 - 
76 - 

42e - 
Tr. Tr. 
n.d. 2.2 

7.5 
16 
23 

Tablets (50 mg) 0 
7.5 

16 
23 

n.d. 0.15 
n.d. n.d. 
0.1 0.17 

Injection (20 mg/ml; 

hydrazine levels in 
pg/ml) 

Tablets (50 mg with 
0.2-mg reserpine) 

0 

7.5 

4.5 - 
pg/mld 
8 

12 - 
10 - 
Tr. Tr. 
0.2 n.d. 

- 

16 
23 
0 
7.5 

16 n.d. 0.8 
0.1 0.6 
Tr. Tr. 

n.d. 3.2 
0.1 0.2 
Tr. Tr.  
n.d. 0.35 

23 
0 
7.5 

Tablets (25 mg with 
0.1-mg reserpine 
and 
15-mg 
hydrochloro- 
thiazide) 

n.d. n.d. 

n.d. n.d. 

0.05 0.05 

16 

23 

n.d. 0.35 

0.07 0.15 

Minimum quantifiable amounts at 0,7.5,16, and 23 months were 0.001,0.0005. 
0.00025, and 0.000125%, respectively. Measurements were made with a Perkin- 
Elmer Model 3920 and Hewlett-Packard Models 5880 and 5840 gas chromatngaphs 
at 0,7.5 and 16. and 23 months respectively. The amounts of drug injected on col- 
umn were 10.0,l.O. 2.0, and 4.0pg. respectively. RT = room temperature; AH = 
ambient humidity. Tr. = trace, borders on the minimum detectable level (7 x 10-5 
%1. This product is an aqueous solution. Mean hydrazine level in five vials was 
42 pglml, RSII 7.3'70, range 42-57 pglml. 

silica gel plates, run first in a solvent of methanol-chloroform (1:l) and 
then in acetone-methanol-glacial acetic acid (505010) (2). 

RESULTS AND DISCUSSION 

Hydralazine-A preliminary examination of hydralazine products 
revealed traces of hydrazine in some tablet products and -5 pg/ml in an 
injectable formulation. These results prompted a stability assessment 
of this drug. The products assessed, the test conditions, and the hydrazine 
levels a t  intervals over a 23-month period are presented in Table I. Over 
this period the sensitivity of the test method increased due to changes 
in the equipment available for the work and slight modifications made 
in the sampling procedure. Minimum quantifiable amounts are also given 
in Table I. Many of the results are close to the minimum quantifiable level 
of the method. This, coupled with the instability of hydrazine, probably 
accounts for the lack of a clear trend in hydrazine levels with time in some 
products. 

The results show that there is no significant change in the hydrazine 
level in tablets stored under normal room conditions or a t  37' and am- 
bient humidity. At 80% relative humidity hydrazine levels increased in 

Table 11-Hydrazine Levels in Isoniazid Products  

Time, 
months 

Hydrazine Level, pghablet 
RT, 0% RT, 75% 45O, 0% 45O, 75% 60°, 0% 60', 75% Product 

Tr. Tr. Tr. Tr. Tr.  Tr. 
c - 5 1 

6.8 2 3 1 6 2 
8.2 l b  3.6b 1.56 76 36 
0" 

8.2 2.46 2.jb 3.46 66 4.4b 6 b  

Tablets (100 mg) 0" 
- (Lot A) 2.5 <2 2 

7% 
n.d.d n.d. n.d. n.d. n.d. n.d. 

- - Tablets (100 mg) 
- - - (Lot B) 2.5 - 

RT, AH 
8 

12 
n.d. 
19 

19.5 pg/ml 
36 

RT, 806 
8 

37",AH 
R 

37", 80% 
8 Tablets (300 mg 

with 15 mg 
pyridoxine HCI) 

0 
7.5 

16 
23 

ii8 
96 

112 
- 
- 

15 
21 
22 

19.5 pg/ml 
4 

201 
257 
189 
- Elixir (10 mg/ml) 0 

7.5 
- 5 

2 
- 16 43 

23 44 - - 

(I Determinations at time zero were by TLC. The minimum quantifiable level was 0.006%. Trace is -0.003% * Determination by HPLC. The minimum quantifiable 
amount was 0.0002%. Not determined. None detected. 
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Table 111-Hydrazine Levels in Phenelzine Products 

Hydrazine Level, pg/tableta 
Time, RT, AH RT, 80% 37O, AH 37O, 80% 

Product months Mean (CVP Range (n)b Mean (CV)  Range ( n )  Mean (CV)  Ranee (n) Mean ( C V )  Ranee (n) 
I 1 _ I ,  

Tablets (15 mg) 0 47‘ -d 47c - 47c - 47 = - 
- - 23 - (Lot C) 4 51(44) 34-82 (4) 37‘ - 

13 79(36) 43-llO(5) 40(37) 27-59(5) - - 5.5140) 1.8-9.1(12) 
19 72(57) 43-135/5) - - - - - - 

- - - - - 24 63i49j 23-128i20 - 

11 47(29) 33-68 (10) 1.3eg - 61 (40) 35- 101 (10) - - 
16 56(37) 30-86 (20) - - 68(45) 38-122(10) - - 

Tablets (15 mg) 0 40(28) 28-64 (30) 40(28) 28-64(30) 40(28) 2%64 (30) 40(28) 28-64(30) 
(Lot D) 4 63(46) 34-115(14) 2.7(45Ie 1.5-4.8(5)‘ 58(35) 38-82 (5) n.d.eJ n.d.‘f 

Coefficient of variation. * Number of tablets assayed. Composite of 10 tablets. -Not determined. 100?6 relative humidity. f n.d. = none detected. 8 Composite 
of 15 tablets. 

Table IV-Distribution of Hydrazine * in Phenelzine Tablets 

Time of Number 
Assay, of Tablets 

Months6 Assayed <30 P g  3 0 4 5  pg 45-60 gg 60-75 jtg 75-90 pg 90-105 p g  >lo5 pg 
Percentage of Tablets in each Range of Hydrazine Level 

Lot c 
5 -  4 

13 5 
19 5 
24 20 

Lot D 
0 -  30 
4 14 

11 10 
16 20 

50 
20 
60 
40 

74 
43 
50 
45 

25 
- 
- 
20 

10 
14 
30 
10 

25 
40 - 

5 5 

13 - 
7 7 

20 - 
15 30 

- 

- - 

- - 
20 20 
20 20 
10 15 

Tablets stored at ambient temperature and humidity. * Time elapsed since tablets were assayed at the start of the study. 

The intertablet variation in hydrazine level is presented in Table IV. 
The variation appeared to be present in the tablets as they were obtained 
from the manufacturer, and the data do not support the view that there 
were significant changes in hydrazine levels as the study progressed. The 
tablet-to-tablet variation suggests that  hydrazine is formed during 
manufacture under local reaction conditions, but specific conditions are 
unknown. 

The work described herein was done to identify major stability prob- 
lems with respect to increases in the hydrazine levels with time in the 
drugs examined. Other facets of the stability of these products, such as 
degradation of the drug itself, were not included in this work. Except for 
samples stored a t  ambient temperature and humidity, samples were 
repacked so that they would be fully exposed to the conditions of the 
experiment. This was done because the objective of the work was to ex- 
amine the behavior of the formulated products, not the ability of the 
packaging to protect the product from the environment. 

The results show that hydrazine itself decomposes in some formula- 
tions, e.g., the isoniazid elixir at 37O (Table 11) and phenelzine tablets at 
37’ and 80% relative humidity (Table 111). Some data, like that for iso- 
niazid-pyridoxine tablets indicate the hydrazine concentration increases 
to a fixed level and remains constant. This and the results a t  two tem- 
peratures for the isoniazid elixir suggest that  hydrazine levels in some 
products are steady-state levels. The actual value of the steady-state level 
would depend on the nature of the formulation excipients, the rates of 
hydrazine formation and decomposition, and the relative effect of tem- 
perature on these rates. 

Hydrazine is a metabolite of isoniazid (14-16) and hydralazine (17) 
in humans. I t  may also be a metabolite of phenelzine2. Any assessment 
of hydrazine contamination in formulated products should include an 
evaluation of the metabolic data. 

Personal communication, S. Sved and I. J. McCilveray. 
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CO MMUNICA T I 0  NS - 
Comparative Controlled Skin  Permeat ion of 
Nitroglycerin from Marketed Transdermal  
Delivery Systems 
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skin, comparison of three marketed systems Nitroglycerin-perme- 
ation of, comparison of marketed t ransdermal  delivery systems Skin,  
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tems 

To the Editor: 
The antianginal activity of nitroglycerin was discovered 

over 100 years ago by Murrel(1). Since then, nitroglycerin 
use has increased and it is now widely prescribed for the 
prevention and treatment of angina pectoris. Several types 
of pharmaceutical dosage forms, mainly the oral sus- 
tained-release capsules and tablets, sublingual tablets, 
topical ointments, and intravenous fluids, are available 
commercially. Unfortunately, oral administration of ni- 
troglycerin leads to extensive hepatic first-pass metabolism 
to give several inactive metabolites (2). When administered 
sublingually, first-pass metabolism is eliminated, however 
the antianginal activity is of such short duration (10-30 
rnin.), due to the inherently rapid elimination (half-life = 
1.9-4.4 min.) of nitroglycerin (3),  that repeated dosing 
every 5 min is recommended until the symptoms are re- 
lieved. On the other hand, the duration of antianginal ac- 
tivity of nitroglycerin can be substantially prolonged to 3-4 
hr by topical administration of ointment formulations; 
however, the area covered and thickness of the ointment 
is variable and it is messy and inconvenient. 

Recently, three one-a-day-type transdermal nitroglyc- 
erin delivery systems' (Products A, B, and C) were devel- 
oped for transdermal-controlled administration of nitro- 
glycerin over a 24-hr period. They were recently approved 
for marketing by the U.S. Food and Drug Administration 
for treatment of angina pectoris (4). Several articles have 
been published to compare these new delivery systems 
with the sublingual tablets and/or the topical ointment 
formulations (3,5-7). However, the only data available to 
date are the results of studies conducted independently 
and under different conditions and protocols by the 
manufacturers, and controversy has surfaced concerning 
the interchangeability of these three nitroglycerin-re- 
leasing transdermal delivery systems (8,9). 

Since no results are available from studies that are de- 
signed to evaluate the performance of these transdermal 
delivery systems under identical conditions, the purpose 
of this investigation was to  establish an in uitro skin per- 
meation system to study and compare the controlled 
skin-permeation kinetics of nitroglycerin delivered by 
these controlled-release transdermal delivery systems. In 
our studies, pieces (3.5 X 3.5 cm each) of full-thickness 
abdominal skin were freshly excised from 5-7-week-old 
hairless mice2 (10) and mounted individually on the 8-cell 

System A, Nitrodisc, G. D. Searle & Co.; System B. Nitro Dur. Key Pharma- 

Male. HHS/.J strain, Jackson Lahoratories, Bar Harbor. Maine. 
ceuticals; System C. 'I'ransderm-Nitro. Ciba Pharmaceuticals. 

Franz diffusion assembly< (Fig. 1). After soaking the der- 
mal side of the skin in the elution solution overnight (as 
the time-zero sample), the transdermal delivery system 
was applied to  the stratum corneum side of the skin, and 
the skin permeation profile of nitroglycerin was followed 
by sampling and assaying the nitroglycerin concentration 
in the elution solution. A sensitive reverse-phase high- 
performance liquid chromatographic (HPLC) method was 
used with samples taken at  1,2,4,8, 12,16,20,24, and 30 
hr postapplication. The elution solution was prepared from 
normal saline solution containing 20% polyethylene glycol 
400 to  enhance aqueous solubility of nitroglycerin for 
simulating the biological sink (11, 12). At least four ex- 
periments on each type of transdermal delivery system 
were performed in each run of the drug release and skin 
permeation studies. 

The results of the skin permeation studies indicated that 
nitroglycerin penetrates through the abdominal skin of the 
hairless mouse a t  a rate profile which can be described 
fairly well by zero-order kinetics (Fig. 2). I t  appears that 
the rate of skin permeation for nitroglycerin delivered by 
system A (18.15 pg/cm2/hr) is significantly greater than 
system C (14.55 pg/cm2/hr). Interestingly, the rate of skin 
permeation of nitroglycerin from system B is between 
systems A and C rates, but i t  shows. a shift a t  12 hr from 
16.67 pg/cm'/hr to  10.56 pg/cm2/hr. However, a constant 
skin permeation is maintained in both phases. The rates 
determined in this investigation are quite in agreement 
with the data (10-25 pg/cm'/hr) generated from human 
cadaver skins (13). 

The  release kinetics of nitroglycerin from the trans- 
dermal delivery systems were also evaluated under the 
same conditions without the hairless mouse skin. Results 
indicated that nitroglycerin is released a t  a constant rate 
profile from system C but not from systems A nor B (Fig. 
3). System C is a membrane permeation-controlled drug 
delivery system in which a rate-determining microporous 
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donor  a n d  receptor cornpartmrnts  of the Franz  dr//usion cell assembly 
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Figure %-Permeation profiles of nitroglycerin through the abdominal 
skin of the hairless mouse, following its controlled release from each of 
the three commercial transdermal delivery systems (each data point 
is the mean of at least eight determinations). The rate of skin perme- 
ation for nitroglycerin is calculated to be 18.15 pglcrn2/hr (system A), 
16.67 (<I2 hr) and 10.56 0 1 2  hr) pglcm21hr (system B), and 14.55 
pglcm2lhr (system C). 

ethylene-vinyl acetate membrane controls the release of 
nitroglycerin from a suspension-type drug reservoir (5,6), 
and, as expected ( l l ) ,  a constant drug-release profile re- 
sults. It is interesting to note that nitroglycerin is released 
from system C at  a rate (35.8 pg/cm2/hr) which is more 
than two times greater than the rate of skin permeation 
(14.55 pg/cm2/hr). These results suggest that the skin 
tissues provide an additional diffusional barrier for the 
permeation of nitroglycerin. 

On the other hand, the release profiles of nitroglycerin 
from systems A and B can be better defined by a Q uersus 
t 1/2 relationship (Fig. 4), indicating that nitroglycerin is 
released under a matrix diffusion-controlled process from 
both systems A and B (11, 12, 14-16). System A is, in its 
original development (17-19), a partition-controlled drug 
delivery system with the drug reservoir microsealed as 
microscopic liquid compartments homogeneously dis- 
persed in a cross-linked polymer matrix, and a constant 

Figure 4-Linear Q versus t1I2 relationship for the controlled release 
of nitroglycerin from system B (0) and system A (0). (The Q - tl /* 
linearity is followed in system A for up to 12 hr in which 78% of the 
loading nitroglycerin dose is released, as compared with 30 hr duration 
and 89% release in system B). Each data point is the mean value of four 
determinations. 

drug release profile is expected (20). The incorporation of 
a hydrophobic solvent, like isopropyl palmitate (21), which 
is a good solvent for nitroglycerin, into the polymer matrix 
during fabrication, could affect the interfacial partitioning 
kinetics of nitroglycerin from the microscopic liquid 
compartment, leading to the shift in drug-release kinetics 
from the partition-controlled process to the matrix-con- 
trolled process (11,22). 

Similarly, system B is a matrix diffusion-controlled drug 
delivery system in which nitroglycerin-lactose triturate 
is homogeneously dispersed in a hydrophilic gel matrix 
(23); and, as expected (ll), the release profile of nitro- 
glycerin from system B follows the Q uersus t1I2 linearity. 
Again, the drug release fluxes from both systems A and B 
are maintained at magnitudes that are much greater than 

Table I-Comparison in Drug Release Kinetics and Skin 
Permeation Profiles of Nitroglycerin from Commercial 
Transdermal Delivery Systems 

System B System C System A System B System C 

0 10 20 30 0 10 20 30 1 

DURATION OF DRUG RELEASE STUDiES,-hr 

Figure 3-Release profiles of nitroglycerin from the transdermal de- 
livery systems into norm1 saline solution at 37' as drug elution solution 
(containing 20% polyethylene glycol 400 wlw to maintain a sink con- 
dition). Each data point is a mean value of four determinations. 

System Characteristics 

Surface area, cm2 8 10 10 
Loading dose, mg 16 51 25 
Release Kinetics 

Flux or rate of 500 pg/cm2/ 875 pg/cm2/ 35.8 pg/cm2/hr 

Dose released 
release hr 112 hr 112 

(24 hr)" 
Percent 98.1 (f0.1) 80.3 (f0.2)  34.4 (f1.4) 
Milligrams 15.7 (f0.02) 40.9 ( f O . l )  8.6 (f0.35) 

Skin Permeation Profiles 

Rate of errneation, 16.67 (<12 hr) 14.55 
pgtm2/hr 18.15 10.56 (>12 hr) 

Dose absorbed 
(24 hr) 

Percent 21.93 (f3.86)* 6.41 (2~1 .19 )~  13.88 (f2.65)c 
Milligrams 3.51 (~k0 .62)~  3.27 (f0.60)* 3.47 (k0.66). 

Mean (*standard deviation) of four determinations. Mean (*standard de- 
viation) of eight determinations. Mean (* standard deviation) of 12 determina- 
tions. 
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the rate of skin permeation (Table I) ,  so a constant skin- 
permeation profile can be achieved. By calculation, sys- 
tems A and B release nitroglycerin at a flux (Q/t1I2) of 500 
and 875 pg/cm2/hr1/2, respectively (Fig. 4). The difference 
in release fluxes between these two systems is expected 
from the difference in drug-loading doses in the devices 
(11). 

In summary, the results generated from the present 
investigation suggest that even though nitroglycerin is 
released at  different rate profiles from these three trans- 
dermal delivery systems (Figs. 3 and 4), it penetrates 
through the hairless mouse skin under, basically, the same 
rate process (Fig. 2). Additionally, the total nitroglycerin 
dose delivered through the abdominal skin at  24 hr by each 
of these transdermal delivery systems is fairly close in 
magnitude and the difference is statistically insignificant 
[F = 0.33, F0.95(2,25) = 3.391 (Table I), although the 
loading dose varies greatly from one system to another, and 
the percentage of the loading doses released during a 24-hr 
elution study is substantially different. 

Additional studies are currently underway to generate 
evidence on the feasibility of using hairless mouse skin as 
the viable substitute for human skin in studying the 
transdermal controlled administration of systemically 
active drugs from novel drug delivery systems. A more 
detailed report will be written when more data become 
available. 
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To the Editor: 
Single-pass and recirculating perfused organ systems 

have been used to study how specific organs of the body 
handle drugs. The single-pass system has been used ex- 
tensively to study the influx and efflux of drugs by various 
organs, whereas recirculating systems have been used more 
commonly to study metabolism and/or excretion of drugs 
by these organs. Although both systems are useful, the 
conservation of drug and perfusion media associated with 
the recirculating system makes it more economical and 
allows for longer perfusion experiments even with limited 
volumes of perfusion medium. However, in recirculating 
perfusion systems, there are problems associated with 
volume depletion due to excretion in open systems k e . ,  
liver and kidney) and sample withdrawal in both closed 
( i e . ,  heart, muscle, and lung) and open systems, which 
must be considered when performing pharmacokinetic 
analyses of the data derived from these experiments. The 
following discussion will address these problems. 

It has been shown that the rate of elimination of a drug 
from an isolated organ perfusion system is a function of the 
perfusate volume (1) according to the following equa- 
tion: 

& Q  = - (Ci - C , )  
dt  V R  

where C ,  and C ,  are the inflow and outflow concentrations, 
Q is the perfusate flow, and V R  is the reservoir volume. The 
elimination rate constant ( K )  varies inversely with per- 
fusate volume changes since K = QlV,. Several authors 
have published on this observation (1-5), and some have 
attempted to correct the elimination rate for perfusate 
volume changes (2-5). Other authors have discussed per- 
fusate volume and nutrient replenishment as a means of 
maintaining the viability of open perfused organ systems, 
such as the kidney or liver, where there is loss of water and 
energy sources due to urine and bile excretion (6-8). Two 
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the rate of skin permeation (Table I) ,  so a constant skin- 
permeation profile can be achieved. By calculation, sys- 
tems A and B release nitroglycerin at a flux (Q/t1I2) of 500 
and 875 pg/cm2/hr1/2, respectively (Fig. 4). The difference 
in release fluxes between these two systems is expected 
from the difference in drug-loading doses in the devices 
(11). 

In summary, the results generated from the present 
investigation suggest that even though nitroglycerin is 
released at  different rate profiles from these three trans- 
dermal delivery systems (Figs. 3 and 4), it penetrates 
through the hairless mouse skin under, basically, the same 
rate process (Fig. 2). Additionally, the total nitroglycerin 
dose delivered through the abdominal skin at  24 hr by each 
of these transdermal delivery systems is fairly close in 
magnitude and the difference is statistically insignificant 
[F = 0.33, F0.95(2,25) = 3.391 (Table I), although the 
loading dose varies greatly from one system to another, and 
the percentage of the loading doses released during a 24-hr 
elution study is substantially different. 

Additional studies are currently underway to generate 
evidence on the feasibility of using hairless mouse skin as 
the viable substitute for human skin in studying the 
transdermal controlled administration of systemically 
active drugs from novel drug delivery systems. A more 
detailed report will be written when more data become 
available. 
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To the Editor: 
Single-pass and recirculating perfused organ systems 

have been used to study how specific organs of the body 
handle drugs. The single-pass system has been used ex- 
tensively to study the influx and efflux of drugs by various 
organs, whereas recirculating systems have been used more 
commonly to study metabolism and/or excretion of drugs 
by these organs. Although both systems are useful, the 
conservation of drug and perfusion media associated with 
the recirculating system makes it more economical and 
allows for longer perfusion experiments even with limited 
volumes of perfusion medium. However, in recirculating 
perfusion systems, there are problems associated with 
volume depletion due to excretion in open systems k e . ,  
liver and kidney) and sample withdrawal in both closed 
( i e . ,  heart, muscle, and lung) and open systems, which 
must be considered when performing pharmacokinetic 
analyses of the data derived from these experiments. The 
following discussion will address these problems. 

It has been shown that the rate of elimination of a drug 
from an isolated organ perfusion system is a function of the 
perfusate volume (1) according to the following equa- 
tion: 

& Q  = - (Ci - C , )  
dt  V R  

where C ,  and C ,  are the inflow and outflow concentrations, 
Q is the perfusate flow, and V R  is the reservoir volume. The 
elimination rate constant ( K )  varies inversely with per- 
fusate volume changes since K = QlV,. Several authors 
have published on this observation (1-5), and some have 
attempted to correct the elimination rate for perfusate 
volume changes (2-5). Other authors have discussed per- 
fusate volume and nutrient replenishment as a means of 
maintaining the viability of open perfused organ systems, 
such as the kidney or liver, where there is loss of water and 
energy sources due to urine and bile excretion (6-8). Two 
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situations can arise during sampling and/or replenishment 
in organ perfusion studies: 

1. The elimination rate constant ( K )  increases when the 
perfusate volume is depleted by samples being taken and 
not replenished or by excretion of urinelbile in an open 
system, since K = QIVR. 

2. The concentration of drug in the perfusate decreases 
by dilution as lost volume is replenished. As the concen- 
tration in the perfusate is diluted, the concentration in the 
organ decreases to reestablish an equilibrium. 

Volume replenishment for the purpose of maintaining 
the viability of the organ is essential, whereas volume 
correction either by replenishment or mathematical ma- 
nipulation is not necessary for pharmacokinetic purposes. 
This reflects the fact that the elimination rate of a drug in 
a perfused organ has little meaning unless the volumes and 
flow rates used mimic those observed in uiuo. Even if these 
requirements are met, elimination rate is a function of 
reservoir volume and will thus change with changes in 
volume. 

The pharmacokinetic parameter that should be deter- 
mined in organ perfusion studies is clearance, since this 
parameter describes the intrinsic ability of the isolated 
organ to eliminate or metabolize the drug independent of 
extraneous variables such as binding to other tissues or 
clearance by other organs. Organ clearance, however, is 
independent of reservoir volume, as shown: 

Similarly in the case of the liver and kidney, the biliary 
and renal clearance of intact drug (CLid) is also indepen- 
dent of perfusate volume: 

(Eq. 3) 
AX CLid = - 
Cmid 

where A X  is the amount of intact drug excreted and Cmid 
is the perfusate concentration at  the midpoint of the ex- 
cretion interval. Both equations are clearly independent 
of perfusate volume changes. 

Therefore, if the primary pharmacokinetic objective of 
an organ perfusion study is to determine the organ clear- 
ance, it becomes apparent that volume correction for the 
purpose of pharmacokinetic calculations is not warranted. 
On the other hand, volume replenishment for the purpose 
of maintaining hydration, nutrient supply, energy sources, 
and, therefore, organ viability is important and must be 
considered during the design of organ perfusion studies. 
In addition, it must be realized that replenishment may 
be more critical for open systems such as the kidney and 
liver (where losses occur not only during sample with- 
drawal but in the urine and bile) than for closed systems 
such as the heart, lung, muscle, etc. 
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To the Editor: 

The air-permeability technique for measuring the spe- 
cific surface area of powders is a well-recognized technique. 
It has been used for more than 30 years by the cement in- 
dustry. The American Society of Testing Materials (1) as 
well as various European societies have adopted it as a 
standard method for measuring the fineness of cement by 
means of the Blaine apparatus, using the measurement of 
the resistance offered to the air flow by a packed bed of 
powder at a defined porosity level. 

Recently the air-permeability method has also been 
included in the USP XX for measuring the fineness of 
griseofulvin in terms of its specific surface area (SSA). The 
USP monograph on griseofulvin specifies SSA limits be- 
tween 1.30-1.70 m2/g. For making the measurements, 
however, a procedure based on measuring at  a range of 
porosities and using a Fisher subsieve sizer (FSS) appa- 
ratus is described. In the normal use of FSS-apparatus, it 
is common to take a sample weight equal to the density 
value of the sample material. The USP XX, however, 
suggests the use of 1.25 times the weight of material density 
as sample weight. This recommendation is based on an 
assumption that the SSA-value should be determined at  
very low porosities (down to 0.25 range), which cannot be 
reached easily when using the FSS-chart scale and sample 
weight equal to the density of a material. The basis of this 
recommendation is an earlier study by Edmundson and 
Tootil (2) who advanced an hypothesis that very low 
porosities are desirable for achieving a uniform packing 
of the powder bed and for getting a maximum SSA value 
which may be considered a unique value for a given powder 
sample. 

A series of SSA measurements were made on a number 
of griseofulvin samples using the FSS apparatus and taking 
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situations can arise during sampling and/or replenishment 
in organ perfusion studies: 

1. The elimination rate constant ( K )  increases when the 
perfusate volume is depleted by samples being taken and 
not replenished or by excretion of urinelbile in an open 
system, since K = QIVR. 

2. The concentration of drug in the perfusate decreases 
by dilution as lost volume is replenished. As the concen- 
tration in the perfusate is diluted, the concentration in the 
organ decreases to reestablish an equilibrium. 

Volume replenishment for the purpose of maintaining 
the viability of the organ is essential, whereas volume 
correction either by replenishment or mathematical ma- 
nipulation is not necessary for pharmacokinetic purposes. 
This reflects the fact that the elimination rate of a drug in 
a perfused organ has little meaning unless the volumes and 
flow rates used mimic those observed in uiuo. Even if these 
requirements are met, elimination rate is a function of 
reservoir volume and will thus change with changes in 
volume. 

The pharmacokinetic parameter that should be deter- 
mined in organ perfusion studies is clearance, since this 
parameter describes the intrinsic ability of the isolated 
organ to eliminate or metabolize the drug independent of 
extraneous variables such as binding to other tissues or 
clearance by other organs. Organ clearance, however, is 
independent of reservoir volume, as shown: 

Similarly in the case of the liver and kidney, the biliary 
and renal clearance of intact drug (CLid) is also indepen- 
dent of perfusate volume: 

(Eq. 3) 
AX CLid = - 
Cmid 

where A X  is the amount of intact drug excreted and Cmid 
is the perfusate concentration at  the midpoint of the ex- 
cretion interval. Both equations are clearly independent 
of perfusate volume changes. 

Therefore, if the primary pharmacokinetic objective of 
an organ perfusion study is to determine the organ clear- 
ance, it becomes apparent that volume correction for the 
purpose of pharmacokinetic calculations is not warranted. 
On the other hand, volume replenishment for the purpose 
of maintaining hydration, nutrient supply, energy sources, 
and, therefore, organ viability is important and must be 
considered during the design of organ perfusion studies. 
In addition, it must be realized that replenishment may 
be more critical for open systems such as the kidney and 
liver (where losses occur not only during sample with- 
drawal but in the urine and bile) than for closed systems 
such as the heart, lung, muscle, etc. 
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To the Editor: 

The air-permeability technique for measuring the spe- 
cific surface area of powders is a well-recognized technique. 
It has been used for more than 30 years by the cement in- 
dustry. The American Society of Testing Materials (1) as 
well as various European societies have adopted it as a 
standard method for measuring the fineness of cement by 
means of the Blaine apparatus, using the measurement of 
the resistance offered to the air flow by a packed bed of 
powder at a defined porosity level. 

Recently the air-permeability method has also been 
included in the USP XX for measuring the fineness of 
griseofulvin in terms of its specific surface area (SSA). The 
USP monograph on griseofulvin specifies SSA limits be- 
tween 1.30-1.70 m2/g. For making the measurements, 
however, a procedure based on measuring at  a range of 
porosities and using a Fisher subsieve sizer (FSS) appa- 
ratus is described. In the normal use of FSS-apparatus, it 
is common to take a sample weight equal to the density 
value of the sample material. The USP XX, however, 
suggests the use of 1.25 times the weight of material density 
as sample weight. This recommendation is based on an 
assumption that the SSA-value should be determined at  
very low porosities (down to 0.25 range), which cannot be 
reached easily when using the FSS-chart scale and sample 
weight equal to the density of a material. The basis of this 
recommendation is an earlier study by Edmundson and 
Tootil (2) who advanced an hypothesis that very low 
porosities are desirable for achieving a uniform packing 
of the powder bed and for getting a maximum SSA value 
which may be considered a unique value for a given powder 
sample. 

A series of SSA measurements were made on a number 
of griseofulvin samples using the FSS apparatus and taking 
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the sample weight suggested in the USP XX. Difficulty 
was experienced in compressing certain samples to powder 
bed porosities below the 0.50 range. Not only was an un- 
usually high amount of force required, but it was almost 
impossible to compress some of the samples below 0.45 
porosity by manual force. 

The ASTM-Standard C 204-79 (1) (under its Note [7]) 
contains instructions for selecting the “Size of Test Sam- 
ple” to be used with the Blaine permeameter: 

“The weight of sample shall be adjusted so that 
a firm, hard bed is produced by the compacting 
process. In no case, however should more than 
thumb pressure be used to secure the proper 
bed, nor should such thumb pressure be used 
that the plunger “rebounds” from the cell top 
when the plunger is removed.” 

To  examine the influence of high force required to 
achieve sample-bed porosities of the lower range (<0.50) 
and any associated “rebound” phenomena, we compressed 
the griseofulvin samples to different porosity levels, as 
indicated on the FSS-chart line. After withdrawal of the 
FSS compressing plunger, the sample height in the FSS 
cell was measured by using a slide-gauge. The mean par- 
ticle diameter and the corresponding SSA were then ob- 
tained from the FSS chart. Before compressing the bed to 
the next porosity level, the FSS cell was attached to a 
modified Blaine permeameter, the time of flow of air 
measured, and the corresponding SSA calculated ac- 
cording to the basic Kozeny-Carman equation (3), using 
the calculated porosity from the powder bed dimen- 
sions. 

The results summarized in Table I show that the use of 
a higher sample weight of griseofulvin, as suggested in the 
USP XX, and its compression to bed porosities <0.50 level 
can lead to a rebound and expansion of the powder bed. 
This is seen in columns 2 and 3 of Table I where there is 
shown an appreciable difference between the corrected 

Table I 8-SSA-Values of Griseofulvin Sample Measured at 
Different Porosities using FSS and Blaine Permeameter 

L, c m e  s,zg 
f l b  ( g d  Sample S,,’ (m2/g) 

Indi- fZC Calcu- Height (m2/g) Blaine 
cated Corrected lated Mea- from permea- SWzh/ 

Porosity Porosity Porosity sured FSS meter Swl 

0.6422 2.78 0.884 0.885 1.00 
0.72 0.65 0.6447 2.80 0.844 0.907 0.07 

0.6460 2.81 0.844 0.898 1.06 
0.5940 2.45 1.116 1.161 1.04 

0.68 0.60 0.5948 2.45 1.093 1.163 1.06 
0.5965 2.46 1.093 1.164 1.06 
0.5405 2.16 1.420 1.447 1.02 

0.64 0.55 0.5458 2.19 1.314 1.410 1.07 
0.5468 2.19 1.383 1.421 1.03 
0.5001 1.99 1.619 1.680 1.04 

0.60 0.50 0.5001 1.99 1.568 1.690 1.08 
0.5136 2.04 1.520 1.595 1.05 
0.4594 1.84 1.584 1.758 1.11 

0.56 0.45 0.4737 1.89 1.584 1.715 1.08 
0.4859 1.93 1.397 1.685 1.21 

Griseofulvin, p = 1.455 g/cm3 FSS-sample cell; sample weight used (1.455 X 
1.25) = 1.819 supplied by Leo Pharmaceutical Products, Copenhagen, Denmark. 

€1, indicatefporosity on the FSS chart. €2, corrected porosity due to higher 
sample weight (= p X 1.25). €3, calculated porosity from the measured sample 
height. e L ,  measured sample height. f S W , ,  specific surface area obtained from 
particle diameter read at the FSS chart. fl Sw2, specific surface area calculated from 
the c3-porosity value and measurement with Blaine-permeameter. S. 2/Sv 1, ratio 
of the SSA values from Blaine permeameter and Fisher subsieve sizer. 

porosity and the calculated porosity (€3) obtained from the 
powder height measurements. These data imply that due 
to this rebound effect at the porosity range of 0.45 the SSA 
values read from the FSS chart will also be in error. This 
is also reflected in a greater deviation between the SSA 
values obtained with the FSS and Blaine apparatuses. 

It is therefore proposed that the USP should adopt the 
procedure of measuring the SSA values a t  one defined 
porosity level, such as t 4 . 5 0  used in the ASTM Standard. 
Another proposal is to leave the choice of permeameter 
open, provided a suitable calibration of the apparatus has 
been undertaken, more particularly of the sample cells. 

In the calculation of SSA from air-permeability data, use 
is made of the Kozeny-Carman equation. In using this 
equation, it is important to know the accurate and precise 
values of the bed porosity as well as the length, diameter, 
and the volume of the compacted powder bed. For some 
permeability cells, such as that for the Blaine permeam- 
eter, a so-called mercury displacement method of cali- 
bration is frequently employed, and its details are also 
specified in the ASTM-Standard (1). The Fisher subsieve 
sizer, however, does not use any particular technique to 
calibrate its cell dimensions or the porosity setting. Ed- 
mundson (3) used a traveling microscope for this purpose, 
but it cannot be suggested for routine purposes. 

We used a simple method to calibrate the permeability 
cells. The powder samples were compressed in the per- 
meability cells and then ejected out carefully, by means of 
a suitable rod. The plug dimensions such as height and 
diameter were measured by means of a precision mi- 
crometer and the bulk volume was then calculated from 
these dimensions. Table I1 summarizes comparative values 
of such dimensions for some Blaine permeability cells, 
using the direct dimensions measurement and the mercury 
displacement methods. 

A separate measurement of the metal components of the 
cells by means of a gauge confirm the directly measured 
dimensions of the powder plug. The direct measurement 
method is of more relevance to the actual state of the 
compressed powder plug used during the permeability 
measurements and it is easier to use. This method can be 
employed with different types of cells, including the Fisher 
subsieve sizer cell or the small bore tubes (-0.6 cm diam- 
eter) where the mercury-displacement method is not only 
tedious but impractical. Therefore, the direct measure- 
ment method is preferred for calibration. 

For routine calibration purposes, it is advisable to use 
malleable materials for preparing the compressed powder 
plugs. The plugs should be compressed to porosities that 
are low enough to give firm plugs which can withstand 
handling, but not so low that expansion of the powder bed 
occurs because of “relaxation” after ejection from the cell. 

Table 11-Dimensions of Blaine Permeameter Cells Determined 
by Two Calibration Methods 

Mercury Displacement Direct Measurement 
Method” of Dimensionsb 

Blaine Length, Diameter,  Volume, Length, Diameter,  Volume, 
cells cm cm cm3 cm c m  cm3 

A (1.419)c (1.270) 1.798 1.478 1.272 (1.878) 
B (1.450) (1.270) 1.838 1.500 1.268 (1.895) 

Means of two measurements as stated in ASTM C-204.79. Means of 10 
measurements using separate compactions for each determination (RSD <0.4%). 

Parentheses indicate values not experimentally determined. 
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Using very fine particle size materials, self-supporting 
plugs can be formed without the use of any additional 
binders. We found the addition of a mixture of micronized 
lactose and 5% magnesium stearate is suitable to improve 
flow properties. 
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To the Editor: 
The pH-stat titration of antacids (1) is a valuable in uitro 

test because it has been correlated with in uiuo acid neu- 
tralization (2). In contrast to the acid-neutralizing capacity 
test and the acid-consuming capacity test, which are es- 
sentially indirect assays, the pH-stat titration measures 
the rate of acid neutralization (3). The pH-stat titration 
has provided insights into ( a )  the structure of aluminum 
hydroxycarbonate (4,5); ( b )  the adsorption of polybasic 
acids (6), polyols (7), polymers (8), and surface-active 
agents (8) by aluminum hydroxycarbonate; and ( c )  the 
interaction of aluminum hydroxycarbonate and magne- 
sium hydroxide (9,lO). 

The pH-stat titrigram of aluminum hydroxycarbonate 
contains three phases rather than the linear rate of acid 
neutralization expected for an acid-base titration (1). As 
seen in Fig. 1, the reaction is characterized by an initial 
rapid reaction (phase I) which abruptly converts into a 
slow zero-order reaction (phase 11) which gradually 
transforms into a more rapid zero-order reaction (phase 
111). In contrast, antacids such as sodium bicarbonate, 
calcium carbonate, magnesium hydroxide, and hydrotal- 
cite exhibit the expected linear pH-stat titrigram (9,lO). 
The purpose of this communication is to describe the 

0.22 
0.27 
0.24 
0.58 
0.10 
0.02 
lr10-4 

LI 
80 

MINUTES 

Figure 1-pH-Stat titration at pH 3,25’ of aluminum hydroxycarbo- 
nate ge l ,  which was examined at the indicated points by FODA. 

physicochemical reactions that are responsible for the 
three phases of the pH-stat titration of aluminum hy- 
droxycarbonate. 

The pH-stat titration at pH 3,25O was interrupted pe- 
riodically, as indicated in Fig. l, and the apparent particle 
size was determined by fiber optic Doppler anemometry 
(FODA)’ (11). The apparent mean hydrodynamic radius 
decreased from an initial value of 0.63 pm to 0.59 pm 
during phase I. A further decline to 0.43 pm was observed 
during the second phase. The apparent particle size ini- 
tially increased during the third phase but decreased at the 
end of phase 111. 

The fiber optic Doppler anemometer determines particle 
size based on the measurement of the Brownian motion of 
colloidal particles. Thus, particle interactions that reduce 
the Brownian motion of particles will cause the apparent 
hydrodynamic radius, as measured by the fiber optic 
Doppler anemometer, to increase. In fact, if particle in- 
teractions cause Brownian motion to cease, the particle($) 
will not be detected by FODA. Therefore, the apparent 
mean hydrodynamic radius data should be interpreted in 
conjunction with measurements of the total signal inten- 
sity. This is readily accomplished by integration of the 
power spectrum [area under the voltage squared uersus 
frequency curve (AUC)] (12,13). Thus, the AUC will be 
related to the total number of freely diffusing particles. 
The AUC increased from 0.19 to 0.22 during phase I and 
further increased to 0.58 during the slow, second phase. 
The AUC went to zero during phase 111. The AUC data 
suggest that the number of particles exhibiting Brownian 
motion increased during phases I and I1 and decreased 
sharply during phase 111. 

It was hypothesized recently that aluminum hydroxide 
and aluminum hydroxycarbonate are composed of three 
types of particles: primary particles, secondary particles, 
and aggregates (14,15). The primary particle is the basic 
unit: platy crystallites composed of fused six-membered 
rings of aluminum joined by double hydroxide bridges. The 
secondary particles are formed from primary particles 
arranged in a turbostratic type of arrangement due to the 
cohesive strength of van der Waals forces. Aggregates are 
composed of secondary particles formed in response to the 
balance of attractive and repulsive forces described by 
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Using very fine particle size materials, self-supporting 
plugs can be formed without the use of any additional 
binders. We found the addition of a mixture of micronized 
lactose and 5% magnesium stearate is suitable to improve 
flow properties. 
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To the Editor: 
The pH-stat titration of antacids (1) is a valuable in uitro 

test because it has been correlated with in uiuo acid neu- 
tralization (2). In contrast to the acid-neutralizing capacity 
test and the acid-consuming capacity test, which are es- 
sentially indirect assays, the pH-stat titration measures 
the rate of acid neutralization (3). The pH-stat titration 
has provided insights into ( a )  the structure of aluminum 
hydroxycarbonate (4,5); ( b )  the adsorption of polybasic 
acids (6), polyols (7), polymers (8), and surface-active 
agents (8) by aluminum hydroxycarbonate; and ( c )  the 
interaction of aluminum hydroxycarbonate and magne- 
sium hydroxide (9,lO). 

The pH-stat titrigram of aluminum hydroxycarbonate 
contains three phases rather than the linear rate of acid 
neutralization expected for an acid-base titration (1). As 
seen in Fig. 1, the reaction is characterized by an initial 
rapid reaction (phase I) which abruptly converts into a 
slow zero-order reaction (phase 11) which gradually 
transforms into a more rapid zero-order reaction (phase 
111). In contrast, antacids such as sodium bicarbonate, 
calcium carbonate, magnesium hydroxide, and hydrotal- 
cite exhibit the expected linear pH-stat titrigram (9,lO). 
The purpose of this communication is to describe the 
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Figure 1-pH-Stat titration at pH 3,25’ of aluminum hydroxycarbo- 
nate ge l ,  which was examined at the indicated points by FODA. 

physicochemical reactions that are responsible for the 
three phases of the pH-stat titration of aluminum hy- 
droxycarbonate. 

The pH-stat titration at pH 3,25O was interrupted pe- 
riodically, as indicated in Fig. l, and the apparent particle 
size was determined by fiber optic Doppler anemometry 
(FODA)’ (11). The apparent mean hydrodynamic radius 
decreased from an initial value of 0.63 pm to 0.59 pm 
during phase I. A further decline to 0.43 pm was observed 
during the second phase. The apparent particle size ini- 
tially increased during the third phase but decreased at the 
end of phase 111. 

The fiber optic Doppler anemometer determines particle 
size based on the measurement of the Brownian motion of 
colloidal particles. Thus, particle interactions that reduce 
the Brownian motion of particles will cause the apparent 
hydrodynamic radius, as measured by the fiber optic 
Doppler anemometer, to increase. In fact, if particle in- 
teractions cause Brownian motion to cease, the particle($) 
will not be detected by FODA. Therefore, the apparent 
mean hydrodynamic radius data should be interpreted in 
conjunction with measurements of the total signal inten- 
sity. This is readily accomplished by integration of the 
power spectrum [area under the voltage squared uersus 
frequency curve (AUC)] (12,13). Thus, the AUC will be 
related to the total number of freely diffusing particles. 
The AUC increased from 0.19 to 0.22 during phase I and 
further increased to 0.58 during the slow, second phase. 
The AUC went to zero during phase 111. The AUC data 
suggest that the number of particles exhibiting Brownian 
motion increased during phases I and I1 and decreased 
sharply during phase 111. 

It was hypothesized recently that aluminum hydroxide 
and aluminum hydroxycarbonate are composed of three 
types of particles: primary particles, secondary particles, 
and aggregates (14,15). The primary particle is the basic 
unit: platy crystallites composed of fused six-membered 
rings of aluminum joined by double hydroxide bridges. The 
secondary particles are formed from primary particles 
arranged in a turbostratic type of arrangement due to the 
cohesive strength of van der Waals forces. Aggregates are 
composed of secondary particles formed in response to the 
balance of attractive and repulsive forces described by 
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DLVO theory. This type of particle structure has also been 
proposed for carbon black (16). 

It is proposed that the pH-stat titrigram can be inter- 
preted in light of the recently proposed particle structure 
of aluminum hydroxycarbonate (14,15). The point of zero 
charge of aluminum hydroxide is 9.6 and ranges from 6 to 
9 for aluminum hydroxycarbonate (17). The aluminum 
hydroxycarbonate gel shown in Fig. 1 had a point of zero 
charge of 6.5. Acid was consumed very rapidly during the 
initial phase. Kerkhof et al. (1) observed that the rate of 
acid neutralization during the first phase exceeds the ca- 
pability of the autoburet to add compensating acid. This 
rapid proton consumption is primarily due to protonation 
of the hydroxyl groups and carbonate surface sites as the 
pH of the system is instantaneously adjusted to 3, well 
below the point of zero charge. During this phase Al- 
OH-A1 and Al-OCOZ bonds are not believed to react. 
Rather, rapid charging due to proton adsorption leads to 
a positive surface charge. The first phase is very brief, 
which is expected for a protonation reaction. 

The initial phase, which will be referred to as the proton 
loading phase, quickly shifts into a second phase in which 
the rate of proton consumption is much slower. The rate 
of acid neutralization increases gradually during phase 11. 
It is hypothesized that the gradual increase in the rate of 
acid neutralization is due to an increase in surface area. 
The increase in surface area is compatible with the hy- 
pothesis that aluminum hydroxycarbonate is composed 
of primary particles, secondary particles, and aggregates. 
Protonation during phase I caused the development of a 
strong, positive surface potential. Therefore, large cou- 
lombic repulsive forces develop, which are believed to 
cause the aggregates to disperse into secondary particles 
and the secondary particles to disperse into primary par- 
ticles. As peptization proceeds, the exposed surface area 
will increase, and in turn, the rate of acid neutralization 
will increase. Therefore, phase I1 will be termed the pep- 
tization phase. 

The FODA analysis (Fig. 1) during the first two phases 
supports the hypothesis that proton loading and peptiza- 
tion occur during phases I and 11, respectively. The mean 
hydrodynamic radius decreased to 0.43 pm by the end of 
phase I1 (point 5 in Fig. 1) with the consumption of only 
11% of the acid necessary to neutralize the sample. The 
volume of a 0.43-pm sphere is only 31% of the volume of 
a 0.63-pm sphere. Therefore, if the decrease in mean hy- 
drodynamic radius had occurred solely by acid dissolution, 
approximately 70% of the theoretical acid would have been 
required. Thus, a dispersion effect has taken place. 

The decrease in mean hydrodynamic radius during 
phase I and phase I1 must be considered in light of the 
concurrent changes in the AUC: the number of particles 
exhibiting Brownian movement. The AUC increased by 
a factor of 3 during phases I and 11. Thus, a decrease in 
mean hydrodynamic radius and an increase in the number 
of particles exhibiting Brownian motion is occurring si- 
multaneously. In view of the fact that only a small fraction 
of the acid necessary to dissolve the particles has been 
added, the observed trends in particle size and AUC are 
consistent with a proton loading and peptization pro- 
cess. 

The rapid rate of acid neutralization which is charac- 
teristic of the third phase of the pH-stat titration of alu- 
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minum hydroxycarbonate is believed to be due to the high 
surface area produced by the peptization of the aggregates 
and secondary particles. Evidence of dissolution is seen in 
the FODA analysis by the decrease in the AUC during the 
third phase. The increase in the mean hydrodynamic ra- 
dius during the early part of phase I11 (points 6 and 7 in 
Fig. 1) is believed to arise because of the greater dissolution 
rate of smaller particles, which causes the mean particle 
size of the remaining particles to increase. Since the acid 
dissolution reaction predominates during phase 111, it will 
be referred to as the dissolution phase. 

In most aluminum hydroxycarbonate gels, the third 
phase of the pH-stat titration terminates with the neu- 
tralization of the theoretical amount of acid based on the 
stoichiometric reaction of three protons per aluminum. 
However, some aluminum hydroxycarbonate gels do not 
complete the theoretical reaction during phase 111, and a 
very slow rate of acid neutralization proceeds until the 
reaction is complete. The slow-reacting material is believed 
to have a very large primary particle size, approaching, in 
some cases, the crystalline state. On the other hand, an 
occasional aluminum hydroxycarbonate gel neutralizes 
more than three protons per aluminum. Gels of this type 
usually contain a high level of sodium and the superpo- 
tency is due to contamination with dawsonite [crystalline 
sodium aluminum hydroxycarbonate, NaAl(OH)&03] 
which neutralizes four protons per aluminum (18). 

Antacid materials such as sodium bicarbonate, calcium 
carbonate, magnesium hydroxide, and hydrotalcite which 
exhibit a linear pH-stat titration are all crystalline mate- 
rials with a particle size usually in excess of the colloidal 
range. Therefore, they probably do not exist as primary 
particles, secondary particles, or aggregates. 

An examination of the changes in the pH-stat titrigram 
during the aging of amorphous aluminum hydroxycarbo- 
nate gel further supports the proposed interpretation. IR 
and X-ray studies indicate that the primary particle size 
increases during aging (19-21). In some cases the degree 
of aggregation will also increase during aging due to the 
consolidating effects of gravitational settling. As seen in 
Fig. 2, the pH-stat titrigram of a freshly precipitated alu- 
minum hydroxycarbonate gel is dominated by phase I 
(proton loading) and phase I11 (dissolution of peptized 
particles). Most of the aggregates and secondary particles 
in the freshly precipitated sample are readily dispersed 
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Figure 2-Effect of aging of aluminum hydroxycarbonate gel at 25' 
on the pH-stat titration at pH 3,25O. 

974 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 8, August 7983 



when the pH is lowered to 3. Since no significant particle 
growth has occurred, the relatively small primary particle 
size of the fresh gel gives a rapid rate of acid neutraliza- 
tion. 

Phase I1 becomes more evident as the aluminum hy- 
droxycarbonate gel ages. Both the primary particle size and 
the degree of aggregation increases during aging. There- 
fore, peptization becomes more important and the slow, 
second phase becomes more prominent. The rate of acid 
neutralization during phase I11 decreases during aging (day 
2 uersus day 155 in Fig. 2), which reflects the increase in 
primary particle size. 

An understanding of the physicochemical processes 
required for the in uitro acid neutralization of aluminum 
hydroxycarbonate gel is necessary, because similar reac- 
tions occur in the GI tract when aluminum hydroxycar- 
bonate gel is used as an antacid. 
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Simplified Method for Intravenous Dosing and 
Serial Blood Sampling of Unanesthetized 
Guinea Pigs 

Keyphrases 0 Blood sampling-serial collection from unanesthetized 
guinea pigs Guinea pigs-dosing and serial blood sampling without 
anesthesia Vacuum bleeding apparatus-serial blood collection from 
unanesthetized guinea pigs 

To the Editor: 

Ascorbic acid (vitamin C) levels can influence oxidative 
demethylation processes in the guinea pig (11, the only 
common laboratory animal unable to synthesize ascorbic 
acid endogenously (2). Thus, the guinea pig is an especially 
popular model for studying the effects of ascorbic acid on 
drug metabolism. Because of this, it is important to define 
methods for drug administration and repetitive blood 
sampling when using this species for pharmacokinetic 
studies. The following procedures were developed during 
a recent investigation of the effect of ascorbic acid on 
caffeine pharmacokinetics in young and aged guinea 
pigs. 

A large towel was effective in quieting and immobilizing 
the animals during both drug dosing and blood sampling. 
The animals were prepared for dosing, by removing the 
hair over the injection site with an electric clipper. The 
prominent superficial vein on the medial side of the thigh 
(the medial saphenous vein) was used for all drug injec- 
tions. The injection site was dabbed with ethanol and then 
the vein was enlarged using a finger to block venous return, 
and a small (21 gauge) needle was inserted in the direction 
of blood flow. A small quantity of blood was drawn into the 
1-ml syringe to ensure correct insertion of the needle in the 
vein. Following a bolus injection of the drug solution, the 
needle was withdrawn quickly and pressure placed on the 
puncture with a finger to prevent venous backflow and 
avoid loss of some of the injected dose. 

The method used here for repeated blood sampling was 
modified from that of Dolence and Jones (3) and found to 
be highly effective, producing a minimum of stress or pain 
in the guinea pigs. Similar to the procedure for caffeine 
dosing, the guinea pigs were wrapped in a towel exposing 
only the hind legs, which kept them comfortable yet im- 
mobilized. The leg not used for drug injection was ex- 
tended and the hair removed using an electric clipper. A 
thin layer of silicone grease’ was applied to the leg to form 
a tight seal with the vacuum bleeding apparatus and to 
prevent loose hair from contaminating the blood sample. 
One of the toenails was clipped, cutting into the vein and 
producing a flow of blood. Using this method alone only 
a small quantity of blood could be collected before coag- 
ulation stopped the flow. To circumvent this problem the 
prepared leg was positioned in the bleeding apparatus, as 
shown in Fig. 1, and the vacuum adjusted to produce a 
steady blood flow. The blood was collected in a 3-ml 
heparinized tube attached to the bottom of the vacuum- 
bleeding apparatus with a plastic2 collar. The vacuum was 
adjusted to either increase or decrease the blood flow. 

Dow Corning, Midland, MI 48640. 
Tygon (R3603) tubing, Cole-Parmer, Chicago, IL 60648. 
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when the pH is lowered to 3. Since no significant particle 
growth has occurred, the relatively small primary particle 
size of the fresh gel gives a rapid rate of acid neutraliza- 
tion. 

Phase I1 becomes more evident as the aluminum hy- 
droxycarbonate gel ages. Both the primary particle size and 
the degree of aggregation increases during aging. There- 
fore, peptization becomes more important and the slow, 
second phase becomes more prominent. The rate of acid 
neutralization during phase I11 decreases during aging (day 
2 uersus day 155 in Fig. 2), which reflects the increase in 
primary particle size. 

An understanding of the physicochemical processes 
required for the in uitro acid neutralization of aluminum 
hydroxycarbonate gel is necessary, because similar reac- 
tions occur in the GI tract when aluminum hydroxycar- 
bonate gel is used as an antacid. 
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To the Editor: 

Ascorbic acid (vitamin C) levels can influence oxidative 
demethylation processes in the guinea pig (11, the only 
common laboratory animal unable to synthesize ascorbic 
acid endogenously (2). Thus, the guinea pig is an especially 
popular model for studying the effects of ascorbic acid on 
drug metabolism. Because of this, it is important to define 
methods for drug administration and repetitive blood 
sampling when using this species for pharmacokinetic 
studies. The following procedures were developed during 
a recent investigation of the effect of ascorbic acid on 
caffeine pharmacokinetics in young and aged guinea 
pigs. 

A large towel was effective in quieting and immobilizing 
the animals during both drug dosing and blood sampling. 
The animals were prepared for dosing, by removing the 
hair over the injection site with an electric clipper. The 
prominent superficial vein on the medial side of the thigh 
(the medial saphenous vein) was used for all drug injec- 
tions. The injection site was dabbed with ethanol and then 
the vein was enlarged using a finger to block venous return, 
and a small (21 gauge) needle was inserted in the direction 
of blood flow. A small quantity of blood was drawn into the 
1-ml syringe to ensure correct insertion of the needle in the 
vein. Following a bolus injection of the drug solution, the 
needle was withdrawn quickly and pressure placed on the 
puncture with a finger to prevent venous backflow and 
avoid loss of some of the injected dose. 

The method used here for repeated blood sampling was 
modified from that of Dolence and Jones (3) and found to 
be highly effective, producing a minimum of stress or pain 
in the guinea pigs. Similar to the procedure for caffeine 
dosing, the guinea pigs were wrapped in a towel exposing 
only the hind legs, which kept them comfortable yet im- 
mobilized. The leg not used for drug injection was ex- 
tended and the hair removed using an electric clipper. A 
thin layer of silicone grease’ was applied to the leg to form 
a tight seal with the vacuum bleeding apparatus and to 
prevent loose hair from contaminating the blood sample. 
One of the toenails was clipped, cutting into the vein and 
producing a flow of blood. Using this method alone only 
a small quantity of blood could be collected before coag- 
ulation stopped the flow. To circumvent this problem the 
prepared leg was positioned in the bleeding apparatus, as 
shown in Fig. 1, and the vacuum adjusted to produce a 
steady blood flow. The blood was collected in a 3-ml 
heparinized tube attached to the bottom of the vacuum- 
bleeding apparatus with a plastic2 collar. The vacuum was 
adjusted to either increase or decrease the blood flow. 
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Figure 1-Schematic diagram of the vacuum bleeding apparatus. 

When a 1- to 2-ml volume of whole blood was collected for 
each timed sample, the vacuum was turned off and the leg 
carefully removed from the apparatus. Bleeding usually 
ceased promptly, but it was sometimes necessary to place 
a gauze bandage over the toenail until all bleeding had 
stopped, usually within 1 min. For repeated blood collec- 
tion from the same animal the nail was cut progressively 
more proximally at  each sampling; the nails on both legs 
were used. The guinea pigs were not distressed by a sam- 
pling of up to 3 ml, and since no anesthetic was used, the 
animals had normal mobility when returned to their cages. 
The problem of blood clotting in the collection apparatus 
was minimized by using silicone grease on the inside glass 
surfaces. 

Previous researchers have sampled guinea pig blood 
from the ear veins, penis vein, superficial thigh vein, jug- 
ular vein, orbital venous plexus and by the methods of 
heart puncture, indwelling vascular cannulation, cutting 
the toenail bed, and cutting the lateral saphenous vein or 
lateral metatarsal vein (4, 5). None of these methods 
proved completely satisfactory for the purposes of this 
study, since in most cases, an anesthetic was needed which 
could confound the observed results by affecting caffeine 
metabolism and/or plasma ascorbic acid levels (6,7) if the 
study involved ascorbic acid supplementation, depletion, 
etc. We believe that the simplified procedure described 
here can be applied with similar success to studies in- 
volving other rodent species, in which anesthesia may be 
undesirable. 
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An Automated Sampling Device for Dissolution 
Testing 

Keyphrases Dissolution testing-automated sampling device 

To the  Editor: 
Many automated sampling devices have been designed 

for commercially available dissolution units’. The major 
criticism of some of these units is that the sampling probes 
remain in the dissolution medium during the duration of 
the test, thereby disturbing the hydrodynamics of the so- 
lution (1). This can cause dissolution results other than 
those intrinsic to the dosage form. We have designed a 
simple sampling device which eliminates this problem 
while still allowing the convenience of automation. The 
device is made from a commercially available air-actuated, 
solenoid-controlled valve2 and brackets that can be easily 
made in-house. The design and orientation of the brackets 
are shown in Figs. 1. and 2. Dimensional and installational 
information is presented in Fig. 3. Air is supplied to the 
device a t  20 psi. Either house air or an air pump can be 
used. The unit is connected to a computer-controlled 
pump-fraction collecter2 which provides contact closure 
to the solenoid through its internal-timing sequences which 
also control the pump-fraction collector’s prime, sample, 
and purge cycles. However, this unit need only be con- 
nected to a 110 V contact closure and external air supply 
to actuate the valve. Once actuated, any suitable multi- 
ple-channel pump and collector can provide samples. 

As previously indicated, we have chosen a combination 
pump-fraction collector with computerized timing se- 
quences. A program is entered using a hand-held pad, and 
at program-designated intervals contact closure is made, 
the device is actuated, and samples are collected during a 
three-part 60-sec sequence: for 20 sec the lines are washed 
with sample to waste; the sample tray is then advanced and 
the next 20-sec sample is collected; and for 20 sec the 
pumps reverse to purge the lines. The sample tray then 

Hanson Research CO;~., Northridge, CA 91324; Applied Analytical Industries, 
Wilmington, NC 28403; echnicon Industrial Systems, Tarrytown, NY 10591. * Bimba Manufacturing Co.. Monee, IL 60449. 
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Figure 1-Schematic diagram of the vacuum bleeding apparatus. 

When a 1- to 2-ml volume of whole blood was collected for 
each timed sample, the vacuum was turned off and the leg 
carefully removed from the apparatus. Bleeding usually 
ceased promptly, but it was sometimes necessary to place 
a gauze bandage over the toenail until all bleeding had 
stopped, usually within 1 min. For repeated blood collec- 
tion from the same animal the nail was cut progressively 
more proximally at  each sampling; the nails on both legs 
were used. The guinea pigs were not distressed by a sam- 
pling of up to 3 ml, and since no anesthetic was used, the 
animals had normal mobility when returned to their cages. 
The problem of blood clotting in the collection apparatus 
was minimized by using silicone grease on the inside glass 
surfaces. 

Previous researchers have sampled guinea pig blood 
from the ear veins, penis vein, superficial thigh vein, jug- 
ular vein, orbital venous plexus and by the methods of 
heart puncture, indwelling vascular cannulation, cutting 
the toenail bed, and cutting the lateral saphenous vein or 
lateral metatarsal vein (4, 5). None of these methods 
proved completely satisfactory for the purposes of this 
study, since in most cases, an anesthetic was needed which 
could confound the observed results by affecting caffeine 
metabolism and/or plasma ascorbic acid levels (6,7) if the 
study involved ascorbic acid supplementation, depletion, 
etc. We believe that the simplified procedure described 
here can be applied with similar success to studies in- 
volving other rodent species, in which anesthesia may be 
undesirable. 
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An Automated Sampling Device for Dissolution 
Testing 

Keyphrases Dissolution testing-automated sampling device 

To the  Editor: 
Many automated sampling devices have been designed 

for commercially available dissolution units’. The major 
criticism of some of these units is that the sampling probes 
remain in the dissolution medium during the duration of 
the test, thereby disturbing the hydrodynamics of the so- 
lution (1). This can cause dissolution results other than 
those intrinsic to the dosage form. We have designed a 
simple sampling device which eliminates this problem 
while still allowing the convenience of automation. The 
device is made from a commercially available air-actuated, 
solenoid-controlled valve2 and brackets that can be easily 
made in-house. The design and orientation of the brackets 
are shown in Figs. 1. and 2. Dimensional and installational 
information is presented in Fig. 3. Air is supplied to the 
device a t  20 psi. Either house air or an air pump can be 
used. The unit is connected to a computer-controlled 
pump-fraction collecter2 which provides contact closure 
to the solenoid through its internal-timing sequences which 
also control the pump-fraction collector’s prime, sample, 
and purge cycles. However, this unit need only be con- 
nected to a 110 V contact closure and external air supply 
to actuate the valve. Once actuated, any suitable multi- 
ple-channel pump and collector can provide samples. 

As previously indicated, we have chosen a combination 
pump-fraction collector with computerized timing se- 
quences. A program is entered using a hand-held pad, and 
at program-designated intervals contact closure is made, 
the device is actuated, and samples are collected during a 
three-part 60-sec sequence: for 20 sec the lines are washed 
with sample to waste; the sample tray is then advanced and 
the next 20-sec sample is collected; and for 20 sec the 
pumps reverse to purge the lines. The sample tray then 

Hanson Research CO;~., Northridge, CA 91324; Applied Analytical Industries, 
Wilmington, NC 28403; echnicon Industrial Systems, Tarrytown, NY 10591. * Bimba Manufacturing Co.. Monee, IL 60449. 
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Figure 2-Automated sampling device. 

Figure 1-Automated sampling device, fraction collector and disso- 
lution unit. 

advances in preparation for the next sampling time. During 
the final 20 sec the probes are not in solution. Sample size 
can be adjusted by varying pump piston displacement. 
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Figure 3-Dimensional and installational information. 

During sampling, 50 pl-capillary tube probes are inserted 
into the medium for only 40 sec. The sampling location of 
the probes is as recommended in USP XX, and they re- 
tract above the surface of the medium after the 40-sec in- 
terval. 

It has been shown by Savage and Wells that is is ad- 
vantageous to minimize sample-probe size to reduce the 
influence on hydrodynamics (1). This design not only uses 
minimal probe size, but has the additional advantage of 
limiting the time the sample probes are inserted into the 
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dissolution medium to 40 sedsampling time. This com- 
bination of reduced probe size and minimal contact with 
the dissolution medium results in minimal disturbance of 
the hydrodynamics of the medium. 

In summary, this design offers these advantages for 
adaptation to Hanson Easi-Lift dissolution units: 
1. The device does not disturb the hydrodynamics of the 

dissolution test, and the sampling probes are inserted 
in the solution only while sampling. 

2. There is easy access to the dissolution unit because 
probes and brackets retract. 

3. The sampling device is inexpensive to make and could 
be linked to a variety of dissolution pump-sample col- 
lection devices. 

This device has proven to be reliable and essentially 
carryover-free in our laboratory and is in routine use. 

(1)  T. S. Savage and C. E. Wells, J .  Pharrn. Sci., 71,670, (1982). 
(2) “US.  Pharmacopeia,” 20th rev., U S .  Pharmacopeial Convention, 
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Computation of Model-Independent 
Pharmacokinetic Parameters During Multiple 
Dosing 
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To the Editor: 
Pharmacokinetic analysis by means of traditional 

compartmental methods is slowly giving way to model- 
independent or noncompartmental approaches. Compu- 
tational simplicity and, in some cases, more useful infor- 
mation are among the reasons for this trend. Methods that 
use the area under the drug concentration versus time 
curve (AUC) and the area under the first moment of drug 
concentration uersus time curve (AUMC) are avail_able to 
determine clearance ( C L ) ,  mean residence time (t), and 
apparent volume of distribution at  steady state ( V,,) from 
data obtained after a single dose of drug (1,2). 

Often, the need arises to calculate pharmacokinetic 
parameters after several doses or at steady state; this is 
particularly true when patients are being treated with the 
study drug, and doses may not be manipulated for the 
purposes of the investigation. With the limited exception 
of the determination of clearance at  steady state, non- 
compartmental methods have not been considered for this 
purpose. 

Following repeated administration of a fixed dose of a 
drug at  fixed intervals, the AUC during a dosing interval 
at steady state is equal to the total AUC after the first dose 
(3). Therefore, drug clearance can be calculated at  steady 
state. On the other hand, AUMC during a dosing interval 

a t  steady state (AUMC,) is less than the total AUMC after 
a single dose. Therefore, t and V,, cannot be calculated 
directly from steady-state data. 

The inequivalence of AUMC,, and AUMC (single dose) 
can be demonstrated by considering multiple intravenous 
bolus doses of a drug with linear multicompartmental 
characteristics. Drug concentration ( C )  after a single dose 
is given by: 

n 

C = i = l  2 Ai exp(-kit) 

where A, and ki are drug specific constants with units of 
concentration and reciprocal time, respectively; ki values 
are independent of dose; k l  > l z ~  . . . > k,. The total area 
under the drug concentration-time curve after a single 
dose (AUC) is obtained by integrating Eq. 1 with respect 
to time: 

The total area under the first moment versus time curve 
after a single dose (AUMC) is given by the following inte- 
gral: 

AUMC = La Ct dt = i = l  5 Ai/(ki)’ (Eq. 3) 

The analogous equations that apply to a dosing interval 

(Eq. 4) 

a t  steady state are as follows: 

C,, = 5 Ai exp(-kit)/[l - exp(-ki~)] 
i = l  

n Ai 
AUMC,, = J‘ C,,t dt = C - 

i = l  

where 7 is the fixed dosing interval. Note that Eqs. 2 and 
5 are equivalent. 

However, the relationship between AUMC,, and AUMC 
is given by the following ratio: 
AUMC,, = ‘f A, 
AUMC i = l  (hi)’ 

Clearly, attempting to calculate t or V,, by replacing 
AUMC with AUMC,, would provide incorrect answers, 
because AUMC,, < AUMC. 

We wish to propose an alternate, noncompartmental 
method to calculate pharmacokinetic parameters during 
repetitive dosing. This method may be called reverse su- 
perposition because a single dose curve is derived from 
data obtained during the second, third, or nth dosing in- 
terval. It is not limited to steady state but does require that 
subsequent doses be given during the postabsorptive, 
postdistributive phase of the previous dose. Each data 
point on the single-dose curve is calculated by means of the 
following equation: 

C ( t )  = Ci(t) - Ci(0) exp(-k,t) (Eq. 8 )  
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(3). Therefore, drug clearance can be calculated at  steady 
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a single dose. Therefore, t and V,, cannot be calculated 
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can be demonstrated by considering multiple intravenous 
bolus doses of a drug with linear multicompartmental 
characteristics. Drug concentration ( C )  after a single dose 
is given by: 
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where A, and ki are drug specific constants with units of 
concentration and reciprocal time, respectively; ki values 
are independent of dose; k l  > l z ~  . . . > k,. The total area 
under the drug concentration-time curve after a single 
dose (AUC) is obtained by integrating Eq. 1 with respect 
to time: 

The total area under the first moment versus time curve 
after a single dose (AUMC) is given by the following inte- 
gral: 

AUMC = La Ct dt = i = l  5 Ai/(ki)’ (Eq. 3) 

The analogous equations that apply to a dosing interval 

(Eq. 4) 

a t  steady state are as follows: 

C,, = 5 Ai exp(-kit)/[l - exp(-ki~)] 
i = l  

n Ai 
AUMC,, = J‘ C,,t dt = C - 

i = l  

where 7 is the fixed dosing interval. Note that Eqs. 2 and 
5 are equivalent. 

However, the relationship between AUMC,, and AUMC 
is given by the following ratio: 
AUMC,, = ‘f A, 
AUMC i = l  (hi)’ 

Clearly, attempting to calculate t or V,, by replacing 
AUMC with AUMC,, would provide incorrect answers, 
because AUMC,, < AUMC. 

We wish to propose an alternate, noncompartmental 
method to calculate pharmacokinetic parameters during 
repetitive dosing. This method may be called reverse su- 
perposition because a single dose curve is derived from 
data obtained during the second, third, or nth dosing in- 
terval. It is not limited to steady state but does require that 
subsequent doses be given during the postabsorptive, 
postdistributive phase of the previous dose. Each data 
point on the single-dose curve is calculated by means of the 
following equation: 

C ( t )  = Ci(t) - Ci(0) exp(-k,t) (Eq. 8 )  
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Table 111-Simulated Data for a 500-mg Dose Infused Over 0.5 
h r  Administered every 2 hr a 

Table I-Simulated Data for a 500-mg Dose every 2 hr a 

Single Dose Steady-State Concentration 
Time, Concentration, Concentration, Converted to 

hr uelml uelml Single Dose. udml 
Single Dose Steady-State Concentration 

Time, Concentration, Concentration, Converted to 
hr Pdml d m l  Single Dose, pg/mlb 

0 0 12.5 - 
- 0 

0.083 85.2 
0.167 61.8 

11.6 - 
96.4 85.3 
72.5 61.8 0.25 41.9 52.7 41.7 

68.0 58.2 
51.9 42.6 
41.5 . 32.5 
34.8 26.2 
24.6 17.0 

. ~. . ~ .  

0.25 46.3 
0.5 23.8 
0.75 16.1 

56.6 
32.8 
24.1 

46.4 
23.8 
16.1 

0.5 58.3 
0.583 42.4 
0.667 32.5 
0.75 26.1 1.0 12.8 19.9 12.9 

1.5 9.5 15.0 9.5 
2 7.4 11.6 7.3 
AUC' 56.159 - 55.996 
AUYCC 84.198 - 83.391 

id 1.5 hr - 1.5 hr 

Computed as C = C,, - 
11.6e-05t. c Computed using trapezoidal rule. d V,, = [Dose(AUMC)]/AUC2, CL 
= Dose/AUC, t = AUMWAUC. 

13.3 liter - 13.3 liter 
8.9 liter/hr - 8.9 literhr 

0 Sin le dose described by C = lme-5L t ZOe-0.5t. 

1 .o 17.1 
1.25 13.5 
1.5 11.4 
2.0 8.8 

~~. 

20.2 
17.3 
13.4 

13.5 
11.4 
8.8 

AUCC 62.49 - 62.45 
AUYCC 104.30 - 104.30 
V ,  11.4 liter - 11.4 liter 
CLd 8.0 literhr - 8.0 liter/hr 
id 1.7 hr - 1.7 hr 

Single intraveneous bolus dose described by C = 100e-5* t  ZOO-^.^'. Com- 
V, = 

bose(AUMC)/(AUC) ] - [ T(Dose)]/ZAUC, where T = Infusion duration. See 
Table I for other equations. 

uted as C = C,, - 12.5e-0.5r. Computed using trapezoidal rule. 

where C( t )  is the calculated concentration after a single 
dose at  time t ,  Ci(t) is the observed concentration during 
the ith dosing interval at time t ,  Ci(0)  is the postabsorp- 
tive, postdistributive drug concentration at the start of the 
ith dosing interval, and k ,  is the terminal rate constant. 

To illustrate this method, data were simulated (4) for 
two different sets of conditions. The first data set repre- 
sented concentration-time values after an intravenous 
bolus dose (Table I). The second set of data are values 
representative of extravascular administration (Table 11). 
The last data set consists of concentration-time values for 
intermittant intravenous infusion (Table 111). In all cases, 
a single-dose curve was constructed by means of Eq. 8 from 
the steady-state values. The AUC and AUMC values be- 
tween the single dose situation and the curve derived using 
reverse superposition varied slightly because of round- 
ing-off errors, but no appreciable differences were appar- 
ent between respective pharmacokinetic parameters. 

Since reverse superposition applies also during multiple 
dosing before steady state occurs, this method could be 
applied at any time during therapy. This approach could 
be useful when patients receiving the study drug are in- 
vestigated, since it is often difficult to ensure steady-state 
conditions (i.e.,  compliance, errors in administration time, 
e tc . )  Caution must be used when the dosing interval is 
short relative to the terminal half-life of the drug. Under 

these conditions half-life may be difficult to calculate, and 
errors may occur in the estimation of C ( t )  as well as in the 
estimation of AUC and AUMC from the derived single 
dose curve. 

( 1 )  L. Z. Benet and R. L. Galeazzi, J .  Pharm. Sci., 68,1071 (1979). 
(2) D. Perrier and M. Mayersohn, J .  Pharm. Sci., 71,372 (1982). 
(3) J. G. Wagner, J. I. Northam, C. D. Alway, and 0. S. Carpenter, 

(4) J. R. Koup and D. R. Benjamin, Ther. Drug Manitor., 1980, 
Nature (London), 1965,207. 
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Test  for Selection of Erythromycin Stearate 
Bulk Drug for Tablet  Preparation 

Keyphrases 0 Bioavailability-erythromycin stearate tablet formu- 
lation, dissolution rate, high-performance liquid chromatography 
Erythromycin stearate-bioava'ilability, tablet formulations, dissolution 
rate, high-performance liquid chromatography 0 High-performance 
liquid chromatography-erythromycin stearate tablet formulation, 
bioavailahility 

Table 11-Simulated Data for a 500-mg Dose every 6 hra 

Steady-State 
Concentration, 

Pg/ml 
15.4 

Concentration 
Converted to 

Single Dose, pg/mlb 

0 
4.4 

Single Dose 
Concentration, 

0 
4.4 

Ccg/ml 
Time, 

hr 

To the Editor: 0 
0.25 
0.5 
1 .o 
2.0 
3.0 
4.0 
5.0 
6.0 

19.4 
7.3 

10.3 
11.5 

21.8 
24.1 
23.7 

7.3 
10.1 
11.5 

Bioavailability testing of experimental erythromycin 
stearate tablet formulations showed significant differences 
between tablets declaring 250 and 500 mg, where the 
concentrations of antibiotic and excipients were identical 
and the tablets differed only in fill weight and geometry. 
Different lots of erythromycin stearate were used in these 
formulations. It was learned, subsequently, that the dis- 
solution rate (and presumably bioavailability) of eryth- 
romycin from the tablets could be correlated with the in- 
trinsic dissolution rate of the batch of erythromycin stea- 

10.8 
9.7 
8.7 
7.7 

122.49 
1140.68 

8.6 hr 

21.7 
19.4 
17.3 
15.4 

10.8 
9.7 
8.7 
7.7 

122.57 
1140.76 

8.6 hr 

AUCc 
AUMC' 
id 

a Single dose described by C = 15.5e-0.116L - 15.5e-1.5* assuming complete bio- 
availability. Corn uted as C = C, - 15.4~-O.~l~'.  Computed using trapezoidal 
rule. t = AUMCAUC, the mean residence time after oral administration. 
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HOURS 

Figure 1-Dissolution profile of various lots of erythromycin stearate 
as a function of time (0.05 M pH 6.6 phosphate buffer). 

rate used. A dissolution test method was developed for 
erythromycin stearate bulk drug and tablets using condi- 
tions under which decomposition of the antibiotic does not 
occur. 

Erythromycin, its esters, salts, and their preparations 
have been reported to show significant differences in bio- 
availability (1). Stavchansky et al. (2) described attempts 
to correlate the known bioavailability of erythromycin 
stearate tablets from various sources with different in uitro 
test methods, including disintegration, dissolution, and 
dissolution-dialysis. Their findings were inconclusive, 
perhaps because their dissolution experiments were con- 
founded by the decomposition of the antibiotic under the 
conditions used: their test method did not discriminate 
between intact and decomposed erythromycin. 

Tsuji and Goetz (3) described a high-performance liquid 
chromatographic (HPLC) method for erythromycin which 
is selective for the intact drug and correlates with micro- 
biological potency assay. In this laboratory, the method 
afforded a single peak for erythromycin at  about 7.9 min. 
At  37O, the conventional temperature used in dissolution 
testing, erythromycin decomposition was rapid as 
evidenced by the decrease of its peak height and appear- 
ance of a new peak at  about 12.5 min. Dissolution of the 
drug increases with increased acidity. However, acidity and 
temperature promote decomposition of erythromycin. On 
the basis of these considerations, the dissolution test 
method developed used pH 6.6 phosphate buffer at room 
temperature for the dissolution medium. 

The dissolution studies were performed in a USP Ap- 
paratus 2 (4), equilibrating 500 ml of 0.05 M pH 6.6 phos- 
phate buffer a t  22’. The paddle was rotated at  50 rpm and 
500 mg of erythromycin stearate (dispersing it with a micro 

Table I-Dissolution of Erythromycin Stearate Bulk Drug and 
CorresDondina Tablets 

Percent Dissolution After 1.0 Hr 
Curve Bulk 500-mg 250-mg 
No.” Drug Tablet Tablet 

4 49 44 
6 72 70 
7 75 70 
- 78 - 
8 82 78 
9 92 88 

80 

a Dissolution curves from Fig. 1.  

spatula to ensure that it is wetted) or an erythromycin 
stearate tablet was added to the medium. A 5.0-ml aliquot 
was withdrawn after 60 min. The test sample was filtered 
through a membrane filter’ and assayed immediately for 
erythromycin by the HPLC method (3). Under these test 
conditions, no decomposition of erythromycin was de- 
tected on the chromatograms. (The HPLC assay was used 
to obtain the data reported below; however, any convenient 
method could be employed after establishment of the va- 
lidity of the test conditions.) Decomposition of erythro- 
mycin becomes evident after prolonged residence (several 
hours) in the dissolution medium; hence the injunction to 
assay the test sample immediately after completion of the 
test. 

Ten lots of erythromycin stearate from two domestic 
and six foreign sources were found to vary from 27 to 100% 
dissolution in 1 hr. A plot of the dissolution rate as a 
function of time is shown for these lots in Fig. 1. In general, 
dissolution of the bulk drug was similar to that of the 
tablets made from it. The dissolution rates of bulk drug 
and corresponding tablets are shown in Table I. 

Bioavailability studies showed that the tablets made 
from bulk drugs of 72 and 78% dissolution were acceptable, 
while those made from bulk drug of 49% dissolution were 
unacceptable. For this reason, 70% dissolution for the bulk 
drug has been arbitrarily set as acceptable. 

Erythromycin stearate is a mixture of the stearate salt 
of erythromycin with varying amounts of free stearic acid, 
medium stearate, and water. The chemical and physical 
properties that affect its dissolution have not been eluci- 
dated; attempts to correlate dissolution with particle size, 
shape, and crystal forms of the drug have failed. However, 
the test method proposed affords a facile empirical means 
for selecting suppliers. 

(1) C. H. Nightingale, L. W. Dittert, and T. N. Tozer, J.  Am. Pharm. 
Assoc. N S ,  16,203 (1976). 

(2) S. Stavchansky, J. T. Doluisio, A. Martin, C. Martin, B. Cabana, 
S. Dighe, and A. Loper, J .  Pharm. Sci.,  69,1307 (1980). 

(3) K.  Tsuji and J. F. Goetz, J. Chrornatogr., 147,359 (1978). 
(4) “The United States Pharmacopeia,” 20th rev., U S .  Pharmacopeial 

Convention, Rockville, Md., 1980, p. 959. 
Jose Philip 
Robert E. Duly 
Product Development Laboratories 
Warner Lambert Pharmaceutical Research 
Warner Lambert Company 
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EDITORIAL 

Scientific Manpower-Supply versus Demand 

A very popular and apparently successful business magazine 
is entitled “Changing Times.” Today that title, more than ever 
before, seems to reflect what is happening all around us. 

During the past several decades, government and its hand- 
maiden, government regulation-particularly at the federal 
level-have expanded tremendously. Much of this expansion can 
be attributed to the desire of citizens and legislators to minimize 
sudden and upsetting shifts in the economic, trade, business, and 
employment arenas by establishing controls over the forces be- 
lieved to be responsible for such shifts. 

However, the record of performance and experience is anything 
but convincing or even satisfactory. 

For example, just a year ago, the country struggled through a 
period of one of the highest inflation rates and interest rates in 
its entire history; and this happened despite more prevailing 
fiscal, monetary, and banking regulatory authority than ever 
before. As another example, within a matter of less than three 
years, we went from mass warnings of an oil and energy “crunch” 
to a situation now described as a “glut.” 

So the times do change; and they change rapidly; and they 
change in spite of considerable efforts to plan, control, and 
channel the directions of the forces that are behind those 
changes. 

It should not be too surprising, therefore, that  changes of a 
comparably upsetting magnitude are now taking place in the field 
of health care delivery. 

Just a few short years ago, the popular and almost universally 
repeated theme was the impending shortage of all constituent 
elements of health care: hospitals, physicians, and all other health 
care practitioners. Every suggestion of expanding public benefits 
via legislation was couched in fears of overburdening the capacity 
of the already overstrained health care system by trying to ac- 
commodate anticipated additional demands placed upon it. 

Now that, too, has all changed. 
In virtually each issue of every medical, dental, pharmacy, and 

other health care related news publication, there is at  least some 
reference to the existing or impending ouersupply of physicians, 
dentists, pharmacists, nurses, or other practitioners. And the 
latest predictions are that hQspitals are going to be next on “the 
hit list.” In fact, a nationally known hospital consulting firm has 
just predicted that “1,000 of the existing 6,000 hospitals in the 
country will close by 1985, due to cutbacks in government funding 
and patients’ inability to pay their bills.” Furthermore, “the re- 
maining 5,000 hospitals will be controlled by 400 ownerships,” 
suggesting that a lot of constriction and belt-tightening will take 
place in order to maintain the economic viability of the surviving 
hospitals. 

In the professional practice arena, this has begun to trigger a 
good deal of preliminary “jockeying” on the part of each group 
to stake out new roles or expanded areas of practice involvement. 
All of this is in an effort to maintain as large as possible a share 
of the health care dollar uia future demand for their professional 
services. But, conversely, to other groups, this often is perceived 

as “trespassing” on their territory. Hence, the so-called “turf 
battles” are just now beginning to shape up, and undoubtedly 
they will become more severe as the situation itself grows more 
difficult. 

Our pharmaceutical scientist readers may find all this only 
incidentally interesting, and wonder how-if at  all-it affects 
them. 

But affect them, it most likely will; and that warning is the 
underlying message of this editorial. 

Approximately 10 years ago, employers such as drug com- 
panies, government laboratories, health sciences schools, and so 
on, found i t  very difficult to lure graduating pharmacists and 
physicians into their employment. The financial rewards as 
practitioners were better and more immediate. Hence, at  that 
time, there was relatively less competition for the industry, 
government, and academic jobs than there is now; and today 
there is much less competition than will probably be the case in 
the near future. 

Such a threat of intense job competition might appear far- 
fetched to many pharmaceutical scientists, but when considered 
against the backdrop of current physician fears of inroads being 
made by nurse-practitioners, of pharmacist concerns of physi- 
cians turning to drug product dispensing, and dentist efforts to 
curb expansion by dental hygienists, the potential threat becomes 
far more believable. Physicians who are unable to establish a 
viable practice may be even receptive to taking jobs as laboratory 
scientists. And, in doing so, they will displace a corresponding 
number of technical people. 

And lest the Ph.D.-level, senior scientists assume that they will 
be immune, one only has to think back to about the early 1970s 
when there was a reverse type of situation. 

At that time, the physician shortage and the lure of bigger fi- 
nancial rewards-coupled with a downturn in the demand for 
scientific and technical personnel-prompted so much interest 
among Ph.D. people, that a number of medical schools estab- 
lished a specially tailored curriculum for such people who wanted 
to obtain an M.D. degree. Is it not just as reasonable to project 
that sizable numbers of today’s and tomorrow’s graduates from 
medical schools, as well as pharmacy schools-when faced with 
poor employment prospects-will opt for Ph.D. degrees as their 
admission ticket into pharmaceutical research? 

Consequently, the alternately rising and ebbing tide of health 
care manpower does, indeed, impact upon everyone in the field: 
on some more than others, on some more directly than others. 

“Preparation” is the byword of success in any endeavor. Hence, 
i t  would be well for pharmaceutical scientists to prepare them- 
selves for this situation; moreover, the signs clearly indicate that 
i t  is not too early now to begin such planning and prepara- 
tions. 

LEDWARD G .  FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract The effect of blending dry cornstarch versus wet granulation 
with the drug and other excipients on  friability and in uitro dissolution 
of a ticlopidine hydrochloride tablet formulation was studied. The fria- 
bility of the tablets was reduced by wet granulating cornstarch with the 
drug and other excipients compared with the dry blending. The disso- 
lution rate and the tablet-to-tablet variability was improved by incor- 
porating cornstarch in the wet-granulation stage. The lactose placebo 
tablets, which were wet granulated with either a binder solution or 
without a binder, also showed reduced tablet friability due to the incor- 
poration of cornstarch in the wet-granulation step. Examination of the 
tablet cross sections under the scanning electron microscope indicated 
clumping of starch grains when starch was blended in the dry form. Starch 
grains were well embedded in the other materials of the tablet and not 
readily visible when starch was wet granulated with the other excipients. 
This results in better bonding, fewer weak points, and better homogeneity 
of the starch disintegrator within the tablet, which accounts for better 
friability and improved dissolution. 

Keyphrases 0 Ticlopidine hydrochloride-tablet friability, in u i h  
dissolution, effect of inter- versus intragranular cornstarch 0 Corn- 
starch-inter- uersus intragranular, effect on tablet friability and in uitro 
dissolution, ticlopidine hydrochloride 0 Dissolution-in uitro, ticlopidine 
hydrochloride, effect of inter- uersus intragranular corn starch, fria- 
bility 

Starch USP is a common excipient in compressed tab- 
lets, both as a disintegrator and as a binder. Cornstarch is 
one of the most common disintegrating agents used in 
tablet formulations today. When added in the dry state to 
the dry granulation, it acts as a disintegrator. In the paste 
or dry form, when added before wet granulation, its func- 
tion is that of a disintegrator and binder. 

The mechanism of action of starches is not well under- 
stood. In aspirin tablets (1) where contact of starch grains 
was continuous in the interparticle spaces, disintegration 
was rapid and effective even when void spaces were elim- 
inated. Where contact was not continuous, disintegration 

was slower, and appeared to depend on the degree of con- 
tact between starch grains and aspirin particles and on the 
size of interparticle spaces. The primary mechanism ap- 
peared to be a swelling action. Capillarity per se did not 
appear to have a disintegrating effect. Ingram and Low- 
enthal(2) could not find any measurable correlations be- 
tween starch grain damage and disintegration time or be- 
tween starch swelling and compressional force. Outside of 
compressional force, the inherent effect of the tablet in- 
gredients was the only factor that appeared to affect dis- 
integration. In a later study, Lowenthal and Burruss (3) 
discounted pore diameter and porosity of the tablet as a 
mechanism of action of starch as a disintegrator. A sig- 
nificant swelling of the starch grains was not observed (4) 
when pressure-deformed grains were moistened with 
water. Thus, the regaining of the shape of starch grains was 
apparently not the mechanism of action as a tablet disin- 
tegrator. Observations by scanning electron microscope 
(5) indicated that rupture of the tablet surface occurred 
where starch agglomerates were found. It was postulated 
that water hydrates the hydroxyl groups of the starch 
molecules, causing them to move apart. The slight swelling 
that occurs is due to a rapid hydration step and a slower 
sorption step after the addition of water. Channels or pores 
lined with starch were not evident. The conditions for 
rapid tablet disintegration were sufficient agglomerates, 
low pressure, and presence of water. 

In wet-granulated tablet formulations, starch is usually 
added in the dry form prior to compression. This general 
practice .is based perhaps on the swelling theory of the 
mechanism of action of starch as a disintegrator which is 
generally discounted. The data in the literature strongly 
suggest that disintegration is influenced by a wide variety 
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Table I-Formulations Used in This Study 

Formulation 
Ingredients A B C - 

Ticlopidine hydrochloride 250.00 - - 

Microcrystalline cellulose 87.35 - 87.35 
Lactose - 337.35 255.85 
Citric acid 3.90 3.90 3.90 
Starch 39.00 39.00 39.00 
Povidone 7.80 7.80 - 

Stearic acid - - 3.90 
Magnesium stearate 1.95 1.95 - 

of factors that are specific only for a given tablet formu- 
lation; it is difficult to determine the mechanism of action 
of starch as a tablet disintegrator. 

Recent studies from these laboratories (6) suggested that 
the friability of compressed tablets was reduced by in- 
corporating 80% cornstarch in the wet-granulation step 
compared with the dry blending. This paper examines the 
effects of intragranular uersus intergranular cornstarch 
on tablet friability and in uitro dissolution. 

0 Milligrams of ingredient per tablet. 

EXPERIMENTAL 

Materials-The drug, ticlopidine hydrochloride', was 299.0% pure. 
The excipients used were microcrystalline cellulose2 NF, povidone? USP, 

100 - 
90 - 
80 - 
70 - 
6 0 -  

o_ 

a 
I- 2 5 0 -  

2 
0 40-  

Figure 1-Dissolution profiles of ticlopidine hydrochloride tablets 
(formulation A )  shouing the effect  of adding cornstarch before wet 
granulation versus blending it uith the drygranulation. Thegranulation 
moisture content toas 2.1ci ,and tablet crushing strength was 15 Strong 
Cohb units. K e y  (0) starch dr.v blended, with extra-deep concaw 
punches; (0) starch dry blended. with standardconcaivpunches; (A) 
starch wet granulated, with cxtra-deep concaiv punches; (A) starch 
wet granulated. with standard concai'e punches. 

~-(c~-Chlorobenzgl)-4.5.6.~-tetrahgdr~~thieno-[:~,~-~~pgridine hydrochloride; 
Sanol'i Research Co.. New York. NY 10019. 

L' Avirel pH 101; FMC Gorp. 
:' GAF Corp.. New York, NY 10020. 

Table 11-Effect of the Addition of Starch During Wet 
Granulation or  Blending with the Dry Granulation on Friability 
of Tablets Compressed with Standard Concave Punches a 

Tablet Friability, % 
Starch Wet 

Starch Blended with Granulated with 
Punch Dry Granulation Other Materials 

Standard concave 0.27 
Extra-deep concave 0.135 

0.0925 
0.0165 

0 Using formulation A with a granulation moisture of 2.1% and tablet crushing 
strength of 15 Strong Cobb units. 

citric acid4 USP, stearic acid? powder NF, cornstarch6 NF, lactose7 USP, 
and magnesium stearate4 NF. 

Granulation-The formulations used in this study are given in Table 
I. The drug and the appropriate excipients were mixed together in a small, 
planetary mixer for 10 min. Citric acid and povidone in formulations A 
and B and citric acid alone in formulation C were dissolved in water. 
These solutions were used to granulate the powder mixture. After 10 min 
o f  mixing. the granulation was passed through a 1.4-mm aperture and 
dried in a forced-air oven at 50' until the desired moisture levels were 
obtained. The dried granulation was forced through a 1.2-mm aperture 
screen. The lubricant and the disintegrator were blended with the 
granulation for 5 min. The granulations were stored in tightly closed, glass 
bottles. The moisture content of the final granulation was determined 
prior to compression. 

Compression-The compression was carried out by means of a sin- 
gle-punch tablet machine*. The punches and die were 10.32 mm in di- 
ameter. Standard concave and extra-deep concave punches were used 
for compression. The target compression weight was 390 mghblet. The 
tablet crushing strength was determineds immediately after compression. 
For each determination, 10 tablets were tested and the mean was calcu- 
lated. 

Granulation Moisture-The granulation was exposed to a 125-W 

0.04 t 
0 5 10 15 

MINUTES 
Figure 2-Coefficient of variation of dissolution showing the effect of 
adding cornstarch before wet granulation versus blending it with the 
dry granulation (formulation A). The granulation moisture content uas 
2.1 , and the tablet crushing strength uias 15 Strong Cobb units. Key: 
(0) starch dry blended, with extra-deep concave punches; (0) starch 
dry blended, with standard concave punches; (A) starch wet granulated, 
with extra-deep concave punches; (A) starch wet granulated, with 
standard concave punches. 

Mallinckrodt, Inc.. St. Louis, MO 63147. 
Emerv Industries, Inc.. Cincinnati, OH 45232. 
Stale- Manufacturing Co., Decatur, 111. 

Schleuniger-BE Hardness Tester; Vector Corp., Marion, IA 52303. 

' Regular Grade; Foremost Co., San Francisco, CA 94104. " Stokes Model F4. 
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Figure 3-Effect of  adding cornstarch during wet granulation versus 
blending with the  dry granulation on friability of placebo tablets (for- 
mulation B). T h e  granulation moisture content was 2.0%. Key: (0) 
starch dry blended, with standard concave punches; (0) starch dry 
blended with extra-deep concave punches; (A) starch wet granulated, 
with standard concave punches; (A) starch wet granulated, with 
extra-deep concave punches. 

IR lamp for 15 min a t  a 90-V setting in a moisture balancelo. The percent 
weight loss on drying was read directly from the instrument. 

Tablet Friability-A Roche-type friabilator was used. Twenty tablets 
were brushed with a soft, camel’s hair brush to remove all adhering par- 
ticles. After accurate weighing, the tablets were placed in the drum. The 
drum was rotated for 4 min (100 revolutions), the tablets were removed, 
brushed to remove adhering particles, and accurately weighed. The test 
was carried out in duplicate, and the mean percent friability was calcu- 
lated. 

TABLET CRUSHING STRENGTH, SCU 

* I  
>‘ 0.3 

: 0.2 

-I 
m 
a 
I- 0.1 *----‘ - \ 

TABLET CRUSHING STRENGTH, SCU 

Figure 4-Effect of adding cornstarch during wet granulation versus 
blending with the dry granulation on friability of placebo tablets (for- 
mulation C). T h e  granulation moisture content was 2.0%. Key: (0) 
starch dry blended, with standard concave punches; (0) starch dry 
blended, extra-deep concave punches; (A) starch wet granulated, with 
standard concave punches; (A) starch wet granulated, with extra-deep 
concave punches. 

lo Cenco Central Scientific Co., Chicago, 1L 60623. 

Figure 5-Cross-sectional view of ticlopidine hydrochloride tablets 
compressed with the standard concave punches using formulation A. 
Starch was dry blended. Key: (A)  -8OOX (original magnification): (B) 
-2OOOX (original magnification). 

In Vitro Dissolution-The in vitro dissolution was determined by 
the USP Method I1 as reported earlier (6). For each determination, six 
tablets were tested. This apparatus consisted of USP paddles driven by 
a multiple-spindle drive with a variable-speed control”; round-bottom, 
plastic resin kettles12 measuring 1 liter; and a water bath. The dissolution 

Figure 6-Cross-sectional view of ticlopidine hydrochloride tablets 
compressed with the standard concave punches using formulation A. 
Starch was wet granulated [-ZOOOX (original magnification)]. 

11 Model 7 2 R  Hanson Research Corp., Northridge. Calif. 
12 Elanco, Indianapolis, Ind. 
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Figure 7-Cross-sectional view of ticlopidine hydrochloride tablets 
compressed with the extra-deep concave punches using formulation A. 
Starch was dry blended. Key: (A)  -8OOX (original magnification); (B)  
-2000 x (origina 1 magnification). 

medium was 700 ml of deaerated water equilibrated at  37' and stirred 
a t  50 rpm. The dissolved drug was analyzed by recording the absorbance 
a t  236 nm, using an automated monitoring system consisting of a peri- 
staltic pumpI3, l-mm spectrophotometer flow cells, and automatic sample 
changer/spectroph~tometer~~. The absorbances were plotted on a re- 

Figure 9-Cross-sectional view of the placebo tablets compressed with 
extra-deep concave punches using formulation R.  Starch was (A) dry 
blended or (B)  wet granulated [-2OOOx (original magnification)]. 

corder every minute until complete dissolution was achieved. The dis- 
solution apparatus was calibrated using USP dissolution calibrator 
tablets (prednisone, 50 mg). The mean dissolution and the standard 
deviations were within the required range. 

Scanning Electron Micrographs-Cross sections of the tablets were 
obtained by cutting tablets axially with a sharp razor blade. The tablet 
cross sections were mounted on cylindrical specimen stubs with dou- 
ble-stick tapeIs with the inner side surface up. Surface conductivity on 
the tablet sample was obtained with a silver paste in a vacuum evaporator. 
The samples were viewed at an oblique angle of 30' in a scanning electron 
microscopeI6. The photographs were taken using self-developing 
filml7. 

RESULTS AND DISCUSSION 

The results of the friability of ticlopidine hydrochloride tablets (for- 
mulation A) are given in Table 11. The starch was either added during 
the wet-granulation process or blended in the dry form with the dry 
granules. The tablet crushing strength and the granulation moisture were 
both controlled in these studiesI8. The compression was carried out with 
standard concave and extra-deep concave punches. The results indicate 
that the friability of the tablets compressed from granulations in which 
starch was incorporated in the wet-granulation process was lower com- 
pared with the friability of the tablets containing starch in the dry- 
blended form. Extra-deep concave punches showed a much larger effect 

l5 Scotch Tape; Minnesota Mining and Manufacturing Co., St. Paul, MN 

l6 SEM Model Alpha-9: International Scientific Instruments, Inc., Santa Clara, 

1s Data to be published. 

Figure 8-Cross-sectional view of ticlopidine hydrochloride tablets 
compressed with the extra-deep concave punches wing formulation A. 
Starch was wet granulated 1-2000X (original magnification)]. 55101. 

CA 95050. 
13 Model 1210; Haryard Apparatus, Millis. Mass. 
r4 Model 25; Beckman Instruments, Fullerton, Calif. 

Type 52 Polapan; Polaroid Corp. 
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Figure l(tCross-sectional oieui of the placebo tablets compressed with 
the standard concave punches using formulation C. Key: (A) Starch was 
dry blended [-400X (original magnificativn)J; (R) starch was dry 

in reducing tablet friability compared with the standard concave punches 
as a result of the differences in processing starch. 

Figure 1 gives the dissolution profiles of ticlopidine hydrochloride 
tablets (formulation A) resulting from granulations in which starch was 
either blended in the dry form or wet granulated with the drug and other 
excipients. For both punch tip geometries, the initial dissolution rate of 
the tablets compressed from granulations containing starch in the wet- 
granulation stage was higher compared with the tablets that  were com- 
pressed from granulations containing starch in the dry form. 

The coefficients of variation ( C V )  of these tablets as a function of the 
dissolution time are given in Fig. 2. At all time points studied, the dis- 
solution coefficient of variation of standard convex tablets was smaller 
for tablets containing starch in the wet-granulated form compared with 
the tablets containing starch in the dry-blended form. The dissolution 
coefficient of variation of extra-deep convex tablets compressed from 
granules containing wet-granulated starch was smaller only at  the 5-min 
time point. At later time points, the punch tip geometry effects discussed 
earlier (6) override, a t  least in part, the starch-processing effects. 

Placebo tablets (formulations B and C) were compressed with both 
punch tip geometries to confirm the nonspecificity of the effect on tablet 
friability caused by the mode of the addition of starch. The results of the 
friability of formulation B placebo tablets a t  various crushing strengths 
under controlled granulation moisture are given in Fig. 3. The tablets 
compressed with the granulation containing wet-granulated starch were 
less friable compared with the tablets Compressed from granulations 
containing starch in the dry-blended form. At higher crushing strengths, 
these differences were small. This was true with both punch tip geome- 
tries. In agreement with an earlier report (6), the friability of extra-deep 
convex tablets was smaller than the friability of standard convex tab- 
lets. 

Granulations were made without a wet binder (formulation C) to study 

blended [-8OOX (original magnification)]; (c) starch was wet granu- 
lated [-8OOX (original magnification)]; (D) starch ivas uwt granulated 
[-2000 X (original magnification)]. 

the influence of the mode of the starch addition on tablet friability. Figure 
4 gives the results of the tablet friability a t  various crushing strengths 
a t  a controlled moisture content. For both punch tip geometries, the 
friability of the tablets compressed from granulations containing wet- 
granulated starch was smaller than the tablets compressed from granu- 
lations containing starch in the dry-blended form. The friability of the 
extra-deep convex tablets was much smaller than the friability of the 
standard convex tablets. 

These results suggest definite advantages of incorporating starch as 
a disintegrator in the wet-granulated part of the formulation of tablets 
containing soluble drugs and/or soluble major excipients for improving 
tablet friability and in oitro dissolution. It is also important to point out 
that  the wet granulations containing starch must. be dried below 60" t o  
prevent gelatinization of the starch. 

To investigate the mechanism by which the incorporation of starch 
in the wet granulation improved tablet friability and in ilitro dissolution, 
a scanning electron microscope was used to examine the cross sections 
of the tablets. Figure 5 is a cross-sectional view of ticlopidine hydro- 
chloride tablets (formulation A) containing starrh in the dry-blended 
form compressed with the standard concave punches. Starch grains, 
mostly deformed, appeared in clumps with some loose, fine granules. The 
clumping of the starch grains was not observed when cross sections of the 
tablet containing starch as a part of the wet granulation were examined 
(Fig. 6). The starch grains were well distributed in the drug-excipient 
granules showing good contact with the powders. 

Because of the dependence of the axial and radial movement of the 
powders on punch tip geometry, cross sections of the extra-deep convex 
tablets were examined to study its effect on the distribution of starch 
granules within the tablet. Clumps of starch grains with some loose, fine 
granules were observed (Fig. 7) when starch wm dry blended with the dry 
granules. Starch did not appear to adhere to itself or to the other materials 
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in the tablet. This results in weaker points within the tablets and fine 
cracks around the agglomerates. Higher tablet friability and higher 
tablet-to-tablet variability in dissolution could be explained as resulting 
from clumping of starch grains and weaker points around these agglo- 
merates. The cross-sectional view of the tablet compressed from granules 
containing starch in the wet-granulation stage is shown in Fig. 8. No 
clumping of the starch grains was seen. The materials were well distrib- 
uted in the tablet matrix. Comparisons of the two punch tip geometries 
revealed no major differences in the distribution of starch resulting from 
the differential particle movement during compression (compare Figs. 
5 and 6 with Figs. 7 and 8). 

Figure 9 gives cross-sectional views of the placebo tablet compressed 
with the standard concave punches (formulation B). Tablets containing 
dry-blended starch showed only a few starch grains (Fig. 9A) compared 
with the largely fused lactose (Fig. 9B) for tablets compressed from 
wet-granulated starch. 

The cross-sectional views of the tablets compressed from formulation 
C without a wet binder are shown in Fig. 10. Similar to ticlopidine hy- 
drochloride tablets, clumping of starch grains was observed when starch 
was dry blended (Fig. 10A and €3). Starch grains do not adhere to them- 
selves or to the other materials in the tablet. This is in contrast to the case 

when starch was wet granulated with other excipients using water (Fig. 
1OC and D). Agglomerates or even isolated starch grains were not ob- 
served. The starch was well embedded in the soluble excipient, lactose, 
which on drying crystallized out. 

In conclusion, this study suggests that the tablet friability and in uitro 
dissolution improved by incorporating starch in the wet-granulation stage 
of formulations containing a soluble drug and/or a soluble major excip- 
ient. This improvement in tablet friability and-in uitro dissolution is due 
to a better bonding, fewer weak points, and better homogeneity of the 
disintegrator, starch, within the tablet. 
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Abstract  0 A method to determine drugs having a carbothionamido 
group using an ammonia gas-sensing electrode is described. To obtain 
analytical accuracy, the effect of factors that  influence the potential is 
also discussed. Ethionamide or prothionamide was refluxed with 2Wo HCI 
to give ammonium chloride, hydrogen sulfide, and a carboxylic acid. The 
ammonia, which evolved a t  pH > 11, was determined. A linear calibration 
plot was obtained within the drug concentration range of 2 X 10-5-1 X 
lo-* M. 
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In recent years, the development of gas-permeable 
membrane electrodes has led to their widespread use in the 
analytical field (1). Although electrodes that use immo- 
bilized enzymes on the membrane are employed for the 
determination of organic and biological compounds, few 
applications to drug analysis have been reported in the 
literature, and no pharmacopeia has yet introduced their 
use for assays. Therefore, a previous paper (2) described 
procedures for the determination of drugs having a car- 
boxyamido group (ethenzamide, niacinamide, pyraz- 
inamide, and salicylamide). 

The present paper describes the determination of drugs 
having a carbothionamido group in an analogous way and 
describes in detail the operations and handling of the 
ammonia gas-sensing electrode. The carbothionamido 
group decomposes into ammonium chloride, hydrogen 

sulfide, and a carboxylic acid on heating with hydrochloric 
acid (Scheme I). It may thus be possible to utilize the 
ammonia gas-sensing electrode to determine the ammonia 
derived from the ammonium chloride during the decom- 
position. 

EXPERIMENTAL 

Apparatus  and Reagents-Direct potentiometric measurements 
were made a t  20' in an 80-ml cell equipped with a magnetic stirrer, using 
a pH/mV meter' with a recorder2 and ammonia gas-sensing electrodes 
A3 and B4. Ethionamide5, prothionamide6, and ammonium chloride7 were 
analytical grade or certified quality and were dried in  uacuo at room 
temperature for 5 hr. Other chemicals used were reagent grade. Ammo- 
nium chloride solutions of 0.001-1 M and ammonium chloride solutions 
of 0.01-0.1 M saturated with ammonium picrate were used as internal 
filling solutions. 

Scheme I-The decomposition of the carbothionamido group-con- 
taining compounds ethionamide ( R  = CzHS) and prothionamide (R = 
C:rH7). 

I Model F-7ss, Hitachi-Horiba Instruments, Horiba Co., Kyoto. 
Model EPR-22A, Toa-Denpa Co., Tokyo. 
Model 5002-05T, Horiba Co., Kyoto. 
Model 95-10, Orion Research Inc., Cambridge. 
Daiichi Seiyaku Co., Tokyo (lot CA 7921806). 
Lederle J a  an Ltd., Tokyo (lot CA 7917603; assay,100.2%). 

' E. Merck, garmstadt (lot 0074534; assay, 99.8%). 
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when starch was wet granulated with other excipients using water (Fig. 
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served. The starch was well embedded in the soluble excipient, lactose, 
which on drying crystallized out. 

In conclusion, this study suggests that the tablet friability and in uitro 
dissolution improved by incorporating starch in the wet-granulation stage 
of formulations containing a soluble drug and/or a soluble major excip- 
ient. This improvement in tablet friability and-in uitro dissolution is due 
to a better bonding, fewer weak points, and better homogeneity of the 
disintegrator, starch, within the tablet. 
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use for assays. Therefore, a previous paper (2) described 
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The present paper describes the determination of drugs 
having a carbothionamido group in an analogous way and 
describes in detail the operations and handling of the 
ammonia gas-sensing electrode. The carbothionamido 
group decomposes into ammonium chloride, hydrogen 

sulfide, and a carboxylic acid on heating with hydrochloric 
acid (Scheme I). It may thus be possible to utilize the 
ammonia gas-sensing electrode to determine the ammonia 
derived from the ammonium chloride during the decom- 
position. 

EXPERIMENTAL 

Apparatus  and Reagents-Direct potentiometric measurements 
were made a t  20' in an 80-ml cell equipped with a magnetic stirrer, using 
a pH/mV meter' with a recorder2 and ammonia gas-sensing electrodes 
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nium chloride solutions of 0.001-1 M and ammonium chloride solutions 
of 0.01-0.1 M saturated with ammonium picrate were used as internal 
filling solutions. 

Scheme I-The decomposition of the carbothionamido group-con- 
taining compounds ethionamide ( R  = CzHS) and prothionamide (R = 
C:rH7). 

I Model F-7ss, Hitachi-Horiba Instruments, Horiba Co., Kyoto. 
Model EPR-22A, Toa-Denpa Co., Tokyo. 
Model 5002-05T, Horiba Co., Kyoto. 
Model 95-10, Orion Research Inc., Cambridge. 
Daiichi Seiyaku Co., Tokyo (lot CA 7921806). 
Lederle J a  an Ltd., Tokyo (lot CA 7917603; assay,100.2%). 

' E. Merck, garmstadt (lot 0074534; assay, 99.8%). 

988 I Journal of pharmaceutical Sciences 
Vol. 72, No. 9, September 1983 

0022-35491 831 0900-0988$0 1. 00/ 0 
@ 1983, American Pharmaceutical Association 



-60. 

-40' 

-20. 

0 -  

+20- 
> 5 +40. 

+60- 

+80* 

+loo- 

5 4 3 2 
-LOG (AMMONIA) 

Figure 1-Effect of internal filling solutions on the calibration plot. 

Standard Solution-To 25 ml of 0.1 M ammonium chloride solution 
in a 250-ml volumetric flask was added 50 ml of a 20% HCl solution which 
had been neutralized to pH 6.5 with sodium hydroxide, and the resulting 
solution was diluted to volume with distilled water. A working solution 
was prepared by diluting this stock solution to 1 X M ammonium 
chloride. 

mole) 
of ethionamide or 180.27 mg (1 X mole) of prothionamide and 20 
ml of 20% HCl was heated a t  reflux in an oil bath for 1 hr. The solution 
was cooled, poured into a 100-ml beaker, and diluted with -50 ml of 
water. A drop of methyl orange was added while cooling the beaker con- 
tinuously, and the acid was cautiously neutralized with 10 N NaOH so- 
lution until the indicator began to change color. The solution was then 
adjusted to pH 6.5 with dilute sodium hydroxide solution using a pH 
meter. The solution was poured into a 100-ml volumetric flask and diluted 
to volume with water. The concentrations of the fiial drug solutions were 
1 X M ammonia. Sample solutions for 
measurements were obtained by dilution of these solutions with 
water. 
Assay Procedure-A 50-ml portion of the sample and standard so- 

lutions used was incubated for 30 min at 20°, and l ml of 5 N NaOH was 
added before the electrode was immersed in the solutions. (After alka- 
linization, the solutions are stable for several hours in the cell with a 
rubber stopper.) The standard procedure was as follows: The electrode 
with 0.05 M ammonium chloride internal filling solution was washed with 
water and immersed for -5 min in fresh 0.05 M NaCl solution acidified 
with dilute hydrochloric acid at pH 4, and then the old internal filling 
solution was replaced with fresh 0.05 M ammonium chloride solution. 
The electrode was placed in the first standard, and the potential was 
measured. After washing the electrode as described above, the electrode 
was placed in the sample solution, and the potential was measured. After 
another washing, the electrode was placed in the second standard, and 
the potential was measured. The sample concentration was determined 
from the calibration curve. 
Assay of Tablets-Twenty tablets were weighed and finely powdered. 

A portion of the powder (equivalent to -166.24 mg of ethionamide or 
180.27 mg of prothionamide) was accurately weighed, and 20 ml of ace- 
tone was added. The solution was stirred and then centrifuged. The su- 
pernatant acetone solution was removed, and 20 ml of acetone was added 
to the residue. The extraction procedure was repeated until the super- 
natant acetone solution was colorless. The acetone fractions were 
evaporated to dryness, and the resulting residue was refluxed for 1 hr with 
20 ml of 20% HCI. As described above, the acidic solution was adjusted 
to pH 6.5 and diluted to 250 ml in a volumetric flask. The ammonia 
concentration in a 50-rnl portion of the sample was determined from the 
calibration curve. 

Decomposition of Drugs-A mixture of 166.24 mg (1 X 

M, corresponding to 1 X 

Salt 

" a n r  1 " L C . L I L I I I  

Concentration, a Shift, 
M mV 

Sodium chloride 

Potassium chloride 

Sodium sulfate 

Potassium sulfate 

1 x 10-4 0 
1 x 10-3 0 
1 x 10-2 +0.1 
1 x lo-' -0.1 
5 x 10-1 -0.1 
1 -0.6 
1 x 10-4 +0.2 
1 x 10-3 -0.1 
1 x 10-2 -0.1 
1 x 10-1 -0.2 
5 x 10-1 -0.6 
1 -2.2 
I x 10-4 
1 x 10-3 
1 x 10-2 
1 x 10-1 
5 x 10-1 
1 
1 x 10-4 
1 x 10-3 
1 x 10-2 
5 x 10-2 
1 x 10-1 
3 x lo-' 
5 x 10-1 

0 
+0.1 
-0.1 
-1.0 
-4.0 
-8.4 
+0.2 
+0.1 

0 
-0.4 
-0.8 
-2.7 
-4.7 

The given salt concentrations are the concentrations in 1 X 10-3 M ammonium 
chloride. 

RESULTS AND DISCUSSION 

Internal Filling Solution-The electrolyte solution in the reference 
electrode and the internal filling solution contained known amounts of 
ammonium chloride. Commercially available ammonia gas-sensing 
electrodes differ slightly from one another in the concentration of the 
internal filling solution and in their inner structure. The electrolyte so- 
lution in reference electrode A can be replaced by fresh electrolyte so- 
lution, but not in electrode B. By using both electrodes, the effect of in- 
ternal filling solutions on the calibration plot was investigated. First, 
electrode A, in which the internal filling solution and the electrolyte so- 
lution are the same, was examined by employing filling solutions with 
0.001-1 M ammonium chloride. The results are shown in Fig. 1, where 
the potential difference (AmV) from 1 X M ammonia to each con- 
centration of ammonia is plotted as the ordinate and the ammonia con- 
centration is plotted as the abscissa. Using 0.1,0.05, and 0.01 M filling 
solutions, a linear calibration plot was obtained for the concentration 
range of 1 X 10-4-1 X M ammcdnia. Using 0.001 M filling solution, 
a linear calibration plot was obtained at 1 X 10-5-1 X M ammonia. 

Table 11-Determination of Drugs Having a Carbothionamido 
Group 

Deter- Label Claim, Found, Recovery, 
Drug mination ma mg % 

Ethionamide 1 0.831 0.829 99.8 
2 0.831 0.832 100.1 
3 0.831 0.832 100.1 
4 8.312 8.337 
5 8.312 8.320 
6 8.312 8.312 
7 8.312 8.304 
8 8.312 8.304 

Mean f SD 

Prothionamide 1 0.901 0.900 
2 0.901 0.901 
3 0.901 0.898 
4 0.901 0.902 

~~. ~ 

100.3 
100.1 
100.0 
99.9 
99.9 

100.03 
f 0.15 
99.9 

100.0 
99.7 

10.1 
5 9.014 9.014 100.0 
6 9.014 9.005 99.9 
7 9.014 9.050 100.4 
8 9.014 9.032 100.2 

Mean f SD 100.03 
f 0.20 
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Figure 2-Effect of hydrochloric acid concentrations on drug decom- 
position. 

The slope of the lines was 58 mV per decade increase in ammonia con- 
centration. At a low concentration range of ammonia (from 1 X to 
1 X 10-4 M), the higher the concentration of the filling solution, the 
smaller AmV. At a high concentration range of ammonia (from 1 X 
to 1 X lo-* M), AmV became <58 mV when 0.001 M filling solution was 
used. With 1 M filling solution, the electrode potentials were unstable; 
the calibration plot was not linear, resulting in an S-curve. Based on the 
above data, 0.001 M filling solution is considered suitable for potential 
measurements of a low level of ammonia (1 X 10+-1 X M). In the 
concentration range of 1 X 10-4-1 X M ammonia, 0.014.1 M filling 
solutions are suitable for the potential measurements. However, with a 
high level of ammonia (1 X 10-3-1 X lo-' M). the use of 0.1 M filling 
solution is preferred. 

The electrolyte solution in electrode B consists of a saturated solution 
of ammonium picrate or ammonium purpurate. T o  provide a chloride 
concentration for the reference Ag-AgC1 electrode, the electrolyte also 
contains a known amount of ammonium chloride (3). However, the 
concentration of ammonium chloride in this electrode is not obvious. 
Using an internal filling solution containing 0.05 M ammonium chloride 
saturated with ammonium picrate, a linear calibration plot was obtained 
in the concentration range of 1 X 10-4-1 X M ammonia, and the 
potential difference (AmV) was 58 m V  per decade increase in ammonia 
concentration. However, using 0.01 or 0.1 M ammonium chloride satu- 
rated with ammonium picrate, the calibration plot was not linear. 

On using the Instrumental Laboratory filling solution, a linear cali- 
bration plot was obtain in the ammonia concentration range of 1 X W4-1 
X M. This indicates that the Instrumental Laboratory solution and 
the 0.05 M ammonium chloride solution saturated with ammonium 
picrate are the same. 

Standard Solution-Water vapor resulting from the difference in 
concentrations of ions between the decomposition and internal filling 
solutions (osmotic strength) leads to error, and the partial pressure of 
the dissolved gas is also a function of the sample temperature and the level 
of dissolved species (4). In the present study, therefore, the effect of 
dissolved salts on the potential was examined more closely. The results 
are shown in Table I. In a given 1 X 10W M ammonium chloride solution, 
1 X lo-' M potassium or sodium sulfate caused an -1-mV electrode shift. 
However, in sodium chloride, the amount of salt is negligibly small in a 
concentration <1 M. The experimental data indicated that the calibra- 
tion plot of ammonium chloride standard solution coincided with that 
of the decomposition solution in the concentration range of 1 X 
X M. Thus, the standard solution should use ammonium chloride 
standard instead of the drug standard. 

T o  obtain analytical accuracy, a calibration curve should be prepared 
for every set of determinations. Since the potential of the glass electrode 
is stable for -12 hr, but changes with after that  time, the slope of the 
linear calibration plot is not constant. 

Electrode Response-The response of the electrode is a function of 

Table  111-Determination of Tablets 

Deter- Label Claim, Found, Recovery, 
Drug mination mg mg 96 

Ethionamide 1 155.96 157.36 100.9 
2 166.24 167.07 100.5 
3 166.24 166.02 99.9 

Mean f SD 

4 164.34 165.29 100.6 
5 173.46 174.22 100.4 

100.46 
f 0.36 

Prothionamide 1 187.00 187.94 100.5 
2 180.12 181.15 100.6 
3 205.54 206.07 100.3 ~. ~ ~ . .  . ~ . .  - 
4 195.41 195.49 100.0 
5 182.35 183.63 100.7 

Mean f S D  100.42 
f 0.28 

the ammonia concentration, with a faster response a t  higher ammonia 
levels. In a given ammonia concentration it is also a function of the salt 
concentration, with a faster response a t  higher dissolved salt levels. On 
repeated use, the equilibrium time may become longer because of deter- 
ioration of the glass electrode. T o  activate the electrode, the electrode 
tip should be immersed in 2% ammonium fluoride for 3 min, then in 5 N 
HCI for several minutes, followed by exhaustive washing with water. 

Another important factor that  influences the electrode response is the 
working area of the gas-permeable membrane. Employing membranes 
with diameters of 4 mm3 and 9 mm4, the response times of the electrode 
were found to be 20-30 min and 1-3 min in 1 X M ammonia, re- 
spectively. 

When the electrode is immersed in water for storage overnight, the 
response time may become longer, as water vapor may condense in the 
hole in the gas-permeable membrane, hindering the passage of ammonia 
gas. For storage overnight or over the weekend, the electrode tip should 
be immersed in ammonium chloride solution, with the same level of 
ammonium chloride as in the internal filling solution to avoid wetting 
and change of internal filling solution concentration. 

Contamination-The electrode is always contaminated by the am- 
monia adsorbed on the gas-permeable membrane and by the ammonia 
in the small gap between the bottom cap of the electrode and the gas- 
permeable membrane. Since the contaminating substance cannot be 
removed by washing with water, the electrode tip must be washed by 
immersion in freshly prepared sodium chloride solution (pH 4) of a 
similar concentration to the ammonium chloride in the internal filling 
solution. At a concentration M ammonia, the potential change 
resulting from contamination is much larger than in the concentration 
range of 10-"-10-2 M. The electrode t ip must be washed thoroughly. 
During washing of the electrode, the concentration of the internal filling 
solution is slightly changed. Thus, the internal filling solution should be 
replaced with fresh solution before making potential measurements. 

Reproducibility-In a sample solution with a high level of dissolved 
salt, reproducibility is influenced by the mode of operation of the po- 
tential measurement. In the first procedure, after alkalinization of the 
sample solution with sodium hydroxide, the electrode is immersed in the 
sample solution and the potential measurements are determined. In the 
second procedure, following immersion of the electrode in the sample 
solution, the solution is alkalinized with sodium hydroxide after a few 
minutes, and then potential measurements determined. The potential 
values obtained by these different modes of operation are not equal. 
Results show that in the second procedure, the concentration of the in- 
ternal filling solution changes with lapse of time due to water vapor 
caused by osmotic pressure. Small changes in the concentration of the 
filling solution influence the potential value. The potentiometric mea- 
surements should be determined using the first procedure. 

Electrode B has a fast response time, but the large area of the gas- 
permeable membrane subjects it to influence from osmotic pressure. 
Therefore, electrode A was used. 

Decomposition of Drugs-A mixture of ethionamide and 20% HCI 
was refluxed until complete decoloration had taken place. Hydrogen 
sulfide was evolved during the course of the reaction, and the yellow so- 
lution became colorless after 30 min. The resulting ammonia formed in 
the decomposition was determined a t  various times (Fig. 2). The electrode 
potential reached a maximum a t  a heating time of 30 min. In the case of 
decomposition with 10% HCI, the electrode potential reached a maximum 
at a heating time of 3 hr. After 1 and 2 hr, the recoveries were 87 and 99%, 
respectively. The decomposition time of prothionamide was the same 
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as that of ethionamide. When the potential was plotted against the log- 
arithm of the drug concentration, a linear calibration plot was obtained 
in the drug concentration range of 2 X 10-5-1 X 

The amount of drug was first determined with the pure drug powder. 
According to USP XX (5), ethionamide contains 298.0% and 1102.0% 
of C S H ~ ~ N ~ S ,  calculated on an anhydrous basis. Prothionamide is de- 
scribed only in the JP X (6), and not in the USP or British Pharmacopeia 
(7). According to the Japanese Pharmacopeia, prothionamide determined 
on a dry weight basis should be >98.0% pure. 

The recovery of the drugs is shown in Table 11. Determinations were 
performed on eight samples of both drugs. The amounts of ethionamide 
and prothionamide were estimated with the same average errors of 0.03%, 
and the standard deviations were 0.15 and 0.20, respectively. The re- 
coveries were good and reproducible. 

Determinations on both tablets were carried out. A suitable extraction 
solution was sought. Both drugs are very soluble in methanol and glacial 
acetic acid and are also soluble in ethanol and acetone; however, in the 
extraction it is necessary to  avoid interference from extraneous com- 
pounds. Methanol is used in the USP procedure. The tablets were 
therefore extracted with methanol and after evaporation of the methanol, 
the residue was heated a t  reflux with 20% HCl. After heating for 3 hr, the 
solution became brown, and a brown precipitate separated out. Evidently 
the precipitate resulted from impurities dissolved in the methanol. 

The tablets were then extracted with acetone. After dissolution in 
acetone, the solution was centrifuged. This was found to be the best 
method because filtration of the acetone solution proved to be difficult. 
The extraction was carried out four or five times until the extract was 
colorless. The solvent was evaporated, and the residue was heated a t  
reflux for 1 hr with 20% HCI to give a light-brown precipitate and a 
pale-brown solution. The acidic solution was then neutralized with so- 
dium hydroxide a t  pH 6.5, and the resulting mixture was subjected to 
potentiometric measurements. Determinations were performed on five 
samples of 20 tablets. According to the USP XX, ethionamide tablets 
contain 295.0% and 1110% of the labeled amount of drug. The results 
obtained are shown in Table 111. The mean recoveries for ethionamide 
and prothionamide tablets were 100.46 and 100.4270, respectively, and 
the respective standard deviations were 0.36 and 0.28. The labeled 

M. 

amount of drugs was 100 mghablet. The recoveries are given compared 
with the theoretical amount of ammonia in the drug tablets, and i t  is 
believed that one tablet indeed contains 100 mg. 

CONCLUSION 

The assay method for the drugs in JP X is based on the nonaqueous 
titration method using perchloric acid; however, the color change is not 
sharp. In the BP, the end-point is determined potentiometrically, which 
alleviates this problem. In USP XX, a colorimetric method is used for 
the determination of the pure powder and tablets. The procedure is ac- 
curate, but nonspecific. 

The proposed method for the assay of drugs having a carbothionamido 
group is simple and specific. The recovery is satisfactory and lies within 
acceptable limits. In view of this, use of the ammonia gas-sensing elec- 
trode is recommended as a possible pharmacopeial method. 
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Abstract 0 Twenty-three normal male subjects received 900 mg of 
acetaminophen and 750 mg of chlorzoxazone as an oral suspension. 
Analysis of plasma samples indicated a rapid absorption and rapid 
elimination of chlorzoxazone. Average values of the elimination half-life 
and plasma clearance were 1.12 f 0.48 hr and 148.0 f 39.9 ml/min, re- 
spectively. Analysis of urine samples showed that chlorzoxazone was 
eliminated from the body as the glucuronide conjugate of the interme- 
diate metabolite 6-hydroxychlorzoxazone, to the extent of 74% of the 
dose. The plasma and the urinary excretion data were fitted to theoretical 
equations, and excellent fits were obtained using a five-parameter 
pharmacokinetic model. 

Keyphrases Chlorzoxazone-analysis in human plasma and urine, 
administration with acetaniinophen; pharmacokinetics Pharmacoki- 
netics-chlorzoxazone, analysis in human plasma and urine, concomitant 
administration with acetaminophen 0 Acetaminophen-concomitant 
administration with chlorzoxazone, analysis in human plasma and urine, 
effect on pharmacokinetics 

Chlorzoxazone (5-chloro-2(3H)-benzoxazolone) (I) is 
a potent skeletal muscle relaxant that is effective in the 
treatment of skeletal muscle spasms. Onset of therapeutic 

activity is observed within 1 hr, with a duration usually up 
to 6 hr (1). Chlorzoxazone exhibits minimal adverse effects 
and almost no GI irritation. 

The data and results presented in this report are part 
of a study that was performed with 23 normal male 
subjects to determine the bioavailability of acetaminophen 
and chlorzoxazone from a commercial combination tablet 
formulation and an oral suspension. While there exists 
sufficient information in the literature regarding acet- 
aminophen elimination kinetics (2-6), little has been re- 
ported on the disposition characteristics of chlorzoxazone 
in humans. This report deals primarily with the plasma 
levels and urinary excretion of chlorzoxazone following 
administration of a suspension of chlorzoxazone and 
acetaminophen. 

In studies dealing with the metabolic fate of chlorzox- 
azone in humans, Conney and Burns (7) reported that <1% 
of the drug was excreted unchanged in urine. Chlorzoxa- 
zone was rapidly metabolized in humans to 6-hydroxy- 
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as that of ethionamide. When the potential was plotted against the log- 
arithm of the drug concentration, a linear calibration plot was obtained 
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The extraction was carried out four or five times until the extract was 
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reflux for 1 hr with 20% HCI to give a light-brown precipitate and a 
pale-brown solution. The acidic solution was then neutralized with so- 
dium hydroxide a t  pH 6.5, and the resulting mixture was subjected to 
potentiometric measurements. Determinations were performed on five 
samples of 20 tablets. According to the USP XX, ethionamide tablets 
contain 295.0% and 1110% of the labeled amount of drug. The results 
obtained are shown in Table 111. The mean recoveries for ethionamide 
and prothionamide tablets were 100.46 and 100.4270, respectively, and 
the respective standard deviations were 0.36 and 0.28. The labeled 

M. 

amount of drugs was 100 mghablet. The recoveries are given compared 
with the theoretical amount of ammonia in the drug tablets, and i t  is 
believed that one tablet indeed contains 100 mg. 

CONCLUSION 

The assay method for the drugs in JP X is based on the nonaqueous 
titration method using perchloric acid; however, the color change is not 
sharp. In the BP, the end-point is determined potentiometrically, which 
alleviates this problem. In USP XX, a colorimetric method is used for 
the determination of the pure powder and tablets. The procedure is ac- 
curate, but nonspecific. 

The proposed method for the assay of drugs having a carbothionamido 
group is simple and specific. The recovery is satisfactory and lies within 
acceptable limits. In view of this, use of the ammonia gas-sensing elec- 
trode is recommended as a possible pharmacopeial method. 
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Abstract 0 Twenty-three normal male subjects received 900 mg of 
acetaminophen and 750 mg of chlorzoxazone as an oral suspension. 
Analysis of plasma samples indicated a rapid absorption and rapid 
elimination of chlorzoxazone. Average values of the elimination half-life 
and plasma clearance were 1.12 f 0.48 hr and 148.0 f 39.9 ml/min, re- 
spectively. Analysis of urine samples showed that chlorzoxazone was 
eliminated from the body as the glucuronide conjugate of the interme- 
diate metabolite 6-hydroxychlorzoxazone, to the extent of 74% of the 
dose. The plasma and the urinary excretion data were fitted to theoretical 
equations, and excellent fits were obtained using a five-parameter 
pharmacokinetic model. 
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Chlorzoxazone (5-chloro-2(3H)-benzoxazolone) (I) is 
a potent skeletal muscle relaxant that is effective in the 
treatment of skeletal muscle spasms. Onset of therapeutic 

activity is observed within 1 hr, with a duration usually up 
to 6 hr (1). Chlorzoxazone exhibits minimal adverse effects 
and almost no GI irritation. 

The data and results presented in this report are part 
of a study that was performed with 23 normal male 
subjects to determine the bioavailability of acetaminophen 
and chlorzoxazone from a commercial combination tablet 
formulation and an oral suspension. While there exists 
sufficient information in the literature regarding acet- 
aminophen elimination kinetics (2-6), little has been re- 
ported on the disposition characteristics of chlorzoxazone 
in humans. This report deals primarily with the plasma 
levels and urinary excretion of chlorzoxazone following 
administration of a suspension of chlorzoxazone and 
acetaminophen. 

In studies dealing with the metabolic fate of chlorzox- 
azone in humans, Conney and Burns (7) reported that <1% 
of the drug was excreted unchanged in urine. Chlorzoxa- 
zone was rapidly metabolized in humans to 6-hydroxy- 
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I II 
chlorzoxazone (5-chloro-6-hydroxy-2(3H)-benzoxazolone) 
(11) which was excreted in urine primarily as the glucuro- 
nide conjugate. They could not detect any 6-hydroxy- 
chlorzoxazone in the urine in the free form. Their in uitro 
experiments utilizing liver homogenates of rat, rabbit, 
mouse, and guinea pig established the liver as the principal 
site of metabolism and 6-hydroxychlorzoxazone as the 
major metabolite of the in uitro metabolism of chlorzox- 
azone. In this investigation, we have attempted to obtain 
the pharmacokinetic parameters of chlorzoxazone in hu- 
mans when administered concomitantly with acetamino- 
phen. 

EXPERIMENTAL 

Subject Selection-Twenty-three normal, healthy, adult male 
subjects (20-39 years of age) participated in this study. They were found 
to be in good health as determined by a screening procedure consisting 
of a physical examination, evaluation of clinical laboratory values (he- 
matology, blood chemistry, and urinalysis), and determination of vital 
signs. None of the subjects had any serious diseases, and they refrained 
from taking drugs for a period of 2 weeks prior to this study. 

Dose Administration-The subjects, after fasting for a minimum 
period of 12 hr, received 900 mg of acetaminophen and 750 mg of chlor- 
zoxazone as an oral suspension. Each milliliter of the aqueous suspension 
contained 15 mg of chlorzoxazone, 18 mg of acetaminophen, and 5 mg 
of tragacanth (as a 0.5% solution). 

Blood samples (10 ml) were drawn from the subjects a t  0 (predose), 
0.25,0.5,0.75,1,1.5,2,3,4,5,6,8,  and 10 hr after dosing. The samples 
were collected in heparinized tubes', stored in ice, and centrifuged as soon 
as possible to obtain plasma. 

Urine samples were obtained from pooled samples collected for the 
following time periods: 0 (predose), 0-2,2-4,4-6,6-8, and 8-10 hr after 
dosing. The pH and total volume of the pooled sample for each time pe- 
riod were recorded. A 50-ml aliquot of each pooled sample was transferred 
to a container and frozen. 

Analytical Procedures-Analysis of Plasma Samples for Acet- 
aminophen-To a 2-ml plasma sample in a 35-1111 screw-cap centrifuge 
tube were added 1 ml of phosphate buffer (pH 7.4), 1.0 ml of ethyl acetate 
solution containing 20 pglml of N-butyl-p-aminophenol (internal 
standard), 1.0 g of solid sodium chloride, and 9.0 ml of ethyl acetate. The 
tube was shaken for 10 min and centrifuged at 2000 rpm for 10 min. Nine 
milliliters of ethyl acetate was transferred to another 35-ml centrifuge 
tube containing 2.0 ml of 5% sodium phosphate (pH 11.9). After cen- 

"Y 0 2 4 6 8 10 

HOURS 
Figure 1-Mean (f SEM) plasma concentrations of chlorzoxazone 
(pg/ml) in 23 human subjects following the oral administration of 900 
rng of acetaminophen and 750 mg of chlorzoxazone. 

Table  I-Mean Peak Plasma Concentrations, Peak Times, and  
AUC (0-10 hr) of Acetaminophen and Chlorzoxazone in  23 
Normal Subjects Following Oral  Administration of 
Acetaminophen and Chlorzoxazone a 

Parameter, mean f SEM 

Concentration. Peak Time. AUC (0-10 hr) 
Peak Plasma 

Drug u d m l  min upmidm1 

2816 f 170 Acetaminophen 16.7 f 1.3 40 f 9.4 
C hlorzoxazone 36.3 f 2.3 38 f 3.3 4084 f 284 

Administered as a suspension containing 900 mg of acetaminophen and 750 
mg of chlorzoxazone. 

trifugation, the ethyl acetate was aspirated off. T o  the aqueous layer, 
1.0 ml of sodium phosphate monobasic buffer (pH 4.5) and 11.0 ml of 
ethyl acetate were added. The tube was shaken for 10 rnin and centrifuged 
for 10 min. Ten milliliters of the ethyl acetate (upper) layer was trans- 
ferred to a 15-ml conical screw-cap centrifuge tube and evaporated to 
dryness under a nitrogen stream. The residue was dissolved in 5 pl of 
pyridine and 15 pl of acetic anhydride, and the tube was placed in a 
thermostated water bath at 42O for 20 min. 

Two microliters of the resulting acetylated reaction mixture was in- 
jected into a gas chromatograph2 using the following conditions: the glass 
column (91.5 cm X 2-mm i.d.) was packed with 3% OV-17 on 80/100 mesh 
Chromosorb G-HP. The injection port, column, and detector (FID) 
temperatures were 220°, 165", and 220°, respectively. The carrier gas 
(nitrogen) flow rate was 25 ml/min; hydrogen and air flow rates were 25 
and 300 ml/min, respectively. The retention times of acetaminophen and 
the internal standard were 8.5 and 15.0 min, respectively. The calibration 
curve was linear from 0.5 to 20.0 pg/ml. 

Analysis of Plasma Samples for Clhlorzoxazone-Sample preparation 
involved a single-step extraction and derivatization. One milliliter of 
plasma was pipetted into a 15-ml disposable bottle containing 1 ml of 0.5 
N HCI. To this was added 10 ml of ethyl acetate containing 20 pg of the 
internal standard (n-hexadecane). The mixture was shaken for 10 rnin 
and centrifuged a t  2000 rpm for 5 min. A 9-ml aliquot of the ethyl acetate 
layer was transferred to a 15-ml screw-cap centrifuge tube and evaporated 
to -0.5 ml under a nitrogen stream. The sides of the tubes were rinsed 
with an additional 0.5 ml of ethyl acetate. The combined ethyl acetate 
solution was evaporated to dryness. To the residue were added 5 p1 of 
pyridine and 15 pl of acetic anhydride. The tube was capped and placed 
in a water bath at 42' for 20 min. 

A 2 - 4  aliquot of the resulting reaction mixture was injected into a gas 
chromatograph equipped with a dual flame-ionization detector. The 
columns were 1.83 m X 4-mm i.d. glass tubes packed with 3% OV-1 on 
60/80 mesh Gas Chrom Q. Column temperature was maintained a t  130O. 
The carrier gas (nitrogen) was held at  a flow rate of 30 ml/min; the hy- 
drogen and air flow rates were 30 and 300 ml/min, respectively. The re- 
tention times of chlorzoxazone and the internal standard were 3.25 and 
4.5 min, respectively. The lower limit of quantitation was 0.5 pg/ml using 
1 ml of plasma. The calibration curve was found to be linear between 0.5 
and 25 pg/ml. Extraction efficiency for chlorzoxazone under the above 
conditions was 88 f 8% (six determinations). 

Figure 2-Computer-fitted profiles (-) of plasma chlorzoxazone data 
(A) and urinary excretion data (R)  of 6-hydroxychlorzoxazone glucu- 
ronide as chlorzoxazone equivalents obtained for a subject. Circles 
represent observed data. 

1 Vacutainer, Recton, Dickinson and Co. 
~ ~~~ 

2 Varian Aerograph (Model 2400). 
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Table 11-Pharmacokinetic Parameters  of Chlorzoxazone in Humans a 

Vlf  9 K ,  k., k m i .  k1,7 t 119. K Vlf . .,_, ... . 

liters hr-l hr'l hr-' hr ml/mli b 

Average of individual valuesc 13.70 0.73 2.28 0.63 0.60 1.12 148.0 
f 5.07 f 0.29 f 2.08 f 0.31 f 0.31 & 0.48 f 39.9 

Evaluation of mean datad 13.89 0.69 1.96 0.53 0.42 1.00 159.7 
f 1.85 f 0.13 f 0.35 f 0.10 f 0.04 

Expressed as mean f SD. Clearance/f. R = 22; one subject was excluded due to nonconvergence of k.. n = 23. 

Analysis of Urine Samples for 6-Hydroxychlorzoxazoiie and Acet- 
aminophen-The assay was designed to quantitate simultaneously total 
acetaminophen (intact plus glucuronide and sulfate conjugates) and total 
6-hydroxychlorzoxazone (intact and glucuronide conjugate) in urine. 
Intact chlorzoxazone has been reported to be present in urine a t  51% of 
the dose (7). 

Aliquots (0.5 ml) of urine samples containing acetaminophen, 6-hy- 
droxychlorzoxazone, their conjugates, and the added internal standard 
(N-butyl-p-aminophenol, 200 pg) were incubated overnight with 
8-glucuronidase3 in an acetate buffer (pH 4.6) at 37'. The enzymatically 
hydrolyzed products were then extracted by adjusting the urine sample 
pH to 7.4 with 1 ml of phosphate buffer (pH 11.9) and extracting with 
5 ml of ethyl acetate. A 4-ml aliquot of the ethyl acetate was then ex- 
tracted with 3 ml of phosphate buffer (pH 11.9). The ethyl acetate was 
aspirated off and 1 ml of phosphate buffer (pH 4.5) was added to neu- 
tralize the solution. The neutralized solution was again extracted with 
5 ml of ethyl acetate. Four milliliters of the ethyl acetate layer was 
evaporated to dryness under a nitrogen stream, and the residue was re- 
constituted with 50 pl  of methanol. 

Ten microliters of the methanolic solution was injected into a liquid 
chromatograph4 equipped with a UV detector5 a t  a wavelength of 280 
nm. The reverse-phase analytical column6 was 25 cm in length and 4.6-mm 
i.d. The mobile phase was water-methanol-pH 4.6 acetate buffer (3:1:1, 
v/v/v). The flow rate was held a t  2 ml/min. The retention times for 
acetaminophen, 6-hydroxychlorzoxazone, and the internal standard were 
3,9,  and 11 min, respectively. The calibration curve was linear from 20 
to lo00 pg/ml for both acetaminophen and 6-hydroxychlonoxazone. The 
extraction efficiencies for 6-hydroxychlorzoxazone and acetaminophen 
under the above conditions were 86 zk 6.5 and 95 f 10.796, respectively 
(six determinations). 

RESULTS AND DISCUSSION 

Table I lists a summary of acetaminophen peak plasma concentrations, 
peak times, and the area under the plasma concentration-time curve 
(AUC 0-10 hr) as calculated by the trapezoidal rule, observed in 23 nor- 
mal subjects following the oral administration of 900 mg of acetamino- 
phen and 7,W mg of chlorzoxazone. Acetaminophen was rapidly absorbed 
with a mean peak plasma concentration of 16.7 pg/ml at a mean peak time 
of 40 min. These values are in the range of values obtained by other in- 
vestigators ( B ) ,  thus showing that the disposition kinetics of acetamino- 
phen were not altered by the concurrent administration of chlorzoxa- 
zone. 

Table 1 also lists the pharmacokinetic parameter values for chlorzox- 
azone. The mean (& S E M )  plasma chlorzoxazone concentration-time 
profile is shown in Fig. 1. Chlorzoxazone was rapidly absorbed, attaining 
a mean ( fSEM) peak level of 36.3 f 2.3 pg/ml a t  a mean peak time of 38 
f 3.3 min after dosing. After reaching a peak, the plasma concentrations 
declined rapidly in a monoexponential manner, suggesting a rapid dis- 
tribution. Plasma concentrations a t  the 8- and 10-hr time points for most 
subjects were either zero or were below the assay quantitation limit of 
0.5 jtg/ml, indicating that chlorzoxazone was rapidly eliminated from the 
body. The individual and mean plasma chlorzoxazone concentration-time 
profiles following the oral administration of chlorzoxazone were found 
to he characteristic of a one-compartment oral absorption model con- 
forming to: 

(Eq. 1) 

where C f  is the concentration of chlorzoxazone in plasma a t  time t ,  k ,  
is the apparent first-order absorption rate constant, X O  is the dose of 

W " l a s e ,  Endo Laboratories, Garden City, N.J. 
4 Waters Associates. Milford, Mass. 

6 Hibar-11, LiChrosorb, RP-18; E. Merck. 
Model 440. 

chlonoxazone (750 mg), f is the fraction of the administered dose reaching 
systemic circulation as unchanged chlorzoxazone, K is the apparent 
first-order elimination rate constant of the drug, and V is the apparent 
volume of distribution. 

The urinary excretion data revealed that a t  the end of 10 hr, 74 f 3.4% 
(mean f S E M )  of the dose was excreted as 6-hydroxychlorzoxazone 
glucuronide. Based on the information available in the literature (7), the 
biotransformation profile of chlorzoxazone could be explained by: 

kml  km2 
ka k.1 

fxo - x - x1 - XIG 
(at  t = 0) 

l k u l  l k u 2  

X l u  XIGu 
Scheme I 

where X and X u  are the amounts of chlorzoxazone in the body and urine, 
respectively; X I  and X I ,  are the amounts of 6-hydroxychlorzoxazone 
in the body and urine, respectively; X I G  and X l c u  are the amounts of 
6-hydroxychlorzoxazone glucuronide in the body and urine, respectively; 
k,, kul, and k,z are the renal excretion rate constants for chlorzoxazone, 
6- hydroxychlorzoxazone, and 6-hydroxychlorzoxazone glucuronide, re- 
spectively; and k,l and k,z are the respective metabolic rate constants 
for the formation in the body of 6-hydroxychlorzoxazone from chlor- 
zoxazone and 6-hydroxychlorzoxazone glucuronide from 6-hydroxy- 
chlorzoxazone. 

Under the conditions of the analytical procedure employed in this 
study, neither unchanged chlorzoxazone nor 6-hydroxychlorzoxazone 
could be detected in the urine samples. Although the lower limit of 
quantitation was established a t  20 pg/ml, the assay was capable of de- 
tecting 5 pg/ml of 6-hydroxychlorzoxazone in urine. When the urine 
samples were hydrolyzed by 0-glucuronidase and then assayed, 6-hy- 
droxychlorzoxazone was detected indicating the presence of 6-hydrox- 
ychlorzoxazone glucuronide in the urine samples prior to hydrolysis. 

Since 6-hydroxychlorzoxazone was not detected in the urine samples 
(or was present in negligible amounts), the biotransformation pathway 
in Scheme I was simplified to give: 

k k m l  fxo x - X I G  
(at  t = 0) 

I k u 2  

XIGu 
Scheme II 

In proposing this simplified model, the following assumptions were 
made: 

1. The absence of 6-hydroxychlorzoxazone in the urine samples is due 
to its rapid conversion in the body to the glucuronide conjugate, i .e . ,  k,l 
<<< kmz or k,, is the limiting rate constant. 

2. The absence of 6-hydroxychlorzoxazone in urine is not due to its 
reabsorption from the kidney since 6-hydroxychlorzoxazone is sufficiently 
polar in nature to be excreted by the kidney, ie . ,  k , , ~  = 0 <<< k,?. For 
this model, the amount of 6-hydroxychlorzoxazone glucuronide excreted 
in urine as a function of time is given as (8): 
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Table 111-F Test to Determine the Number of Parameters  Needed to Describe Chlorzoxazone Data Obtained for a Subject 

Number of Remaining Total Sum of 
Parameters Degrees of Weighted Squared 

in Model Freedom Deviations 
4 
5 

Difference 1 

0 Observed F exceeds critical F at 0.05 level of significance; therefore, the number 

The plasma chlorzoxazone concentration and urinary excretion rate 
data of 6-hydroxychlorzoxazone glucuronide (as chlorzoxazone equiva- 
lents) for each individual subject were then simultaneously fitted by the 
least-squares method to Eqs. 1 and 2 using NONLIN (9) and a digital 
computer7 to obtain estimates for the parameters V / f ,  K, k,, km2, and 
k , ~ .  The mean plasma and urine data were also similarly fitted to Eqs. 
1 and 2. 

The least-squares estimates for one subject resulted in poor correlation 
owing to nonconvergence of the parameter k,; hence, this subject was not 
included in the calculation of the average values. The average values for 
22 subjects along with the parameter values obtained by simultaneous 
fitting of the mean plasma concentration-time data and the mean urinary 
excretion data are listed in Table I1 with the elimination half-life and 
plasma clearance values. There was good agreement between the average 
values for 22 subjects and the values obtained using the mean plasma 
concentration-time data. Average elimination half-life was 1.12 f 0.48 
hr and the average plasma clearance was 148.0 f 39.9 ml/min. These 
values agree very well with the elimination half-life of 1 hr and the plasma 
clearance of 159.7 ml/min derived from the mean data. Figure 2 shows 
the model-predicted plasma concentration-time curve and the rate of 
excretion uersus time a t  the midpoint of the urine collection period ( t -  
MID) plot for one subject. Figure 3 shows the predicted curves for the 
mean plasma concentration-time data and the mean rate of excretion 
uersus time (t-MID) plot. From these curves, it can be seen that excellent 
fits were obtained for the observed data when fitted to Eqs. 1 and 2 and 
that the scatter of the observed data about the theoretical curves was 
randomly distributed. 

Equation 2 describes the rate of excretion of 6-hydroxychlorzoxazone 
glucuronide and is composed of the exponentials of three parameters: 
( a )  the absorption rate constant of chlorzoxazone, ( b )  the elimination 
rate constant of chlorzoxazone, and ( c )  the excretion rate constant of the 
glucuronide. T o  test whether a three-exponential equation was needed, 
the data were fitted to a model consisting of the exponentials of only two 
parameters: 

kml f X o  k . x  A X , &  
(at t = 0) 

Scheme 111 
which uses: 

A 
35 i 

HOURS HOURS 
Figure 3-Computer-fitted profiles (-) of plasma chlorzoxazone data 
(A) and urinary excretion data (B) of 6-hydroxychlorroxazr,ne glucu- 
ronide as chlorzoxazone equivalents obtained from the mean data. 
Circles represent observed means. 

DEC 1099; Digital Equipment Corp. 

16 - 4 = 12 
16 - 5 = 11 

1409.7 
135.9 

1 1273.8 

0.05 Ff, = 4.84 

’ of parameters should be increased from 4 to 5. 

Equation 3 resembles Eq. 1, i.e., the rate of excretion of the glucuronide 
can also be described by only two exponentials, that describing absorption 
and that describing the overall elimination of the unchanged drug. The 
combined plasma and urine data were then fitted to Eqs. 1 and 3, and the 
parameters V / f ,  K, k., and k,l were obtained. 

As suggested by Boxenbaum et al. (lo), an F ratio test was utilized to 
determine if it was justified to use four parameters instead of the original 
five to describe the data. Table 111 lists the number of parameters, the 
degrees of freedom, and the total sum of weighted, squared deviations 
obtained by fitting the combined plasma and urine data of one repre- 
sentative subject using four and five parameters. The results of the F test 
are also included and show that the observed F of 103.1 exceeds the 
critical F of 4.84, thereby suggesting that a minimum of five parameters 
are needed to  define the data. Use of four parameters generally resulted 
in a relatively poor fit of the data and in higher values of total sum of 
weighted, squared deviations for all subjects and for the mean data. 
Application of Akaike’s information criterion (11) confirmed the results 
of the F test, thus providing a strong justification for the use of five pa- 
rameters instead of four. 

A comparison of the least-squares estimates of the parameters V l f ,  K, 
k., k m l ,  and ku2 (Table 11) obtained by averaging the values for individual 
subjects and those obtained from the evaluation of the mean data showed 
a better correlation among the plasma parameters ( V l f ,  K, and k, )  than 
among the urinary excretion rate parameters ( k , ,  and k , ~ ) .  This is 
probably because the urinary excretion data were described by only five 
samples, each obtained a t  intervals of 2 hr while plasma data were de- 
scribed by a minimum of l l  data points for each subject. This may have 
contributed to the variability observed in the urinary excretion param- 
eters. 

An apparent volume of distribution of - 14 liters (assuming complete 
systemic availability, f = 1) suggests that  the drug is not widely distrib- 
uted and that it would be confined to the circulatory system and possibly 
the extracellular fluid. Previous experiments (7) with dogs showed that 
the concentration of chlonoxazone in the liver, muscle, brain, and kidney 
was approximately one-half or less that  found in plasma. Chlorzoxazone 
concentration in fat was, however, twice that in plasma. 
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Abstract 0 A method is provided for estimating the area under a re- 
sponse-time curve for an experimental situation where independent 
observations are made at each time point. The procedure utilizes 
least-squares spline functions and the jackknife technique to provide area 
estimates, standard errors, and a statistical test for intergroup compar- 
isons. The method is based on an empirical model and provides a means 
of analysis when no prior model can be specified or if the incorrect 
specification of a model will produce invalid results. The method is il- 
lustrated using data from a study comparing the pharmacokinetic be- 
havior of a fasciolicide in rats having either a young or old parasitic in- 
festation. The results obtained are comparable with those generated by 
a model-dependent approach. 

Keyphrases Pharmacokinetics-area under response-time curve, 
model-independent estimation, intergroup comparisons 0 Spline func- 
tions-use with jackknife technique to provide area under response-time 
curve estimations, model independent 

each time point. A model-independent procedure for this 
experimental design (Scheme I, type A) is introduced 
which will provide area estimates, standard errors, and a 
statistical test for intergroup comparisons. 

In these situations (Scheme I, type A) a model-depen- 
dent AUC estimate can be obtained by specifying a phar- 
macokinetic model. However, this model dependent ap- 
proach could result in biased and unreliable area estimates 
in situations where the specific model used is not the cor- 
rect functional form. In general, it is difficult to discrimi- 
nate among competing models on the basis of prior bio- 
logical information and/or statistical goodness-of-fit tests, 
and this is especially so with the addition of between- 
subject variability a t  each time point. Another alternative 
would be to apply an interpolation procedure to each 
group’s mean response-time curve. However, no estimate 
of precision would be available and thus, no intergroup 
comparisons could be made. 

This paper presents a model-independent method for 
estimation of an experimental group’s AUC in type A 
studies, which also allows for intergroup hypothesis testing. 
The method utilizes least-squares spline functions (3) and 
the jackknife technique (4), and would appear to be the 
procedure of choice in obtaining AUC estimates for type 
A studies unless there is strong evidence for a specific 
pharmacokinetic model. The method is illustrated on data 
from a study (5) comparing the pharmacokinetic behavior 
of a fasciolicide in rats having either young or old parasitic 
infestations. 

THEORETICAL 

Estimation and Intergroup Comparison Procedure-The method 
presented in this paper can be outlined in three steps: 

1. Fit an empirical function (spline, Eq. 2) using ordinary least 
squares to the group response-time curve. 

2. Obtain an estimate of the AUC (the integral of the fitted function 
over time, Eq. 4) and its standard error by least squares or the jackknife 
procedure (4). 

3. Use of the pseudovalues (Eq. 6) generated by the jackknife pro- 
cedure to evaluate group differences uia a t test or an ANOVA. 

Fitting a n  Empirical Function (Spline) Using Ordinary Least 
Squares-In this method it is assumed that for each group and response 
variable there is a continuous (smooth) function, g ( t ) ,  which represents 
the average response uersus time relationship, i.e: 

Yism = g(t,,) + elsm m = 1,2, .  . . M,,, 
s = o , .  . . s,, 
i = 1 ,2 , .  . .P, (Eq. 1) 

C Mu = Ni 
s 

where Y,,, is the response of the mth subject a t  the s th  time of the i th 
group; g ( t )  is a continuous function whose exact form is not known; ercm 
are independent identically distributed random errors with mean 0 and 
variance u2; and N, is the number of subjects in the i th group. 

T o  obtain model-independent AUC estimates for each group, an em- 
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Figure 1-Plot of observed individual drug concentration in the liver fluke of rats (0) and mean drug concentration (+) versus time (hr) for young 
(A) and old (B) infestation groups. Curves represent least-squares spline f i t  t o  the individual drug concentration versus time data (Table I ) .  

pirical function must be chosen that adequately describes the variation 
of response over time and gives a close approximation to g( t ) .  Spline 
functions, which are defined as piecewise continuous polynomials of 
degree n,  are considered to be excellent empirical functions (3,6,7) for 
this purpose. The pieces of the spline are joined together at points called 
knots (abscissa values) in such a fashion that the function and the first 
n - 1 derivatives agree at the join points. The degree of the polynomial 
pieces and the number and position of the knots may be varied in dif- 
ferent situations to provide a good fit to the data. Quadratic and cubic 
splines (polynomial pieces of degree at most 2 or 3) are the most popular 
among practitioners because of their computational simplicity, 
smoothness, and flexibility, and have been used in a variety of biological 
and chemical applications (3,7,8-12). 

There are several numerical methods for fitting splines to data (3). The 
method employed here is that of ordinary least squares (OLS). This 
method requires that the number of knots, as well as their location, be 
specified. The fitting of the spline to data is then accomplished by mul- 
tiple linear regression techniques. The choice of the number and position 
of the knots is an important and difficult problem that has to be ad- 
dressed. Knots should be chosen so as to correspond to the overall be- 
havior of the data (number of time points, position of maxima and min- 
ima, etc.). Some rules of thumb for knot positioning have been presented 
by Wold (3). However, in most applications judgment and experience 
together with simulation results seem to be the only criteria for making 
these decisions. 

Spline functions can be considered as a multiple Linear regression model 
by employing the "+" function representation of a spline (7). For ex- 

Table I-Least-Squares Parameter Estimates for Spline 
Functions Fitted to Drug Uptake Data in the Liver Fluke in Rats 

Infestation Group 
Parameter Young Old 

t 2.4767 1.6480 
t 2  -0.2714 -0.06386 
t 3  0.0093730 - 

( t  - 15): - 0.06676 
S" 0.8624 1.8322 

( t  - lo)$ -0.0095835 - 

a Denotes root mean square error. 

ample, a cubic spline is given as follows: Let S ( t )  for t o  5 t I t L  be a cubic 
spline with knots at kp, . . . k r - l .  Then: 

where: 
t - kj, if t > k ,  

(Es. 3) 

and bj are the parameters to be estimated. Notice that the parameters 
bj appear linearly in F,q. 1 and thus can be estimated by OLS. A quadratic 
spline can be defined in an analogous manner (7). 

Area Estimation Using Least-Squares Theory-Once the appro- 
priate spline has been fitted to the time-response data for each experi- 
mental group, an estimate of the AUC can be obtained. Let the fitted 
spline function for a group be denoted by Silt). An estimate of the area 
under the fitted function (AOC,) is given by the integral of &{t) evaluated 
from t o  to t L ,  i.e.: 

AOCi = c(l,otLSj it) dt  (Eq. 4) 

If Si i t )  is a cubic spline, then: 

Estimates of the AUC are linear combinations of the spline parameter 
estimates, 6,i, so that an estimate of their standard error can be obtained 
using linear regression methods (13). Note that different spline functions 
(6,j) and area estimates (AOCj) are obtained for the different experi- 
mental groups. 

Area Estimation and Measurements of Precision Using the 
Jackknife Procedure-If the residuals (observed values minus fitted 
values) obtained from the spline regression were normally distributed, 
then the estimated standard errors for AUC estimates computed by least 
squares could be used to calculate confidence intervals and test for group 
differences. However, in addition to the random variation, the residuals 
contain a degree of unknown bias. The bias occurs from fitting an em- 
pirical model [S(t) ]  and not the true functional form of the underlying 
model [ g ( t ) ] .  Also, the random component of the residuals may not be 
normally distributed. Thus, the standard least-squares method when 
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Figure 2-Plot of observed individual drug concentration in blood of rats (0 )  and mean drug concentration (+) versus time (hr) for the young 
(A) and old (B) infestation groups. Curves represent least-squares spline fit to the individual drug concentration versus time data (Table I l l ) .  

used to test group differences could yield misleading results. In complex 
situations where standard methods might not be applicable, a useful 
statistical technique has been the jackknife procedure (4). The jackknife 
procedure was introduced by Quenouille (14) as a method for eliminating 
bias due to finite sample sizes in estimating parameters. Tukey (15) 
proposed that the jackknife be used for robust interval estimation. A clear 
nonmathematical exposition of the jackknife with examples is provided 
by Mosteller and Tukey (4), while an excellent review of the statistical 
literature dealing with the jackknife is presented by Miller (16). 

In situations where linear least-squares methods are employed, there 
are two methods of jackknifing: the regular jackknife and the weighted 
jackknife (17). The weighted version provides improved bias reduction 
and variance estimation for nonlinear functions of linear regression pa- 
rameters. However, in contrast to the regular jackknife, the weighted 
jackknife does not address the issue of bias for linear functions of the 
regression parameters. Since the AUC estimate for each group is a linear 
function of the fitted spline parameters, the regular jackknife is the 
procedure of choice for this situation. 

To obtain the regular jackknife estimate of the AUC for each group, 
the function given by Eq. 4 is first calculated with all of the group's ob- 
servations included. Let A ~ l i ,  i = 1,2,. . . P denote this estimate of area. 
Next, let Aism denote the estimate of area with the mth subject at  the sth 
time deleted (i.e.,  the ismth subject is deleted, the spline function for the 
i th group is fitted, and the AUC is computed). Then, pseudovalues are 
defined as: 

dent's t distribution, and a (1 - a)% confidence interval is given by: 

(Eq. 9) 

where t(l-a/2), Ni - 1 is the (1 - a/2) percentage point of the Student's 
t distribution with Ni - 1 degrees of freedom. 

Intergroup Comparisons-The pseudovalues for each group can be 
used as if they were identically distributed estimates of the AUC, and 
hence, standard statistical procedures can be applied to make intergroup 
comparisons (18). Various statistical analyses can be used depending on 
the experimental design, e.g., a one-way or factorial ANOVA procedure. 
In addition, trend tests for factors with quantitative levels or comparisons 
of various linear functions of treatment groups using multiple-comparison 
procedures can be obtained easily. 

EXPERIMENTAL 

Data Description-A study (5) investigating the pharmacokinetic 
basis for increased efficacy of a fasciolicide against older liver flukes 
(Fasciola hepatica), i.e., 39-44 weeks old, in rats led to the development 
of the model-independent estimation and hypothesis-testing procedure 
described above. The fasciolicide was administered as a single oral dose 
when the fluke infestation in the rats were either young (9-16 weeks) or 

Table 11-Area Under the Drug Uptake in Liver Fluke of Rats- 
Time Curve 

m = 1 ,2 , .  . . , Mi, 
The jackknife estimate of AUC for the i th group is then the mean of the 
pseudovalues: 

with estimated variance: 

For each group the pseudovalues can be treated as if they follow a Stu- 

Model Independenta Model Dependent 
Least Least 

Group Nb SquaresC JackknifeC Squaresd Jackknife' 

Young 21 289.31 (11.35) 289.83 (9.66) 278.89 277.66 (10.02) 
Old 21 344.16 (19.96) 344.23 (18.94) 347.80 348.67 (17.32) 
t sta- - -2.561 (30)' - -3.55g (32)e 

tistic 

a Results taken from Ref. 21. * Number of observations. c Number in parentheses 
are standard errors. Standard errors were not computed. Since the within-group 
variances were statistically significantly different (p  < 0.05), a t test for unequal 
variances was applied to the pseudovalues and adjusted degrees of freedom are 
reported (in arentheses). f Statistically significant difference, p < 0.05 between 
young and o h  groups. 8 Statistically significant difference (p  < 0.01) between 
young and old groups. 
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Table 111-Least-Squares Parameter  Estimates fo r  Spline 
Functions Fitted to Blood Level Data  of Drug  in Rats 

Parameter 
Infestation Group 

Young Old 

t 15.27758 12.1734 
t *  -5.4484 -3.3347 
t 3  0.6090 0.2811 
( t  - 3): -0.6094 - 

( t  - 4): - -0.2816 
S a  1.6970 1.1907 

~~ 

a Denotes root mean square error. 

old (3944 weeks). Twenty-one rats were started in each group, with three 
rats being sacrificed at  each time point. The drug uptake in the liver fluke 
was one of the variables measured (Fig. 1). Blood levels of the rats were 
also taken at  these time points (Fig. 2). It was hypothesized that the drug 
uptake in the liver fluke was greater in rats having the older infestation, 
while the drug concentrations in the blood profile were similar for both 
groups. The areas under the respective time-response curves were con- 
sidered to be one of the parameters of interest. 

Data Treatment-To apply the estimation procedure to these data, 
the degree of the spline and the number and position of the knots had 
to be determined. Based on the work of Wold (3) and previous studies', 
it was thought that  a spline with a single knot situated near the peak of 
the response-time curve would provide an adequate f i t  in this kind of 
situation (where the response variable rises to a peak and slowly decreases 
toward zero). Thus, for each group and response variable, either a qua- 
dratic or cubic spline with one knot and no intercept term was fitted by 
OLS. The specific form of the spline was determined by varying the lo- 
cation of the knot and degree of the spline and choosing the result that 
gave the smallest sum of squared errors. The OLS AUC estimates were 
obtained by computing the definite integral of the fitted spline from 0 
to 48 hr. The jackknife was applied to the AUC estimates. The old uersus 
young infestation group comparison was accomplished by performing 
a two-sample Student's t test on the pseudovalues obtained with the 
jackknife. 

For purposes of comparison, a model-dependent approach was also 
utilized. An open one-compartment model that  is often used for these 
kind of data (19) was fitted using nonlinear regression. The least-squares 
and jackknifed AUC estimates were obtained in an analogous manner 
as described in the model-independent approach. 

Computation-All necessary computations were made by utilizing 
the Statistical Analysis System (SAS) computer package (20). The spline 
functions were fitted with the SYSREG procedure and the no-intercept 
option. A SAS PROC MATRIX macro (21) was used to obtain the area 
estimates and to apply the jackknife procedure. The between-infestation 
group comparison was made with the TTEST procedure. The results for 
the model-dependent case were obtained by using the SAS NLIN (non- 
linear least-squares) procedure. The plots (Figs. 1 and 2) were com- 
puter-generated using a ZETA 1536 plotter which was driven by the 
SASIGRAPH package. 

RESULTS 
Liver Fluke Uptake-The spline function used for area estimation 

for the young infestation group was a cubic spline with a knot a t  10 hr; 
the spline function for the old infestation group was a quadratic spline 
with a knot a t  15 hr. The spline parameter estimates are given in Table 
I. 

The OLS and jackknife estimates of the AUC are contained in Table 
11. The AUC estimates and standard errors are similar for the least- 
squares and jackknife procedures. The two-sample t test for unequal 
variances performed on the AUC pseudovalues showed that old infes- 
tation groups had a statistically significantly greater AUC ( p  < 0.05) after 
48 hr than the young group. The AUC estimates obtained with the 
model-dependent approach gave results that were comparable to the 
model-independent approach. 

Blood Level of Drug-The following splines were fitted: ( a )  for the 
young infestation group, a cubic spline with a knot at  3 hr and ( b )  for the 
old infestation group, a cubic spline with a knot at 4 hr. The spline esti- 
mates are given in Table 111. Results of the AUC estimation procedure 
are presented in Table IV. 

The least-squares and jackknife AUC estimates yield similar estimates 
and standard errors. Although the jackknife AUC estimates for the old 
infestation group of rats were higher than those for the young group, the 

Unpublished data, Merck Sharp & Dohme. 

Table IV-Area Under  the Blood Level of D r u g  in Rats-Time 
Curves 

Model Independent" Model Dependent 
Least Least 

Group N b  Squares' JackknifeC Squaresd JackknifeC 

Young 24 251.20 (20.53) 250.01 (17.25) 239.94 242.68 (13.67) 
Old 22 285.79 (15.18) 281.67 (15.41) 262.12 260.83 (15.61) 
t statistic - 

a Results taken from Ref. 21. Number of observations. Number in parentheses 
are standard errors. Standard errors were not computed. No statistically sig- 
nificant difference, p > 0.05, between young and old groups based on a two-sample 
t test. 

two-sample t test using the pooled within-group variance showed that 
this result was not statistically significant ( p  > 0.05). The AUC estimates 
for the model-dependent approach are comparable (although smaller) 
t o  corresponding estimates obtained with the model-independent pro- 
cedures. 

-1.35' - -0.88" 

DISCUSSION 
AUC estimation for type A studies is different from what is usually 

encountered, in that independent observations are made on different 
subjects a t  each point in time rather than each subject having its own 
time-response curve (type B studies). The model-independent approach 
developed for this situation can be considered as a viable option when 
there is no strong evidence for choosing a particular model. The flexibility 
in fitting least-squares spline functions could provide protection against 
the possibility of systematic bias resulting from the choice of an improper 
functional form. Simulation results (22) have shown that splines are 
competitive in situations where they are compared with the correct 
functional form and yield much better results when compared with an 
incorrect model specification. This flexibility of spline functions was also 
evident in the analysis of the illustrative data. For the liver fluke uptake 
data, the spline approach gave similar results to the more classical one- 
compartment open model. However, for the blood level of drug data, the 
paucity of data in the absorption phase of response-time curve would 
seem to make the spline approach more applicable than that of the one- 
compartment open model. This property of least-squares splines could 
prove extremely useful in situations where very complicated nonlinear 
models seem warranted, but are difficult to fit using the usual nonlinear 
regression techniques. 

Fitting the spline function is somewhat subjective in that the number 
and position of the knots must be specified. However, this subjective 
process is also encountered in some pharmacokinetic situations where 
the number of terms of a multiexponential model must be chosen. With 
some experience, one should be able to select knots so that the resulting 
spline will give a good fit to the data. Also, it should he noted that because 
of the excellent local properties of spline functions, the effects of incorrect 
knot positioning should not cause difficulties. 

Although the AUC estimates and standard errors are similar for the 
least-squares and jackknife procedures, the jackknife also gives protection 
against potentially unsatisfied assumptions. The advertised advantages 
of the jackknife in situations such as this are ( a )  bias reduction, ( b )  va- 
lidity robustness, and (c) robustness against violation in homogeneity 
of variance. The jackknife is quite versatile and flexible and has been 
applied to problems in several biological settings, e.g., toxicology (23) and 
enzyme kinetics (18). For this problem, standard errors, which were not 
readily obtainable for the model-dependent approach using least-squares 
theory, were relatively easy to compute using the jackknife. 

In this situation, the usual least-squares techniques may be sensitive 
to the violation of the assumptions of normality and homogeneity of 
variance required in Eq. 1. The jackknife is an excellent tool for con- 
structing nonparametric confidence intervals, since it is relatively in- 
sensitive to the manner in which the random errors are distributed. An 
added advantage of the jackknife is that one can use the pseudovalues 
to evaluate group differences, especially in situations involving more 
complicated experimental designs (18). Additional protection against 
violations of assumptions can be obtained by employing a transformation 
in conjunction with the jackknife (4,16,18). Since the distribution of the 
AUC estimates might be adversely affected by asymmetrical residuals 
(e.g., log normal distribution) resulting from the spline regression, a 
logarithmic transformation might be required in conjunction with the 
jackknife. This can be accomplished by using log (A.11.i) and log (AiSm) 
in Eq. 6 to compute pseudovalues. Such a transformation may also pro- 
vide protection against variance heterogeneity, although the jackknife 
is considered robust against such a violation in assumptions (17). 
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For the above transformation, the spline function would still be fit to 
the untransformed response data. An alternative that might be necessary 
if the final concentrations are close to zero is to fit the spline function to 
a transformed response variable (3). However, the situation is more 
complicated2 since the AUC becomes a nonlinear function of the spline 
parameters. In this case, the weighted jackknife (17) should be employed. 
Also note that this discussion relates to the within-experimental group 
analysis. The necessity for transformation for purposes of comparisons 
between experimental groups is a separate consideration. For instance, 
in the analysis of the study data, a log transformation was employed in 
the hope of achieving homogeneity of the within-infestation group 
variance for the liver fluke data. However, the results were similar to the 
untransformed case and, thus, were not reported. 

The jackknife estimate of variance is known to be slightly inflated in 
theory (24)’. However, this is a minor defect since the standard error 
estimates from nonlinear regression procedures are often optimistically 
low (25)’, and the jackknife precision estimates are closer to reality be- 
cause they are data based. The results of a study which examined the 
jackknife estimation of rate constants for multiexponential functions 
fitted to biochemical data seemed to  corroborate this claim (26). 

The chief drawback to the widespread use of the jackknife has been 
concern about computational issues. However, with growing sophisti- 
cation of computers, software packages, and more efficient jackknife 
procedures (18,27), this may no longer be an issue. As noted above, the 
entire model estimation procedure developed in this paper can be auto- 
matically perfomed with a SAS macro (21). 

In summary, the model-independent approach gave reasonable AUC 
estimates and allowed for intergroup comparisons in this study (type A 
design, two groups studied). Careful application of this procedure should 
prove to be a valuable technique for type A studies. This method should 
also be investigated for other parameters that can be computed by 
model-independent methods. 
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Previous work showed that 3,5-dimethylpyrazole and 
its active metabolite, 5-methylpyrazole-3-carboxylic acid, 
had potent hypoglycemic activity (1-5). The present study, 
which is a continuation of previous work (6-11), describes 
the preparation of derivatives of 3,Ei-disubstituted pyra- 

zolesulfonylureas and their evaluation as potential hypo- 
glycemic agents. 

Derivatives of p-[3-ethoxycarbonyl-5-cu-phenyl-p- 
chlorostyry1)-1-pyrazolyl] benzenesulfonylurea and p -  
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entire model estimation procedure developed in this paper can be auto- 
matically perfomed with a SAS macro (21). 

In summary, the model-independent approach gave reasonable AUC 
estimates and allowed for intergroup comparisons in this study (type A 
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Table I-Physical and Analytical Data for the 3-Carboxy-5-substituted Styrylpyrazolylsulfonylurea Derivatives 

, m y  

Yield, Melting 
Compound R R I  Y RZ % Point, O Formula 

Analysis, % 
Calc. Found 

Va 
Vb 
VC 
Vd 

Ve 

Vf 

vs 

Vh 

VIIa 

VIIb 

VIIC 

VIId 

VIIe 

Vi 

VJ 

Vk 

Vl 

Vm 

VIIf 

80 
80 
75 
70 

75 

70 

80 

78 

75 

70 

68 

72 

78 

70 

75 

70 

75 

80 

68 

205O 
225" 
128" 
1996 

102c 

20gd 

229' 

238' 

200 

160 

218 

228 

230 

215d 

1816 

1756 

228C 

240' 

184 

C 
H 
C1 
N 
C 
H c1 
N 
C 
H c1 
N 
C 
H 
C1 
N 
C 
H 
C1 
N 
C 
H c1 
N 
C 
H c1 
N 
C 
H 
CI 
N 
C 
H 
C1 
N 
C 
H c1 
N 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 

H 
N 
S 

C' 

60.2 
4.7 
6.1 
9.7 

60.8 
4.9 
6.0 
9.5 

61.3 
5.1 
5.9 
9.2 

62.6 
5.2 
5.6 
8.9 

63.2 
4.3 
5.7 
8.9 

58.9 
4.2 
6.4 

10.2 
59.5 

4.4 
6.3 
9.9 

60.2 
4.7 
6.1 
9.7 

61.5 
4.8 
5.9 
9.3 

62.2 
3.8 
5.9 
9.4 

62.7 
5.2 
9.8 
5.6 

63.3 
5.4 
9.5 
5.4 

63.8 
5.3 
9.3 
5.3 

65.0 
5.7 
8.9 
5.1 

65.6 
4.8 
9.0 
5.1 

61.5 
4.8 

10.3 
5.9 

60.3 
5.0 
6.2 
9.7 

61.0 
5.0 
6.2 
9.5 

61.5 
5.1 
6.0 
9.2 

62.5 
5.5 
5.8 
9.0 

63.3 
4.5 
5.8 
9.0 

59.1 
4.2 
6.3 

10.1 
59.5 

4.5 
6.4 

10.0 
60.1 

4.6 
6.0 
9.7 

61.5 
5.0 
6.0 
9.5 

62.4 
4.0 
6.0 
9.5 

63.0 
5.3 

10.0 
5.6 

63.5 
5.5 
9.5 
5.5 

63.6 
5.4 
9.5 
5.2 

65.0 
5.7 
9.0 
5.0 

65.7 
4.7 
9.1 
5.0 

61.5 
5.0 

10.2 
6.0 
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Table I-continued 

Yield, Melting Analysis, % 
Compound R Ri Y R2 % Point, ' Formula Calc. F ound 

VIIg OCH3 C6H5 H (CHzhCH3 72 158 C2sHzsN406S C 62.1 62.2 
H 5.0 5.0 
N 10.0 10.1 

N 9.8 10.0 
S 5.6 5.5 

VIIi OCH3 CsHs H C6Hll 73 224 ~3zH~zN406S C 64.0 64.2 
H 5.3 5.1 
N 9.3 9.5 
S 5.3 5.4 

VIIj OCH3 CsH5 H CsHs 78 236 Cd26N406S C 64.6 64.7 
H 4.4 4.5 
N 9.4 9.3 
S 5.4 5.5 

Taken from Ref. 11. Crystallized in ethanol-water. Crvstallized in benzene-petroleum ether. Crystallized in chloroform-methanol. e Crystallized in methanol- 
benzene. 

pyrazolyl] benzenesulfonylurea were prepared, and some 
were evaluated for hypoglycemic activity. Preliminary 
biological testing revealed that the new compounds possess 
potent hypoglycemic activity. 

BACKGROUND 

The pyrazole esters (111) were prepared by condensation of the ap- 
propriate ethyl 2,4-dioxo-6-(p-substituted phenyl)-5-phenyl-hex-5- 
enoate (I) with p-sulfamylphenylhydrazine (11). The resulting ben- 
zenesulfonamides (II), on treatment with the appropriate isocyanate or 
isothiocyanate in dry acetone, afforded the corresponding pyrazolesul- 
fonylurea or thiourea derivatives (V and VI). Alkaline hydrolysis of the 
pyrazole esters 111, V, or VI with ethanolic 2 N potassium hydroxide so- 
lution, afforded the corresponding pyrazole-3-carboxylic acids. 

The physical and analytical data of these new pyrazoles are listed in 
Tables I and 11. The antidiabetic activity of some of these compounds 
are given in Table 111. 

EXPERIMENTAL' 

1 - (p-Sulfamylphenyl) -3- ethoxycarbonyl-5-(a-phenyl-p- 
chlorostyry1)pyrazole (1IIa)-A mixture of p-sulfamylphenylhydra- 
zine (11) (0.1 mole) and ethyl 2,4-dioxo-6-(p-chlorophenyl)-5-phenyl- 
hex-5-enoate (I) (0.1 mole) in ethanol (150 ml) was refluxed for 6 hr on 
a steam bath, concentrated, and allowed to cool. The crude product was 
separated and recrystallized (65% yield) from ethanol, mp 196'. 

The 'H-NMR spectrum of IIIa showed absorption at 7.0-7.8 (m, aro- 
matic H), 6.8 (s, 1, pyrazole H), 6.3 (s, 1, styryl H), 5.3 (s, 2, S02NH2), 4.3 
(q, J = 7.0 Hz, 2, COZCH~CH~),  and 1.2 ppm (t, J = 7.0 Hz, 3 
C02CH2CH3). 

And.-Calc. for C~H22ClN304S: C, 61.5; H, 4.3; C1,7.0; N, 8.3. Found 
C, 61.6; H, 4.5; C1,7.3; N, 8.0. 

I-(  p-Sulfamylphenyl)-3-carboxy-5-(a-phenyl-p-chlorostyryl)- 
pyrazole-A mixture of IIIa (1 g) in an ethanolic solution 2 N potassium 
hydroxide (25 ml) was refluxed for 1 hr. After concentration, cooling, and 
acidification with dilute hydrochloric acid, the crude pyrazole carboxylic 
acid crystallized. Recrystallization from ethanol gave the carboxylic acid 

1 Melting points were determined in open glass capillaries and are uncorrected. 
UV spectra were measured with a Perkin-Elmer 550 S spectrophotometer. IR 
spectra were determined as Nujol mulls with a Beckman IR-4210 spectrophotom- 
eter. 'H-NMR spectra were recorded on a Varian EM-360 60-Hz NMR spectro- 
photometer. Microanalyses were performed by the Microanalytical Unit, Faculty 
of Science, University of Cairo, Cairo, Egypt. 

(80%yield), mp 210'. IRshowed bands at 1700-1725 (C=O), 1330-1350, 
and 1170-1190 cm-l (S02N). 

Anal.-Calc. for C24H&lN304S: C, 60.1; H, 3.3; C1.7.4; N, 8.8. Found: 
C, 60.0; H, 3.5; C1,7.6; N, 9.1. 

1 - (p-Sulfamylphenyl) -3- ethoxycarbonyl-5-(a-phenyl-p-meth- 
oxystyry1)pyrazole (1IIb)-A mixture of I1 (0.1 mole) and ethyl 2,4- 
dioxo-6-@-methoxyphenyl)-5-phenyl-hex-5-enoate (0.1 mole) in ethanol 
(150 ml) was refluxed for 6 hr on a steam bath, concentrated, and allowed 
to cool. The crude product was separated and recrystallized (70% yield) 
from ethanol, mp 185O. 

The 'H-NMR spectrum of IIIb showed absorption at 6.67.7 (m, aro- 
matic H), 6.7 (s,l,  pyrazole H), 6.4 (9, 1, styryl H), 5.0 (s, 2, S02NH2), 4.3 
(q,2,C02CH2CH3),and 3.6 ppm (8 ,  3,OCH3). 

Anal.-Calc. For C27H25N305S: C, 64.4; H, 5.0; N, 8.3; S, 6.4. Found: 
C, 64.5; H, 5.0; N, 8.5; S, 6.5. 

1 - (p-Sulfamylphenyl)-3-carboxy -5- (a-phenyl-p-methoxy- 
styry1)pyrazole-A mixture of IIIb (1 g) in an ethanolic solution of 
potassium hydroxide (25 ml) was refluxed for 1 hr. After concentration, 
cooling, and acidification with dilute hydrochloric acid, the crude pyrazole 
carboxylic crystallized. Recrystallization from ethanol gave the carboxylic 
acid (78% yield), mp 108'. IR showed bands at 1700-1730 (C=O), 
1330-1350, and 1170-1190 cm-' (S02N). 

Anal.-Calc. for C25H21N305S: C, 63.2; H, 4.4; N, 8.8; S, 6.7. Found: 
C, 63.4; H, 4.5; N, 9.0; S, 6.6. 

p-[3-Ethoxycarbonyl -5- (a-phenyl-p-chlorostyryl) -1- pyra- 
zolyl]benzenesulfonylurea Derivatives (Vd-b)-A mixture of IIIa 
(0.005 mole) and anhydrous potassium carbonate (0.01 mole) in dry ac- 
etone (50 ml) was stirred at reflux for 1.5 hr. At this temperature, a so- 
lution of the appropriate isocyanate (0.01 mole) in dry acetone (10 ml) 
was added in a dropwise manner. The mixture was stirred at reflux 
overnight and then the acetone was removed under reduced pressure. 
The resulting solid material was dissolved in water, and the solution was 
acidified with 2 N hydrochloric acid. Recrystallization of the resulting 
solid from the appropriate solvent (12) gave Vd-h. 

p - [3-Ethoxycarbonyl-5- (a-phenyl -p- methoxystyry1)-1-py- 
razolyl]benzenesulfonylurea Derivatives (Vi-m)-A mixture of IIIb 
(0.005 mole) and anhydrous potassium carbonate (0.01 mole) in dry ac- 
etone (50 ml) was treated with the appropriate isocyanate (0.01 mole) 
in dry acetone (10 ml) and completed as mentioned above. 

p-[3-Ethoxycarbonyl-5- (a-phenyl -p- chlorostyry1)-1-pyrazo- 
lyl]benzenesulfonylthiourea Derivatives (VIa-e)-A mixture of 1110 
(0.005 mole) and anhydrous potassium carbonate (0.01 mole) in dry ac- 
etone (50 ml) was stirred and treated with the appropriate isothiocyanate 
(0.00s mole). The mixture was stirred at reflux for 10 hr, and the acetone 
was removed under reduced pressure. The resulting solid was dissolved 
in water, and the mixture was acidified with 2 N hydrochloric acid. The 
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Table 11-Physical and Analytical Data for the 3-Carboxy-5-substituted Styrylpyrazolylsulfonylthiourea Derivatives 

Q 
Yield, Melting Analysis, % 

Y R., vp Point, O Formula Calc. Pound Compounda R 

VIa 

VIb 

VIC 

VId 

VIe 

VIIIU 

VlIIb 

VIIIC 

VIIId 
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59.8 
5.0 
5.7 
9.0 

61.1 
5.1 
5.5 
8.6 

61.6 
4.2 
5.5 
8.7 

62.1 
4.4 
5.4 
8.5 

62.1 
4.4 
5.4 
8.5 

58.5 
4.5 
6.0 
9.4 

60.0 
4.7 
5.7 
9.0 

60.5 
3.7 
5.8 
9.1 

61.1 
4.0 
5.6 
8.9 

61.1 
4.0 
5.6 
8.9 

62.1 
5.5 
9.1 

10.4 
63.4 

5.6 
8.7 
9.9 

63.9 
4.7 
8.8 

10.0 
64.4 
4.9 
8.6 
9.8 

64.4 
4.9 
8.6 
9.8 

61.0 
5.1 
9.5 

10.8 
62.3 
5.2 
9.1 

10.4 

60.0 
5.1 
5.6 
8.9 

61.0 
5.1 
5.4 
8.8 

61.8 
4.5 
5.5 
8.5 

62.3 
4.5 
5.3 
8.7 

62.0 
4.3 
5.5 
8.5 

58.7 
4.6 
6.1 
9.2 

60.0 
4.5 
5.9 
8.9 

60.3 
3.8 
6.0 
9.0 

61.0 
4.0 
5.7 
9.0 

61.3 
3.9 
5.5 
9.0 

62.0 
5.4 
9.3 

10.2 
63.7 

5.8 
8.6 

10.0 
64.0 
4.5 
8.9 
9.8 

64.5 
5.0 
8.7 
9.6 

64.7 
4.8 
8.5 

10.0 
60.8 

5.1 
9.3 

10.6 
62.1 

5.3 
9.0 

10.5 
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Table 11-continued 

ComDouhdo R Y R2 
Yield, Melting 

% Point, Formula 
Analysis, % 

Calc. Found 

VIIIh OCH3 H C6H5 75 160 CB'LHZ&~O~SZ C 63.0 62.7 
H 4.3 4.4 
N 9.2 9.1 
S 10.5 10.5 

VIIIi OCH:< H CsH5CHz 72 195 C33H28Nd&Sz C 63.5 63.2 
H 4.5 4.5 
N 9.0 8.8 

N 9.0 9.2 
S 10.3 10.1 

a Application for a patent was made for the compounds described in this report. 

crude product was purified by recrystallization from the appropriate 
solvent. 

p-[3-Ethoxycarbonyl-5- (a-phenyl -p- methoxystyry1)-1-pyra- 
zolyl]benzenesulfonylthiourea Derivatives (VIf-j)-A mixture of 
IIIb (0.005 mole) and anhydrous potassium carbonate (0.01 mole) in dry 
acetone (50 ml) was stirred and treated with the appropriate isothiocy- 
anate (0.006 mole) and completed as mentioned above. 
p-[3-Carboxy-5-(a-phenyl-p-substituted styry1)-1-pyrazolyll- 

benzenesulfonylurea (VII) or -thiourea (VIII) Derivatives-A 
mixture of V or VI (1 g) in an ethanolic solution of 2 N potassium hy- 
droxide (20 ml) was refluxed for 1 hr. The mixture was concentrated, 
cooled, and then acidified with dilute hydrochloric acid to give a crys- 
talline material. Recrystallization from dilute ethanol gave either VII or 
VIII. 

~ N H ,  
111 

1 

Spectra of V-VIII-The UV spectra of V-VIII showed absorption 
at 22b235 and 268-277 nm. The IR spectra of V-VIII showed absorption 
at 1700-1725 (C=O) and 13361360 cm-l(2 bands) (S02N); compounds 
V and VII showed additional carbonyl absorption at 1650-1660 cm-I, 
whereas compounds VI and VIII showed absorption at 1050-1200 cm-', 
indicative of the C=S group. 

The 'H-NMR spectrum of Vg showed absorption at 7.8-8.2 (aromatic 
H), 6.8 (pyrazole H), 6.2 (s, styryl H), 4.2 (4, CH2 of the ester), 1.5 (m, 
methylene H), and 1.0 ppm (t, CH3 of the ester). 

Biological Testing Method-Compounds IV, Va-g,k,l, VIbjz, VII- 
d,e,h and VIIIag were tested for hypoglycemic activity using alloxan- 
treated female albino mice with an average weight of 20 g. Alloxan (100 
mg/kg) in a 10 mg/ml saline solution was injected into the tail vein. Three 
days later the mice were given the test compounds orally in suspension 

,CONHNH, 

V 

1 

I 

so,NHcsNHR, 
VI 

1 

VII VIII 
Scheme I 
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Table 111-Antidiabetic Activity of 3-Carboxy-5-substituted 
Styrylpyrazolylsulfonylurea Derivatives 

Compound 
Reduction in Plasma 

Glucose Level', '% 

IV 
V a  
V b  vc 
V d  
V P  

V1 
V i b  
VIh 

VIId 
VIIe ~~~ 

VIIh 
VIIIa 
VIIIP 

126 
18b 
96 
86 
6.5c 
3 
4 
3.5 
2.5 
6.5c 
3.5 
4 
5' 
4.5 
4 
2 
1 

a Tested using alloxan-treated mice (100 mg/kg). Phenformin (0.4 fnmole/kg) 
was used as the positive control; the hypoglycemic activity of phenformm was 1O?G 
reduction (statistically significant when compared with the untreated controls, p 
< 0.01). Statistically significantly different when compared with the untreated 
controls at p < 0.01. c Statistically significantly different when compared with the 
untreated controls at p < 0.05. 

in 1% carboxymethylcellulose a t  the rate of 0.4 mmolehg. On each day 
of the experiment, a group of four mice was used as the control; one group 
of four mice was given the standard 100 mg (0.4 mmole) of phenforrnin/ 
kg. Up to five groups of four mice each received the test compounds. 
Blood samples were collected into 0.04% NaF solution at  0, 1, and 3 
hr. 

Glucose was determined by a microcolorimetric copper reduction 
technique used previously (13). Results are expressed as a percentage 

reduction of plasma glucose levels compared with the control value. 
Statistical significance was assessed by Student's t test, where the cal- 
culated t value exceeded the tabulated t value a t  the p = 0.05 level. 

Compounds IV, Va,b,c,l, and VIIe possess marked hypoglycemic ac- 
tivity. The most active members are the a-unsubstituted styrylpyramle- 
sulfonylurea derivatives. The activity decreases from the a-methylstyryl 
to n-phenylstyryl analogues. Surprisingly, a-unsubstituted styrylpyra- 
zolylsulfonamide-3-carbohydrazide showed marked hypoglycemic ac- 
tivity. 
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Abstract Three series of 3,4,5-trisubstituted pyrazolesulfonylurea 
derivatives were prepared and evaluated as hypoglycemic agents. Pre- 
liminary biological testing revealed that the new compounds possess 
moderate hypoglycemic activity. 

Keyphrases Pyrazolesulfonylurea derivatives-preparation, potential 
hypoglycemic agents Potential hypoglycemic agents-preparation of 
new trisubstituted pyrazolesulfonylurea derivatives 

Since previous studies indicated that several substituted 
3,5-dimethylpyrazoles possessed potent hypoglycemic 
activity ( 1 4 ,  additional compounds were synthesized 
(6-10). The present study, which is a continuation of 
previous work (%lo), describes the preparation of deriv- 
atives of 3,4,5-trisubstituted pyrazolesulfonylureas and 
their evaluation as potential hypoglycemic agents. 

Derivatives of p-(3,5-dimethyl-4-ethoxycarbonyl-l- 
pyrazolyl) -benzenesulfonylurea, p - (3-methyl-5-phenyl- 
4-carboxy-l-pyrazolyl)-benzenesulfonylurea, and p ( 3 -  
methyl - 5 - phenyl - 1 - pyrazolylcarbamoylbenzenesul- 
fonylurea (in addition to the corresponding 4-bromo de- 
rivative) were prepared and some were evaluated for hy- 

poglycemic activity. Preliminary biological testing revealed 
that the new compounds possess moderate hypoglycemic 
activity. 

BACKGROUND 

l-(p-Sulfamylphenyl)-3,5-dimethyl-4-ethoxycarbonylpyrazole (111) 
was prepared by treating p-sulfamylphenylhydrazine ( 1 1 )  with an 
equivalent amount of 3-ethoxycarbonyl-2,4-pentanedione ( I ) .  Similarly, 
1 - ( p  - sulfamylphenyl) - 3 - methyl - 5 - phenyl - 4 - ethoxycarbonylpy- 
razole (VII) was prepared by treating p-sulfamylphenylhydrazine ( I I ) ,  
with 1-phenyl-2-ethoxycarbonylbutane- 1,3-dione (VI).  

The IR absorption spectra of these trisubstituted pyrazoles (111 and 
VII) showed an absorption band at  1700-1725 cm-' due to the carbonyl 
of the ester group and two bands at 133C1350 cm-' and 1170-1190 cm-l 
due to the -SOnN group. 

Alkaline hydrolysis of the pyrazole esters (IV and VII) with ethanolic 
2 N potassium hydroxide solution afforded the corresponding pyra- 
zole-3-carboxylic acids (V and VIII). The IR spectra of the pyrazolyl- 
carboxylic acid (VIII) showed an absorption band a t  1675 cm-* for the 
-COOH group. 

p - (3,5 - Dimethyl - 4 - ethoxycarbonyl - 1 - pyrazoly1)benzenesul- 
fonylurea (IV) and p-(4-carboxy-3-methyl-5-phenyl-l-pyrazolyl)ben- 
zenesulfonylurea (M) derivatives were prepared by the reaction between 
111 or VIII with the appropriate isocyanate in dry acetone (11). The 
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Table 111-Antidiabetic Activity of 3-Carboxy-5-substituted 
Styrylpyrazolylsulfonylurea Derivatives 

Compound 
Reduction in Plasma 

Glucose Level', '% 

IV 
V a  
V b  vc 
V d  
V P  

V1 
V i b  
VIh 

VIId 
VIIe ~~~ 

VIIh 
VIIIa 
VIIIP 

126 
18b 
96 
86 
6.5c 
3 
4 
3.5 
2.5 
6.5c 
3.5 
4 
5' 
4.5 
4 
2 
1 

a Tested using alloxan-treated mice (100 mg/kg). Phenformin (0.4 fnmole/kg) 
was used as the positive control; the hypoglycemic activity of phenformm was 1O?G 
reduction (statistically significant when compared with the untreated controls, p 
< 0.01). Statistically significantly different when compared with the untreated 
controls at p < 0.01. c Statistically significantly different when compared with the 
untreated controls at p < 0.05. 

in 1% carboxymethylcellulose a t  the rate of 0.4 mmolehg. On each day 
of the experiment, a group of four mice was used as the control; one group 
of four mice was given the standard 100 mg (0.4 mmole) of phenforrnin/ 
kg. Up to five groups of four mice each received the test compounds. 
Blood samples were collected into 0.04% NaF solution at  0, 1, and 3 
hr. 

Glucose was determined by a microcolorimetric copper reduction 
technique used previously (13). Results are expressed as a percentage 

reduction of plasma glucose levels compared with the control value. 
Statistical significance was assessed by Student's t test, where the cal- 
culated t value exceeded the tabulated t value a t  the p = 0.05 level. 

Compounds IV, Va,b,c,l, and VIIe possess marked hypoglycemic ac- 
tivity. The most active members are the a-unsubstituted styrylpyramle- 
sulfonylurea derivatives. The activity decreases from the a-methylstyryl 
to n-phenylstyryl analogues. Surprisingly, a-unsubstituted styrylpyra- 
zolylsulfonamide-3-carbohydrazide showed marked hypoglycemic ac- 
tivity. 
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Abstract Three series of 3,4,5-trisubstituted pyrazolesulfonylurea 
derivatives were prepared and evaluated as hypoglycemic agents. Pre- 
liminary biological testing revealed that the new compounds possess 
moderate hypoglycemic activity. 

Keyphrases Pyrazolesulfonylurea derivatives-preparation, potential 
hypoglycemic agents Potential hypoglycemic agents-preparation of 
new trisubstituted pyrazolesulfonylurea derivatives 

Since previous studies indicated that several substituted 
3,5-dimethylpyrazoles possessed potent hypoglycemic 
activity ( 1 4 ,  additional compounds were synthesized 
(6-10). The present study, which is a continuation of 
previous work (%lo), describes the preparation of deriv- 
atives of 3,4,5-trisubstituted pyrazolesulfonylureas and 
their evaluation as potential hypoglycemic agents. 

Derivatives of p-(3,5-dimethyl-4-ethoxycarbonyl-l- 
pyrazolyl) -benzenesulfonylurea, p - (3-methyl-5-phenyl- 
4-carboxy-l-pyrazolyl)-benzenesulfonylurea, and p ( 3 -  
methyl - 5 - phenyl - 1 - pyrazolylcarbamoylbenzenesul- 
fonylurea (in addition to the corresponding 4-bromo de- 
rivative) were prepared and some were evaluated for hy- 

poglycemic activity. Preliminary biological testing revealed 
that the new compounds possess moderate hypoglycemic 
activity. 

BACKGROUND 

l-(p-Sulfamylphenyl)-3,5-dimethyl-4-ethoxycarbonylpyrazole (111) 
was prepared by treating p-sulfamylphenylhydrazine ( 1 1 )  with an 
equivalent amount of 3-ethoxycarbonyl-2,4-pentanedione ( I ) .  Similarly, 
1 - ( p  - sulfamylphenyl) - 3 - methyl - 5 - phenyl - 4 - ethoxycarbonylpy- 
razole (VII) was prepared by treating p-sulfamylphenylhydrazine ( I I ) ,  
with 1-phenyl-2-ethoxycarbonylbutane- 1,3-dione (VI).  

The IR absorption spectra of these trisubstituted pyrazoles (111 and 
VII) showed an absorption band at  1700-1725 cm-' due to the carbonyl 
of the ester group and two bands at 133C1350 cm-' and 1170-1190 cm-l 
due to the -SOnN group. 

Alkaline hydrolysis of the pyrazole esters (IV and VII) with ethanolic 
2 N potassium hydroxide solution afforded the corresponding pyra- 
zole-3-carboxylic acids (V and VIII). The IR spectra of the pyrazolyl- 
carboxylic acid (VIII) showed an absorption band a t  1675 cm-* for the 
-COOH group. 

p - (3,5 - Dimethyl - 4 - ethoxycarbonyl - 1 - pyrazoly1)benzenesul- 
fonylurea (IV) and p-(4-carboxy-3-methyl-5-phenyl-l-pyrazolyl)ben- 
zenesulfonylurea (M) derivatives were prepared by the reaction between 
111 or VIII with the appropriate isocyanate in dry acetone (11). The 
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Q 
SO,NH, 

I11 

&NHCONHR 
IVa: Y = CH2CH3, R = CH2CH3 Va: Y = H, R = CH2CH3 

b: Y = CHzCH3, R = (CHz)aCHe 
C: Y = CHZCH,, R = (CH,)eCH, 

b: Y = H, R = (CHa),CH, 
C: Y = H, R = (CH,)3CH3 

d: Y = CH,CHa, R = CsHi I 
e: Y = CH,CH3, R = C6H5 

d:  Y = H, R = C6HI1 
e: Y = H, R = C6H5 

Scheme I 

thiourea derivatives (X) were prepared in a similar manner treating VIII 
with the appropriate isothiocyanate in dry acetone. 

p(3-Methyl- 5-phenylpyrazol- 1 -yl-carbamoy1)benzenesulfonamide 
(XIII) was prepared by fusing p-sulfamylphenylsemicarbazide ( X I )  with 
l-phenylbutane-l,3-dione (XI) a t  110'. Treatment of XI11 with the ap- 
propriate isocyanate afforded p-(3-methyl-5-phenyl-l-pyrazolyl)car- 
bamoylbenzenesulfonylurea (XIV), which on bromination with bromine 
in chloroform gave the corresponding 4-bromo derivatives. The IR spectra 
of these compounds revealed two absorption bands at  1350-1330 cm-l 
and 1190-1170 cm-l indicative of the -S02N group as well as a urea 
carbonyl band at  1660 cm-l. 

The physical and analytical data of these new pyrazoles, as well as the 
antidiabetic activity of some of the compounds are listed in Table I. 

EXPERIMENTAL' 

1 - ( p  - Sulfamylphenyl) - 3,5 - dimethyl - 4 - ethoxycarbonylpy- 
razole (111)-A mixture of p-sulfamylphenylhydrazine (18.7 g, 0.1 mole) 
and 3-ethoxycarbonyl-2,4-pentanedione (17 g, 0.1 mole) in ethanol (150 
ml) was refluxed for 4 hr on a steam bath, concentrated, and allowed to 
cool. The crude product was separated and recrystallized (65% yield) from 
ethanol, mp 232'. 

C, 48.4; H, 5.6; N, 14.1; S, 11.0. 
Substituted p-(3,5-Dimethyl-4-ethoxycarbonyl-l-pyrazolyl)- 

benzenesulfonylurea Derivatives (IV)-A mixture of I11 (0.025 mole) 
and anhydrous potassium carbonate (0.05 mole) in dry acetone (50 ml) 
was stirred at  reflux for 1.5 hr. At this temperature, a solution of the ap- 
propriate isocyanate (0.04 mole) in dry acetone (10 ml) was added, in a 
dropwise manner, the mixture was stirred at reflux overnight, the acetone 
was removed under reduced pressure, and the resulting solid residue was 
dissolved in water. The crude product was isolated by acidification with 
2 N hydrochloric acid and purified by recrystallization from ethanol. 

Substituted p-(4-Carboxy-3,5-dimethyl- 1-pyrazoly1)benzene- 
sulfonylurea Derivatives (V)-A mixture of IV (1 g) in an alcoholic 
solution of 2 N potassium hydroxide (25 ml) was refluxed for 1 hr. The 
mixture was concentrated, cooled, and acidified with dilute hydrochloric 
acid to give crystalline material. 

1-(p-Sulfamylphenyl) -3 -methyl - 5- phenyl - 4 - ethoxycarbonyl- 
pyrazole (VI1)-A mixture of p-sulfamylphenylhydrazine (18.7 g, 0.1 

Ad.--Calc. for C I ~ H ~ ~ N ~ O ~ S :  C, 48.2; H, 5.7; N, 14.0; S, 10.7. Found 

Melting points were determined in open glass capillaries and are uncorrected. 
UV spectra were measured with a Perkin-Elmer 550 S spectrophotometer. The IR 
spectra were determined aa Nujol mulls with a Beckman IR-4210 spectrophotom- 
eter. 'H-NMR spectra were recorded on a Varian EM-360 60-Hz, NMR s ctro 
photometer. Microanalyses were performed by the Microanalytical Unit, l%dti 
of Science, University of Cairo, Cairo, Egypt. 

SO,NH, 
VII: Y = CHZCH, 

VIII: Y = H 

HogFcK 6 CJ& 

SO,NHCXNHR 
1%: X = 0, R = (CHz)zCHj 

0, R = (CHz)ICH, 
Xa: X = S, R = C H I C H X H ,  

' b: X b :  X = S, R = (CH,),CH, 

d:  X = S, R = C6H5 
e: x = s, R = C H I C ~ H ~  

C :  X =  0, CsHii C: X = S, R = C6Hll 

Scheme II 
mole) and l-phenyl-2-ethoxycarbonylbutane-1,3-dione (23.6 g, 0.1 mole) 
in ethanol (150 ml) was refluxed for 4-6 hr on a steam bath, concentrated, 
and allowed to cool. The crude product was separated and recrystallized 
(70% yield) from ethanol, mp 232O. 

Anal.-Calc. for C17H19N30&3: C, 56.5; H, 5.3; N, 11.6; S, 8.9. Found 
C, 56.5; H, 5.5; N, 11.8; S, 9.1. 

1 - (p - Sulfamylphenyl) - 3 - methyl - 5 - phenyl - 4 - carboxypy- 
razole (VII1)-A mixture of VII (5 g) in alcoholic solution of 2 N po- 
tassium hydroxide (100 ml) was refluxed for l hr. The mixture was con- 
centrated, cooled, and then acidified with dilute hydrochloric acid to give 
a crystalline material. Recrystallization from ethanol, gave VIII (80% 
yield) mp 250'. 

Anal.-Calc. for C1~H15N304S: C, 54.1; H, 4.5; N, 12.6; S, 9.6. Found 
C, 54.4; H, 4.4; N, 12.5; S, 9.8. 

Substituted p-(4-Carboxy-3-methyl-5-phenyl-l-pyrazolyl)- 
benzenesulfonylurea Derivatives (1X)-A mixture of VIII (0.025 
mole) and anhydrous potassium carbonate (0.05 mole) in dry acetone (50 
ml) was refluxed for 1.5 hr. At this temperature, a solution of the ap- 
propriate isocyanate (0.04 mole) in dry acetone (10 ml) was added in a 
dropwise manner. After the mixture was stirred and refluxed overnight, 
the acetone was removed under reduced pressure, and the solid residue 
was dissolved in water. The crude product precipitated when the mixture 
was acidified with 2 N hydrochloric acid. Recrystallization from ethanol 
afforded the purified material. 

XIVa: X = H, R = CHzCHo 
XIVb: X = H, R = (CH,)2CH3 

XVa: X = Br, R = (CH2)&H3 
XVb: X = Br, R = (CH,hC)fs 

XIVC: X = H, R (CH,),CH, XVC: X*= Br, R C6HS 
XIVd: X = H, R = CsHs 

Scheme III 
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Table I-Physical and Analytical Data and Hypoglycemic Activity of the Substituted Pyrazolesulfonylureas 

Yield, Melting 
Compound % Point,' Formula 

Analysis, % Reduction in Plasma 
Calc. Found Glucose Level %," 

IVa 

IVb 

IVC 

IVd 

IVe 

Va 

Vb 

v c  

Vd 

Ve 

IXa 

IXb 

IXC 

Xa 

Xb 

x c  

Xd 

Xe 

XIVa 

XIVb 

65 

60 

70 

73 

70 

70 

68 

65 

72 

75 

65 

70 

75 

65 

68 

66 

70 

65 

70 

65 

195 

145 

77 

204 

226 

178 

134 

89 

218 

235 

170 

72 

195 

140 

239 

255 

152 

252 

128 

108 

C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 
C 
H 
N 
S 

51.8 
5.6 

14.2 
8.1 

52.9 
5.9 

13.7 
7.8 

54.0 
6.2 

13.3 
7.6 

56.3 
6.3 

12.5 
7.1 

57.0 
5.0 

12.7 
7.2 

49.2 
4.9 

15.3 
8.7 

50.5 
5.3 

14.7 
8.4 

51.8 
5.6 

14.2 
8.1 

54.3 
5.7 

13.3 
7.6 

55.1 
4.3 

13.5 
7.7 

57.0 
5.0 

12.7 
7.2 

57.8 
5.3 

12.3 
7.0 

59.8 
5.4 

11.6 
6.6 

55.3 
4.4 

12.3 
14.0 
55.9 
5.1 

11.9 
13.6 
57.8 
5.2 

11.2 
12.9 
58.5 
4.1 

11.4 
13.0 
59.3 
4.3 

11.1 
12.6 
56.2 
4.9 

16.4 
7.5 

57.1 
5.2 

15.9 
7.3 

52.0 
5.7 

14.0 
8.3 

53.1 
6.2 

13.5 
8.0 

53.9 
6.4 

13.1 
7.8 

56.1 
6.4 

12.5 
7.0 

56.9 
5.1 

12.5 
7.4 

49.0 
5.0 

15.4 
9.0 

50.6 
5.1 

14.8 
8.4 

51.7 
5.8 

14.0 
8.3 

54.1 
5.8 

13.3 
7.4 

55.0 
4.5 

13.4 
7.7 

57.1 
4.9 

13.0 
7.3 

58.0 
5.4 

12.5 
7.1 

60.0 
5.5 

11.8 
6.5 

55.5 
4.5 

12.4 
13.8 
56.1 

5.0 
12.1 
13.3 
58.1 

5.1 
11.5 
13.0 
58.4 

4.1 
11.6 
12.9 
59.5 
4.4 

11.2 
12.5 
56.0 
5.0 

16.5 
7.4 

57.0 
5.1 

16.1 
7.3 

2 

2 

contcnued 
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Table I- continued 

Yield, Melting Analysis, 96 Reduction in Plasma 
Compound % P0int.O Formula Calc. Found Glucose Level %,a 

XIVC 73 70 CzzHz5NKhS C 58.0 57.9 
H 5.5 5.6 
N 15.4 15.2 
S 7.0 7.1 

XIVd 65 230 Cz4HziN504S C 60.6 60.9 
H 4.4 4.6 
N 14.7 14.4 
S 6.7 6.8 

XVa 80 100 C21HzzBrNs04S C 48.5 48.4 
H 4.2 4.1 
Br 15.4 15.6 
N 13.5 13.3 

XVb 88 74 CzzH24BrN504S C 49.4 49.1 
H 4.5 4.5 
Br 15.0 14.8 
N 13.1 13.0 

x v c  84 220 Cz4HzoBrNdhS C 52.0 52.1 
H 3.6 3.8 
Br 14.4 14.3 
N 12.6 12.6 

10' 

8' 

0 Tested using alloxan-treated mice (100 mghtg). Phenformin (0.4 mmolekg) was used as the positive control; the hypoglycemic activity of phenformin was lolo reduction 
(statistically significant when compared with the untreated controls atp < 0.01). Statistically significantly different from the untreated controls at p < 0.05. Statistically 
significantly different from the untreated controls at p < 0.01. 

Substituted p-(4-Carboxy-3-methyl-5-phenyl-l-pyrazolyl)- 
benzenesulfonylthiourea Derivatives (X)-A mixture of VIII (0.025 
mole) and anhydrous potassium carbonate (0.05 mole) in dry acetone (100 
ml) was stirred and treated with the appropriate isothiocyanate (0.03 
mole). The mixture was stirred at  reflux for 10 hr, and then the acetone 
was removed under reduced pressure; the resulting solid residue was 
dissolved in water. Acidification with 2 N hydrochloric acid, followed by 
recrystallization of the resulting solid from dilute ethanol gave X. 

p - (3 - Methyl - 5 - phenyl - 1 - pyrazo1yl)carbamoylbenzenesul- 
fonamide (XII1)-A mixture of XI1 (22.9 g, 0.1 mole) and l-phenylbu- 
tane-1.3-dione (16.6 g, 0.1 mole) was stirred and fused at l l O o  for 1 hr, 
cooled, and crystallized from ethanol to give colorless crystals, mp 
1900. 

Anal.-Calc. for C17H1&0$3 C, 57.3; H, 4.5; N, 15.7; S, 9.0. Found: 
C, 57.5; H, 4.5; N, 16.0; S, 8.8. 

p - (3 - Methyl - 5 - phenyl - 1 - pyrazoly1)carbamoylbenzenesul- 
fonylurea (XIV)-A mixture of XI11 (0.025 mole) and anhydrous po- 
tassium carbonate (0.05 mole) in dry acetone (50 d) was stirred at reflux 
for 1.5 hr. At  this temperature, a solution of the appropriate isocyanate 
(0.04 mole) in dry acetone (10 ml) was added in a dropwise manner. The 
mixture was stirred at  reflux Overnight, and then the acetone was removed 
under reduced pressure to give a solid material. This material was dis- 
solved in water, and the solution was acidified with 2 N hydrochloric acid. 
Recrystallization from methanol-benzene gave XIV. 

p - (4 - Bromo - 3 - methyl - 5 - phenyl - 1 - pyrazoly1)carbamoyl- 
benzenesulfonylurea Derivatives (XV)-A mixture of XIV (0.01 mole) 
in chloroform (10 ml) was stirred a t  room temperature and a solution of 
bromine was added with chloroform (0.011 mole) for a 1-hr period. The 
mixture was allowed to stand at  room temperature overnight and the 
resulting solid was removed by filtration. Recrystallization from dilute 
ethanol gave colorless crystals of XV. 

Spectra-The UV spectrum of IV showed two peaks at A,, 230-237 
and 272-277 nm. Compound IX showed two peaks at  A,, 210-214 and 
260-268 nm. The IR spectra revealed bands at 1700-1730 (C=O), 
1330-1350, and 1170-1190 cm-l (SOzN), whereas XIV and XV showed 
bands at  1650-1660 (amide), 1330-1350, and 1170-1190 cm-1 (S02N). 

The 'H-NMR spectrum of 111 showed absorption at 7.1-7.7 (m, aro- 
matic H), 5.6 (s, 2, SOzNHd, 4.2 (9. J = 7.0 Hz, COzCH2CH3), 1.8 (9, 
CH3), and 1.2 ppm (t, J = 7.0 Hz, COzCHzCH3). The 'H-NMR spectrum 
of XIVd showed absorption at  7.6-8.2 (m aromatic H), 6.6 (s, 1, pyrazole 
HI, and 1.6 ppm (s, CH3). 

Biological Testing Method-Compounds IVc,e, Vc,d, IXa,c, Xc,d, 
XIVd, and XVb were tested for hypoglycemic activity using alloxan- 
treated female albino mice with an average weight of 20 g. Alloxan (100 
mghg) in a 10-mg/ml saline solution was injected into the tail vein. Three 
days later, the mice were given the test compounds orally in suspension 

in 1% carboxymethylcellulose at  the rate of 0.4 mmole/kg. Each day of 
the experiment, a group of four mice was used as the control; one group 
of four mice was given the standard, 100 mg (0.4 mmole) of phenfor- 
minhg. Up to five groups of four mice each received the test compounds. 
Blood samples were collected into 0.04% NaF solution at 0, 1, and 3 
hr. 

Glucose was determined by a previously used microcolorimetric copper 
reduction technique (12). Results are expressed as a percentage reduction 
of plasma glucose levels compared with the control value. Statistical 
significance was assessed by Student's t test, where the calculated t value 
exceeded the tabulated t value at  the p = 0.05 level. 

Compound XIVd possesses marked hypoglycemic activity (Table I); 
its potency is comparable with phenformin. The other compounds showed 
moderate hypoglycemic activity. 

From the data presented previously (8-10) and in this report, it is 
obvious that pyrazole-3-carboxylic acids are much more potent hypo- 
glycemia than the corresponding 4-carboxylic acid derivatives. 3,5- 
Disubstituted pyrazolebenzenesulfonylurea derivatives are much more 
active than the corresponding trisubstituted pyrazoles. The presence of 
a 4-ethoxycarbonyl or carboxy group in the pyrazole ring reduces the 
hypoglycemic activity. Generally, pyrazolesulfonylurea derivatives are 
much more active than the corresponding thiourea analogues. 
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Abstract 0 Microlenin, a novel dimeric sesquiterpene lactone isolated 
from Texas Helenium microcephalum, was shown to inhibit Ehrlich 
ascites carcinoma growth. Metabolic studies demonstrated that DNA 
synthesis and protein synthesis were significantly inhibited by two doses 
of microlenin at 5 mg/kg/day. DNA synthesis appeared to be blocked at 
several sites including DNA polymerase, purine synthesis, and dihy- 
drofolate reductase. Thymidine nucleotide pools were significantly re- 
duced by microlenin. Protein synthesis inhibition by microlenin appeared 
to occur during the initiation step of polypeptide synthesis. The metabolic 
effects of microlenin were similar to other sesquiterpene lactones in the 
Ehrlich ascites carcinoma cells. However, a lower dose of microlenin was 
required to bring about these metabolic effects when compared with other 
sesquiterpene lactones. Thus, microlenin may be a more likely thera- 
peutic agent than helenalin which has demonstrated cellular toxicity. 

Keyphrases 0 Microlenin-sesquiterpene lactone, inhibition of DNA 
and protein syntheses, inhibition of Ehrlich ascites carcinoma growth 

Protein synthesis-effects of microlenin, Ehrlich ascites carcinoma 
growth 

Microlenin was originally isolated from Texas Helenium 
microcephalum (1-3). The molecule appears to arise from 
a Diels-Alder type condensation involving the 11,13-double 
bond of helenalin and the enol form of the cyclopentenone 
ring of a norpseudoguaianolide. Preliminary antineoplastic 
screening demonstrated that microlenin was active against 
rat Walker 256 carcinosarcoma growth at 2.5 mg/kg/day 
affording a T/C% value equal to 172%. Further testing 
against the mouse P-388 lymphocytic leukemia growth 
demonstrated that at 12.5 mg/kg/day, a T/C% = 167 was 
obtained. Sesquiterpene lactones of varying structures 
have been shown to be potent inhibitors of nucleic acid and 
protein synthesis of tumor cells. Reported at this time are 
the effects of microlenin on the cellular metabolism of 
Ehrlich ascites cell carcinoma. 

EXPERIMENTAL 

Ehrlich Ascites Screen-Male CFI mice (30 g) were implanted with 
2 X 106 Ehrlich ascites cells intraperitoneally on day 0. Microlenin was 
suspended by homogenization in 0.05% polysorbate 80-water and ad- 
ministered intraperitoneally at 5 and 10 mg/kg/day. The mice were sac- 

rificed on day 10, and the ascites fluid was collected from the peritoneal 
cavity. The volume and ascrit (packed cell volume) were determined for 
each animal, and the percent inhibition of tumor growth was calculated 
(4). 

In vitro incorporation of [3H]thymidine, (3H]uridine, or ["]leucine 
was determined using lo6 Ehrlich ascites cells, 1-pCi labeled precursor, 
minimum essential medium, and varying final concentrations of drug 
from 0.125 to 2.0 mM (5). The tubes were incubated at 3 7 O  for 60 min and 
inactivated by trichloroacetic acid. The acid-insoluble, labeled DNA, was 
collected on GF/F glass filter disks', and RNA and protein were precip- 
itated on nitrocellulose filters2 by vacuum suction. Results are expressed 
as dpm of incorporated precursor/hr/l@ cells. For in oitro studies, cells 
were collected on day 10, and the microlenin was incubated at 0.25-1.0 
mM concentration. 

Ehrlich ascites cells (106) were injected intraperitoneally into CF1 male 
mice (-22 g) on day 0. On days 8 and 9, microlenin (5 mg/kg/day in 0.05% 
polysorbate %water) was injected intraperitoneally. Incorporation of 
thymidine into DNA was determined by the method of Chae et al. (6). 
One hour prior to sacrifice on day 10,lO pCi of [6-3H]thymidine (21.5 
Ci/mmole) was injected intraperitoneally. The DNA was isolated and 
the tritium content was determined in a toluene-based scintillation fluid3. 
The DNA concentration was determined by the diphenylamine reaction 
using calf thymus DNA as a standard. Uridine incorporation into RNA 
was determined using 10 pCi of [5,6-3H]uridine (22.4 Ci/mmole). RNA 
was extracted by the method of Wilson et al. (7). Using yeast RNA as a 
standard, the RNA content was assayed by the orcinol reactian. Leucine 
incorporation into protein was determined by the method of Sartorelli 
(8) using 10 pCi of [4,5-3H]leucine (52.2 Ci/mmole). Extracted protein 
was determined by the Lowry procedure using bovine albumin as a 
standard. In vitro and in uiuo nuclear DNA polymerase activity was 
determined on isolated Ehrlich ascites cell nuclei (9). The incubation 
method was that described by Sawada et  al. (10) except that [methyl- 
3H]deoxythymidine triphosphate (82.4 Ci/mmole) was used. The acid- 
insoluble nucleic acid was collected on G F F  filters and counted. 

10 :: 0 0.25 MICROLENIN, 0.50 mM 0.75 1 .o 

Figure 1-The in vitro effects of microlenin on the incorporation of 
rodiolabeled precursors into DNA, RNA, protein and purine of Ehrlich 
ascites cells. Key: (W) C3H]kucine incorporation into protein; (A) 
r3H]uridine incorporation into RNA; (0) C3H]thymidine incorporation 
into DNA; and (0) [l*C]formate incorporation into purine. 

Whatman GFP.  

Fisher ScintiVerse 
* Millipore. 

Structure of Microlenin 
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Table I-Antineoplastic Activity of Microlenin Against the 
Growth of Ehrlich Ascites Carcinoma Cells a 

Ascrit 
Survival Packed 
at  Day Volume Cells Inhibition, 

Comnound 10 ofAscites Volume % 

Control (0.05% polysorbate 80) 6/6 6.68 43.1 - 
Microlenin (5 mg/kg/day) 6/6 0.02 5.1 99.9 
Microlenin (10 mg/kg/day) 6/6 0.75 36.8 90.4 
Mercaptopurine 6/6 0.10 2.5 99.9 

a Number of mice = 6. 

Nuclear RNA polymerase activities were determined on enzymes 
isolated from nuclei (9). Messenger, ribosomal, and transfer RNA poly- 
merases were isolated using 0.3 M, 0.04 M, and 0.0 M concentrations of 
ammonium sulfate in magnesium chloride, respectively. The incubation 
medium was that of Anderson et al. (11) using [3H]uridine triphosphate 
(23.2 Ci/mmole). The acid-insoluble RNA was collected on nitrocellulose 
filters and counted. 

Deoxythymidine as well as deoxythymidylate monophosphate and 
diphosphate kinase activities were measured spectrophotometrically a t  
340 nm for 20 min using reduced nicotinamide adenine dinucleotide (0.1 
pmole) (12). [6-3H]Thymidine (21.5 Ci/mmole) incorporation into the 
nucleotides was also measured using the reaction medium of Maley and 
Ochoa (12) and then plating the ether extract of the reaction medium on 
PEI cellulose F plates. The plates were eluted with 0.5 N formic acid- 
0.6 N LiCl(1:l). After identifying& values consistent with the standards, 
thymidine, thymidylate monophosphate, and thymidylate diphosphate, 
the areas on the plates were scraped and counted. Carbamyl phosphate 
synthetase activity was determined using the reaction medium of Kalman 
et al. (13) in the presence of ornithine and the enzyme ornithine trans- 
carbamylase. Citrulline formed from ornithine was measured at 490 nm 
by the method of Archibald (14). Aspartate transcarbamylase activity 
was assayed using the incubation medium of Kalman et al. (13). The 
colorimetric determination of carbamyl aspartate was conducted by the 
procedure of Koritz and Cohen (15). Orotidine monophosphate decar- 
boxylase activity was assayed by the method of Appel(16) using 0.1 pCi 
of [*4C]orotidine monophosphate (34.9 mCi/mmole). The 14C02 gener- 
ated in 15 min was trapped in 1 M methanolic base4 and counted. 
Thymidylate synthetase activity was determined using a postmito- 
chondrial supernatant (9OOOXg for 10 min) and 5 pCi of [5-3H]deoxy- 
uridine monophosphate (14 Ci/mmole) according to the method of Kampf 
et al. (17). [l"C]Formate incorporation into purines was determined by 
the method of Spassova et al. (18), using 0.5 pCi of [Wlformic acid (52.0 
mCi/mmole). Purines were separated on silica gel TLC plates eluted with 
1-butanol-acetic acid-water (41:5). After identifying Rf values consistent 
with the standards, adenine and guanine, the plates were scraped and 
the radioactive content determined. Phosphoribosyl-1-pyrophosphate 
amidotransferase activity was determined on a supernatant fraction 
(SOoXg, for 10 min) measuring the reduction of 0.6 pmole of nicotinamide 
adenine dinucleotide at  340 nm for 30 min (19). Inosinic acid dehydro- 
genase activity was determined by the method of Becker and Lijhr (20) 
using a supernatant 7000Xg, for 10 min and [8-14C]inosine-5' mono- 
phosphate (61 mCi/mmole). After plating on PEI cellulose F plastic 
precoated plates and eluting with 0.5 M (NH4)$304, the spot corre- 
sponding to xanthine monophosphate was scraped and counted. Dihy- 
drofolate reductase activity was determined at  340 nm for 30 min as the 
oxidation of reduced nicotinamide adenine dinucleotide phosphate (21). 
Ribonucleotide reductase activity was determined by the method of 
Moore and Hurlbert (22) using (5-3H]cytidine-5-diphosphate (25 Ci/ 
mmole). Ribose and deoxyribose nucleotide were separated on PEI cel- 
lulose F plastic precoated plates eluted with 4% boric acid4 M LiCl(43) 
and scraped at the Rf values consistent with the standard deoxycytidine 
diphosphate. An in uitro method5 using a lysate of Ehrlich ascites cells 
was used to determine if microlenin was an initiation or elongation in- 
hibitor of protein synthesis by using the standards pyrocatechol violet 
(an initiation inhibitor) and emetine (an elongation inhibitor) using 1 
pCi [3H]leucine (24.7 Ci/mmole). Aliquota of the reaction medium were 
removed every 2 min, spotted on dried filter papels, treated for 10 min 
in b o i i  5% trichloroacetic acid, and washed with cold 5% trichloroacetic 
acid, ether-ethanol(4:1), and ether. The disks were dried and counted3. 

Hyamine Hydroxide, New England Nuclear. 
5 Whatman #3. 

Table 11-111 Vivo Effects of Microlenin at 5 mg/kg/day ip  on 
Ehrlich Ascites Carcinoma of CFI Male Mice 

Microlenin 
(5 mglkgl 

Control) day) 
(0,05%) on Days 

Biochemical Parameter Polysorbate 80 8 & 9 
or Enzyme (n = 6) X f S D  X f S D  

48 f 5' 
1 0 0 f 9  98 f 8 

59 f 7' 

1 0 0 f 6  38 f 3' 
Messenger RNA polymerase activity 1 0 0 f 8  1 0 4 f 9  
Ribosomal RNA polymerase activity 1 0 0 f 9  82 f gb 
Transfer RNA pol erase activity 1 0 0 f  10 7 2 f 9 '  
Ribonucleotide r e G t a s e  activity 1 0 0 2 ~ 6  1 0 2 f 8  

Thymidylate diphosphate levels 100% 12 4 5 f 6 a  
Thymidylate triphosphate levels 1 0 0 f 9  52 f 7' 

Inosinic acid dehydrogenase activity 1 0 0 f 1 0  86*8 
Dih drofolate reductase activity 1 0 0 f 8  62 f 7' 
Cargamyl phosphate synthetase activity 100 f 10 104 f 11 
Aspartate transcarbamylase activity 1 0 0 f 9  108f  10 
Orotidine monophosphate decarboxylase 100 f 10 82 f 9 

Thymidylate monophosphate levels 1 0 0 f l O  4 7 f 5 '  

Phosphoribosyl pyrophosphate 1 0 0 6 9  37 f 5' 
amidotransferase activity 

- -  
activity 

Thymidylate s thetase activity 100 f 9 107 f 10 
Number of ce$X 106/ml ascites fluid 1 0 0 f 9  41 f 4' 

a p j 0.001. b p  j 0.010. 

Protein for enzymatic assay was determined by the Lowry et al. technique 
(23). 

Probable ( p )  significant differences were determined by the Student's 
t test. Data are expressed in Tables 1-11 as percent of control with stan- 
dard deviations. 

RESULTS 

Microlenin has potent activity against Ehrlich ascites carcinoma 
growth at  5 and 10 mg/kg/day with 99.9 and 90.4% inhibition, respectively 
(Table I). Preliminary in uitro studies demonstrated that DNA, RNA, 
and protein syntheses are effectively reduced by microlenin. An ID% 
value of 1.0 pM was obtained for DNA synthesis and protein synthesis 
a t  1.42 mM. Formate incorporation into purine was significantly sup- 
pressed by microlenin with an ID% value of 783 p M .  Phosphoribosyl 
pyrophosphate amido transferase activity was markedly reduced in the 
presence of microlenin, affording an ID% value of 611 p M  concentration 
and for dihydrofolate reductase activity an ID% value of 520 pM was 
obtained. Marginal inhibition (28%) was observed by 100 p M  of micro- 
lenin on orotidine monophosphate decarboxylase activity. The thymidine 
nucleotide pools were reduced during in uitro incubation with microlenin. 
Thymidine monophosphate pools were reduced 45% at  25 pM. DNA 
polymerase activity was suppressed with microlenin resulting in an ID% 
value of 498 pM. Deoxyribonuclease activity in uitro was inhibited 48% 
at  100 pM of microlenin. A number of enzyme activities were not affected 
by microlenin. Those include messenger, ribosomal, and transfer RNA 
polymerases, ribonucleotide reductase, carbamyl phosphate synthetase, 
aspartate carbamyl transferase, thymidylate synthetase, and RNA syn- 
thesis. In uiuo studies after 2 days dosing with microlenin at 5 mg/kg/day 
showed that DNA synthesis was markedly reduced. The control DNA 
synthesis rate is 107,533 dpm/hr/mg of isolated DNA, which was inhibited 
5wo by microlenin. Uridine incorporation into RNA for the 10-day control 
was 51,193 dpm/hr/mg of isolated RNA which was unaffected by drug 
treatment. Leucine incorporation for the control was 19,181 dpm/hr/mg 
of isolated protein, which was suppressed 41% by drug therapy. Formate 
incorporation into purines was 28,786 dpm/mg of protein, which was 
inhibited 42% by microlenin. Nuclear DNA polymerase activity for the 
control was 76,528 dpm/hr/mg of nucleoprotein, which was inhibited 62% 
by drug therapy. Messenger RNA polymerase activity for 10-day cells 
was 4867 dpm/hr/mg of nucleoprotein, ribosomal RNA polymerase ac- 
tivity was 8751 dpm/hr/mg of nucleoprotein, and transfer RNA poly- 
merase activity was 10,792 dpm/hr/mg of nucleoprotein, which were in- 
hibited 0, 28, and 18%, respectively, by administration of microlenin. 
Ribonucleotide reductase activity for the control was 153,791 dpmlmg 
of protein, which was not affected by drug treatment. Thymidine nu- 
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Figure 2-Effects of microlenin on the initiation and elongation of 
protein synthesis of Ehrlich ascites carcinoma cells. Key: (0) control, 
(0) pyrocatechol violet, (m) emetine, and (A) rnicrolenin, f 1) addition 
of drug at 100 pM concentration. 

cleotide pools were altered by microlenin treatment. Thymidylate mo- 
nophosphate pools were reduced 5370, thymidylate diphosphate pools 
55% and thymidylate triphosphate pools 48%. 

Examination of the regulatory enzymes of de nouo purine synthesis 
phosphoribosyl amido transferase activity for the control was 0.544 op- 
tical density units change/hr/mg of protein, which was reduced 63% by 
two doses of microlenin. Inosinic acid dehydrogenase activity for the 
10-day control was 36,530 dpm/mg of protein, which was reduced 14% 
by microlenin administration. Dihydrofolate reductase activity for the 
untreated cells afforded a change of 0.514 optical units/hr/mg of protein 
which was suppressed 38% by drug administration. Examination of py- 
rimidine synthesis, the regulatory enzyme carbamyl phosphate synthe- 
tase activity for the control was 0.128 mg of carbamyl phosphate 
formed/hr/mg of protein and aspartate carbamyl transferase activity for 
the control was 7.526 mg of carbamyl aspartate formed/hr/mg of protein, 
which were not affected by drug treatment. Orotidine monophosphate 
decarboxylase activity for the control was 10,775 dpm of COz generated 
for 15 min/mg of protein. Drug treatment reduced the activity 18%. 
Thymidylate synthetase activity for the control was 103,328 dpm/mg of 
protein, which was unaffected by drug therapy. Two days of treatment 
with microlenin at 5 mg/kg/day reduced the number of ascites cells/ml 
from 226 X 106 to 93 X 106. 

DISCUSSION 

Microlenin effectively suppressed Ehrlich ascites carcinoma growth 
as well as DNA synthesis and protein synthesis. Similar findings have 
also been observed for other sesquiterpene lactones. For example, hele- 
nalin a t  33.3 mg/kg totally inhibited Ehrlich ascites growth (24) and at 
12.5 mg/kg/day for 3 days significantly reduced DNA synthesis 88% 
(24-26). Tenulin produced a 97.3% reduction of Ehrlich ascites growth 
and a 91% inhibition of DNA synthesis at the same dose (24-26). Ger- 
macranolides [i.e., eupahyssopin (27), eupaformosanin (281, and mole- 
phantinin (29)] produced similar effects in the Ehrlich tumor growth. 
However, the dose microlenin required to bring about the same degree 
of suppression of tumor growth was much lower: 6 mg/kg/day, compared 
with the higher doses of drugs, i.e., 33.3 and 12.5 mg/kg/day, for the other 
derivatives. DNA polymerase activity was significantly reduced by mi- 
crolenin. A number of pseudoguaianolides and germacranolides have been 
shown to inhibit both in uiuo and in uitro DNA polymerase activity 
(24-293, basically at a higher dose than required by microlenin. Thymi- 
dylate synthetase activity was also suppressed by the pseudoguaianolides 
and germacranolides (24-26), but it should be noted that microlenin did 
not have any effect on thymidylate synthetase activity. These latter two 
enzymes contain sulfhydryl groups, which are supposedly alkylated by 
the a,fi-unsaturated carbonyl moiety through a rapid Michael-type ad- 
dition (25). The a,B-unsaturated carbonyl system in a ketone unit exists 
as the 8-unsubstituted cyclopentenone moiety and as the a-meth- 
ylene-y-lactone in the structure of microlenin. 

Formate incorporation into purines was significantly suppressed by 
microlenin. The activity of the regulatory enzyme of purine synthesis, 
phosphoribosyl pyrophosphate amido transferase, was also significantly 
reduced by microlenin. The magnitude of inhibition of the regulatory 
enzyme by the drug would account for the degree of reduction of purine 
synthesis. Nevertheless, microlenin marginally suppressed inosinic acid 
dehydrogenase activity, another regulatory enzyme of the purine path- 
way, and dihydrofolate reductase activity was moderately inhibited by 
microlenin. The latter enzyme plays a major role in the transfer of one 
carbon unit for purine and pyrimidine synthesis. The earlier regulatory 
enzymes of pyrimidine synthesis were not affected by drug treatment; 
however, a later regulatory enzyme, orotidine monophosphate decar- 
boxylase, was marginally inhibited by in uiuo administration. The nu- 
cleotide pools were reduced by microlenin with -50% reduction. The 
reductions of monophosphate, diphosphate, and triphosphate pools will 
severely limit DNA synthesis of cells. Inhibition of formate incorporation, 
regulatory enzyme activities of the purine pathway, and nucleotide pools 
has been demonstrated previously with molephantinin in Ehrlich ascites 
cells. 

Analysis of the protein data suggests that microlenin is an initiation 
inhibitor of protein synthesis of Ehrlich ascites carcinoma cells. Protein 
synthesis inhibition has been shown for helenalin, eupahyssopin, mole- 
phantinin. Recent studies in P-388 lymphocytic leukemia cells and rabbit 
reticulocyte cells demonstrated that helenalin and bis(henaliny1)malo- 
nate inhibit the formation of a 48s ribosomal complex during the initi- 
ation step of protein synthesis. 
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Abstract CNDO/2 calculations were performed to determine at the 
molecular level the mechanism of action of the antibiotic fosfomycin, 
(-)-( 1R,2S)-( 1,2-epoxypropyl)phosphonic acid. Fosfomycin, a bacterial 
cell wall inhibitor, is known to act as a competitive inhibitor of N-ace- 
tylglucosamine-3-0-enolpyruvyl transferase, the normal substrate of 
which is phosphoenolpyruvate. Both compounds were studied, and the 
theoretical calculations revealed that the preferred conformations of 
phosphoenolpyruvate and fosfomycin presented the same spatial charge 
distributions on the active sites, the values of which are in complete 
agreement with the experimental observations. These results permit the 
projection of some details of the receptor, with implications for the 
modification of fosfomycin to increase its antibiotic activity. 

Keyphrases 0 Fosfomycin-preferred molecular conformation for bi- 
ological activity, quantum mechanical calculations Phosphoenolpy- 
ruvate-preferred molecular conformation for biological activity, 
quantum mechanical calculations Structure-activity relationship- 
fosfomycin and phosphoenolpyruvate, molecular level mechanism of 
action, preferred conformation 

Fosfomycin, (-)-(lR ,257- (1,2-epoxypropyl)phosphonic 
acid, a relatively new low molecular weight antibiotic, 
contains both an epoxide ring and a carbon-phosphorus 
bond (Fig. 1) [found for the first time among natural 
products (l)]. Despite the presence of the epoxide ring, 
fosfomycin is quite stable, and its activity seems to be 
limited to the inhibition of N-acetylglucosamine-3-0- 

- .34 

t.02 " 3  
-.05 

enolpyruvyl transferase, resulting in the formation of an 
irreversible adduct with the enzyme. The reaction seems 
to be stereospecific; (+)-(1R,2S)-, (-)-(2R,lS)-, and 
(+)-(2R,1S)-(1,2-epoxypropyl)phosphonic acids do not 
form stable adducts, as shown by their lack of biological 
activity. The absolute configuration of fosfomycin has been 
found to be (-)-(lR,2S) (2). 

Fosfomycin is structurally similar to phosphoenolpy- 
ruvate (Fig. 2), an important substance for both bacterial 
and animal cells (3). Kahan et al. (4) have studied the 
mechanism of action of fosfomycin, which appears to be 
a competitive inhibitor of phosphoenolpyruvate in the cell 
wall biosynthesis of bacteria. The reactive sites on the 
enolpyruvyl transferase are a nucleophilic sulfur of a cys- 
teine residue and a proton donor. The reaction is inter- 
preted by the authors as a sulfhydryl addition across the 
C(2)-0( 1) bond, analogous with the assumed sulfhydryl 
addition across the C(2)=C(3) double bond of phos- 
phoenolpyruvate in the bacterial cell wall. In the present 
work, quantum mechanical conformational and charge 
distribution calculations for fosfomycin and phospho- 
enolpyruvate were performed to determine the mimetic 
action of fosfomycin at  the molecular level. 

Figure 1-Fosfomycin structure and charge distribution. Figure 2-Phosphoenolpyruuate structure and charge distribution. 
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fosfomycin is quite stable, and its activity seems to be 
limited to the inhibition of N-acetylglucosamine-3-0- 

- .34 

t.02 " 3  
-.05 

enolpyruvyl transferase, resulting in the formation of an 
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form stable adducts, as shown by their lack of biological 
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Figure 3-Calculated relative potential energy curues for the one- ( O ) ,  
two- (A), and threefold (0) ionized species of phosphoenolpyruuate as 
a function of the rotation angle around the C-0 bond of the ester 
bridge. 

THEORETICAL 
Since fosfomycin and phosphoenolpyruvate are relatively large mol- 

ecules to be approached by an ab initio method, the charge distribution 
calculations and conformational analysis were performed using the 
standard semiempirical CNDO/2 procedure (5). This method considers 
the system under study in the gas phase and needs only knowledge of the 
atomic number and the position coordinates of the atoms. Solvent effects 
can be introduced (6). These effects usually appear as a small increase 
in the charges, which will not modify the overall conclusions of this work. 
Therefore, solvent effects will not be considered explicitly. 

Although the CNDO/2 method must be used with some caution in the 
conformational calculations (7), this procedure usually yields reasonable 
charge distributions. However, since it resorts to the zero differential 
overlap approximation (ZDO), the electronic charge distributions must 
be recalculated conveniently to  obtain more reliable values (8). 

In the ZDO approach, the electric charge of a given atom, A, with core 
charge ZA, is expressed as: 

(Eq. 1) 

where C, are the coefficients of the a th basis function in the ith molecular 
orbital, N is the number of basis functions centered on atom A, and n the 
number of occupied molecular orbitals. In this approximation, the basis 
functions may be regarded as atomic Slater orbitals orthogonalized by 
the Lowdin procedure. This orthogonalization involves a delocalization 
of the basis functions. To undo this transformation seems to be necessary 
in order to obtain localized charges on the atoms. So, according to the 
Lowdin transformation, the new coefficients are written as: 

C' = CS-lI2 

where S is the overlap matrix between the Slater orbitals, and C and C' 
are the coefficient matrices before and after deorthogonalization, re- 
spectively. After this operation, the electric charges are given by the 
Mulliken population analysis formula: 

(Eq. 2) 
o b i  

where thesummation on the index b must be extended to all the nonor- 
thogonal basis orbitals. 

fJP 

Figure 4-Calculated potential energy (kcallmole) map for the internal 
rotation in fosfornycin. 8, and OC are the rotation angles of the phos- 
phonium and carboxylic groups, respectively. 

EXPERIMENTAL 

Phosphoenolpyruvic acid and fosfomycin should be ionized in a 
physiological medium. Essentially complete ionization of both com- 
pounds a t  pH -7.4 is shown by the pK, values of the carboxyl group (3.5) 
and the phosphoric acid groups (<2 and 6.4) of phosphoenolpyruvate acid 
and the phosphonic moiety (1.85 and 6.40) of fosfomycin (9). One-, two-, 
and threefold ionized species for fosfomycin were considered in the cal- 
culations. 

T o  determine the coordinates of the ionized species, the bond lengths 
and bond angles were taken from the available crystallographic data, i.e., 
X-ray measurements in solid phase on the monocyclohexylammonium 
salt of phosphoenolpyruvate (10) and monophenethylammonium salt 
of fosfomycin (11). Because the ions may show some conformational 
modifications in liquid phase, various possible conformations were taken 
into account. 

Phosphoenolpyruvate Calculations-It appears that  phospho- 
enolpyruvate has not been studied from a quantum point of view, except 
for two previous works on bond energy wealth (12,13). X-ray measure- 
ments (10) show a roughly planar structure except for the phosphate 
group, which extends out from the plane of the enolpyruvate moiety. The 
P(1)-0(3) bond forms a tetrahedral angle (-109") with the C(2)-0(3) 
bond of the ester bridge, and the P(1)4(3)-C(2)  plane forms a dihedral 
angle of 90° with the molecular planar frame. Because of the tetrahedral 
character of the P(1)-0(3) bond, the lack of steric effect, and its high 
symmetry, the phosphate group is expected to be able to rotate in the free 
molecule. Among the small irregularities of the planar frame, the car- 
boxylic group appears somewhat twisted, and the oxygen atom (0-3), lies 
somewhat under the enolpyruvate plane. From a quantum point of view, 
it may be expected that the more ionized the molecule, the more planar 
it is because of a clear increasing of the conjugation of the *-electron 
system. This feature is especially true for the carboxylic group, which may 
be considered as rigorously coplanar in its ionized form. 

Concerning the phosphoric rest, the question is whether the P(1)- 
-0(3)-C(2) plane remains vertical up the enolpyruvic plane. Therefore, 
conformational calculations were performed around the 0(3)-C(2) bond, 
taking as origin of rotations the conformation in which the phosphorus 
atom lies in the pyruvic plane side of the methylenic group. In these 
calculations, however, the 0-3 atom is assumed to remain in its original 
location, slightly under the molecular plane. 

The conformational dependencies of the three ionized species of 
phosphoenolpyruvic acid are reported in Fig. 3; they show a potential 
asymmetric double-well behavior, due to  the out-of-plane 0-3 atom. 
Minima are found a t  60" and -20", 60" and -20", and 45" and -10" in 
the one-, two-, and threefold ionized species, respectively. The one-ionized 
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species has an extra minimum a t  160’. As expected, at least to some ex- 
tent, the more ionized the compound the more planar the ion. In the 
liquid phase, however, it may be expected that the solvent effect will 
damp this trend, because of its dielectric nature (6). 

The preferred conformations appear also at lower angles. However, 
since the energy differences between the two branches of double wells 
are not too large (0.27,0.66, and 0.54 kcal/mole), i t  may be expected that 
the ionized species will exist in both conformations a t  the physiological 
temperature. Furthermore, the barrier heights between the two branches 
are relatively low (1.8,2.4, and 1.3 kcal/mole) so that the interconversion 
should be relatively easy through a switching of the 0-3 atom. 

The localized charge distributions were determined using Eq. 2 as a 
function of the torsion angle for the three ionized species. The distribu- 
tions look qualitatively similar in the three species, although the more 
ionized the phosphoenolpyruvate species, the sharper the charge distri- 
bution, probably because of the increasing conjugation of the ?r-system. 
Their conformational dependencies, however, are not too large in the 
region of the minima. In Fig. 3, the charge distribution of the preferred 
conformation of the threefold ionized species in which the P(1)- 
-0(3)-C(2) plane lies a t  -10” from the molecular plane is given. 

Fosfomycin Calculations-Compared with phosphoenolpyruvate, 
fosfomycin presents a relatively rigid structure. In the X-ray measure- 
ments (11), fosfomycin may be regarded as a planar epoxide bearing a 
phosphonate and methyl groups in cis positions. Taking as rotation axis 
the C(1)-C(2) ring side and as origin of rotation the conformation in 
which the P atom lies in the epoxide half-plane, the phosphonate and 
methyl groups point rigidly out -120’ from the molecular plane. Only 
hindered internal rotations of the phosphonate and methyl radicals are 
possible. Therefore, the conformational calculations on the one- and 
twofold ionized species of fosfomycin were restricted to these two 
possibilities. 

The conformational map for the twofold ionized species is given in Fig. 
4, in which the threefold symmetry of the rotors is taken into account. 
In Fig. 4, the preferred conformation has the methyl and phosphonate 
groups rotated a t  30’ and 60°, respectively, taking as origin of rotation 
the conformation in which one atom of the rotating group lies in the plane 
formed by the rotation axis and the ring side. The conformational map, 
however, shows a valley corresponding to the single rotation of the methyl 
group, with a relatively low saddle point at 2 kcal/mole. This result reveals 
that the methyl group is able to rotate, though with some hindrance, re- 
gardless of the position of the phosphonate group. 

The localized charge distributions of the two ionized species were 
calculated as a function of the two internal rotation angles. These dis- 
tributions look very similar in the two species, and their conformational 
dependencies appear to be very small. In Fig. 1, the charge distribution 
of the twofold ionized species for the preferred conformation is also 
given. 

RESULTS AND DISCUSSIONS 

The results below are discussed assuming a neutral pH in the bacterial 
cell. These results also are valid, however, a t  lower pH values where local 
variations could occur in the reactive medium. 

As has been seen, phosphoenolpyruvate and fosfomycin possess a 
central frame to which the PO:- moiety is attached. Fosfomycin has a 
rigid structure; in contrast, phosphoenolpyruvate is a more flexible 
molecule which can adopt different conformations. The question arises 
whether fosfomycin may be considered as a rigid analogue of the natural 
compound. 

As it is seen in Fig. 3, phosphoenolpyruvate has essentially two pre- 
ferred conformations. To adopt the structure of fosfomycin (0 - 120’) 
the fully ionized species needs more than 20 kcal/mole, which is a large 
energy requirement. On the other hand, in this conformation some dis- 
tances between active sites such as P-1 and c-3 appear to be too large 
when compared with the corresponding distance between P-1 and 0-1 
in fosfomycin. In the more stable conformation of phosphoenolpyruvate 
(which appears for lower angles), all the distances between the active sites 
coincide approximately with those of fosfomycin (Fig. 5). 

When considering the charges of the active sites, i.e., the proton ac- 
ceptor centers (the C-3 atom in phosphoenolpyruvate and the 0-1 atom 
in fosfomycin) and the sulfhydryl acceptor centers (the C-2 atoms in both 
molecules), it is seen that the proton acceptor sites have a negative charge 
in both molecules. The sulfhydryl acceptor centers, C-2, have a positive 
charge in both molecules. Furthermore, the second carbon atom of the 
epoxide ring of fosfomycin (C-l), which could be a competitive acceptor 
center for the sulfhydryl residue, appears to be negatively charged, 

I 

\ 
6 - O  
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Figure 5-Spatial distributions of the active sites (proposed receptor 
pattern) in the preferred conformation of the phosphoenolpyruvate (I) 
and  fosfomycin ( I I ) .  

analogous with the oxygen atom (0-3) of the ester bridge in phospho- 
enolpyruvate. The charge distributions are similar in the PO;- groups 
of both molecular systems. 

Therefore, fosfomycin should not be considered a rigid analogue of 
phosphoenolpyruvate. Nevertheless, this compound and fosfomycin 
appear to possess some local isosterism with a similar electric charge 
distribution a t  the active sites. This isosterism does not extend to the 
carboxylic group of phosphoenolpyruvate or methyl group of fosfomycin, 
which probably do not enter directly into the addition reaction. Fos- 
fomycin, however, shows a high stereospecificity regarding the methyl 
group. This feature may be attributed to some steric hindrance, assuming 
that the reaction takes place in two steps: (a) fosfomycin is first adsorbed 
sideways by the PO%- on the receptor and ( b )  the sulfhydryl addition 
reaction takes place on the opposite free face of the epoxide ring. Finally, 
i t  may be underlined that the knowledge of the charge distribution in 
fosfomycin suggests the possibility of selecting some structural modifi- 
cations to increase the antibiotic activity of fosfomycin. 

The present theoretical calculations confirm the assumed mechanism 
of action for the sulfhydryl and proton additions in fosfomycin as well 
as in phosphoenolpyruvate (4). The conformational analysis and electric 
charge distribution calculations indicate the same spatial charge distri- 
bution on the active sites in both molecular systems, the values of which 
are in accordance with the experimental data. Furthermore, taking into 
account the rigidity of fosfomycin and the stereospecificity involved, it 
may be stated that the active centers are probably located in a very small 
area on the receptor, limited approximately by the positions of three 
adjacent active centers, PO%-, 0-1, and C-2 (Fig. 5). 
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Abstract  Many injectable formulations currently on the market, in- 
cluding diazepam and alprazolam, utilize one or more cosolvents to sol- 
ubilize the active constituents. On injection into an aqueous medium, 
some of these components tend to precipitate. A simple procedure is 
described for measuring the degree of precipitation that occurs when a 
solubiliied drug is injected. This in uitro technique was used to show that 
alprazoiam injection shows less precipitation than diazepam injection 
under all tested conditions, and that the precipitation observed with 
diazepam can be controlled by ensuring that the formulation is injected 
very slowly. This simple technique also can be used during preformulation 
development to evaluate the relative potential for precipitation of various 
formulations. 

Keyphrases 0 Diazepam-in oitro detection of precipitation for in- 
jectable formulations 0 Alprazolam-in oitro detection of precipitation 
for injectable formulations Formulations, injectable-potential pre- 
cipitation in aqueous media, in uitro detection using diazepam and al- 
prazolam 

It is often necessary to administer a drug parenterally 
at a concentration which exceeds its aqueous solubility. 
The use of water-miscible cosolvents is by far the most 
versatile means of increasing the solubility of drugs. Co- 
Table I-Some Parenteral Products Formulated with Cosolvents 

Generic Name Cosolvent Composition 

Hydralazine HCI” 
Lorazepam 

DeslanosideC 

Phenytoin sodiumd 

Dihydroergotamine 

Dimenhydrinatef 
Digoxing 

Chlordiazepoxide HCI 
Phenobarbital sodium 
Multiple vitamin infusion’ 
Pentobarbital sodiumk 

Methocarbamol‘ 
Reserpinem 

Diazepam“ 

mesylatee 

10% propylene glycol 
80% propylene glycol 
20% polyethylene glycol 
9.8% ethanol 
15% glycerin 
40% propylene glycol 
10% ethanol 
6.1% ethanol 
15% glycerin 
50% propylene glycol 
40% propylene glycol 
10% ethanol 
20% propylene glycol 
67.8% propylene glycol 
30% propylene glycol 
40% propylene glycol 
10% ethanol 
50% polyethylene glycol 
10% dimethylacetamide 
5% polyethylene glycol 
40% propylene glycol 
10% ethanol 

0 Apresoline (Ciba). * Ativan (Wveth). c Cedilanid (Sandoz). Dilantin 
(Parke-Davis). DHE 45 (Sandoz). Dramamine (Searle). 8 Lanoxin (Burroughs 
Wellcome). Librium (Roche). Luminal (Winthrop). MVI (USV). Nembutal 
(Abbott). Robaxin (Robins). Serpacil (Ciba). Valium (Roche). 

solvents in concentrations up to 50% vlv can produce sol- 
ubility increases of several orders of magnitude for very 
insoluble drugs (1 ,2) .  

In some cases, the injection of a formulation (in which 
the drug is solubilized by a cosolvent) into blood or some 
other aqueous fluid can result in precipitation of the drug 
(2-7). This precipitation, in turn, can result in erratic or 
reduced drug bioavailability, pain on injection, and/or 
thrombophlebitis (3-7). The amount of precipitation, and 
thus the severity of the above problems, often is related to 
the rate at which the drug is injected (3-7). 

The elimination of precipitation on dilution not only can 
lead to a safer and more effective formulation, i t  can also 
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Table 11-Some ProDerties of Diazeoam and  AlDrazolam 

f 

Chemical 
name 

Formula 
Melting 

point 
PKO 
Solubilitya 

Water 
Propylene 

alvcol 

Diazepam 

7-Chlor0-1,3-dihydro-l- 
methyl-5-phenyl-2H- 
1,4-benzodiazepin- 
2-one 

3.50b 
0.0414 (20"bC 
0.048 (25") 
15.2 (10')' 

Alprazolam 

8-Chloro-1 -methyl-6- 

b,3-a] j 1,4] benzo- 
diazeoine 

henyl-4H-s-triazolo- 

CTH13CiNd 
226-234' 

2.4 4 25' 
0.114 (25') 

42 (25') 

In g/liter. * From N. A. Mason, S. Cline, M. L. Hyneck, R. R. Bernardi, N. F. 
H. Ho,and G. L. Flynn, Am. J .  Hosp. fharm., 38,1449 (1981). From M. C. Neira, 
F. Jiminez, and L. F. Ponce de Leon, Reu. Colmb. Cienc. Quim.-Farm., 3, 37 
(1980). 

ensure more meaningful evaluations of new drugs. A simple 
in uitro dynamic system for evaluating the degree of pre- 
cipitation on injection of a solubilized drug is presented. 
The technique also can be used during preformulation 
development to evaluate the relative potential for pre- 
cipitation of various formulations. 

BACKGROUND 

Many parenteral products currently on the market utilize one or more 
water-miscible cosolvents (Table I). The tendency for this type of for- 
mulation to precipitate when injected or diluted with an aqueous medium 
has been explained (2) on the basis of the following: 

1. When a formulation is diluted by blood or by an intravenous drip 
solution, the concentrations of drug and cosolvent(s) decrease propor- 
tionally to one another. 

2. The solubility of the drug in the mixed solvent decreases expo- 
nentially as the concentration of cosolvent is decreased linearly. 

This frequently results in a situation in which the drug concentration 
exceeds the solubility, as shown in Fig. 1. The curve in Fig. 1 represents 
the solubilization of alprazolam in the propylene glycol-water system. 
The shape of this curve indicates an exponential increase in solubility 
with increasing cosolvent composition. This commonly encountered 
dependency of solubility on cosolvent composition has been explained 
previously (8,9). The dashed lines show dilution curves for two 1.0-mg/ml 
alprazolam formulations: the upper line represents a formulation con- 
taining 40% propylene glycol (minimum needed to solubilize the drug) 
and the lower line represents the alprazolam formulation used in this 
study (55% propylene glycol). When the concentration line is above the 
solubility curve, the solition is supersaturated. If the formulation is di- 
luted further, the dilution line again crosses the solubility curve, and the 
solution becomes unsaturated as it approaches infinite dilution. The 
distance between the concentration line and the solubility curve is equal 
to the amount of supersaturation. The length of the dilution line between 
the crossover points is a measure of the time that the drug will be sup- 
ersaturated when it is being diluted. 

It is clear from the figure that the dilution line for the formulation 
containing 55% propylene glycol is much closer to the solubility curve 
than the line for the 40% propylene glycol formulation. Consequently, 
there is a much lower probability of drug precipitation in the former 
formulation on dilution. The excess cosolvent present also helps to pre- 

Figure 2-Schematic of the apparatus used to detect precipitation. 

Table  111-Composition of Diazepam a n d  Alprazolam Injectable 
Formulations 

Component Diazepam Alprazolam 

Active ingredient 5.0 mg/ml 1.0 mg/ml 
Benzyl alcohol 1.5% - 
Sodium benzoate-benzoic acid 5.0% - 
Ethanol 10% - 
Propylene glycol 40% 55% 

vent precipitation when the formulation is cooled (as can happen during 
shipping in the winter season). 

As stated, both concentration lines fall below the solubility curve a t  
high dilution. This indicates that any formed precipitate would redissolve 
on further dilution. It does not, however, give any indication as to the 
rapidity of the redissolution. In fact, this step is usually very slow. 
Therefore, it is not advisable to rely on redissolution as a means of 
avoiding precipitation. 

Using the aforementioned technique, i t  is possible to estimate the 
precipitation potential of a drug on the basis of its solubility in water and 
in the cosolvents used. However, these estimates are based on equilibrium 
data and do not account for kinetic factors, such as crystal growth rate, 
fluid (or blood) flow rate, and injection rate. (The last two parameters 
determine the formulation dilution rate.) A more meaningful assessment 
of precipitation potential requires a dynamic system in which the above 
factors are controlled to  the greatest extent possible. 

Diazepam (5 mg/ml) 

Diazepam Placebo 

Alprazolam ( 1  rng/ml) I 

Alprazolam Placebo 
I r I  

Figure 3-Comparison of opacity produced by injection of diazepam 
and alprazolam formulations into normal saline a t  a distance of 15 cm 
from the flow cell. 
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Diazepam (5 mglml) 

Diazepam Placebo 

h A lh A 
Alprazolam ( 1  mg/ml) u 
Alprazolam Placebo 

A lL h t. 
10 8 6 4 2 1 

INJECTION RATE, mllmin 

Figure 4-Comparison of opacity produced by injection of diazepam 
and alprazolam formulations into normal saline at a distance of 30cm 
from the flow cell. 

In this report a simple laboratory experiment is described that provides 
a semiquantitative evaluation of precipitation formation in a dynamic 
system. This is used to determine the effect of injection rate on precipi- 
tation and to compare parenteral formulations of the antianxiety drugs 
diazepam' and alprazolam'. Some of the important physicochemical 
properties of both drugs are presented in Table 11. 

This type of experiment is not intended to replace in uiuo testing. I t  
can, however, provide an early warning as to whether a precipitation 
problem should be anticipated. 

EXPERIMENTAL 

Methods-The apparatus used in this study is shown schematically 
in Fig. 2. It was developed to provide a reasonable simulation of the events 
that occur when a drug formulation solubilized with a cosolvent is injected 
into the venous system or into an intravenous drip tube. 

A peristaltic pump provided flow of an aqueous phase a t  a rate of 30 
ml/min through a 2.50-mm tube and a 2.0-mm quartz flow cell. The 
aqueous phases used were 0.9% sodium chloride (normal saline) in dis- 
tilled water and 5.0% dextrose in deionized water (D5W). Drug formu- 
lation or placebo solution was injected into the tubing through a 20-gauge 
needle inserted 15,30, or 45 cm upstream of the flow cell. A syringe pump3 
was used to control the rate of drug injection. The injection rate varied 
from 1.0 to 10 ml/min, but the total volume injected was kept constant 
a t  1.0 ml. Injection rates of 10,8,6,4,3.2,  and 1 ml/min were attained 
by injecting 1 ml of solution in 6.0.7.5.10, 15,20,30, and 60 sec, respec- 
tively. The appearance of drug precipitate was detected by measuring 
the optical transmittance through the flow cell in a spectrophotometer. 
For both diazepam and alprazolam formulations, any absorption at 400 
nm was attributed to the opacity caused by the passage of precipitate 
through the flow cell. Changes in absorbance were monitored on a 
strip-chart recorder (see Results). This study was conducted a t  room 
temperature (20-23'). 

1 Valium; Roche, P.R. 

3 Sage. 
Xanax; The Upjohn Co.. Kalamazoo, Mich. 

> 
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I\h(LI 
Alprarolam (1 mg/ml) 
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Alprazolam Placebo 
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Figure 5-Comparison of opacity produced by injection of diazepam 
and alprazolam formulations into normal saline at a distance of 45 cm 
from the flow cell. 

Materials-The sodium chloride, dextrose, propylene glycol, ethanol, 
sodium benzoate, benzoic acid, benzyl alcohol, and distilled water were 
USP quality and were obtained from commercial sources. Alprazolam 
injectable was prepared by dissolving the drug in propylene glycol and 
then adding the required quantity of water. Diazepam injectable4 was 
purchased. The composition of the diazepam and alprazolam injectable 
formulations are given in Table 111. 

RESULTS 

The recorder tracings generated by injecting diazepam and alprazolam 
formulations and their respective placebos into normal saline at  distances 
of 15,30, and 45 cm from the flow cell are shown in Figs. 3,4, and 5, re- 
spectively. Those obtained by injecting the same formulations into D5W 
a t  a distance of 30 cm from the flow cell are shown in Fig. 6. 

Replacing the following aqueous fluid with diazepam vehicle and in- 
jecting diazepam formulation produced no opacity under any of the above 
conditions. Likewise, injecting alprazolam into its own vehicle under the 
above conditions produced no opacity. 

I t  is clear from Figs. 4 and 6 that there is no significant difference be- 
tween the results obtained in normal saline at 30 cm and the results ob- 
tained in D5W a t  the same distance. Changing the tubing diameter had 
no significant effect on the opacity observed. Changing the rate of flow 
of the fluid into which the formulations were injected produced an effect 
similar to changing the distance from the injection site to the flow cell. 
The following trends are apparent in each of Figs. 3-6: 

Short distances between the injection site and the flow cell tend 
to produce higher opacity readings. 

The faster the injection rate, the greater the opacity. 
The diazepam formulations show the greatest degree of opacity 

1. 

2. 
3. 

under all tested conditions. 

Valium Injectable; Roche, P.R. 
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Figure 6-Comparison of opacity produced by injection of diazepam 
and alprazolam formulations into 5% dextrose at a distance of 30 cm 
from the flow cell. 

DISCUSSION 
Distance from Injection Site-In all cases, the placebo formulations 

produced little or no opacity when injected a t  distances of 30 and 45 cm 
from the flow cell. At 15 cm, however, the more rapid injection rates 
produced measurable changes in the transmission of light through the 
cell. Since the placebo formulations contained no material that  is insol- 
uble in the flowing aqueous fluid, the apparent opacity cannot be due to 
precipitation. The decrease in light transmission through the flow cell 
after rapid injection of placebo formulations at short distances is due to 
Schlieren patterns. These wavy patterns form when two liquids of dif- 
ferent refractive indices are partially mixed; scattering light and, thus, 
reducing transmission. They are less prevalent at longer distances, which 
provide more time for the liquids to mix completely before passing 
through the flow cell. (This effect can be easily demonstrated by adding 
glycerin or propylene glycol to water. At first there are striations of 
Schlieren patterns in the mixture. As mixing progresses, these patterns 
disappear and the solution becomes clear.) 

Injection Rate-Under all of the conditions considered, no opacity 
was produced when the formulations were injected at  a rate <1.0 ml/min. 

At this slow rate of addition, the formulation is diluted very rapidly by 
the flowing aqueous phase. At more rapid injection rates, the formulation 
is diluted more slowly. The dilution ratio is equal to the rate of injection 
divided by the rate of flow of the aqueous fluid. If the formulation is in- 
jected a t  a rate of 1.0 ml/min and the fluid flowrate is 30 ml/min, the 
dilution ratio is equal to 30; if the injection rate is increased 10-fold, the 
dilution ratio is reduced 10-fold (to 3.0). When the dilution ratio is large 
and the dilution is rapid, there is little time for nucleation and crystal 
growth and, thus, less likelihood of precipitation. Rapid injection and 
the accompanying slow dilution provide more time for the formation and 
growth of crystal nuclei. 

An additional explanation for the effect of injection rate on the amount 
of precipitate formation is as follows. The segment or plug of fluid con- 
taining the injected formulation tends to remain more or less intact as 
it flows through the tube to the flow cell: there is only poor lateral mixing 
in the narrow tube. The magnitude of precipitation in the plug of diluted 
formulation will depend on the degree of supersaturation in the plug. If 
the plug is highly supersaturated, the potential for precipitation is greater 
than if the drug concentration is only slightly above its solubility. Of 
course, if the concentration of drug in the plug is below the solubility limit, 
there is no potential for precipitation. This ideal situation is achieved 
when the drug is injected very slowly and the dilution ratio is very large. 
These results clearly show the advantage of slow intravenous admin- 
stration of solubilized drugs. 

Comparison of Diazepam and Alprazolam-It is obvious from Figs. 
3-6 that diazepam has a high tendency to precipitate when injected, and 
that alprazolam shows little or no tendency to precipitate. This is not due 
to  differences in pK, (Table 11) since both drugs are essentially com- 
pletely un-ionized at physiological pH. The difference results from a 
combination of several factors: (a) the concentration of diazepam is much 
higher than that of alprazolam in the injection formulations, ( b )  diazepam 
is less soluble in water than alprazolam, and (c )  the formulation of di- 
azepam studied does not have excess cosolvent (as does the alprazolam 
formulation). This in  oitro study indicates that formulation of a solubi- 
lized drug should be designed so that the solubility of the drug is not 
exceeded as it comes into contact with an aqueous environment. Based 
on the results of this study, excess cosolvent should be added to protect 
the drug against the solubility-reducing effect of the aqueous medium 
into which it is injected. 
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Abstract  0 A high-performance liquid chromatographic analysis of 
phenylpropanolamine in human serum and urine without prior deriva- 
tization is presented. Using direct UV detection the method is sufficiently 
sensitive to  detect 25 ng of drug/ml of serum or urine; the coefficients of 
variation a t  25 ng/ml and 500 ng/ml were 5.16 and 2.12, respectively, in 
serum. The method involves serum and urine extraction a t  a basic pH 
with chloroform, a single back-extraction, and chromatography on a re- 
verse-phase column. Serum and urine data following administration of 
a single 150-mg sustained-release tablet of phenylpropanolamine hy- 
drochloride in six healthy volunteers demonstrates the suitability of the 
analytical method. 

Keyphrases 0 Phenylpropanolamine-determination by high-per- 
formance liquid chromatography without prior derivatization, human 
serum and urine 0 High-performance liquid chromatography-phen- 
ylpropanolamine, determination in human serum and urine without prior 
derivatization 

Phenylpropanolamine, a sympathomimetic mine ,  used 
to relieve congestion of the nasal mucosa and sinuses in the 
treatment of colds, sinusitus, rhinitis, and hay fever is also 
used as an appetite suppressant (1). Phenylpropanolamine 
has been determined in plasma by GLC following deriva- 
tization with pentafluorobenzaldehyde (2) and also as the 
heptafluorobutyryl derivative (3). Urine phenylpropa- 
nolamine levels have been analyzed by nitrogen-selective 
GLC (4, 5). High-performance liquid chromatography 
(HPLC) has been used for the determination of phenyl- 
propanolamine alone and in pharmaceutical formulations 
(6-ll), but little information has appeared on the HPLC 
analysis of phenylpropanolamine in biological fluids (1 2, 
13). 

Endo et al. (12) used a color reaction with sodium 
~-naphthoquinone-4-sulfonate after extraction from al- 
kaline urine to determine phenylpropanolamine by HPLC, 
but this method is time consuming and no indication is 
given as to the levels of phenylpropanolamine determined. 
The HPLC method described by Mason and Amick (13) 
involved extraction from plasma, back-extraction, and 
o-phthalicdicarboxaldehyde derivatization after which 
fluorescence detection was used to determine concentra- 
tions of phenylpropanolamine as low as 5 ng/ml. 

The purpose of this study was to develop a sensitive, 
reproducible, and rapid method to determine phenylpro- 
panolamine in serum and urine without prior derivatiza- 
tion. 

EXPERIMENTAL 

Apparatus-The modular high-performance liquid chromatograph 
consisted of a constant-flow pump'. an automated sample injector', a 
variable-wavelength UV detector', and a data module.'. The separation 
was performed on a 30-cm X 4-mm i.d. column containing microparti- 

Model M6000A. Waters Associates. Milford. Mass. 
WISP model ilOR. Waters Associates. Milford. Mass 

2 Model LC3, Pye Unicam. Cambridge. England. 
4 Model 730. Waters Associates. Milford. Mass. 

culate-bonded (1 0-pm) octadecylsilane material5. The temperature of 
the column was maintained a t  20° 6. 

Reagents and Materials-Reagents were of a t  least analytical reagent 
grade quality and the acetonitrile7 was distilled in glass. Phenylpropa- 
nolamine hydrochloridee, ephedrine hydrochlorideg, chloroformlo, and 
sodium 1 -heptanesulfonate" were obtained commercially. Water was 
deionized and then double-distilled in glass. 

Chromatographic Conditions-The mobile phase was prepared by 
mixing acetonitrile (250 ml) with a 0.005 M solution of sodium l-hepta- 
nesulfonate in water (750 ml) and adding 1 M HCl ( 2 ml). The solvent 
mixture (pH 2.5) was deaerated and filtered through a 0.6-pm filter'*. 
This mobile phase was used a t  a flow rate of 1.3 ml/min for the analysis 
of both Serum and urine samples, with a resulting pressure of 230 bar. The 
wavelength of detection was 220 nm. 

Extraction-Serum-One milliliter of serum, 1 ml ephedrine hy- 
drochloride solution (0.24 pglml), and 50 pl of a saturated solution of 
sodium carbonate, which adjusted the pH of the mixture to 10, were 
vortexed for 15 sec in a test tube13 (16 X 100 mm). Five milliliters of 
chloroform were added and the tube was stoppered, vortexed for 1 min, 
and centrifuged a t  2000Xg for 5 min. A plug formed between the aqueous 
and organic phases, and the aqueous layer above this plug was removed 
by aspiration and discarded. A pasteur pipet was used to transfer the 
chloroform extract to a tapered centrifuge tube containing 100 pl of 5% 
(v/v) acetic acid. The pipet was rinsed with 2 ml of chloroform, which was 
then added to the original test tube, vortexed for 30 sec, and centrifuged 
a t  2000Xg for 5 min. The chloroform washings were added to the tapered 
centrifuge tube, vortexed for 1 min, and centrifuged a t  600Xg for an ad- 
ditional minute. The chloroform layer was reduced by aspiration to -200 
pl and discarded, and the tube was again centrifuged at  2000Xg for 5 min. 
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Figure I-HPLC chromatograms of fa) blank serum extract and (b) 
an cxtrart of serum containing phenylpropanolamine (I) and ephedrine 
(2) .  

p-Bondapak CI8, Waters Associates, Milford, Mass. '' Model IX-22 Temperature Controller. Bioanalytical Systems Inc., West La- 

' V V  grade. Waters Associates, Milford, Mass. 
"Chamberlains (Ptg) Ltd.. Cape Town. South Africa. 
E. Merrk. Darrnstadt. West Germany. 
H. D. H. Chemicals. Poole, England. 

' I  Aldrirh Chemical Co., Milwaukee, Wis. 
I ?  Type BD. Millipore Corp., Bedford, Mass. 

L'acutainer. Becton, Dickinson and Co., Rutherford, N.J. 

I 'apte ,  Ind. 
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Figure 2-HPLC chromatograms of (a) blank urine extract and (b) a n  
extract of urine containing phenylpropanolamine (1) and ephedrine 
(2). 

Aliquots of 15-30 pl of the acetic acid extract were injected directly onto 
the column. Typical chromatograms are depicted in Fig. 1. 

Urine-To 1 ml of urine in a test tube were added an aqueous solution 
of 1 ml of ephedrine hydrochloride (40 pg/ml) and 50 r l  of a saturated 
solution of sodium carbonate (to adjust the pH to 10). The tube was 
vortexed for 15 sec, 5 ml of chloroform was added, and the tube was 
stoppered and vortexed again for 1 min. After centrifugation at 2000Xg 
for 5 min, the chloroform extract was transferred with a pasteur pipet 
to a tapered centrifuge tube containing 1 ml of 5% (v/v) acetic acid. The 
pipet was rinsed with 2 ml of chloroform, which was then added to the 
original tube, vortexed for 30 sec, and centrifuged a t  2000Xg for 5 min. 
The chloroform washings wefe added to the centrifuge tube, vortexed 
for 1 minute and centrifuged at 2000Xg for 5 min. Aliquots of 1-8 p1 of 
the upper acetic acid extract were injected onto the column. Typical 
chromatograms are depicted in Fig. 2. 

Clinical Study-As part of a bioavailability study, six normal healthy 
volunteers each received one sustained-release tablet containing 150 mg 
of phenylpropanolamine hydrochloride following an overnight fast. Blood 
samples were drawn at 0,0.5,1,1.5,2,3,4,5,6,8,9,10,12, and 24 hr after 
ingestion of the medication; the serum was separated by centrifugation 
and frozen until assayed. Urine samples were collected at 0,2,4,6,8,12, 
and 24 hr, and representative samples were frozen until analysis. Urine 
voided a t  times other than those specified above was collected and treated 
in the same manner. 

RESULTS 

Linearity-Calibration curves using five different concentrations of 
phenylpropanolamine in serum and urine, obtained by plotting the ratio 
of the peak height of phenylpropanolamine to that of the internal stan- 

HOURS 
Figure 3-Mean serum phenylpropanolamine concentration-time 
profile of six human volunteers given a sustained-release tablet con- 
taining 150 mg of drug. 

Iml 80 

4 8 12 16 20 24 
HOURS 

Figure 4-Mean cumulative urinary phenylpropanolamine concen- 
tration-time profile of six human volunteers given a sustained-release 
tablet containing 150 mg of drug. 

dard (ephedrine) versus their respective concentrations, were linear over 
the concentration ranges studied. The calibration curve in serum (25-500 
ng/ml) had a slope of 0.0039 and ay-intercept of 0.0509 with a correlation 
coefficient of 0.9997, while the curve in urine (10-200 wg/ml) had a slope 
of 0.0265 and a y-intercept of 0.0386 with a correlation coefficient of 
0.9999. 

Precision and Accuracy-Within-run precision was assessed by 
extracting five spiked serum and urine samples each at the upper and 
lower limits of the concentration ranges studied. The coefficients of 
variation were found to be 5.16% a t  25 ng/ml and 2.12% a t  500 ng/ml for 
serum and 1.66% at 10 pg/ml and 0.33% a t  100 pg/ml for urine. Corre- 
sponding standard deviations for these samples were 1.26 ng/ml, 10.75 
ng/ml, 0.155 pg/ml, and 0.324 pg/ml, respectively. Replicate assays in 
serum and urine samples determined over a period of 3 months (stored 
a t  - 10') revealed no significant differences in phenylpropanolamine 
concentrations. 

Extraction Efficiency-Spiked serum and urine samples were as- 
sayed in triplicate at four different concentrations. All samples were 
extracted as described previously except that  the internal standard was 
added as a final step to each extract. The results were compared with 
those obtained from the injection of equivalent concentrations of phe- 
nylpropanolamine in the internal standard solution. Mean values of 80.39 
and 80.20% recovery were obtained for phenylpropanolamine from serum 
and urine, respectively. 

Sensitivity and Detection Limit-Under the conditions of this assay, 
the detection limit for phenylpropanolamine was 25 ng/ml in serum and 
10 pg/ml in urine. These lower limits can be extended, particularly in the 
case of urine, if smaller volumes of 5% (v/v) acetic acid are used in the 
back-extraction step. 

Serum and  Urine Profiles-The mean serum concentration-time 
profile is presented in Fig. 3. Figure 4 represents the cumulative urinary 
excretion profile for the six subjects who received one sustained-release 
tablet containing phenylpropanolamine hydrochloride (150 mg). 

DISCUSSION 

The method described involved a rapid, relatively simple extraction 
of phenylpropanolamine from urine and serum. Previous HPLC methods 
used to determine this drug in biological fluids have involved either 
derivatization with o-phthalicdicarboxaldehyde followed by fluorescence 
detection (13) or the use of a normal-phase column followed by reaction 
with sodium P-naphthoquinone-4-sulfonate and subsequent colorimetric 
determination (12). The latter method was applied to urinalysis only, and 
concentrations relating specifically to phenylpropanolamine were not 
reported. Both these methods are relatively time consuming and involve 
postcolumn manipulations. 

Our method eliminates the derivatization step, thus allowing direct 
determination using a variable-wavelength UV detector. The method 
is sufficiently sensitive, accurate, and precise for the monitoring of phe- 
nylpropanolamine concentrations in small volumes of both serum and 
urine following oral doses of the drug. In addition, the resulting chro- 
matograms are clean with no interfering peaks due to endogenous con- 
stituents. Metabolite interference did not present a problem since no 
significant metabolism of phenylpropanolamine occurs (14). Retention 
times of phenylpropanolamine and ephedrine were 4.8 min and 5.7 min, 

Journal of Pharmaceutical Sciences I 1019 
Vol. 72, No. 9, September 1983 



respectively. In summary, the HPLC method presented here is rapid, 
precise, and extremely suitable for the determination of phenylpropa- 
nolamine in serum and urine. 
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Abstract  0 A simple quantitative method for the rapid determination 
of aspirin and its metabolites, salicylic acid, salicyluric acid, and gentisic 
acid, in plasma and urine using o-toluic and o-anisic acids, respectively, 
as internal standards was developed. Plasma proteins were precipitated 
by the addition of acetonitrile and, after centrifugation, the supernatant 
fluid was injected directly onto a reverse-phase column. The mobile phase 
consisted of an  isocratic mixture of water, methanol, and glacial acetic 
acid (64351, v/v/v) and the separated components were detected a t  238 
nm using a UV detector. Concentrations 20.5 pglrnl could be quantitated 
for aspirin or its metabolites in plasma. The peak heights and peak height 
ratios to the internal standard, o-toluic acid, were linear for the concen- 
tration range of 0.5-200 pg/ml. The aspirin metabolites in urine were 
isolated by extracting the acidified urine with ether and then reextracting 
the material into an aqueous buffer solution at pH 7.0. Twenty microliters 
of the buffer extract was directly injected onto the column. The separated 
components were detected and quantitated at 305 nm. Concentrations 
2 5  pg/ml of salicyluric acid, salicylic acid, and gentisic acid could be 
determined accurately. The peak heights and peak height ratios to the 
internal standard, o-anisic acid, were found to be linear for the concen- 
tration range of 5-200 pg/ml in urine. 

Keyphrases Salicylates-aspirin and metabolites, quantitation in 
urine and plasma, high-performance liquid chromatography 0 Metab- 
olites-of aspirin, quantitation in urine and plasma, high-performance 
liquid chromatography High-performance liquid chromatography- 
quantitation of aspirin and metabolites, urine and plasma 

Aspirin is one of the most extensively used drugs. Re- 
cently, the importance of monitoring plasma levels of 
salicylates has been reviewed (1). A number of high-per- 
formance liquid chromatographic (HPLC) methods for the 
analysis of aspirin and its metabolites in plasma and urine 
have been reported (2-7). Few of the reported methods (3, 
6) can determine aspirin in plasma, and they employ 
time-consuming extraction procedures. Since aspirin is 
rapidly hydrolyzed in blood and plasma (8), extraction 
procedures which delay the analysis of the sample will yield 

inaccurate results, underestimating the quantity of aspirin. 
Therefore, this work was initiated to develop a method for 
the rapid analysis of plasma samples for aspirin, salicylic 
acid, salicyluric acid, and gentisic acid, which does not 
require an extraction step. 

The analysis of urine for the metabolites of aspirin using 
a simple extraction procedure is also desirable since urine 
usually contains a large number of acidic components (9, 
10). Better results are obtained by eliminating as many 
undesirable components from the sample as possible be- 
fore analysis. Injecting the urine onto a column without 
extraction ( 7 , l l )  shortens the useful life of the chroma- 
tography column. 

EXPERIMENTAL 

Materials-Aspirin USP’, salicylic acid’, salicyluric acid’, gentisic 
acid’, o-toluic acid’, o-anisic acid’, glacial acetic acid’, anhydrous ether3, 
acetonitrile4, and methanol4 were obtained commercially. The mobile 
phase consisted of water-methanol-glacial acetic acid (64:35:1, v/v/v), 
filtered and deaerated under reduced pressure. 

Instrumentation-A dual-pump high-performance liquid chroma- 
tograph5 equipped with a variable-wavelength UV detectoa, a 20-4 loop 
injector?, and a reverse-phase microparticulate columns was used. The 
UV detector was connected to a linear recorderg. 

Stock Solutions-For the standard curves in plasma, aspirin, salicylic 
acid, salicyluric acid, and gentisic acid were singly dissolved in water- 

’ Aldrich Chemical Co.. Milwaukee, Wis. * d. T. Baker Chemical Co., Phillipsburg, N.J. ,’ Mallinckrtdt, St. Louis, Mt). 

5 Perkin-Elmer Series 2 High-Pressure Liquid Chromatograph, Perkin-Elmer, 

fi Model LC-55 Variable Wavelength Detector, Perkin-Elmer, Norwalk, 

Burdick and Jackson Laboratories, Muskegon, Mich. 

Norwalk, Conn. 

Conn. 
Model 7125 Rheodyne, Berkeley, Calif. 
rBondapak CIS column, Waters Associates, Milford, Mass. 
Linear Instruments, Model 261/MM. Irvine. Calif. 
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respectively. In summary, the HPLC method presented here is rapid, 
precise, and extremely suitable for the determination of phenylpropa- 
nolamine in serum and urine. 
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Abstract  0 A simple quantitative method for the rapid determination 
of aspirin and its metabolites, salicylic acid, salicyluric acid, and gentisic 
acid, in plasma and urine using o-toluic and o-anisic acids, respectively, 
as internal standards was developed. Plasma proteins were precipitated 
by the addition of acetonitrile and, after centrifugation, the supernatant 
fluid was injected directly onto a reverse-phase column. The mobile phase 
consisted of an  isocratic mixture of water, methanol, and glacial acetic 
acid (64351, v/v/v) and the separated components were detected a t  238 
nm using a UV detector. Concentrations 20.5 pglrnl could be quantitated 
for aspirin or its metabolites in plasma. The peak heights and peak height 
ratios to the internal standard, o-toluic acid, were linear for the concen- 
tration range of 0.5-200 pg/ml. The aspirin metabolites in urine were 
isolated by extracting the acidified urine with ether and then reextracting 
the material into an aqueous buffer solution at pH 7.0. Twenty microliters 
of the buffer extract was directly injected onto the column. The separated 
components were detected and quantitated at 305 nm. Concentrations 
2 5  pg/ml of salicyluric acid, salicylic acid, and gentisic acid could be 
determined accurately. The peak heights and peak height ratios to the 
internal standard, o-anisic acid, were found to be linear for the concen- 
tration range of 5-200 pg/ml in urine. 
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Aspirin is one of the most extensively used drugs. Re- 
cently, the importance of monitoring plasma levels of 
salicylates has been reviewed (1). A number of high-per- 
formance liquid chromatographic (HPLC) methods for the 
analysis of aspirin and its metabolites in plasma and urine 
have been reported (2-7). Few of the reported methods (3, 
6) can determine aspirin in plasma, and they employ 
time-consuming extraction procedures. Since aspirin is 
rapidly hydrolyzed in blood and plasma (8), extraction 
procedures which delay the analysis of the sample will yield 

inaccurate results, underestimating the quantity of aspirin. 
Therefore, this work was initiated to develop a method for 
the rapid analysis of plasma samples for aspirin, salicylic 
acid, salicyluric acid, and gentisic acid, which does not 
require an extraction step. 

The analysis of urine for the metabolites of aspirin using 
a simple extraction procedure is also desirable since urine 
usually contains a large number of acidic components (9, 
10). Better results are obtained by eliminating as many 
undesirable components from the sample as possible be- 
fore analysis. Injecting the urine onto a column without 
extraction ( 7 , l l )  shortens the useful life of the chroma- 
tography column. 

EXPERIMENTAL 

Materials-Aspirin USP’, salicylic acid’, salicyluric acid’, gentisic 
acid’, o-toluic acid’, o-anisic acid’, glacial acetic acid’, anhydrous ether3, 
acetonitrile4, and methanol4 were obtained commercially. The mobile 
phase consisted of water-methanol-glacial acetic acid (64:35:1, v/v/v), 
filtered and deaerated under reduced pressure. 

Instrumentation-A dual-pump high-performance liquid chroma- 
tograph5 equipped with a variable-wavelength UV detectoa, a 20-4 loop 
injector?, and a reverse-phase microparticulate columns was used. The 
UV detector was connected to a linear recorderg. 

Stock Solutions-For the standard curves in plasma, aspirin, salicylic 
acid, salicyluric acid, and gentisic acid were singly dissolved in water- 
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Table I-Peak Heights and Peak Height Ratios of Aspirin (111) and Its Metabolites Gentisic Acid (I), Salicyluric Acid (11). Salicylic 
Acid (IV), and the Internal Standard o-Toluic Acid (V) in Plasma 

~ 

Peak Height Ratioo Concentration Added, pg/ml Peak Height 
I I1 111 IV V I I1 111 IV v I I1 111 IV 

0.07 0.12 0.12 0.07 0.5 0.5 0.5 0.5 10.0 3 5 3 3 41 
1.25 1.25 1.25 1.25 10.0 7 12 4 6 42 0.17 0.29 0.10 0.14 

46 0.26 0.43 0.15 0.22 2.5 2.5 2.5 2.5 10.0 12 20 7 10 
43 0.56 0.86 0.35 0.58 5.0 5.0 5.0 5.0 10.0 24 37 15 25 

12.5 12.5 12.5 12.5 10.0 60 89 42 59 44 1.40 2.02 0.95 1.34 
2.72 3.80 1.93 2.67 25.0 25.0 25.0 25.0 100.0 123 171 87 120 450 

8.00 4.17 5.78 50.0 50.0 50.0 50.0 100.0 246 353 184 255 441 5.58 
100.0 100.0 100.0 100.0 100.0 480 670 360 460 436 11.01 15.37 8.26 10.55 

100.0 970 1373 728 983 455 21.32 30.18 16.00 21.60 200.0 200.0 200.0 200.0 
~ ~~~ 

Peak height of the drug/peak height of the internal standard. 

Table 11-Peak Heights and Peak Height Ratios of Gentisic Acid (I), Salicyluric Acid (II), Salicylic Acid (IV), and the Internal 
Standard o-Anisic Acid (VI) in Urine 

~~ ~ 

Concentration Added, pg/ml Peak Height Peak Height Ratioa 

6.0 6.0 6.0 10.0 10 16 9 23 0.43 0.70 0.39 

I I1 IV VI 7 I I1 IV 

10.0 10.0 10.0 10.0 19 21 14 21 0.90 1.00 o.6i 
20.0 20.0 20.0 10.0 39 45 33 21 1.86 2.14 1.57 
40.0 40.0 40.0 100.0 91 100 79 225 3.57 3.92 3.10 
80.0 80.0 80.0 100.0 174 185 150 242 7.19 7.64 6.20 
120.0 120.0 120.0 100.0 276 272 219 237 11.65 11.48 9.24 
160.0 160.0 160.0 100.0 362 363 301 228 15.88 15.92 13.20 
200.0 200.0 200.0 100.0 455 45 1 372 235 19.36 19.19 15.83 

Peak height of the drug/peak height of the internal standard. 

Table 111-Regression Equations for Aspirin (111) and Its Metabolites Gentisic Acid (I), Salicyluric Acid (11), and Salicylic Acid (IV) 
in Plasma and Urine 

Peak Height (y) versus 
Drug Concentration rb  

Peak Height Ratio (y) 
uersus Concentration (xP r b  

I 
I1 

I11 
IV 

y = 4.8410% + 0.4819 
y = 6.8261% + 2.4129 
y = 3.6457% - 1.9355 
y = 4.8727~ - 1.3624 

In plasma 
0.9999 
0.9999 
0.9998 
0.9995 

y = 0.1070~ + 0.0703 
y = 0.1509~ + 0.1321 
y = 0.0806% - 0.0027 
y = 0.1077% + 0.0251 

0.9999 
0.9999 
0.9998 
0.9997 

In urine 
I y = 2.2980% - 4.4384 0.9998 y = 0.0985% - 0.2269 0.9994 
I1 y = 2.2492% + 2.8104 0.9996 y = 0.0964~ + 0.0873 0.9996 

IV y = 1.8771% - 2.1076 0.9997 y = 0.0805% -0.1236 0.9993 
0 Concentration in rglrnl. * Correlation coefficient. 

acetonitrile (2:l) to produce solutions with final concentrations of 600 
pg/ml. Due to the instability of aspirin in the solution, new solutions were 
prepared before each analysis. For the standard curves in urine, salicylic 
acid, salicyluric acid, and gentisic acid were dissolved together in 
water-acetonitrile (21) using a shaker10 to yield a solution with a final 
concentration of 500 pg/ml for each of the components. The solution was 
kept refrigerated to avoid microbial degradation of the salicyluric and 
salicylic acids. 

Internal Standards-The internal standard in plasma, 0-toluic acid, 
was dissolved in water-acetonitrile (2:l) to yield solutions with concen- 
trations of 50 and 500 pg/ml. For plasma samples containing 20-200 
pg/ml of aspirin, salicylic, salicyluric, and gentisic acids, the concentration 
of the internal standard was 100 pg/ml; for plasma samples containing 
<20 pg/ml of the components, the internal standard concentration was 
10 pg/ml. 

The internal standard for urine, o-anisic acid, was dissolved in water 
to produce a solution with a concentration of 500 pglml. When the con- 
centration of salicylic acid and its metabolites in urine was 240 pg/ml, 
the concentration of internal standard used was 100 pg/ml; when the 
salicylate concentration was <40 pg/ml in urine, the internal standard 
concentration was 20 pg/ml. 

Standard Curves-Plusma-To 100 pl of rat plasma in a 500-pl 
polypropylene microcentrifuge tube", stock solution, the internal 

standard, water, and acetonitrile were added in such proportions that 
the final volume in each tube was 450 pl(300 1 1  of acetonitrile and 150 
pl of a water-plasma mixture). The concentration of aspirin, salicylic acid, 
salicyluric acid, and gentisic acid ranged from 0.5 to 200 pglml in the 
water-plasma mixture. The internal standard concentration was 100 
pg/ml in the mixture if the aspirin concentration was >20 pg/ml and 10 
pg/ml if the aspirin concentration was 120 pg/ml. 

The contents of the tube were vortexed12 for 1 min and then centri- 
fuged13 for 5 min at  15,000 rpm. Twenty microliters of the supernatant 
was introduced directly onto the column at  ambient temperature. The 
flow rate for the mobile phase was set at 2 ml/min (at 2800 psi), and the 
chart speed was 1 cm/min. The separated components were monitored 
at  238 nm, and the responses were recorded at 10 mV with proper at- 
tenuation of the recorder. The peak height and peak height ratio for each 
of the components in plasma were calculated. 

For unknown samples, 50pl of the plasma was precipitated with 100 
pl of acetonitrile containing the internal standard in a 500-pl polypro- 
pylene microcentrifuge tube. This mixture was vortexed and centrifuged 
as described above for the standard curve. Twenty microliters was in- 
jected onto the column through the loop injector, and the peak height 
and peak height ratio of the separated components were calculated. 

Urine-To 1 ml of urine contained in a 13-mm X 100-mm borosilicate 
glass culture tube with a polytef-lined screw cap, was added the salicylate 

In Wrist Action Shaker, Burrell Corp., Pittsburgh, Pa. 
l 1  Eppendorf Micro Test Tube, Brinkmann Instruments Inc., Westhury, N.Y. 

la Vortex Genie Mixer, Scientific Products, Evanston, Ill. 
I:' Eppendorf Microcentrifuge, Model 5412, Brinkmann Instruments Inc., 

Westhury, N.Y. 
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Figure 1-Chromatograms of salicylic acid in blood (A) and urine (B). 
Key: (1) gentisic acid; (2) salicyluric acid; (3) aspirin; (4) salicylic acid; 
(5) o-toluic acid; (6) o-anisic acid. The concentrations for all compo- 
nents are 5 pg/ml in blood and 10 pgglml in urine. 

mixture in aqueous solution to give concentrations ranging from 5 to 500 
pg/ml. The concentration of 0-anisic acid, the internal standard, was 100 
pg/ml of urine when the salicylate concentration was 140  pg/ml and 10 
pg/ml of urine if the salicylate concentration was <40 pg/ml in urine. 
One-half milliliter of 6 N HCI and 6 ml of anhydrous ether were also 
added, and the mixture was shaken for 15 min in a shaker and centrifuged 
for 10 min at 2000 rpm to separate the ether layer from the aqueous 
layer. 

Five milliliters of the ether extract was transferred to another tube, 
and 1 ml of phosphate buffer (0.1 M, pH 7.0; prepared by dissolving 13.61 
g of potassium dihydrogen phosphate and 2.38 g of NaOH pellets in water 
to make 1 liter) was added. The system was shaken for 15 min and then 
centrifuged at 2000 rpm for 10 min. The ether layer was aspirated, and 
20 pl of the aqueous buffer solution was directly injected onto the column 
under conditions identical to those described earlier for plasma, except 
that the eluate was monitored a t  305 nm. 

For the unknown urine samples, 1 ml of urine was acidified with 0.5 
ml of 6 N HCI. The rest of the procedure was the same as that described 
above. 

Accuracy and Precision Studies-Both the plasma and urine were 
spiked with aspirin and its metabolites (salicylic acid, salicyluric acid, 
and gentisic acid) to yield mixtures with concentrations ranging from 25 
to 200 pg/ml. Five samples from each of these concentrations were pro- 
cessed appropriately and analyzed as described earlier for the preparation 
of the standard curves in plasma and urine. 

RESULTS AND DISCUSSION 

Standard Curves in  Plasma and Urine-Figure 1 shows a typical 
chromatogram of aspirin and its metabolites in spiked plasma and urine. 
The components were well separated both in plasma and urine. The peaks 
were identified by their retention times, determined for each component 
by injecting the compounds individually. Additional identifications were 
made by injecting different concentrations of the same compound and 
observing the proportional changes in the peak height and peak height 
ratio. The retention time for each component was found to be constant 
at all concentrations, and the values for gentisic acid, salicyluric acid, 
aspirin, o-anisic acid, salicylic acid, and o-toluic acid were 3.0,3.7, 4.8, 
5.0.7.1, and 10.2 min, respectively. 

Tables I and I1 list the peak heights and peak height ratios from the 
analysis of aspirin and its metabolites in plasma and urine, respectively. 
Both peak heights and peak height ratios were linear for the concentration 
range studied in plasma (0.5-200 pg/ml) and in urine (6-200 pg/ml). This 
was evident from the correlation coefficients ( r )  obtained for the re- 
gression line (Table 111). The high values of r confirmed that there was 
an excellent linearity between the salicylate concentration and the peak 
height and peak height ratio, both in plasma and urine. 

Recovery Studies in Plasma and Urine-Table IV shows the per- 
cent recovery of aspirin and its metabolites in plasma. The percent re- 
coveries are similar a t  different concentrations. The greatest recovery 

was of aspirin (99%), followed by salicyluric acid (94%), salicylic acid 
(91%). and gentisic acid (62%). 

It has been reported that salicylic acid and its metabolites, salicyluric 
acid and gentisic acid, are completely recovered in the aqueous acetoni- 
trile phase following precipitation of plasma with an equal volume of 
acetonitrile (5). It has also been observed that one volume of aretonitrile 
is not sufficient to completely precipitate the protein in plasma (12). 
Preliminary experiments showed that two volumes of acetonitrile, rather 
than three, were sufficient to precipitate the proteins in plasma. This 
reduced the dilution of the components in plasma, thus increasing the 
sensitivity of the analytical method. 

Ideally, the entire amount of the salicylates should be present in the 
plasma-acetonitrile supernatant. But the fact that not all the components 
were recovered completely from the plasma suggests that there was some 
kind of binding of the salicylates, especially gentisic acid (-38%), with 
the precipitated proteins. 

The recovery studies with urine samples a t  different concentrations 
showed that all the components were equally extracted both from urine 
and water. When chloroform was used instead of ether, aspirin and sal- 
icylic acid were extracted almost completely, but the extraction of gentisic 
acid and salicyluric acid was poor (<50%). The overall recoveries from 
the urine using the proposed procedure were calculated to be 97,95,92, 
and 91% for gentisic, salicyluric, o-anisic, and salicylic acids, respec- 
tively. 

Accuracy and Precision Studies in Plasma and Urine-The 
method proposed here eliminates the necessity of evaporating the organic 
phase, which is time consuming and involves a number of steps which may 
result in large variations in the analytical data (3,6).  Since the method 
described does not involve extraction steps, the variation in the data is 
considerably decreased; this is reflected by the data in Tables V and VI 
for plasma and urine, respectively. The low coefficients of variation (CV) 
and the narrow range in each of the concentrations studied suggest that 
the analytical method is precise and accurate. 

This method has little dilution effect since 1 ml of the urine was finally 
extracted into 1 ml of buffer. In this respect, the method for urine analysis 
was more sensitive than that for plasma, since the plasma was diluted 
twice with acetonitrile. 

Using this method, some sensitivity is lost because of the selection of 
305 nm as the detection wavelength. At this wavelength, the absorptivity 
of different salicylate metabdites has been found to be less than at  238 
nm. However, the latter wavelength cannot be used for urine samples 
because of numerous endogenous acidic components present in the urine 
(9,lO) that interfere with the analysis of the salicylate metabolites. A t  
305 nm the peaks are well separated and the metabolites are detected with 
sufficient sensitivity. 

The proposed method could also be adapted for smaller urine samples 
(5100 pl)  or urine samples containing submicrogram quantities of aspirin 
metabolites simply by evaporating the 5 ml of ether extract and dissolving 
the residue in -50 pl of the mobile phase. 

Selection of Internal Standards--o-Anisic acid was used as the in- 

Table IV-Recovery Study of Aspirin (111) and Its Metabolites 
Gentisic Acid (I), Salicyluric Acid (II), and Salicylic Acid (IV) in 
Plasma and Water 

Concentration, Peak Height 
udml I I1 111 IV 

48.78 Plasma 
Water 
Recovery, % 

Water 
Recovery, % 

Water 
Recovery, ?6 

Water 
Recovery, % 

Water 
Recovery, % 

Water 
Recovery, % 

24.39 Plasma 

12.195 Plasma 

6.098 Plasma 

2.439 Plasma 

1.22 Plasma 

480 
791 
60.7 

246 
395 
62.3 

123 
197 
62.5 
60 
98 
61.2 
25 
41 
61.0 
13 
21 
61.9 

690 360 460 
743 365 505 .. ... 

92.9 98.6 91.1 
353 184 237 
376 185 258 
93.9 99.5 91.9 

171 89 120 
186 92 136 
91.9 96.7 88.2 
89 42 59 
93 41 65 
95.7 102.4 90.8 

15 25 37 
15 28 39 

94.9 100.0 89.3 
20 8 13 
21 8 14 
95.2 100.0 92.9 

Average recovery, % 61.6 94.1 99.5 90.7 
SD 0.7 1.5 1.9 1.7 

1.9 1.9 C V  1.1 1.6 
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Table V-Accuracy and Precision Studies of the Analysis of Asvirin and Its Metabolites in  Plasma 

ComDound 
Concentration Added, 

d m l  
Concentration Founda, pg/ml 

Mean + SD Range cv. % 

Aspirin 

Salicylic acid 

Salicyluric acid 

Gentisic acid 

25.0 
50.0 

100.0 
25.0 
50.0 

100.0 
25.0 
50.0 

100.0 
25.0 
50.0 

100.0 

25.02 + 1.04 
49.98 + 2.25 

101.47 + 2.53 
24.66 + 0.80 
49.69 + 1.68 

100.12 + 2.19 
24.66 + 0.80 
49.69 + 1.68 

100.12 t 2.19 
25.15 + 0.57 
49i63 + 2:ao 

101.27 + 2.40 

23.91-26.26 
47.72-53.31 
98.95-104.16 
24.50-26.70 
49.21-51 3 3  ~~ ~~ ~~ ._ 

97.32-102.68 
24.50-26.70 
49.21-51.33 
97.32-102.68 
24.48-25.79 - . . . - - -. . 
46.16-51.58 
98.49-102.88 

4.2 
4.5 
2.5 
3.1 
3.3 
2.2 
3.1 
3.3 
2.2 
2.2 
4.4 
2.4 

O n  = 5. 

Table VI-Accuracy and Precision Studies of the Analysis of Aspirin Metabolites in  Urine 

Concentration Added, Concentration Founda, pg/ml 
Compound Pg/ml Mean + SD Range cv, 

Salicylic acid 

Salicyluric acid 

Gentisic acid 

40.0 
120.0 

200.00 
40.0 

120.0 
200.0 
40.0 

120.0 
200.0 

41.37 + 1.14 39.80-42.66 
119.55 + 4.05 115.97-125.29 
200.23 + 3.49 196.48-204.80 
39.19 + 0.41 37.20-40.73 

120.23 + 1.51 117.49-123.30 
200.40 + 4.31 193.14-207.25 
40.6 + 1.27 38.74-41.79 

201.04 + 4.54 196.36-205.43 
119.54 + 2.30 116.70-122.80 

2.9 
3.4 
1.8 
3.3 
2.0 
2.6 
3.4 
2.0 
2.3 

ternal standard in urine. This compound has been used previously as an 
internal standard in plasma samples (5), but not in urine samples which 
had been processed by an extraction procedure. However, o-anisic acid 
could not be used for the analysis of aspirin because of the close proximity 
of their retention times (4.8 and 5.0 min for aspirin and 0-anisic acid, 
respectively). This problem was solved by selecting o-toluic acid, which 
has a retention time of 10.2 min, well beyond the peak of salicylic acid. 
Its absorptivity at 237 nm is comparable with salicylic acid. However, in 
urine, o-anisic acid was used as an internal standard instead of o-toluic 
acid because of the long retention time of the latter. 

In HPLC analyses of aspirin metabolites, the peaks for gentisic acid 
and salicyluric acid frequently overlap (7). In the present study, the 
mobile phase developed for the analysis was very efficient in separating 
the peaks for gentisic and salicyluric acids and in preventing the tailing 
of the salicylic acid peak. 
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Abstract 0 Aspirin rapidly hydrolyzes in various aqueous, organic, and 
biological media. The purpose of this investigation was to study the de- 
composition of aspirin in the media that comes in contact with it during 
analysis in biological fluids for pharmacokinetic studies. These media 
included water, water-polyethylene glycol 400, water-methanol-acetic 
acid, phosphate buffer, freshly drawn blood and plasma from control rats 
and rats deprived of water for 36 hr, and blood precipitated with aceto- 
nitrile. Studies were also conducted to determine the decomposition as 
a function of temperature and pH. Of the various solvent systems studied, 
aspirin was found most stable in water-polyethylene glycol (4:1, v/v), 
which provides an excellent medium for preparation of intravenous 
dosage forms. Phosphate buffer showed significant catalysis of aspirin 
hydrolysis. A more than fivefold increase in the hydrolysis of aspirin was 
noted when the temperature was raised to 37' from 22.5'. The hydrolysis 
of aspirin in rat blood was 13 times faster than that in plasma, with an 
average half-life in blood of -13 min. This creates significant problems 
in aspirin disposition kinetic studies. Mixing the blood sample immedi- 
ately after collection with twice the volume of acetonitrile and then 
centrifuging gives a plasma-acetonitrile mixture in which no lysis of blood 
cells is observed. 

Keyphrases 0 Aspirin-stability in media, human blood and plasma, 
hydrolysis kinetics 0 Kinetics-aspirin hydrolysis in media, human blood 
and plasma, stability Stability-of aspirin in media, human blood and 
plasma, hydrolysis kinetics 

The spontaneous hydrolysis of aspirin in suspensions 
can be stabilized by the addition of polyethylene glycol 
6000, povidone, or sorbitol(1). The former two additives 
form viscous insoluble masses; sorbitol is therefore the only 
potential stabilizer of aspirin in suspensions. The hy- 
drolysis rate constant of aspirin decreases in the presence 
of surfactants due to the migration of aspirin molecules 
into the micelles where they are unavailable for hydrolysis 
(2,3), but the undissociated molecules of aspirin are often 
less stable in the micellar phase than in the aqueous bulk 
phase (4). The stability of aspirin in polyethylene glycols, 
both substituted and unsubstituted, has been studied in 
great detail (5-8). Aspirin is more stable in unsubstituted 
polyethylene glycols, where the hydrolysis occurs through 
transesterification which is retarded when the substituted 
polyethylene glycols are used. 

Aspirin is also rapidly hydrolyzed by a group of enzymes 
broadly termed as aryl esterases. These enzymes are widely 
distributed in blood, plasma, liver, kidney, and GI tissues 
(9) and are present in lesser amounts in the other tissues 
(10). All organs of the human fetus exhibit aspirin-hy- 
drolyzing esterase activity, with the activity increasing 
during intrauterine development (11). 

Sex differences have been observed in the aspirin es- 
terase activity in human serum: activity is more prolonged 
in males than in females (9,12). However, a sex difference 
has not been observed in the esterase activity of serum 
albumin (12). The aryl esterase activity is significantly 
reduced in chronic hepatitis, liver cirrhosis, and nephrosis 
(12). The differences between choline, pseudocholine, and 
the so-called aspirin esterases in serum have been reviewed 
by Morgan and Truitt (10). A recent finding shows that 

pseudocholine esterases also participate in the hydrolysis 
of aspirin in serum (12). 

The in uitro hydrolysis of aspirin in dilute blood and 
serum shows significant inter- and intraspecies variability, 
probably due to differences in the aryl esterase activity 
(10). A t  25' the half-life of aspirin in serum diluted 30 
times is 8.1, 12.6, 13.1,14.7, and 23.3 hr in the rat, rabbit, 
cat, human, and dog, respectively. Thus, the hydrolysis 
rate of aspirin in human serum is comparable with that in 
the rabbit and the cat, while rats and dogs are a t  the ex- 
treme ends of the range. In human blood diluted 30 times, 
the half-life is calculated to be -10 hr a t  25'. 

Significant variations have been observed in the hy- 
drolysis rate of aspirin in serum of different human indi- 
viduals (10). In human blood or plasma, diluted by 10% 
with aspirin in isotonic saline, the hydrolysis of aspirin 
follows apparent first-order kinetics at body temperature 
with half-lives of 32 and 66 min in blood and plasma, re- 
spectively (13). 

Compared with aspirin, the enzymatic hydrolysis of 
salsalate, a dimer of salicylic acid, is much slower in both 
plasma and blood (14). For example, the half-life of aspirin 
in 95% whole blood (95 ml of blood plus 5 ml of ethanol 
containing 10 mg of aspirin) is 50 min, which compares well 
with the previously reported value (13). But the half-life 
of salsalate hydrolysis under similar conditions is 854 min, 
17 times longer than the half-life of aspirin. 

The routine analysis of aspirin in biological fluids in- 
volves contact with blood, acetonitrile-precipitated blood, 
plasma, and other solvent systems such as water-metha- 
nol-glacial acetic acid mixtures for high-performance 
liquid chromatographic (HPLC) analysis, water-poly- 
ethylene glycol 400 mixtures, phosphate buffer, etc. Be- 
cause of the instability of aspirin in solution, both biolog- 
ical or nonbiological, it was decided to investigate the rate 
of hydrolysis of aspirin in these media to estimate the loss 
of aspirin due to the time lag between blood sampling and 
analysis. This information would help devise proper 
storage conditions for blood and plasma samples, mini- 
mizing the loss of aspirin during sample preparation. The 
determination of the rate constants for the hydrolysis of 
aspirin in blood (both in uiuo and in uitro), plasma, and 
precipitated plasma would also permit the estimation of 
the relative contribution of the liver (and other aspirin- 
hydrolyzing tissues), blood cells, and plasma to the overall 
disposition of aspirin in the body. 

EXPERIMENTAL 

Analytical Method-One-hundred microliters of the reaction mixture 
was diluted with 200 p1 of acetonitrile', mixed thoroughly and centri- 
fugedz for 5 min at 15,000 rpm. Twenty microliters of the supernatant 

1 Burdick and Jackson Laboratories, Muskegon, Mich. * Eppendorf Microcentrifuge Model 5412, Brinkmann Instruments, Westbury, 
N.Y. 
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Table I-Half-Lives for  the Hydrolysis of Aspirin in Different Solvent Systems 

Half-life kobs 
Solvent System Temperature , N a  f SEMb, hr f SEMb,  hr-' 

Distilled water, unbuffered 

Water-propylene glycol 400 (4:1), 
unbuffered 

Mobile phase (water-methanol-acetic acid; 

Phosphate buffer, 0.1 M, pH 7.0 
64:35:1, v/v/v) 

Phosphate buffer, 0.1 M, pH 7.4 

Phosphate buffer, 0.1 M, pH 7.4 

Acetonitrile-precipitated blood 

Plasma from control ratsC 

Plasma from control ratsc 

Plasma from water-deprived ratsd 

Blood from control ratsc 

Blood from control ratsC 

Blood from water-deprived ratsd 

22.5' 4 153.30 f 3.70 4.53 x 10-3 

22.5' 4 359.80 f 7.80 1.92 x 10-3 

22.5' 4 178.50 f 4.70 3.89 x 10-3 

9.25 x 10-3 

i 1.12 x 10-4 

f 4.15 x 10-5 

f 9.98 x 10-5 
75.30 f 3.00 22.5' 4 

22.5' 

37.0' 

22.5' 

22.5' 

37.0' 

37.0' 

22.5' 

37.0' 

37.0' 

4 82.40 f 1.70 

4 15.40 f 0.40 

6 105.70 f 2.70 

6 7.60 f 0.50 

6 2.80 f 0.20 

6 2.50 f 0.10 

6 0.46 f 0.04 

6 0.21 f 0.01 

6 0.18 f 0.02 

f 7.29 x 10-4 

3.49 x 10-4 

f 2.36 x 10-3 

f 1.69 x 10-4 

f 7.01 x 10-3 

8.43 x 10-3 

6.58 x 10-3 

4.50 X 

9.39 x 10-2 

2.55 x lo-' 
f 1.94 X 

2.83 x 10-1 
f 1.08 x 

2.57 X 
f 1.91 x 10-3 

f 5.94 x 10-3 

3.52 x 10-3 

6.59 x 

5.59 x 10-2 

0 Number of experiments. Q Standard error of the mean. Food and water ad libitum. Deprived of water for 36 hr; food available ad libitum. 

was analyzed by HPLC as described in the previous paper (15). The 
mobile phase was an isocratic mixture of water-methanol'-glacial acetic 
acid' (64351, v/v/v), and the flow rate was 2 ml/min on a reverse-phase 
column4. The separated components were detected a t  238 nm. The con- 
centrations of aspirin and salicylic acid were calculated from the peak 
heights using appropriate standard curves. 

Hydrolysis of Aspirin in Different Solvents-The solvent systems 
used to study the rate of hydrolysis of aspirin were: (a) water a t  22.5", 
( b )  water-polyethylene glycol 4005 (4:1, v/v) a t  22.5', (c) water-metha- 
nol-glacial acetic acid (6435:1, v/v/v) a t  22.5', ( d )  phosphate buffer (0.1 
M, pH 7.0) a t  22.5', and (e) phosphate buffer (0.1 M, pH 7.4) a t  22.5 and 
37'. The aspirin stock solution was prepared by dissolving 1 g of aspirin 
in 25 ml of polyethylene glycol 400, then diluting with sterile normal saline 
to 100 ml. Forty microliters of the aspirin stock solution was diluted with 
1960 p1 of the solvent system to make the final reaction mixture of volume 
2 ml. Therefore, the concentration of aspirin was 10 mg/ml in the stock 
solution and 200 pg/ml in the reaction mixture. Samples were collected 
at appropriate intervals for up to 100 hr and analyzed by HPLC. 

Hydrolysis of Aspirin in Plasma, Blood, and Precipitated 
Blood-Approximately 6 ml of blood was collected from each rat. Two 
milliliters of this sample was used for the study of aspirin hydrolysis in 
blood; from the remainder, -2 ml of plasma was obtained to study the 
hydrolysis of aspirin in plasma. The following experimental media were 
used to study aspirin hydrolysis: 

1. Fresh plasma from control rats (food and water ad libitum) a t  
22.5'. 

2. Fresh plasma from control rats (food and water ad libitum) a t  
37'. 

3. Fresh plasma from rats deprived of water for 36 hr (food ad libi- 
tum) at 37'. 

4. Blood precipitated with acetonitrile a t  22.5'. Whole blood was 
precipitated with two volumes of acetonitrile, mixed gently, cen- 
trifuged (5 min a t  15,00OXg), and the supernatant was used to 
prepare the reaction mixture. 

5. Blood from control rats (food and water ad libitum) a t  22.5 and 
37'. 

6. Blood from rats deprived of water for 36 hr (food ad libitum) a t  
37'. 

The reaction mixture for all of the above kinetic determinations was 
5 p1 of heparin (l0,OOO U/ml), 40 pl of aspirin stock solution (10 mg/ml), 
and 1955 pl of plasma (or blood). Therefore, the final concentrations of 
heparin and aspirin in the reaction mixture was 25 U/ml and 200 pglml, 

3 BASF, Wyandotte, Mich. 

5 Cl8 pBondapak Column, 30 cm long, lOpm silica, Waters Associates, Milford, 
J. T. Baker Chemical Co., Phillipsburg, N.J. 

Mass. 

respectively. The samples were collected a t  appropriate intervals, pre- 
cipitated with two volumes of acetonitrile, and the supernatant was an- 
alyzed by HPLC (15). 

RESULTS AND DISCUSSION 

Hydrolysis of Aspirin in Different Solvent Systems-The rate of 
hydrolysis of aspirin was followed by direct measurement of the amount 
of intact aspirin remaining as a function of time. The hydrolysis of aspirin 
was found to follow apparent first-order kinetics in all solvent systems 
studied. A minimum of four and maximum of six replicate kinetic runs 
were conducted for each of the solvent systems used. The concentra- 
tion-time data were fitted to the linear regression equation for pseudo- 
first-order kinetics. 

Table I lists the observed rate constant (kobs) and the half-lives ofas- 
pirin in different solvent systems a t  the specified temperature. Aspirin 
was found to be most stable in a water-polyethylene glycol 400 (4:1, v/v) 
mixture ( t l / 2  = 360 f 8 hr), followed by the mobile phase ( t l p j  = 179 f 
5 hr), distilled water ( t l / 2  = 153 f 4 hr), phosphate buffer at pH 7.4 ( t l / 2  
= 82 f 2 hr), and phosphate buffer a t  pH 7.0 ( t l l ~  = 75 f 3 hr) a t  22.5'. 
At 37.0', the rate constant of aspirin hydrolysis in 0.1 M phosphate buffer 
(pH 7.4) was found to be more than five times the rate constant for the 
same buffer a t  22.5'. 

Although aspirin has been reported to be more stable in moisture-free 
polyethylene glycol (5), its stability data in a water-polyethylene glycol 
combination are not available in literature. In polyethylene glycol, aspirin 
is hydrolyzed by a process of transesterification with an activation energy 
of 20.1 Kcal/mole (5), resulting in much higher stability compared with 
water alone. Therefore, the water-polyethylene glycol 400 (4:1, v/v) 
solvent system is superior to water as a vehicle for aspirin in terms of both 
solubility and stability. 

Since aspirin is highly unstable in phosphate buffer, any sample con- 
taining aspirin which is extracted with phosphate buffer should be ana- 
lyzed as quickly as possible. The relatively higher stability of aspirin ( t l p j  
= 179 f 5 hr) in the mobile phase [an isocratic mixture of water, metha- 
nol, and glacial acetic acid (64351, v/v/v)] compared with its stability 
in water (tllz = 153 f 4 hr) a t  room temperature ensures that there will 
be no significant on-the-column hydrolysis of aspirin during its analysis 
by the described HPLC method (15). 

Hydrolysis of Aspirin in Plasma and  Blood-The hydrolysis of 
aspirin in plasma and blood is mostly an enzymatic process caused by aryl 
esterases in plasma and blood cells. Although the enzymes retain their 
activity for at least 1 week when stored a t  5' (151, only freshly drawn 
blood and plasma were used to conduct the hydrolysis studies of aspirin. 
The hydrolysis was also performed a t  two different temperatures, 22.5' 
and 37.0', using plasma and blood from water-deprived rats (deprived 
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of water for 36 hr, but having access to food ad libitum). Since sex dif- 
ferences in the rate of hydrolysis of aspirin in blood have been reported 
(9,12), only male rats weighing between 300 and 450 g were used in this 
study. 

The hydrolysis of aspirin in blood and plasma follows apparent first- 
order kinetics. The rate constants ( k & )  and the half-lives are listed in 
Table I. The hydrolysis of aspirin in blood from control rats is more than 
13 times faster than in plasma, both at  22.5" and 37.0'. For example, a t  
37.0°, the half-life of aspirin in blood is 0.21 hr (13 min) compared with 
2.8 hr (168 min) in plasma. The corresponding values a t  22.5' for blood 
and plasma are 28 and 456 min, respectively. 

The activity of various enzymes such as acid phosphatase, 13-glucos- 
idase, P-glucuronidase, fl-galactosidase, and N-arylamidase has been 
reported to increase in water-deprived rats (16). The hydrolysis rates of 
aspirin in both blood and plasma of water-deprived rats, however, were 
found to be about equal to that in the blood and plasma from control 
rats. 

As expected, temperature had considerable effect on the rate of en- 
zymatic hydrolysis of aspirin in blood and plasma. The half-lives at  22.5' 
in the blood and plasma of control rats were 0.46 and 7.6 hr, respectively, 
compared with 0.21 and 2.8 hr at  :K'.O'. 

The rapid hydrolysis of aspirin in blood and plasma might create 
considerable problems in the handling and storage of samples for analysis. 
When the blood sample containing aspirin is drawn from the rat, it has 
a temperature of -37". At that temperature, the half-life of aspirin in 
blood is only 13 min (Table I). Unless frozen immediately, the aspirin in 
the sample will hydrolyze rapidly as the sample gradually cools to room 
temperature (-22.5'), where the half-life of aspirin is still merely 28 min. 
If blood at room temperature is centrifuged and the plasma separated, 
the half-life of aspirin in plasma a t  room temperature is 7.6 hr. Therefore, 
to avoid significant hydrolysis of aspirin in plasma samples, the enzymatic 
process should be stopped a t  the moment the blood is collected in the 
syringe. If the blood is collected in a svringe and transferred to a centri- 
fuge tube to obtain plasma, considerable loss of aspirin is inevitahle due 
to the time lag between blood collection and the end of centrifugation. 
This difficulty can he overcome by collecting the blood samples in a sy- 
ringe containing twice the volume of acetonitrile. Acetonitrile instantly 
deactivates the aspirin-hydrolyzing enzymes, coagulates the blood, and 
precipitates the serum proteins, but does not cause hemolysis of red blood 
cells so that a colorless, clear solution is ohtained from blood on centrif- 
ugation. Stability studies have shown that aspirin hydrolysis in blood- 
acetonitrile (12, v/v) supernatant follows pseudo-first-order kinetics with 
a half-life of 106 hr at  room temperature (Table I),  as compared with a 
half-life of 75 hr for aspirin in phosphate buffer, pH 7.0. 

Pharmacokinetic studies of aspirin in blood or plasma have long had 
problems due to ( a )  rapid loss of aspirin in blood and plasma, ( b )  lack of 
an analytical procedure which directly measures the aspirin in blood or 
plasma samples, and ( c )  fast disposition of aspirin in the body. These 
problems have been obviated by instantly deactivating the aspirin- 
hydrolyzing enzymes by adding acetonitrile, developing a rapid and 
sensitive HPLC method for direct quantitation of aspirin in blood and 
plasma, and cannulating the rat permanently so that blood samples can 
be collected as frequently as 5 1 min. 

The in uitro hydrolysis rate of aspirin in whole blood or serum of rats 
has been reported previously by Morgan and Truitt  (10) using 30-fold 
dilute rat serum. The initial concentration of aspirin used in their study 
was 433 pg/ml, a toxic level. The hydrolysis rate was followed by mea- 
suring salicylic acid (not aspirin) spectrophotometrically at 300 nm. The 
half-life of aspirin was found to be 8.12 hr in 30-fold dilute rat  serum a t  
25". This value is much higher than the half-life of 168 min found in the 
present study in plasma, showing that the rate constant for the enzymatic 
hydrolysis of aspirin cannot be extrapolated to whole blood skrum, or 
plasma from dilute-sample studies. Morgan and Truitt (10) failed to 
recognize that at  high serum dilution and higher aspirin concentrations, 
the hydrolysis may follow a different order of reaction. 

Harris and Riegelman (13) have reported half-lives of aspirin in human 
plasma and blood to be 32 and 66 min, respectively, corresponding to 13 
and 168 min in rats in our study. The concentration of aspirin was -20 
times smaller than our study, and therefore no direct comparisons can 
be made. But if the dilution effect is extrapolated, it is observed that 
aspirin is hydrolyzed by rat blood faster than human blood, whereas the 
opposite finding is made when plasma is used. Thus, rat  blood is not a 
good substitute for human blood in hydrolysis studies. 
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Abstract  A simple method for the preparation and implantation of 
silicone cannulas into the rat  jugular vein is described. The implanted 
cannula can be used to administer drugs and collect blood samples at 
intervals of 51 min without causing stress to the animal. If necessary, 
the animals can be exanguinated within a few minutes using this cannula. 
With proper maintenance, the cannula is patent for weeks and could be 
used for repeated and crossover studies. 

Keyphrases 0 Sampling, blood-serial, chronic cannulation procedure, 
rat  jugular vein, pharmacokinetic studies Cannulation-chronic, rat  
jugular vein, serial blood samples for pharmacokinetic studies Phar- 
macokinetics-serial blood sampling by chronic cannulation, rat jugular 
vein 

Pharmacokinetic studies of drugs require sequential 
blood sampling. It is preferable that the blood samples are 
drawn from the animals with minimum trauma and stress 
to avoid any changes in the body physiology, which might 
alter the disposition characteristics of the drug (1-4). A 
number of methods are available for serial blood sampling 
(5, 6); these can be broadly classified into surgical and 
nonsurgical methods. The nonsurgical methods include 
cardiac puncture (5, 7), bleeding of the orbital plexus 
(8-101, and bleeding of the tail (5,111. These methods are 
traumatic and may require anesthetizing the animals; the 
cardiac puncture method is not suitable for sequential 
blood sampling. Some methods do not involve surgery and 
are available for continuous intravenous drug infusion 
(12-141, but these methods cannot be used for serial blood 
sampling because the vein often collapses after a certain 
period of time. 

The surgical approaches for obtaining serial blood 
samples mainly include cannulation of the jugular vein 
(15-19) or cardiac ventricle (20, 21). Other methods of 
cannulation in the rat for the study of first-pass effect have 
been reviewed elsewhere (6). 

The cannulation of the external jugular vein is one of the 
most reliable methods for intravenous administration of 
drugs and rapid sequential blood sampling for prolonged 
periods of time. However, the complexity involved in the 
cannulation and maintenance of cannula patency for a 
sufficient length of time has limited the use of this tech- 
nique in pharmacokinetic studies. The purpose of this 
study is to devise a simple method for the preparation of 
the cannula, for the introduction of the cannula into the 
vein, and for the maintenance of cannula patency for 
long-term use. 

EXPERIMENTAL 

Preparation of Cannula-Approximately 12 cm of medical-grade 
silicone rubber tubing (0.051-cm i.d. X 0.094-cm 0.d.)' was gently wrapped 
around twice with silk thread2 -20 cm in length. A firm knot was tied in 

Silastic Medical-Grade Tubing, Dow Corning Corp., Medical Products, Mid- 
land, Mich. * 4-0 Silk, Black Braided, Code A-53, Ethicon, Inc.. Somerville, N.J. 

4-0 SILK THREAD 

2 3 0 ~ 2 . 5 4 ~ 1 ~ 1  20Gx381crn 

4-0 SILK THREAD 
WITH SEWING NEEDLE 

NEEDLE SILICONE TUBING NEEDLE 
CANNULA JOINT 

(d) 
Figure I-preparation of the needle. (See t e x t  for details.) 

the thread, taking precaution that the lumen of the silicone tube was not 
occluded. The knot was made -3 cm from one end of the silicone tubing, 
so that the other end was -9 cm long (Fig. la) .  

A coat of silicone adhesive? was applied to the thread around the tubing 
and cured for at least 24 hr. The coating was not >1 mm thick so as to 
keep the thread firmly held on the silicone tubing without making the 
joint too bulky. After curing, the silicone cannula was checked for oc- 
clusion by flushing with sterile normal saline. The cannulas were cleaned 
and disinfected by soaking them in benzalkonium chloride antirust so- 
lution for a t  least 30 min before use. The lumen of the cannula was 
cleaned by flushing with 2 ml of sterile normal saline. 

The short end of the cannula is inserted into the superior vena cava 
through the right external jugular vein, and the longer port.ion is passed 
subcutaneously to the back of the neck. The length of the short end can 
vary depending on the size of the rat: a 3-cm length is suitable for rats 
weighing between 300 and 450 g. 

Preparation of the Implantation Needle-The needle used for the 
introduction of the cannula into the jugular vein was prepared using the 
method of Harms and Ojeda (17). The plastic hubs were removed from 
two thin-walled beveled hypodermic needles4 (23-gauge X 2.54 cm and 
20-gauge X 3.81 cm). Approximately 1.2 cm of the beveled end of the 

3 Silastic Medical Adhesive, Silicone Type A, I h w  Corning Corp.. Medical 

4 Yale Sterile Disposable Needles, Becton, Dickinson and Co.. Rut  herlord. 
Products, Midland, Mich. 

N.J. 

0022-3549/ 831 0900- 1027$0 7.0010 
@ 1983. American Pharmaceutical Association 
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160 NEEDLE 

Figure 2-Cannulation of the rat. Key:  (a)  insertion of the needle, (b) 
securing of  the cannula, and (c) externalitation of  the cannula. 

23-gauge needle was forced into the opposite (nonbeveled) end of the 
20-gauge needle, which had been bent (Fig. lh) .  If the 23-gauge needle 
was too thick to be fitted snugly into the bore of the 20-gauge needle, the 
outer surface of the 23-gauge needle was rubbed on a rough surface (such 
as a sharpening stone) to make the outer diameter small enough to fit 
tightly into the lumen of the 20-gauge needle. The short end of the silicone 
cannula fit snugly over the protruding portion of the 23-gauge needle (Fig. 
I C ) .  

Surgical Implantation of the Cannula-All the instruments used 
for the animal surgery were cleaned and disinfected by immersing them 
into a benzalkonium chloride antirust solution for -1  hr. Strict asepsis 
was not necessary, but a clean environment and neat handling of the 
animal were important. 

The rat was anesthetized with ether in a desiccator. After removing 
the rat from the desiccator, the anesthesia was maintained throughout 
the implantation procedure by placing ether-impregnated cotton close 
to the nose of the rat. The hair on the back of the animal was clipped, and 
a point was marked a t  the center of the back of the neck to indicate the 
exteriorization point for the longer portion of the cannula. The rat was 
then placed on its back, and the hair on the area over the right external 
jugular vein was clipped. This area is recognized by observing the rapid 
pulsation of the jugular vein. The shaved area was cleaned by repeated 
wipings with sterile gauze saturated with 70%) isopropyl alcohol. 

A longitudinal incision, -2 cm long, was made on the skin over the 
jugular vein, and the vein was exposed by clearing the surrounding tissues. 
To avoid unnecessary blood loss, care was taken not to damage any sur- 
rounding veins. The short end of the cannula was passed into and out of 
the jugular vein using the implantation needle-cannula assembly (Fig. 
2a). This was done without loss of blood from the vein. 

At this point, while the shorter end of the cannula was out of the jugular 
vein, a sterile disposable syringe (3- to 10-ml capacity) containing 
heparinized (20 U/mJ) normal saline for injuection, was connected to the 
longer end of the silicone cannula by a blunt-ended 23-gauge sterile 4-0 Dexon. American Cyanarnid Co., Pearl River, N.Y. 
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sary. The mixing of blood between samples can be avoided by adopting 
the above procedure. 

Maintenance of the Cannula-Using the syringe and tubing ar- 
rangement, as described earlier for the collection of serial blood samples, 
the blood was first drawn into the tubing under negative pressure. If any 
clot had I’ormed, it was removed from the cannula and not pushed into 
the systemic circulation. The cannula was then filled completely with 
heparinized (20 U/ml) normal saline for injection. Flushing of the cannula 
was done at  least once, but preferably twice, a day. 

DISCUSSION 

The method described here for the chronic cannulation of the rat 
jugular vein is simple and reliable. More than 100 rats have been can- 
nulated in our laboratory for pharmacokinetic studies of drugs whose 
half-lives ranged from a few minutes to several hours or days. With proper 
maintenance, the cannula remains patent for months. This method for 
the preparation of the cannula is simpler than the one described previ- 
ously (17).  The cannula preparation eliminates the use of silicone sheeting 
which is difficult to fabricate, causes discomfort to the rats, has a bulky 
appearance after the skin incision is closed and healed, and prolongs the 
healing time. Other methods of cannula preparation (16,18) are even 
more complicated, needing many accessories and expertise to make and 
implant them. 

Upton (19) described a cannulation method where the “tubing is se- 
cured by tying firmly around the vein,” which blocks blood circulation 
through the jugular vein. The cannula can become blocked if tied too 
firmly, or dislodged from the vein if the knot is not firm enough. Insertion 
of the cannula through the jugular vein into the vena cava involves ma- 
nipulation of the vein which can cause it to collapse, thus complicating 
further the insertion procedure. Unless the tube is inserted promptly on 
incision in the jugular vein (19), significant loss of venous blood may 
occur. However, the method described here involves minimal manipu- 
lation of the vein with little loss of blood. 

The passage of the cannula into and out of the jugular vein should be 
accomplished in the first attempt. If the first, attempt fails, the vein may 
collapse, making it somewhat difficult (but not impossible) to insert the 
implantation needle into the vein. I t  is recommended that while learning 
this cannulation technique, one should anesthetize the first few rats with 
pentobarbital, since ether anesthesia requires attention to  maintain the 
optimum anesthesia of the rat, which may hamper the surgical proce- 
dure. 

Monofilament nylon cord is used as a stylet to close the open end of 
the cannula because it is nonreactive with normal saline and the silicone 
tubing and is lighter than stainless steel. Although the medical-grade 
silicone tubing used is nonreactive with body tissue (22), it neither resists 
blood clotting nor is impervious to moisture. Thus, loss of water from the 
saline-filled cannula allows the blood to enter the cannula and form a clot. 
Initially, this clot is soft and could be aspirated easily. But if the clot re- 
mains for a longer period (>24 hr), it becomes hardened and strongly 
affixed to the inside wall of the cannula. In these cases, heparinized 
normal saline should be forced in to clear the cannula. The presence of 
these clots in the vena cava often damages this blood vessel, rendering 
the cannula inoperative. I t  is preferable that the clots be removed by 
aspiration before flushing the cannula rather than be forced into the 
general circulation. T o  reduce the microbial contamination during the 

flushing of the cannula, the exposed end of the cannula, the stylet, the 
needle of the syringe, and the finger tips which come in contact with the 
cannula should be thoroughly wiped with sterile gauze saturated with 
70% isopropyl alcohol. 

For the first few days, some rats may show some restlessness making 
it difficult to connect or disconnect the syringe with cannula for drawing 
the blood. In these situations, some confinenlent such as that described 
by Davis and Coleman (23) or any simpler version, should be used to limit 
the movements of the animal. After time the animal becomes used to this 
manipulation and offers no problems. 

Unless the pharmacokinetic studies are complicated by the use of 
heparin (24), it is recommended that blood sample volumes should be 
replaced by heparinized (20-50 U/ml) normal saline. Also -0.2 ml of 
heparinized (20-50 U/ml) normal saline should be injected a few minutes 
before the withdrawal of blood. If heparin poses problems, another anti- 
coagulant may be used. 
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Abstract 0 Temporary water deprivation results in serious stress causing 
significant physiological, hormonal, and enzymatic changes in the body 
which can affect the disposition kinetics, toxicity, and activity of drugs. 
This study attempts to recognize the effect of water deprivation on drug 
disposition kinetics using aspirin. No significant effects were noted fol- 
lowing 36-hr water deprivation in rats on the metabolism of aspirin; there 
was also no effect of heparinization on aspirin disposition kinetics. The 
disposition of salicylic acid, however, was altered significantly, with the 
half-life increased by -72% concomitant with decreased total body 
clearance. The effect of two dose levels, 5 and 10 mgkg, was also studied 
to elucidate nonlinearity in the disposition kinetic model. Almost com- 
plete urinary recovery of aspirin was obtained in the intact form or as 
metabolites. At the lO-mg/kg dose, the fraction of salicyluric acid excreted 
decreased significantly compared with the 5-mg/kg dose. However, the 
effect of water deprivation was uniform a t  the two dose levels without 
any effect on the excretion of salicyluric acid. It is suggested that, in view 
of the significant changes in the disposition characteristics of salicylates 
with water deprivation, due care must be exercised in adjusting doses 
giving proper consideration to body hydration levels. 

Keyphrases 0 Aspirin-disposition kinetics in rats, effect of water 
deprivation on metabolism Kinetics-aspirin metabolism, rats, effect 
of water deprivation Metabolism-of aspirin, effect of water depri- 
vation in rats, kinetics 

Dehydration in the body occurs due to circumstantial 
water deprivation, excessive sweating, and various disease 
states such as polyuria and diarrhea. A number of physi- 
ological and biochemical changes have been attributed to 
the short-term stress of water deprivation; these can sig- 
nificantly modify the disposition of drugs in the body. 

The most prominent manifestations of water depriva- 
tion are loss of body weight and decrease of both blood and 
plasma volumes (1-6). This results in increased plasma 
osmotic pressure, plasma protein concentration, and he- 
matocrit, while the pH and the acid-base status of blood 
remain essentially constant (1-10). The volume of the 
urine and the amount of electrolytes excreted in the urine 
also decrease significantly in water-deprived rats ( 5 ) ,  with 
corresponding morphological and histochemical changes 
in the renal medulla (11). 

The effects of starvation and nutrition on the drug- 
metabolizing enzymes of liver microsomes have been ex- 
tensively investigated (12-221, but kinetic studies of drug 
disposition with short- and long-term water deprivation 
in humans or animals are almost nonexistent. Some em- 
pirical data exist indicating that water deprivation may 
influence the pharmacological effect of some drugs (23- 
27). 

The fate and pharmacokinetics of aspirin (acetylsalicylic 
acid) and salicylic acid in human and animals have been 
extensively investigated (28-34). However, specific in uiuo 
data on aspirin metabolism by rats and other common 
laboratory animals are lacking. The desert rodents, 
hopping mice (Notornys alexis, Family: Muridae), con- 
serve body water with extreme economy and show high 
papillary-to-cortex ratios of salicylates along with longer 

biological half-lives of salicylates (100-120 min) when 
compared with nondesert mice (55 min). Also, only 9% of 
the salicylate in desert mice is metabolized to salicyluric 
acid, compared with 80% in humans and 50% in rats (35, 
36). Thus water economy and species differences deter- 
mine the biological half-life of circulatory salicylate and 
the nature and extent of its metabolites. 

The primary purpose of this study was to investigate the 
effect of a 36-hr water deprivation on the disposition ki- 
netics of aspirin. Aspirin was selected as a model drug 
because of its extensive protein binding, several pathways 
for metabolism and excretion, variable dose-dependent 
disposition, and clinical importance. Since in uiuo hepa- 
rinization of the circulatory system was done to facilitate 
the withdrawing and handling of blood samples from the 
rats, the effect of heparin on the pharmacokinetics of as- 
pirin was also investigated. 

EXPERIMENTAL 

Animal Preparation-Male rats' weighing between 300 and 450 g 
were used. The rats were housed in individual cages2 and allowed to be- 
come accustomed to the laboratory conditions for a t  least 7 days. The rats 
were cannulated in the right jugular vein as described in the previous 
paper (37) at least 3 days before the pharmacokinetic study began, thus 
allowing sufficient time for recovery from the surgery. The cannula was 
kept patent by flushing with heparinized (20 U/ml) sterile normal saline 
for injection3 twice a day. Each study group was comprised of six rats, 
selected randomly. 

For the treatment group of rats, water deprivation started a t  7:00 pm, 
and the drug was given 36 hr later. During this 36-hr water deprivation, 
the rats had access to food all the time. The rats were weighed prior to 
the administration of aspirin to calculate the proper dose; they were also 
weighed before and after water deprivation to calculate the percent 
weight loss. 

Preparat ion and Administration of the Aspirin Dose-One gram 
of aspirin was dissolved in 20 ml of polyethylene glycol 4004 with constant 
shaking and diluted with sterile normal saline for injection to 100 ml, so 
that the final concentration of aspirin in the solution was 10 mg/ml. The 
resultant solution was passed through a sterile 0.22-fim filter for the re- 
moval of any particles or microorganisms. Each solution was freshly 
prepared due to the instability of aspirin in solution (38). 

The sterilized, particle-free solution was aspirated into a 1-ml dis- 
posable hypodermic syringe5, and the dose was administered intrave- 
nously through the jugular vein cannula. The dead volume in the cannula 
was flushed immediately with -0.2 ml of heparinized (50 U/ml) sterile 
normal saline. When the effect of heparin on the pharmacokinetics of 
aspirin was studied, the cannulas of the control (nonheparinized) rats 
were flushed with sterile normal saline instead of  heparinized normal 
saline. 

Collection of Blood and Plasma Samples-For the pharmacokinetic 
study of intact aspirin, 200 pl of blood was collected in a 1-ml syringe 
containing 400 p1 of acetonitrile6 prior to the administration of the dose. 
The contents of the syringe were mixed gently, and this mixture served 

Sprague-Dawley strain, King Animals, Madison, Wis. 

Abbott Laboratories, North Chicago, Ill. 
BASF, Wyandotte, Mich. 
Becton, Dickinson and Co., Rutherford, N.J. 
Burdick and Jackson Laboratories, Muskegon, Mich. 

* Nalgene Metabolic Cage, Nage Co., Rochester, N.Y. 

1030 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 9, September 1983 

0022-35491 831 0900- 1030$0 1. 001 0 
@ 1983, American Pharmaceutical Association 



Table I-Effects of Heparin on the Disposition Kinetics (Single Compartment) of Salicylic Acid in Rats' 

Parameter 
Control Rats 

Mean f SEM Range 
Heparinized Ratsb 

Mean f SEM Range 
Y 

Body weight, g 363.0 f 9.0 327.0-434.0 359.0 f 10.0 332.0-426.0 
Half-life, hr 2.38 f 0.11 1.62-2.82 2.36 f 0.15 1.63-3.05 
Volume of distribution ( v d ) ,  ml/kg 146.8 f 5.6 124.0- 189.0 138.0 f 6.0 106.0- 176.0 

AUC, pg-hdml 227.3 f 11.1 162.8-290.3 244.3 f 15.9 187.7-337.8 
Salicylic acid dose = 10 mg/kg; n = 6. * Rats received 0.3 ml of physiological normal saline (control) or physiological normal saline containing 6 U of heparin (treatment) 

Total body clearance, ml/kg-hr 45.4 f 2.4 33.9-61.1 41.0 f 2.4 26.6-52.1 

as a replacement for each 0.3-ml blood sample drawn. 

Table IJ-Effects of Water Deprivation on the Disposition Kinetics (In Vivo Hydrolysis) of Aspirin in Rats a 

Control Ratsh 
Parameter Mean f SEA4 Range 

Water-Deprived Rats' 
Mean f SEM Range 

Body weight, g 
Half-life, min 
Volume of distribution ( v d ) ,  ml/kg 
Total bodv clearance. ml/ke.min 

325.0 f 20.0 
1.8 f 0.4 

994.0 f 95.0 
465.0 f 96.0 

285.0-420.0 
0.8-3.2 

7 14.0-1 285.0 
166.0-736.0 

350.0 f 6.0 328.0-361 .O 
2.0 f 0.4 1.6-3.9 

794.0 f 43.0 644.0-939.0 
299.0 f 29.0 166.0-364.0 

. Y  

AUC, pg-min/ml 31.0 f 8.6 13.9-68.8 37.6 f 5.5 27.3-644- 

Aspirin dose = 10 mg/kg; n = 6. * Rats received food and water ad libitum. Hats were deprived of water for 36 hr, but received food ad libitum. 

as the blank. After administering aspirin intravenously through the 
jugular vein cannula, blood samples were collected every 1 min for 5 min 
and then every 2 min for another 6-10 min. 

For the pharmacokinetic study of salicylic acid in the rats, -200- to 
300-pl blood samples were collected every 15 min for the first hour after 
the administration of the intravenous dose, every 30 min for the next 2 
hr, and then every hour for the next 4 hr. Thereafter, blood samples were 
collected every 2 hr for another 4-6 hr. The volume of each blood sample 
collected from the rat was replaced with an equal volume of heparinized 
(50 U/ml) sterile normal saline. 

When the effect of heparin itself on the pharmacokinetics of salicylic 
acid was investigated, the blood samples for the control (nonheparinized) 
group of rats were replaced with sterile normal saline rather than 
heparinized normal saline. Blood samples were collected from each rat 
for each pharmacokinetic study before administering the aspirin dose 
and were used as blanks. 

Collection of Urine Samples-Rats were placed in metabolism cages, 
which allowed the collection of urine and feces in separated receptacles 
that could be removed without disturbing the animal. The urine depos- 
ited in the receptacle was collected every 12 hr, pooled, and stored in the 
refrigerator. The pooled urine was analyzed within 24 hr after the end 
of the collection. Urine samples from control rats (receiving food and 
water ad libitum) were collected for a total of 48 hr; samples for water- 
deprived rats were collected for 60 hr. The volume of the pooled urine 
and its pH were measured at the end of collection. Urine samples were 
also collected from each rat prior to the administration of aspirin; these 
samples served as blanks. 

Analytical Procedure--Blood-The blood-acetonitrile (1:2) mixture 
was transferred to a 500-pl polypropylene microcentrifuge tube and 
centrifuged7 for 5 min at 15,000 rpm. Twenty microliters of the super- 
natant was analyzed by the high-performance liquid chromatographic 
(HPLC) method described previously (39). 

Plasma-Blood samples collected in the syringe were transferred to 
250-pl polyethylene microcentrifuge tubes and centrifuged for 2 rnin at 
15,000 rpm to separate the plasma from the cellular fraction. Aliquots 
of the separated plasma layer (100 pl) were transferred to a 500-pl 
polypropylene microcentrifuge tube and precipitated with 200 pl of ac- 
etonitrile. The mixture was vortexed for 30 sec, then centrifuged for 8 
min (15,000 rpm). Twenty microliters of the supernatant was analyzed 
using the HPLC method described previously (39). 

Urine-The refrigerated pooled urine was warmed to room tempera- 
ture and mixed by shaking. A portion of the mixture was clarified by 
centrifugation for 10 min at 2500 rpm. One milliliter of the clarified urine 
was acidified with 0.5 ml of 6 N HCP and extracted with 6 ml of ethers. 
Five milliliters of the ether extract were re-extracted with 1 ml of phos- 
phate buffer (0.1 M, pH 7.0), and 2Opl of the buffer extract was analyzed 
by HPLC (39). The urine samples were prepared in duplicate, and each 

Eppendorf Microcentrifuge Model 5412, Brinkrnann Instruments, Westbury, 

J. T. Baker Chemicals Co., Phillipsburg, N.J. 
Mallinckrodt, St. Louis, Mo. 

N.Y. 

sample was chromatographed twice so that each analytical value reported 
was an average of four determinations. 

RESULTS AND DISCUSSION 

Effect of Heparin on the Pharmacokinetics of Salicylic Acid- 
Table I lists the pharmacokinetic data for the 22 rats (11 rats in each 
group) used to study the effect of heparin on the disposition of salicylic 
acid administered intravenously as a solution of sodium salicylate. The 
elimination of salicylate by the body was described by first-order kinetics, 
as is evident from the excellent linear correlation coefficients obtained 
for each of the pharmacokinetic studies. Figure 1 shows the disposition 
kinetics of salicylic acid in two representative rats, one from the hepari- 
nized and the other from the nonheparinized groups of rats. No statistical 
significance was observed in the disposition kinetic data between the two 
study groups. 

Similar findings were made at much higher doses of heparin (500-1OOO 
U/kg). This finding is important since heparin decreases plasma protein 
binding of neutral and basic drugs and increases the binding of acidic 
drugs (40), except for salicylates where a decreased binding is noted at 
a 5OO-U/kg dose (41). The present finding suggests that the decrease in 
plasma protein binding of salicylate, as observed by Weigand and Levy 
(41), will not affect the disposition characteristics of salicylic acid. 

Disposition of Aspirin in Control and Water-Deprived Rats- 
Table I1 lists the disposition kinetic parameters for aspirin after an in- 

- 

-I 

s J - ' . ' . ' * * ' . - . -  2 4 6 8 10 12 14 
HOURS 

Figure 1-Typical first-order plots for salicylic acid concentration in 
plasma versus time, after an intravenous dose of 10 mg of aspirinlkg of 
body weight in rats. Key: (0) control rats, 0.3 ml blood samples were 
replaced by 0.3 ml sterile normal saline; (A) heparinized rats, 0.3 ml 
blood samples were replaced by 0.3 ml sterile normal saline containing - 6 U of heparin. 
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Table 111-Effects of Water Deprivation on the Disposition Kinetics of Intravenously Administered Aspirin in Rats a 

Control Ratsb 
Parameter Mean f SEM Range 

Water-Deprived RatsC 
Mean f SEM Range 

Body weight, g 
Half-life, hr 
Volume of distribution (Vd) ,  ml/kg 
Total body clearance, ml/kg-hr 
AUC. ue-hrlml 

393.0 f 9.0 353.0-422.0 337.0 f 13.0 270.0-381.0 
2.1 f 0.09 1.71-2.44 3.62 f- 0.41 2.39-5.81 

176.3 f 21.9 135.2-326.4 179.4 f 5.6 160.4-205.5 
50.7 f 3.3 41.2-70.3 37.0 f 3.6 24.5-50.9 

101.9 f 6.2 66.5-121.7 166.4 f 21.5 93.1-257.6 

0 Aspirin dose = 5 mg/kg; n = 6. b Rats received food and water ad libitum. c Rats were deprived of water for 36 hr, but received food ad libitum 

Table IV-Effects of Water Deprivation on the Disposition Kinetics of Salicylate in Rats a 

Parameter 
Control Ratsb 

Mean f SEM Range 
Water-Deprived Rats' 

Mean f SEM Range - - 
Body weight, g 373.0 f 6.0 341 .O-405.0 374.0 f 8.0 342.0-410.0 

141.0-196.1 178.2 f 9.1 137.1-232.9 Volume of distribution (Vd),  ml/kg 
Total body clearance, ml/kghr 47.5 f 1.5 40.8-52.7 30.1 f 2.7 20.7-44.7 

143.3-243.6 369.1 f 38.9 235.3-555.8 AUC, pg-hr/ml 207.4 f 13.9 

Half-life, hr 2.59 f 0.15 1.86-3.22 4.37 f 0.46 2.98-7.07 
175.7 f 7.0 

(1 Salicylate dose = 10 mg/kg; n = 6. Rats received food and water ad libitum. Rats were deprived of water for 36 hr, but received food ad libitum. 

travenous dose of 10 mg/kg of bcdy weight in two groups of rats: a control 
group which had free access to food and water and a 36-hr water-deprived 
(treatment) group which had free access to food only. Figure 2 shows the 
first-order disposition kinetics of of aspirin in two rats which represent 
the control and treatment groups. The disposition constants for aspirin 
in the control group of rats were not statistically significant ( p  < 0.05) 
compared with the treatment group. 

Therefore, in short-term water deprivation, the activity of the aryl 
esterases in blood and other organs, such as liver and kidneys, is not 
significantly altered. Based on the volume of distribution, the contri- 
bution of blood to the clearance of aspirin in rats is insignificant (<I%) 
compared with humans (-20%), despite the fact that the hydrolysis of 
aspirin in rat blood is faster than in human blood ( t  112 = 30 and 12 min, 
respectively). 

Disposition of Salicylic Acid in Control and Water-Deprived 
Rats-Since no detectable level of aspirin in the blood is found after 10 
min following intravenous administration of aspirin, the blood samples 
collected 15 min after the administration of the intravenous dose and all 
subsequent sampling times represent the disposition kinetic study of 
salicylic acid. The two dose levels of aspirin (5 and 10 mg/kg) were se- 
lected to study the linearity of kinetics and the effect of dose on the dis- 
position of salicylic acid both in the control and treatment groups. 

Figure 3 shows the disposition of salicylic acid after an intravenous 

'"I 

5-mg/kg dose of aspirin in typical control and treatment rats. The dis- 
position kinetics follow a first-order process (Table 111). The time zero 
concentrations of salicylic acid in plasma were similar in both control and 
treatment rats (30.2 and 31.6 pg/ml, respectively). This implies that 
short-term water deprivation has little effect on the volume of distribu- 
tion of salicylic acid. 

Although the volume of distribution in both groups of rats was essen- 
tially the same (176 and 179 ml/kg), the biological half-life of salicylic acid 
in the treatment group of rats was 72% higher than the half-life in the 
control group. This increase in biological half-life is also reflected in the 
higher value of area under the curve (AUC) (166 uersus 102 pg-hrlml) 
and lower total body clearance (37 uersus 51 ml/kg/hr). 

The results obtained after the administration of a 10-mg/kg aspirin 
dose in control and treatment rats are listed in Table IV. The typical 
first-order plots for the disposition of salicylic acid are shown in Fig. 4. 
The disposition of salicylic acid at  this dose level also follows apparent 
first-order kinetics in rats. 

The biological half-life of salicylic acid in 36-hr water-deprived rats 
was -70% higher (4.37 versus 2.59 hr) than in control rats, although the 
volume of distribution in both groups was essentially the same (176 and 
178 ml/kg). The higher biological half-life of salicylic acid in treatment 
rats is consistent with the observed lower value (37%) of total body 
clearance (30.1 versus 47.5 ml/kg/hr) and higher value (78%) of the AUC 
(369.1 versus 207.4 pg.hr/ml). 

The overall results for the two dose levels suggest that the biological 
half-life of salicylic acid in both groups of rats increases significantly ( p  

MINUTES 

Figure 2-Typical first-order plots for the disposition of aspirin in 
plasma after an intravenous dose of 10 mglkg in rats. Key: (0) control 
rats (received food and water ad libitum); ( A )  treatment rats (deprived 
of waterfor 36 hr, but received food ad libitum). 

HOURS 
Figure 3-Typical first-order plots for the disposition of salicylic acid 
in plasma after an intravenous dose of 5 mg of aspirinlkg of body weight 
in rats. Key: (A) control rats (received food and water ad libitum); (0) 
treatment rats (deprived of water for  36 hr, but receiued food ad li- 
bitum). 
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Table V-Recovery of Aspirin Metabolites Salicylic Acid, Salicyluric Acid, a n d  Gentisic Acid in Urine After Intravenous 
Administration of Aspirin in Two Doses to  Control and Water-Deprived Rats  

Aspirin 
Dose, 
mg/kg Group Mean f SEM Range M e a n f  S E M  Range M e a n f  SEA4 Range Total 

Recovery in Urine, % of Aspirin Dose 
Salicylic Acid Salicyluric Acid Gentisic Acid 

~ ~~ ~ 

- 94.6 f 4.2 
- 97.8 f 1.8 
- 96.3 f 4.0 

5 Control" 48.6 f 3.7 40.0-63.1 46.0 f 3.0 34.9-55.2 - 
5 Water Deprivedb 44.2 f 5.7 24.5-65.0 53.6 f 7.1 30.4-81.9 - 

10 Control 58.3 f 5.0 31.2-81.3 38.0 f 4.9 25.7-72.4 - 
10 Water Deprived 50.3 f 1.7 40.6-55.6 36.9 f 2.3 29.8-48.2 6.5 f 0.9 3.6-10.8 93.6 f 2.1 

The control group of rats (n = 6) received food and water ad libitum. The rats ( n  = 9) were deprived of water for 36 hr, but received food ad lihifum. 

< 0.05) when the dose is doubled. This confirms the earlier finding in 
humans (281, that  the disposition of salicylic acid is dose dependent. 
When the dose was doubled in the control rats, the half-life increased 
from 2.1 to 3.6 hr, an increase of -72%. In water-deprived rats, the cor- 
responding increase was 69% (2.59 to 4.37 hr). 

The significant increase in the biological half-life of salicylic acid with 
water deprivation has important implications in the salicylate therapy 
of rheumatoid arthritis and inflammatory diseases, where aspirin is ad- 
ministered chronically at high dosages and where effective therapeutic 
levels of salicylate in these conditions approach toxic levels. Accumulation 
of salicylate due to increased biological half-life, as a result of short-term 
water deprivation, may produce toxic, possibly fatal effects. 

Metabolites of Aspirin in Control and  Water-Deprived Rats- 
Urine samples were analyzed for the major aspirin metabolites, salicylic 
and salicyluric acids, which account for >90% of the administered dose, 
and also for the minor metabolite, gentisic acid. The results are shown 
in Table V for a 5-mg/kg dose of aspirin in control and water-deprived 
(treatment) rats. The total recovery of aspirin in control rats is -95% as 
compared with 97% for the treatment group. There was no significant 
difference in recovery of aspirin metabolites in these two groups of rats, 
and there also was no detectable gentisic acid in any of the urine samples. 
In both groups, approximately half of the aspirin was excreted as sali- 
cyluric acid. The fraction of aspirin excreted in the urine as salicyluric 
acid decreased significantly (p < 0.05) as the dose was increased from 5 
to 10 mg/kg in both groups of rats. However, no effect of water deprivation 
was observed on the total percentage of aspirin metabolized to salicyluric 
acid. This finding is very interesting, since it would be expected that the 
percentage of salicyluric acid formed would increase in water-deprived 
rats because the long half-life of salicylic acid gives the liver more time 
to form salicyluric acid under conditions of metabolic saturation. 

Since water deprivation produces no significant change in the excretion 
of salicyluric acid, the situation may be explained by one or both of two 
phenomena: 

' O ° F  
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Figure 4-Typical first-order plots for the disposition of salicylic acid 
in plasma after an  intravenous dose of 10 mg of aspirinlkg of body weight 
in rats. Key: (A) control rats (received food and water ad libitum); (0) 
treatment rats (deprived of water for 36 hr, but receioed food ad li- 
bitum). 

1. If it is assumed that the drug-metabolizing enzymes are inhibited 
to some extent by water deprivation, the longer circulating half-life of 
salicylic acid could be balanced by the slower rate of formation of sali- 
cyluric acid. In the first step, the carboxylic group of salicylic acid binds 
with CoA to form the activated complex. In the second step, glycine 
conjugates with the reactive complex with the help of glycine-N-acylase. 
It is not presently known if one or both of these enzymes is inhibited by 
water deprivation. 

The renal tubular conversion of salicyluric acid to salicylic acid 
(42) is a significant factor. The salicyluric acid formed in the liver from 
salicylic acid is transferred to the tubule cells of the kidneys, where it is 
metabolized back to salicylic acid and reabsorbed, thus prolonging the 
biological half-life of salicylic acid without increasing the proportion of 
salicyluric acid in the urine. Since with water deprivation, rats are more 
likely to conserve body water by reducing the formation of urine, the 
conversion of salicyluric acid to salicylic acid is more likely to occur. 

Another interesting finding from the urinary studies is that at  higher 
aspirin doses (10 mg/kg), -6.5% of aspirin was metabolized to gentisic 
acid in water-deprived rats, suggesting that the enzyme system respon- 
sible for the hydroxylation of the aromatic ring (microsomal mixed- 
function oxidase) is somewhat stimulated by short-term water depriva- 
tion. No gentisic acid was found in the urine of control rats. 

In conclusion, it might be stated that although there is no dramatic 
change in the excretion pattern of different metabolites of aspirin in the 
urine, the half-life of salicylic acid is significantly increased with water 
deprivation at  both dose levels studied. This increased biological half-life 
of salicylic acid may have significant clinical impact in the treatment of 
rheumatoid arthritis and other diseases where the differences between 
the effective and toxic blood levels of salicylate are extremely narrow. 

2. 
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Abstract In recent years, many case reports concerning esophageal 
injuries caused by drugs have been published. The primary cause has 
apparently been the adherence of the drug product to the esophagus. In 
the present study, the adherent tendency of a number of types of tablets 
and capsules were tested in vitro using a recently developed isolated 
porcine esophagus preparation. The results showed that the tendency 
of products to adhere to the esophageal mucosa can be modified to a great 
extent by shape and formulation. Products with low adherence can be 
obtained by film coating with aqueous dispersions or by sugarcoating. 
In contrast, gelatin capsules and some cellulose films appear to have a 
high tendency to adhere to the esophagus. 

Keyphrases 0 Tablet coatings-effect on adherence, isolated porcine 
esophagus, potassium chloride Potassium chloride-adherence to 
isolated porcine esophagus, effect of tablet shape, formulation, and 
coatings Drug formulations-effect of additives and coatings on ad- 
herence, isolated porcine esophagus 

In recent years, many reports concerning esophageal 
injuries caused by drugs (e.g., doxycycline, emepronium 
bromide, and potassium chloride) have been published 
(1-9). The primary cause has apparently been adherence 
of the drug product to the esophageal mucosa. The ten- 
dency to adhere has obviously been greatest for hard gel- 
atin capsules, but differences between various tablet for- 
mulations have also been evident. In a previous paper, a 
study of the tendency of drug products to adhere to the 
esophageal wall, using the isolated porcine esophagus, was 
published (10). In the present investiggtion the effect of 
the pharmaceutical characteristics of dosage forms on the 
adherence was studied. 

EXPERIMENTAL 

Isolated Esophagus Preparation-The isolated porcine esophagus 
preparation and its usefulness has been described previously (10). Pigs 

of both sexes were of the Landrace or Yorkshire breeds, weighing 90-100 
kg. Immediately after slaughter, the esophagi were removed and trans- 
ported to the laboratory in Tyrode's solution. Segments (6-7 cm long) 
were cut from the esophagus and mounted in a classic organ'bath for 
isolated preparations. 

Recording of Adherence-A hole was drilled in the products to be 
tested. The product was attached to a copper wire and placed in the 
esophageal preparation for 2.0 min (gelatin capsules, 1.0 min). The force 
needed to detach the product was then measured using a modified pre- 
scription balance (10); the force used was taken as a measure of adher- 
ence. 

Drug Products-Hard gelatin capsules' sizes 1, 2, 3,4, and 5 were 
filled with lactose. Oval soft gelatin capsules2 (length 12 or 15 mm) were 
left empty. The round soft gelatin capsule formulation studied was a 
commercially available product3 (diameter 7 mm). The uncoated placebo 
tablets were compressed from a mixture of basic granules (96%), talc (3%), 
and magnesium stearate (1%). The basic granules contained 78% lactose, 
19% cornstarch, and 3% gelatin. Potassium chloride tablets were com- 
pressed from pure potassium chloride. To obtain products with low ad- 
herent properties metal tablets were compressed from an alloy of bis- 
muth, lead, tin, and cadmium (5:3:1:1). The shapes, diameters, and areas 
of all formulations are given in Tables 1-111. 

The sugar-coated tablets were all commercially available products3. 
The coating suspension used contained 47 g of sucrose, 4 g of polyethylene 
glycol 6000,8 g of calcium sulfate, 2 g of titanium dioxide, 30 g of purified 
water, and 3 g of other ingredients. The dusting powder contained calcium 
sulfate and talc (1:l). The coating suspension and powder were used in 
an approximate ratio of 95. 

To investigate the effect of film coatings on the adherence of drugs to 
the esophagus, biconvex tablets were coated with different film coatings. 
The compositions of the hydroxypropyl-methyl cellulose-containing 
solutions (I-V) are given in Table I. The other coating solutions were as 
follows: VI, 10.0 g of cellulose acetate phthalate, 0.5 g of castor oil, and 
89.5 I: of acetone; VII, 14.0 g of polyethylene glycol 6000,6.0 g of cellulose 
acetate phthalate, 1.0 g of stearic acid, 0.3 g of castor oil, 0.3 g of sorbitan 
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Abstract In recent years, many case reports concerning esophageal 
injuries caused by drugs have been published. The primary cause has 
apparently been the adherence of the drug product to the esophagus. In 
the present study, the adherent tendency of a number of types of tablets 
and capsules were tested in vitro using a recently developed isolated 
porcine esophagus preparation. The results showed that the tendency 
of products to adhere to the esophageal mucosa can be modified to a great 
extent by shape and formulation. Products with low adherence can be 
obtained by film coating with aqueous dispersions or by sugarcoating. 
In contrast, gelatin capsules and some cellulose films appear to have a 
high tendency to adhere to the esophagus. 

Keyphrases 0 Tablet coatings-effect on adherence, isolated porcine 
esophagus, potassium chloride Potassium chloride-adherence to 
isolated porcine esophagus, effect of tablet shape, formulation, and 
coatings Drug formulations-effect of additives and coatings on ad- 
herence, isolated porcine esophagus 

In recent years, many reports concerning esophageal 
injuries caused by drugs (e.g., doxycycline, emepronium 
bromide, and potassium chloride) have been published 
(1-9). The primary cause has apparently been adherence 
of the drug product to the esophageal mucosa. The ten- 
dency to adhere has obviously been greatest for hard gel- 
atin capsules, but differences between various tablet for- 
mulations have also been evident. In a previous paper, a 
study of the tendency of drug products to adhere to the 
esophageal wall, using the isolated porcine esophagus, was 
published (10). In the present investiggtion the effect of 
the pharmaceutical characteristics of dosage forms on the 
adherence was studied. 

EXPERIMENTAL 

Isolated Esophagus Preparation-The isolated porcine esophagus 
preparation and its usefulness has been described previously (10). Pigs 

of both sexes were of the Landrace or Yorkshire breeds, weighing 90-100 
kg. Immediately after slaughter, the esophagi were removed and trans- 
ported to the laboratory in Tyrode's solution. Segments (6-7 cm long) 
were cut from the esophagus and mounted in a classic organ'bath for 
isolated preparations. 

Recording of Adherence-A hole was drilled in the products to be 
tested. The product was attached to a copper wire and placed in the 
esophageal preparation for 2.0 min (gelatin capsules, 1.0 min). The force 
needed to detach the product was then measured using a modified pre- 
scription balance (10); the force used was taken as a measure of adher- 
ence. 

Drug Products-Hard gelatin capsules' sizes 1, 2, 3,4, and 5 were 
filled with lactose. Oval soft gelatin capsules2 (length 12 or 15 mm) were 
left empty. The round soft gelatin capsule formulation studied was a 
commercially available product3 (diameter 7 mm). The uncoated placebo 
tablets were compressed from a mixture of basic granules (96%), talc (3%), 
and magnesium stearate (1%). The basic granules contained 78% lactose, 
19% cornstarch, and 3% gelatin. Potassium chloride tablets were com- 
pressed from pure potassium chloride. To obtain products with low ad- 
herent properties metal tablets were compressed from an alloy of bis- 
muth, lead, tin, and cadmium (5:3:1:1). The shapes, diameters, and areas 
of all formulations are given in Tables 1-111. 

The sugar-coated tablets were all commercially available products3. 
The coating suspension used contained 47 g of sucrose, 4 g of polyethylene 
glycol 6000,8 g of calcium sulfate, 2 g of titanium dioxide, 30 g of purified 
water, and 3 g of other ingredients. The dusting powder contained calcium 
sulfate and talc (1:l). The coating suspension and powder were used in 
an approximate ratio of 95. 

To investigate the effect of film coatings on the adherence of drugs to 
the esophagus, biconvex tablets were coated with different film coatings. 
The compositions of the hydroxypropyl-methyl cellulose-containing 
solutions (I-V) are given in Table I. The other coating solutions were as 
follows: VI, 10.0 g of cellulose acetate phthalate, 0.5 g of castor oil, and 
89.5 I: of acetone; VII, 14.0 g of polyethylene glycol 6000,6.0 g of cellulose 
acetate phthalate, 1.0 g of stearic acid, 0.3 g of castor oil, 0.3 g of sorbitan 
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Table I-ComDositions of Coating Solutions I-V Table IV-Effect of Material, Size, and Shape of Gelatin 
Capsules on the Force Needed to Detach the Products from the 
Isolated EsoDhaaus Amount in the Coating Solution, g 

Ingredient I I1 I11 IV v - 

Hydroxypropylmethylcellulose 7 5 6 6 7 
7 Titanium dioxide - 3 -  - 

Talc - 1 -  
8 - -  Sucrose - - 

Lactose - - - 8 -  
- 22 

1 Triacetin 
Purified water - -  66 66 63 
Ethyl alcohol 68 71 20 20 - 
Methylene chloride 25 20 - 

- -  

Ethyl cellulose pseudolatexn - - - 
- -  - - 

- -  
0 Aquacoat ECD-30; FMC Corp. 

Table 11-Effect of Tablet Shape on the Force Needed to Detach 
the Product from the Isolated Esophagus 

Force per Unit Area", mN-mm-2 
Camule- 

Biconvex Flat Shaped 
Formulation Tablets Tablets Tablets 

Uncoated placebo 2.40 f 0.72 2.92 f 0.88* 1.77 f 0.53:: 
Potassium chloride 0.56 f 0.11 0.64 f 0.13* 0.41 f 0.09*** 
Metal 0.56 f 0.08 0.66 f 0.10*** 0.44 f 0.09*** 

a Means f SD; n = 20. b Student's t test, compared with the corresponding value 
of the biconvex tablets: (*) p < 0.05, (**) p < 0.01, ( *** )  p < 0.001. 

Table 111-Effect of Tablet Coatings on the Force Needed to 
Detach the Tablets from the Isolated Esophagus 

Detaching Force per 
Tablet Diameter, Area, Force", Unit Area, 
Coating mm mm2 N mN.mrn-* 

Uncoated 7 160 0.41 f 0.08 2.56 
9 223 0.53 f 0.08 2.38 

259 0.65 f 0.22 2.51 

i n  277 0.16 f 0.02 0.58 ~. 

Film coating I 9 226 0.55 0.18 2.43 
11 350 0.64 f 0.27 1.83 

Film coating I1 9 316 0.79f0.20 2.50 
11 350 0.93 f 0.20 2.66 

9 209 0.55 f 0.20 2.63 

Film coating V 
Film coating VI 
Film coating VII 
Film coatine VIII 

11 316 0.78 f 0.32 2.47 
11 298 0.31 f 0.08 1.04 . ~~ ~ _ _  _. - 
11 329 0.39 f 0.15 1.19 
11 299 0.91 f0.24 3.04 
12 379 0.31 f 0.08 0.82 

Film coating IX 10 259 0.18 f 0.09 0.69 
Film coating X 9 214 0.24 f 0.05 1.12 

0 Mean f SD; n = 20. 

monooleate, 12.0 g of ethyl alcohol, and 64.0 g of acetone; VIII, 4.2 g of 
shellac, 1.4 g of polyethylene glycol 6000,12.6 g of titanium dioxide, 4.2 
g of talc, 1.4 g of povidone, 1.4 g of sorbitan monooleate, 4.2 g of iron oxide, 
and 40.6 g of isopropyl alcohol; and IX, 16.7 g of methacrylate copolymefi, 
8.0 g of talc, 3.5 g of titanium dioxide, 1.5 g of iron oxide, 0.5 g of hy- 
droxypropyl methyl cellulose, and 68.3 g of purified water. In addition, 
a placebo product coated with a copolymer of vinyl acetate and crotonic 
acid5 (X) was investigated. The product was supplied by the manufac- 
turer. 

In the final part of the present study, 10 commercially available po- 
tassium chloride products were studied. The coatings of these products 
are described on the basis of information given by the manufacturers or 
their Finnish agents. 

* Eudragit E 30 D; Rohm Pharma, West Germany. 
BASF CE 5142; BASF, West Germany. 

Formulation 

Detaching Force per 
Area, Force", Unit Area, 
mm2 N mN-mm-2 

Hard gelatin capsule 
No. 2 
No. 3 
No. 4 
No. 5 

Oval soft eelatin camule 

330 1.30 f 0.31 3.94 
283 1.10 f 0.28 3.89 
220 0.85 f 0.18 3.86 
160 0.64 f 0.20 3.88 

_ _  
Length"l5 mm - 350 0.88 f 0.27 2.51 
Len th 12 mm 268 0.80 f 0.25 2.99 

Rounfsoft gelatin capsule (7 mm) 154 0.39 f 0.14 2.53 

Mean f SD; n = 15. 

RESULTS AND DISCUSSION 

The effect of shape on the force needed to detach the products from 
the isolated porcine esophagus is shown in Table 11. Detachment force 
was greatest for flat tablets and lowest for capsule-shaped tablets. Cap- 
sule-shaped tablets may therefore be preferable for drugs known to cause 
esophageal ulceration. 

The adherence of biconvex tablets of different surface areas and 
coatings is shown in Table 111; the same data for various gelatin capsules 
are shown in Table IV. There were no significant differences in adherence 
to the esophagus between the hard gelatin capsules made by the two 
different manufacturers. 

As the results show, the tendency to adhere was greatest for hard gel- 
atin capsules. Calculated per unit area, it was six times as high as that 
for sugarcoated tablets, which had the lowest tendency to adhere. The 
force needed to detach the soft gelatin capsules was significantly lower 
than that for the hard gelatin capsules. However, soft gelatin capsules 
seemed to stick to the esophagus to the same degree as the most adherent 
tablet formulations in this study. 

If the specific adherence of the film coatings is examined, it can be seen 
that the very common coating material hydroxypropyl methyl cellulose 
(I) belongs to the middle group of all formulations studied. The tendency 
of the hydroxypropyl methyl cellulose film to adhere could be adjusted 
by the use of additives. If sucrose (111) was added, the adherent tendency 
decreased significantly. The mixture of hydroxypropyl methyl cellulose 
and ethyl cellulose pseudolatex (V) led to a still lower adherence. In 
contrast, the addition of lactose (IV) or titanium dioxide and talc (11) 
increased the tendency to stick. 

The common enteric coating cellulose acetate phthalate film (VI) had 
a fairly low adherent tendency, as did the coatings of shellac (VIII), 
methacrylate copolymer (IX), and the copolymer of vinyl acetate and 
crotonic acid (X). When polyethylene glycol 6000 (VII) was used as the 
main film-forming material, the adherence was, in contrast, consider- 
able. 

The results relating to the uncoated placebo tablets should not be in- 
terpreted as indicating that the adherent tendency of uncoated tablets 
is always high. The conclusion relates to the present situation in which 
tablets were compressed from granules containing lactose and cornstarch. 
Previous results have shown, however, that uncoated tablets containing 
other ingredients can have a very low tendency to adhere to the isolated 
esophagus (10). 

The forces needed to detach the commercially available potassium 
chloride products from the esophagus are shown in Table V. Adherence 
of the worst formulation was -3.2 times as great as that of the best for- 
mulation. The forces per unit area in Table V are in good agreement with 
the results in Table 111. Sugarcoated tablets had a low adherent tendency, 
and the specific adherence of the hydroxypropyl methyl cellulose films 
were 2.1-2.4 rnN-mm+ as compared with 1.a2.4 mN-rnm-' in Table 111. 
It is noteworthy that the adherence of hydroxypropyl methyl cellulose 
decreased as a consequence of adding silicic acid. Ethyl cellulose seemed 
to have fairly substantial adherent properties. 

Although gelatin capsules appeared to have the greatest tendency to 
adhere to the isolated porcine esophagus, the present results show that 
many tablet formulations could have a similar tendency to adhere. 
However, by selecting a proper coating material this tendency can be 
diminished. The classic sugarcoating seems to be a good choice in this 
respect. The addition of sucrose to film coatings also reduces adherence. 
Film coating with aqueous dispersions (IX and V) also results in products 
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Table V-Force Needed to Detach the Commercially Available Potassium Chloride Formulations from the Isolated Porcine 
Esophagus 

Amount of 
Potassium 

Drug Chloride, 
Product Coating Material 

Mean 
Detaching Force per 

Forcea, Unit Area, 
N mN.mm-2 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

1 .o 
0.6 
1 .0 - .  

0.5 
0.75 
0.75 
1.0 
0.75 
1.0 
0.75 

Polyvinyl chloride; sucrose crystals 
Sugarcoating 
Hydroxypropyl methyl cellulose; silicic acid 
Hydroxypropyl methyl cellulose 
Hydroxypropyl cellulose 
Hydroxypropyl methyl cellulose 
H ydroxypropyl methyl cellulose 
Special wax; talc 
Special wax; talc 
Ethyl cellulose 

0.38 f 0.03 
0.39 f 0.01 
0.54 f 0.04 
0.78 f 0.06 
0.93 f 0.09 
0.94 f 0.12 
0.98 f 0.13 
1.00 f 0.11 
1.10 f 0.13 
1.20 f 0.10 

0.9 
0.9 
1.1 
2.4 ~~ 

2.6 
2.2 
2.1 
2.8 
2.4 
2.2 

a Mean f SD; n = 18. 

with low adherence. In contrast, sparingly water-soluble ingredients (talc, 
titanium dioxide, and ethyl cellulose) and, in addition, lactose, mostly 
increase adherence. 
On the basis of this research it seems possible to develop pharmaceu- 

tical products having a very low tendency to adhere to the esophageal 
mucosa. It seems desirable to develop such products in the case of drugs 
known to cause esophageal strictures or ulcerations, in particular. 
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Abstract 0 A simple isocratic, high-performance liquid chromatographic 
(HPLC) assay procedure was developed for the simultaneous determi- 
nation of iodochlorhydroxyquin and hydrocortisone in ointments and 
creams using phenyl salicylate as an internal standard. Ointment samples 
were extracted by direct dissolution in ether. Homogeneous suspensions 
of the creams were prepared in the mobile phase. The samples were 
spiked by the addition of standard iodochlorhydroxyquin, standard 
hydrocortisone, and the internal standard and subsequently extracted 
with the mobile phase. HPLC was performed using a reverse-phase mi- 
croparticulate C-18 column, a precolumn, and a UV detector set a t  256 
nm. A mobile phase containing methanol and 0.05 M phosphoric acid 
(7030) was employed at  a flow rate of 1 ml/min. The percent iodochlo- 
rhydroxyquin and hydrocortisone found to be present in eight commercial 
products is reported. 

Keyphrases 0 Iodochlorhydroxyquin-simultaneous determination 
with hydrocortisone, ointment and cream, high-performance liquid 
chromatography Hydrocortisone-simultaneous determination with 
iodochlorhydroxyquin, ointment and cream, high-performance liquid 
chromatography High-performance liquid chromatography-simul- 
taneous determination of iodochlorhydroxyquin and hydrocortisone, 
ointment and cream 

Iodochlorhydroxyquin (I) is used alone or in combina- 
tion with hydrocortisone (11) as an antimycotic, antibac- 

terial, and anti-inflammatory agent in topical prepara- 
tions. Because of its toxicity, several analytical procedures 
have been developed for the determination of I in biolog- 
ical fluids (1-7). The present pharmacopeial assay method 
for I in creams or ointments (8,9) is time consuming, re- 
quires heating during the extraction procedures (which can 
lead to decomposition of I), and involves the use of an IR 
spectrophotometric assay procedure. Other IR spectro- 
photometeric procedures specific for I in pharmaceutical 
products have also been described (10,ll). However, these 
methods are cumbersome, require a large sample, and in- 
volve the use of carbon disulfide in the assay procedure. 
The pharmacopeial methods for assaying I1 in creams and 
ointments (12) depend on the oxidation of the a-ketol side 
chain by either triphenyltetrazolin chloride or blue 
tetrazolin. Base concentration, water, air, solvent, and light 
are known to interfere with color formation in the tetra- 
zolin reaction (13). Excipients that interfere with color 
formation include sorbitan monooleate, lanolin, and stearic 
acid (14). 

This work describes a high-performance liquid chro- 
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Table V-Force Needed to Detach the Commercially Available Potassium Chloride Formulations from the Isolated Porcine 
Esophagus 

Amount of 
Potassium 

Drug Chloride, 
Product Coating Material 

Mean 
Detaching Force per 

Forcea, Unit Area, 
N mN.mm-2 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

1 .o 
0.6 
1 .0 - .  

0.5 
0.75 
0.75 
1.0 
0.75 
1.0 
0.75 

Polyvinyl chloride; sucrose crystals 
Sugarcoating 
Hydroxypropyl methyl cellulose; silicic acid 
Hydroxypropyl methyl cellulose 
Hydroxypropyl cellulose 
Hydroxypropyl methyl cellulose 
H ydroxypropyl methyl cellulose 
Special wax; talc 
Special wax; talc 
Ethyl cellulose 

0.38 f 0.03 
0.39 f 0.01 
0.54 f 0.04 
0.78 f 0.06 
0.93 f 0.09 
0.94 f 0.12 
0.98 f 0.13 
1.00 f 0.11 
1.10 f 0.13 
1.20 f 0.10 

0.9 
0.9 
1.1 
2.4 ~~ 

2.6 
2.2 
2.1 
2.8 
2.4 
2.2 

a Mean f SD; n = 18. 

with low adherence. In contrast, sparingly water-soluble ingredients (talc, 
titanium dioxide, and ethyl cellulose) and, in addition, lactose, mostly 
increase adherence. 
On the basis of this research it seems possible to develop pharmaceu- 

tical products having a very low tendency to adhere to the esophageal 
mucosa. It seems desirable to develop such products in the case of drugs 
known to cause esophageal strictures or ulcerations, in particular. 
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Abstract 0 A simple isocratic, high-performance liquid chromatographic 
(HPLC) assay procedure was developed for the simultaneous determi- 
nation of iodochlorhydroxyquin and hydrocortisone in ointments and 
creams using phenyl salicylate as an internal standard. Ointment samples 
were extracted by direct dissolution in ether. Homogeneous suspensions 
of the creams were prepared in the mobile phase. The samples were 
spiked by the addition of standard iodochlorhydroxyquin, standard 
hydrocortisone, and the internal standard and subsequently extracted 
with the mobile phase. HPLC was performed using a reverse-phase mi- 
croparticulate C-18 column, a precolumn, and a UV detector set a t  256 
nm. A mobile phase containing methanol and 0.05 M phosphoric acid 
(7030) was employed at  a flow rate of 1 ml/min. The percent iodochlo- 
rhydroxyquin and hydrocortisone found to be present in eight commercial 
products is reported. 

Keyphrases 0 Iodochlorhydroxyquin-simultaneous determination 
with hydrocortisone, ointment and cream, high-performance liquid 
chromatography Hydrocortisone-simultaneous determination with 
iodochlorhydroxyquin, ointment and cream, high-performance liquid 
chromatography High-performance liquid chromatography-simul- 
taneous determination of iodochlorhydroxyquin and hydrocortisone, 
ointment and cream 

Iodochlorhydroxyquin (I) is used alone or in combina- 
tion with hydrocortisone (11) as an antimycotic, antibac- 

terial, and anti-inflammatory agent in topical prepara- 
tions. Because of its toxicity, several analytical procedures 
have been developed for the determination of I in biolog- 
ical fluids (1-7). The present pharmacopeial assay method 
for I in creams or ointments (8,9) is time consuming, re- 
quires heating during the extraction procedures (which can 
lead to decomposition of I), and involves the use of an IR 
spectrophotometric assay procedure. Other IR spectro- 
photometeric procedures specific for I in pharmaceutical 
products have also been described (10,ll). However, these 
methods are cumbersome, require a large sample, and in- 
volve the use of carbon disulfide in the assay procedure. 
The pharmacopeial methods for assaying I1 in creams and 
ointments (12) depend on the oxidation of the a-ketol side 
chain by either triphenyltetrazolin chloride or blue 
tetrazolin. Base concentration, water, air, solvent, and light 
are known to interfere with color formation in the tetra- 
zolin reaction (13). Excipients that interfere with color 
formation include sorbitan monooleate, lanolin, and stearic 
acid (14). 

This work describes a high-performance liquid chro- 
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matographic (HPLC) method that can be used routinely 
to assay I and I1 in ointments and creams. The method is 
simple and combines specificity and sensitivity not at- 
tainable by previously described methods. 

EXPERIMENTAL 

Apparatus-The HPLC system consisted of a reciprocating mini- 
pump'; a stainless steel tube, 6.35-mm 0.d. and 4.76-mm i.d. X 1 m as a 
pulsation damper; a 34.5-MPa (5OOO psi) pressure gaugez; a fixed-volume 
sample injector3 with a 20-pl loop; and a variable-wavelength UV de- 
tector4. A multivoltage 25.4-cm strip chart recorder5 was connected to 
the UV detector. A microparticulate reverse-phase chromatographic 
column (250 X 2.6 mm, packed with ODS-HC-SIL-X-16) and a 5 X 
40-mm guard column (RP-18-MPLC7) were connected to the HPLC 
system. The following chemicals were used: iodochlorhydroxyquin8; 
anhydrous ether (analytical reagent gradeIg; methanol distilled in glass, 
residue freelo; phenyl salicylatell; hydrocortisone12; and water, which 
was deionized, demineralized, and glass-distilled in our laboratory. No 
impurities were detected by HPLC in the iodochlorhydroxyquin (I) or 
hydrocortisone (11) reference standards or in the phenyl salicylate internal 
standard. 

Ointments and Creams-The following products used were reported 
by the manufacturers to contain the indicated percentages of each drug: 
product A13, 3% I; product B14, 3% I; product CIS, 3% I and 1% 11; product 
DI6, 3% I and 1% 11; product El7, 3% I, 1% 11, and 0.5% pramoxine hy- 
drochloride; product FIE, 3% I and 0.5% 11; product G'9,3% I and 0.5% II; 
and product H20, 3% I and 1% 11. 

Standards-Stock solutions of I were prepared in methanol at 1.0 
mg/ml. Solutions of I1 and phenyl salicylate were each prepared in the 
mobile phase (methanol-0.05 M phosphoric acid, 7030) and contained 
1.0 mg/ml. These solutions could be stored in the refrigerator for at  least 
2 weeks without deterioration. Working standards were prepared daily, 
using methanol-0.05 M phosphoric acid (7030) to make the desired 
dilutions. 

Chromatographic Conditions-The parameters used for this in- 
vestigation included a reverse-phase column and precolumn, as previously 
described, and a 2 0 4  injector loop, with the recorder chart speed set at 
0.254 mm/min. A mobile phase containing methanol-0.05 M phosphoric 
acid (7030) was used a t  a flow rate of 1 ml/min. The mobile phase was 
filtered using a 0.20-pm filterz1, deaerated under vacuum, and maintained 
at 40' during chromatography. The UV detector was set at  256 nm. The 
column was flushed a t  the end of each day with methanol. Not more than 
30 min was required for column equilibration prior to use each day. 

Extraction Procedures-Ointments-Fifty milligrams of each 
ointment was dissolved in 10 ml of ether by vortexing. Aliquots (200pl) 
were transferred to 20-ml screw-cap vials and spiked with varying 
amounts of I working standard. A fixed amount of the internal standard 
(phenyl salicylate) was added to each vial. In cases where the ointments 

Milton Roy Model 326. 

Rheodyne Inc., Berkeley, CA 94710. 
Model Spectro-Monitor 111; Laboratory Data Control, Riviera Beach, FL 

*Laboratory Data Control, Riviera Beach, FL 33404. 

33404. _ _  .. . 
Beckman Instruments, Palo Alto, CA 94304. 
Serial No. 1303; Perkin-Elmer, Norwalk, CT 06858. 

7 Manufactured by Brownlee Lab and obtained from Rheodyne Inc., Berkeley, 

5-Chloro-7-iodo-8-hydroxyquinoline, Vioform; Ciha Pharmaceutical, Summit, 
CA 94710. 

Nd 07901. 
9 Mallinckrodt Inc., St. Louis, MO 63147. 

1" Burdick and Jackson Labs Inc., Muskegan, MI 49442. 
11 Merck and Co., Rahway, NJ 07065. 
'f Sigma Chemical Co., St. Louis, MO 63178. 

Vioform Cream, Exp. date Aug. 82, Batch No. 13312; Ciba Pharmaceutical, 

14 Vioform Ointment, Exp. date July 84, Batch No. 13642; Ciba Pharmaceutical, 

15 Vioform with H drocortisone Ointment, Exp. date July 83, Batch No. 16171; 

16 Vioform with Hydrocortisone Cream, Exp. date Sept 83, Batch No. 15503; Ciba 

17 F-E-P Cream, EXD. date May 83, Batch No. 3967; Hoots Pharmaceuticals, Inc., 

Summit, NJ 07901. 

Summit, Nd, 07901. 

Ciba Pharmaceuticat Summit, NJ 07901. 

Pharmaceutical, Summit NJ 07901. 

Shreveport, LA 71106. 

ville, PA 18690. 
Racet IXD Cream, Exp. date May 83, Batch No. 6080; Lemmon Co., Sellers- 

19 Racet Cream, Exp. date Jan 85, Batch No. 6626; Lemmon Co., Sellersville, PA 
18690. 

PA 18690. 
Racet 1% Cream, Exp. date July 81, Batch No. 6084; Lemmon Co., Sellersville, 

Catalogue No. EGWP-04700, Millipore Corp., Bedford, MA 07130. 

- 
0 6 12 

MINUTES.. 

Figure 1-Chromatogram of extracted product C to which the internal 
standard (IS), phenyl salicylate (4 wglml), had been added. The 
amounts of iodochlorhydroxyquin (I) and hydrocortisone ( I I )  that were 
present in the product were 2.8 and 0.93%, respectively. The detector 
was set a t  256 nm and 0.02 AUFS. 

contained 11, the ointment solutions were spiked with standard I1 solution 
in addition to I and the internal standard. These solutions were evapo- 
rated to dryness a t  40' under a stream of nitrogen. The contents of each 
vial were dissolved in 10.0 ml of mobile phase by warming, for 1 min on 
a steam bath followed by vortexing for 1 min. After cooling to room 
temperature, aliquots of each solution were removed, diluted with mobile 
phase, and injected onto the column. 

Creams-Fifty milligrams of each cream was uniformly suspended in 
10 ml of mobile phase by vortexing. Aliquots were removed, spiked with 
the standard solutions and internal standard, and evaporated to dryness 
as described above for ointments. The contents of each vial were warmed, 
suspended in 10.0 ml of the mobile phase by warming on a steam bath 
followed by vortexing. Aliquots were subsequently diluted with mobile 
phase and assayed by HPLC. 

RESULTS AND DISCUSSION 

Iodochlorhydroxyquin (I) standard was scanned in methanol-0.05 M 
phosphoric acid (7030) and exhibited maxima a t  256 ( a  = 0.15) and 204 
(a = 0.11) nm. For optimum sensitivity the detector was set a t  256 
nm. 

The use of 4,7-dichloroquinolinez2, 10-chloro-9-anthracenemethan- 
olzZ, 2,4-quinolinedi01~~, 3-quinolinecarbonitrilez~, 5,7-diiodo-8-hyd- 
r o ~ y q u i n o l i n e ~ ~ ,  and 5,7-dichloro-8-hydroxyquinoline2z as internal 
standard was attempted without satisfactory results. 4,7-Dichloroqui- 
noline, 5,7-diiodo-8-hydroxyquinoline, 10-chloro-9-anthracenemetha- 
nol, and 5,7-dichloro-8-hydroxyquinoline had retention times that 
overlapped with I, while 2,4-quinolinediol and 3-quinolinecarbonitrile 
had retention times that interfered with 11. Phenyl salicylate was found 
to be suitable as an internal standard. It was easily separated from I, 
absorbed adequately at 256 nm, and produced consistent peak heights 
when extracted in conjunction with ointments or creams. Suitable re- 
tentions for I, 11, and phenyl salicylate were obtained when a mobile phase 
containing methanol-0.05 M phosphoric acid (70:30) was used. 

T o  determine whether the ointment and cream bases interfered with 
the HPLC of I, 11, or the internal standard, the peak height ratios of the 
absorbances at two different wavelengths (256 and 246 nm) were deter- 
mined on extracts from each product. These results were compared with 
the same ratios for the standard I, 11, and internal standard. No differ- 
ences were found when comparing the respective ratios, indicating that 
constituents in the bases that may have been extracted did not interfere 
with the analyses of the desired compounds. 

Figure 1 is a chromatogram of an extracted ointment (product C) which 
contained I and I1 and was spiked with the internal standard. The ca- 
pacity factor (k') for I was 2.94 and for the internal standard was 1.76, 

22 Aldrich Chemical Co., Inc., Milwaukee, W I  53233. 
23 K and K Laboratories. Plainview, NY 11803. 
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Figure 2-Plots of Ilphenyl salicylate peak height ratio versus amount 
of I added to products A-H. Extrapolation of the regression lines to the 
x-axis and multiplication by the appropriate dilution factor permits 
determination of I in each ointment or cream. The concentration of 
phenyl salicylate added to extracts from the products was 4.0 Fglml. 
Each assay was performed in triplicate; standard deviations are shown 
only when >0.10. 

where the retention times for I (Rt l )  and phenyl salicylate were 7.50 and 
5.25 min, respectively. The elution time of the solvent front (Rto) was 1.90 
min and was determined by injecting methanol onto the column. In cases 
of ointments or creams which contained 11, it was necessary to use the 
mobile phase in the extraction procedure and preparation of the stan- 
dards to elminate the solvent front which interfered with the chroma- 
tographic peak of I1 (Rtn ,  2.50 min). As can be seen in Fig. 1, the peaks 
for I, 11, and internal standard are well separated. Optimum extraction 
of I was obtained with the mobile phase (pH 2.8). Extraction of I from 
ointments and creams a t  other pH values was less efficient. 

Figure 2 shows the regression lines of peak height ratio of iodochlor- 
hydroxyquin (I)/phenyl salicylate versus concentration of I for the eight 
different products examined. Each product was spiked with varying 
concentrations of I, and the determinations were performed in triplicate. 
The mean values are presented with the standard deviations. Correlation 
coefficients for each of the lines for the eight products were >0.96. The 
regression lines for I in products C and D are identical and are presented 
as a single line in Fig. 2; only the largest standard deviations are given. 

In Fig. 3 is plotted the peak height ratios of hydrocortisone (IIVphenyl 
salicylate against I1 concentration for five products that  contained 11. 
Determinations were performed in triplicate, and each value represents 
the mean with the standard deviation. The correlation coefficients for 
each of the plots are again >0.96. The regression lines for I1 in products 
F, G .  and H are identical and are presented as a single line in the 
figure. 

The concentrations of I and I1 found in the eight products, as deter- 
mined by HPLC, are presented in Table I and were derived by using the 
regression lines presented in Figs. 2 and 3. These results are compared 
with the percentages of I and I1 claimed to be present in the products by 

4.01 

""1, scale a. 

scale b. 

PRODUCT I 

I 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 
0 0.5 1 1.5 2 2.5 3 3.5 4 

AMOUNT OF I I  ADDED, rg/ml 

Figure  3-Regression lines of Illphenylsalicylate peak height ratio 
versus amount of I1 added to products C, D, F, G,  and H.  The x-intercept 
of each regression line when multiplied by the appropriate dilution 
factor yields the concentration of I I  in the ointment or cream. The 
concentration of phenyl salicylate added to each product extract was 
4.0 pgglrnl. Each assay was performed in triplicate; standard deviations 
are shown only when >0.10. 

the manufacturers. As can be seen, the concentrations of I and I1 do not 
agree with the manufacturers' claims in all cases. 

Products E and H were reported to contain 3% I, but were experi- 
mentally determined to contain only 2.0%; product C was purported to 
contain 3% 1, but was experimentally found by HPLC to contain only 
2.4%. These discrepancies may in part be due to the decomposition of I 
to products which were not extracted by the methods employed. No 
unidentified components were detected by HPLC (Fig. 1). The formation 
of unextracted complexes between I and constituents in the ointment 
bases is not likely based on the recovery data presented in Table 11. The 
results obtained for products E, C, and H were reproducible on repeated 
analysis. As previously stated, for all other products containing I good 
agreement between the concentrations of I claimed by the manufacturers 
and the amounts determined by HPLC was obtained. 

Compound I1 was present in six products; the concentration of I1 could 
be determined in five of the products. The concentrations of I1 deter- 
mined experimentally by HPLC for two of the products contained 20% 
less than that claimed by the manufacturer. Better agreement was ob- 

Tab le  I-Results of HPLC Assay of Iodochlorhydroxyquin and  
Hydrocortisone in Ointments a n d  Creams 

Claimed by Manufacturer, ?k Determined by HPLC, '6 
lodochlor- Hydro- Iodochlor- Hydro- 

Product hvdroxvauin cortisone hvdroxvain cortisone 

A 3 
B 3 
C 3 
D 3 
E 3 
F 3 
G 3 
H 3 

- 2.8 
3.0 

1 2.8 0.93 
1 2.8 0.88 
1 2.0 ND" 

0.5 3.1 0.40 
0.5 2.4 0.40 
1 2.0 0.88 

- 
- - 

~ 

0 Not determined 

Tab le  11-Percent Recovery of Iodochlorhydroxyquin and 
Hydrocortisone from Extracted Ointments and  Creams a 

Product Iodochlorhydroxyquin Hydrocortisone 

G 
H 

87.1 f 4.6 
95.3 f 1.5 
97.9 f 0.9 
92.3 f 0.0 
57.9 3.4 
94.0 f 3.9 
90.0 f 0.0 
79.9 f 1.4 

- 
91.2 f 1.9 
63.4 f 3.9 

ND 
77.3 f 5.7 
83.2 f 5.5 
71.4 f 0.0 

0 Each value is the mean with the standard deviation for three determinations. 
Not determined. 
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tained for the other three products between our results and the purported 
concentrations of 11. Product D contains pramoxine hydrochloride, which 
had a retention time on HPLC that overlapped with 11, precluding the 
determination of I1 in this product. 

Table I1 presents the percent recovery of I and I1 from each of the 
products as determined without the addition of the internal standard, 
phenyl salicylate. Approximately 5b98% of I was recovered, while 63-91% 
of I1 was recovered. 

In summary a simple, precise, and accurate HPLC method has been 
developed that can be used for routine analysis and quality control for 
iodochlorhydroxyquin and hydrocortisone in creams and ointments. 
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Abstract A high-performance liquid chromatographic (HPLC) assay 
to quantitate methylparaben in urine was developed. Standard curves 
were linear and recovery of the paraben from urine averaged 82.6%. The 
urinary excretion of methylparaben in six preterm infants (531 weeks 
gestational age), who were receiving intramuscular injections of a para- 
ben-containing gentamicin formulation, ranged from 13.2 to 88.1%. Small 
quantities of the metabolite, p-hydroxybenzoic acid, were detected by 
GC-MS. 
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of a paraben-containing gentamicin formulation. No re- 
duction in the albumin binding capacity for bilirubin was 
detected (3). The differences seen between this in uiuo 
study and the in uitro studies may have been due to in uiuo 
preservative catabolism or low paraben serum levels 
achieved after intramuscular injection. The concentrations 
of methylparaben used in uitro were relatively high, e.g., 
167 pg/ml of serum (2). 

In this study, the excretion and metabolism of methyl- 
paraben was monitored in preterm infants after they had 
received multiple doses of a gentamicin formulation con- 
taining paraben preservatives. 

Methylparaben (methyl p-hydroxybenzoate) and pro- 
pylparaben (propyl p -hydroxybenzoate) are used in 
combination (in some medications) as preservatives. Re- 
ports that methylparaben can displace bilirubin from its 
binding sites on albumin in uitro has produced some 
concern regarding its use in medicinal formulations ad- 
ministered to the newborn and, in particular, the preterm 
infant (1-3). Displacement of bilirubin from its binding 
sites in infants with neonatal jaundice could lead to brain 
damage (kernicterus). 

Gentamicin, an effective antibiotic for treatment of a 
neonatal Gram-negative sepsis, was also suspected of being 
a bilirubin displacer (4). Subsequent experiments have 
proven that gentamicin does not displace bilirubin (2,5). 
However, some gentamicin formulations do contain 
methylparaben as a preservative. In an in uiuo study a 
group of infants received a single intramuscular injection 

EXPERIMENTAL 

Materials-Methyl-, propyl-, and n-butylparabens’, phosphoric acid2, 
glacial acetic acid3, and sodium hydroxide4 were obtained commercially, 
and appropriate aqueous or methanolic solutions were prepared as re- 
quired. Urine samples were extracted with freshly glass-distilled ether5. 
An acetate buffer (100 ml, pH 5.0) was prepared by mixing 0.2 M acetic 
acid (14.8 ml), 0.2 M sodium acetate2 (35.2 ml), and water. A 1 M car- 
bonate buffer (pH 9.5) was prepared by adding sodium carbonate2 (5.3 
g) and sodium bicarbonate2 (4.2 g) to water (100 ml). Gentamicin6 was 
obtained commercially; each vial (2 ml) contained gentamicin (80 mg), 
methylparaben (3.6 mg), and propylparaben (0.4 mg). 

Patients-Six preterm babies (4 males, 2 females), with estimated 
gestatinal ages of 26-31 weeks and birth weights of 0.69-1.50 kg, were 
studied. Each infant was admitted to the neonatal intensive care unit and 

Sigma Chemical Co., St. Louis, Mo. * Ajax Chemicals Ltd., Sydney, Australia. 
B.D.H. Chemicals (Aust) Pty. Ltd., Fairy, Vic., Australia. * E. Merck, Darmstadt, West Germany. 
Anesthetic ether B.P.; Hoechst Australia Ltd., Melbourne, Vic., Australia. 

6 Gentamicin Injection, B.P.; David Bull Lab. Pty. Ltd., Mulgrave, Vic., Aus- 
tralia. 
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tained for the other three products between our results and the purported 
concentrations of 11. Product D contains pramoxine hydrochloride, which 
had a retention time on HPLC that overlapped with 11, precluding the 
determination of I1 in this product. 

Table I1 presents the percent recovery of I and I1 from each of the 
products as determined without the addition of the internal standard, 
phenyl salicylate. Approximately 5b98% of I was recovered, while 63-91% 
of I1 was recovered. 

In summary a simple, precise, and accurate HPLC method has been 
developed that can be used for routine analysis and quality control for 
iodochlorhydroxyquin and hydrocortisone in creams and ointments. 
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of a paraben-containing gentamicin formulation. No re- 
duction in the albumin binding capacity for bilirubin was 
detected (3). The differences seen between this in uiuo 
study and the in uitro studies may have been due to in uiuo 
preservative catabolism or low paraben serum levels 
achieved after intramuscular injection. The concentrations 
of methylparaben used in uitro were relatively high, e.g., 
167 pg/ml of serum (2). 

In this study, the excretion and metabolism of methyl- 
paraben was monitored in preterm infants after they had 
received multiple doses of a gentamicin formulation con- 
taining paraben preservatives. 

Methylparaben (methyl p-hydroxybenzoate) and pro- 
pylparaben (propyl p -hydroxybenzoate) are used in 
combination (in some medications) as preservatives. Re- 
ports that methylparaben can displace bilirubin from its 
binding sites on albumin in uitro has produced some 
concern regarding its use in medicinal formulations ad- 
ministered to the newborn and, in particular, the preterm 
infant (1-3). Displacement of bilirubin from its binding 
sites in infants with neonatal jaundice could lead to brain 
damage (kernicterus). 

Gentamicin, an effective antibiotic for treatment of a 
neonatal Gram-negative sepsis, was also suspected of being 
a bilirubin displacer (4). Subsequent experiments have 
proven that gentamicin does not displace bilirubin (2,5). 
However, some gentamicin formulations do contain 
methylparaben as a preservative. In an in uiuo study a 
group of infants received a single intramuscular injection 

EXPERIMENTAL 

Materials-Methyl-, propyl-, and n-butylparabens’, phosphoric acid2, 
glacial acetic acid3, and sodium hydroxide4 were obtained commercially, 
and appropriate aqueous or methanolic solutions were prepared as re- 
quired. Urine samples were extracted with freshly glass-distilled ether5. 
An acetate buffer (100 ml, pH 5.0) was prepared by mixing 0.2 M acetic 
acid (14.8 ml), 0.2 M sodium acetate2 (35.2 ml), and water. A 1 M car- 
bonate buffer (pH 9.5) was prepared by adding sodium carbonate2 (5.3 
g) and sodium bicarbonate2 (4.2 g) to water (100 ml). Gentamicin6 was 
obtained commercially; each vial (2 ml) contained gentamicin (80 mg), 
methylparaben (3.6 mg), and propylparaben (0.4 mg). 

Patients-Six preterm babies (4 males, 2 females), with estimated 
gestatinal ages of 26-31 weeks and birth weights of 0.69-1.50 kg, were 
studied. Each infant was admitted to the neonatal intensive care unit and 

Sigma Chemical Co., St. Louis, Mo. * Ajax Chemicals Ltd., Sydney, Australia. 
B.D.H. Chemicals (Aust) Pty. Ltd., Fairy, Vic., Australia. * E. Merck, Darmstadt, West Germany. 
Anesthetic ether B.P.; Hoechst Australia Ltd., Melbourne, Vic., Australia. 

6 Gentamicin Injection, B.P.; David Bull Lab. Pty. Ltd., Mulgrave, Vic., Aus- 
tralia. 
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Figure 1-Chromatograms (HPLC) of urine extracts. Key: ( A )  urine 
sample spiked with rnethylparaben (I), propylparaben (II), and 
butylparaben (111); (R) urine from a subject receiving a paraben-con- 
taining gentarnicin formulation. Key: ( I )  rnethylparaben, (11) an en- 
dogenous substance, (III) butylpara ben. 

was being treated for suspected sepsis with intramuscular gentamicin, 
2.5 mg/kg every 18 hr or 3.0 mg/kg every 24 hr. Each infant was given 
gentamicin from the first day of extrauterine life. For infants on the 
2.5-mgkg dosage regimen, urine collection was 18 hr in duration and thus 
spanned the dosage interval. When the infant voided, time and volume 
were recorded and the collecting device' was replaced. With the two in- 
fants on the 3.0-mg/kg dosage regimen, urine was collected only when 
the collecting device was filled, and the total 24-hr urine was pooled prior 
to analysis. None of the infants were on any other drugs containing 
methylparaben as a preservative. Four of the infants were receiving 
electrolytes, vitamins, and amino acid nutrition (hyperalimentation, no 
paraben preservatives). The other two infants were on their first day of 
pooled breast milk. 

Extraction of Urine Samples-Aliquots (1-2 ml) of urine from each 
collection period were diluted with an equal volume of acetate buffer and 
incubated in a water bathsat 37' for 18 hr with @-glucuronidaseg (5 mg) 
and sulfatase'O (5 mg). n-Butylparaben (800 mg) was added as the in- 
ternal standard, and the hydrolyzed urine was adjusted first to pH 9 for 
extraction of methylparaben using carbonate buffer (400-600 pl) and 
then to pH 2 for extraction of metabolites with phosphoric acid. The urine 
samples (pH 9) were extracted" twice with ether (5 ml) for 1 min, and 
then centrifuged12 at  lOOOXg for 5 min. The organic layers were back- 
extracted into a 0.1 M NaOH solution (300 pl) and the ethereal layer was 
discarded. The basic solution was acidified (pH 2) with phosphoric acid 
(1 drop) and subsequently extracted with ether (5  ml). After centrifu- 
gation (lOOOXg) the ether was transferred to a glass evaporation tube. 
A tapered pipetI3 with a sealed end was inserted and the tube placed in 

- 

U-Ba ,newborn size; Hollister Inc., Chicago, Ill .  
8 GareJThermoline Pty. Ltd., Smithfield, N.S.W. Australia. 

No. G-0251, Type B-1; Sigma Chemical Co., St. Louis, Mo. 
No. S-8504, from limpets Patella uulgata,  Type IV; Sigma Chemical Co., St. 

I' Vortex-Genie; Scientific Industries Inc., Springfield, Mass. 
12GS-200 centrifuge; H. d. Clements Pty. Ltd., Sydney. Australia. 
l3  Disposable Pasteur pipets (9"); Lab. Supply Pty. Ltd.. Sydney. Australia. 

Louis. Mo. 

Tab le  I-Urinary Excretion of Methylparaben 

Amount Total 
Administered, Amount Detected, Percent of Dose 

Patient Pg Excreted 

A 70.0 
170.0 

9.24 
27.7 
74.9 
21.7 
67.9 
54.6 

13.2 
16.3 
88.1 
16.1 
35.7 
34.1 

(I Urine collected over 24 hr. 

a 40' water bath14. Immediately after evaporation the tubes were stop- 
pered and placed in an ice bath to allow the ether to condense and wash 
down the inner walls of the evaporation tube. The condensed ether was 
evaporated under a nitrogen stream. Before injection into the liquid 
chromatograph, the residue was reconstituted in 200 pl of mobile phase 
by mixing" (30 sec). 

After extracting at pH 9, urine samples were adjusted to pH 2 and 
extracted twice with ether (5 ml) in a similar fashion to  that  described 
above. The ether was evaporated and the residues derivatized utilizing 
N,N-dimethylformamide di-n-butyl a c e t a P  (20 pl) and acetonitrile' 
(10 pl; silylation grade). The stoppered tubes were heated (water bath, 
48') for 15 min before injection into the gas chromatograph-mass spec- 
trometer. 

High-Performance Liquid Chromatography (HPLC)-Methyl- 
paraben concentrations were determined utilizing a liquid chromato- 
graphI6 equipped with a loop injection system17 and a 30 cm X 3.9-mm 
(i.d.) octadecylsilane columnla. A UV detectorlg equipped with a 254-nm 
filter and a dual-pen recorderz0 (with inputs set at  10 mV and chart speed 
of 20 cmhr )  was used. The mobile phase, HPLC-grade acetonitrile*' and 
0.05% phosphoric acid (40:60) was pumped through the column at 90 
ml/hr, resulting in an inlet pressure of 900 psig. 

Gas  Chromatography-Mass Spectrometry (GC-MS)-GC-MS 
was performed on a GC-mass spectrometer equipped with a data sys- 
ternz2. The chromatographic column was a 0.9 m X 2-mm (i.d.) coiled, 
glass column packed with 3% OV-17 on 100-120 mesh Gas Chromosorb 
QZ3. The injection port temperature was 240°, and the helium flow rate 
30 ml/min. The column was heated at 160" (1 min) and then increased 
to 220" (2 min) a t  a rate of 10°/min. A solvent wait period of 0.5 min was 
employed. 

Methylparaben concentrations were calculated from standard curves 
made after extracting known quantities of methylparaben which had been 
added to urine. A standard curve was plotted as the peak height ratio of 
methylparaben to internal standard (butylparaben) against known 
methylparaben concentrations. Creatinine levels were determined using 
the rJaffe kinetic reaction". 

RESULTS AND DISCUSSION 

The gentamicin administered intramuscularly to the infants in this 
study contained both methyl- and propylparaben. HPLC analysis of 
spiked urine extracts gave two well-defined peaks adequately separated 
from the internal standard, butylparaben (peak 111, Fig. 1A). Peaks I and 
I1 (Fig. 1A) are methyl- and propylparaben, respectively. The urine ex- 
tracts from the infants in this study showed, on ahalysis, one major peak 
(peak I, Fig. 1B) other than the internal standard (peak 111) which was 
not present on analysis of a control urine extract. The solvent eluant 
corresponding to the retention time of peak I (Fig. 1B) was collected, 
extracted, and identified by GC-MS as methylparaben (molecular ion, 
rn/z 152). Peak I1 (Fig. 1B) was due to an endogenous substance. Although 
it was not the intention of this study to measure propylparaben levels, 

I4 Ken Lab WBCG; Townson (Ir Mercer Distributors Pty. Ltd., Sydney, Aus- 

l S  n-Butyl8: Pierce Chemical Co., Rockford, Ill. 
l6  Varian Aerograph 8500 Liquid Chromatograph; Varian Instruments, Palo Alto, 

17 Valco, Houston, Tex. 

l9 Model 440 ultraviolet detector; Waters Associates lnc., Milford, Mass. 
2o Model 585; Cole Parmer, Chicago, 111. 
21 Waters Associates Inc., Milford, Mass. 
22 Model 5992 GC/MS system controlled by a Flexible Disc Software using the 

H P  Model 9825 Desk Computer and HP  9885 Flexible Disc Drives; Hewlett- 
Packard, Avondale, Pa. 

23 Applied Science, Milton Roy Co., State College, Pa. 
24 Smith Kline Co., Sydney, Australia. 

tralia. 

Calif. 

CIS p-Bondapak column; Waters Associates Inc., Milford, Mass. 
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this paraben was detectable, and verified by GC-MS (molecular ion, m/z 
166) in the pooled 24-hr urine extracts. The samples obtained a t  the time 
of urine void during the 18-hr collection period were not of sufficient 
volume for propylparaben analysis. The standard curve for the HPLC 
analysis of methylparaben was linear (r2,  coefficient of determination, 
0.996) over a concentration range of 100-2000 ng/ml. The mean recovery 
of methylparaben from urine was 82.6 f 4.9% (SD) .  

The percentage of the methylparaben dose accounted for in hydrolyzed 
urine samples (collected over 18 or 24 hr) after gentamicin administration 
varied from 13.2 to 88.1% (Table I). Of the methylparaben excreted in 
the urine the majority was in conjugated form. Extraction of nonhydro- 
lyzed urine samples yielded <1% methylparaben. Analysis of a single 
urine sample divided into three aliquots and hydrolyzed with sulfatase, 
0-glucuronidase, or 0-glucuronidase in combination with sulfatase in- 
dicated sulfate conjugates were more abundant (19% greater) than glu- 
curonides. Levy et al. (6) noted the decreased phenolic glucuronidation 
of acetaminophen was partially compensated, in the full-term neonate, 
by a well-developed capacity for sulfate conjugation. 

A number of factors may be responsible for the poor recovery of 
methylparaben in most of these infants. The patients may not have 
achieved a steady state with respect to parabens. However, each infant 
had been receiving gentamicin from the f i t  day postpartum. The volume 
of distribution is increased due to a greater total water content in the 
newborn and a higher ratio of extracellular to intracellular water (7). 
Extracellular fluid in the newborn may be as high as 45% (8). The maxi- 
mum urinary excretion rate of methylparaben in the infants varied, 
ranging from 1.5 to 17 hr (A, 4.5 hr; C, 6.25 hr; D, 1.5 hr; F, 17 hr). This 
variability may, in part, be due to differences in intramuscular absorption. 
Peripheral vasomotor instability, changes in relative blood flow of muscles 
(due to maturational adaptation), and relative insufficiency of muscular 
contractions account for variation in intramuscular absorption in the 
newborn (7). 

One patient (C) who was 11 days of age excreted 88.1% of the admin- 
istered methylparaben (Table I). Serum creatinine determinations (Table 
11) indicated renal function was adequate. Only two infants had creatinine 
levels within the normal range (<0.10 mmoleshiter). An improvement 
in glomerular filtration is usually seen within the first few days of the 
preterm infants' extrauterine life (7). 

Methylparaben may be eliminated by routes other than renal excretion 
and/or metabolized by means other than conjugation. The only metab- 
olite detected was p-hydroxybenzoic acid. GC-MS analysis of a pH 2, 
butylated, hydrolyzed urine extract revealed a small peak ( R T ,  3.1 min) 
which gave prominent ions at m/z 194,138, and 121. These latter ions 
were due to the loss of a C4H8 molecule and a CdH90 radical, respectively, 
from the molecular ion of n-butylparaben, m/z 194. The retention time 
and mass spectral data were identical to those obtained on GC-MS 
analysis of an authentic sample of p-hydroxybenzoic acid which had been 
treated with N,N-dimethylformamide di-n-butyl acetal. The recovery 
of this metabolite was not attempted because the peak was small and in 
some cases appeared only as a shoulder on an endogenous urine peak. 
Perhaps the small recovery of this metabolite is not surprising since es- 
terase activity in preterm infants is low (8). 

Glycine conjugation is evident in hepatic, renal, and intestinal tissue 
a t  relatively early stages of gestation (9). The glycine conjugate of p -  
hydroxybenzoic acid was not detected, but hippuric acid (glycine con- 
jugate of benzoic acid) was seen in the butylated pH 2 urine extracts. 
GC-MS analysis of these extracts revealed a peak (RT, 4.1 min) with a 
molecular ion a t  m/z 235 and prominent ions a t  m/z 134 and 105 due to 
the loss of CSH902 and CeH12N02 fragments, respectively, from the 
molecular ion. p-Hydroxyhippuric acid, the glucuronide of p-hydroxy- 

Table  11-Patient Data 

Serum 
Birth Wt., Gestational Postpartum Creatinine, 

Patient kg Age, weeks Age, days mmoles/liter 

A 0.69 26 3 0.16 
B 1.20 27 3 0.05 ~ ~ ~~ 

C 0.83 21 
D 1.19 30 
E 1.45 30 

11 0.03 
3 0.13 
7 0.13 

F 1.50 31 3 0.13 

benzoic acid, and the ether sulfate of p-hydroxybenzoic acid were the 
main metabolites detected in the urine and bile of the rat after the ad- 
ministration of ethylparaben (10). 

Although the number of infants studied is small, recovery of methyl- 
paraben appears to improve as gestational and postpartum age increase. 
Excluding patient C (discussed earlier), the recoveries were greatest in 
patients E and F (Table I). Both of these infants were 31 weeks concep- 
tional (gestational plus postnatal) age. 

In conclusion, the excretion of methylparaben by the urinary route, 
in preterm infants is variable during the first few days of extrauterine 
life. These infants are often on medications, such as gentamicin, that 
contain paraben preservatives for extended periods of time. Whether 
there is an accumulation of the preservatives in the body and whether 
after repeated injections the albumin binding capacity for bilirubin is 
affected remains to be determined. I t  is not uncommon for preterm in- 
fants to have neonatal jaundice. In fact, except for patient F the preterm 
infants in this study had jaundice which was treated with phototherapy. 
The differences seen between the in uitro and in uiuo studies (1-3) cannot 
be explained by preservative metabolism or urinary excretion in the 
preterm infant as postulated by Woods et al. (3). 
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Interaction of Povidone with Aromatic Compounds IV: 
Effects of Macromolecule Molecular Weight, Solvent 
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Abstract Complex formation of ligand molecules with povidone was 
investigated to elucidate the effect of the molecular weight of the mac- 
romolecule and the influence of the solvent dielectric constant on the 
complexing tendency. The higher molecular weight polymers were more 
effective complexing agents than those with lower degrees of polymer- 
ization. When studying complex formation as a function of the dielectric 
constant (D), a linear relationship was noted between D and log B/F (BIF 
representing the ratio of bound to free ligand); the use of solvent mixtures 
to achieve a range of solvent dielectric constants enabled changes of the 
pH of the solvent, ligand dissociation, and solubility of the ligand and 
macromolecule. Of the variables under investigation, only the change in 
ligand solubility seemed to play an important role: a linear relationship 
was noted between the complexing tendency (log B/F)  and the logarithm 
of the inverse of the ligand molecule solubility in the solvent mixtures 
(log US). It was concluded that the change in solubility of the ligand was 
the predominant factor in the decrease of the complexing tendency with 
decreasing dielectric constant. 

Keyphrases Povidone-complex formation with salicylic acid, in- 
fluence of molecular weight, solvent dielectric constant, and ligand sol- 
ubility Salicylic acid-complex formation with povidone, influence 
of polymer molecular weight, solvent dielectric constant, and solubility 
0 Complex formation-salicylic acid and povidone, influence of polymer 
molecular weight, solvent dielectric constant, and ligand solubility 

The effect of the molecular weight of povidone on the 
complexing tendency of ligand molecules has been studied 
(14). Either a positive effect (1,2) or no effect a t  all was 
noted (3,4).  However, no interpretative statements were 
given. It was also observed (5) that the complexing ten- 
dency of ligand molecules with povidone decreases with 
a decrease of the dielectric constant. Such dependence as 
a function of dielectric constant is generally attributed to 
hydrophobic bondings (6-8). However, varying the di- 
electric constant also has an effect on the solubility of the 
ligand molecule. It was the purpose of this report to study 

1 1 I I L 
1 2 3 4 5 

01 

POVIDONE, % (w/v) 

Figure 1-Ratio of the total to free concentration of salicylic acid as 
a function of the concentration ofpouidone with molecular weights of 
11,500 (@), 25,000 (A), and 700,000 fW. Initial salicylic acid concen- 
tration: 1.00 X M; p H  7.00; 25.0". 

the influence of the molecular weight of povidone on the 
complexing tendency of the ligand molecule and to in- 
vestigate the possible relationships between the dielectric 
constant of the solvent, solubility of the ligand, and com- 
plex formation with povidone. 

EXPERIMENTAL 

Reagents-Povidone with molecular weights (weight average values) 
of 11,500l (batch I), 25,O0O2 (batch II), and 700,0003 (batch 111) was used. 
I t  was oven-dried a t  50" until constant weight was achieved. As ligand 
molecules, the following compounds were employed: salicylic acid4, 4- 
hydroxysalicylic acids, and 5-hydroxysalicylic acid4. A phosphate buffer 
of pH 7.00 with a 0.25 ionic strength was used. The pH of the buffer was 
controlled with a potentiometric pH measurement6 and adjusted as 
necessary. Different ethanol-water (from 0.0 to 20.0% v/v ethanol) and 
propylene glycol-water (from 0.0 to 50.0% v/v propylene glycol) mixtures 
were prepared, providing solvents with a wide range of dielectric con- 
stants. 

Ultrafiltration-Ultrafiltration was used to investigate the ligand- 
macromolecule interactions. The equipment used was described previ- 

Spectrophotometric Analysis-The concentration of unbound li- 
gand was determined spectrophotometrically in the ultrafiltrate. Cor- 
rections for membrane adsorption effects were made, and the concen- 
tration of bound ligand was calculated from the difference between the 
concentration of total and unbound cosolute. The spectrophotometric 
measurements were performed with a double-beam spectrophotometer7 
a t  the respective A,,, of the ligand molecules, after appropriate dilu- 
tion. 

Effect of Molecular Weight of Povidone on Complex Forma- 
tion-Two concentrations of the three batches of povidone were dis- 
solved in a phosphate buffer (pH 7.00) containing 1.00 X 10-2M salicylic 
acid. Ultrafiltration was carried out a t  25.0". 

Effect of Dielectric Constants on Complex Formation-Salicylic 
acid, 4-hydroxysalicylic acid, and 5-hydroxysalicylic acid were dissolved 
in a range of ethanol-water mixtures (0.0 to 20.0% v/v ethanol), containing 
the macromolecule povidone (batch 111). For 5-hydroxysalicylic acid, 
batch I povidone was also used. The latter ligand molecule was also dis- 
solved in propylene glycol-water mixtures (0.0 to 50.0% v/v propylene 
glycol). The dielectric constants of the solvent mixtures were measured 
a t  25.0" and 35.0°8. 

Solubility Measurements-The solubility data for salicylic acid and 
4-hydroxysalicylic acid were obtained by placing amounts of the two 
compounds, in excess of their solubility, in 25 ml of the ethanol-water 
mixtures (0.0 to 20.0% v/v ethanol) in stoppered flasks. The suspensions 
were agitated a t  25.0" and 35.0°, respectively, in a water bath. After 
equilibrium, the flasks were removed from the water bath, and the con- 
tents were quickly filtered through filter paperg. Suitable aliquots of the 
clear filtrate were pipetted, appropriately diluted with the respective 
solvent mixtures, and the absorbance of the samples was determined. 

ously (9). 

Polyvinylpyrrolidone, Kollidon K17, batch I, BASF, Brussels, Belgium. 
Polyvinylpyrrolidone, Kollidon K25, batch 11, BASF, Brussels, Belgium. 
Polyvinylpyrrolidone, Kollidon Kw, batch 111, BASF, Brussels, Belgium. 
Merck. Darmstadt, West Germany. 
Merck-Suchardt. 
Radiometer Copenhagen, Denmark. 
Perkin-Elmer Model 124. 
Dekameter DK WTW Weilheim. West Germany. 

9 No. 2 Whatman. 
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Table I-Intrinsic Viscosity of Povidone (Batch 111) in Solvent 
Mixtures 
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Figure 2-Variation in  the complexing tendency of ligand molecules 
with the dielectric constant of the solution (solvent: ethanol-water). 
Key: (0) 25.0'; (0) 35.0'; (40HS)  4-hydroxysalicylic acid (5.00 X 10-3 
M) plus 4.00% povidone, batch I l l ;  (50HS) 5-hydroxysalicylic acid (5.00 
X 
M) plus 4.00% pouidone, batch I l l .  

Viscometric Analysis-Using capillary viscometers, the intrinsic 
viscosities of povidone dissolved in water, 20% (v/v) ethanol, and 50% 
(v/v) propylene glycol were determined a t  25'. Temperature was con- 
trolled to f0.05'. Povidone concentrations ranged from 0.2 to 1.0%. 

M) plus 5.00F;, pouidone, batch I l l ;  (S) salicylic acid (5.00 X 

RESULTS AND DISCUSSIONS 

Theory of Multiple Equilibria-The principles and concepts fun- 
damental to an understanding of macromolecular binding can be found 
elsewhere (10-16). In this report, the relative tendencies of several ligand 
molecules to form complexes are expressed as the ratio of the total ligand 
concentration ( T )  to the concentration of the free form (F) as a function 
of the percentage of povidone (17-19). This may be written as: 

[PVP] + 1 (Eq. 1) 
concentration of total ligand - T - r ' = concentration of free ligand F F 

---- 

where r is moles of bound ligand/moles of macromolecule and [PVP] is 
the concentration of povidone in the solution. If r/F was constant, i.e., 
if the same type of binding was taking place with increasing povidone 
concentration, T/F  versus [PVP] plots resulted in straight lines (20). 

Effect of Molecular Weight of Povidone on Complex Forma- 
tion-The results expressed as T/F were plotted against the polymer 
concentration in Fig. 1. The higher molecular weight polymers are more 
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4 
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Figure 3-Variation in the complexing tendency of 5-hydroxysalicylic 
acid with the dielectric constant of the solution [5-hydroxysalicylic acid 
(5.000 X J O e 3  M) plus 5.00% pouidone]. Key: (@) solvent propylene 
glycol-water, 25.0°, batch I l l ;  (0) solvent propylene glycol-water, 35.0', 
batch Ill; (A) soluent ethanol-water, 25.0', batch I l l ;  (A) solvent eth- 
anol-water, 25.0°, batch I. 

Solvent Intrinsic Viscosity, g/ml 

Water 140 
20% (v/v) Ethanol 150 
50% (v/v) Propylene glycol 152 

efficient complexing agents than those with lower degrees of polymer- 
ization. 

The two variables that can influence complex formation (i.e., true 
solvation and the number of sites) are, however, independent of molecular 
weight for the same concentration of polymer (expressed in weight per- 
cent). On one hand, it is shown that for the same polymer, true solvation 
is independent of molecular weight if the active sites for solvent are 
equally accessible (12). On the other hand, if specific sites exist, according 
to the complexing theory they also will be independent of molecular 
weight for the same polymer percentage. 

The difference in complexing tendency is in accordance with the ex- 
istence of carboxylic end groups on the polymer (2,211, as shown by IR 
spectroscopy. The end groups per unity weight polymer will be largest 
for the lower molecular weight, accompanied by an increase of solvation; 
this will result in a lower complexing tendency, as dehydration has a 
positive effect on the binding of ligand molecules onto povidone (22). 

Effect of Dielectric Constant on Complex Formation-The results 
expressed as log B/F and BIF (the ratio of bound to free ligand concen- 
tration) were plotted in Figs. 2 and 3 as a function of the dielectric con- 
stant of the solvent, measured at  the same temperatures as the ultrafil- 
tration experiments. For all the derivatives, complex formation was di- 
minished with decreasing dielectric constant (or increasing ethanol or 
propylene glycol concentration). Furthermore, the complexing tendency 
was diminished a t  higher temperatures. Comparing complex formation 
of 5-hydroxysalicylic acid onto povidone batch 111 and batch I (Fig. 3). 
the higher molecular weight macromolecule was the most effective 
complexing agent. 

Figures 2 and 3 corresponded to the following equations: 

(Eq. 2)  

where D is the dielectric constant and bl and a l  are two constants, or: 

(Eq. 3) 

Using Eq. 2, it was noted that log B/F increased linearly with the di- 
electric constant of the solvent or diminished linearly with the percentage 
ethanol or propylene glycol. 

In addition to the dielectric constant, temperature also played a role: 
for salicylic acid and 4-hydroxysalicylic acid (Fig. 2), the lines a t  25.0' 
crossed those at  35.0'; for 5-hydroxysalicylic acid, the two lines are nearly 
parallel. That complex formation is not only dependent on dielectric 
constants could be observed from the results obtained with 5-hydroxy- 
salicylic acid in ethanol-water and propylene glycol-water (Figs. 2 and 
3, respectively). For the same dielectric constant, complex formation was 

B - = 1 0 b l + o l . D  

F 

3.0 1 

w ; 2.0 

s 

1.01 "" ' I I J 
60 70  80 

D 

Figure 4-Solubility (log) of 4-hydrorysalicylic acid and salic-vlic acid 
as a function o f the  dielectric constant. Key: (1) salicylic acid, 25.0"; (2) 
salicylic acid, 35.0'; (3) 4-hydroxysalicylic acid, 25.0"; (4) 4-hydroxy- 
salicylic acid, 35.0'. 
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lowest in the propylene glycol-water mixture. Thus, the nature of the 
solvent must also play a role. 

A diminishing complexing tendency with lower dielectric constants 
is generally attributed to hydrophobic bonds (6-8). However, the use of 
ethanol-water mixtures in differing proportions to achieve a range of 
solvent dielectric constants changed the ionization of the ligand (23). the 
pH of the solution, and the solubility (hydration) (24) of the macro- and 
ligand molecules (23-25). These factors, which also could influence 
complex formation, were investigated. 

Ionization and dissociation of ligand molecules are depressed under 
conditions of low dielectric constant of the medium (23). This factor 
cannot be very important, in view of experimental observations (22) 
where a decrease in the dissociation of ligand molecules enhanced com- 
plex formation; this is not observed for the ligand molecules under in- 
vestigation. 

The difference in hydration of povidone in water, ethanol, and pro- 
pylene glycol solutions was investigated with viscometric measurements. 
The intrinsic viscosities are given in Table I. No attempts were made to 
interpret changes in the Huggins constant (26). since no good interpre- 
tation in small deviations of these constants exists (27,28). 

From Table I, it was observed that the parameters are not significantly 
affected by change in solvent composition; this may possibly indicate that 
the total solvation of povidone was not affected much by changes in sol- 
vent composition. After all, povidone is not only soluble in water, but also 
in alcohol and even in chloroform, and hence, presumably in propylene 
glycol as well. Therefore, alcohol and propylene glycol will also be bound 
to povidone, in addition to water. 

From pH measurements, it is noted that the pH of the solutions is al- 
most unaffected by changing the solvent composition from zero to 20.090 
(v/v) ethanol. At constant pH, ethanol enhances the solubility of weak 
electrolytes, by lowering the polarity of the solvent (23). For povidone 
batches I and 111, the solubility of the ligand molecule is not changed in 
the same solvent composition; therefore, the difference in complex for- 
mation must be due to the macromolecule. The difference in complex 
formation of 5-hydroxysalicylic acid onto the two povidone batches also 
is attributed to the lower hydration of povidone batch 111, enhancing the 
complexing tendency. 

The solubility of two ligand molecules, i .e.,  salicylic acid and 4-hy- 
droxysalicylic acid, as a function of solvent composition and dielectric 
constant was investigated. The results obtained a t  25.0’ and 35.0’ are 
represented in Fig. 4. The values of the ordinate are extinction values. 

The solubility (log) of the two ligand molecules is linearly decreasing 
with increasing dielectric constant of the solvent medium; the decrease 
is faster a t  35.0’ than a t  25.0’. This can be written as: 

l o g s  = b2 - (12. D (Eq. 4) 

where S is the solubility of the compounds and b2 and 0 2  are two con- 
stants or: 

1 
S 

log- + b2 = a2 - D (Eq. 5) 

The relationship between the solubility of the ligand and the com- 
plexing tendency onto povidone can be obtained from Eqs. 2 and 5. Di- 
viding the two equations results in: 

B a  1 a I  log-==log-+ bz-+ b i  
F (12 S a2 

or: 
B 1 log- = a3 log- + b3 
F S 

(Eq. 6) 

(Eq. 7) 

witha& = a3and b3 = (bp.aJa2) + b l .  
The correctness of Eq. 7 was checked with the experimental results: 

the data obtained for 4-hydroxysalicylic acid and salicylic acid (Fig. 2) 
expressed as log B/F were plotted as a function of log 1/S. The deduced 
linear relationship between log BIF and log 1/S in Eq. 7 was confirmed 
experimentally. The corresponding values of 0 3  and bs for salicylic acid 
are 0.492 and 0.823 a t  25.0” and 0.534 and 0.612 a t  35.0”; for 4-hydroxy- 
salicylic acid these values are 0.435 and 1.35 a t  25.0’ and 0.365 and 1.23 
a t  35.0’. A similar relationship was obtained for the interaction of anilines 
to nylon (29). 

Log US is a partitioning term, as it is an equilibrium constant between 
drug (pure) e drug (H20) (30) and is correlated with another partitioning 

function. Indeed, B/F may also be considered a partitioning term ex- 
pressing the partition of ligand between the macromolecule and the 
solvent; it is directly analogous to an organic solvent-water partition 
coefficient. 

From our experiments, it can be concluded that the predominant effect 
of the decrease in complex formation in the solvent mixtures was caused 
by the increasing solubility of the ligand molecules. Correlation between 
complex formation to povidone and solubilities for the two derivatives 
provide additional support for the occurrence of complex formation by 
hydrophobic interactions. 
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Abstract  0 The pharmacokinetics of 1,2-0-isopropylidene-3-0-3’- 
(A’’,”-dimethylamino-n-propy1)-D-glucofuranose hydrochloride (I) was 
studied in dogs at  intravenous and oral doses of 1-50 mg/kg. There was 
no significant difference between the electron-capture GLC of the hep- 
tafluorobutyric derivative of I and the radiochemical assay of chloroform 
extracts of plasma and urine for 1- to 20-mg/kg doses. Urinary amounts 
of I measured by GLC were 20% lower than radioassays of chloroform 
extrarts at the 50-mg/kg dose. The pharmacokinetics of intravenous I 
was described by a two-compartment body model with sequential 
plasma half-lives of 7.5 f 0.7 and 136 f 6 min. No apparent dose-de- 
pendent pharmacokinetics for I was observed on intravenous or oral 
administration. The apparent volume of distribution of the central 
compartment, 13.1 f 0.7 liters, is approximately the volume of the total 
body water in a 20-kg dog. The apparent overall volume of distribution 
of 40.0 f 1.5 liters exceeds the total body water, indicative of sequestra- 
tion of I in tissues. Total and renal clearances were 205 f 5 and 155 f 5 
ml/min, respectively. The high renal clearance of I indicated an excess 
of tubular secretion. Renal clearance of I was not dependent on urine flow 
nor urine pH. Recovery of radioactivity in the feces after I was intrave- 
nously administered was <1%. Plasma protein binding of I was <5%, and 
the erythrocyte-plasma water partition coefficient was approximately 
unity. Compounds excreted in urine were separated into chloroform- 
extractable (pH 12), ethyl acetate-extractable (pH 2), and unextractable 
fractions which were further characterized by TLC. A multiple-extraction 
system was developed to estimate relative amounts and intrinsic partition 
coefficients of these extractable compounds from radioactivity counts 
of scraped plates and was applied to the assay of these compounds in the 
urine after intravenous administration of I. There was a readily chloro- 
form-extractable metabolite with an apparent partition coefficient of 
3.3 and RI 0.43 on TLC in the systems used. This apparent major me- 
tabolite could account for 8% of the administered radioactivity. Minor 
chloroform-extractable metabolites (0.8-3.3%) had lower apparent 
partition coefficients (0.26) but Rf values of 0.28 and 0.44. Ethyl ace- 
tate-extractable compounds (1.3-2.7%) had an apparent partition coef- 
ficient of 0.81 with R, values of 0.52 and 0.68. Three unextractable com- 
pounds had RI values of 0.20,0.50, and 0.62 and accounted for 0.16,2.8, 
and 0.9% of the administered radioactivity. 

Keyphrases 1,2-0- Isopropylidene-3- 0-3’- (N’,N’-dimethylamino- 
n-propy1)-D-glucofuranose-pharmacokinetics, intravenous and oral 
doses, dogs Metabolites-l,2-0-isopropylidene-3-0-8’-(N’,N’-di- 
methylamino-n-propyl)-I,-glucofuranose, multiple extraction, radio- 
chemical analysis in urine, dogs 0 Pharmacokinetics-l,2-0-isopropyl- 
idene-:l-f)-3’-(N’,N’-dimethylamino-n-propyl)-~-glucofuranose and 
metabolites, dogs, intravenous and oral doses 

The properties, stability, assay, and preliminary phar- 
macokinetics in a dog of the immunomodulatory 1,2-0- 
isopropylidene-3-0-3’ - (N’,N’-dimethylamino-n-pro- 
py1)-D-glucofuranose hydrochloride (I) were described 
previously (1). This initial pharmacokinetic study in a dog 
showed that 60-8096 of I was renally excreted unchanged 
and 20-40% as unidentified metabolites a t  doses of 2 and 
10 mg/kg iv. This contrasted with the urinary recovery of 
the GLC-assayed I in humans of 93 f 2% in preliminary 
pharmacokinetic studies, indicative that only a small 
fraction was probably metabolized (2). Assays of chloro- 

form-extracted radioactivity a t  pH 11 from plasma and 
urine appeared to be synonomous to electron-capture GLC 
assays of the heptafluorobutyric derivative of I, indicating 
the greater polarity of the unextracted metabolites. 

This paper presents detailed studies on the pharmaco- 
kinetics of I in dogs after intravenous and oral adminis- 
tration as a function of dose (1-50 mg/kg). A fractionation 
and multiple-extraction system is presented that permits 
the quantitative assays of unidentified metabolites and the 
estimations of the partition coefficients of extractable 
metabolites from radioassays of sequential organic ex- 
tracts. 

EXPERIMENTAL 

Materials-The following analytical grade materials were used: am- 
monium hydroxide’, volumetric concentrations of sodium hydroxide2 
and hydrochloric acid2, chloroform suitable for GC3, ethyl acetate3, iso- 
propyl alcohol3, methanol3, n-propyl alcohol4, 30% hydrogen peroxide4, 
and a toluene-based scintillation cocktail4. 1,2-0-Isopropylidene-3-0-3’- 
(N’,N’-dimethylamino-n-propy1)-D-glucofuranose hydrochloride5 (1) 
and radiolabeled I (randomly 14C-labeled in the glucose component6, 
324.0 mCi/mmole) were used to prepare doses for the pharmacokinetic 
studies. The TLC plates used were silica gel G-coated glass plates’. 

Pu r i ty  of I4C-Labeled I-Radiolabeled [“TI1 applied on TLC and 
developed with n-propyl alcohol-ethyl acetate-water-ammonium hy: 
droxide (6:1:4:1) had a 98% recovery of the administered radioactivity 
at the RI (0.67) of I. No significant radioactivity over background was 
observed for its hydrolysis product, 3-0-3’-(N’,N’-dimethylamino-n- 
propy1)-D-glucofuranose hydrochloride, at  R/ 0.30. In addition no sig- 
nificant radioactivity was observed over background at  any other RI 
value. 

Plasma Protein Binding of I by Ultrafiltration-Fresh dog plasma 
was spiked with 0.1-100 pglml 14C-labeled I (47,000 dpm). An aliquot 
(0.1 ml) was taken prior to filtration to determine total radioactivity. 
Spiked plasma (2.00 ml) was centrifuged through ultrafiltration conesB 
at 3000 rpm for 10 min for no more than 30% (usually 10%) filtration of 
the plasma. Aliquots (0.1 ml) of the ultrafiltrates were assayed by liquid 
scintillation counting (2). Membrane binding (3-29%) of 14C-labeled I 
was found by ultrafiltration of spiked plasma water samples and sub- 
tracted from the studies of spiked plasma. 

Red Blood Cell-Plasma Water  Parti t ioning of I-Red blood cells 
obtained from centrifugation of fresh, heparinized dog blood were washed 
five times with isotonic salineg, recentrifuged, and resuspended in plasma 
water obtained by ultrafiltration to give a hematocrit of 46. Aliquots (2.00 
ml) of the suspensions were spiked with 0.01-100 pglml of 1%-labeled 
I (47,000 dpm), incubated a t  25’ for 30 min, and centrifuged a t  3000 rpm 
for 10 min. Aliquots (0.1 ml) of the original suspension and the separated 

Mallinckrodt, Saint Louis, MO 63147. 
Ricca Chemical Co., Arlington, TX 76012. 

3 Burdick and Jackson Laboratories, Muskegon, MI 49442. 
Scinti-Verse. Fisher Scientific Co., Fair Lawn, NJ 07410. 
Lots 3646 and 13553; Greenwich Pharmaceuticals, Greenwich, CT 06830. 
Lot 1141-220; New England Nuclear, Boston, MA 02118. 
Analtech, Newark, DE 19711. 
Centriflo ultrafiltration membrane cones, CF.50; Amicon Corp., Lexington. 

Sodium Chloride Injection USP; McGaw Lahoratories, Irvine, CA 92714. 
MA 021 73. 
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Figure 1-Linear regressions of (A)  concentrations of I ( [ I ] )  in plasma, f B )  amounts of I (U,) excreted in the urine in a given time interoal, and 
fC) cumulative amounts of I ( Z U d  excreted in the urine at  a given time assayed by electron-capture GLC on the radioassay (LSC) of chloroform 
extracts. Dog A uias administered 24.0 mglkg io of I .  

plasma water were assayed for radioactivity after digestion with 1.00 ml 
of a mixture of solubilizerlO-isopropyl alcohol (1:l v/v) and 0.5 ml of 30% 
hydrogen peroxide. 

The partition coefficient, D, was calculated from the equation cited 
in the literature (3) where the fraction of bound I was taken as zero. 
Partition coefficients between red blood cells and plasma water were also 
determined as a function of time for a 1-pg/ml spiked red blood cell 
suspension. 

Analysis of I4C-Labeled I in  Plasma and  Urine-The electron- 
capture GLC assay of the heptafluorobutyric derivative of I and the ra- 
dioassays after chloroform extraction of plasma and urine were described 
previously ( 1  ). 

Pharmacokinetic Studies of I in Dogs-One male dog (A) received 
intravenous doses of 1.9,2.0,10.0,24.0, and 48.4 mg/kg and oral doses of 
5.1 and 20.0 mg/kg of I4C-labeled I. Except for the 2.0 and 10.0 mg/kg iv 
studies, effected respectively 1 year and 6 months before the others ( l ) ,  

lo Bio-Solv strlubilizer; Beckman Instruments, Fullerton. CA 92634. 

the studies had intervals of 3 weeks. Four other male dogs (B, C, D, and 
E) were intravenously injected with -1,5, and 10 mg/kg at -3-week in- 
tervals. Intravenous doses of known specific activity were injected into 
the jugular catheter" by a three-way stopcock12 over 10 sec. The dosing 
stopcock and catheter were flushed with 10.0 ml of isotonic saline. In the 
oral studies, a tube was placed into the stomach of dog A to administer 
10.0 ml of the solution of 14C-labeled I. The stomach tube was flushed 
twice with 50.0 ml of water before it was removed. 

Blood samples after oral administration were withdrawn a t  2 and 5 min, 
every 5 min up to 60 min, every 10 min up to 90 min, and then a t  the same 
times as previously reported for the intravenous studies (1). Urine sam- 
ples in oral studies were collected a t  the same times as for intravenous 
studies (1). Further details of the treatment of the dogs, before and on 
the days of the experiments, the collection times of plasma and urine for 

I i  Intracath, intravenous placement unit, catheter size 16 eauge, catheter length 
12 inch. needle size 14 gauge; Deseret Pharmaceutical Co., bandy, UT 84070. 

Pharmaseal Inc.. Toa Alta. PH 00758. 
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Table I-Comparison of GLC (y) and LSC ( x )  Assays of Chloroform Extracts of Plasma and Urine With Time by Regression 
Analysisa of the Plasma Concentration of  I af ter  Intravenous and Oral Doses to Dog A 

Dose, 
Assay mg/kg n Range m f s, b f Sb sy .x  r 

[I], Pg/ml 24 iv 26 1-40 1.006 t 0.032 -1.11 f 0.43 1.52 0.988 
48.4 iv 39 0.5-120 0.724 f 0.033 0.91 * 1.29 6.13 0.963 

3 8b 0.5-85 0.941 f 0.029 -2.36 f 0.77 3.26 0.984 
20.0 PO 30 0.3-15 1.161 f 0.070 0.03 f 0.46 1.40 0.952 
24 iv 51 0.4-85 1.074 f 0.040 -1.89 f 1.09 4.69 0.968 
48.4 iv 25 0.1-130 0.820 f 0.013 -1.19 * 0.72 2.62 0.997 
20.0 PO 35 2-55 0.927 f 0.094 1.23 f 2.10 6.23 0.863 
24 iv 18 5-380 0.992 f 0.009 6.27 f 2.61 4.46 0.999 
48.4 iv 25 81-920 0.795 t 0.007 -4.11 f 5.38 9.20 0.999 
20 iv 19 5-365 1.019 f 0.008 -3.11 i 1.91 4.06 0.999 

)x + b (? Sb) ,  where the constants rn and b are the slope and intercept, respectively, of the regression of GLC assays of I (y) on 
LSC ( x )  assays of ch%oform extracts of plasma and urine, and sVx,sm, and Sb are the respective standard errors of estimate; r is the correlation co- 
efficient (4). bThe I-min plasma sample was excluded from the regression analysis. 

w, mg 

ay f sYx = rn (f s 

the intravenous studies, and the handling of the samples were given 
previously (1). 

Treatment of Feces-Feces were collected at 24-hr intervals and 
homogenized with a 10-fold volume of distilled water. An aliquot (0.2 ml) 
was transferred to a scintillation viaP; 0.5 ml of solubilizer1° was added 
and the mixture was digested a t  50' for 1 hr in a water bath. After cooling, 
1 ml of 30% H202 was added dropwise, and the mixture was gently swirled 
for 30 min. After air bubbles were eliminated, 15 ml of liquid scintillation 
fluid was added. Samples were dark-adapted overnight before 
counting. 

Extraction of Urine with Various Organic Solvents and at Dif- 
ferent pH Values-The strategy of extractions is given in Scheme I. 
Aliquots of urine (0.5 ml), before and a t  various times after intravenous 
administration of 1017 and 43.1 mg of [14C]I (48.4 and 1.9 mg/kg), from 
dog A were alkalinized to pH 12 with 0.1 ml of 1 N NaOH. Radioactivity 
before extraction was counted after addition of 10 ml of liquid scintillation 
fluid to 0.02 ml of the alkalinized urine. Alkalinized samples were then 
extracted sequentially 15 times with 5.0 ml of water-saturated chloroform. 
Each chloroform extract was transferred to a scintillation vial and 
evaporated under a nitrogen stream. The dried residues were each re- 
constituted in 10 ml of liquid scintillation fluid, and the radioactivity was 
counted. 

The aqueous phase, previously extracted 15 times with chloroform, 
was acidified with 2 N HCI to pH 2, and then extracted seven times se- 
quentially with 5.0 ml of water-saturated ethyl acetate. Each ethyl acetate 
extract was transferred to a scintillation vial and evaporated under a 
nitrogen stream. The dried residues were each reconstituted in 10 ml of 
liquid scintillation fluid to count radioactivity. 

After all chloroform and ethyl acetate extractions, 10.0 ml of liquid 
scintillation fluid was added to 0.05 ml of the aqueous phase to count 
unextractable radioactivity. The remaining aqueous phase was neu- 
tralized with 2 N NaOH to pH -7, and an aliquot (0.05 ml) was applied 
on a silica gel-coated TLC plate. Aliquots of solutions of the administered 
radiolabeled drug, 585 and 1056 ng in 0.6 ml of blank urine and distilled 
water, respectively, were treated similarly (Scheme I). 

TLC Separation of Chloroform- and Ethyl Acetate-Extractable 
and Unextractable Radioactivity-An aliquot (0.05 ml) of the final 

0.5 ml of urine ~ l u s  0.1 ml 1 N NaOH 

radioactivity residual aqieous phase 
measured in plus 0.1 ml of 2 N HCI 
each chloroform 
extract 

radioactivity residual 
measured in aqueous 
each ethyl acetate phase radio- 
extract activity 

I I 

measured, and 
neutralized 
phase separated 
on TLC 

Scheme I-Multiple extractions of urine taken a t  various times after 
intravenous administration of 48.4 rnglkg of '4C-labeled I to dog A. 

l3  Kimble, Division of Owens-Illinois, Toledo, OH 43668. 

aqueous phase, previously multiple extracted by chloroform and ethyl 
acetate, was neutralized, spotted on a silica gel G-coated glass plate, and 
developed with n-propyl alcohol-ethyl acetate-water-ammonium hy- 
droxide (6:1:41). The TLC plate was scraped in 0.5-cm sections after 
development to 15 cm and being dried in air. The scrapings were trans- 
ferred to scintillation vials and dissolved in 3.0 ml of water. Liquid scin- 
tillation fluid (10.0 ml) was added, and the vials were counted for radio- 
activity after overnight dark adapting. 

Samples of repetitive chloroform and ethyl acetate extracts of a 20.0-ml 
combined sample of 120-, 180-, and 240-min urine and of 20.0 ml of 
665-min urine were evaporated, reconstituted in 50-100 pl of solvent, 
spotted on TLC, and developed similarly. Similar studies were effected 
for the spiked blank urine solutions of radiolabeled I. 

RESULTS AND DISCUSSION 

Plasma Protein Binding and  Red Blood Cell-Plasma Water 
Partitioning of I-Plasma protein binding of I by ultrafiltration was 
3.4 f 2 (SEM)%, n = 4, when corrected for membrane binding and was 
independent of the spike concentration (0.1-100 pg/ml). This was similar 
to the plasma protein binding, 1.5 f 1.9%, in humans (2). The red blood 
cell-plasma water partition coefficient, D, was not concentration de- 
pendent (0.01-100 pg/ml of red blood cell suspension), and was ap- 
proximately unity lO.99 f 0.08 (SEM) ,  n = 51, close to the 0.95 f 0.04 of 
human erythrocytes (2). There was also no time-dependent distribution 
of I in the erythrocytes, measured between 5 and 60 min at  1 pglml. 

Recovery of Radioactivity in Feces-Negligible amounts (0.3 and 
0.1%) of the administered radioactivity were found in the feces of dog A 
after intravenous administrations of 40 (0.3%) and 200 mg (0.1%) of ra- 
diolabeled I. 

Comparison of Radiolabeled and  GLC Assays of I-Plasma sam- 
pled from dog A as a function of time (1-600 min) after intravenous ad- 
ministration of 24.0 and 48.4 mg/kg and after oral administration of 20.0 
mg/kg of 14C-labeled I were analyzed for I by electron-capture GLC and 
by the radioassay of the single 5-ml chloroform extracts of 500 pl of so- 
lution containing 0.5-500 pl of plasma. The assays were linearly related 
(Fig. 1A). The regression coefficients, m, were not significantly different 
than unity, nor were the intercepts, b, different than zero (Table I)  for 
the 24- (iv) and 20- (PO) mg/kg doses. There is a possibly greater assay 
value by radioassay than GLC a t  the 48.4-mg/kg dose, indicating a small 
amount of chloroform-extractable metabolite, although elimination of 
the 1-min plasma sample increased the regression coefficient to 0.94 f 
0.03. 

Similarly, the amount of I excreted in the urine, U I  and the amounts 
cumulatively excreted in the urine, Z U I ,  with time (15-900 min) were 
the same by the GLC assay and the radioactivity counting of the single 
5-ml chloroform extracts of 500 p1 of a solution containing 0.02-500 pI 
of urine (Fig. 1B and C) a t  24.0-mg/kg iv and 20.0-mg/kg po doses. 
However, GLC assays of urinary I a t  the 48.4-mg/kg iv dose were 20% 
lower than radioassays of the chloroform extracts, as ascertained by re- 
gression analysis (Table I), indicating the presence of significant amounts 
of chloroform-extractable metabolites a t  this dose. 

The good correlation between the GLC assays of I and the radioassays 
of chloroform extracts of plasma and urine at  the 2- and 10-mg/kg iv doses 
in dog A had been reported previously (1). I t  can be concluded that any 
radiolabeled metabolite extracted in a single chloroform extraction of 
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Figure %-Semilogarithmic plasma concentration versus time plots 
of (A) I determined by radioassay (LSC) of chloroform extracts and (B) 
total metabolites determined by direct radioassay of chloroform-ex- 
tracted aqueous phases after administration of 14C-labeled 1 to dog A 
at mglkgdoses of (0) ] .gin,  (0) 2.0ic,  (0) 10.0io. (A) 24.0iu. (0) 48.4 
iu, (H) 5.1 PO, and (A) 20.0 PO. Solid lines were drawn in accordance with 
[I] = Ae-l'' + Be-" where parameters are given in Table 11. 

plasma or urine at pH 12 for low doses of I (2 to 24 mg/kg) did not disturb 
assays of I by LSC, although some radiolabeled metabolite(s) were ex- 
tracted with chloroform a t  the high dose of 48 mg/kg iv. 

Pharmacokinetics of Intravenously Administered I-The semi- 
logarithmic plots of the plasma levels of I with time at  doses of 1.9.24.0, 
and 48.4 mg/kg iv and a t  the previously reported 2.0 and 10.0 mg/kg iv 
doses in dog A (Fig. 2A) and at  doses of 1.5 ,  and 10 mg/kg iv in dogs B, 
C ,  D, and E showed primarily biphasic curves, indicative of a two-com- 
partment body model for I. The lines drawn through the experimental 
points were calculated from the general equation [I] = Ae-#lf + Be-Jt  
in pg/ml of plasma where the parameters A, B, a, and 0 are listed in Ta- 
bles I1 and 111 for the intravenous data. Similar curves were obtained for 
the studies in the other dogs. 

In all intravenous studies the first 1-min data point after administra- 
tion was omitted to fit the experimental plasma values to a sum of two 

0.3 r 
0 200 400 600 

MINUTES 

Figure 3-Semilogarithmic plots of plasma concentrations with time 
of (A) I per milligram administered dose determined by radioassay 
(LSC) of chloroform extracts and (B) total metabolites, in equivalents 
of I per milligram administered dose, determined by direct radioassay 
of chloroform-extracted aqueous phases after administration to dog A 
of I4C-labeled 1 in mglkgdosesof (0) 1,9iu, (0) lO.Oiv, (A) 24.0iu, (0) 
48.4 I[ , .  (H) 5.1 po. and (A) 2 0 . 0 ~ 0 .  Drawn curves through iv data were 
in accordance with /II/D,, = ( A / D ( ) e - i r f  t (B/Do)e-iit.  

exponentials. This 1-min plasma concentration was significantly higher 
than the concentration calculated from this sum in all studies and indi- 
cated a possibly faster initial distribution phase withan apparent half-life 
of 0.5-1.0 min. I t  could not be explained by the first samples being con- 
taminated with residual 1%-labeled I, which was administered into the 
jugular catheter, since plasma levels of I obtained simultaneously from 
the jugular catheter and a leg vein catheter were identical in both the 
intravenous 48.4-mg/kg and 1.0-mg/kg doses of I administered to dogs 
A and C, respectively. Subsequent samples up to 1 hr from both sites also 
showed coincident plasma levels. 

The average plasma half-lives of the distribution and elimination 
phases for all intravenous studies in dogs A, B, C, D, and E were, re- 
spectively, 7.5 f 0.7 ( S E M )  and 136 f 6 ( S E M )  min and were indepen- 
dent of dose in the range of 1-50 mg/kg (Tables I1 and 111). The plasma 
levels calculated per milligram unit dose, [I]/Do with time were reasonably 
superimposable for all intravenous doses in dog A (Fig. 3A). This was also 
true for the different dose studies in the other dogs. These facts indicated 
dose-independent pharmacokinetics of I on intravenous administra- 
tion. 

The plasma levels of total metabolites as equivalents of I were esti- 
mated from the radioactivity in the aqueous phase after chloroform ex- 
traction of the plasma. The radioactivity was corrected for unextracted 
I (l),  and the resultant curves of apparent total metabolite concentrations 
in plasma are given directly in Fig. 2B and per milligram of administered 
dose of I in Fig. 3B. The apparent metabolite plasma levels per milligram 
of dose (Fig. 3B) decreased slightly, but systematically, with increasing 
intravenous doses, indicating a possible dose dependence in metabolite 
formation in contrast to the plasma levels of I. This was also observed 
for other dog studies a t  different doses. Since metabolic clearance is only 
13%, of the total clearance, this apparently minor dose-dependent me- 
tabolism would not be expected to significantly affect the observed 
dose-independent overall pharmacokinetics of I. 
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Table 11-Pharmacokinetic Parameters of I Administered Intravenously to Dog A 

Parameter Mean * SD(SEM)  

Dose ( D o ) ,  mg 4w 43.1 

Specific activity, 50304 40898 

Ab ,  l.cg/ml 3.4 2.6 
Bb 1.19 0.86 
a b ,  min-'(tl,,, m in )  0.195(3.6) O.llg(5.8) 

l o 3  /3b, (tI ,*,  min) 6.68(104) 4.44(156) 

Clearances, ml/min 

Dose, mg/kg 2.0 1.9 

dpm/l.cg 

CLiOtC 204 200 
CL!end 135 1520 

v e e  8.7 12.4 

Vflf 30.6 45.0 

Vflextrar? 33.6 50.1 

XU& /Dose 0.60n, 0.640 0.7960 

2 U!!/Dosei 0.18 0.13 

Apparent volumes of distribution, liters 

Disposition, fraction of doseh 

I; U!,?/DoseJ' 0.980 1.00 
kkB, min-'  0.0555 0.0329 

k$E 0.0235 0.0161 

k PT 0.1227 0.0744 

200a 
10.0 
9995 

11.5 
5.30 
0.160(4.3) 

5.44( 127) 

191 
1630 

11.9 
35.1 
37.7 

0.82", 0.850 
0.15 
1.02 

0.0542 
0.0161 
0.0951 

480 
24.0 
21707 

28.9 
10.73 
O.lOl(6.9) 

4.98(139) 

197 
1620 

12.1 
39.5 
44.7 

0.82", 0.820 
0.09 
0.98 

0.0310 
0.0162 
0.0588 

1017 
48.4 
7180 

87.4 
21.9 
0.082(8.4) 

4.74(146) 

179 
1770,141" 

9.3 
37.8 
46.5 

0.71", 0.900 
0.07 
0.97 

0.0202 
0.0192 
0.0473 

0.131 f 0.046(0.020) 
[5.8 * 1.9(0.9)] 
5.26 f 0.88(0.44) 
[134 f 20(9)] 

194 * lO(4) 

1 5 8 +  16(7)0 

10.9 i: 1.7(0.8) 
37.6 * 5.3(2.4) 
42.5 f 6.7(3.0) 

0.80 i: 0.10(0.04)0 
0.12 i: 0.04(0.02) 

0.0388 f 0.0155(0.0069) 
0.0182 f 0.0032(0.0014) 

0.0797 f 0.0300(0.0134) 

0.99 i 0.02(0.01) 

aPharmacokinetic parameters of 2.0- and lo.O-mg/kg studies were reported previously (1). bParameters estimated from best fit of LSC assay of I in 
plasma against time (Fig. 2) in accordance with [ I ]  = Ae-a' + Beaf; LSC and GLC assays were coincident. The 1-min plasma level datum was 
omitted from consideration. CTotal clearance of I, DoIAUC,, where AUC, is the total area under the I plasma level -time plot. dRenal clearance of 
I consistent with the XU = CLrenAUCt (Figs. 4 and 6), where AUCt is the area under the plasma level of I-time plot for the time when the cumula 
tive amount of I in the urine, C U ,  was measured. At the highest dose of 48.4 mg/kg iv, GLC and LSC of extracts were not coincident. e Apparent vol- 
ume of central compartment for I ,  Dose/(A + B). fApparent overall volume of distribution for I ,  CLiot/p. 8Apparent extrapolated volume of distri- 
bution for I on presumption of one-compartment body model, DoselB. hEstimated from asymptotes of C U  Versus time plots of Fig. 6. iBased onLSC 
assay of radioactivity in aqueous phase after chloroform extraction of urine. iBased on LSC assay of total radioactivity in urine (1). kTransfer rate 
constant from the tissue compartment to the central compartment, kTB = (AD + B a ) / ( A  + B) (7). lEIimination rate constant from the central com- 
partment, kBE = Q P / ~ T B  (7).  mTransfer rate constant from the central compartment to the tissue compartment k g T  = 01 + p - kTB - k g E  (7). 
"Based on GLC assay of urine. OBased on LSC assay of chloroform extract of urine. 

Apparent Volumes of Distribution of I-The apparent volumes of 
distribution (Tables I1 and 111) were referenced to the plasma concen- 
tration of I. The average apparent volume of distribution of the central 
compartment was 13.1 f 0.7 ( S E M )  liters, V ,  = Do/(A + B ) ,  which is 
equivalent to the total body water in a 20-kg dog (12-14 liters) (5). The 
average apparent overall volume of distribution, v d  = CL,,,/fl, was 40.0 
f 1.5 (SEM) liters, which exceeded total body water and indicated tissue 
sequestration. 

Clearances of I-The renal clearances (Tables I1 and 111) were esti- 
mated from plots of the urinary excretion rates of I against the plasma 
concentrations a t  the midpoint time of each urine collection interval and 
from plots of the amounts of I cumulatively excreted in the urine a t  time 
t ( Z U t )  against the area under the plasma level-time curve a t  time t 
(AUCO, according to the equation ZU, = CL,,AUC, (Fig. 4). The 
presence of a possible initial distribution phase of 0.5-I-min half-life was 
supported by the fact that the positive intercepts frequently observed 
for renal clearance plots of ZU, against AUC, when the initial 1-min 
datum was ignored did not exist when the additional area given by its 
inclusion was considered. Then the intercept was not significantly dif- 
ferent from zero. 

The renal clearances [I55 f 5 ( S E M )  ml/min] were independent of 
dose, urine flow, and urinary pH and indicated an excess of tubular se- 
cretion of the negligibly plasma protein-bound I in addition to glomerular 
filtration, which is in the range of the inulin clearance (85 f 35 ml/min) 
in a 20-kg dog (6). Thus, a t  doses <24 mg/kg, dose-dependent renal 
clearances cannot be concluded. However, the possibility of lowered renal 
clearance a t  higher doses is still open, as the one study a t  48.4 mg/kg did 
not show coincident LSC and GLC assays of extracts of urine, and the 

renal clearances from the latter assay appeared to be significantly lower 
(Table 11). 

Bioavailability on Oral Administration-The fact that no dose 
dependency was observed on intravenous administration of 1-48.4 mg/kg 
(Fig. 3A, Tables I1 and 111) demonstrated that that systemic distribution 
and disposition of I followed first-order linear pharmacokinetics and 
permits us to estimate the absolute bioavailability of oral solutions of I 
with respect to intravenous administration by the ratio of areas under 
the plasma level-time curves. The areas under the plasma level-time 
curves (Table IV) were calculated by integration to time inl'inity ac- 
cording to AUC, = A / a  t B//3 for the intravenous doses. They were 
calculated for the oral doses by the trapezoidal rule to time 900 min and 
by adding the terminal area estimated by dividing the plasma level at  900 
min by the disposition rate constant. The area per milligram oral dose 
of 5.1 pg.min/ml a t  the 5.1-mg/kg dose was virtually identical to the av- 
eraged area of 5.2 pgmin/ml for the intravenous doses of 1.9-48.4 mg/kg. 
However, the area per milligram dose of 6.1 pcg.min/ml a t  the 20.0-mg/kg 
oral dose was 10% higher than the highest area of 5.58 pg.min/ml found 
for the 48.4-mg/kg intravenous dose. This finding could indicate a pos- 
sible saturable first-pass metabolism of 1 at high oral doses. This was also 
indicated by the fact that  the plasma concentrations per unit dose were 
slightly higher for the higher oral dose (Fig. 3A). 

Absorption Rates of Orally Administered I-The rates of absorp- 
tion of I were determined by the Loo-Riegelman deconvolution method 
(7). The values of the apparent volume of distribution of the central 
compartment (V,) and the parameters a,  13, and A and H per milligram 
intravenous dose necessary for estimates of the microscopic rate constants 
between the central and tissue compartments, ~ H T  and k , r ~ ,  and the 

Journal of Pharmaceutical Sciences I 1049 
Vol. 72, No. 9, September 1983 



CD
d 

6
0
 

s$
! 

3
: 

Cn
 2 

T
ab

le
 1

11
-P

ha
rm

ac
ok

in
et

ic
 

Pa
ra

m
et

er
sa

 o
f 

I 
A

dm
in

is
te

re
d 

In
tr

av
en

ou
sl

y 
to

 D
og

s 
B,

 C
, D

, a
nd

 E
 

B
 

C
 

D
 

E 
M

ea
n 

2 
SD

(S
E

M
) 

q
g

 
~ 

Pa
ra

m
et

er
s 

(*
, 
2 

D
os

e(
D

,)
, 

19
.9

 
11

6.
1 

23
1.

2 
22

.2
 

84
.6

 
20

3.
3 

24
.8

 
13

0.
6 

11
3.

1 
22

0.
3 

Q
*

 
(
0
0
 

-
 

2 
m

g 
D

os
e,

 
0.

97
 

Sp
ec

ifi
c 

95
69

1 
m

g/
kg

 

ac
tiv

ity
 

dp
m

bg
 

A
b

, r
g/

m
l 

0.
73

4 
B

b 
0.

42
3 

a
b

, m
in

-'
 

0.
04

6(
 

(t
1

h
 m

in
) 

5.
05

 
10

.0
5 

14
38

1 
75

31
 

5.
25

 
11

.3
5 

2.
66

 
5.

27
 

5)
 

0.
08

7(
8.

0)
 

0.
09

2(
7.

 

1.
00

 
4.

15
 

78
61

8 
21

79
7 

0.
85

7 
5.

16
 

0.
51

5 
1.

96
 

) 
0.

07
4(

9.
4)

 
0.

08
6(

8.
 

10
.3

0 
1

 .oo
 

5.
10

 

77
79

 
78

74
6 

12
61

7 

11
.9

9 
1.

10
 

5.
27

 
5.

09
 

0.
41

2 
2.

51
 

) 
0.

09
4(

7.
3)

 
O

.lO
O

(6
.9

) 
0.

09
4(

7.
 

-
 

4.
98

 
9.

40
 

-
 

15
22

9 
72

06
 

11
.4

3 
2.

35
 

0.
1 

12
(6

.2
) 

lo
3 p

b
, 

(
t
lh

. 
5.

24
(1

32
) 

4.
84

(1
43

) 
5.

24
(1

32
) 

6.
47

(1
07

) 
5.

96
(1

16
) 

5.
69

(1
22

) 
3.

83
(1

81
) 

5.
40

(1
28

) 
5.

05
(1

37
) 

C
le

ar
an

ce
s, 

m
l/m

in
 

m
in

) 

C
L

tO
tC

 
20

5 
19

0 
20

5 
24

3 
21

 8 
20

3 
20

9 
25

1 
20

0 
C

L
ie

nd
 

12
4 

12
8 

16
1 

16
8 

14
9 

18
4 

14
5 

19
6 

15
4 

A
pp

ar
en

t v
ol

um
es

 o
f 

di
st

ri
bu

tio
n,

 li
te

rs
 

-
 

10
.8

6 
4.

49
 

0.
08

4(
8.

3)
 

0.
08

7 
2
 
0.

01
3(

0.
00

5)
 

4.
08

(1
70

) 
5.

18
 t
 O

.S
O

(0
.2

5)
 

-
 

[8
.4

 t
 
2.

5(
0.

8)
] 

[1
37

 i
 
23

(7
)]

 

17
9 

21
0 

i 
22

(7
) 

15
4 

15
4 
f
 
20

(6
) 

Vt
.'
 

17
.2

 
14

.7
 

13
.9

 
16

.1
 

11
.9

 
12

.1
 

16
.3

 
16

.8
 

8.
2 

14
.4

 
14

.2
 i 

2.
8(

0.
9)

 

V
L

f 
39

.1
 

39
.3

 
39

.0
 

37
.5

 
36

.6
 

35
.1

 
54

.5
 

46
.5

 
39

.5
 

43
.9

 
41

.2
 f
 
5.

7(
1.

8)
 

V
Le

nt
ra

p'
 

47
.0

 
43

.6
 

43
.8

 
42

.9
 

43
.2

 
40

.7
 

60
.1

 
52

.0
 

48
.2

 
49

.0
 

47
.0

 f
 
5.

7(
1.

8)
 

D
is

po
si

tio
n,

 f
ra

ct
io

n 
of

 d
os

eh
 

0.
79

 i
 
0.

06
(0

.0
2)

 
X
U
&
/
 

0.
66

0 
0.

79
5 

0.
83

1 
0.

75
1 

0.
74

1 
0.

81
0 

0.
78

9 
0.

79
9 

0.
83

9 
0.

88
8 

C
U

8l
 

D
os

e 

D
os

ei
 

0.
23

3 
0.

16
1 

0.
11

5 
0.

19
3 

0.
18

1 
0.

15
4 

0.
16

0 
0.

11
7 

0.
16

9 
0.

10
3 

0.
16

 t
 
0.

04
(0

.0
1)

 

n
J

Y
l 

D
os

ei
 

0.
99

4 
0.

99
5 

1
 .oo

 
1.

04
 

0.
97

9 
1.

00
 

0.
92

0 
0.

97
1 

1.
00

 
1.

01
 

0.
99

 f
 
0.

03
(0

.0
1)

 

O
ve

ra
ll 

M
ea

n 
i 

SD
(S

E
M

) f
or

 
D

og
s 

A
-E

 

-
 

-
 

0.
10

2 
i 

0.
03

6(
0.

00
9)

 
[7

.5
4 

f
 
2.

57
(0

.6
6)

] 
5.

20
 t
 0

.7
9(

0.
20

) 
[1

36
 i
 
21

(6
)]

 

20
5 

f
 
20

(5
) 

15
5 
i 

1
9

(5
) 

13
.1

 f 
2.

9(
0.

7)
 

40
.0

 t
 
5.

7(
1.

5)
 

45
.5

 f
 
6.

2(
1.

6)
 

0.
79

 i
 0

.0
7(

0.
02

) 

0.
15

 * 
0.

04
(0

.0
1)

 

0.
99

 f 
0.

03
(0

.0
1)

 

U
Ph

ar
m

ac
ok

in
et

ic
 p

ar
am

et
er

s 
w

er
e 

ba
se

d 
on

 L
SC

. 
R

ef
er

 t
o 

T
ab

le
 I

1 
fo

r 
fo

ot
no

te
s 

b-
j. 



A 

I 1 I I 

5 10 15 20 

I I 1 1 

0.5 1 .o 1.5 2.0 2.5 
A U C ~ J ,  pgminlml 

Figure 4-Typical renal clearance plots for I assayed by GLC (A) and 
LSC (A) of extracts, (A) plotting the urinary excretion rates (AU/At) 
versus the plasma levels of I a t  the midpoint of the urine collection, 
( [ l J m i d )  and (B) the cumulatiue amounts of I excreted in the urine a t  
time t (ZUJ versus the area under the plasma leuel-time curue to time 
t (AUCJ after intravenous administration of 24.0 mg/kg of I to dog 
A. 

elimination rate constant from the central compartment,  BE, were ob- 
tained from the average values of those parameters in the intravenous 
studies in dog A. The semilogarithmic plots of the percent unabsorbed 
I with time for the oral doses administered to dog A are given in Fig. 5 and 
were linear, indicating first-order absorption. First-order rate constants 
of absorption were 0.017 min-I (absorption tl/z of 41 min) for the 5.1- 
mg/kg dose and 0.042 min-' (absorption tl/z of 16 min) for the 20.0-mgkg 
dose after negligible lag times of 5 and 2 min, respectively. The ratio of 
the first-order absorption rate constants to the dose was reasonably 
constant and indicates a possible dose dependence. 

Table IV-Areas Under the Plasma Concentration-Time 
Curves (AUC,) of I for Various Intravenous and Oral Doses 
in Dog A 

AUC, , AUC, /Dose, 
Dose, mg  pg-min /ml  p g  . min/ml.  mg  

40 
43.1 
200 
480 
1017 

112.5 
444 

Intravenous Studies 
196 
21 5 
1047 
2442 
5677 

Oral Studies 
578 
2708 

4.90 
5.00 
5.24 
5.09 
5.58 
5.16 r 0.26(0.12)a 

5.14 
6.io 
5.62 * 0.68(0.48)a 
(p < 0.01)* 

aMean t SD(SEM)  are given. b t Test for two means. 

Urinary Recoveries of Intravenously and  Orally Administered 
I-Unchanged I was recovered in the urine for 79 f 2 (SEM)% of the 
intravenous doses (1-50 mg/kg). Chloroform-unextracted metabolites 
accounted for 15 f 1% (Tables I1 and 111, Fig. 6). There were no significant 
differences between renally excreted total radioactivity and the sum of 
the cumulative amounts of extracted and unextracted radioactivities 
(Tables I1 and 111). 

The total recovery of radioactivity from the cumulative total urine was 
106 and 103% of the administered radiolabeled I for the 5.1- and 20.0- 
mg/kg oral doses, respectively, in dog A, implying complete absorption. 
The plots of the cumulative amounts of extracted and unextracted ac- 
tivities, expressed as the percentage of the orally administered 5.1- and 
20.0-mg/kg doses in dog A, with time are also given in Fig. 6. The cumu- 
lative plots of I were fitted for constant renal clearances of 158 and 141 
ml/min for the respective 5.1- and 20.0-mg/kg oral doses; these renal 
clearances were consistent with the renal clearances for the intravenous 
doses (2-48.4 mg/kg) in dog A (Table 11). The urinary recoveries after 
5.1- and 20.0-mgkg oral doses in dog A were 84.5 and 87.2%, respectively, 
of the dose for extracted radioactivity and 11.5 and 8.1% for the unex- 
tracted radioactivity. The slightly lower yield of urinary metabolites 
(8.1%) at the 20.0-mgkg oral dose than a t  the 5.1-mg/kg oral dose (11.5%) 
and a slightly higher area under the plasma level-time curve of unchanged 
I a t  the 20.0-mg/kg oral dose (6.10 pg.min/ml) than the area for the 
highest intravenous dose of 48.4 mg/kg (5.58 Fg-min/ml) could indicate 
the possibility of saturable first-pass metabolism of I. However, these 
differences in metabolite recoveries in the urine and in area under the 
plasma level-time curves of I were small. 

Theoretical Basis fo r  Estimation of Number of Metabolites and 
Their Part i t ion Coefficients f rom Multiple Extract ions of 
Urine-The apparent partition coefficient ( k )  of any single radiolabeled 
compound can be defined as the ratio of the radioactivity (disintegrations 
per minute, dpm) in the organic phase (dpm,,,,) over the radioactivity 
in the aqueous phase (dpm,,): 

(Eq. 1) 

where dpmbt is the total radioactivity in the syst,em and equal to the sum 
of the radioactivity in the aqueous and organic phases. On rearrangement 
of Eq. 1, the fraction of unextracted radioactivity after a single extraction 
can be expressed as: 

(Eq. 2) 

Thus, the radioactivity remaining in the aqueous phase after the first 
extraction (dpm.,J is: 

and the solution can be extracted with organic solvent for a second time 
to give: 

(Eq. 4)  
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Substitution of Eq. 3 into Eq. 4 gives: 

(Eq. 5) 

Thus, the radioactivity left in the aqueous phase after n repetitive 
extractions is: 

(Eq. 6) 

and 

log dprn,,,,, = log dpmtot - nlog(1 + k )  (Eq. 7) 

and a plot of the logarithm of the radioactivity left in the aqueous phase 
and unextracted (dpm,,,,,) versus the number of sequential extractions, 
n, will be linear. The intercept would be the logarithm of the total ra- 
dioactivity (dpmwt) of the compound before any extraction. 

The linearity of the semilogarithmic plot of dpm,,,, against n (Fig. 7, 
curves A and A') implies the possibility of one extractable compound (or 
several with the same partition coefficient) on ethyl acetate extraction 
of the acidified chloroform pre-extracted urine samples obtained after 
intravenous administration of I (curve A) or on spiking blank urine with 
[I4C]I (Curve A ) .  The total radioactivity (dpmbt) before any ethyl acetate 
extraction can be estimated from the intercept. This was 1.9% of the total 

1001 

I 800 1200 
MINUTES 

Figure 6-Plols of the experimental cumulative urinary amounts XU, 
in percentage of intravenous dose, of I by LSC of extracts (open symbols) 
and of total metabolites by LSC of chloroform-extracted aqueous phase 
(solid symbols), for the 1.9- (0). 10.0- (O), and 24-mglkg (A) doses of  
I administered to dog A,  against t ime, u~here the  GLC and LSC assays 
of urine extracts were coincident (Table I ) .  T h e  different values o f  the 
cumulative urinary amounts of I ,  by GLC (0) and LSC (0 )  assays of 
chloroform extracts of urine after a 24.0-mglkg dose to dog A, against 
t ime  are both presented (Table I ) .  Similar plots of the experimental 
cumulative urinary amounts of I ,  by LSC assay of extracts, which were 
coincident with the GLC assays (Table I )  for the orally administered 
doses of5.1 (0)  and 20.0 (A) mglkg to  dog A, against time are given in 
the  insert. Curves through the experimental points of I were f i t ted ac- 
cording to Z U  = CL,,AUC for the constant renal clearances summa- 
rized in  Tables I I  and III. 

radioactivity in the original urine collection of Fig. 7a, and corresponded 
to 1.04 mg of the total amount of material as I equivalents in this 370-min 
urine sample. The apparent partition coefficient of the compound, k ,  
determined from the slope of the line, log(1 t k ) ,  in Eq. 7 was 0.815. 

If there were two extractable compounds with significantly different 
partition coefficients, the radioactivity remaining in the aqueous phase 
after n extractions, (dpmaq,n),u,, would be the sum of the two radioac- 
tivities from each of compounds 1 and 2, (dpm,,,n)l and (dpmaqJ2, where. 
each remaining activity could be defined by an equation of the form of 
Eq. 6, where (dpmtot)l, (dpmbt)2, and dpmtot are the total radioactivities 
of compound 1, compound 2, and their sum, respectively, in the aqueous 
system before any extractions were made. Thus: 

(Eq. 8) 
If compound 1 were more readily extracted than compound 2 as n in- 

creases to large numbers, there would be eventually no more of the former 
to be extracted and (dpm,,,,,)l would be equal to zero so that: 

and the logarithm of both sides would give an equation similar to Eq. 7. 
This can be seen in the examples of curves B and B' in Fig. 7 for 15 se- 
quential chloroform extractions at pH 12 of urine sampled 370 min after 
intravenous administration ol' lJC-labeled I to dog A and for the [l4C]1 
spiked urine. respectively, where possibly two chloroform-extractable 
compounds may exist in the urine. The apparent partition coefficients 
(k2)  of this least readily extracted compound, calculated from the slopes 
of the terminal data, were 0.29 (curve B) and 0.24 (curve B'). The inter- 
cept of these extrapolated linear terminal data permitted the calculation 
of the radioactivity, (dpmwt)z due to this compound that contributed to 
the total radioactivity in the original urine sample: 
lim hddpmaq,n )sum = log(dpmoq,n )z 

n *- 

= log(dpmt,,t)z - nlog(1 t k 2 )  (Eq. 10) 

Thus, the apparent metabolite 2 accounted for 2.24 mg (as I equivalents) 
or 4.1% of the total radioactivity in the urine collection of the example 
of curve B and 059% in the example of curve €3'. 

Since (dprn,,,,)~ can be calculated for any n by Eq. 9 from the esti- 
mated k 2  and (dpmtot)2, the logarithm of the difference between this value 
and the experimentally determined (dpma,,n)s,,, can be plotted against 
n (curve C in Fig. 7) to estimate kl and (dpmt,t)l (Eq. 8) from the straight 
line obtained in accordance with: 
log[(dpmaq.n)sum - (d~maq,,)21 = hddpmaq,n)1 

= log(dpmtd1 - nlogll + k l )  (Eq. 11) 

In the given example (Fig. 7a, curve C), the readily extractable compound, 
on the assumption that there was only one, had an apparent partition 
coefficient of 12.8 and accounted for 47.7 mg (as I equivalents) or 87.3% 
of the original radioactivity in the 370-min urine collection. For Fig. 7b, 
curve C', the readily extractable compound had an apparent partition 
coefficient of 17.4 and accounted for 97.5% of the total radioactivity of 
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Figure 7-Tvpical examples of semilogarithmic plots of not-yet-ex- 
traded urine radioactioity agaimt the number of extractions for (a) the 
YlfJ-370-min urine collection containing a total of 0.177 X 106 dprn after 
adminisfration of 1017mg iv  of [l4C]I to dog A and fur (b) the spiked 
blank urine containing 1.22 X lo6 d p m  of standard [l4CJ1 (585 ng). The 
ordinate oalur~s in (b) are scaled to  0.1 77/1.22 of their measured values 
for  Oettcr comparison icrith (a). Curves A and A’are for the 5-rnl repet- 
itirc ethyl acetate extraction of the 0.6-rnl acidified and preoiously 
c~xhaustiuely chl(iroform-extracted urines. Curves Rand W a r e  for  the 
5-ml r(7petititIe chloroform i.xtractions of  the 0.6 rnl of urine adjusted 
t o  pH 12. Curiws (‘ and C‘ are the feathered lines obtained from the 
apparently biphasic curves H and R‘. 
the standard [l*CC]I. It is evident that the (dpmbt)i and ki values for each 
of a mixture of i different compounds of significantly different partition 
coefficients can be estimated by a series of such deconvolutions using this 
method, which is similar to the method of residuals used to estimate the 
parameters of a sum of exponentials. 

Application and Limitations of t he  Method of Multiple Extrac- 
tions of Urine on Dosing of Radiolabeled I-The semilogarithmic 
plots of (dpmas,n)sum against the number ( n )  of sequential chloroform 
extractions appeared to be reasonably biphasic for the urine samples 
taken between 15 and 784 min after intravenous administrations of 
1017-mg (Fig. 7, curves B and C) and 43-mg I4C-labeled I. Feathering of 
the semilogarithmic plots showed a t  least two radiolabeled chloroform- 
extractable compounds; 

Possible Least Chloroform-Extractable Compound (11) as Me- 
tabolite-The least extractable compound (111, resolved from the ter- 
minal data, had an average apparent partition coefficient, kI1, of 0.264 
f 0.016 (0.004), n = 17, for the 1017-mg dose (Table V) and 0.268 f 0.038 
(0.009), n = 19, for the 43-mg dose (Table VI). I t  comprised increasing 
percentages of the urinary radioactivity with time, from 0.4% in the urine 
collected between 0 and 15 min to 6.4% in the urine collected between 665 
and 725 min for the 1017-mg dose and from 0.9% in the urine collected 
between 0 and 15 min to 16.8% in the urine collected between 790 and 850 
min for the 43-mg dose. This implies that 11, relative to I, is formed later 
in the body and/or is eliminated more slowly. 

When 0.6 ml of blank urine adjusted to pH 12 containing 1.22 X lo6 
dpm of [14C]Ifi (585 ng of specific activity 324 mCi/mmole) was sequen- 
tially extracted 15 times, each time with 5 ml of fresh water-saturated 
chloroform, a semilogarithmic plot of amount radioactivity remaining 
in the aqueous phase against the number of extractions ( n )  was re- 
markably similar in its biphasic form (Fig. 7, curve B’) to that from the 
urines (Fig. 7, curve B). The slope of the terminal points paralleled that 
of the terminal points in the urine studies (Fig. 7, curve B) and gave a 
similar calculated apparent partition coefficient of 0.24 (Eq. 10) as 
compared with the average of 0.26 f 0.02 (0.004) and 0.27 f 0.04 (0.01) 
for the urine samples listed in Tables V and VI, respectively. A similar 
study for 950,000 dpm of [14C]I (0.56 ng of specific activity 137 mCi/ 
mmole) in 0.6 ml of distilled water adjusted to pH 12 gave an apparent 
partition coefficient of 0.303. 

NUMBER OF EXTRACTIONS 

Since the apparent partition coefficients for I1 in urine and in admin- 
istered drug were similar, this could imply that this least chloroform- 
extractable compound I1 in the urine was a radiolabeled impurity in the 
original dose of intravenously administered I. The extrapolated intercept 
of this terminal phase (Fig. 7, curve B’) which permitted the estimation 
of the original amount of radioactivity of compound I1 that might con- 
taminate the administered radiolabeled I, gave a value that could be in- 
terpreted as accounting for 0.59% of the total radioactivity of I for a ra- 
diolabeled purity of the administered I of 99.4%. In the similar aqueous 
study it accounted for 2.4% for a radiolabeled purity of the administered 
I of 97.6% in agreement with the estimated chromatographic purity of 
I determined before the pharmacokinetic studies. The 2.4% was similar 
t o  an estimated 2.7% of I1 cumulatively excreted a t  infinite time (2.4% 
a t  784 min) in the urine for the dog administered 1017 mg (Table V), but 
significantly less than a similar estimate of 8.0% of I1 for the administered 
43-mg dose, (Table VI, 7.4% at  1378 rnin). This latter fact implies that 
a significantly greater amount of material of similar properties as the 
impurity I1 might result as a renally excreted biotransformation product 
in the dog. 

TLC were made of the repetitive chloroform extracts of the mixed urine 
samples collected between 120 and 240 min and the urine collected a t  
605-665 rnin when the 1017-mg dose was administered intravenously. 
Definitive radioactivity was observed a t  R/ values of 0.29,0.44, and 0.63 
in all of the sequential extracts. However, sequential chloroform extracts 
of the spiked blank urine containing a solution of the administered dose 
showed radioactivity only at  Ri 0.63, coincident with the Rf value of I but 
not necessarily I. This implied that compounds with R/ 0.33 and 0.47 can 
result from metabolic processes when the [14C]I is administered. 

The fraction of radioactivity, F, extracted in each of n repetitive ex- 
tractions of a single compound can be expressed as: 

k 0%. 12) - -- dpm in CHC13 
F =  Initial . .  dpm in aqueous phase ( 1 + k ) ” 

Thus: 

log(dpm extracted in CHCl3) = logk(initia1 dpm in aqueous phase) 
- nlog(1 + k )  (Eq. 13) 

The amount extracted into chloroform that appears at a given RI value 
can be calculated from the product of the fraction of the total radioac- 
tivity applied on the TLC (dpmR,/dpm,,,li,d) and the total dpmmcl:, in 
a given chloroform extract. This should be linear when plotted semilo- 
garithmically against the number of extractions ( n ) .  When such plots 
were made for amounts at  the several observed R/ values (Fig. 8) obtained 
from the 605-665-min urine sample from dog A after intravenous ad- 
ministration of 1017 mg of [14C]I, the materials a t  the three TLC spots 
all had terminal phases which indicated compounds with approximately 
equivalent partition values R,, k: 0.29,0.204; 0.44,0.38; 0.63,0.183. The 
percentage of these least extractable compounds in that particular urine 
sample can be estimated from the intercepts of the linearly extrapolated 
terminal data (Fig. 8, Eq. 13) and were R,, percent of chloroform-ex- 
tractable radioactivity, percent of radioactivity in total urine: 0.29.0.96, 
0.83; 0.44, 1.17,1.02; 0.63,3.33, 2.89. The 0.83 and 1.029’0 of total estimates 
of radioactivity in total urine at  the given urine collection (R, 0.29 and 
0.44, respectively) do indicate small amounts of chloroform-extractable 
compounds produced by metabolism that cannot be assigned to the ap- 
parent radiolabeled impurity, 11, in the administered radiolabeled dose 
of I. I t  is, of course, possible that the compounds a t  these Rf values are 
not metabolites of I, but of the apparent radiolabeled impurity, 11, in the 
radiolabeled dose of I. 

Possible Readily Chloroform-Extractable Compounds as Me- 
tabolites-The apparent partition coefficient of the more readily ex- 
tractable chloroform compounds, k,,,, systematically decreased from 19.8 
in the 0-15-min urine to 10.9 in the 728-784-min urine for the 1017-mg 
study (Table V) and from 19.85 in the 15-30-min urine to 6.7 in the 
850-1738-min urine for the 43.1-mg study (Table VI). These apparent 
k,,, partition coefficients were estimated from the slopes based on first 
and second repetitive partitions of material from 0.6 ml of urine into 5 
ml of CHC13 (Fig. 7, curve C). The apparent k,, partition coefficients for 
the radiolabeled dose added to urine (curve C’) and water, respectively, 
were 18.0 and 20.0. Inspection of curve C’ (Fig. 7b) shows no indication 
of changing partition coefficients for this residual line with increasing 
n. This strongly implies that not only I is readily chloroform extractable 
from the urine of dogs administered I, but also a compound, 1’, with a 
slightly lower partition coefficient, and that 1’, relative to I, is formed later 
in the body and/or is eliminated more slowly. 

The TLC distribution of sequential chloroform extracts of the 605- 
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Figure B-semilogarithrnic plots against number of  extractions (n) of 
radioactivities (dpm) of different TLC spots at Rr (0) 0.60-0.69, (0) 
0.40-0.47, and (0) 0.27-0.30 from 5.0-ml chloroform extracts of 0.6 ml 
of pH 12 urine. The urine was collected between 605 and 665 min when 
1017 mg of f14C]I ulas intravenously administered to dog A. The 
amounts at each Rr value were calculated from d p m ~ f / d p m a p p ~ , , d  X 
dpm(.H('lp where dpmR, dpmapplrrdv and dpm(,HCln are the radioactivities 
at the specified Rr values, total applied to the TLC plate, and the ra- 
dioactivity extracted at the nrh  chloroform extraction. The solid symbols 
are the feathered data. 

665-min urine collection from dog A after administration of 1017 mg of 
[I4C]I gave the data for Fig. 8 with biphasic semilogarithmic plots. The 
data from the spot a t  R f  0.63. when feathered, permitted the estimation 
of a partition coefficient of 18.0, consistent with I (Fig. 7, curve C'). The 
intercept of the feathered line permitted an estimation of 86.4% in the 
total urine collection that is chloroform extractable (75% of total radio- 
activity in urine samples) and can be assigned to I. The data from the spot 
a t  Rf 0.43, when feathered (Fig. 8) permitted the estimation of a partition 
coefficient of 3.3. The intercept of the feathered line permitted an esti- 
mation of 8.1% of this readily chloroform-extractable RI 0.43 material 
of k = 3.3 in the total urine collection that is chloroform extractable (7.1% 
of total radioactivity in urine sample). This would be the possible me- 
tabolite 1', that accounts for the greatest portion of the discrepancy be- 
tween GLC and total radioactivity assays of I in urine at  the 48.4-mg/kg 
iv dose (Table I). 

When material found a t  R/ 0.43 was eluted, incubated a t  pH 12 or 7 
for 2 hr at  50°, and rechromatographed on TLC, the radioactivity ap- 
peared at  the same R/ value. When this material was incubated similarly 
a t  pH 2, the rechromatographed material appeared a t  R, 0.10-0.23. This 
shift to much lower Rf values with acid hydrolysis is indicative of the loss 
of an isopropylidene group (1). This fact plus its ready alkaline chloroform 
extractability indicate that a possible structure assignment to I' is that  
i t  is a rnonodealkylated product of I. 

Possible Ethyl Acetate-Extractable Compounds of Acidified 
Urines as Metabolites-The semilogarithmic plots of (dpm,,., )rum 
against the number of sequential ethyl acetate extractions ( n  ) of acidified 
chloroform-extracted urine indicated one radiolabeled extractable 
compound (Fig. 7, curve A)  with an average apparent partition coefficient 
of 0.82 f 0.16 (0.041, n = 17, for the 1017-mg dose (Table V )  and 0.80 f 
0.08 (0.02), n = 19, for the 43-mg dose (Table VI). The cumulative 
amounts of such ethyl acetate-extractable material excreted in the total 
urine accounted for 1.29 and 2.67Y0 of the administered doses, respec- 
tively. A similar analysis of ethyl acetate-extractable material for the 
[l4CC]I spiked into urine (Fig. 7, curve A') and water accounted for 0.6 and 
0.7% of the administered compound, respectively, with respective ap- 

parent partition coefficients of 0.46 and 0.57 and a sole TLC spot a t  R f  
0.67. These facts imply that small, but additional, amounts of ethyl ac- 
etate-extractable material are formed in the animal. The ethyl acetate 
extracts of the 120-240-min urine from the 1017-mg dosed animal showed 
Rf values of 0.52 and 0.68, but only an Rf value of 0.68 in the 6 0 M 5 - m i n  
urine indicates that the ethyl acetate-extractable material has the same 
Rf as I. 

Possible Unextractable Materials as Metabolites-After the 
multiple extraction of urine with chloroform and ethyl acetate, 4.0% of 
the administered radioactivity from the 1017-mg dose of [14C]I was found 
in the accumulated urine (Table V), whereas 6.6% was found for the 
43.1-mg study (Table VI). Only 1.4 and 1.2% of unextractable radioac- 
tivity was found in the ['4C]I spiked urine and distilled water, respec- 
tively, implying that additional amounts of unextractable material were 
formed in the animal. The percentage of total unextractable radioactivity 
in the urine collections increased from 1.5% at 15 min to 12.1% at 784 min 
(Table V). The residual urine after multiple extractions with chloroform 
and ethyl acetate was applied to TLC plates, and sections were scraped 
for LSC counting. A major portion of the applied radioactivity (6040%) 
appeared a t  Rf 0.47-0.53 with 1%30% at Rf 0.60-0.63 and a small amount 
(0.05%) at  R, 0.17-0.23. These comprised 2.8% (R\O.50), 0.87% (Rf 0.62), 
and 0.16% (Rf 0.20) of the total administered 1017-mg dose (Table V), 
and 3.6% ( R f  0.50). 1.5% (Rf 0.62). and 0.70% (Rf 0.20 and R, 0.35) of the 
total administered 43.1-mg dose. 

3.0 L 

A 

-0, 2.7% 
27.7 mg 

2.0 - 

3- w 

I /Ad 

B 

- - - 0.17% 
n+ 1.7 mg 

Figure 9 - ( ' u n ~ u / o ~ i i v  omounts (as percent of administrrrd [ Y ] l  
dew) fJ f  rwrious/y characterized possih/c meta bolites and/or impurities 
found in the urine of dog A intravenously administered (A) 101 7 mg and 
(B)  43.1 mg of I .  Key: (0) total amounts of 11 with a partition coefficient 
of -0.24 transferred from pH 12 urine (0.6 ml) into repetitive 5-ml 
chloroform extractions; (A) total amounts o/ compound transferred 
from acidified arid chloroform pre-extracted urine into repetitiue 5-ml 
ethyl acetate extractions; and cumulative amounts of compounds at 
RI. 0.50 lo), Rr 0.62 (a), and Rf 0.20 (0) that were unextracted by re- 
petitiue chloroform and eth-vl acetate extractions. Each curve shows the 
total amounts of materials and percentage of administered dose esti- 
mated from their respective asymptotes. The lines drawn through the 
values for each curve were calculated from ZU = ZU, ( 1  - e-"). 
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The cumulative amounts of non-1 compounds (as percentage of ad- 
ministered radioactivity in the [14C)I dose) are plotted against time in 
Fig. 9 for the 1017-mg (A) and 43.1-mg (B) doses. The lines drawn through 
the values were calculated from: 

(Eq. 13) 

The respective half-life values (0.693/N in min were: (A) ZUII, 266; 
~ U E T A C ,  266; Z@g2, 152; Z@d/s, 578; Z@?y, 277; and (B) 2U11, 231; 
ZUETAC, 300; ZU’#,278; and Z@$’, 193. Most of these half-lives were 
approximately the same as I and may indicate the facile renal elimination 
of these compounds. 
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Abstract  0 The in uitro release of phenacetin from microcapsules pre- 
pared using egg albumin as the membrane material was investigated. It 
was shown by scanning electron microscopy that the albumin micro- 
capsules have nonsmooth surfaces. The amount of phenacetin released 
is proportional to the square root of time up to 50-70% drug release. In- 
creases in the albumin concentration and 1-vinyl-2-pyrrolidinone polymer 
content in the aqueous phases used in the microcapsule preparation have 
an effect on matrix porosity and channel tortuosity in the matrix of al- 
bumin microcapsules. The in uitro release rate was found to decrease with 
increasing albumin concentration and 1-vinyl-2-pyrrolidinone polymer 
content in the aqueous phases. The in uitro release rate per unit area also 
decreased with decreasing capsule size. 
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Delivery of a chemotherapeutic agent to desired target 
sites with drug carriers could achieve effective local drug 
concentration and minimize systemic side effects by re- 
ducing the therapeutic dose of the chemotherapeutic 
agent. When a drug carrier, such as liposomes, microcap- 
sules, and microspheres, is injected into the circulatory 
system, its distribution in the body is an important factor 
in drug delivery. The tissue distribution of albumin mi- 
crospheres has been studied in detail (1-3). In addition, 
alteration in the tissue distribution of albumin micro- 
spheres was examined using magnetic guidance (4, 5). 
Albumin microspheres prepared using a water-oil emul- 
sion have a hydrophilic matrix structure, consisting of al- 
bumin molecules, that is similar to that in albumin mi- 
crocapsules (6). 

However, despite many reports on the tissue distribution 
of albumin microspheres, the mechanism of drug release 

from minute drug carriers that have a hydrophilic matrix 
structure is not well known because there are few reports 
on drug release (7,8). This paper describes in uitro drug 
release from albumin microcapsules having a hydrophilic 
matrix structure and some controlling factors. 

EXPERIMENTAL 

Materials-Isooctane, dibasic potassium phosphate, monohasic so- 
dium phosphate, acetic acid, hydrochloric acid, and sodium acetate were 
reagent grade. Phenacetin powder (250-300 mesh) was used for mi- 
croencapsulation as the core drug. 

Egg albumin’ solution was prepared as follows: Albumin was dissolved 
in buffer solution [0.033 N KHzP04-0.033 N Na2HP04, 1:16 (v/v); pH 
8.01, and the solution was filtered after centrifugation a t  16,000 X g for 
30 min to remove the undissolved materials. The albumin concentration 
was either 10 or 20% (w/w). I-Vinyl-2-pyrrolidinone polymer‘ was dis- 
solved in the same buffer solution at 70’. The solution thus obtained (50% 
w/w) was stored in a refrigerator overnight and used for the preparation 
of aqueous albumin solutions containing the polymer. 

Measurement of Viscosity-Viscosities of both the albumin and 
mixed polymer solutions [prepared from 20% (w/w) albumin solution and 
50% (w/w) 1-vinyl-2-pyrrolidinone polymer solution] were measured a t  
2.5’ with a cone-plate type viscometer’ in a shear rate range of 50-3950 
sec-I. Viscosity values were calculated from the straight lines in rheo- 
grams. 

Preparat ion of Microcapsules-Albumin microcapsules were pre- 
pared by a method similar to that described in a previous paper (6). 
Phenacetin powder (10% v/v) was previously dispersed in albumin so- 
lutions with and without the polymer. To 100 ml of isooctane containing 
5.0% (v/v) sorbitan trioleate4 as an emulsifier, in a three-necked flask, 
was added 15 ml of each of the aqueous dispersions, with stirring. After 
further stirring for 10 min, the flask was immersed in a water bath 
maintained a t  85” for a given period to denature the egg albumin. The 
resultant dispersion was cooled to room temperature. 
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The cumulative amounts of non-1 compounds (as percentage of ad- 
ministered radioactivity in the [14C)I dose) are plotted against time in 
Fig. 9 for the 1017-mg (A) and 43.1-mg (B) doses. The lines drawn through 
the values were calculated from: 

(Eq. 13) 

The respective half-life values (0.693/N in min were: (A) ZUII, 266; 
~ U E T A C ,  266; Z@g2, 152; Z@d/s, 578; Z@?y, 277; and (B) 2U11, 231; 
ZUETAC, 300; ZU’#,278; and Z@$’, 193. Most of these half-lives were 
approximately the same as I and may indicate the facile renal elimination 
of these compounds. 
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Delivery of a chemotherapeutic agent to desired target 
sites with drug carriers could achieve effective local drug 
concentration and minimize systemic side effects by re- 
ducing the therapeutic dose of the chemotherapeutic 
agent. When a drug carrier, such as liposomes, microcap- 
sules, and microspheres, is injected into the circulatory 
system, its distribution in the body is an important factor 
in drug delivery. The tissue distribution of albumin mi- 
crospheres has been studied in detail (1-3). In addition, 
alteration in the tissue distribution of albumin micro- 
spheres was examined using magnetic guidance (4, 5). 
Albumin microspheres prepared using a water-oil emul- 
sion have a hydrophilic matrix structure, consisting of al- 
bumin molecules, that is similar to that in albumin mi- 
crocapsules (6). 

However, despite many reports on the tissue distribution 
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on drug release (7,8). This paper describes in uitro drug 
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dium phosphate, acetic acid, hydrochloric acid, and sodium acetate were 
reagent grade. Phenacetin powder (250-300 mesh) was used for mi- 
croencapsulation as the core drug. 

Egg albumin’ solution was prepared as follows: Albumin was dissolved 
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was either 10 or 20% (w/w). I-Vinyl-2-pyrrolidinone polymer‘ was dis- 
solved in the same buffer solution at 70’. The solution thus obtained (50% 
w/w) was stored in a refrigerator overnight and used for the preparation 
of aqueous albumin solutions containing the polymer. 

Measurement of Viscosity-Viscosities of both the albumin and 
mixed polymer solutions [prepared from 20% (w/w) albumin solution and 
50% (w/w) 1-vinyl-2-pyrrolidinone polymer solution] were measured a t  
2.5’ with a cone-plate type viscometer’ in a shear rate range of 50-3950 
sec-I. Viscosity values were calculated from the straight lines in rheo- 
grams. 

Preparat ion of Microcapsules-Albumin microcapsules were pre- 
pared by a method similar to that described in a previous paper (6). 
Phenacetin powder (10% v/v) was previously dispersed in albumin so- 
lutions with and without the polymer. To 100 ml of isooctane containing 
5.0% (v/v) sorbitan trioleate4 as an emulsifier, in a three-necked flask, 
was added 15 ml of each of the aqueous dispersions, with stirring. After 
further stirring for 10 min, the flask was immersed in a water bath 
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Table I-Effects of Albumin Concentration and Release Medium on D r u g  Release a f rom Albumin MicrocaDsules 

Phenacetin 
Release CSC, Albumin, Diameter, Content, 104 Oil t h, K ,  
Medium g/liter Sample % (w/w) Pm % (w/w) g/sec min %/sec1/2 

Simulated gastric fluid 1.26 A-1 10 76.1 f 25.9 56.4 3.75 1.1 7.69 
A-2 10 70.1 f 22.3 55.8 3.64 0.9 8.09 
B-1 20 74.7 * 25.3 43.5 2.80 1.8 6.60 
B-2 20 83.9 f 31.5 44.1 3.16 1.6 6.74 

Water 1.30 B-2 20 83.9 f 31.6 44.1 2.53 2.4 5.22 
Simulated intestinal fluid 1.10 B-2 20 83.9 f 31.5 44.1 2.58 2.0 6.04 

Mirrocapsules containing 40 mg of phenacetin were dispersed in 200 ml of a test medium t o  ohtain L',, t h .  and K .  Each group of microcapsules was prepared on the 
same day. Speed setting and heating time in microencapsulation were 512 rpm and 10 min. respectively. 

Table 11-Size Effect on Drug Release a f rom Albumin Microcapsules 

Solubility of phenacetin. 

Speed Phenacetin 
Setting, Diameter, Content, 104 ui, t h, K ,  107 vie, lo3 K ' d ,  

Sample rPm Pm %, (w/w) g/sec min %/set'/' p.cm/sec %-cm/secl/2 

D-1 
D-2 
D-3 

313 
512 
848 

239.9 f 100.0 
95.2 f 28.0 
55.6 f 15.9 

45.7 
46.9 
49.4 

1.34 5.0 3.45 
2.60 2.1 5.10 
3.33 1.5 6.93 

7.13 18.30 
4.87 9.55 
3.70 7.70 

Microcapsules containing 40 mg of phenacetin were dispersed in 200 ml of the simulated gastric fluid to obtain L', ,  t h .  and K .  Microcapsules were prepared on the 
V ,  = L ' , / S ~ .  where S, is the specific surface area same day. Albumin concentration and heating time in microencapsulation were 20% (w/w) and 10 min. respertively. 

of the microcapsules. K' = K / S V  

The microcapsules separated by filtration were dispersed in 10 ml of 
huffer solution [O.l N CH:+2OOH-0.1 N CH:,COONa, 1:l (v/v); pH 4.71, 
which was saturated with phenacetin and contained 10% (v/v) polyoxy- 
ethylene sorbitan monolaurate", with gentle agitation. The microcapsules 
were washed once with the pH 4.7 buffer solution and several times with 
water saturated with phenacetin. The microcapsules collected by de- 
cantation were freeze-dried. 

Size measurement of the microcapsules was performed in the saturated 
phenacetin solution before freeze-drying. One thousand microcapsules 
were photographed under an optical microscope. Each of the developed 
film strips was projected onto a large-section paper by a slide projector. 
Enlarged images of the microcapsules were measured to the nearest 1.0 
pm. The scale in the micrometer was used for calibration. To eliminate 
fluctuation in the denaturating procedures of egg albumin, the micro- 
capsules in all experimental series (A-E) were prepared on the same 
day. 

A scanning electron microscope6 was used to observe the surface ap- 
pearance of the albumin microcapsules. The original microcapsules and 
those sampled from a release test medium were dried a t  50". The dried 
microcapsules were vacuum-coated with gold in an ion coater'. 

Determination of Solubility of Phenacetin-Finely ground phen- 
acetin powder was dispersed in three release test media in Erlenmeyer 
flasks. The dispersion in the stoppered flask, which was immersed in a 
water bath thermostated a t  37 f 0.1", was vigorously agitated with a 
magnetic stirrer overnight to attain equilibrium. Membrane filter$, 
holders, and syringes (maintained previously at 37 f 0.1") were used for 
the separation procedure of undissolved phenacetin particles. The 
phenacetin concentration in the filtrate was determined spectrophoto- 
metrically a t  245 nm. 
In Vitro Release of Microencapsulated Phenacetin-The cylin- 

drical glass cell used for the release test, 62 mm in diameter and 88 mm 
in depth, was equipped with a plastic cover to minimize the influence of 
vaporization. In the cell, 200 ml of a test medium was maintained at 37 
f 0.1". At  time zero, a given weight of albumin microcapsules containing 
40 mg of phenacetin was added with stirring to this thermostated medi- 
um. Stirring was carried out with a six-blade impeller (50 mm in diameter) 
at  a fixed rotation speed. The amount of phenacetin (40 mg) encapsulated 
was previously calculated to maintain the same sink condition for each 
in uitro release experiment during the test period. The dispersion was 
sampled a t  scheduled intervals and immediately filtered to remove the 
microcapsules. The drug concentration in the filtrate was determined 
by the same spectroscopic method described for the phenacetin anal- 
ysis. 

In release experiments, test media similar to those described in J P  I S  

Tween 2 0  Nikko Chemicals Inc.. Tokyo. .Japan. 
JSM-T20 JEOL. Tokyo, Japan. 

7 ,JFC-1100; JEOL,Tokyo, Japan 
Millipore filter BIIWP02500; Millipore Co. ,  Redford, Mass 

were employed. Simulated gastric fluid (pH 1.2) was a hydrochloric acid 
solution containing 0.1% (v/v) polyoxyethylene sorbitan monolaurate 
and 2 g/liter of sodium chloride; simulated intestinal fluid (pH 7.5) 
contained hydrochloric acid and 35.8 g/liter of monobasic sodium phos- 
phate. Water obtained from a water purification apparatus9 was also used 
as a test medium. 

T o  attain reproducibility of the release experiments, a stirring rate of 
313 rpm was employed. A t  stirring rates <ZOO rpm, no dispersion of mi- 
crocapsules was observed, and the measured values were scattered widely. 
At rotating speeds >200 rpm, the release rates were reproducible. 

RESULTS AND DISCUSSION 

Propert ies  of Microcapsules-As reported previously (6 ) ,  the vis- 
cosity of the aqueous phase in the preparation of egg albumin micro- 
capsules and microspheres markedly affects their size. Stirring speed in 
this experiment was determined for each preparation to obtain micro- 
capsules within a given size range (70-110 pm) except for the microcap- 
sule samples fnr the study of size effect on phenacetin release. Tables 1-111 
show the preparation conditions of microcapsules, microcapsule size, and 
phenacetin content. Both the microcapsule size and phenacetin content 
were approximately constant in each series. 

Su r face  Appearance of Microcapsules-Scanning electron mi- 
crographs of albumin microcapsules before and after the release exper- 
iments are shown in Fig. 1. Figure l a 4  shows that the increase of albumin 
concentration and the addition of 1-vinyl-2-pyrrolidinone polymer change 
the membrane appearance as compared with the original microcapsules 
(Fig. la). All albumin microcapsules had nonsmooth surfaces. Scanning 
electron micrographs (lO,OOOx, unpublished) from a portion of the sur- 
faces of four samples (Fig. la-d) showed no evidence of appearance 
changes due to the increase in albumin concentration and the addition 
of 1 -vinyl-2-pyrrolidinone palymer in the preparation. Pores similar to 
those seen in polystyrene microcapsules prepared by an interfacial 
polymer deposition technique (9) could not be found in the albumin 
microcapsules. But a few microcapsules having some small cracks on their 
surfaces, which may be caused by shrinking in the freeze-drying process, 
existed in samples A-1 and A-2 (Tahle 1). The undesirable surface cracks 
were not found in microcapsules prepared using 20% (w/w) albumin so- 
lution (B, C, and D series) or mixed polymer solutions (E series). Ac- 
cordingly, increase of the albumin concentration and use of l-vinyl-2- 
pyrrolidinone polymer should strengthen the microcapsule mem- 
brane. 

The surface appearances of the microcapsules collected after in uitro 
release experiments were not different from those of the original capsules 
(Fig. le-h). As observation under a light microscope showed, the mixed 
polymer solution [ 1Wo (w/w) albumin, 20% (w/w) 1-vinyl-2-pyrrolidinone 
polymer]. in contrast to the other solutions, gives a homogeneous 

9 Milli-Q'L; Millipore Co. ,  Bedl'ord. Mass. 
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Table 111-Effect of 1 -Vinyl-2-pyrrolidinone Polymer Concentration on Drug Release from Albumin Microcapsules 

Polymer Viscosity of 
Concen- Aqueous Speed Phenacetin 
tration, Phase, Setting, Diameter, Content, W u i ,  t h ,  K ,  107 vie, 102 ~ ' d ,  

Sample % (w/w) CP rPm P n  % (w/w) glsec min %/sec"2 g-cmlsec %.cm/sec1/2 

E-1 0 1.90 512 81.5 f 27.5 62.9 3.27 1.6 6-30 5.48 I .06 - ._ 
E-2 5 5.22 512 94.3 f 33.6 61.8 2.87 1.8 5.94 5.55 1.15 
E-3 10 14.7 848 107.5 f 35.0 59.4 2.40 2.4 4.88 5.21 1.06 
E-4 20 68.5 1360 114.5 f 40.7 62.7 2.02 3.0 4.34 4.72 1.01 

a Microca sules containing 40 mg of henacetin were dispersed in 200 ml of the simulated gastric fluid to obtain ui, t h .  and K. .  b Microcapsules were prepared on the 
same day. Arbumin concentration and ieating time were 10% (w/w) and 10 min, respectively. Vi = ui/S,, where S ,  is the specific surface area of microcapsules. d K' 
= K/S,. 

stripe-pattern. Many pores would be expected to be produced by the 
swelling and subsequent release of 1-vinyl-2-pyrrolidinone polymer 
dispersed in the membrane matrix during the in uitro release experi- 
ments; but, no pore was found in the membrane (Fig. lg  and h). On the 
other hand, fine white crystalline particles adhered to the outer surfaces 
of the microcapsules, as observed in Fig. le-h, which when collected from 
the release test medium were confirmed to be phenacetin particles. 

Each of the albumin microcapsules shown in Fig. la ,  c, e, and g pos- 
sessed a folded and invaginated surface. A similar surface structure has 
been reported by Matthews and Nixon with gelatin microcapsules pre- 
pared by a simple alcohol coacervation (10). Contrary to the findings with 
gelatin microcapsules, it was confirmed by light microscopy that the al- 
bumin microcapsules dispersed in the release test media appear almost 
spherical, suggesting hydration of the membrane materials; i .e. ,  folding 

and invaginating of the surfaces were caused by shrinking in the drying 
process. Therefore, as the membrane of the microcapsules was fully hy- 
drated in the release test media and remained intact after release ex- 
periments, it was concluded that the drug molecules are released through 
channels in the fully hydrated albumin matrix. 

Effects of Albumin Concentration and Release Test Medium- 
The results of in oitro dissolutions of phenacetin powder and microen- 
capsulated phenacetin prepared using a high albumin concentration [2% 
(wlw)] are shown in Fig. 2. In the simulated gastric fluid, a slower disso- 
lution of phenacetin from the microcapsules in the initial stage was found, 
as expected. This observation suggests that the drug would be released 
effectively in drug diffusion. The Higuchi equation may be applied to the 
in uitro release of drugs from microcapsules if diffusion through their 
membranes is the rate-limiting step (11). Of the four samples of albumin 
microcapsules used in this study, series A and B gave a linear relationship 
in the initial stage of phenacetin release in the simulated gastric fluid 
when the percentage of drug released was plotted against the square root 
of time, sec1/2 (Fig. 3). However, once 50-7090 of phenacetin was released, 
the plots deviated negatively from linearity. This result was unexpected 
because, with the method of manufacture employed, these microcapsules 
have a suitable protective wall. But, after the initial stage of release, the 
core drug content appeared to have little effect on the total percentage 
of drug released. Accordingly, it is considered that this deviation in Fig. 
3 could be attributed to exhaustion of the drug suspension phase, as de- 
scribed by Borodkin and Tucker (12), that is, the number of vacant mi- 
crocapsules may increase in the latter stage of release. 

As analysis over the whole release is difficult in this study, the initial 
release rate (ui, glsec) and the 50% release time (th, min), which are ob- 
tained by plotting the amount of drug released versus time (in min), and 
the slope ( K )  of the straight line obtained by plotting the percentage of 
drug released against the square root of time, secl/*, are used for evalu- 
ation of the in oitro drug release from albumin microcapsules. Table I 
shows ui, th, and K obtained from the release profiles of the drug in the 
three test media. Although the d i f f m - w a s  slight, the drug is released 
in the simulated gastric fluid faster from serfesb than from series B. As 
described above, the drug molecules appear to bk released through the 
hydrated and intact membranes. Therefore, this resukwould be caused 
by decreased porosity in the membrane matrix and increased tortuosity 
of channels in which drug molecules diffuse. 
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Figure 1-Scanning electron micrographs of microcapsules prepared 0 0 
0 10 20 

MINUTES 
Figure 2-Dissolution of phenacetin in the simulated gastric fluid. Key: 
(0) phenacetin; (A) phenacetin microencapsulated using 20% (wlw) 
albumin solution IB-2). 

using (a,e) 10% (wlw) albuminsolution (A-1); (b,f) 20% (wlw) albumin 
solution (B-1); (c,g) 10% (wlw) albumin solution containing 5% (wlw) 
1 -uinyl-2-pyrrolidinone polymer (E-2); and (d,h) 10% (wlw) albumin 
solution containing 20% (wlw) 1-vinyl-2-pyrrolidinone polymer (E-4) 
before and after the release tests. 
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Figure 4-Effect of heating time in the microencapsulation process on .. . 
thidrug release from albumin microcapsules prepared using 20% (wlw) 
albumin solution. As samples in the heating process at 85' were sepa- 
rated at scheduled interuaki from the same batch (C series), capsule size 
W(IS not measured. The phenacetin contents were 54.99;l (wlw) at 5 min, 
46.3:; at 10 min, 42.9% at 15 min, and 42.7% at 20 min. 

Figure 3-Relationship between the percentage of drug in the 
simulated gastric fluid and the swore  root of time. Microcapsules were 
prepared using 10% (wlw) albumin solution (0) A-1; (A) A-2 and 20% 
(wlw) albumin solution (0) B-I; (A) R-2. 

The albumin microcapsules in sample B-2 released the drug faster in 
the simulated gastric fluid, though the release rates in both the simulated 
intestinal fluid and water were similar. Since the solubilities of phenacetin 
in the three test media were nearly equal, the sink condition was held 
constant in all in uitro release tests. Therefore, the condition for the al- 
bumin matrix in which drug molecules diffuse in the simulated gastric 
fluid seems to be different from those in the simulated intestinal fluid 
and in water. Furthermore, it is well known that the isoelectric point (PI) 
of egg albumin is 4.7. When the pH differs greatly from the PI, electro- 
static repulsion of the ionized groups change the porosity and tortuosity 
of channels in the albumin matrix. 

Effect of Heating Time in  Microencapsulation-Albumin micro- 
capsules were prepared using 20% (wlw) albumin solution. In a micro- 
capsule dispersion sampled 2 min after the flask was immersed in a water 
bath maintained a t  85O, albumin was still insufficiently denaturated in 
isooctane, and the particles collected by filtration resembled soft-boiled 
egg membranes. Albumin microcapsules having rigid membranes were 
obtained if heated >4 min. The microcapsules sampled at 5 min were 
white in isooctane; those obtained a t  10, 15, and 20 min were light 
yellow. 

Figure 4 shows the relationship between the initial release rate ui and 
heating time in the microencapsulation. Prolonged heating time produced 
no appreciable difference in the release rate. Sugibayashi et al. have re- 
ported that an increase in the denaturing temperature of the microsphere 
preparation decreases matrix porosity and increases channel tortuosity 
in the matrix, leading to decreased drug release (8). However, the dena- 
turing temperature of 85" in the microencapsulation used in this study 
is low when compared with those employed in their work (1W180°), and 
prolonged heating time may not affect the matrix porosity and channel 
tortuosity, as previously mentioned. 

Effect of Capsule Size-JalSenjak and Kondo found that the per- 
meability of gelatin-acacia microcapsules toward sodium chloride de- 
creased with increasing capsule size (13). The same trend was observed 
with the albumin microcapsules. 

The effects of capsule size on drug release are given in Table 11. The 
values of ui and K decreased with increasing capsule size. These results 
are expected because ( a )  the total volume of the microcapsules containing 
40 mg of phenacetin is almost constant and ( b )  the total surface area of 
the microcapsules increases with decreasing capsule size. But, Viand K', 
which are obtained by dividing u i  and K by the specific surface area of 
the albumin microcapsules, increase with increasing capsule size. Con- 
trary to the gelatin-acacia microcapsules, the albumin microcapsules are 
multinuclear and their membrane thickness cannot be determined the- 
oretically. And if phenacetin particles are dispersed uniformly in the 
albumin matrix, it cannot be assumed that the distance along which so- 
lute molecules diffuse is shortened as the capsule size increases. 

The explanation for Vi increasing with increasing capsule size is as 
follows: Water structure plays an important role in drug release from 
microcapsules, as reported previously (14). The structured water in and 

around the membrane affects the transport of solute molecules, and the 
amount of structured water is greater in a dispersion containing a large 
number of microcapsules than in that containing a small number of mi- 
crocapsules. Another reason would be differences in the denatured state 
of albumin, due to increased capsule size. I t  can be assumed that the 
denaturation affects matrix porosity and channel tortuosity in the ma- 
trix. 

Effect of Added 1-Vinyl-2-pyrrolidinone Polymer-The effects 
of the concentration of 1-vinyl-2-pyrrolidinone polymer added to the 
aqueous albumin solution in the microencapsulation process are shown 
in Table 111. The values of ui and K decrease, while th increases with in- 
creasing amounts of 1 -vinyl-2-pyrrolidinone polymer. Vi decreases at high 
1 -vinyl-2-pyrrolidinone polymer concentrations, (10-20%, wlw; samples 
E-3, E-4). A slight increase in the capsule size due to  increased viscosity 
of the aqueous polymer phase is also shown in Table 111. However, even 
if Vi and K' decrease with increasing capsule size, as described in the 
previous section, it would be concluded that the increase in the l-vinyl- 
2-pyrrolidinone polymer concentration decreases the in uitro release rate. 
Addition of the polymer to the aqueous albumin solution makes the 
matrix dense (Fig. lc, d, g, and h), leading to a decreased matrix porosity 
and increased channel tortuosity in the matrix. Also, hydration of 1- 
vinyl-2-pyrrolidinone polymer may play an important role in controlling 
the diffusion of drug molecules. Nakagaki and Shimabayashi reported 
that the hydration number (waterhase, mole) of 1-vinyl-2-pyrrolidinone 
polymer was calculated to be 2-5 by conductometry (15). Therefore, it 
is possible that the increase of polymer content decreases the amount of 
free water in unit volume of the matrix, making channels narrow and 
channel tortuosity higher. 

CONCLUSIONS 

Higuchi's equation could be applied to the phenacetin release from 
albumin microcapsules that have a hydrophilic matrix structure in their 
membranes, except in the later stages of drug release. The in uitro release 
rate was affected by capsule size, egg albumin Concentration, and 1- 
vinyl-2-pyrrolidinone polymer content used in the microencapsulation 
process. It decreased with increasing capsule size and albumin and 
polymer concentrations. Matrix porosity and channel tortuosity in the 
albumin matrix played an important role in the phenacetin release. 
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Abstract Acceptable concentrations of gases in a medium are not well 
defined in USP dissolution tests. A sample of 10-mg prednisone tablets, 
known to be sensitive to dissolved gases, was tested with batches of pu- 
rified water that  contained different concentrations of air. The data 
suggest that results from Apparatus 2 can be influenced by the concen- 
tration of air in the dissolution medium unless the medium remains un- 
saturated with air for the duration of the test. The repeatability of means 
of six results was markedly improved when the air concentration in the 
medium was accurately controlled at the beginning of the test. 
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The USP (1) recognizes that gases dissolved in the dis- 
solution medium may influence dissolution test results. 
In such cases the analyst is directed to remove the dis- 
solved gases before conducting the test; however, no 
guidance concerning acceptable gas concentrations is 
given. Since purified water is used to prepare dissolution 
media, the dissolved gases are those found in air. Complete 
removal of air from water is not easy; even if “air-free” 
water were available, air would begin to redissolve as soon 
as the water again contacted the atmosphere. Thus, one 
must assume that the air in the dissolution medium is to 
be reduced to a concentration that no longer influences the 
dissolution results-a concentration which can be deter- 
mined only by experiment. 

In addition to the USP calibrator tablets, this laboratory 
has used a sample of commercial 10-mg prednisone tablets, 
identified as Tablet 2 in previous papers of this series (2, 
3), as a “performance standard” for Apparatus 2. Tablet 
2, which was also used as a practice sample in a recent 
collaborative study (41, is very sensitive to excess air in the 
dissolution medium. A dissolution medium whose air 
concentration does not influence dissolution results was 

desired. Various methods for controlling the concentration 
of dissolved air were studied, and the data are presented 
in this paper. 

BACKGROUND 

The first USP dissolution test for prednisone tablets (5) specified the 
use of deaerated water. Deaerated water (6) is purified water that has 
been treated to reduce the content of dissolved air by suitable means, such 
as by boiling it vigorously for 5 min and cooling or by applying ultrasonic 
vibration. This laboratory interpreted (7) the specification to mean that 
the water could not be supersaturated with air at  37’, the temperature 
at which the dissolution test is conducted, because this condition might 
result in the gradual formation of bubbles on all immersed solid objects, 
including the product being tested. For several years, dissolution media 
were prepared from purified water which was boiled, cooled to room 
temperature, and used within a 24-hr period. A vacuum technique (3) 
was then developed and used. The two treatments appeared to give 
equivalent results; however,’boiling was less convenient and was gradually 
replaced by the vacuum treatment. 

When the dissolution test for prednisone tablets was revised (8), the 
specification for the medium was changed from deaerated water to pu- 
rified water. The USP monograph on purified water does not specify the 
quantity of dissolved air allowed. Freshly prepared purified water ob- 
tained by distillation contains only a fraction of the air contained in 
freshly prepared purified water obtained by ion-exchange or by reverse 
osmosis. Dissolution results for certain products are substantially changed 
when purified water obtained by ion-exchange treatment is substituted 
for deaerated water (9). The USP later inserted the current specification 
for dissolved gases in the dissolution medium in the general chapter on 
dissolution. 

EXPERIMENTAL 

The test conditions were those used in a recent collaborative study (4) 
with these exceptions. The six-spindle dissolution drivel was not com- 
mercially available. The volumes of dissolution medium were measured 
in volumetric flasks2. The dissolution test system was allowed to equili- 
brate for only 1-2 min before the test was started. Purified water was 
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the water could not be supersaturated with air at  37’, the temperature 
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was then developed and used. The two treatments appeared to give 
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Tab le  I-Dissolution Results (Percent of Label Claim) for 
Tablet  2 from Water  Equilibrated with Air at Various 
Temperatures  and then Brought to 37" 

Uncorrected 
Equilibration Barometric 

Temperature, ' Pressure, mm Hg Meanb SDb 

23 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
47 
49 
49 

754 
754 
154 
754 
754 
754 
744 
745 
745 
748 
748 
748 
746 
74 1 
740 
-I 
742 
- 

78.8' 
71.4d 
70.9' 
61.4 
57.6 
50.3 
46.3 
41.8 
40.4 
39.0 
38.5 
37.5 
38.2 
37.2 
39.8 
36.8 
35.2 
36.3 

3.5 
4.2 
5.6 
3.5 
3.8 
3.3 
1.4 
2.7 
2.7 
1.6 
2.8 
1.3 
1.9 
2.2 
2.3 
2.5 
1.6 
3.1 

0 For 45 min unless otherwise indicated. n = 6. Result obtained from deionized 
water at 23" that had not been equilibrated with air. Result obtained from 
deionized water that had been equilibrated with air.for 90 min. *' Result obtained 
from deionized water that had been equilibrated with air for 30 min. - Not re- 
corded. 

obtained by reverse osmosis. A 19-liter carboy was filled daily and served 
as a reservoir. Before the water was subjected to the treatments described 
below, portions were siphoned into 500-ml volumetric flasks. The con- 
tents of the flasks were heated to 38' and transferred to the dissolution 
vessels. Six dissolution results were obtained with this water. 

Control of Air Concentration by Temperature-Approximately 
800 ml of water was added to each of six 900-ml volumetric flasks which 
were then placed in a water bath a t  room temperature. A 4-mm 0.d. glass 
tube was inserted to the bottom of each flask and connected through a 
manifold to an air pump that delivered air a t  a rate of 4 literdmin. Air 
was bubbled through the water for 90 min. The temperature of the water 
and the barometric pressure were recorded. Six 500-ml volumetric flasks 
were filled to volume with the treated water from the 900-ml flasks and 
placed in a holding bath a t  38'. After 30 min the contents of the 500-ml 
flasks were transferred to the dissolution vessels. In this way the tem- 
perature of the treated water was kept between 36.5' and 37' at the be- 
ginning of the dissolution test. Six dissolution results were obtained for 
Tablet 2. 

This procedure was repeated under the same experimental conditions 
except that air was bubbled through the water for 30 min. The results 
from six tablets agreed closely with those obtained when the water was 
equilibrated with air for 90 min. Thereafter, air was bubbled through the 
water for a minimum of 45 min. 

The temperature of the water bath holding the 900-ml flasks was in- 
creased from 23" to 49' in increments of 2' for each test of six tablets. 
Additional data were collected by equilibrating the water with air in the 
same manner over a narrow range of temperatures from 37.4' to 38.4'. 

Ten units of Tablet 2 were dissolved in 17 liters of water. The tablet 

Table  11-Dissolution Results (Percent  of Label Claim) for  Tablet  

excipients were allowed to settle, and the clear solution was siphoned into 
a container. Portions of this solution were equilibrated with air at 37.1' 
and transferred to the dissolution vessels for testing of Tablet 2. Addi- 
tional portions were used in the determinative step as solvent for the 
standard solution and as reference for the spectrophotometer. The ex- 
periment was then repeated with a solution prepared by dissolving 20 
units of Tablet 2 in 20 liters of water. 

The air pump was then replaced with a cylinder of compressed nitrogen 
with minimum purity of 99.7%. The nitrogen was bubbled for 1 hr through 
3500 ml of water heated to 37.0'. Portions of the water were siphoned into 
six 500-ml flasks that had been flushed with nitrogen. The flasks were 
placed in a water bath a t  38' for 30 min, and the contents of the flasks 
were then transferred to dissolution vessels that  also had been flushed 
with nitrogen. During dissolution, a nitrogen atmosphere was maintained 
over the water in the vessels. 

Control of t h e  Air Concentration by Pressure-Approximately 
3500 ml of water was added to a 4-liter reagent bottle equipped with a 
two-hole rubber stopper. A long tube (6-mm id.)  was inserted through 
one hole of the stopper so that its end was close to the bottom of the 
bottle. A short tube was inserted through the other hole so that the end 
of the tube was flush with the lower side of the stopper. The air pump was 
connected to the long tube with the stopper in place in the bottle, and 
air was bubbled up through the water. A piece of rubber tubing connected 
to the short tube in the stopper was partially closed, and a positive 
pressure was developed over the water in the bottle while the water was 
agitated by the air bubbles. The bottle was placed in a water bath a t  37.6' 
for 1 hr, and a positive pressure of 50 mm Hg above that of the prevailing 
atmosphere was maintained over the water. The water was then siphoned 
into 500-ml flasks, and the flasks were returned to the water bath for 10 
min before being emptied into the dissolution vessels. Six units of Tablet 
2 were tested. The experiment was then repeated with water prepared 
by maintaining a positive pressure of 10 mm Hg over the water instead 
of 50 mm Hg. 

T o  obtain pressures below ambient, the short tube in the stopper was 
connected to a vacuum, and air was drawn down through the long tube 
(now open to the atmosphere) and up through 3500 ml of water. The 
vacuum over the water was adjusted by partial closure of a piece of rubber 
tubing connected to the long tube. The water in the bottle was heated to 
37.5' for 1 hr under a pressure -30 mm Hg below that of the prevailing 
atmosphere. The water in the bottle was then siphoned into the 500-ml 
flasks, the flasks were reheated, and the contents of the flasks were then 
transferred to the dissolution vessels. Six dissolution results were ob- 
tained. The experiment was conducted again a t  the same pressure and 
then repeated with the pressure adjusted to 57 mm Hg below ambient. 
The experiment was then conducted at  pressures of 145,80,70, and 50 
mm Hg. Dissolution results obtained in this manner were compared with 
dissolution results obtained with the use of water as it was routinely 
prepared in this laboratory, i .e. ,  the water was sprayed into a 19-liter 
carboy a t  room temperature under a pressure of -145 mm Hg. 

RESULTS AND DISCUSSION 

The saturated concentration of air in water in a container open to the 
atmosphere depends on the temperature of the water and the pressure 
of the air above the water. Ideally, the equilibrium concentration of a gas 
in a liquid is proportional to the pressure of the gas over the liquid a t  a 
constant temperature (Henry's Law). Thus, the concentration of air in 

2 f rom Water  Equilibrated with Gas8 under  Various Conditions 

Uncorrected 
Equilibration Barometric Equilibration Pressure, 

Temperature, O Pressure, mm Hg Meanb SD Temperature, O mm Hg' Mean SD 

37.5 
37.5 
38.4 
37.6 

750 
750 
- d 

141 

37.4 - 

37.1 
37.1 

749 
751 

39.3 2.7 
41.2 2.5 
39.1 2.0 
38.8 2.6 

39.7 4.0 

37.6 
37.6 
37.6 
37.5 
38.0 
36.8 
36.4 .- .. . . 

37.1e 3.0 39.0 
38.31 3.0 37.6 

AP +50 56.3 4.3 
AP +10 39.9 1.8 
AP -30 38.8 2.1 
AP -30 37.3 2.4 
AP -57 37.8 1.8 

145 
80 .. 

70 
50 

35.6 1.8 
35.0 3.6 
35.2 2.2 
35.1 2.5 

RTg -145 35.2 2.1 
37.0 749 38.7h 3.0 R T  -145 35.6 2.7 

R T  -145 35.3 1.5 

a Air in all instances exce t where otherwise indicated. n = 6. AP = atmospheric pressure. - Not recorded. Medium contained 10 tablets dissolved in 17 liters. 
Medium contained 20 tabkts dissolved in 20 liters. P RT = medium was sprayed into a carboy under reduced pressure at room temperature. Medium was treated 

with nitrogen at atmospheric pressure instead of air. 
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water can be controlled over a very wide range by changing the air pres- 
sure over the water. Although there is no general relationship between 
temperature and the concentration of a gas in a liquid, the equilibrium 
concentrations in water of the four major components of air decrease as 
the temperature of the water increases (10). These four components are 
nitrogen, oxygen, argon, and carbon dioxide (78.08,20.95,0.93, and 0.03% 
by volume, respectively). Combined, they make up 99.99% of the gases 
found in air ( 1  1). Because the solubility (v/v) of air in water under 1 atm 
at 100’ is -65% of the solubility of air a t  25’ (lo), the concentration of 
air in water can be controlled only over a narrow range by changing the 
temperature of the water. 

The dissolution results obtained for Tablet 2 when the air concentra- 
tion in the water was controlled by temperature at prevailing atmospheric 
pressures are given in Table I and Fig. 1. The means of six results agreed 
closely when batches of water equilibrated with air for 30 and 90 min at 
room temperature were used; this agreement indicated that the water 
was being equilibrated in a repeatable .manner. These means were sig- 
nificantly lower ( p  < 0.025) than the mean of six results obtained when 
freshly drawn deionized water that  had not been equilibrated with air 
a t  room temperature was used. Thus, the equilibration treatment had 
a definite effect on the air concentration in the water. 

Since the dissolution test was carried out a t  37’ in all cases, the dis- 
solution media equilibrated at <37’ became supersaturated with air when 
heated to 37’ and those equilibrated a t  >37’ became unsaturated with 
air when cooled to 3 7 O .  Because of the manipulation of the medium after 
the original equilibration, the degree of saturation a t  the beginning of 
the dissolution test was related to, but probably not equal to, the differ- 
ence in the equilibrium concentration of air at  the equilibration tem- 
perature and a t  37’. 

The relationship (Fig. 1) between the amount of prednisone dissolved 
from Tablet 2 and the air concentration in the medium may be explained 
in terms of sorption of air by the tableted formulation after tablet dis- 
integration takes place. Normally, the tablet particles stay on the bottom 
of the dissolution vessel and collect into a cone of material during the 
dissolution test. Sorption of air decreases the density of the particles so 
that they may be agitated to a greater extent by the dissolution medium. 
The cone is disrupted by this agitation, and shielding of the inner particles 
is lessened. The sorption of air can also partially block the medium from 
contact with the particles. In this case the dissolution results decrease 
as the quantity of excess air increases. This effect has been observed with 
another tableted formulation (3) whose disintegrated particles are nor- 
mally lifted and circulated by the dissolution medium. The decrease in 
dissolution results was small when air prevented contact of the medium 
with the particles. However, the increase in dissolution results was large 
when air bubbles increased the agitation of the particles. 

The curve in Fig. 1 appears to approach a lower limit of 35% of label 
claim. This lower limit does not coincide with the equilibrium concen- 
tration of air in water at 37’, but is obtained from water that has a lower 
concentration of air. Additional tests of Tablet 2 with water equilibrated 
with air a t  temperatures near 37’ confirmed that mean dissolution results 
between 39 and 41% of label claim were obtained (Table 11). One expla- 
nation is that the equilibrium concentration of air in the water is shifted 
downward when the tablet is introduced to the medium. Thus, excess air 
from the medium would be available for sorption. This explanation is not 
well supported by the slightly lower results obtained when the tablets 
were introduced to equilibrated solutions that already contained some 
dissolved tablet material (Table 11). The decrease in results is not large 
enough to account for the total difference. Another explanation is that  
the tablet particles are in “competition” with the water for the dissolved 
air. In this case the sorption process could be described as a true equi- 
librium of air between the water and the tablet particles. 

To see if one or more of the minor components of air could be prefer- 
entially sorbed by Tablet 2, the test was conducted under a nitrogen at- 
mosphere. The dissolution results obtained by this procedure compare 
closely with those obtained by equilibrating water with air (Table 11). 
Preferential sorption was not indicated. 

The dissolution results obtained when the equilibrium air concentra- 
tion was controlled by pressure (Table 11) follow a predictable pattern. 
Dissolution medium equilibrated a t  37” with air a t  a positive pressure 
of 50 mm Hg above atmospheric pressure gave results that indicated that 
the medium was supersaturated with air. Dissolution medium equili- 
brated with air a t  a positive pressure of 10 mm Hg gave results that were 
equivalent to those obtained from dissolution medium equilibrated a t  
atmospheric pressure. Media equilibrated a t  pressures of 30-57 mm Hg 
below atmospheric pressure gave results that  were equivalent to or 
slightly below those obtained at  atmospheric pressure. When the pressure 
over the water was reduced to 5145 mm Hg, sufficient air was removed 
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Figure 1-Dissolution results for Tablet 2 versus the temperature at 
which the dissolution medium was equilibrated with air; all results were 
obtained at 37O; (0 )  deionized water at room temperature. 

to cause the dissolution results (means of six) to level off between 35 and 
36% of label claim. This is the lower limit that the curve in Fig. 1 appears 
to approach. Results between 35 and 36% of label claim were also obtained 
when the test was conducted with water that had been sprayed into a 
carboy under a pressure of 145 mm Hg a t  room temperature. 

CONCLUSIONS 

It is known that excess air from the dissolution medium can change 
the dissolution results obtained for certain tablets. The data presented 
in this paper show that results can be changed not only by air concen- 
trations that exceed the saturation point in the dissolution medium but 
also by concentrations of air a t  the saturation point and below. To ensure 
that dissolved air does not influence dissolution results, the LISP disso- 
lution test should be conducted with dissolution media that contain 
different concentrations of air until a range of Concentrations has been 
established that will not change the results. Although the concentration 
of air can be reduced to a low value at  the beginning of a test, it is difficult 
to specify an air concentration below which no dissolution result could 
possibly be changed because of the variety of products subjected to the 
test, the conditions under which the test is made, and the differences in 
time requirements for the test. Nevertheless, repeatable dissolution re- 
sults can be obtained by control of the air concentration. Thus, if the air 
concentration in the dissolution medium is repeatably controlled a t  the 
beginning of the test, the effect of the air on the solid dosage form should 
be reasonably constant from one laboratory to the next. 

This laboratory has routinely reduced the air concentrations in the 
dissolution medium to low, but unknown, values by use of vacuum a t  
room temperature. The medium thus treated has been considered ade- 
quate for dissolution tests within 8 hr of its preparation. When water 
prepared in this manner was used to test Tablet 2, an intralaboratory 
acceptance range of 35-43% of label claim was established for means of 
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six results3. From the data presented in this paper, a range of 35-41% of 
label claim is obtained from the use of water that  contains air concen- 
trations that do not exceed the saturation point of air in water a t  37’. 
Thus, it should be possible to narrow the present acceptance range for 
these tablets, or a t  least to make the range more meaningful, if the air 
concentration in the water is controlled a t  the beginning of the test. 
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Abstract 0 Both unformulated (bulk) and t’ormulated (drugs) organic 
nitrate esters (isosorbide dinitrate, nitroglycerin, and pentaerythritol 
tetranitrate) were studied in the presence and absence of hydrochloric 
acid to determine if they could be sources of nitrite (and therefore lead 
to nitrosamine formation) under acidic conditions similar to those found 
in the stomach. The presence and generation of nitrite ion was detected 
by a modification of the Griess reaction. Bulk isosorbide dinitrate and 
nitroglycerin were found to be contaminated with 13.8-121.4 pmoles of 
inorganic nitrite per mole of nitrate ester. In addition, in the presence 
of hydrochloric acid, these preparations generated 0.52-1.18 pmoles of 
inorganic nitrite/mole of nitrate estedmin. Llnformulated nitroglycerin 
generated nitrite at a rate roughly twice that of isosorbide dinitrate. In 
contrast, no evidence for nitrite contamination or generation by penta- 
erythritol tetranitrate was found. Tablets and capsules of isosorbide di- 
nitrate contained -27-216 pmoles of nitrite/mole of nitrate ester and, 
in the presence of hydrochloric acid, generated an average of 0.55 pmole 
nitrite/min. For isosorbide dinitrate, this rate was similar for bulk and 
formulated drug. In comparison to isosorbide dinitrate, the amount of 
nitrite initially present in tablets and capsules of nitroglycerin varied 
more widely (-25-2290 pmoles nitrite/mole of nitrate ester), and in this 

case nitrite was generated a t  higher rates than unformulated drug aver- 
aging -4.7 pmoles nitrite/mole of nitrate estedmin. Contrary to a liter- 
ature report, we found that nitrate ion is not reduced to nitrite by hy- 
drochloric acid (pH 1-3). These data suggest that  the continuous pro- 
duction of nitrite ion from isosorbide dinitrate and nitroglycerin is due 
to the hydrolysis of nitrite ester impurities, a reaction known to be 
strongly catalyzed by the chloride ion. Although the generation of inor- 
ganic nitrite from organic nitrate esters is of interest, the low levels of 
nitrite produced are unlikely to lead to intragastric nitrosamine forma- 
tion. 

Keyphrases 0 Isosorbide dinitrate-presence and generation of inor- 
ganic nitrite, simulated gastric conditions, Griess reaction Nitroglyc- 
erin-presence and generation of inorganic nitrite, simulated gastric 
conditions, Griess reaction Pentaerythritol tetranitrate-presence and 
generation of inorganic nitrite, simulated gastric conditions, Griess re- 
action 0 Inorganic nitrite-presence in and generation from the nitrate 
esters isosorbide dinitrate, nitroglycerin, and pentaerythritol tetranitrate, 
simulated gastric conditions, Griess reaction 

Organic nitrate esters such as nitroglycerin have been 
used for many years on an intermittent basis to relieve the 
symptoms of angina pectoris. Recently, organic nitrates 
have been used on a continuing basis to prevent anginal 
attacks; they are often ingested with other medications 
such as tranquilizers or are prescribed concomitantly with 
P-adrenergic blocking drugs such as propranolol hydro- 
chloride for an additive pharmacological effect (1). Since 
these medications are taken for many years, often for the 
lifetime of the patient, it is important to evaluate the safety 
of simultaneous ingestion of such drugs (2). 

There has been much discussion regarding the potential 
hazards of nitrosamines formed from therapeutic drugs 

during their passage through the GI tract (3,4). In fact, in 
studies where animals are fed inorganic nitrite along with 
various drugs such as chlordiazepoxide, the formation of 
carcinogenic nitrosamines has been demonstrated (5 ) .  To 
form nitrosamines, an acidic milieu, the presence of 
amines, and a source of nitrite are required. The human 
stomach provides such an appropriate addic environment 
(6), and most antihypertensive, ,8-adrenergic blocking, and 
tranquilizing drugs are secondary or tertiary amines. Ni- 
trosamine formation can occur from a tertiary amine, but 
an oxidative cleavage to a secondary m i n e  is required first 
(7). Nitrosation of secondary amines is a well-established 
reaction (7). 
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six results3. From the data presented in this paper, a range of 35-41% of 
label claim is obtained from the use of water that  contains air concen- 
trations that do not exceed the saturation point of air in water a t  37’. 
Thus, it should be possible to narrow the present acceptance range for 
these tablets, or a t  least to make the range more meaningful, if the air 
concentration in the water is controlled a t  the beginning of the test. 
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to nitrosamine formation) under acidic conditions similar to those found 
in the stomach. The presence and generation of nitrite ion was detected 
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ature report, we found that nitrate ion is not reduced to nitrite by hy- 
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used for many years on an intermittent basis to relieve the 
symptoms of angina pectoris. Recently, organic nitrates 
have been used on a continuing basis to prevent anginal 
attacks; they are often ingested with other medications 
such as tranquilizers or are prescribed concomitantly with 
P-adrenergic blocking drugs such as propranolol hydro- 
chloride for an additive pharmacological effect (1). Since 
these medications are taken for many years, often for the 
lifetime of the patient, it is important to evaluate the safety 
of simultaneous ingestion of such drugs (2). 

There has been much discussion regarding the potential 
hazards of nitrosamines formed from therapeutic drugs 

during their passage through the GI tract (3,4). In fact, in 
studies where animals are fed inorganic nitrite along with 
various drugs such as chlordiazepoxide, the formation of 
carcinogenic nitrosamines has been demonstrated (5 ) .  To 
form nitrosamines, an acidic milieu, the presence of 
amines, and a source of nitrite are required. The human 
stomach provides such an appropriate addic environment 
(6), and most antihypertensive, ,8-adrenergic blocking, and 
tranquilizing drugs are secondary or tertiary amines. Ni- 
trosamine formation can occur from a tertiary amine, but 
an oxidative cleavage to a secondary m i n e  is required first 
(7). Nitrosation of secondary amines is a well-established 
reaction (7). 
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We have been concerned as to whether or not organic 
nitrate drugs could be a source of nitrite ion and therefore 
give rise to nitroso compounds during dissolution in the 
stomach. Although organic nitrate esters are known to be 
converted to nitrite by hepatic enzymes (B), the conversion 
of organic nitrate esters to inorganic nitrite in actual or 
simulated gastric contents has not been described. Nev- 
ertheless, Oishis (9) has reported, on the basis of polaro- 
graphic studies, a mechanism by which nitrite could arise 
from nitrate in the presence of hydrochloric acid. He found 
that even in dilute solution, the interaction of nitric acid 
and hydrochloric acid (aqua regia reaction: HC1 t HN03 - HN02 t HOC1) gave rise to an equilibrium that favored 
the products over starting compounds in the ratio 99:l. 

Earlier studies in our laboratory showed that nitro- 
samines could be recovered from incubations of isosorbide 
dinitrate with hydroxyzine hydrochloride, a tertiary amine 
(2), or propranolol hydrochloride, a secondary amine (10). 
In this report, we examined whether or not organic nitrate 
esters are a source of inorganic nitrite, and if not, other 
possible origins of inorganic nitrite. Various preparations 
of isosorbide dinitrate, nitroglycerin, and pentaerythritol 
tetranitrate were examined for the presence of nitrite 
under acidic conditions simulating those found in the 
human stomach. 

EXPERIMENTAL 

Materials-Unformulated samples, tablets, and capsules of isosorbide 
dinitrate, nitroglycerin, and pentaerythritol tetranitrate were gifts from 
various manufacturers. Because of their explosive properties, organic 
nitrates are routinely stored and handled as either lactose or mannitol 
mixtures. When formulated as drugs, the active ingredients are combined 
with inert materials and lubricants. In the studies described here, samples 
of the bulk (unformulated) materials were used as received, and in ad- 
dition, a bulk sample of isosorbide dinitrate (25% in mannitol) was pu- 
rified by sublimation and also by recrystallization from absolute etb- 
anol. 

Sulfanilic acid' and l-aminonaphthalenel were analytical reagent 
grade. All reagents, water, and glassware used in these studies were free 
of contaminating nitrite and periodically checked using the Griess test 
(11). 

Bulk Organic Nitrates-Samples were incubated in hydrochloric 
acid, pH 1.0, at 37" accompanied by gentle shaking to simulate conditions 
of acidity, temperature, and pH found in the human stomach. Incubations 
were conducted for 60-90 min to determine the time course of inorganic 
nitrite production during the period that a drug is likely to remain in the 
stomach. Under these conditions, the free nitrite ion (nitrous acid) was 
found to be unstable. Therefore, the Griess test (11,12) was modified in 
that sulfanilic acid was added a t  the outset t o  trap nitrite released from 
the nitrate esters as the diazo derivative. Under these conditions, dia- 
zotization is complete in <1 rnin. 

The assay procedure was as follows: Sulfanilic acid (12.9 mM) in 0.12 
M HCI was added to an aqueous solution of organic nitrate ester in a final 
concentration of 10% dimethylformamide in water. Aliquots (1.5 ml) of 
this incubation mixture were removed a t  specific times and allowed to 
react with 1-aminonaphthalene (15.7 mM), forming a red dye which gave 
maximal absorbance a t  520 nm within 2 min. Nitrite concentrations were 
calculated as a function of the absorption of the dyestuff using a molar 
extinction coefficient of 33,000 liter/mole-cm a t  520 nm. The minimum 
detectable amount of nitrite in the assay, based on an absorbance reading 
of 0.010 is -0.5 nmole of nitrite. It should be noted that the Griess test 
is specific for the nitrite ion, and its sensitivity for nitrite detection is 
considerably better than other published methods (12) including 
chemiluminescence (13) and a recently reported high-performance liquid 
chromatographic (HPLC) technique (14). 

Because the pH of human stomach contents varies, nitrite levels were 
measured a t  several hydrogen ion concentrations. The pH of the solution 
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Figure I-Effect of organic solvents on absorbance. The Griess reaction 
was performed at pH 1.0 in solutions containing 8.47 mmoleslliter of 
isosorbide dinitrate; absorbance was measured after 90 min of incuba- 
tion, Key: (A) dimethylacetamide; (0) dimethylformamide. Points are 
mean values obtained from at least two experiments. 
was raised by adding sodium hydroxide to the sulfanilic acid reagent 
mixture such that the desired pH of 2.0 or 3.0 was achieved in the final 
incubation mixture. A t  pH 2.0 or 3.0 a t  37", diazotization and coupling 
times varied from 5 to 30 min. No studies were performed at pH >3.0 due 
to the insolubility of the components of the Griess reagents. 

Organic nitrate esters were found to be only partially soluble in aqueous 
solutions as well as in the Griess reagent mixture. I t  was therefore nec- 
essary to use dimethylformamide as a cosolvent to ensure complete sol- 
ubility and thus accurate measurement of nitrite under the experimental 
conditions described above. HPLC analysis was used to compare the 
quantity of organic nitrate ester added to the Griess reaction mixture and 
the amount of organic nitrate recovered from the incubation mixture. 
This was done by weighing organic nitrate esters mixed with sugars, ex- 
traction into 100% dimethylformamide, and injection onto a p-Bondapak 
C-18 column. These samples were compared with companion samples 
that were added to the Griess reaction mixture and also with samples that 
were back-extracted from the Griess reaction incubation mixture into 
methylene chloride. Samples were separated by HPLC and detected by 
a UV detector at 254 and 280 nm. The retention time for isosorbide di- 
nitrate separated by methanol-water (5545), isocratic, flow rate 2 mll 
min, was 3.3 min; for nitroglycerin in a 50-100% acetonitrile linear gra- 
dient, flow rate 1.5 mllmin, the retention time was 6 min. HPLC analysis 
of organic nitrate esters under the conditions described confirmed their 
complete solubility in the Griess reaction mixture a t  a final dimethyl- 
formamide concentration of 10%. 

Formulated Organic Nitrates  (Drugs)-Formulated tablets and 
the contents of capsules of isosorbide dinitrate, nitroglycerin, and pen- 
taerythritol tetranitrate were ground using a mortar and pestle prior to 
testing. The resulting powder was dissolved in dimethylformamide and 
centrifuged a t  2000Xg for 10 min at  4" to separate the nitrate ester from 
insoluble components of the formulated preparations. Samples were 
diluted with water to contain 1.0, 1.5, and 2.0 mg of nitrate ester/ml in 
the final 10% dimethylformamide mixture. The concentration of organic 
nitrate ester actually present in the drug extract was confirmed by the 
aforementioned HPLC method. At time zero, sulfanilic acid and l-ami- 
nonaphthalene in hydrochloric acid, pH 1.0, were simultaneously added 
to the drug extract and incubated at 37" with shaking. Aliquots were 
removed a t  various intervals up to 90 min, passed through a filter2 to 
remove particles, and the absorbance was read at  520 nm. This procedure 
differs from that described above in that sulfanilic acid and l-aminona- 
phthalene were added together instead of sequentially. 

The effect of the sequence of addition of sulfanilic acid and 1 -amino- 
naphthalene on detection of nitrite was evaluated as follows: In one case, 
sulfanilic acid was incubated with the reaction mixture and l-aminona- 
phthalene was added a t  the end of the incubation period. In the second 
case, the sulfanilic acid and 1-aminonaphthalene were added together 
a t  the initiation of the incubation period. When scanned by spectro- 
photometry, absorption maxima (520 nm) were superimposable for so- 
dium nitrite standards, sodium nitrite mixed with unformulated iso- 
sorbide dinitrate and nitroglycerin, and sodium nitrite mixed with iso- 
sorbide dinitrate and nitroglycerin extracted from tablets and cap- 
sules. 

RESULTS 

Effect of Organic Solvents-Bulk organic nitrate esters were found 
to be only partially soluble in aqueous solutions as well as in the Griess 

1 J. T. Baker Chemical Co., Phillipsburg, N.J Millipore Corp. 
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Figure 2-Effect of 10% dimethylformamide on the measurement of 
inorganic nitrite by the Griess reaction. All points obtained for sodium 
nitrite in hydrochloric acid, pH 1.0, with and without 10pi, dimethyl- 
formamide, are completely superimposable. Points are mean values 
obtained from at least two experiments. 

reagent mixture. It was therefore necessary to use organic solvents to 
ensure complete solubility and thus accurate measurement of nitrite. 
Various cosolvents were tested and, surprisingly, were found to interfere 
with accurate measurement of the nitrite. For example, the addition of 
ethanol or acetone to a known quantity of inorganic nitrite lowered the 
apparent nitrite concentration as measured by the Griess test. Ethanol 
appeared to destroy nitrite itself while acetone appeared to destroy the 
diazonium ion intermediate. The aprotic solvents dimethylacetamide, 
dioxane, and dimethylformamide did not affect solutions of inorganic 
nitrite. However, when increasing concentrations of dimethylacetamide 
were added to solutions of isosorbide dinitrate of identical composition, 
the apparent nitrite concentration was increased. In contrast, increasing 
amounts of dimethylforrnamide slightly decreased absorbance readings 
(Fig. 1). Because of i ts  negligible interaction with nitrites, nitrates, and 
the Griess reaction, dimethylformamide was used as the solvent in sub- 
sequent experiments (Fig. 2). 

Presence of Nitrite in Bulk Organic Nitrate E s t e r s T w o  samples 
of isosorbide dinitrate were analyzed by the Griess reaction as previously 
described. Both preparations contained an initial level of nitrite that  
varied 10-fold between the two samples (Fig. 3A and B). In addition, in 
the presence of hydrochloric acid these preparations generated nitrite. 
Both the initial levels of nitrite as well as that generated in hydrochloric 
acid increased linearly with increasing concentrations of isosorbide di- 
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Figure 3-Presence of nitrite in isosorbide dinitrate a t  concentrations 
of 2.0 (O) ,  1.5 (O), and 1.0 (A) mglml in 10% dimethylformamide in 
hydrochloric acid, p H  1.0, using formulations of 25% isosorbide dinitrate 
in lactose (A) or mannitol (B). Points are mean values obtained from 
at least two experiments. 

0.04 1 I T:3x, 
3 4 5 6 7 "  17.518 

HOURS 
Figure 4-Time course for generation of nitrite from isosorbide dini- 
trate, 25'~ in lactose. Points represent nitrite generated from isosorbide 
dinitrate (2.0 mg) in IVY0 dimethylformamide, pH 1.0, in hydrochloric 
acid (0)  and phosphoric acid (X). 

nitrate. The increase in the production of nitrite in the presence of hy- 
drochloric acid was apparent for 6 hr. After this period, there was no 
further generation of nitrite. In contrast with the generation of nitrite 
in hydrochloric acid, initial levels of nitrite in phosphoric acid remained 
constant over time (Fig. 4). 

Examination of samples of isosorbide dinitrate (25% in mannitol) 
purified by sublimation and by recrystallization, indicated the presence 
and generation of nitrite in amounts similar to the previously examined 
parent sample, except that  initial levels of nitrite were lower (Table I). 
Thus, in hydrochloric acid, all preparations of isosorbide dinitrate gen- 
erated nitrite a t  similar rates. 

Samples of isosorbide dinitrate in lactose and mannitol were examined 
by the Griess reaction at  pH 1,2, and 3 under diazotization and coupling 
times ranging from 5 to 30 min. The amount of nitrite detected initially 
or generated within this range of pH was the same as that  for isosorbide 
dinitrate samples described above (data not shown). 

In comparison with isosorbide dinitrate, on a molar basis, nitroglycerin 
contained higher initial levels of nitrite, and nitrite was generated in 
hydrochloric acid at rates roughly twice that observed with isosorbide 
dinitrate (Table I, Fig. 5). Like isosorbide dinitrate, the production of 
nitrite is linear with time and the rates are essentially parallel for different 
concentrations of nitroglycerin. In hydrochloric acid, but not in phos- 
phoric acid, nitrite was generated for 4 hr (Fig. 6). Because of its volatile 
and explosive properties, nitroglycerin was not purified further. Signif- 
icantly, corresponding experiments performed on pentaerythritol 
tetranitrate failed to give absorbance readings above background levels; 
no evidence for the presence or generation of nitrite was obtained. 

Finally, to eliminate the possibility that the nitrite ion could arise by 
reduction of the nitrate ion, we examined the action of hydrochloric acid 
(pH 1.04.0) on dilute solutions of sodium nitrate (40 mM) and nitric acid 
(40 mM) over 24 hr. Within the detection limits of the Griess test, no 
evidence of nitrite formation was obtained. 

Presence of Nitri tes in Formulated Organic Nitrate  Vasodila- 
tors-The first studies on drugs containing isosorbide dinitrate and ni- 
troglycerin using the sequential addition of Criess reagents (sulfanilic 
acid present during the incubation, followed by the addition of l-ami- 
nonaphthalene) showed an initial level of nitrite present that appeared 
to decrease with time. This phenomenon may reflect destruction of the 
intermediate diazonium ion by an unidentified constituent(s) present 
in the formulated drugs. Therefore, the Griess reagents were added si- 
multaneously so that immediately after its formation, the diazonium 

Table  I-Nitrite Detected in Bulk Organic Nitrate  Ester 
Preparat ions 

Compound 

pmole of nitrite/mole of 
nitrate ester 

After After 
2 mina 60 minb Total" 

Isosorbide dinitrate, sublimed 23.6 32.9 56.5 
recrystallized 13.2 43.3 56.5 
25% in lactose 13.8 30.9 44.7 
25% in mannitol 114.6 44.9 159.5 

Nitroglycerin, 10% in lactose 121.4 70.7 192.1 
Pentaerythritol tetranitrate, 20% in lactose - d  - - 

0 The Concentrations of nitrite initially detectable after 2 min in hydrochloric 
The sum of nitrite acid, pH 1.0. 

initially present plus nitrite generated over 60 min. 
The amount of nitrite generated in 60 min. 

Not detected. 
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Figure 5--Presence of nitrite in nitroglycerin, 107; in lactose, at con- 
centrations of 2.0 (O), 1.5 ( O ) ,  and 1.0 (A) mg/ml in hydrochloricacid, 
pH 1.0, in 10r,, dimethylformamide. Points are mean values obtained 
from at least two experiments. 

reagent could react with the coupling reagent, I-aminonaphthalene. By 
this procedure, the production of inorganic nitrite was followed for 90 
min, the longest time that a drug is likely to remain in the stomach. In 
contrast to isosorbide dinitrate and nitroglycerin, the green color of 
commercially formulated drugs that contained pentaerythritol tetrani- 
trate obscured the absorbance of the dyestuff a t  520 nm. Thus penta- 
erythritol tetranitrate-containing drugs were not analyzed for nitrite 
content. 

At concentrations of nitrite <1 pmole/liter, the sequential and si- 
multaneous addition of Griess reagents gave similar absorbance values. 
At higher concentrations of nitrite, in comparison with the sequential 
addition of reagents, the simultaneous addition of Griess reagents gave 
a decrease of 15-2070 in absorbance readings for identical nitrite con- 
centrations (Fig. 7). 

Tablets and capsules of isosorbide dinitrate were found to contain 
varying amounts of nitrite initially (-27-216 pmoles of nitrite/mole of 
nitrate ester) and to generate an average of 0.55 pmole of nitrite/mole 
of nitrate ester/min (Fig. 8, Table 11). 

Tablets and capsules of nitroglycerin also varied widely in their nitrite 
content. Nitrite was present in initial concentrations of -25-2290 pmoles 
of nitrite/mole of nitrate ester and was generated at an average rate of 
-4.7 Fmoles of nitrite/mole of nitrate ester/min (Fig. 8, Table 11). 

DISCUSSION 

It  is evident that  most of the preparations that were examined con- 
tained small quantities of inorganic nitrite. In addition, it also appears 
that apart from pentaerythritol tetranitrate, these preparations probably 

X 
X 

0.13 x-x x I X  
I 0 1 2 3 4 5 6 7  

HOURS 
Figure 6-Time course of generation of nitrite from nitroglycerin, 10:'O 
in lactose. Points represent nitrite generated from nitroglycerin (2.0 
mg) in 10% dimethylformamide, pH 1.0, in hydrochloric acid (0)  and 
phosphoric acid (X). 

0 
1.0 2.0 3.0 0 

NO? CONCENTRATION, 
pmoleslliter 

Figure 7-Comparison of dye absorbance with sequential and simul- 
taneous addition of Griess reagents using solutions with identical 
Concentrations of nitrite in hydrochloric acid, pH 1.0, in 10% dimeth- 
ylformamide. Key: (0) values obtained when only sulfanilic acid is 
present at  time zero; (0)  values obtained when sulfanilic acid and 1- 
aminonaphthalene are added together at time zero. Absorbance read- 
ings were taken 60 rnin later; points represent mean values from at least 
three experiments. 

contain small quantities of nitrite esters as impurities. These serve as the 
source of the continuous production of nitrite ion when the mixture is 
incubated with hydrochloric acid. Evidently a slow HCI-catalyzed hy- 
drolysis is occurring; the sensitivity of nitrite esters to acidic hydrolysis 
is well documented (15). 

In addition, acidic hydrolysis of nitrite esters is catalyzed by the 
presence of halide ions. Companion experiments were performed on all 
nitrate esters using phosphoric acid instead of hydrochloric acid to pro- 
vide an acidic medium of identical pH. In all samples of isosorbide dini- 
trate and nitroglycerin, but not pentaerythritol tetranitrate, an initial 
level of nitrite was detected which corresponded to that seen in hydro- 
chloric acid, but no further generation of nitrite was observed. These 
results are consistent with the findings of Allen, who showed that the rates 
of acid hydrolysis of propyl nitrite were increased by a t  least two orders 
of magnitude when equivalent concentrations of chloride ion were present 
(16). 

The possibility exists, however, that  the nitrite that is continually 
produced could come from the reduction of nitrate ion or nitrate ester 
by hydrochloric acid. If the claim by Oishis (9) that nitric acid is reduced 
to nitrous acid in dilute solution by hydrochloric acid is correct (the aqua 
regia mechanism), then it is difficult to explain the failure of penta- 
erythritol tetranitrate to yield nitrite. We have now examined dilute 
mixtures of both NaN03-HCI (1:4) and HNO:j-HCI (1:4) in water, over 
a time course of 24 hr and at pH values of 1 and 3. No evidence of nitrite 
(or nitrous acid) formation could be detected within the sensitivity range 
of the Griess reagent. These results are consistent with literature reports 
of hydrolysis of nitrate esters. Boschan (15) states that  hydrolysis of ni- 
trate esters predominantly yields nitrate ion, and that no subsequent 
reduction to nitrite occurs. However, nitrite esters containing an a-hy- 
drogen can undergo elimination to directly form nitrite. Of course, nitric 

29.0 r 

25.0 27.0 t ./ 

4.01 

2.0= 0 0 10 20 30 40 50 60 70 80 90 

MINUTES 

Figure 8-Time course of nitrite production by some organic nitrate 
ester drug dosage forms. Drugs were incubated in hydrochloric acid, pH 
1.U;points represent the mean values obtained from at least three ex- 
periments. Key: (.) 0.6-rng nitroglycerin tablet; ( 8 )  6.5-mg sus- 
tained-action nitroglycerin capsule; (0) 40-mg .sustained-action iso- 
sorbide dinitrate tablet; (0) 40-mg sustained-action isosorhide dinitrate 
capsule. 
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Table 11-Nitrite Detected in Organic Nitrate Ester Drug 
Formulations 

Table 111-Calculated Maximal Nitrite Concentrations in 
Gastric Juice Arising from Dissolved Organic Nitrate Ester 
Drugs 

Drug 

40-mg capsule, SA 
40-mg capsule, SA 

2.5-mg ca sule, SA 
0.6-mg taglet 

Isosorbide dinitrate 40-mg tablet, SAC 

Nitroglycerin, 6.5-mg capsule, SA 

pmole of nitrite/mole of 
nitrate ester 

After After 
2min” 60min Totalb 

63.6 28.0 91.6 
26.5 26.9 53.4 

216.0 44.0 260.0 
2290.0 299.0 2589.0 
1014.0 328.0 686.0 

24.7 222.0 247.0 

Drugs were analyzed as described in Experimental. The 2-min time reflects 
absorbance values (520 nm) obtained 2 min after the simultaneous addition of G r i m  
reagents and is assumed to reflect nitrite initially present. Total of the nitrite 
initially present and the nitrite generated over 60 min. SA = sustained-action or 
time-released preparation. 

acid and sodium nitrate could not form nitrites according to this 
scheme. 

In comparison with unformulated isosorbide dinitrate and nitroglyc- 
erin, tablets and capsules of these drugs generally contained higher levels 
of nitrite initially. For isosorbide dinitrate, levels were twofold higher 
while two of three nitroglycerin drugs tested contained ten to twenty 
times more nitrite than comparable amounts of unformulated nitro- 
glycerin. In addition, as discussed above, the values obtained for nitrite 
probably reflect a 1520% underestimation of the nitrite actually 
present. 

For isosorbide dinitrate, the amount of nitrite generated with time, 
0.55 pmole of nitritehole of nitrate ester/min was comparable for both 
unformulated and formulated drug. In contrast, drugs containing ni- 
troglycerin generated nitrite a t  faster rates than unformulated drug, 
averaging 4.7 pmoles of nitrite/mole of nitrate ester/min for formulated 
drug, a figure somewhat higher than that of 1.2 pmoles of nitrite/mole 
of nitrate estedmin given for nitroglycerin formulated with lactose alone. 
Again, as is discussed above, the nitrite initially present is assumed to 
be there as inorganic nitrite contamination, whereas nitrite which is 
generated with time in hydrochloric acid is believed to be due to the acid- 
and chloride-catalyzed hydrolysis of nitrite esters (15, 16), which are 
believed to be present as impurities in these drugs. 

Because many nitrosamines pose a carcinogenic risk one might rea- 
sonably ask if the levels of nitrite in these drugs are sufficient to pose a 
risk of nitrosamine formation from other amine drugs while dissolution 
in the stomach is taking place. In Table 111, nitrite levels actually detected 
in six different organic nitrate ester drug formulations (Table 11) were 
used to calculate the nitrite concentration that would be present in gastric 
juice if all of the drug were completely soluble in 15.0 ml of gastric juice. 
It should be noted however, that these compounds are known to have 
limited solubility in aqueous solutions. The dosage used for these cal- 
culations are the upper limit of currently recommended single therapeutic 
doses of these compounds-60 mg of isosorbide dinitrate and 19.5 mg 
of nitroglycerin (17). 

On the basis of these data, only the 6.5-mg sustained-action capsules 
of nitroglycerin provided more than the 10 pmoles of nitrite necessary, 
on a theoretical basis, to nitrosate 80 mg of propranolol hydrochloride, 
a secondary amine (la), or 100 mg of hydroxyzine hydrochloride, a ter- 
tiary amine3. Despite this, when these nitroglycerin capsules were actually 
incubated with propranolol hydrochloride, a nitrosamine product could 
not be recovered (19). 

In conclusion, the organic nitrate ester vasodilator drugs, isosorbide 
dinitrate and nitroglycerin, contain varying amounts of inorganic nitrite 
and nitrite esters present as impurities. Although these nitrate esters may 
contain adventitious nitrite or nitrite ester, no hazard appears to be posed 
by the possibility that they themselves can give rise to nitrites via re- 

Klett and I. Haisfeld-Danse. manuscript in preparation. 

Drug 

pmole of nitritehiter of 
gastric juice” 

Total. 
After 2 min After 60 min 

Isosorbide dinitrate, 40-mg tablet, SAb 1.08 1.55 
40-mg capsule, S A  0.45 0.91 
40-mg capsule, SA 3.66 4.40 

Nitroglycerin, 6.5-mg capsule, SA 13.10 14.80 
2.5-mg capsule, SA 5.80 3.90 
0.6-mg tablet 0.14 1.41 

Nitrite concentrations are calculated on the basis of actual levels of nitrite found 
(Table 11). Calculations are based on the ingestion of 60 mg of isosorbide dinitrate 
or 19.5 mg of nitroglycerin dissolved in a 15-1111 volume of gastric juice. * SA = 
sustained-action or time-released preparation. 

duction with hydrochloric acid. These impurities may arise during the 
manufacture of the raw material, formulation into therapeutic dosage 
forms, and/or from decomposition during storage. In terms of the amount 
of nitrite provided daily by the average American diet (13 mg, 2.3 
mmoles), the amount of nitrite provided by these drugs in absolute terms 
is quite small (20). Moreover, the risk of nitrosating secondary or tertiary 
amine drugs simultaneously ingested with organic nitrate esters appears 
to be negligible. 
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Abstract 0 A method for the determination of cyproheptadine in plasma 
and urine was developed using the N-ethyl homologue as an internal 
standard. After extraction of the drug from an alkalinized sample into 
petroleum ether-isoamyl alcohol, back-extraction into 0.1 N HCl, 
washing the aqueous phase with fresh solvent, re-extraction into petro- 
leum ether after alkalinization, the solvent was evaporated. The recon- 
stituted residue was analyzed by GLC using a SP-2250 column and ni- 
trogen-sensitive detector. Concentrations as low as 3 ng/ml could be 
determined. Plots of peak area of cyproheptadine-peak area of internal 
standard uersus cyproheptadine concentration were linear over the range 
studied with correlation coefficients of 0.9945 and 0.9924 for plasma and 
urine, respectively. The method was used to determine the peak time (0.5 
hr), peak concentration (33 ng/ml average), and apparent half-life (3 hr) 
in two dogs after oral administration of 1 mg of cyproheptadine/kg. 

Keyphrases Cyproheptadine-GC determination in plasma and urine 
0 GC-cyproheptadine, determination in plasma and urine 

Cyproheptadine', 4- (5H-dibenzo[a ,d] cyclohepten-5- 
y1idene)-1-methylpiperidine (I, R = CHB), is a potent an- 
tihistaminic and antiserotonergic agent (1) and inhibitor 
of platelet aggregation (2). Its disposition and metabolism 
in humans and animals have been described (3-9). 
Cyproheptadine has been quantitated in rat tissues by GC 
with a reported sensitivity of -1 pglg (3). The present re- 
port describes an analytical method suitable for the de- 
termination of cyproheptadine in low nanogram concen- 
trations in plasma and urine. 

EXPERIMENTAL 

Reagents-Petroleum ether (3fAO') and all other chemicals were 
of analytical reagent grade and were used without further purification. 
Analytically pure cyproheptadineHC1 and the maleate salt of its N-ethyl 
analogue were synthesized in these laboratories. Stock solutions of the 
drug and the N-ethyl analogue used as an internal standard (11, R = 
CZHS) were prepared in methanol (1 mg/ml, as the free bases). The so- 
lution of cyproheptadine was diluted with methanol to give solutions 
containing 1,0.5,0.25, and 0.125 ng of drug/pl. The internal standard 
solution was diluted with methanol to give a solution containing 2 ng of 
the compound/pl. 

I 
R 

~~ 

1 Periactin is the registered trademark of Merck 8t Co.. Inc. for i t s  brand of 
cyproheptadine. 

A solution of isoamyl alcohol in petroleum ether (991, v/v) was pre- 
pared. 

Instrument-Analyses were performed on a GC2 equipped with a 
nitrogen-sensitive detector. The column, 0.91 m X 2 mm (i.d.) was packed 
with 3% SP-2250 on Supelcoport (80-100 mesh)3. The column was con- 
ditioned by heating overnight a t  260' under helium flow (30 ml/min). 
Chromatographic conditions were as follows: column oven, detector, and 
injection port temperatures of 230,300, and 275O. respectively; helium, 
hydrogen, and air flows of 30,3.6, and 50 ml/min, respectively. 

Procedure for Plasma-To 1 ml of plasma in a 13-ml glass-stoppered 
centrifuge tube were added 3.12,6.25,12.5,25, or 50 ng of cyproheptadine 
and 50 ng of internal standard in a total volume of 50 pl of methanol. After 
addition of 1 ml of 0.1 N NaOH and 8 ml of petroleum ether-isoamyl 
alcohol (99:1), the tube was shaken for 10 min and centrifuged. Most of 
the organic phase was transferred to a second tube containing 1 ml of 0.1 
N HCI. The tube was shaken for 5 min and centrifuged. The organic phase 
was discarded and 8 ml of petroleum ether-isoamyl alcohol added. After 
shakiig again for 5 min and centrifuging, the organic phase was aspirated. 
After addition of 0.2 ml of 1 N NaOH and 8 ml of petroleum ether-iso- 
amyl alcohol, the tube was shaken for 10 min and centrifuged. The solvent 
was transferred to a 13-ml centrifuge tube and evaporated in a stream 
of nitrogen at  40'. The small volume of residual isoamyl alcohol was di- 
luted with 50 pl of heptane and 3 pl was injected into the column. The 
peak areas of cyproheptadine and the internal standard were measured 
by the chromatograph terminal and the ratio of the areas plotted uersus 
the concentration of cyproheptadine present. Cyproheptadine concen- 
trations in the unknowns were obtained by reference to this standard 
curve. 

Procedures for Urine-The procedure was the same as for plasma 
except that the standard samples contained 12.5,25,50, and 100 ng of 
cyproheptadine. 

RESULTS AND DISCUSSION 

As shown in Fig. 1, cyproheptadine and its ethyl homologue used as 
an internal standard were well separated under the conditions used, 
having retention times of 4.2 and 5.3 min, respectively. Blank plasma 
samples assayed by the same procedure showed no significant interfering 
peaks. 

I B !It7- UJ U ,A, 
0 1 2 3 4 5 6  0 1 2 3 4 5 6  

MINUTES 
Figure 1-Gas chromatograms of control dog plasma (left panel) and 
of plasma containing 12.5 ng of cyproheptadine (A) and 50 ng of internal 
standard (B) per milliliter (right panel). 
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Table I-Precision and Accuracy of the GLC Assay for  Cyproheptadine in Plasma and Urine 

Cyproheptadine Found 
Plasma Urine 

Cyproheptadine Mean + S D ,  RSD, RE", Mean + SD,  RSD , RE", 
Added, nglml N ndml % % N nglml % % 

3.12 12 3.8 f 0.5 13.1 +21.8 
6.25 12 6.6 f 0.7 10.6 +5.6 

12.5 12 13.2 f 1.1 8.3 +5.6 8 11.2 f 0.7 6.2 -10.4 
25 18 24.0 f 3.2 13.3 -4.0 8 25.4 f 4.2 16.5 + 1.6 
50 6 48.8 f 5.5 11.3 -2.4 8 46.9 f 1.7 3.6 - 9.4 

100 6 103.0 f 7.3 7.1 + 3.0 

Relative error. 

Table 11-Plasma Concentrations of Cyproheptadine in Dogs 
after Administration of a Single Oral Dose (1 mg/kg) 

Plasma Concentration 
Time, Dog 1, Dog 2, 

hr nglml nglml 

0.5 
1 
2 
4 
6 

12 

32 
22 
20 
14 
8 
2 

34 
32 
24 
14 
8 
3 

Most of the known metabolites of cyproheptadine (i.4.. the 10-hydroxy, 
10,ll-epoxy, 10-ketodesmethyl-, and 10,11-dihydroxy analogues) did 
not interfere since their retention times were all longer than that of 
cyproheptadine (7.2,7.5,9.3, and 10.8 min, respectively). The N-oxide 
gave a peak at  the same retention time as cyproheptadine, presumably 
from thermal loss of oxygen during GLC. However, it was found that the 
N-oxide was not extracted from plasma or urine under these conditions 
and, thus, would not interfere in the analysis. Similarly, N-desmethyl- 
cyproheptadine had the same retention time as the internal standard, 
but was very poorly extracted (<loyo recovery) from plasma under the 
conditions used. In addition, plasma and urine from dogs dosed with 
cyproheptadine (see below) were analyzed without addition of the in- 
ternal standard. No peak was seen at  the retention time of desmethyl- 
cyproheptadine, indicating that this metabolite would not interfere in 
the determination of cyproheptadine. However, it would be advisable 
before using the method in multiple-dose studies to determine if the 
desmethyl metabolite is present in concentrations sufficient to cause 
interference. If this is indicated, use of another internal standard would 
be required. 

The precision and accuracy of the method were demonstrated by 
replicate analyses of plasma and urine samples containing known con- 
centrations of cyproheptadine (Table I). The overall relative standard 
deviations for plasma ranged from 8.3 to 13.3% and the relative error 
range was -4.0-21.8%. For urine, the overall relative standard deviation 

range was 3.6-16.5% and the relative error -10.4-3.0%. The within-day 
correlation coefficient for the plasma standard curve was 0.9945 and the 
between-day value was 0.9825. The correlation coefficient for urine was 
0.9924. 

Plasma levels and urinary excretion of cyproheptadine were measured 
in two dogs at various times after administration of a single oral dose of 
the drug (1 mglkg). The results are shown in Table 11. Maximal concen- 
trations were present at the earliest time sampled (0.5 hr). The apparent 
plasma half-life was - 3 hr. Urine (&24 hr) contained 0.&0.5% of the dose 
as unchanged cyproheptadine. 

In summary, the present method was shown to be sufficiently sensitive, 
specific, and reliable for pharmacokinetic studies in the dog and possibly 
other species as well. Use of an internal standard of similar structure 
served to minimize errors in quantitation resulting from sample manip- 
ulation. 
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Abstract 0 A UV method is described for measuring total sulfa drug 
concentration in dissolution samples. This in uitro measurement was 
found to correlate well with several in uioo parameters obtained after 
administration of commercial trisulfapyrimidine suspensions to humans. 
The UV method, which is rapid, simple, inexpensive and easily auto- 
mated, is recommended for studying the dissolution of trisulfapyrimidine 
suspensions. 

Keyphrases 0 Trisulfapyrimidine-in uioo-in uitro correlations, UV 
method for the measurement of the dissolution of trisulfapyrimidine 
suspensions 

Several reports (1-8) have appeared in the literature 
dealing with the bioavailability and dissolution of sulfa 
drugs. We have observed (9) significant bioavailability 
differences among seven commercial trisulfapyrimidine 
suspensions and have reported a dissolution method that 
provided good in uiuo-in uitro correlation. This method 
was subsequently recommended for in uitro screening of 
trisulfapyrimidine suspensions. However, the dissolution 
samples were analyzed by a specific high-performance 
liquid chromatographic (HPLC) method which measured 
the concentrations of each component [sulfadiazine (I), 
sulfamerazine (11), and sulfamethazine (III)] of trisul- 
fapyrimidine suspensions. The present study was under- 
taken to determine the suitability of a more rapid and 
readily available UV spectrophotometric procedure for 
measuring dissolution samples of trisulfapyrimidine sus- 
pensions, and to determine whether dissolution data col- 
lected in terms of total sulfa drug could be correlated with 
the in uiuo parameters reported previously. 

EXPERIMENTAL 

In Vivo Study-Details of the in uiuo study are given elsewhere (9). 
Briefly, seven commercially available trisulfapyrimidine suspensions 
(A-G)' were each administered to 14 healthy male volunteers in a com- 
plete cross-over study design. Fourteen blood samples were then collected 
over a 48-hr period, and serum was analyzed for I, 11, and 111 by a specific 
HPLC procedure (10). 

Dissolution Methodology-Details of the dissolution method em- 
ployed have been reported previously (9). Studies were done using the 
rotating paddle method (11) at 25 rpm in 900 ml of 2.2 X M HCI, pH 
3.4 a t  37'. Samples were analyzed spectrophotometrically as described 
below. 

Analytical-For the in uiuo study, all serum samples were analyzed 
for sulfadiazine, sulfamerazine, and sulfamethazine by an HPLC method 
described previously (9,lO). For the in uitro study, all dissolution samples 
were analyzed for total sulfa drug content by a UV spectrophotometric 
procedure. A solution of trisulfapyrimidines was prepared by dissolving 

A, Trisem, lot C53747, Beecham-Massengill Pharmaceuticals, Bristol, Tenn.; 
B, Terfonyl, lot 60080, E. R. Squibb and Sons, Princeton, N.d.; C, Sulfaloid, lot 
17612, Westerfield Laboratories, Cincinnati, Ohio; D. Trisureid, lot 5M249, Reid- 
Provident Laboratories, Atlanta, Ga.; E, Quad-Ramoid, lot 28431, Paul B. Elder 
Co., Bryan, Ohio; F, Sulfose, lot 1951619, Wyeth Laboratories,,Philadelphia, Pa.; 
and G. Neotriazine. lot 9ND79A. Eli Lilly and Co.. Indianapolis, Ind. 

Table I-Meana (It SD) Percent of Total Sulfa Drug  Dissolved 
in  15 and  30 Min as Measured by the UV Assay for Seven 
Commercial Trisulfapyrimidine Suspensions 

Product 15 rnin 30 min 

68.3 f 1.1 
86.8 f 1.3 
47.9 f 3.2 
88.0 f 1.4 
30.7 f 0.9 
22.1 f 2.5 
9.9 f 1.2 

88.4 f 0.9 
95.9 f 1.0 
69.2 f 4.8 
97.8 f 1.9 
35.8 f 1.9 
42.1 f 4.1 
28.3 f 1.6 

Mean of three determinations. 

100 mg each of I*, I F ,  and HI4 in the dissolution medium and adjusting 
the volume to 100 ml in a volumetric flask. This solution was quantita- 
tively diluted with dissolution medium to obtain a stork solution con- 
taining 30 pg of total sulfa drug per milliliter. Standards (1.5,3.0,4.5,6.0, 
7.5, and 9.0 pglml total sulfa drug) were prepared by further diluting the 
stock solution with the dissolution medium. The absorbance of each 
standard solution was measured5 a t  254 nm and a calibration plot con- 
structed. Unknown dissolution samples were measured in similar fashion, 
dilutions being performed with the dissolution medium where necessary. 
Prior to use, the spectra of each commercial suspension were examined 
in the dissolution medium for possible interference by excipients. All 
preparations gave similar spectra, and no interfering peaks were ob- 
served. 

RESULTS 

In Vivo Study-Detailed results of the observed maximum serum 
concentration (C,,,), the time for maximum serum concentration (t,,,), 
and normalized areas under the curve (AUC," X K e ) ,  have been presented 
previously (9) for I, 11, and 111. 
In Vitro Study-The mean percentages of total sulfa drug (IV) dis- 

solved in 15 and 30 min for the seven trisulfapyrimidine suspensions are 
shown in Table I. It is observed that there were large differences in the 
dissolution rate among the seven suspensions. Product G showed the 
slowest rate of dissolution, while products A, B, and D showed the most 
rapid dissolution. 
In Vivo-In Vitro Correlations-For the three drugs ( I ,  11, and HI), 

each in uiuo parameter was correlated with the percent of total sulfa drug 
(IV) dissolved in 15 and 30 min. Significant values of the linear correlation 
coefficient were observed between: (a)  percent of IV dissolved in 30 min 
and C,,, for I ( r  = 0.83, p < 0.05); ( b )  percent of IV dissolved in 15 min 
and C,,, for I ( r  = 0.80, p < 0.05); (c) percent of IV dissolved in 30 min 
and t,,, for I ( r  = -0.80, p < 0.05); (d) percent of IV dissolved in 15 min 
and tmax for I ( r  = - 0 . 7 9 , ~  < 0.05); ( e )  percent of IV dissolved in 30 min 
and Cmax for I1 ( r  = 0.77, p < 0.05); ( f )  percent of IV dissolved in 30 min 
and t,,, for I1 ( r  = -0.85, p < 0.02); (g) percent of IV dissolved in 15 min 
and tmax for I1 ( r  = -0.81, p < 0.05). Other combinations of in vico and 
in uitro parameters did not give significant correlations. 

DISCUSSION 

Significant bioavailability differences among the commercial trisul- 
fapyrimidine suspensions have been reported (9). These differences were 

Lot H02114, Eli Lilly and Co., Indianapolis, Ind. 
Lot M07059, Eli Lilly and Co., Indianapolis, Ind. 
Lot R02011, Eli Lilly and Co.. Indianapolis, Ind. 
DB-G grating spectrophotorneter, Beckman Instruments Inc.. Irvine, Calif. 
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Figure 1-Relationship between the in vivo measure of C,,, for I and 
the in vitro measure of percent IV dissoloed in 30 min for  the seven 
trisulfapyrimidine suspensions, showing the regression line for the 
correlation coefficient of +0.83 (p  < 0.05). 

observed in the rate and extent of absorption of individual suspension 
components. An in uitro dissolution test procedure was developed and 
dissolution samples analyzed by HPLC. Several significant correlations 
were reported between in uivo and in uitro parameters for individual sulfa 
components. Results of the present investigation show that when using 
the same dissolution procedure but a different method of detection (UV 
spectrophotometric) statistically significant correlations could be 
achieved between the in uitro values of percent of total sulfa drug dis- 
solved (in 15 and 30 min) and the in oico parameters reported previously 
for I and 11. 

As reported previously, the greatest bioavailability difference among 

the seven products was observed for the CmaX parameter for I, for which 
good correlation was shown with the percent of I dissolved in 30 min (as 
measured by HPLC). The results of this study also show good correlation 
( r  = 0.83, p < 0.05) between C,,, for I and percent of IV dissolved in 30 
min, as shown in Fig. 1. Thus, the UV method can be employed for 
studying the dissolution of trisulfapyrimidine suspensions. The method 
offers certain advantages over the HPLC procedure in that it is more 
rapid, less expensive, readily available in most laboratories, and more 
easily applicable to automation technology. Except for the fact that  i t  
could not detect differences in the individual sulfa components of 
trisulfapyrimidines, the UV method was found to be suitable for the 
determination of dissolution properties of commercial products. 
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Abstract  0 The decomposition rate constants, normalized for dilution 
and relative specific surface effects, of nitrazepam in simple binary 
powder mixtures with talcum, lactoseH20, microcrystalline cellulose, 
corn starch, mannitol, and saccharose are shown to be linearly related 
to the nitrogen adsorption energy of the excipients. 

Keyphrases 0 Nitrazepam-effect of excipients on stability in binary 
powder mixtures 0 Excipients-effect on nitrazepam stability in binary 
powder mixtures 

Recently, considerable effort has been made to precisely 
describe the chemical properties of excipients and how 
these excipients influence the technical and biopharma- 
ceutical characteristics of the dosage forms. Excellent re- 

views list the “inert compounds” of pharmaceutical 
preparations (l), describe the difficulties concerning the 
“choice of excipients for international use” (2), “the in- 
fluence of excipients on the design and manufacture of 
tablets and capsules” (3), and the “problems of drug in- 
teractions with excipients” (4). Many studies describe the 
influence of excipients, e.g. the acid-catalyzed decompo- 
sition of digoxin by montmorillonite (5), the effect of water 
adsorption properties of silica gel on the stability and the 
biological availability of ascorbic acid (6), and the influence 
of the solubility of some excipients on in uitro and in uivo 
properties of bendroflumethiazide tablets (7). Additional 
references were cited by Carstensen (8,9). 
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Figure 1-Relationship between the in vivo measure of C,,, for I and 
the in vitro measure of percent IV dissoloed in 30 min for  the seven 
trisulfapyrimidine suspensions, showing the regression line for the 
correlation coefficient of +0.83 (p  < 0.05). 

observed in the rate and extent of absorption of individual suspension 
components. An in uitro dissolution test procedure was developed and 
dissolution samples analyzed by HPLC. Several significant correlations 
were reported between in uivo and in uitro parameters for individual sulfa 
components. Results of the present investigation show that when using 
the same dissolution procedure but a different method of detection (UV 
spectrophotometric) statistically significant correlations could be 
achieved between the in uitro values of percent of total sulfa drug dis- 
solved (in 15 and 30 min) and the in oico parameters reported previously 
for I and 11. 

As reported previously, the greatest bioavailability difference among 

the seven products was observed for the CmaX parameter for I, for which 
good correlation was shown with the percent of I dissolved in 30 min (as 
measured by HPLC). The results of this study also show good correlation 
( r  = 0.83, p < 0.05) between C,,, for I and percent of IV dissolved in 30 
min, as shown in Fig. 1. Thus, the UV method can be employed for 
studying the dissolution of trisulfapyrimidine suspensions. The method 
offers certain advantages over the HPLC procedure in that it is more 
rapid, less expensive, readily available in most laboratories, and more 
easily applicable to automation technology. Except for the fact that  i t  
could not detect differences in the individual sulfa components of 
trisulfapyrimidines, the UV method was found to be suitable for the 
determination of dissolution properties of commercial products. 
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Abstract  0 The decomposition rate constants, normalized for dilution 
and relative specific surface effects, of nitrazepam in simple binary 
powder mixtures with talcum, lactoseH20, microcrystalline cellulose, 
corn starch, mannitol, and saccharose are shown to be linearly related 
to the nitrogen adsorption energy of the excipients. 
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Recently, considerable effort has been made to precisely 
describe the chemical properties of excipients and how 
these excipients influence the technical and biopharma- 
ceutical characteristics of the dosage forms. Excellent re- 

views list the “inert compounds” of pharmaceutical 
preparations (l), describe the difficulties concerning the 
“choice of excipients for international use” (2), “the in- 
fluence of excipients on the design and manufacture of 
tablets and capsules” (3), and the “problems of drug in- 
teractions with excipients” (4). Many studies describe the 
influence of excipients, e.g. the acid-catalyzed decompo- 
sition of digoxin by montmorillonite (5), the effect of water 
adsorption properties of silica gel on the stability and the 
biological availability of ascorbic acid (6), and the influence 
of the solubility of some excipients on in uitro and in uivo 
properties of bendroflumethiazide tablets (7). Additional 
references were cited by Carstensen (8,9). 
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Table I-Samole DescriDtion, Nitrogen Adsomtion Energies and  DecornDosition Rate  Constants a 

ZI Dilution 
Factor b ,  10’ko.s T, Specific 

c, 10o-c1 103k, 2, (N?),  
-=- day-’ day-‘ kcal/g 
CI CI 

ZI 
2, 

Density, Surface (Z), 
- Excipient g/cm3 m2/g 

Talcum 2.841 2.53 0.451 199.3 6.11 2.77 2.04 
Lactose-HzO 1.545 2.15 0.530 204.5 8.86 4.59 2.00 
Microcrystalline cellulose 1.530 1.39 0.820 105.8 5.04 7.81 1.90 
Corn starch 1.504 0.55 2.073 199.2 5.31 11.1 1.87 
Mannitol 1.486 0.45 2.533 200.8 5.67 14.3 1.78 
Saccharose 1.587 0.28 4.071 199.4 4.44 18.1 1.74 
Nitrazepam 1.398 1.14 

humidity. b Expressed in terms of CI, mg of nitrazepam, and C , ,  mg of excipient per 100 mg olsample. 
0 These data were normalized to 0.5% dilution, and corrected for surface effect, (&/&), of nitrazepam, I, mixed with various excipients, e ,  stored at ;on and 60% relative 

BACKGROUND 

No systematic approach has been made to quantitatively study the 
so-called “inertness” of excipients. The work reported here is a first at- 
tempt to assess quantitatively (under well-defined conditions) the in- 
fluence of some commonly used excipients on nitrazepam stability to find 
some parameter(s) which permit an objective comparison of the inertness 
of excipients. 

Assuming a pseudo-first-order degradation, it has been shown that the 
logarithm of the nitrazepam decomposition rate constant is propor- 
tionally related to the inverse of absolute temperature and to the relative 
humidity of the environment (10). Other parameters to he considered 
are the dilution of the active ingredients and the relative specific surface 
area of t.he components of the system. 

It  is assumed that the slight concentration differences in the individual 
samples used in this study (<5%, except for the cellulose system, where 
the nitrazepam concentration was 1%, as compared with 0.5% in the other 
samples) may he linearly normalized’. 

These parameters must all be known and taken into account for further 
discussion and eventual elucidation of their influence on reaction 
mechanism. Because direct chemical reaction with the so-called “inert” 
excipients can be excluded in most cases, the hypothesis is formulated 
that the solid-state nitrazepam decomposition might be treated in 
analogy to heterogeneous catalysis reactions (1 1) whose basic steps 
are: 

1. diffusion of the reactant toward the catalyst; 
2. adsorption of the reactant onto the catalyst; 
3. reaction of the adsorption complex to yield the product; 
4. desorption of the product from the catalyst; 
5. diffusion of the product away from the catalyst. 

Anyone of these steps can be rate controlling for a given process, but not 
all the steps are necessarily involved in all decomposition reactions en- 
countered in solid-state pharmaceutical dosage forms. 

Before elucidating reaction mechanisms it would seem reasonable to 
study the role of water and to find out whether the reacting water mole- 
cules are in the gaseous, liquid, or some intermediate state, and whether 
it is possible to define a quantity of “water available for reaction” ac- 
cording to the following equation: 

As01 + (H2O)n R + Csol+ D s o ~  + B (H2O)n-I 

The difficulty of evaluating hygroscopicity for pharmaceutical solids has 
recently been described by van Campen et al. (12). 

Also, the adsorption properties of the aerosol play an important role 
in nitrazepam stability (13). 

EXPERIMENTAL 

Materials-Nitrazepam (1,3-dihydro-7-nitro-phenyl-2H-1,4-ben- 
zodiazepin-2-one)2, microcrystalline cellulose?, talcum4, mannito14, 
lactose.H~04, cornstarch4, and saccharose4 were supplied commercially. 
Microcrystalline cellulose was used as received, all other excipients were 
of Pharmacopoea Helvetica VI quality. Adsorption isotherms and specific 
surfaces were determined with nitrogen (purity: 99.998%)5. 

Sample Preparation and Storage Conditions-Individual 800-mg 

Unpublished results from this laboratory; manuscript in preparation. 
F. Hoffmann-La Roche and Co. S.A., CH-4000 Basel, Switzerland. 
Avicel PH 101, Interchemie A.G., CH-8001 Zurich, Switzerland. 
Siegfried A.G., CH-4800 Zofingen, Switzerland. 
NA8, Air Liquide Co., CH-1211 GenBve, Switzerland. 

samples containing 4 mg (0.5%) of nitrazepam were prepared by carefully 
mixing the constituents and avoiding any alteration of the granulometric 
characteristics. The samples were stored in climatic chambers6 at  con- 
stant relative humidity (60 f 2%) and temperature (70 f 0.5”). 

Density and Specific Surface Area Determinations-True density 
values were obtained by means of a commercial pycnometer’ measuring 
the helium gas or air volume displacement by the dried sample with a 
precision of 0.02 ml for a total volume of 15 ml. The specific surface area 
and the nitrogen energy of adsorption on the excipients were obtained 
by means of a homemade manifold, calculated according to the BET 
theory (14). The precision of the surface values obtained by nitrogen 
adsorption a t  77’K is 1% for surfaces smaller than 1 d 9 - I  and better 
than 1% for surfaces larger than 1 m2gg1. 

Assay-The decomposition of nitrazepam has been followed by HPLC 
using a liquid chromatograph6 with a dualwave UV detector linked to 
an electronic integrating recorderg and fitted with a silica-filled column 

TALCUM \ o 

1.7 1.8 1.9 2.0 
411 

NITROGEN ADSORPTION ENERGY, kcal mole-’ 

Figure 1-Normalized decomposition rate constants of nitratepam 
in relation to the nitrogen adsorption energy of tiarious excipients. 

Voetsch VTKTR and VTKTR 125s. Heraeus-Laborgerate S.A., CH-1227 

Air Comparison Pycnometer model 930, Instrumenten Gesellschaft A.G., 

8 Liquid Chromatograph Spectra-Physics model 3500. Spectra-Physics A.G., 

9 Minigrator, Spectra-Physics A.G., CH-4054 Basel, Switzerland. 

Carouge-GenBve, Switzerland. 

CH-1227 Carouge-GenBve, Switzerland. 

CH-4054 Basel, Switzerland. 
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Figure 2-Decomposition rate constants of nitrazepam as a function 
of the surface-dilution factor. 

(0.3 X 25 cm)lo. T o  maintain column efficiency a precolumn of 0.3 X 5 
cm, with identical filling, served as the filter. Operating conditions were 
as follows: mobile phase composition was n-hexane-chloroform-meth- 
anol (83.2512.5:2.25), flow rate was 1.8 ml/min a t  a pressure of -79 
atm. 

Antipyrine (2,3-dimethyl-l-phenyl-3-pyrazolin-5-one) a t  a concen- 
tration of 1.063 X 10-3 moles/liter served as the internal standard. The 
linearity range of nitrazepam was from 0.04 to 4 pg. Recovery of nitra- 
zepam a t  0.5% in microcrystalline cellulose was >98%, and the precision 
obtained was better than 1% for assays of amounts of I >0.04 pg and 
better than 2% for quantities <0.04 fig. 

RESULTS AND DISCUSSION 

Based on the experimental results obtained (Table I) the following 
linear relationship was established: 

XI 
L 103ko.5 - = 102 - 49.0 E,d,(Nz)(r2 = 0.976 for n = 6) 

where ko.5 is the decomposition rate constant for a sample containing 
exactly 0.500% nitrazepam, Z is the specific surface (mzg-’), (I is nitra- 
zepam and e is the excipient), and Eads(NP) is the nitrogen adsorption 
energies in which the nitrazepam decomposition constant decreases 

lo Spherisorb Silica 5 wn, SS-3-25O-S5W, Spectra-Physics A.G., CH-4054 Basel, 
Switzerland. 

proportionally to the increase of nitrogen adsorption energy on the six 
excipients (Fig. 1). 

If the contact surface were the only influence an excipient had, and 
assuming similar excipient surface coverage by the drug, then all de- 
composition rate constants of nitrazepam, once corrected for dilution and 
relative specific surface areas of the sample components, should be 
identical, whatever excipients are used. As can be seen in Fig. 2, this is 
not the case; each excipient has its own specific and/or nonspecific in- 
fluence on the observed rate. In the case of hydrolytic decomposition and 
according to the law of mass action, the amount of water present as a 
reagent (as long as not in excess) has a direct influence on the reaction 
rate. At present there is no possibility of determining quantitatively and 
directly the amount of water available and usable for reaction in a 
solid-state sample and the exact physical state of the reacting water. 
There is, however, no doubt that  both the physical and the structural 
states of the water are strongly influenced by adsorption properties of 
the excipients. In the case of nitrazepam decomposition, the reaction rate 
diminishes with increasing nitrogen adsorption energy of the excipi- 
ents. 

From structural considerations, there is no reason to expect that  the 
nitrazepam adsorption energy would be affected by the various excipients 
used. Since the only other reactant is water, a hypothetical conclusion 
can be drawn that the availability, i.e. reactivity, of water is the important 
parameter in the experimental system considered and that the water- 
binding energy to the excipients is the important factor to look at. Since 
only adsorbed water molecules may react, and their reactivity is inversely 
related to their adsorption energy, it is necessary either to establish the 
relationship between Eads (Nz) and Eads (HzO), the adsorption energy 
of (for the reaction available) water, and/or to determine the relative 
water binding forces to the excipient. 
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Abstract The kinetics of the hydrolysis of indomethacin and related 
compounds were studied in an alkaline medium a t  25'. The pseudo- 
fmt-order rate constants were evaluated from log absorbance uersus time 
plots in the ultraviolet. These compounds showed a second-order rate 
constant at low concentrations of hydroxide ion and a first-order rate 
constant at higher concentrations of hydroxide ion. 

Keyphrases Indomethacin-kinetics of the hydrolysis in alkaline 
medium 0 Kinetics-hydrolysis of indomethacin 

The kinetics of the alkaline hydrolysis of indomethacin 
[ 1 -( 4-chlorobenzoyl)-5-methoxy-2-methyl-indole-3-acetic 
acid (I)] have been investigated in several studies. 

I: .=-@a 

CH3 I 1  R=-CH=CH 

Hajratwala and Dawson (1) measured the apparent first- 
order rate constants in the pH 11-12 range at different 
temperatures, and suggested that the experimental data 
were in agreement with a mechanism involving the reaction 
of the monodissociated species of indomethacin with the 
hydroxide ion and postulated a rate law of the type: kobs 
= k [OH-]. Krasowska (2) described a linear relationship 
between log kobs uersus pH in the range of pH 7-10 at 50, 
60, and 70°, but no conclusions were drawn on the mech- 
anism of the hydrolysis of I. 

The aim of this study was to reinvestigate the mecha- 
nism of the basic hydrolysis of I and to compare its be- 
havior with that of simpler models in view of our previous 
resuIts on related compounds (3-5). 

A variety of amides undergo basic hydrolysis, as is shown 
in Scheme I. 

0 
11 / kiCOH-I 

R-C- N\ kl - 
0- 
I kerOH-1 / 

I R--C-< - RC0,- + H-N, 

t OH 

k4 
Scheme I 

According to the structure of the amide and the pH of 
the medium, the rate-determining step of the reaction is 
( a )  the attack of hydroxide ion on the amide ( k l )  and ( b )  
the decomposition of the tetrahedral intermediate to 
products either uncatalyzed (k4) or catalyzed by hydroxide 
ion (k3). Equation 1 represents the rate law for the mech- 
anistic Scheme I. 

Many N-acyl derivatives of pyrroles, indoles, and car- 
bazoles show a second-order rate constant a t  low concen- 
trations of hydroxide ion, and a first-order rate constant 
a t  higher concentrations of base (3-5). Only the hydrolysis 
of N-(4-nitrobenzoyl)pyrrole was found to be first-order 
in hydroxide ion at all base concentrations (6). This be- 
havior was ascribed to the electronic polarization by the 
nitro group destabilizing the carbonyl of the substrate, 
reducing k2 and increasing k l .  These electronic effects 
enlarge the ratio kJk2 and the formation of the tetrahedral 
intermediate becomes the rate-determining step. 

EXPERIMENTAL 
Material-All materials were analytical grade; water double-distilled 

in glass was used throughout. Indomethacin', cinmetacin* (II), and 1- 
(4-methoxybenzoyl)-5-methoxy-2-methyl-indole-3-acetic acid were 
used without further purification. 
1-(4-Chlorobenzoyl)indole (1V)-A solution of 1.2 g (10 mmoles) 

of indole and 34 mg (0.1 mmole) of tetrabutylamrnonium hydrogen sulfate 
in 30 ml of dichloromethane was stirred a t  room temperature while 1 g 
of finely powdered sodium hydroxide was added, followed by a solution 
of 2.6 g (15 mmoles) of 4-chlorobenzoyl chloride in 10 ml of dichloro- 
methane over a 15-min period. The mixture was cooled in a water bath, 
stirred for 20 min, and the product was removed by filtration. This ma- 
terial was recrystallized from n-hexane to give IV as white crystals, mp 
114-115' [lit. 114.5-115.5' (7,8)] IR (mineral oil): 1680 cm-' (C=O); 
NMR (deuterochloroform): 6.6 (d, J = 4 Hz, 1, indole-3 proton), 7.2-7.9 
(m, 8, aromatic protons), 8.3-8.5 ppm (m, 1, indole-7 p r ~ t o n ) ~ .  

Kinetic Studies-A stoppered quartz cell containing an aqueous so- 
dium hydroxide solution (3 ml) was thermostated a t  25 f 0.1' for 20 min 
within the cell compartment. The reaction was initiated by adding 10-20 
p1 of the substance dissolved in acetonitrile. The initial concentration 
of the substrates in the reaction cell was in the order of 10-4-10-5 M. An 
ionic strength of 0.2 was maintained constant by adding sodium chlo- 
ride. 

Absorbance (against an appropriate blank) was recorded as a function 
of time at 325 nm for I, 320 nm for 11,315 nm for 111, and 305 nm for IV5. 
Pseudo-first-order rate constants (koh) were calculated using regression 
analysis. The correlation coefficients were between 0.993-0.999. 

The products of hydrolysis were examined by comparing the final 
spectra with those obtained from a solution of indoles and appropriate 
carboxylic acid under conditions identical to those of the kinetic experi- 
ments. 

Data Treatment-The rate constants for individual steps in the hy- 
drolysis reaction were evaluated according to the method of Kershner 
and Schowen (9)6. 

RESULTS AND DISCUSSION 

The effects of hydroxide ion concentration on the apparent first-order 
rate constant, koh. for the indole derivatives are shown in Table I. 

Merck Sharp & Dohme, Rahway, N.J. 
Chiesi Farmaceutici, Parma, Italy. 
Compagnia di Ricerca Chimica, San Giovanni al Natisone, Italy. 
IR spectra were recorded on a Perkin-Elmer model 399 spectrophotometer; 

Perkin-Elmer model 552 spectrophotometer. 
Hewlett-Packard model 9825A Computer. 

NMR spectra were registered on a JEOL 60 MHz spectrometer. 
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Table I-Effect of the Hydroxide Ion Concentration on the 
Pseudo-First-Order Rate Constant at 25.0 f 0.1" 

Table 11-Rate Constants for the Hydroxide Ion-Catalyzed 
Hydrolysis in Water at 25.0 f 0.1" 

ki, k ik3k2, k3k2, 
M-' sec-' M-' sec-' M-1 

k& lo4, sec-l 
IOH-1 lo3 M I I1 111 IV 

I 0.34 1.0 
1.5 
2.0 

2.21 

4.05 

0.471 
0.906 
1.23 

0.269 

0.633 

15.1 . .~ 

ri 0.09 
111 0.05 
IV 2.20 40.9 2.5 

3.0 
1.63 

2.69 

4.31 

6.49 
8.75 

13.2 

0.978 
1.42 
1.81 

V" 5.50 4900 900 
VI" 1.10 800 700 4.0 

5.0 
6.0 
7.0 

96.3 
(I Data from Ref. (3) 

water-catalyzed decomposition of the tetrahedral intermediate) is neg- 
ligible. 

From the data one can observe that l-(4-chlorobenzoyl)indole (IV) 
shows a value of k l  (the rate constant of formation of the tetrahedral 
intermediate) about 7 times higher than I, and this can be ascribed to  
steric inhibition by the methyl group in the 2-position of I to the attack 
of the hydroxide ion, since this reaction appears to be more sensitive to 
steric effects than to electronic effects (3-5). Similarly steric effects affect 
the k d k 2  ratio favoring the decomposition of the intermediate rather than 
the return to the reactants. Furthermore, electronic effects resulting from 
substitution in the benzoyl ring of the indomethacin series closely parallel 
those in the pyrrole series, as shown by the fact that  the k l  relative ratio 
of 1-111 is -7 and is quite similar to that of V-VI (-5). Finally, the fact 
that the k3/kz values are of the same order of magnitude shows that 
partitioning of the tetrahedral intermediate to  products is the result of 
a subtle balance among steric, electronic, and leaving-group effects. 

In conclusion, the kinetics of hydrolysis of indomethacin and cinme- 
tacin, are similar to that of analogous models used in this study. A 
knowledge of the mechanism of hydrolysis of simple molecules is im- 
portant to rationalize the behavior of more complex compounds. 

17.5 

27.4 

42.6 

60.3 

. .. 

7.5 
10.0 
12.4 
15.0 

5.51 
7.58 

10.0 

2.74 
3.98 

3.85 

8.51 

151 
209 

322 

427 
17.3 14.4 

18.2 
21.4 

20.0 
21.8 
25.0 
30.0 

77.1 
89.6 

10.7 
12.8 633 

31.7 27.8 
34.6 15.6 
40.0 128 35.6 17.5 
44.5 39.8 20.3 
50.0 162 45.1 22.9 1057 

Average of two or three runs. 

Plots of rate constant-hydroxide ion concentration versus hydroxide 
ion concentration are shown in Fig. 1. The mechanism of hydrolysis shown 
in Scheme I is the most probable. Equation 1 represents the rate law for 
this mechanism. The rate constants for the single steps are reported in 
Table I1 together with relevant data presented in our previous papers [i.e., 
l-(4-chlorobenzoyl)pyrrole (V) and 1 -(4-methoxybenzoyl)pyrrole (VI)] 
(3). The statistical treatment showed that k4 (the rate constant for the 

0.4 f- 
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Abstract 0 Percutaneous penetration of the vasodilator methyl nico- 
tinate (methyl 3-pyridinecarboxylate) has been monitored in uiuo in 
humans with the noninvasive techniques of laser Doppler velocimetry 
and photopulse plethysmography. These optical methods use different 
technologies to  generate a voltage output which is related to perfusion 
of the cutaneous microcirculation. The procedures are therefore sensitive 
to the pharmacologic stimulus and duration of local vasodilation. Fol- 
lowing topical application of methyl nicotinate, excellent correlation was 
found between the response of both methods and the visual observation 
of erythema. Lower drug concentrations delayed the onset and magnitude 
of the response and shortened the time period for which elevated mi- 
croperfusion was observed. These techniques appear to provide a useful 
noninvasive assessment of the time course of drug behavior in the region 
of skin to which topical application is made. 

Keyphrases Methyl nicotinate-noninvasive assessments of percu- 
taneous absorption, laser Doppler velocimetry, photopulse plethysmo- 
praphy, pharmacokinetics 0 Absorption, percutaneous-of methyl 
nicotinate, noninvasive assessments by laser Doppler velocimetry and 
photopulse plethysmography, pharmacokinetics 0 Pharmacokinetics-of 
percutaneous absorption of methyl nicotinate in humans, noninvasive 
assessments by laser Doppler velocimetry and photopulse plethysmo- 
graphy 

Presently, there exists limited understanding of the 
kinetics associated with drug absorption into the skin, 
retention or metabolism of compounds within the tissue, 
and subsequent elimination into the systemic circulation. 
Such knowledge, however, is valuable both for devising 
rational dermatological chemotherapy and for topical 
dosage form design and optimization. In this paper two 
noninvasive procedures for monitoring blood perfusion 
through the cutaneous microcirculation are discussed, and 
methodology is suggested that may improve pharmacok- 
inetic and pharmacologic measurement of percutaneous 
absorption. 

The techniques employed are laser Doppler velocimetry 
(LDV) and photopulse plethysmography (PPG). The 
methodologies employ different optical principles to  
generate an output related to either velocity (LDV) or 
amount (PPG) of cutaneous blood vessel perfusion. In 
1975, it was shown that LDV could indicate changes in 
microvascular perfusion (1). Validation and development 
of the method for clinical evaluation of local blood flow in 
the skin surface (2-4) was followed by its application to  
assess perfusion changes in response to injection trauma 
(5) and its employment as an indicator of skin blood flow 
(as compared with heater power) during transcutaneous 
oxygen monitoring (6). A recent review (7) has summarized 
the current technological and theoretical status of the 
procedure and has discussed possible clinical applica- 
tions. 

The PPG technique has been used for many years to  
assess skin blood flow (8), alone and in conjunction with 
other procedures, to assess various physiological functions. 
Although there are examples in the literature which have 

indicated the ability of PPG to demonstrate drug-induced 
changes in skin blood flow (9-12), there has been no at- 
tempt to apply the method specifically to follow the pas- 
sage of drug into the body following topical administra- 
tion. 

To  characterize and test the two techniques, the per- 
cutaneous absorption of methyl nicotinate in humans has 
been considered. This nicotinic acid ester crosses the skin 
rapidly and elicits a distinctive erythema (13), the time of 
onset of which is reportedly a function of drug concen- 
tration (14). After its appearance, erythema intensity first 
increases to  a maximum, and the area of redness expands, 
before gradually fading away and becoming no longer 
visually detectable (15,16). 

EXPERIMENTAL 

LDV experiments were performed with a recently developed capillary 
perfusion monitor'. The method uses the Doppler principle. Light a t  
632.8 nm from a 5-mW helium-neon laser is transmitted to the skin 
through a quartz optical fiber. The light is backscattered from stationary 
skin components and by erythrocytes moving in the dermal capillaries2, 
which are encountered as the radiation penetrates to a depth of 1-15 mm. 
A second optical fiber collects the reflected light and the electronic ron- 
figuration of the instrument then separates out the frequency-shifted 
( ie . ,  Doppler) component and converts it to a single flow parameter, 
which is registered as a voltage output. That this quantity is related to 
peripheral cutaneous perfusion, as measured by other means, has been 
shown (4). The optical fibers supplying and detecting the radiation are 
supported in a small, essentially cylindrical probe (1.9-cm diameter, 
0.5-cm height) which is held securely to the skin surface by double-sided 
adhesive tape. 

Experiments with PPC utilized a photoplethysmograph:' i n  conjunc- 
tion with two photopulse probes4 and a dual-channel recorder?. As with 
LDV, information is collected by a small (2  X 1 X 0.7-cm) probe attached 
with tape to the skin surface. In this case, however, the optical source is 
a diode (LED) emitting IR radiation at 800-940 nm. A phototransistor 
positioned in the probe beside the LED detects the reflected part of the 
incident source, and the photoplethysmograph then converts this in- 
formation for display as a fluctuating voltage on the chart recorder. The 
frequency of the input radiation covers wavelengths strongly absorbed 
by hemoglobin. I t  follows that changes in blood volume in the region of 
skin under the probe cause the PPG output to change because the per- 
centage of incident radiation absorbed is altered. The penetration depth 
o f  the light from the PPG probe is stated to be similar to that of the LDV 
apparatus, 1-2 mm. Whereas the recording displayed by the LDV unit 
can be damped so that output oscillations due to the heartbeat can be 
eliminated, this is not the case with the PPG instrument. The results from 
the latter appear as a series of pulses on which, at  high sensitivities, the 
dicrotic notch may be observed (Fig. I). 

Percutaneous penetration experiments were carried out on two healthy 
male volunteers. Methyl nicotinate6 ( I )  solutions of 150, 15, and 1.5 mM 
were prepared in distilled water and used directly. The application pro- 
cedure was as follows: A 1-cm diameter standard test patch; was saturated 

I Medpacific LD5000, Medpacific Corp.. Seattle, Wash. 
Medpacific. technical information. 
Medasonics PPG-19, Medasunics, Mountain View. Calif' 
Medasonics PHT. Medasonics. Mountain View. Calif. 
Medasonics R12A, Medasonics. Mountain View, Calif. 
Sigma Chemical Co.. St. Louis, Mi). ' Al-test, Imeco-ah, Siidertalje, Sweden. 
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I B I 
Figure 1-Typical pulsatile output from the PPG apparatus (probe 
attached to the forefinger). The dicrotic notch is visible a t  both (A) fast 
(25 mmlsec) and (B) slow (5 mmlsec) chart recorder speeds. 

with the appropriate solution of 1 and applied with tweezers to the mid- 
point of the flexor aspect of the subject’s forearm. The patch was in 
contact with the skin for 15 sec before being removed; any excess solution 
left on the skin was wiped away with a tissue. 

The LDV or PPG probe was then placed directly over the drug appli- 
cation site (the center of the probe being coincident with the position 
occupied by the center of the patch) and recordings were made from this 
point. For LDV measurements, continuous readings were taken 
throughout the duration of an experiment (-1 hr). For PPG, data col- 
lection was continual for the first 10-15 min and thereafter, 30-sec re- 
cordings were made every 3-5 min for the remainder of the run. The PPG 
procedure is much more sensitive to subject movement than LDV and 
it was found that periodic measurement as described provided both 
volunteer comfort and measurement clarity. 

With the PPG technique, for which there were two probes available, 
the second probe was positioned on the identical site on the other arm 
to which no drug was applied. This probe acted as a control to indicate 
whether any changes in the monitored outputs were induced by the ap- 
paratus alone in contact with the skin. On no occasion was there any 
change in output from the control site during the course of a normal ex- 
periment (of -1-hr duration). Finally, in a separate set of experiments, 
the same drug application procedure was followed and the onset of ery- 
thema determined visually with no probe on the skin. Erythema onset 
was defined as the appearance of redness a t  the skin position to which 
the patch had been applied (14). 

RESULTS AND DISCUSSION 

The results are presented in Table I. Figure 2 shows a typical initial 
response to the drug observed with LDV, and in Fig. 3 the pattern of 
microperfusion changes detected by PPG during an experiment is sum- 
marized. Good correlation between erythema onset and instrument re- 
sponse was found for both techniques, and the expected concentration 
dependence of drug effect (i.e., increased concentration, faster onset, and 
longer duration) was confirmed. Furthermore, there is potential to begin 
to quantify in an objective fashion both the initial response following 

Table I-Summary of LDV and PPG Experimental  Resul tsP 

Methyl Onset of Onset of Decay Time 

Concentration, Response, Response, Onset of Response*, 
Nicotinate LDV PPG Observed of 

mM sec sec Ervthema.sec min 
~~ ~~ 

Subject 1 
150 120 125 125 40-60 
15 160 180 165 20-35 
1.5 250 270 260 15-25 

150 135 150 180 40-60 
15 300 325 370 30-50 

Subject 2 

1.5 615 635 645 20-35 

a All data represent the average of duplicate or triplicate experiments (*lo%). 
b Approximate time ranges covering the postapplication period between the start 
of the response decay and the return to baseline LDV or PPG output. 

c I I I I 
1 2 3 4 5 

MINUTES FOLLOWING DRUG APPLICATION 
Figure 2-Early time portion of a characteristic LDV response curve 
(Subject 1; applied concentration of methyl nicotinate = 150 mM). 

I 2430-2445 3015-3030 --- 
Figure I-PPG recording a t  various times (in seconds) after a 15-sec 
application of 150 mM methyl nicotinate to Subject 1 .  

absorption (e.g., Fig. 2) and the subsequent increase and eventual decay 
(Fig. 3) of the microcirculation stimulus. Certainly for the nicotinic acid 
esters, it is now possible to follow the latter part of the local time course 
of the drug. 

An additional feature of the data is the demonstration that, within 
minutes, sufficient drug is able to penetrate and produce the threshold 
concentration necessary to elicit an observable pharmacological effect. 
Because of the design of these experiments, steady-state transport across 
the stratum corneum cannot be established, and conventional in vivo-in 
vitro penetration assessment parameters (e.g., steady-state permeability 
coefficient and lag time) are not appropriate for describing the data. It 
is interesting, however, to note that classically measured lag times are 
often on the order of hours and always in significant excess of 2-10 min. 
I t  seems clear that  the lag period between application and physiological 
response for methyl nicotinate must be quite different from the lag time 
necessary to establish a quasi-steady-state concentration profile across 
the barrier. 

At present, it appears reasonable to suggest that the data reported here 
strongly hint that local cutaneous pharmacokinetics may prove accessible 
to study in vivo and that the noninvasive procedures described warrant 
further attention. 
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Abstract  Accelerated stability studies (37O, 47O, and 57') were con- 
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degradation was observed. Significant improvement in hydrocortisone 
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A ketol side chain is present a t  the 17-position in the 
following therapeutically important glucocorticoids: cor- 
tisone, hydrocortisone, dexamethasone, prednisone, 
prednisolone, and 6-a-methylprednisolone. Removal of 
the ketol side chain results in a significant loss of thera- 
peutic activity. 

The reactivity of the ketol side chain of the adrenocor- 
ticosteroids is well documented. Base-catalyzed rear- 
rangements and eliminations have been shown to occur 
under both aerobic and anaerobic conditions (1-5). 
Guttman and Meister (6) showed that at least three par- 
allel first-order reactions were involved in the base-cata- 
lyzed degradation of prednisolone. Neutral and acidic 
degradation products were obtained. Caspi et al. (7) 
studied oxidative cleavage of the ketol side chain of cor- 
tisone with lead tetraacetate. Lewbart and Mattox (8) re- 
ported that trace amounts of copper in actinic glassware 
caused destruction of cortisone and related steroids. 

Mauger et al. (9) followed the degradation of 21-hy- 
drocortisone hemisuccinate at  70' in aqueous solutions 
buffered at  pH 6.9, 7.2, and 7.6. The data obtained indi- 
cated that the overall kinetic pathway at  each pH value 
could be interpreted as consecutive first-order reactions. 
The blue tetrazolium assay confirmed that the production 
of a species devoid of the ketol side chain at the 17-position 
occurred after the steroid alcohol was formed. The ketol 
group imparts reducing properties to the glucocorticoid 
molecules similar to those of fructose (Scheme I), which 

contains a similar ketol group. It was speculated that the 
presence of excess fructose in aqueous solutions of hy- 
drocortisone (11) might retard the base-catalyzed degra- 
dation of the latter. The significance of the ketol group 
would be checked by using other polyols lacking this 
group. 
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allel first-order reactions were involved in the base-cata- 
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degradation products were obtained. Caspi et al. (7) 
studied oxidative cleavage of the ketol side chain of cor- 
tisone with lead tetraacetate. Lewbart and Mattox (8) re- 
ported that trace amounts of copper in actinic glassware 
caused destruction of cortisone and related steroids. 
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buffered at  pH 6.9, 7.2, and 7.6. The data obtained indi- 
cated that the overall kinetic pathway at  each pH value 
could be interpreted as consecutive first-order reactions. 
The blue tetrazolium assay confirmed that the production 
of a species devoid of the ketol side chain at the 17-position 
occurred after the steroid alcohol was formed. The ketol 
group imparts reducing properties to the glucocorticoid 
molecules similar to those of fructose (Scheme I), which 

contains a similar ketol group. It was speculated that the 
presence of excess fructose in aqueous solutions of hy- 
drocortisone (11) might retard the base-catalyzed degra- 
dation of the latter. The significance of the ketol group 
would be checked by using other polyols lacking this 
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Tab le  I-Rate of Degradation of Hydrocortisone at p H  7.4 in the 
Presence of D-Fructose at 37,47, and  57' 

Percent Remaining 
Time, Molar Ratio of Hydrocortisone-Fructose 

hr l:o 1:l 1:5 1 : lO  1:25 

379 
0 100 100 - 
4 98.9 98.8 

24 95.1 95.2 
72 91.3 91.9 

144 82.3 82.9 
264 69.2 71.0 
408 57.9 59.9 
528 47.5 49.5 
648 42.2 44.6 

47O 
0 100 100 - 

14 97.2 96.8 
50 81.1 79.8 
72 74.9 73.8 

120 62.9 62.0 
168 48.6 51.1 
216 38.2 39.7 
264 30.5 33.8 
336 21.7 22.6 
384 19.0 

0 100 
1 97.3 
4 92.3 
9 87.1 

24 75.9 
48 58.2 
72 45.8 

120 28.4 
150 20.2 
180 10.8 

20.0 
57 O 

100 - 
97.3 
92.0 
88.6 
79.0 
63.5 
49.8 
32.9 
23.4 
14.6 

100 100 
99.3 99.7 
95.7 95.9 
92.0 93.5 
84.2 87.7 
73.5 77.1 
63.5 68.6 
52.3 61.3 
47.4 55.3 

100 100 
97.1 98.6 
87.0 89.8 
81.7 84.5 
71.9 77.3 
63.3 69.2 
54.6 59.5 
48.1 54.3 
36.1 49.0 
34.4 44.5 

100 100 
98.6 99.2 
91.3 96.2 
89.1 94.0 
84.1 90.6 
74.2 80.7 
63.9 75.4 
48.0 62.1 
38.1 54.5 
33.0 46.6 

Table  11-Rate of Degradation of Hydrocortisone at pH 8.4 in 
the Presence of D-Fructose at 37,47, and  57" 

Percent Remaining 
Time, Molar Ratio of Hydrocortisone-Fructose 

hr l:o 1:1 1:5 1 : l O  1:25 

100 
100 
99.1 
96.6 
90.1 
95.8 
79.4 
72.0 
66.8 

100 
98.2 
94.6 
90.1 
84.9 
79.0 
75.0 
68.1 
63.0 
61.5 

100 
99.8 
95.6 
95.1 
94.0 
87.0 
81.8 
72.5 
67.6 
63.3 

0 
4 

24 
72 

144 
264 
408 
528 

0 
2 

14 
50 
72 

120 
168 
216 
264 
336 
384 

0 
1 
4 

9 
24 
48 
72 

120 
150 
180 

100 
89.0 
77.1 
61.6 
42.1 
19.9 
7.7 
3.9 

100 
95.3 
82.0 
63.8 
51.3 
35.3 
23.9 
15.9 
10.6 
5.8 
3.6 

100 
98.8 
91.1 
81.8 
51.8 
24.5 
16.9 
14.9 
14.5 
13.8 

37O 
100 - 
89.0 
82.7 
62.5 
41.4 
20.2 
7.6 
3.8 

470 - 
100 
95.6 
83.0 
63.9 
53.2 
35.2 
24.2 
16.2 
11.3 
6.5 
4.1 

57 - 
100 
98.7 
91.1 

60.0 
37.1 
30.4 
21.3 
17.9 
14.3 

85.0 

100 100 
95.4 95.4 
89.7 93.2 
67.0 74.9 
44.5 60.9 
22.6 34.2 
9.7 16.3 
5.3 11.3 

100 100 
95.9 95.6 
88.0 90.0 
66.0 73.2 
56.1 63.5 
42.9 51.3 
29.8 38.3 
21.7 28.8 
15.7 22.4 
9.2 14.7 
6.6 11.8 

100 100 
98.8 99.6 
98.1 96.5 ~- ~ 

95.8 94.5 
80.8 92.3 
65.7 84.2 
52.8 77.5 
34.4 62.4 
27.0 56.3 
19.4 54.3 

100 
98.6 
91.5 
78.4 
65.2 
40.3 
23.5 
17.3 

100 
98.4 
94.8 
82.8 
74.5 
64.6 
51.6 
43.0 
36.2 
25.6 
23.1 

100 
99.7 
98.1 
96.6 
95.0 
91.2 
90.1 
84.2 
82.2 
81.8 

(reagent grade)4, phosphoric acid (reagent gradeI4, hydrochloric acid 
(reagent grade)4, monobasic potassium phosphate (reagent gradeI5, boric 
acid U P 5 ,  potassium chloride (reagent gradeP, sodium hydroxide (re- 
agent grade)6, citric acid USPi, sorbitol USP:, lactose USP3, sucrose 
(reagent gradeP, chloroform NF9, absolute ethanol, (reagent grade)g, 
glycerol (reagent grade)10. propylene glycol (reagent grade)lO, and ni- 
trogen, extra drylo. 

Equipment-The following pieces of equipment were used: a double 
beam spectrophotometer" , a precision temperature-controlled oven1*, 
and a pH meter':'. 

Preparat ion of t h e  Buffer Solutions-The pH 7.4 buffer was pre- 
pared by dissolving monobasic potassium phosphate, (6.8045 g), and 
sodium hydroxide (1.564 g) in sufficient distilled water t o  make 1 liter. 
The buffer solution a t  pH 8.4 was prepared by dissolving boric acid 
(3.0915 g), potassium chloride (3.7277 g), and sodium hydroxide (0.344 
g) in sufficient distilled water to make 1 liter. The pH 9.4 buffer solution 
contained similar quantities of boric acid and potassium chloride plus 
1.284 g of sodium hydroxide. 

Preparat ion of Hydrocortisone Solutions with and  without D- 
Fructose-Stock solutions of hydrocortisone in absolute ethanol (5 
mg/ml) and D-fructose in each of the buffer solutions (24.85 rng/ml, 0.14 
M )  were prepared. Control solutions were prepared by diluting 10 rnl of 
the glucocorticoid stock solution (50 mg, 0.14 mmole) with the appro- 
priate buffer solution to 100 ml. Blank solutions were also prepared by 
diluting the stock solutions of D-fructose (1,5,10, or 25 ml) to 100 ml with 
the appropriate buffer solution. Hydrocortisone-D-fructose solutions 
(molar ratios: 1:1, 1:5, l:lO, and 1:25) were prepared by adding various 
volumes of the D-fructose stock solutions to 10 ml of the hydrocortisone 

J .  T. Baker Chemical Co.. Phillipsburg. N.J. 
Merck & Co.. Inc.. Rahway. N.J. 

6 Fisher Scientific Co.,  Fair Lawn, N.d. 
Pfizer. Inc., New York, N.Y. * Mann Research Labs., New York, N.Y. 

9 New York Laboratory Supply Co.. New York, N.Y. 
Union Carbide Inc., New York, N.Y. 

11 Coleman-Hitachi, model No. 124. Coleman Instruments Division, Maywood, 
N .I _..-. 

Precision Temperature Controlled Oven, model No. 18. New York Laboratory 
Su ply Co., New York. N.Y. p, Will Scientific Co., Inc., New York. N.Y. 

stock solution and diluting to 100 ml with the appropriate buffer. The 
solutions were analyzed in duplicate and placed in ovens set at 37,47, and 
57 f lo. 

Preparat ion of Hydrocortisone Solutions with Various Poly- 
01s-The following polyols were added to hydrocortisone solutions 

Tab le  111-Rate of Degradation of Hydrocortisone at pH 9.4 in 
t h e  Presence of D-Fructose at 37,47,and 57' 

Percent Remaining 
Time Molar Ratio of Hydrocortisone-Fructose 

hr l:o 1:l 1:5 1: lO 1:25 

0 
4 

24 
72 

144 
264 
408 
528 
648 

0 
2 

14 
50 
72 

120 
168 
216 
264 

0 
1 
4 

10 
24 
48 
72 

100 
96.6 
87.0 
71.6 
52.3 
28.8 
15.0 
8.5 
4.1 

100 
94.7 
83.6 
50.1 
35.1 
21.7 
10.9 
6.3 
0 

100 
97.6 
86.9 
63.0 
40.7 
19.7 
18.1 

37O 
100 - 
97.3 
89.7 
73.8 
54.1 
31.7 
17.1 
9.1 
4.5 

47O - 
100 ~~ ~ 

94.9 
84.7 
51.7 
36.7 
23.1 
11.9 
6.6 
0 

57O 
100 - 
97.3 
88.7 
64.9 
40.8 
19.7 
18.7 

100 
98.5 
94.4 
80.9 
68.4 
47.3 
32.4 
22.3 
16.7 

100 
96.6 
91.2 
65.3 
55.1 
37.4 
25.4 
18.2 
12.1 

100 
98.2 
87.1 
75.8 
47.9 
25.1 
19.5 

100 
98.7 
96.7 
87.4 
75.3 
58.8 
43.9 
33.8 
26.9 

100 
98.2 
95.8 
78.0 
66.4 
53.9 
39.8 
31.2 
24.1 

100 
99.1 
93.4 

51.3 
26.1 
23.7 

78.7 

100 
99.6 
96.2 
93.0 
86.2 
77.4 
67.9 
62.9 
51.7 

100 
98.9 
96.1 
90.3 
87.0 
79.6 
68.6 
64.5 
61.5 

100 
99.4 
94.3 
89.0 
64.5 
28.9 
28.9 

120 15.7 15.7 19.5 22.5 27.5 
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Table IV-Rate of Degradation of Hydrocortisone at pH 7.4 in the Presence of Various Polyols at 37" a 

Percent Remaining 
Time, Pronvlenp - ._ r_l ----- 

hr Control Dextrose Lactose Sucrose Sorbitol Glycol Glycerin 

0 100 
4 98.5 

24 93.7 
72 89.2 

144 81.0 
264 70.0 
408 58.2 
552 45.7 
696 33.5 
864 21.3 

100 
99.5 
95.4 
89.6 
82.8 
72.0 
58.9 
47.8 
35.9 
22.9 

1 : lO  
100 

- 
100 
98.9 99.5 
95.1 
88.9 
81.6 
70.9 
58.8 
45.7 
36.1 
22.7 

94.4 
90.7 
82.7 
71.1 
60.2 
45.7 
35.4 
21.8 

100 
98.6 
93.2 
88.7 
82.1 
71.2 
58.5 
45.9 
33.9 
22.4 

100 100 
98.7 99.4 
93.9 95.0 
89.3 90.5 
82.5 82.6 
70.8 70.fi 
58.2 
47.8 
36.4 
23.8 

~~ 

59.5 
47.6 
37.3 
23.7 

1:25 
0 100 100 100 100 100 100 100 
4 98.5 99.6 99.0 99.2 98.9 98.3 99.4 

24 93.7 94.6 95.0 93.5 93.0 93.6 94.8 
72 89.2 89.7 89.3 88.3 88.4 88.8 89.0 

144 81.0 82.9 81.9 82.8 81.5 82.3 82.4 
264 70.0 73.2 71.1 72.2 72.8 71.6 72.0 
408 58.2 60.5 59.4 58.2 59.8 58.9 59.5 
552 45.7 48.5 47.9 48.7 48.6 49.2 48.7 
696 33.5 36.1 35.5 35.7 34.8 35.0 35.5 
864 21.3 23.7 24.8 23.6 25.6 24.0 25.3 

Molecular ratios of hydrocortisone-polyol are 1 : l O  and 125. 

buffered at  pH 7.4 (molar ratios of hydrocortisone-polyol, 1 : lO and 1:25): 
dextrose, sucrose, lactose, sorbitol, glycerin, and propylene glycol. The 
stability of these solutions was only studied a t  37 f lo. 

Assay Procedure for Hydrocortisone-At various time intervals, 
10 ml of the sample was extracted with three 20-ml portions of chloro- 
form. The chloroform extracts were passed through a glass wool pledget 
previously rinse with chloroform. The combined extracts were diluted 
to 100 ml and then evaporated to dryness in a stream of nitrogen a t  room 
temperature. The residue was dissolved in 20 ml of absolute ethanol and 
treated with 1 ml of blue tetrazolium solution (1% in absolute ethanol) 
plus 1 ml of tetramethylammonium hydroxide (1 ml of a 10% aqueous 
solution diluted to 10 ml with absolute ethanol). The color was allowed 
to develop in the dark for exactly 45 min. Color development was then 
quenched by the addition of 1 ml of glacial acetic acid. The absorbance 
was determined a t  525 nm. A standard solution of hydrocortisone in 
absolute ethanol was carried through the identical procedure and was 
used as a color reference in calculating the concentration of steroid in the 
sample. Blank solutions were also subjected to the same procedure. The 
results are summarized in Tables I-IV. 

RESULTS AND DISCUSSION 

The stability data for the solutions of I1 plus I are summarized in Ta- 
bles 1-111. It is evident that an increase in the concentration of I results 
in an improvement in the stability of 11. This relationship holds for the 
three pH values and three temperatures studied. The importance of the 
ketol group in I is also evident after inspection of the data in Table IV. 
None of the polyols at ratios of 1 : l O  or 1:25 showed any stabilization of 
I1 as compared with the control. 

2.00 
U z 1.95 

2 1.85 1:25 
1:lO w 0: 1.80 

1:5 5 1.75 
l:o 1.70 

g 1.90 

I 

1.65 
(3 1.60 
5 1.55 

1 I 1 1 L 
0 100 200 300 400 500 600 

HOURS 

Figure 1-Influence of molar concentrations of D-fructose on the sta- 
bility of aqueous solutions of hydrocortisone (,50 mg76 ) buffered a t  p H  
7.4 and stored at 3 7 O  plotted in first-order fashion. 

The rate constants, y-intercepts, and correlation coefficients sum- 
marized in Table V were derived from first-order plots of the data shown 
in Tables 1-111. Selected solutions buffered a t  pH 7.4 were plotted in 
first-order fashion (Fig. 1) to illustrate the linearity of the data. 

A possible explanation for the stabilization observed is the complex 
formation between I1 and I. Such complexes could resist oxidative de- 
struction more effectively than solutions of I1 alone. An alternative 
mechanism is that fructose competes with I1 for the oxygen present in 
the system and thus acts as an antioxidant. Failure of the other polyols 
to exert a protective effect could be attributed to the greater reaction 
speed of I as compared with the polyols studied. Thus, Singh et a/ .  (10) 
reported that the order of the oxidative reaction speed catalyzed by bi- 

Table V-Rate Constant (k), y-Intercept, and Correlation 
Coefficient (r) Values Derived from First-Order Plots of the 
Data in Tables I-IIIa 

First-order Molar Ratio of Hydrocortisone-Fructose 
Parameters l:o 1:l 1:5 1:10 1:25 

k 3 7  
y-intercept 
r 

k 4 7  
y-intercept 
r 

k 57 
y-intercept 
r 

k 97 
y -intercept 
r 

k 47 
y-intercept 
r 

k 57 
y -intercept 
r 

k 3 7  
y-intercept 
r 

k 4 7  
y -intercept 
r 

k 57 
y -intercept 
r 

1.35" 
1.998 
0.998 
4.51 
2.01 1 
0.998 

2.000 
0.989 

6.06 
1.978 
0.999 
8.45 
1.987 
0.999 

1.882 

11.4 

11.9 

0.827 

4.70 
2.002 
0.995 

2.040 
0.958 

1.890 
0.867 

15.4 

18.0 

1.26 
1.998 
0.998 
4.28 
2.006 
0.997 

2.000 
0.993 

6.13 
1.987 
0.999 
8.15 
1.982 
0.999 

1.934 
0.946 

4.58 
2.011 
0.996 

2.050 
0.952 

1.890 
0.827 

10.0 

10.9 

15.3 

16.8 

1.16 
1.998 
0.998 
2.88 
2.004 
0.996 
6.03 
1.988 
0.996 

5.62 
2.000 
0.999 
6.98 
1.986 
0.999 
9.03 
2.005 
0.999 

2.79 
2.000 
0.999 
7.97 
1.990 
0.999 

1.910 
15.3 

0.812 

0.91 
1.997 
0.999 
2.17 
2.000 
0.993 
4.05 
1.996 
0.997 

4.40 
2.014 
0.996 
5.57 
1.988 
0.999 
3.57 
1.996 
0.991 

2.04 
2.002 
0.999 
5.39 
2.000 
0.999 

14.2 
1.930 

0.62 
2.001 
0.996 
1.34 
2.000 
0.992 
2.50 
1.994 
0.995 

3.41 
2.002 
0.997 
3.89 
2.000 
0.998 
1.15 
1.992 
0.965 

0.96 
2.000 
0.992 
1.93 
2.000 
0.987 

12.7 
1.950 

~ 0.821 0.808 

a All values fork must be multiplied by lo-". Units: hr-1. 
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valent copper is fructose > glucose > galactose. Joslyn and Miller (11) 
reported that I was more effective than sucrose and dextrose in stabilizing 
ascorbic acid solutions against oxidative degradation. These authors 
concluded that no simple rate law governed the oxidation of ascorbic acid 
in the presence of sugars. They also observed that the temperature 
coefficients of the oxidation in the presence or absence of the sugars were 
similar. This observation would seem to indicate that complex formation 
was not occurring since the temperature coefficients would be expected 
to differ. Ashida (12) also reported that methylene blue was more easily 
reduced by a ketose such as fructose than by an aldose such as glu- 
cose. 

The data and speculations serve as a stimulus for additional research 
to estahlish a mechanism for the stabilization observed. It  will be of in- 
terest to learn if the redox potential of I is similar to that for 11. Such 
similarity is anticipated because of the structural relationship between 
the portions of the two molecules where oxidation reactions have been 
shown to occur. The redox potentials of the other polyols are anticipated 
to differ significantly. 
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Cinchophen (I) was formerly used for the treatment of 
gout (1, 2); however, it was withdrawn from the market 
because of its toxic effects (3-5). It was concluded that the 
quinoline ring, a carboxylic acid group in the C-3 or C-4 
position, and an aryl residue at  C-2 were essential for the 
physiological action of cinchophen (6). Many structural 
modifications of cinchophen have been reported [ i .e . ,  
neocinchophen, 2-phenyl-3-hydroxycinchonic acid, hex- 
ophan, and 2-phenyl-4-hydroxyacetyl-6-methoxyquinoline 
(l)]. Reversal of the phenyl and carboxyl groups afforded 
an inactive compound (I). 

I 
In this study 16 amides of I were synthesized and eval- 

uated as CNS agents. Cinchophen has been synthesized 
either by the condensation of acetophenone with isatic acid 
in alcoholic potassium hydroxide solution (7) or by heating 
pyruvic acid with either aniline and benzaldehyde or with 
benzylidene aniline in absolute ethanol (8). In the present 

study, I was prepared by the condensation of pyruvic acid 
with aniline and benzaldehyde (9,lO). The desired amides 
were subsequently synthesized by treating the corre- 
sponding acid chloride with the appropriate amine. 

EXPERIMENTAL 

Synthesis-The amides 11-XVTT were prepared ( 1  1)  by vigorously 
shaking for 30 min a t  room temperature a mixture of the appropriate 
amine (0.002 mole), a 10-15% molar excess of the acid chloride of cin- 
chophen, and 10 ml of 10% aqueous sodium hydroxide solution. The re- 
sulting solid material was removed by filtration and purified, as indicated 
in Table I. 

Analysis and  Spectral  Data-Melting points were determined in 
open capillary tubes in an electrothermal apparatus and are uncorrected. 
NMH' spectra were obtained in deuterated acetone using tetramethyl- 
silane as the internal standard. The mass spectra2 of the various com- 
pounds were determined. Microanalyses were within f0.3% of the the- 
oretical values (Table I). 

Pharmacological Evaluation-The hot plate method was employed 
to evaluate the analgesic activity of the amides in mice. The CNS-de- 
pressant activity was studied in uiuo by noting the effect of the amides 
on spontaneous motor activity, ptosis, and pentobarbital-induced hyp- 
nosis. Swiss albino mice of both sexes, weighing 20-30 g, were used; so- 
lutions of normal saline or 3% (w/v) aqueous polysorbate 80 were given 
to  the untreated and vehicle controls, respectively. Cinchophen (50 or 
100 mg/kg), pentobarbital sodium (40 mg/kg), and morphine hydro- 
chloride (4 mg/kg) were used as reference drugs to evaluate the activity 
of the amides. 

Analgesic Actiuity-Analgesic activity was measured by the hot plate 
method at  53 f 2". The normal reaction time (pain threshold) for each 
mouse was determined by placing the mouse on the hot plate and noting 
the amount of time ( 1 5  sec) required for the mouse to leave the hot plate 
platform. The pain threshold was measured 30 min postinjection and at 
hourly intervals for 4 hr. 

Perkin-Elmer R-92 spectrometer. 
2 VC-Micromass 16F (with a VG system 2000 computer). 
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(l)]. Reversal of the phenyl and carboxyl groups afforded 
an inactive compound (I). 
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In this study 16 amides of I were synthesized and eval- 

uated as CNS agents. Cinchophen has been synthesized 
either by the condensation of acetophenone with isatic acid 
in alcoholic potassium hydroxide solution (7) or by heating 
pyruvic acid with either aniline and benzaldehyde or with 
benzylidene aniline in absolute ethanol (8). In the present 

study, I was prepared by the condensation of pyruvic acid 
with aniline and benzaldehyde (9,lO). The desired amides 
were subsequently synthesized by treating the corre- 
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amine (0.002 mole), a 10-15% molar excess of the acid chloride of cin- 
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sulting solid material was removed by filtration and purified, as indicated 
in Table I. 

Analysis and  Spectral  Data-Melting points were determined in 
open capillary tubes in an electrothermal apparatus and are uncorrected. 
NMH' spectra were obtained in deuterated acetone using tetramethyl- 
silane as the internal standard. The mass spectra2 of the various com- 
pounds were determined. Microanalyses were within f0.3% of the the- 
oretical values (Table I). 
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Table I-Physical Properties of Cinchophen Amides 

Com- 
pound R 

Yield," Analysis, % IR Spectra 
% mp, Formula Calc. Found (KBr), cm-] 

'H-NMR Spectra 
(acetone d6). 6 

I1 2-Aminopyridino 

I11 2-Aminopyrimidino 

IV 2-Nitroanilino 

V 3-Nitroanilino 

VI P-Methyl-6-tert - 
butylanilino 

VII 2-Ethyl-6-sec- 
butylanilino 

VIII 2-Ethyl-6- 
isopropylanilino 

IX 2-Methyl-6- 
isopropylanilino 

X Morpholino 

XI Pyrrolidino 

XI1 Piperidino 

XI11 p-Toluidino 

XIV p-Anisidino 

XV 2-Aminobenzo 
thiazolyl 

XVI Diphenylamino 

XVII 5-Nitroisatoic 
anhydride 

85 

21 

90 

62 

85 

82 

75 

92 

42 

25 

38 

92 

85 

88 

91 

85 

119-1 21 

183 

195-197 

121-123 

214-216 

113 

171-173 

315-317 

199-201 

195 

189 

90-91 

299-301 

110 

56-58 

z4a250 

c 77.5 
H 4.61 
N 12.92 

C 73.61 
H 4.29 

N 17.17 
C 71.54 
H 4.06 
N 11.38 

C 71.54 
H 4.06 
N 11.38 

C 82.23 
H 6.59 
N 7.10 

C 82.35 
H 6.86 
N 6.86 

C 82.23 
H 6.59 
N 7.10 

C 82.10 
H 6.31 
N 7.37 
c 79.47 
H 5.96 
N 9.27 
c 79.47 
H 5.96 
N 9.27 
c 79.74 
H 6.32 
N 8.86 
c 80.98 
H 5.52 
N 8.58 

C 77.19 
H 5.26 
N 8.18 

C 72.44 
H 3.93 
N 11.02 
S 8.39 
C 84.00 
H 5.00 

N 7.00 
C 65.60 

H 2.96 

N 9.56 

77.72 
4.60 

12.89 

73.57 
4.30 

17.21 
71.22 
4.03 

11.35 

71.64 
4.08 

11.40 

82.02 
6.61 
7.12 

82.17 
6.88 
6.84 

82.31 
6.57 
7.09 

81.89 
6.29 
7.34 

79.29 
5.98 
9.29 

79.55 
5.94 
9.26 

79.68 
6.34 
8.88 

81.10 
5.53 
8.57 

77.27 
5.25 
8.20 

72.14 
3.92 

10.99 
8.41 

83.88 
5.02 

7.02 
65.52 

2.96 

9.54 

3300-3400 (m,-NH), 1660 
(w,C=O), 1500 (aromatic), 
1340 (s,aryl NHz), 770 
( s ,  pyridine, 2-mono-subst.) 

3400 (m,-NH), 1620 (m, 
C=O), 1320 (w. aryl-NHz) 

8.7 (s,l,C-3); 8.3 (d, 4,  C5-cS); 8.1 
(s,l,-NH, C-9); 7.4 
(d,5, C-2 phenyl) 

8.8 (~,l,C-3); 8.3 (d.4,Cs-Ca); 
8.15 (s,l,-NH, C-9); 
7.4 (d,5. C-2 phenyl) 

3300-3400 (m,-NH), 1660 
(w, C=0),,1600 (w, phenyl), 
1320 (m, nitro), 700 (d,4,C-3'toC-6'); 
(monosubst. aryl CH) 

3400 (m,-NH), 1660 (w, 
C=O), 1600 (w, phenyl), 
1330 (m, NOz), 720 (mono- 
subst. aryl CH) 

(m,C=O), 1600 (m henyl), 7.3 (d,5, C-2 phenyl), 2.1 (d,3, 

8.75 (s,l,C-3); 8.45 (d,4,C~-Ca); 
8.1 (s.1,-NH, C-9); 7.7 

7.4 (d,5, C-2 phenyl) 

8.15 (s,l,-NH, C-9); 
7.65 (d.4, C-3' to C-6); 
7.4 (d.5.C-2 phenyl) 

8.80 (s,l,C-3); 8.45 (d,4,Cs-Ca); 

3400 (w,-NH). 1670 8.75 (s,l,C-3); 8.45 (d,4,Cs-C*); 

C-9,2-CH3): 1.4 (t.9, C-9,6 1340 ( s ,  aryl -NH$ 
tert -butyl) 

8.7 (s,l,C-3); 8.1 (s,l,-NH); 
7.7 (d,3,C-9, C-3' to C-5'); 7.3 
(d.5, C-2 phenyl); 2.62.4 
(d, 5, C-9, -CzHs); 2.0 (t.9, 
C-9,6 sec-butyl) 

C-5 to C-8); 7.7 (d,3, C-9. 
C-3' to C-5'); 7.45 (d,5. C-2 
phenyl); 3.0 (s,l,C-6); 
1.4-1.0 (d,6, C-9 isopropyl) 

7.8 (d, 3L-3' to C-5'); 7.4 (d ,  

3400 (m,-NH), 1670 
(m,C=O), 1340 ( s ,  aryl 
see amino group), 700 
(s, mono-subst. aryl CH) 

3400 (m,-NH), 1670 !m,C=O), 8.7 (s,l,C-3); 8.4 (d,4, 
1340 (s, aryl sec amino group) 

3400 (m,-NH), 1500 8.7 (s,l,C-3); 8.2 (d,4.Cs-C~); 
(s. aromatic), 1380 
( s ,  isopropyl) 5, C-2 phenyl) 

3420 (m,-NH), 1660 
(m,C=O), 1510 (m, aromatic) 

8.7 (s,l,C-3); 8.1 (d,4,C-5 to 
C-8); 7.6 (d,3,C--3' to C--5'); 
7.2 (d,5,C-2 phenyl) 

7.9 (d,8,C-2' to C-5'); 7.1 (d. 
8.75 (~,l,C-3); 8.1 (d94,Cs-Ca); 1670 (m,C=O), 1500 

(m, aromatic), 720 
(mono-subst. aryl CH) 5,C-2 phenyl) 

1640 (m,C=O), 1500 
(m, aromatic), 730 
(monosubst. aryl CHI (d,5,C-2 phenyl) 

(w,C=O), 1620 (rn, amide), 7.7 (d,4.C-2'.3',5'& 6'); 7.4 (d,5. 
1600 (m, phenyl), 1500 (m, C--2 phenyl); 2.1 (d,3. C-4' 
aromatic) methyl) 

3400 (m,-NH), 1670 (w,C=O) 8.75 (s,l.C-3); 8.5 (d,4,Cs-C~); 
1620 (m, amidel, 1172 (m,- 
OCHs), 700 ( s ,  monosubst. aryl 
CH) 

1110 (m, aryl), 700 ( s ,  mono- 
subst. aryl CH) 

8.7 (s,l,C-3); 8.2 (d,4,C~-&); 
7.85 (d,lO,C-2' to C-6'); 7.1 

3400(m,-NH), 1670 8.7 (~,l,C-3); 8.5 (d,Q,Cs-Ce) 

7.7 (d,4,C-2',C--B',C-5' & C-6); 
6.65 (d,3, C--I'-OCH?); 

3400 (m,-NH), 1650 (m,C=O), 8.70 (s,l,C-3); 8.5 (d,4.C-5 to 
C-8); 8.0 (s,l,-NH a t  C-9); 7.4 
(d,5, C-2 phenyl); 7.1 (d.4 
C-3' to C-6') 

1680-1630 ( s ,  tert amide), 
1660 (m,C=O), 1600 (w. 

8.3 (d,4,C~-Ca); 7.4 (d,5 
C-2 phenyl); 4.2 (d.lO,C-9) 

phenyl), 
1500 (s, aromatic) 

3400-3300 (m,-NH), 1650 8.25 (d,4.C5-Cx); 7.4 

(d,3,C-9 aryl); 
(w,C=O), (d,5,C-2 phenyl); 3.7 
1600 (w. phenyl), 1320 (m, 
nitro). .. . . . . , , 
700 (monosubst. arvl CH) , ~ I  

a All compounds were recrystallized from 95% ethanol except for XVII which was recrystallized from water. 

Spontonpous Actiujty-The increase in SMA was measured 
using an activity cage{ 30 min postinjection and at  hourly intervals for 
4 hr. Any change in the activity levels was noted. 
Pentobarbital-Induced Hypnosis-Fifteen minutes postinjection, all 

animals were treated with 40 mg/kg of pentobarbital sodium. The time 
to the loss of the righting reflex was noted for each mouse; the mice were 

:1 Activity cage 7401, (jg0 ~ ~ ~ i l ~ ,  ~ i ~ l ~ ~ i ~ ~ l  Research Apparatus, ComeriO- 

then placed on their backs. When the animals regained their righting 
reflex ( k  starting moving around the cage) the time was again noted, 
and the duration of the pentobarbital-induced hypnosis was calcu- 
lated. 

RESULTS AND DISCUSSION 

Of the 16 compounds synthesized, 12 were evaluated as CNS agents. 
The significant analgesic activity of the 2-nitroanilino analogue (I\') (va) -I taly. 
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Table 11-Pharmacological Activity of Cinchophen Amides in 
Mice. 

ED% for EDw for 
Analgesic Pentobarbital 
Activity, Induced Hypnosis, 

Compound mg/kg ip mg/kg iP LDm*, mg/kg ip 

I1 >150 >5OC 
IV > 50 >50 
V >150 > 100 

VII >150 >lo0 
VIII >50 >lo0 

I X  >150 >150 
XI11 >lo0 > 100 
XIV >lo0 >150 xv >50 >5OC 
XVI >lo0 > 50 

XVII >150 > 100 

>600 
>600 
>500 
>600 
>500 
>600 
>600 
>600 
>500 
>500 
>600 

~ ~ 

0 Each value is the average of four replicate experiments. * Taken from the work 
of Miller and Tainter (12) for comparison c Maximum effect observed. 

compared with the inactive 3-nitroaniline isomer (V) suggested that the 
close proximity of the nitro group to the amino moiety in the phenyl ring 
is essential for analgesic activity and also that possible electronic inter- 
actions exist between them. Of the four closely related analogues (VI-IX), 
only VIII retained the significant analgesic activity of the parent mole- 
cule, while the others showed an opposite effect. This is possibly due to 
the presence of either a 2-methyl side chain (VI and IX) that  undergoes 
rapid metabolism or to steric hinderance caused by the bulky tert -bu- 
tylamino side chain (VI and VII). The 2-ethyl substituent in VIII could 
possibly resist metabolic oxidation thereby allowing VIII to reach the 
blood levels necessary to exhibit a pharmacological effect. Both the p -  
toluidino and p-anisidino analogues (XI11 and XIV, respectively) showed 
greater analgesic activity than the parent molecule (I) .  It is interesting 
to note that the 2-aminobenzothiazolo analogue (XV)  exhibitd a maxi- 
mum analgesic effect a t  a dose of 50 mg/kg. 

Considerable CNS-depressant activity, as observed by marked re- 
duction in the spontaneous motor activity (SMA) and ptosis, was ex- 
hibited with IV but was absent with V, suggesting that the 2-nitroanilino 
analogue was pharmacologically active while the 3-nitroanilino analogue 
had no pharmacological effect. The p-toluidino analogue (XIll) exhibited 
CNS-depressant activity while the corresponding p-anisidino derivative 
(XIV) had no effect on the nervous system. 

The significant potentiation of pentobarbital-induced hypnosis ob- 
served with XV suggests a possible correlation between analgesic activity 
and the CNS-depressant effect of the 2-aminobenzothiazolo analogue. 
The 2-aminopyridino analogue (11) also exhibited a maximum effect on 
the pentobarbital-induced sleeping time in mice (Table 11). The presence 
of the pyridine moiety may be regarded as an  essential component for 
the strong CNS effect of this compound. 
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Abstract  0 The contraceptive steroid norethindrone reacts with iso- 
niazid both in  uiuo and in uitro t o  give the corresponding hydrazone, 
which exists as syn and anti (with respect to C-4) isomers. These isomers 
rapidly interconvert, with the anti form predominating in solution. The 
identification of the isomers was based on an interpretation of ‘H- and 
W - N M R  spectroscopic data and corroborated by high-performance 
liquid chromatographic and UV spectrophotometric evidence. ‘H- and 
W - N M R  spectroscopic data for other derivatives of norethindrone 
hydrazone are presented and interpreted. 

Keyphrases  0 Norethindrone-isonicotinyl hydrazone, synthesis, 
characterization by NMR NMR-isonicotinyl hydrazone of noreth- 
indrone, characterization, synthesis Synthesis-isonicotinyl hydrazone 
of norethindrone, characterization by NMR 

Isoniazid (isonicotinylhydrazine) (I) reacts with ketones 
and aldehydes under acidic conditions. The usual products 

are hydrazones, but the reaction with reducing sugars gives 
1-glycosyl-2-isonicotinylhydrazines (1). Reactions of this 
type can take place in uiuo (2), the pharmacological and 
toxicological consequences of which are largely unknown. 
We recently showed that isoniazid reacts with norethin- 
drone (17-hydroxy-19-nor-17cu-pregn-4-en-20-yn-3-one) 
(11) to give the hydrazone (111) when they are coadmin- 
istered orally to the rat (3) and minipig’. The product is 
readily absorbed from the GI tract (4). The analytical 
procedures involved conversion of norethindrone hydra- 
zone (IV), a metabolite of I11 (3), to the p-methoxyben- 
zaldehyde derivative (V). Some properties of V were de- 
scribed (3). Spectroscopic evidence for the structures of 

1 Unpublished data. 
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Table 11-Pharmacological Activity of Cinchophen Amides in 
Mice. 

ED% for EDw for 
Analgesic Pentobarbital 
Activity, Induced Hypnosis, 

Compound mg/kg ip mg/kg iP LDm*, mg/kg ip 

I1 >150 >5OC 
IV > 50 >50 
V >150 > 100 

VII >150 >lo0 
VIII >50 >lo0 

I X  >150 >150 
XI11 >lo0 > 100 
XIV >lo0 >150 xv >50 >5OC 
XVI >lo0 > 50 

XVII >150 > 100 

>600 
>600 
>500 
>600 
>500 
>600 
>600 
>600 
>500 
>500 
>600 

~ ~ 

0 Each value is the average of four replicate experiments. * Taken from the work 
of Miller and Tainter (12) for comparison c Maximum effect observed. 

compared with the inactive 3-nitroaniline isomer (V) suggested that the 
close proximity of the nitro group to the amino moiety in the phenyl ring 
is essential for analgesic activity and also that possible electronic inter- 
actions exist between them. Of the four closely related analogues (VI-IX), 
only VIII retained the significant analgesic activity of the parent mole- 
cule, while the others showed an opposite effect. This is possibly due to 
the presence of either a 2-methyl side chain (VI and IX) that  undergoes 
rapid metabolism or to steric hinderance caused by the bulky tert -bu- 
tylamino side chain (VI and VII). The 2-ethyl substituent in VIII could 
possibly resist metabolic oxidation thereby allowing VIII to reach the 
blood levels necessary to exhibit a pharmacological effect. Both the p -  
toluidino and p-anisidino analogues (XI11 and XIV, respectively) showed 
greater analgesic activity than the parent molecule (I) .  It is interesting 
to note that the 2-aminobenzothiazolo analogue (XV)  exhibitd a maxi- 
mum analgesic effect a t  a dose of 50 mg/kg. 

Considerable CNS-depressant activity, as observed by marked re- 
duction in the spontaneous motor activity (SMA) and ptosis, was ex- 
hibited with IV but was absent with V, suggesting that the 2-nitroanilino 
analogue was pharmacologically active while the 3-nitroanilino analogue 
had no pharmacological effect. The p-toluidino analogue (XIll) exhibited 
CNS-depressant activity while the corresponding p-anisidino derivative 
(XIV) had no effect on the nervous system. 

The significant potentiation of pentobarbital-induced hypnosis ob- 
served with XV suggests a possible correlation between analgesic activity 
and the CNS-depressant effect of the 2-aminobenzothiazolo analogue. 
The 2-aminopyridino analogue (11) also exhibited a maximum effect on 
the pentobarbital-induced sleeping time in mice (Table 11). The presence 
of the pyridine moiety may be regarded as an  essential component for 
the strong CNS effect of this compound. 
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Abstract  0 The contraceptive steroid norethindrone reacts with iso- 
niazid both in  uiuo and in uitro t o  give the corresponding hydrazone, 
which exists as syn and anti (with respect to C-4) isomers. These isomers 
rapidly interconvert, with the anti form predominating in solution. The 
identification of the isomers was based on an interpretation of ‘H- and 
W - N M R  spectroscopic data and corroborated by high-performance 
liquid chromatographic and UV spectrophotometric evidence. ‘H- and 
W - N M R  spectroscopic data for other derivatives of norethindrone 
hydrazone are presented and interpreted. 
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Isoniazid (isonicotinylhydrazine) (I) reacts with ketones 
and aldehydes under acidic conditions. The usual products 

are hydrazones, but the reaction with reducing sugars gives 
1-glycosyl-2-isonicotinylhydrazines (1). Reactions of this 
type can take place in uiuo (2), the pharmacological and 
toxicological consequences of which are largely unknown. 
We recently showed that isoniazid reacts with norethin- 
drone (17-hydroxy-19-nor-17cu-pregn-4-en-20-yn-3-one) 
(11) to give the hydrazone (111) when they are coadmin- 
istered orally to the rat (3) and minipig’. The product is 
readily absorbed from the GI tract (4). The analytical 
procedures involved conversion of norethindrone hydra- 
zone (IV), a metabolite of I11 (3), to the p-methoxyben- 
zaldehyde derivative (V). Some properties of V were de- 
scribed (3). Spectroscopic evidence for the structures of 

1 Unpublished data. 
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Table I-Data from IH-NMR Spectra  of 11,111, V, and  VI 

Solvent I1 IIIa IIIb Va Vb VIa VIb 

HC=N 

H-2',6' 

H-3',5' 

H-4 

OCH3 

C-CH 

18-CH3 

NH 

VII 
VIII 
VII 

VIII 
VII 

VIII 
VII 

VIII 
VII 

VIII 
VII 

VIII 
VII 

VIII 
VII 

VIII 

5.84 
5.72 

2.57 
3.29 
0.91 
0.79 

8.75 
8.72 
7.74 
7.76 
6.31 

6.00 6.51 

2.57 
3.28 
0.91 
0.79 

8.34 
8.33 
7.74 
7.76 
6.93 
7.01 
6.11 
6.02 
3.85 
3.81 
2.56 
3.27 
0.91 
0.79 

8.34 
8.30 
7.80 
7.74 
7.00 
7.03 
6.95 
6.78 
3.85 
3.81 
2.60 
3.29 
0.94 
0.79 

6.11 6.25 
6.02 6.28 

2.57 
3.28h 3.306 

0.92 
0.79 

11.246 11.35; 
11.01h 11.11 

Chemical shifts in ppm downfield from tetramethylsilane. The isomers of V. hut not of 111 or VI, were determined separately. These assignments may he reversed 
between (1 and b. 

Table 11-Data from W - N M R  Spectra  of 11,111, v, and VI a 

Solvent I1 IIIab IIIbh Va Vb" VIa d VIb" 
P C-3 VII 200.11 - 167.50 164.95 161.09 

VIII 198.53 - 165.83 163.19 160.82 
C-5 VII 166.71 - 155.90 156.81 154.74 155.59 

VIII 166.77 - 155.47 156.26 154.87 156.26 
c-4 VII 124.86 122.50 112.25f 122.92 115.57 121.58 111.05 

VIII 123.83 121.43 113.39f 122.19 114.78 120.98 110.83 
-C= VII 87.58 88.08 87.64 87.70 87.64 

VIII 88.91 88.94 88.97 88.97 88.97 _. . 

C-17 VII 79.86 79.86 80.04 79.98 79.89 
VIII 78.10 78.13 78.16 78.16 78.19 

=CH VII 74.28 74.21 74.21 74.21 74.24 
VIII 74.94 74.88 74.97 74.94 74.94 

C-18 VII 12.75 12.75 12.75 12.75 12.72 
VIII 12.57 12.57 12.60 12.63 12.63 

0 Chemical shilts in ppin downfield from tetramethylsilane. The isomers of V, hut not of 111 or VI, were determined separately. The isonicotinir arid hydrazide moiety 
of 111 gave signals from C-2',6' and C-3',5' at 150.31 (150.04) and 122.50 (121.86) ppm, respectively. in VII(VII1); others were not detected. The aryl moiety of Va and 
V h  gave signals from C-4', C-2' ,6' ,  C-l ' ,  C-3',5', OCH3. and HC=N at 161.97 (161.52)), 130.09 (129.78),128.20 (127.51), 114.42 (114.42), 55.51 (55.361, and 157.72 (156.84) 
and at 162.03 (161.49), 1:30.15 (129.75), 128.08 (127.45). 114.42 (114.99), 55.51 (55.36),  and 157.72 (156.69) ppm, respectively, in VlI(VII1). The aryl moiety of  VI gave 
double signals from C-l', C-4', C-S', C-2', C-3', and C - 6  centered at 145.13 (144.45), 137.81 (136.83), 130.12 (130.17), 129.27 (129.16), 123.83 (123,13)3 and 116.55 ( 1  lli.06) 
ppm, respectively, in VII(VII1). Signals were broad and weak or not detected. Weak signal. 

111, V, and the 2,4-dinitrophenylhydrazone of I1 (VI, pre- 
pared as a model compound) is presented here. 

H 
H I 

I 11: R = 0 
111: R = CsHdNCONHN 
IV: R = HzNN 

VI: R = CsH3(NOz)zNHN 
V: R = C6H4(0CH3)CH=N-N 

EXPERIMENTAL 

Isoniazidz, p-methoxyben~aldehyde~, hydrazine4, 2,d-dinitro- 
phenylhydra~ine~, and n~re th ind rone~  were used to prepare 111, V, and 
VI by general or previously described methods (3). 'H-NMR and 
broad-band decoupled I3C-NMR spectra were recorded at 80 and 20.1 
MHz, respectively, on a Fourier-transform spectrometefi a t  ambient 
temperature. The deuterium resonance of the solvent, CDC137 (VII) or 

* Sigma Chemical Co., St.  Louis, Mo. 
BDH Chemicals LLd., Poole, England. 
Fisher Scientific Co.. Fair Lawn. N.J. 
Supplied by G. D. Searle, Chicago, Ill. 
Bruker W P 8 0  Bruker Spectrospin (Canada) Ltd., Mississauga, Ont. 
Merck Sharpe & Dohme (Canada) Ltd., MontrBal, QuBhec. 

D M s 0 - d ~ ~  (VIII), provided an internal lock and TMS8 was the internal 
reference from which downfield chemical shifts (6) are expressed in ppm. 
Interferograms of 4K Fourier-transformed output data points (latterly 
8K) and sweepwidths of 1000 and 5000 Hz gave separations in memory 
addresses of 0.004 and 0.06 (latterly 0.03) ppm for 'H- and 'WNMR 
spectra, respectively. 

RESULTS AND DISCUSSION 

As described previously, hydrazone V is easily separated into isomers 
Va and Vb, respectively (3). IR spectra of these (KBr pellet) show minor 
differences in the fingerprint region, but none are helpful in making 
structural assignments. Their mass spectra are essentially identical, while 
the UV absorption maximum of Va is a t  323 nm and Vb is a t  315 nm 
(3). 

'H-NMR spectroscopic data for 11,111, Va,  Vb, and VI are presented 
in Table I. Two isomers (-l:l, VIa-VIb) could be detected in the spectra 
of VI and in the spectrum of 111 determined in DMSO-d6 (-2:1, IIIn- 
IIIb). Signals of isomers have closely similar chemical shifts except for 
the signal assigned to H-4, which has a width a t  half-height ( u ~ ~ / ~ )  of -5 
Hz in each case. The chemical shifts and widths of these signals are ap- 
propriate for A4 rather than A5 structures (5). 'H-NMR data for syn and 
anti (with respect to C-4) oximes of some 3 keto-A4 steroids show that 
H-4 appears at -6.5 and 5.9 ppm, respectively (6), suggesting that the 
a forms are the anti isomers. 

Data from the 13C-NMR spectra are presented in Table 11. It is beyond 
our present scope to assign all of the signals, especially the 14 signal 
(steroidal) appearing between -20 and 50 ppm, but assignments of the 
remainder have been made by comparison with compiled data (7). 
Limited quantities of 111, the presence of both isomers in DMSO-de, and 

8 Stohler Isotope Chemicals, MontrBal, QuBbec. 
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its low solubility in CDCl3 prevented us from detecting all of the signals. 
It is also possible that the rates of interconversion of the two forms are 
such that while the proton chemical shifts are time-averaged in CDC13, 
although distinct in DMSO-ds, certain of the 13C-NMR signals are 
broadened by these processes and hence obscured (8). Variable tem- 
perature studies that might answer these questions are beyond our 
present capabilities. The 13C-NMR spectra showed differences a t  C-3, 
C-4, and C-5 of -2.5 and 7 ppm downfield and 1 ppm upfield, respec- 
tively, for Va in comparison with Vb. Comparable differences were also 
found between the unseparated forms of 111 and VI and so have been 
assigned to a and b isomers in Tables I and I1 by comparison with Va and 
Vb data. The resonances of carbons anti to hydrazones and oximes ap- 
pear 6-12 ppm downfield from the positions of the corresponding syn 
carbons (9), again in agreement with assignment of the anti configuration 
to the a forms. 

In  further support, the order of elution (Va followed by Vb) on high- 
performance liquid chromatography (HPLC) (3) is compatible with this 
assignment (6), and the UV data also suggest that the conjugated double 
bonds are more extended in Va than in Vb (10, l l ) .  Thus, the structures 
depicted are initially proposed for this series of compounds (the most 
stable rotational conformation about the N-N bond is shown). 

Fi2 R’ 
Va ,Val Vb,Vb‘ 

Va,Vb: R’ = p-(OCH&6H4, R2 = H 
Va‘,Vb‘: R’ = H, R2 = P - ( O C H ~ ) C ~ H ~  

A particularly interesting feature of the spectra of VI was that the ar- 
omatic carbon-13 signals were all doubled (except for c-3’ and c-5’ in 
CDC13). The signals, separated by 0.1-0.2 ppm, presumably arise from 
the syn and ant i  isomers, and were assigned (Table 11) by comparison 
with the spectrum of the 2,4-dinitrophenylhydrazone of cyclohexanone 
in which they are not, of course, doubled. The additional possibility in 
azine V of antilsyn isomerism about the aldimino double bond (HC=N) 
leads to alternative structures Va’ and Vb’, which are expected to have 
very similar NMR and UV absorption properties to those of Va and 

Vb, respectively. It does not seem that mixtures are present, and it is very 
unlikely that the two forms of V are Va with Vb‘ or Va’ with Vb, as nei- 
ther the ‘H-NMR nor the 13C-NMR shifts of the HC=N function differ 
between isomers (Tables I and 11). The stable anti aldimino configuration 
(Va and Vb) is favored. 

It is evident that  hydrazine-based derivatives of norethindrone can 
be produced in viuo by interaction with isoniazid. We have found that 
the metabolic disposition of the steroid is thereby altered’. Other phar- 
macologically important steroids and possibly other hydrazine-derived 
drugs may undergo similar interactions. Syn and ant i  isomers of nor- 
ethindrone hydrazones arise and can be identified. They undergo rapid 
interconversion in some cases, but may be separated in others. Whether 
tissue enzymes, which further metabolize the hydrazones (3), are selective 
for synlanti isomers remains to  be determined. If such selectivity were 
to occur, one might expect that  the rate of metabolism of various hy- 
drazones would he dependent, inter a h ,  on the relative degree of in- 
terconvertibility of the isomers. 
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Abstract  The blood clearance and organ deposition of polystyrene 
microspheres in the rabbit following intravenous injection has been in- 
vestigated using the technique of gamma scintigraphy, blood and organ 
level measurements, and histology. Uncoated microspheres of 1.27-/.tm 
diameter were cleared rapidly from the blood and were taken up primarily 
by the reticuloendothelial system in the liver. Coating of the microspheres 
with the nonionic surface-active agent poloxamer 338 reduced the uptake 
in the liver and gave a corresponding increase in the lungs. 

Keyphrases Microspheres, polystyrene-effect of nonionic surfac- 
tants on blood clearance and deposition, intravenous administration 0 
Nonionic surfactants-effect on blood clearance and deposition of 
polystyrene microspheres, intravenous administration 0 Deposition, 
tissue-polystyrene microspheres following intravenous administration, 
effect of nonionic surfactants 0 Blood clearance-polystyrene micro- 
spheres following intravenous administration, effect of nonionic sur- 
factants 

Colloidal systems such as liposomes, microspheres, 
nanospheres, and emulsions have been investigated as 

potential drug-targeting devices (1-4). The fate of such 
particles in the body following administration is deter- 
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its low solubility in CDCl3 prevented us from detecting all of the signals. 
It is also possible that the rates of interconversion of the two forms are 
such that while the proton chemical shifts are time-averaged in CDC13, 
although distinct in DMSO-ds, certain of the 13C-NMR signals are 
broadened by these processes and hence obscured (8). Variable tem- 
perature studies that might answer these questions are beyond our 
present capabilities. The 13C-NMR spectra showed differences a t  C-3, 
C-4, and C-5 of -2.5 and 7 ppm downfield and 1 ppm upfield, respec- 
tively, for Va in comparison with Vb. Comparable differences were also 
found between the unseparated forms of 111 and VI and so have been 
assigned to a and b isomers in Tables I and I1 by comparison with Va and 
Vb data. The resonances of carbons anti to hydrazones and oximes ap- 
pear 6-12 ppm downfield from the positions of the corresponding syn 
carbons (9), again in agreement with assignment of the anti configuration 
to the a forms. 

In  further support, the order of elution (Va followed by Vb) on high- 
performance liquid chromatography (HPLC) (3) is compatible with this 
assignment (6), and the UV data also suggest that the conjugated double 
bonds are more extended in Va than in Vb (10, l l ) .  Thus, the structures 
depicted are initially proposed for this series of compounds (the most 
stable rotational conformation about the N-N bond is shown). 

Fi2 R’ 
Va ,Val Vb,Vb‘ 

Va,Vb: R’ = p-(OCH&6H4, R2 = H 
Va‘,Vb‘: R’ = H, R2 = P - ( O C H ~ ) C ~ H ~  

A particularly interesting feature of the spectra of VI was that the ar- 
omatic carbon-13 signals were all doubled (except for c-3’ and c-5’ in 
CDC13). The signals, separated by 0.1-0.2 ppm, presumably arise from 
the syn and ant i  isomers, and were assigned (Table 11) by comparison 
with the spectrum of the 2,4-dinitrophenylhydrazone of cyclohexanone 
in which they are not, of course, doubled. The additional possibility in 
azine V of antilsyn isomerism about the aldimino double bond (HC=N) 
leads to alternative structures Va’ and Vb’, which are expected to have 
very similar NMR and UV absorption properties to those of Va and 

Vb, respectively. It does not seem that mixtures are present, and it is very 
unlikely that the two forms of V are Va with Vb‘ or Va’ with Vb, as nei- 
ther the ‘H-NMR nor the 13C-NMR shifts of the HC=N function differ 
between isomers (Tables I and 11). The stable anti aldimino configuration 
(Va and Vb) is favored. 

It is evident that  hydrazine-based derivatives of norethindrone can 
be produced in viuo by interaction with isoniazid. We have found that 
the metabolic disposition of the steroid is thereby altered’. Other phar- 
macologically important steroids and possibly other hydrazine-derived 
drugs may undergo similar interactions. Syn and ant i  isomers of nor- 
ethindrone hydrazones arise and can be identified. They undergo rapid 
interconversion in some cases, but may be separated in others. Whether 
tissue enzymes, which further metabolize the hydrazones (3), are selective 
for synlanti isomers remains to  be determined. If such selectivity were 
to occur, one might expect that  the rate of metabolism of various hy- 
drazones would he dependent, inter a h ,  on the relative degree of in- 
terconvertibility of the isomers. 
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Abstract  The blood clearance and organ deposition of polystyrene 
microspheres in the rabbit following intravenous injection has been in- 
vestigated using the technique of gamma scintigraphy, blood and organ 
level measurements, and histology. Uncoated microspheres of 1.27-/.tm 
diameter were cleared rapidly from the blood and were taken up primarily 
by the reticuloendothelial system in the liver. Coating of the microspheres 
with the nonionic surface-active agent poloxamer 338 reduced the uptake 
in the liver and gave a corresponding increase in the lungs. 

Keyphrases Microspheres, polystyrene-effect of nonionic surfac- 
tants on blood clearance and deposition, intravenous administration 0 
Nonionic surfactants-effect on blood clearance and deposition of 
polystyrene microspheres, intravenous administration 0 Deposition, 
tissue-polystyrene microspheres following intravenous administration, 
effect of nonionic surfactants 0 Blood clearance-polystyrene micro- 
spheres following intravenous administration, effect of nonionic sur- 
factants 

Colloidal systems such as liposomes, microspheres, 
nanospheres, and emulsions have been investigated as 

potential drug-targeting devices (1-4). The fate of such 
particles in the body following administration is deter- 
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Figure 1-Activity-time profiles for blood and liver following 
intravenous administration of '3'I-labeled polystyrene micro- 
spheres. Key: uncoated, (0) liver, (A) blood; coated with polox- 
amer 338, (0 )  liver, (A) blood. 

mined by the chemical nature of the colloid and its physical 
characteristics such as particle size and surface charge (5). 
The reticuloendothelial system plays a major role in 
clearing small particles from the circulation following in- 
travenous administration, while larger particles are 
trapped in the capillary beds of the lungs. Studies on 
emulsion systems have indicated the important role of the 
surface layer of the emulsifier. The use of nonionic emul- 
sifiers (e.g. ,  poloxamer) leads to slow clearance from the 
bloodstream and an altered distribution pattern to organ 
sites (6). 

In this work such effects have been investigated further 
in rabbits using a model colloidal system, polystyrene 
microspheres. This material has been well characterized 
physically, including studies involving the adsorption of 
nonionic surfactants (7, 8). In addition, polystyrene mi- 
crospheres labeled with a gamma ray-emitting radionu- 
clide have been used to study the distribution, fate, and 
acute and semichronic effects of microspheres in animal 
models (9-11). 

EXPERIMENTAL 

Administration of Microspheres-Polystyrene microspheres (1.27 
pm) were obtained from a commercial supplier'. The particle size was 
verified using an electronic particle counter* with a 30-pm orifice tube. 
The particles were surface-labeled with iodine-131 by a process of irra- 
diation using a cobalt-60 source with the microspheres suspended in a 
solution of 2-mCi Na13'I; the total irradiation dose was 5 Mrad. The 
particles were dialyzed free from NalSII. Preliminary experiments in vitro 
and in viuo indicated that the integrity of the label was satisfactory, al- 
though some free iodide was detectable after dialysis for 120-hr against 
rabbit plasma. 

In each experiment, 50-75 pCi of labeled material was administered. 
The particles (-2 X lo8) were suspended in saline and rapidly injected. 
One group received microspheres that had been equilibrated for 24-hr 
in a saline solution containing 1% w/v poloxamer 338", molecular weight 
of poloxypropylene moiety 3250, polyoxyethylene content 80-90% (8). 

The surface charge on the microspheres over the pH range 2-10 was 
determined using cell-microele~trophoresis~ (12). The microspheres were 
also equilibrated a t  25" a t  pH 7.4 with a 1% poloxamer 338 solution for 
24 hr in the presence or absence of rabbit plasma (1:l mixture with the 

Dow Dia nostics, Dow Co., Indianapolis, Ind. 

Pluronic F108 (poloxyethylene-polyoxypropylene copjlymer), Ugine Kuhlmann 

Rank Mk. I1 Microelectrophoresis apparatus, Rank Bros., Cambridge, U.K. 

* Coulter tounter TAII, Coulter Electronics, Harpended. U.K. 

Ltd., Bolton, U.K. 

HOURS 

microsphere suspension). All samples were diluted with 1.54 X M 
NaCl solution before measurement of the surface charge a t  pH 7.4. Any 
adjustment in pH was carried out using hydrochloric acid or sodium 
hydroxide. The state of aggregation of the microspheres was examined 
using the light microscope. The adsorption of poloxamer 338 on the 
surface of polystyrene microspheres of the same approximate size and 
the same surface characteristics has been investigated in detail by Kayes 
and Rawlins (5). Equilibration was reached in 24 hr. The isotherms were 
Langmuirian, and the thickness of the adsorbed layer was 26 nm. 

Animal Experiments-New Zealand White rabbits 2-4 kg in weight 
were randomly divided into two groups of three. The microspheres were 
injected into the marginal ear vein. The distribution of the microspheres 
in various body organs was followed using external scintigraphic imaging5. 
Dynamic and static views were recorded at  suitable times during a 10-day 
period and processed by computer6. Blood samples were removed at 
suitable intervals and were analyzed for radioactivity using a gamma 
counter7. At  the end of 11 days the animals were sacrificed and the organs 
removed. Small samples were taken for histological investigation, and 
the total organ activity in the remainder was determined using a well-type 
gamma counters. The histological samples were fixed, dehydrated, and 
mounted in wax. Microtome sections were stained using hematoxylin- 
eosin. 

RESULTS 

Properties of the Microspheres-The electrophoretic mobility-pH 
relationship for the polystyrene microspheres showed that at a physio- 
logical pH value (7.4) in 1.54 X M NaCI, the particles carried a net 
negative charge (zeta potential) of -35 mV. In the presence of 1% 
poloxamer 338, the surface charge was reduced to -8 mV. This is due to 
the presence of an adsorbed layer of polymer on the surface of the par- 
ticles (8). Incubation of polystyrene microspheres with rabbit plasma 
caused a reduction of surface charge to -15 mV. The presence of polox- 
amer on the surface of the particle prior to incubation with plasma caused 
the surface charge to be reduced to almost zero. The reduction in charge 
brought about by added plasma is thought to be due to the adsorption 
of plasma proteins ( e g . ,  albumin or globulin) or more specific substances 
such as fibronectin (13-15). Microscopic examination showed that added 
plasma caused aggregation of the microspheres, but this was prevented 
by the presence of poloxamer 338. 

Gamma Scintigraphy-The processed computer images showed that 
the small microspheres were rapidly taken up by the liver of the rabbit 
(Fig. 1). No other body organs were visualized on the scintiscans except 
small quantities of activity that were observed in the thyroid and/or 
bladder, which can be attributed to the presence of small quantities of  
free iodide. There was no evidence of large numbers of particles being 
taken up by the lungs. The presence of an adsorbed layer of poloxamer 
338 on the microspheres reduced the uptake in the liver. This difference, 

Maxi Camera 11-gamma camera-tieneral Electric, Milwaukee, Wis. 
Gammascope, Link Systems Ltd., High Wycombe, U .K.  
Intertechnique CG4000 gamma counter, Intertechnique, Uxbridre. IJ.K 
Bucket Counter, Ortec, Bracknell, U.K. 
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Figure 2-Tissue distribution of iodine-131 1 I days after adrninistra- 
tion of 131Z-labeled polystyrene microspheres. Key: (0) uncoated; ( 0 )  
coated with poloxamer 338. 

caused by the presence of the nonionic surfactant, was still evident after 
11 days of imaging. 

Blood Levels-The blood level-time profiles (Fig. 1) show that 
clearance of the microspheres from the blood is affected by the presence 
of poloxamer 338. In the absence of the surfactant, the particles are 
cleared rapidly and the blood levels are low. In contrast, in the presence 
of poloxamer 338 significant sustained levels of activity were observed 
over a period of many hours. 

Organ Levels-The distribution of activity after 11 days postad- 
ministration is shown in Fig. 2 for the three major sites of uptake. The 
majority of the activity was in the liver, with much smaller quantities in 
the lung and spleen. The group that received microspheres coated with 
poloxamer had less activity in the liver and more activity in the lungs 
compared with the control group which received microspheres alone. 

Histology-Conventional histological techniques would not be ex- 
pected to show small individual microspheres of 1.27 pm in body tissues. 
Histological examinations were undertaken, therefore, to reveal aggre- 
gated particles. None were observed. 

DISCUSSION 

Effect of PoIoxarner on t he  Deposition of Microspheres-The 
results from scintigraphic imaging, blood level determinations, and organ 
uptake studies all show clearly that the adsorption of a layer of poloxamer 
338 onto the surface of polystyrene microspheres affects their deposition 
in the rabbit following intravenous administration. Differential leaching 
of the radiolabel from the particles prior and subsequent to adminis- 
tration would be expected to alter the absolute values for deposition, but 
not their relative magnitudes. The uncoated particles were deposited 
mainly in the liver; it is well known that small colloidal particles will be 
cleared rapidly from the bloodstream by the reticuloendothelial system 
of this organ, i.e., the Kupffer cells (16). Larger particles (normally those 
>7 pm) will be cleared by the lungs by a process of filtering or mechanical 
obstruction (10). 

The coating of colloidal particles with polymers and macromolecules 
can alter organ uptake considerably. Wilkins and coworkers (17,18) have 

demonstrated the importance of surface modification as well as surface 
charge. Negatively charged particles are removed from the circulatory 
system quite rapidly, whereas positive and neutral particles have different 
clearance patterns. Certain positively charged particles can be taken up 
by the lungs and then rapidly redistributed to  the spleen rather than the 
liver (17). The important process controlling the fate and deposition of 
colloidal particles would seem to be one of the interaction of a foreign 
surface with the blood and the coating of that  surface with various com- 
ponents such as albumin, globulin, etc; the exact coating material being 
determined by the nature of the particle itself. The coating then influ- 
ences the interaction of the particle with cells of the reticuloendothelial 
system (5). Certain blood components (termed opsonins) can enhance 
phagocytic uptake (16). Van Oss et  al. (19) have discussed the role of 
surface hydrophobicity in phagocytic engulfment and cell adhesiveness. 
Particles with low contact angles are taken up much less rapidly by 
phagocytes than particles with high contact angles. Poloxamer 338 causes 
a very significant reduction in the contact angle of the hydrophobic 
polystyrene particles. 

Studies that have dealt specifically with nonionic surface-active agents 
have employed both polystyrene microspheres and emulsion systems. 
For example, Singer et a/. (5) found that microspheres coated with pol- 
ysorbate 80 showed the slowest decline in blood concentration. Similarly, 
Jeppsson and Rossner (20) using fat emulsions demonstrated the im- 
portance of the molecular weight of the adsorbed surfactant, poloxarner 
338 (mol wt 3250) being much more effective at reducing the clearance 
rate of droplets than poloxamer 188 (mol wt 1750). Such differences could 
be due to the different thicknesses of the adsorbed layers (26 and 14 nm, 
respectively, for 338 and 188) and/or to differences in surface charge 
(8). 

The increased uptake of the coated microspheres in the lungs (after 
11 days) is more difficult to explain. One obvious reason would be 
aggregation, and the entrapment of the larger entities so created, in the 
lungs. Kanke et al. (10) have reported “clusters” of microspheres in 
histological preparations. However, no aggregates of a size that would 
be trapped in lung capillaries were seen in the histological specimens, and 
the in uitro studies showed that the nonionic surfactant brought about 
deaggregation even though the microsphere system with adsorbed 
poloxamer and plasma components had the lowest surface charge. It is 
recognized that a different type of aggregation-deaggregation process 
could occur in oiuo, since the microspheres are exposed to different en- 
vironments and the poloxamer could be modified by metabolic 
changes. 

The critical minimum particle size for deposition in the lungs is usually 
regarded as being -7-10 pm, depending on the nature of the particle and 
its shape (21). However, a recent report by Findler et  al. (22) has shown 
that efficient localization of liposomes in the capillary bed of the lungs 
could be achieved using negatively charged multilamellar liposomes 1-2 
pm in diameter. This size range covers the microspheres used in the 
present work. Furthermore, uptake of technetium-99m-sulfur colloid 
(particle size 400-600 nm) in the lungs has been reported in clinical di- 
agnostic studies (23). 

The pathophysiology of such increased uptake of colloid in the lung 
is poorly understood, but evidence from human and animal studies does 
not support the hypothesis that  in uiuo microaggregation results in the 
formation of microemboli that are trapped in the lung. The evidence does 
support the possibilities of increased phagocytic activity in the pulmonary 
capillary bed or adherence of colloid to altered endothelium in the pul- 
monary capillaries (23,24). Thus, the modified surface properties of the 
micropheres coated by poloxamer could potentiate their uptake in the 
lungs. 
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Abstract 0 A sensitive postcolumn ionization high-performance liquid 
chromatographic (HPLC) method for the quantitative determination 
of butabarbital sodium in butabarbital sodium elixir is described. The 
procedure employs a octadecylsilane column chemically bonded to porous 
silica microparticles. The mobile phase is a mixture of methanol and 
water (typically 35:65), adjusted to provide separation of butabarbital 
from two degradation compounds and other formulation ingredients. A 
buffer (pH 10) added between the column and detector provides for the 
primary ionization of the barbiturate necessary for optimum UV-detector 
sensitivity a t  -240 nm. Determinations are made using the sodium salt; 
thus the need for extraction of the free base is eliminated. The procedure 
is linear over the 0.3-0.9-mg/ml concentration range of butabarbital so- 
dium. Reproducibility values for 10 injections of a single reference 
standard range from 100.2 to 100.8% of theoretical with a mean of 100.5% 
and a coefficient of variation of 0.23%. An interlaboratory precision study 
for blind duplicates of one simulated product formulation and two 
commercial elixers produced coefficients of variation of 1.4.1.3, and 1.1%, 
respectively. Recovery determinations for the drug in simulated product 
formulations ranged from 98.4 to 99.0%, intralaboratory, and 97.7 to 
102.2% interlaboratory. The HPLC procedure is stability indicating with 
respect to two decomposition products. 

Keyphrases 0 Butabarbital sodium-application of postcolumn ion- 
ization in higher-performance liquid chromatographic analysis, elixir 
Ionization-postcolumn, application in high-performance liquid chro- 
matographic analysis of butabarbital sodium elixir 0 High-performance 
liquid chromatography-application of postcolumn ionization, analysis 
of butabarbital sodium elixir 

The chromaphoric characteristics of barbiturates es- 
tablish them as prime compounds for high-performance 
liquid chromatographic (HPLC) analysis using a combi- 
nation of reverse-phase chromatography and postcolumn 

Table I-Typical HPLC Standard Curve Data  for Butabarbital  
Sodium 

Butabarbital Sodium Butabarbital Sodium, Percent of 
Added, md50  ml Found. md50 ml Theoretical 

16.73 
23.24 
30.36 
38.00 
46.00 

~~ 

16.54 98.9 
23.19 99.8 
30.27 99.7 
38.00 100.0 
45.82 99.6 

0 Correlation coefficient = 0.9999. 

ionization with a pH 10 buffer. Clark and Chan (1) have 
reported the advantages of combining conventional re- 
verse-phase chromatography and postcolumn ionization 
into a single system. In this study, their analytical ap- 
proach has been successfully employed in the assay of 
butabarbital sodium elixir. The procedure eliminates the 
need for extraction of butabarbital free acid. No sample 
cleanup was required because a suitable chromatographic 
system was found that would resolve the phenobarbital 
internal standard, butabarbital, placebo ingredients, and 
one decomposition product, capuride. 

EXPERIMENTAL 
Apparatus-The liquid chromatograph’ consisted of a solvent pump 

with flow controller; an injector with flowing-stream, valve-controlled 

~~ 

Waters Liquid Chromatograph; Model 6000-A Solvent Delivery System, Model 
720 System Controller, Model U6K Injector, Model 440 Absorbance Detector with 
254 nrn Cilter. Model 730 Data Module; Waters Associates, Milford, Mass. 
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buffer (pH 10) added between the column and detector provides for the 
primary ionization of the barbiturate necessary for optimum UV-detector 
sensitivity a t  -240 nm. Determinations are made using the sodium salt; 
thus the need for extraction of the free base is eliminated. The procedure 
is linear over the 0.3-0.9-mg/ml concentration range of butabarbital so- 
dium. Reproducibility values for 10 injections of a single reference 
standard range from 100.2 to 100.8% of theoretical with a mean of 100.5% 
and a coefficient of variation of 0.23%. An interlaboratory precision study 
for blind duplicates of one simulated product formulation and two 
commercial elixers produced coefficients of variation of 1.4.1.3, and 1.1%, 
respectively. Recovery determinations for the drug in simulated product 
formulations ranged from 98.4 to 99.0%, intralaboratory, and 97.7 to 
102.2% interlaboratory. The HPLC procedure is stability indicating with 
respect to two decomposition products. 

Keyphrases 0 Butabarbital sodium-application of postcolumn ion- 
ization in higher-performance liquid chromatographic analysis, elixir 
Ionization-postcolumn, application in high-performance liquid chro- 
matographic analysis of butabarbital sodium elixir 0 High-performance 
liquid chromatography-application of postcolumn ionization, analysis 
of butabarbital sodium elixir 

The chromaphoric characteristics of barbiturates es- 
tablish them as prime compounds for high-performance 
liquid chromatographic (HPLC) analysis using a combi- 
nation of reverse-phase chromatography and postcolumn 

Table I-Typical HPLC Standard Curve Data  for Butabarbital  
Sodium 

Butabarbital Sodium Butabarbital Sodium, Percent of 
Added, md50  ml Found. md50 ml Theoretical 

16.73 
23.24 
30.36 
38.00 
46.00 

~~ 

16.54 98.9 
23.19 99.8 
30.27 99.7 
38.00 100.0 
45.82 99.6 

0 Correlation coefficient = 0.9999. 

ionization with a pH 10 buffer. Clark and Chan (1) have 
reported the advantages of combining conventional re- 
verse-phase chromatography and postcolumn ionization 
into a single system. In this study, their analytical ap- 
proach has been successfully employed in the assay of 
butabarbital sodium elixir. The procedure eliminates the 
need for extraction of butabarbital free acid. No sample 
cleanup was required because a suitable chromatographic 
system was found that would resolve the phenobarbital 
internal standard, butabarbital, placebo ingredients, and 
one decomposition product, capuride. 

EXPERIMENTAL 
Apparatus-The liquid chromatograph’ consisted of a solvent pump 

with flow controller; an injector with flowing-stream, valve-controlled 

~~ 

Waters Liquid Chromatograph; Model 6000-A Solvent Delivery System, Model 
720 System Controller, Model U6K Injector, Model 440 Absorbance Detector with 
254 nrn Cilter. Model 730 Data Module; Waters Associates, Milford, Mass. 
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Table 11-HPLC Assay Results for Commercial Butabarbital  Sodium Elixir  and Recovery Data for Corresponding Product  Control 8 

Manufacturer 
A B C D 

Assay of drug in commercial products 
Butabarbital sodium found (mg/5 ml) 
Butabarbital sodium declared (mg/5 ml) 
Percent of declared 

Recovery for drug in authentic formulations 
Butabarbital sodium found (mg/5 ml) 
Butabarbital sodium added (mg/5 ml) 
Recoverv. % 

29.2 
30.0 
97.3 

30.48 
30.92 
98.6 

32.9 
33.3 
98.8 

31.26 
31.59 
99.0 

29.0 
30.0 
96.7 

30.09 
30.47 
98.8 

31.7 
33.0 
96.1 

30.87 
31.36 
98.4 

Small batch of commercial product. accurately prepared in the laboratory according to the manufacturer’s master formulation. 

specimen loop; a IJV-detector capable of monitoring absorbance at  -240 
nm; a digital integrator-recorder; and a 10-pm micropellicular octade- 
cylsilane column2. To achieve postcolumn ionization, a second solvent 
pump? was connected to the HPLC apparatus by means of a 1.58 mm 
union tee4 installed in the line between the column and the detector. 

Reagents-The methanol5 was distilled in glass. The boric acid6, 
potassium chloride’, and sodium hydroxide5 were ACS grade. Pheno- 
barbitals was USP grade; the butabarbitalg was USP reference stan- 
dardg. 

HPLC Operating Conditions-The mobile phase consisted of 
methanol-distilled water (3565), and the flow rate was 1.5 ml/min. The 
ionization solvent was a borate buffer (pH 10.0 f 0.05) prepared by 
mixing 250 ml of 0.2 M boric acid, 250 ml of 0.2 M potassium chloride, 
and 220 ml of 0.2 M sodium hydroxide and diluting to 1 liter with distilled 
water. The buffer was pumped into the mobile phase at a flow rate of 0.1 
ml/min. The UV detector was operated with a 254-nm filter and a sen- 
sitivity setting of 0.1 AUFS. Injection volume for sample and standard 
solutions was -7.5 pl; injections were made in triplicate. A resolution 
value, R’O, of <1.5 was established to evaluate system suitability. 

Preparation of Solutions-A solution of phenobarbital in methanol 
was prepared a t  a concentration of -3 mg/ml for the internal standard. 
Aliquots of the internal standard solution and butabarbital sodium elixir 
were combined to produce a mixed solution containing -0.3 mg/ml of 
phenobarbital and 0.7 mg/ml of butabarbital sodium in methanol. Bu- 
tabarbital and an aliquot of the internal standard solution were combined 
to produce a mixed solution (standard) containing 4 . 3  mg/ml of phe- 
nobarbital and 0.6 mg/ml of butabarbital in methanol. 

Chromatographic Separation and  Analysis-A printer-plotter- 
integrator” which automatically integrates chromatographic peaks and 
calculates results was employed in the liquid chromatograph apparatus. 
The data processor calculated peak areas and response factors resulting 
from injection of a standard solution and stored the data in a calibration 
table. Similarly, the data processor calculated areas and response factors 
for injections of sample solutions and compared sample data with stan- 
dard data in the calibration table for calculation of sample amounts. 
Phenobarbital elution time was -9 min, and butabarbital elution was 
-13 min (Fig. 1). 

RESULTS AND DISCUSSION 

The HPLC procedure described herein was subjected to validation 
studies for linearity, precision, and accuracy. Linearity was determined 
a t  five concentrations which would be equivalent to butabarbital sodium 
elixir products with assay values ranging from 50 to 150% of declared 
butabarbital sodium. Assay results ranged from 98.9 to 100.0% of theo- 
retical, with a correlation coefficient of 0.9999 (Table I). Reproducibility 
for 10 injections of a butabarbital sodium standard solution ranged from 
100.2 to 100.8% of theoretical, with a mean of 100.5% and a coefficient 
of variation of 0.23% (Table 111). 

Four brands of butabarbital sodium elixir were assayed by the HPLC 
procedure. Recoveries were determined using product controls prepared 
for these four brands of elixir. A product control is defined here as a small 

2pBondapak CIS, 3.9 mm X 30 cm, Waters Associates, Milford, Mass. 
3 Model 6000-A Solvent Delivery System; Waters Associates, Milford, Mass. 
4 Swagelok Union Tee, SS-100.3, Crawford Fitting Co.. Solon, Ohio. 
5 ACS grade, Burdick and Jackson Laboratories, Inc., Muskegon, Mich. 
6 d. T. Baker Chemical Co., Phillipsburg, N.J. 

SACS grade; City Chemical Corp.. New York, N.Y. 
Fisher Scientific Co., Fair Lawn, N.J. 

USP grade; U S .  Pharmacopeial Convention. Inc.. Rockville, Md. 
USP Reference standard US. Pharmacopeia XX, (621) Chromatography, 

Glossary of Symbols, p. 946. 
l1 Waters Model 730 Data Module. 

In h 
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c 
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MINUTES 

Figure I-HPLC response for (1) phenobarbital, (2) butabarbital, and 
(3) capuride. The column was pRondapak C18; the mobile phase was 
methanol-distilled water (35:65); ionization soloent was borate buffer 
( P H  10). 

batch of commercial product accurately prepared in the laboratory ac- 
cording to the manufacturer’s master formulation. Assay results and 
recoveries for the corresponding product controls are shown in Table 
11. 

An interlaboratory collaborative study of the procedure was conducted 
using blind duplicate samples of one simulated product formulation and 

Tab le  111-Precision Data for Multiple HPLC Injections of 
Butabarbi ta l  Sodium 

Butabarbital Sodium Found 
by HPLC, mg/50 ml Percent of Theoretical 

34.85 
35.03 
35.00 
35.04 
34.92 
34.95 
34.86 
34.89 
34.98 
34.93 
Mean 
SD 
C V  

100.2 
100.7 
100.7 
100.8 
100.4 
100.5 
100.2 
100.3 
100.6 
100.5 
100.5 

0.23 
0.23 

0 Butabarbital sodium added: 34.77 mg150 ml. 
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Table IV-Interlaboratory Analysis of Blind Duplicate Samples 
of Butabarbital  Sodium Elixir  

r 

Sample An Sample B Sample Cc 
Recovered, Percent of Percent of 

Laboratory % Declared Declared 

1 101.2 100.1 98.7 98.0 97.0 96.7 
2 99.1 98.0 95.3 95.7 95.2 95.8 
3 100.8 100.5 97.7 97.7 94.9 95.2 
4 100.8 102.2 97.0 97.0 97.3 97.9 
5 99.1 97.7 94.7 95.7 94.9 96.4 
6 101.2 100.5 98.3 97.3 96.1 97.3 
Mean 100.1% 96.9 96.2% 
SD f1.36 f1.28 f1.03 
CV 1.4% 1.3% 1 .I% 

Simulated product formulation with 28.36 mg/5 ml of butabarbital sodium 
added. Commercial product with 30 mg of butabarbital sodium per 5 ml declared. 

Commercial product with 33.3 mg of butabarbital sodium per 5 ml declared. 

two commercial elixirs. Coefficients of variation were 1.4,1.3, and 1.1%, 
respectively, for the three samples. Recovery values for the authentic 
sample ranged from 97.7 to 102.2%. Results of interlaboratory testing are 
presented in Table IV. 

A placebo was prepared for each of the four butabarbital sodium elixir 
products analyzed. None of the placebos interfered with the assay (Fig. 
2). Solutions of butabarbital sodium and butabarbital in methanol were 
found to be stable over a prolonged period in laboratory fluorescent light 
and laboratory temperature (generally 20-25'). Stability determinations 
were made after 11 and 56 days of exposure time. 

Limited data on HPLC response for decomposition products was ob- 
tained. No commercial source for butabarbital decomposition compounds 
was available; thus, an attempt was made to prepare the compounds 
through thermal degradation of butabarbital sodium in this laboratory. 
Breakdown products due to hydrolysis of barbiturates (Scheme I) have 
been established (2-5). 

-NHI 

-co* 
R1 RICHCONH, R I  RzCHCONHCONHz + COZ 

I11 I1 

/ 
Ri RzCOZH 

IV 
Scheme I 

Two approaches to thermal decomposition were employed. With the 
Watson and Pernarowski procedure (5) only one compound, capuride 
(II), was obtained in sufficient quantity for analytical testing. Thermal 
decomposition using a pressure bottle (6) was also attempted to isolate 

IIIII 
4 8 12 16 20 

A C 

- 
0 4 8 12 16 20 - ~- 

MINUTES 
Figure 2-HPLC responses for placebo ingredients from manufacturers 
A-D (see Table II). 

additional decomposition products. This procedure also produced ca- 
puride and, additionally, a compound which was identified as valnoc- 
tamide (111). Both the capuride and valnoctamide which were produced 
were identified by means of melting point, IR spectrophotometry, and 
mass spectroscopy. 

Capuride eluted from the HPLC column a t  25.16 min. (Fig. 1). An in- 
jection of -10 pg produced a pen deflection of -1.5 cm at 0.02 AUFS. No 
HPLC response was produced for a 35-pg injection of valnoctamide at 
0.02 AUFS. 

Chromatograms of phenobarbital, butabarbital, and product placebos 
from injections made on six octadecylsilane columns representing five 
commercial sources and one in-laboratory preparation were evaluated. 
Columns that met the system suitability criterion gave satisfactory res- 
olution of phenobarbital, butabarbital, and placebo ingredients. 
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COMMUNICA TIONS 

Rapid Gas Chromatographic Determination of 
Serum Salicylates After Silylation 

Keyphrases GLC analysis-Simultaneous determination of acetyl- 
salicylic acid and salicylic acid in plasma, serum and whole blood, for- 
mation of trimethylsilyl derivatives 

To the Editor: 
Both acetylsalicylic acid and salicylic acid are pharma- 

cologically active, but there are qualitative and quantita- 
tive differences in the analgesic and antiplatelet effects and 
in their inhibition of prostaglandin synthetase (1, 2). 
Gas-liquid chromatographic (GLC) methods for quanti- 
fying acetylsalicylic acid and salicylic acid simultaneously 
are time consuming, requiring extraction prior to the for- 
mation of the corresponding trimethylsilyl derivatives 
(3-5). Furthermore, the analyses are complicated by some 
hydrolysis of acetylsalicylic acid to salicylic acid during 
derivatization (6). 

The GLC methods available for the quantitation of 
acetylsalicylic acid and salicylic acid require prior silylation 
at 50" for 60 min (3-5). Silylation of salicylic acid with 
hexamethyldisilazane in acetone gave two peaks with re- 
tention times of 1.5 and 2.2 min when chromatographed 
at  135' under our conditions. These peaks were considered 
to be the mono- and bis-trimethylsilyl derivatives of sali- 
cylic acid, respectively, since the intensity of the 1.5-min 
peak decreased with time with concomitant increase in the 
height of the 2.2-min peak (4). Therefore, a more appro- 
priate system of derivatization was sought. Table I gives 
the effect of time on the silylation of acetylsalicylic acid, 
salicylic acid, and p-hydroxybenzoic acid at  23' and 60" 
with N,O- bis(trimethylsily1)trifluoroacetamide in aceto- 
nitrile. p-Hydroxybenzoic acid was chosen as the internal 
standard since it readily forms a bis-trimethylsilyl deriv- 
ative (7). Acetonitrile was chosen as the solvent, since it has 
been reported to be suitable for the silylation of cate- 
cholamines and related compounds (8). The results show 
that under these conditions of silylation' the maximum 
peak area ratio was obtained almost immediately at  both 
temperatures and that the ratio was stable for a t  least 60 
min, even at  60'. The mean peak area ratio obtained for 
salicylic acid at the various times after the addition of 
N,O-bis(trimethylsily1)trifluoroacetamide was 0.96 f 0.10 
(SD)  at 23' and 1.02 f 0.05 (SD)  at 60°, representing 
coefficients of variation of 10.4 and 5.0%, respectively. 
Similarly, the mean values of the peak area ratio for 

Sample formulation: To each 0.10-ml aliquot of serum, plasma, or whole blood, 
2 ml of 1 N HCI was added: p-hydroxybenzoic acid (15 pg in 1 ml of water) was 
added as the internal standard: and the mixture was extracted twice with 5 ml of 
freshly distilled ether. The organic phase was transferred to another tube and 
evaporated to dryness under a stream of nitrogen in a water bath at  42-44', The 
residue was dissolved in lop1 of acetonitrile and derivatized with 5 pl of N . 0 -  bis- 
(trimethylsily1)trifluoroacetamide (Pierce Chemical C o . ) .  A 2-3-pI sample was 
injected into a gas chromatograph (Hewlett-Packard model 5710A) equipped with 
a flame-ionization detector and a chart recorder-integrator (Hewlett-Packard model 
3380s). The column was 1.2 m long X&mm i.d. glass tubing packed with 2% OV-225 
on 80-100 mesh Gas Chrom W (Chromatographic Specialities, Ltd.) I t  was condi- 
tioned overnight at 225' and treated with hexamethyldisilazane before use. The 
operating conditions were: injection port temperature, 250'; oven temperature 
(isothermal), 135 or 1 loo; detector temperature, 300'. The nitrogen (carrier gas), 
air, and hydrogen flow rates were 60,100, and 30 ml/min. respectively. 

Table I-Effects of Time and Temperature on the Silylation of 
Acetylsalicylic Acid, Salicylic Acid, and p-Hydroxybenzoic Acid 
in Acetonitrile Using N,O- bis(trimethylsily1)trifluoroacetamide 
as the Silylating Reagent * 

Peak Area Ratio of Disilylated Salicylic Acid or 
Monosilylated 

Acetylsalicylic Acid/Disilylated p-Hydroxybenzoic 
Acid 

Acetylsalicylic Acid Salicylic Acid 
Minutesb 23' 60" 23' 60' 

0.2-1 0.57 - 1 .ox - - - 
10 0.56 0.60 1.04 1.07 
20 0.56 0.56 0.90 1.02 
30 0.56 0.56 0.87 1.06 
40 0.54 0.57 0.83 0.94 
50 0.59 0.49 1.03 0.98 
60 0.56 0.54 1.00 1.03 

One ml of an ethereal solution containing 10 pg of each compound was evapo- 
rated to drg?;  the residue was dissolved in 10 pl of acetonitrile and reacted with 
5 pl of N, bis(trimethylsily1)trifluoroacetamide. A 2-3-p1 aliquot was injected 
into the gas chromatograph. After addition of silylating reagent. 

acetylsalicylic acid were 0.56 f 0.01 ( S D )  at 23' and 0.55 
f 0.03 ( S D )  at 60°, giving coefficients of variation of 2.6 
and 6.1%, respectively. The peak with a retention time of 
1.5 min, cons?dered to be the monosilylation product of 
salicylic acid, was not observed under these conditions. For 
rapid silylation of acetylsalicylic acid and salicylic acid, dry 
acetone can be substituted for acetonitrile. Also, the rate 
of silylation was faster when N,O- bis(trimethylsily1)tri- 
fluoroacetamide was used instead of hexamethyldisila- 
zane. 

Figure 1 shows typical chromatograms of ethereal ex- 
tracts of drug-free serum carried through the analytical 
procedure (A); of drug-free serum to which 15 pg of 
acetylsalicylic acid, salicylic acid, and the internal standard 
p-hydroxybenzoic acid were added (B); and of a mixture 
of acetanilide, methyl salicylate, salicylic acid, p-hydroxy- 

i 1 ~ 1 1 1 i - r  I I I I t 
0 4 8 1 2 0  4 8 0 4 8 12 16 20 24 

MINUTES 

Figure 1-Chromatograms of drug-free serum carried through the 
procedure (A),  drug-free serum to which 15 Fg of acetylsalicylic acid, 
salicylic acid, and p-hydroxybenzoic acid were added and analyzed, as 
described in the procedure (B), and of a mixture of acetanilide, methyl 
salicylate, salicylic acid, p-hydroxybenzoic acid, and acetylsalicylic acid 
analyzed at 110' (C). The derivatization was carried out in acetonitrile 
using N,O-bis(trirnethylsily1)trifluoroacetamide as silylating reagent. 
Key: ( I )  salicylic acid; (2) p-hydroxybenzoic acid; (3) acetylsalicylic acid; 
(4) acetanilide; (5) methyl salicylate. 
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benzoic acid, and acetylsalicylic acid (C). Parts A and B 
were determined at  135" with part C determined a t  110" 
in order to have base line resolution of all the peaks. The 
ethereal extract of control serum sample (A) did not give 
any peak that interfered with the GLC analysis of acetyl- 
salicylic acid, salicylic acid, and p-hydroxybenzoic acid. 
Similar results were obtained using samples of either rat 
or human plasma. The retention times of the trimethylsilyl 
derivatives of salicylic acid, p -hydroxybenzoic acid, and 
acetylsalicylic acid were 2.2, 4.4, and 5.4, respectively a t  
135". Under these conditions, the retention times of the 
trimethylsilyl derivatives of methyl salicylate, ibuprofen, 
salicylamide, and acetaminophen were 1.9,3.7, 10.8, and 
>30 min, respectively. Acetanilide and phenacetin did not 
form a trimethylsilyl derivative, but each compound pro- 
duced a single peak with retention time values of 0.9 and 
4.7 min, respectively, when chromatographed at  135". 
Other nonsteroid anti-inflammatory drugs such as keto- 
profen, indomethacin, and naproxen did not produce a 
peak when silylated under identical conditions. Complete 
separation between the peak of the trimethylsilyl deriva- 
tives of methylsalicylic acid and salicylic acid was obtained 
at  110" (Fig. 1C). Under these conditions, the retention 
time values of underivatized acetanilide and of the tri- 
methylsilyl derivatives of methylsalicylic acid, salicylic 
acid, p -hydroxybenzoic acid, and acetylsalicylic acid were 
2.0,5.1,7.1, 14.35, and 20.05 min, respectively. Salicyluric 
acid (2-hydroxyhippuric acid), the major metabolite of 
salicylic acid, did not give a peak under the analytical 
conditions used. The chromatographic conditions deter- 
mined at 135" were suitable for the simultaneous analysis 
of acetylsalicylic acid and salicylic acid in serum samples. 
There was no interference from the commonly used anal- 
gesics often prescribed in combination with acetylsalicylic 
acid, except for phenacetin, which gave a peak of similar 
retention time value close to that of the trimethylsilyl 
derivative of p-hydroxybenzoic acid. In cases where 
phenacetin is also being administered, 4-chlorophenyla- 
cetic acid can be used as a reference standard since its 
trimethylsilyl derivative has a retention time value of 2.9 
min. 

Table I1 gives the coefficient of variation and the re- 
covery of different concentrations of acetylsalicylic acid 
and salicylic acid added to the control serum. The coeffi- 
cients of variation of triplicate analysis varied from 0.0 to 
6.9% for acetylsalicylic acid and from 1.1 to 6.4% for sali- 
cylic acid. The mean values for the coefficient of variation 

Table 11-Recovery of Different Amounts of Acetylsalicylic 
Acid and Salicylic Acid Added to Control Serum 

Acetylsalicylic Acid Salicylic Acid 
Amount Amount Amount 
Added, Recovered", Recovered", 
pg/O.l pg/O.l ml C V ,  Recov- pg/O.l ml CV, Recov- 

ml f SD 7; ery,% f SD % b  ery,% 

2.5 2.25 f 0.13 5.8 90.0 2.7 f 0.1 3.3 108.0 
7.5 9.1 f 0.6 6.9 121.0 7.4 f 0.3 5.3 98.7 

10.0 10.5 f 0.0 0.0 105.0 9.7 f 0.3 3.2 97.0 
12.5 12.9 f 0 . 2  1.6 103.2 11.7 f 0.55 4.7 93.6 
15.0 15.6 f 0.2 1.3 104.0 13.8 f 0.6 4.5 92.0 
17.5 17.9 f 0.7 4.1 102.3 16.6 f 0.2 1.4 94.8 
20.0 21.1 f 0.0 0.0 105.5 19.7 f 0.2 1.1 98.5 
25.0 25.3 f 0.2 0.8 101.2 25.8f 1.6 6.4 103.2 

Mean value f SD of triplicate analyses. * Coefficient of variation = SD/mean 
x loo. 

of the eight concentrations of acetylsalicylic acid and sal- 
icylic acid used were 2.6 f 2.6 and 3.7 f 1.8 (SD%) re- 
spectively. The recovery of these two compounds was es- 
sentially quantitative. The overall recovery for acetylsal- 
icylic acid was 104.0 f 8.4 ( S D ) % ,  while that of salicylic 
acid was 98.2 f 5.3 (SD)%.  Calibration curves were ob- 
tained for acetylsalicylic acid ( y  = 0.03 + 0.0474~ and r = 
0.996) and for salicylic acid ( y  = 0.20 + 0.064~ and r = 
0.997) in the range of concentrations of 2.5-25 pg/O.l ml 
of serum, i.e., within the concentrations determined in 
pharmacokinetic studies. It should be pointed out that the 
hydrolysis of acetylsalicylic acid to salicylic in blood 
samples at 37" is rapid (9-11) and, therefore, it is necessary 
to extract the acetylsalicylic acid as soon as possible to 
avoid its breakdown in storage. There was no breakdown 
of acetylsalicylic acid to salicylic acid during the extraction, 
evaporation, and derivatization processes described 
herein. 

The proposed GLC assay of acetylsalicylic acid and 
salicylic acid in serum is simpler and faster than other 
methods that have been published for the same pur- 
pose. 
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Is Aspirin Phenylalanine Ethyl Ester a 
Prodrug for Aspirin? 

Keyphrases 0 Aspirin-high-performance liquid chromatography, 
phenylalanine ethyl ester as prodrug 

To t h e  Editor: 

I t  is known that oral administration of aspirin induces 
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benzoic acid, and acetylsalicylic acid (C). Parts A and B 
were determined at  135" with part C determined a t  110" 
in order to have base line resolution of all the peaks. The 
ethereal extract of control serum sample (A) did not give 
any peak that interfered with the GLC analysis of acetyl- 
salicylic acid, salicylic acid, and p-hydroxybenzoic acid. 
Similar results were obtained using samples of either rat 
or human plasma. The retention times of the trimethylsilyl 
derivatives of salicylic acid, p -hydroxybenzoic acid, and 
acetylsalicylic acid were 2.2, 4.4, and 5.4, respectively a t  
135". Under these conditions, the retention times of the 
trimethylsilyl derivatives of methyl salicylate, ibuprofen, 
salicylamide, and acetaminophen were 1.9,3.7, 10.8, and 
>30 min, respectively. Acetanilide and phenacetin did not 
form a trimethylsilyl derivative, but each compound pro- 
duced a single peak with retention time values of 0.9 and 
4.7 min, respectively, when chromatographed at  135". 
Other nonsteroid anti-inflammatory drugs such as keto- 
profen, indomethacin, and naproxen did not produce a 
peak when silylated under identical conditions. Complete 
separation between the peak of the trimethylsilyl deriva- 
tives of methylsalicylic acid and salicylic acid was obtained 
at  110" (Fig. 1C). Under these conditions, the retention 
time values of underivatized acetanilide and of the tri- 
methylsilyl derivatives of methylsalicylic acid, salicylic 
acid, p -hydroxybenzoic acid, and acetylsalicylic acid were 
2.0,5.1,7.1, 14.35, and 20.05 min, respectively. Salicyluric 
acid (2-hydroxyhippuric acid), the major metabolite of 
salicylic acid, did not give a peak under the analytical 
conditions used. The chromatographic conditions deter- 
mined at 135" were suitable for the simultaneous analysis 
of acetylsalicylic acid and salicylic acid in serum samples. 
There was no interference from the commonly used anal- 
gesics often prescribed in combination with acetylsalicylic 
acid, except for phenacetin, which gave a peak of similar 
retention time value close to that of the trimethylsilyl 
derivative of p-hydroxybenzoic acid. In cases where 
phenacetin is also being administered, 4-chlorophenyla- 
cetic acid can be used as a reference standard since its 
trimethylsilyl derivative has a retention time value of 2.9 
min. 

Table I1 gives the coefficient of variation and the re- 
covery of different concentrations of acetylsalicylic acid 
and salicylic acid added to the control serum. The coeffi- 
cients of variation of triplicate analysis varied from 0.0 to 
6.9% for acetylsalicylic acid and from 1.1 to 6.4% for sali- 
cylic acid. The mean values for the coefficient of variation 

Table 11-Recovery of Different Amounts of Acetylsalicylic 
Acid and Salicylic Acid Added to Control Serum 

Acetylsalicylic Acid Salicylic Acid 
Amount Amount Amount 
Added, Recovered", Recovered", 
pg/O.l pg/O.l ml C V ,  Recov- pg/O.l ml CV, Recov- 

ml f SD 7; ery,% f SD % b  ery,% 

2.5 2.25 f 0.13 5.8 90.0 2.7 f 0.1 3.3 108.0 
7.5 9.1 f 0.6 6.9 121.0 7.4 f 0.3 5.3 98.7 

10.0 10.5 f 0.0 0.0 105.0 9.7 f 0.3 3.2 97.0 
12.5 12.9 f 0 . 2  1.6 103.2 11.7 f 0.55 4.7 93.6 
15.0 15.6 f 0.2 1.3 104.0 13.8 f 0.6 4.5 92.0 
17.5 17.9 f 0.7 4.1 102.3 16.6 f 0.2 1.4 94.8 
20.0 21.1 f 0.0 0.0 105.5 19.7 f 0.2 1.1 98.5 
25.0 25.3 f 0.2 0.8 101.2 25.8f 1.6 6.4 103.2 

Mean value f SD of triplicate analyses. * Coefficient of variation = SD/mean 
x loo. 

of the eight concentrations of acetylsalicylic acid and sal- 
icylic acid used were 2.6 f 2.6 and 3.7 f 1.8 (SD%) re- 
spectively. The recovery of these two compounds was es- 
sentially quantitative. The overall recovery for acetylsal- 
icylic acid was 104.0 f 8.4 ( S D ) % ,  while that of salicylic 
acid was 98.2 f 5.3 (SD)%.  Calibration curves were ob- 
tained for acetylsalicylic acid ( y  = 0.03 + 0.0474~ and r = 
0.996) and for salicylic acid ( y  = 0.20 + 0.064~ and r = 
0.997) in the range of concentrations of 2.5-25 pg/O.l ml 
of serum, i.e., within the concentrations determined in 
pharmacokinetic studies. It should be pointed out that the 
hydrolysis of acetylsalicylic acid to salicylic in blood 
samples at 37" is rapid (9-11) and, therefore, it is necessary 
to extract the acetylsalicylic acid as soon as possible to 
avoid its breakdown in storage. There was no breakdown 
of acetylsalicylic acid to salicylic acid during the extraction, 
evaporation, and derivatization processes described 
herein. 

The proposed GLC assay of acetylsalicylic acid and 
salicylic acid in serum is simpler and faster than other 
methods that have been published for the same pur- 
pose. 

(1) C. Patrono, G. Ciahattoni, F. Pugliese, E. Pinca, G. Castrucci, A. 
De Salvo, M. A. Satla, and M. Parachini, Agents Aclions, 4 (Suppl.). 138 
(1979). 

(2) D. C. Atkinson and H. 0. J. Collier, Adu. Pharmaco/. Chemother., 
17,233 (1981). 

( 3 )  B. H. Thomas, G. Solomonraj, and B. B. Caldwell, J .  Pharm. 
Pharmacol., 25,201 (1973). 

(4) L. J. Walter, D. F. Biggs, and R. T. Coutts, J .  Pharm. Sci., 63,1754 
(1974). 

(5) M. J. Rance, B. J. Jordan, and J. D. Nichols, J .  Pharm. Phar- 
macol., 27,425 (1975). 

(6) S. L. Ali, Chromatographia, 8,33 (1975). 
(7) C. E. Dalgliesh, E. C. Homing, M. G. Homing, K. L. Knox, and 

(8) M. G. Homing, A. M. Moss, and E. C. Homing, Biochim. Riophgs. 
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K. Yarger, Biochem. J . ,  101,792 (1966). 
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Ther., 135,105 (1962). 
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of the gastric mucosal membrane by the very acidic aspirin 
particles (1-3). One approach to minimizing this side effect 
is to mask the acidic carboxyl group of aspirin reversibly 
uia a prodrug. Upon administration, the neutral derivative 
dissolves first, then hydrolyzes either in the GI tract or in 
the plasma, generating aspirin. It has been shown that 
classical esterification of the carboxyl group results in 
nonirritating but insoluble species which do not revert to 
aspirin but rather to the corresponding salicylate deriva- 
tive (4). Thus, a prerequisite for any aspirin prodrug is that 
the masking group cleave much faster than the acetyl 
group. Prodrugs that cleave to aspirin have been reported 
(5-7). The compounds were aspirin derivatives in which 
the carboxyl group was masked uia an acylal linkage. 

Banerjee and Amidon (8-10) have recently proposed 
aspirin phenylalanine ethyl ester (I) as a possible prodrug 
for aspirin. I t  was rationalized that, because of the speci- 
ficity of certain enzymes such as a-chymotrypsin and 
carboxypeptidase A, I would first be cleaved by a-chymo- 
trypsin to aspirin phenylalanine (11) and subsequently to 
aspirin by carboxypeptidase A. To support their hypoth- 
esis, the authors studied the rate of hydrolysis of I a t  pH 
values of 7.5 and 8 in the presence of a-chymotrypsin and 
separately determined the rate of hydrolysis of I1 at pH 8.5 
in the presence of carboxypeptidase A. In their kinetic 
studies, the reactions were followed by measuring the 
consumption of sodium hydroxide using a pH-stat titra- 
tion. Aspirin was detected using TLC from a reaction 
mixture containing I and the two enzymes at pH 7.5. Based 
on this information, the authors proposed Scheme I for the 
stepwise enzymatic hydrolysis of I. 

In this communication we report recent studies con- 
ducted using a specific high-performance liquid chroma- 
tographic (HPLC) assay and TLC assay which indicate 
that the work reported by these authors is in error. In 
disagreement with their conclusions, the new data indicate 
that ( a )  compound I does not generate aspirin in the 
presence of the two enzymes, ( b )  the hydrolysis of I1 is not 
catalyzed by carboxypeptidase A, and ( c )  compound I does 
hydrolyze to I1 in the presence of carboxypeptidase A. 

Compound I was prepared according to the procedure 
of Banerjee and Amidon (8). Compound .I1 was prepared 
from I using the reported procedure, but with slight 
modification; namely, treating I with a-chymotrypsin for 
longer than the reported 2 min to ensure complete con- 
version to 11. The compounds were characterized by their 

I1 
CARROXYPEPTIDASE A I 

a z Z : H 3  
Aspirin 

Scheme I 

melting points, NMR spectroscopy, and elemental anal- 
ysis. 

The activity of carboxypeptidase A’ was redetermined 
in our laboratories and found to be 39.4 U/mg of protein, 
in close agreement with the labeled value of 41 U/mg of 
protein. The buffers used in our studies were 0.1 M phos- 
phate adjusted to the desired pH values. The pH values 
of all the solutions were redetermined at  the end of the 
experiments and found to be unchanged. An HPLC was 
equipped with a UV detector2 set at 254 nm and 0.02-0.1 
AUFS. Samples were analyzed on a 3.9-mm X 30-cm re- 
verse-phase3 column. The mobile phase was acetic acid- 
methanol-water (2:40:58), and the flow rate4 was 2 ml/min. 
The injection volume5 was 20 pl. 

Figure 1 is a chromatogram of a mixture of equimolar 
concentrations (1.57 X low4 M )  of I, 11, aspirin, salicylic 
acid, salicyl phenylalanine, and salicyl phenylalanine ethyl 
ester. With this technique, the hydrolysis of I, even to the 
extent of 2076, would result in aspirin levels that are easily 
detectable. The enzymatic hydrolysis rates of I and I1 were 
examined using this HPLC method. 

a 

0 7  MINUTES 

Figure 1-HPLC chromatograms for (a) aspirin, (b) salicylic acid, (c) 
aspirin phenylalanine, (d) salicyl phenylalanine, (e) aspirin phenyl- 
alanine ethyl ester, and (f) salicyl phenylalanine ethyl ester. 

Lot 123-8185, Sigma Chemical Co., St. Louis, Ma. * LDC 111. Milton Roy Corp., Riviera Beach, Fla. 
3 pBondapak Cia. Waters Associates, Milford, Mass. 

Delivered by a Model llOA pump, Beckman Instruments, Inc., Irvine, Calif. 
Model 7125, Rheodyne Inc., Berkeley, Calif. 
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Figure 2-HPLC chromatograms of aspirin phenylalanine (8.5 X 
M) in the presence of carboxypeptidase A (1.0 X 
Aspirin phenylalanine, 5.0 min; Salicyl phenylalanine, 7.0 rnin. 

M) at pH 8.5. Key: 

I 0 min 10 min 

Figure 3-HPLC chromatograms showing the disappearance of the 
prodrug and the appearance of aspirin phenylalanine as a function of 
time in the presence of I X M carboxypeptidase A at pH 8.5. Key: 
(c) aspirin phenylalanine, fd) salicyl phenylalanine, and (e )  pro- 
drug. 

minor peak corresponding to salicyl phenylalanine. This 
experiment confirms that I does indeed cleave to I1 in the 
presence of a-chymotrypsin (8). However, when a mixture 
of a-chymotrypsin (3.9 X M )  and carboxypeptidase 
A (1 X M )  at pH values 
of 7.4 and 8.5 and the solution immediately analyzed by 
HPLC, the same two peaks were observed and no peak 
corresponding to aspirin was detected even after 30 min. 
Therefore, aspirin is not liberated from I1 in the presence 
of carboxypeptidase A. To support this conclusion, the 
hydrolysis of I1 itself (8.5 X M )  in the presence of 
carboxypeptidase A (1 X M )  at pH 8.5 (the pH used 
by the previous authors to study this reaction) was deter- 
mined by HPLC. When the mixture was immediately in- 
jected into the HPLC, two peaks, corresponding to I1 and 
salicyl phenylalanine were observed. As shown in Fig. 2, 
no additional peaks were observed, even after 3.75 hr. The 
same result was observed when the carboxypeptidase A 
concentration was increased 20-fold. 

On the other hand, and contrary to the hypothesis of the 
authors, I was found to cleave to I1 in the presence of car- 
boxypeptidase A. Figure 3 shows the time course for the 
appearance of I1 in a solution containing I (8 X M )  
and carboxypeptidase A at  pH 8.5. 

To confirm the HPLC results, the same TLC system 
reported previously (8) was used to examine the mixture 
containing I and the two enzymes. Again, no aspirin spot 
was observed. 

The results obtained by the authors which led to their 
conclusions appear to be in error for two reasons: 

1. The aspirin spot appearing on the TLC plates (8) may 
have been the result of the hydrolysis of aspirin anhydride 
contaminating their prodrug. This is quite possible, since 
preparation of the prodrug involves the intermediate 
formation of aspirin anhydride, as shown in Scheme 11. The 
half-life of the conversion of aspirin anhydride to aspirin 
is known to be -8 min at  pH 7.4 and 2507. 

2. The consumption of sodium hydroxide observed 
previously when carboxypeptidase A was added to I1 may 
have been due to the hydrolysis of I, a very likely con- 
taminant of the preparation. This is quite possible, since 
I1 was obtained by treating I with a-chymotrypsin for only 
2 rnin and the purity of I1 was determined only by NMR 
(8). If this were the case, then I itself would, as shown 

M) was added to I (8 X 

’ ace- co01-1 Methylene C h l o r i d e  

,OCOC~ ,3 D i c y c l o h e x y l -  OCOCH, H3COCO 
c a r b o d i i m i d e  

Enzyme 

Scheme II 

When a solution at  pH 8 containing I (8 X M) and 
a-chymotrypsin6 was analyzed by HPLC, only two peaks 
were observed: a major peak corresponding to I1 and a 

above, hydrolyze in the carboxypeptidase A preparation. 
The hydrolysis of I by carboxypeptidase A follows Mi- 
chaelis-Menten kinetics. Linear Lineweaver-Burk plots 

6 Lot 70F-8000, Sigma Chemical Co., St. Louis, Mo. 7 M. N. Khawam, J. B. Bogardus, and A. A. Hussain, unpublished results. 
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at concentrations ranging from 4.4 X to 1.2 X M 
were obtained in the presence of 1 X M enzyme. The 
details of these experiments will be published in a later 
paper. 

Since I is hydrolyzed to I1 by tu-chymotrypsin and I1 
does not cleave to aspirin in the presence of carboxypep- 
tidase A, I is not a prodrug for aspirin. 

Based on the previous work (8-10) and the additional 
data obtained in this laboratory, Scheme I11 is proposed 
for the hydrolysis of aspirin phenylalanine ethyl ester. 
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Comment on a Second-Degree Polynomial 
Mathematical Model for Tablet Friability and 
In Vitro Dissolution 

Keyphrases 0 Dissolution--in uitro, polynomial mathematical model, 
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and crushing strength, mathematical model 

To the Editor: 

In a recent report, Chowhan et al. (1) have used a 
function of a two-variable model to describe the effect of 
moisture and crushing strength on tablet friability and i n  
uitro dissolution. Elliptical shape and ridge contour curves 
were unfortunately not reproduced on a computer’ using 
all published data. Further examination of the mathe- 
matical equation (Eq. 1) using SAS contour plot proce- 
dure* on the same computer showed indeed that Figs. 5 
and 6 contour plots in the article did not agree with the 
analytical expression. 

IBM 3033. 
SAS Institute Inc.. Cary, NC 2751 1 
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at concentrations ranging from 4.4 X to 1.2 X M 
were obtained in the presence of 1 X M enzyme. The 
details of these experiments will be published in a later 
paper. 

Since I is hydrolyzed to I1 by tu-chymotrypsin and I1 
does not cleave to aspirin in the presence of carboxypep- 
tidase A, I is not a prodrug for aspirin. 

Based on the previous work (8-10) and the additional 
data obtained in this laboratory, Scheme I11 is proposed 
for the hydrolysis of aspirin phenylalanine ethyl ester. 

(1) J. P. Leonards and G. Levy, J .  Pharm. Sci., 59,1151 (1970). 
(2) K. W. Anderson, Arch. Int. Pharmacodvn. Ther., 152. 379 

(3) C. Davison, D. H. Hertig, and R. DeVine, Clin. Pharmacol. Ther., 

(4) T. St. Pierre and W. P. Jencks, J .  Am. Chem. Soc., 90, 3817 

(5) A. A. Hussain, M. Yamasaki, and J .  E. Truelove, J. Pharm. Sci., 

(6) A. A. Hussain, J .  E. Truelove, and H. Kostenbauder, J. Pharm. 

(1964). 

7,329 (1966). 

(1968). 

63,627 (1974). 

Sci., 68,299 (1979). 
(7) J. E. Truelove, A. A. Hussain. and H. B. Kostenbauder, J. Pharm. 

Sci., 69,231 (1980). 

(1981). 

(1981). 

(1981). 

(8) P. K. Banerjee and G. L. Amidon, J. Pharm. Sci., 70, 1299 

(9) P. K. Banerjee and G.  L. Amidon, J .  Pharm. Sci . ,  70, 1304 

(10) P. K. Banerjee and G. L. Amidon, J .  Pharm. Sci . ,  70, 1307 

M .  Kawahara 

E S T E R  

‘ Q  
CON H- CH-COO C2H5 

&H 
SALICYI. 1’HENYI.AIANI NE E’TIIYI, E W E R  

1.. OH- 

Z. Muhi-Eldeen 
A. Hussain x 

College of  Pharmacy 
University of Kentucky 
Lexington, KY 40536-0053 

Received dune 24, 1982. 
Accepted for publication March 4, 1983. 

Comment on a Second-Degree Polynomial 
Mathematical Model for Tablet Friability and 
In Vitro Dissolution 

Keyphrases 0 Dissolution--in uitro, polynomial mathematical model, 
effect of moisture and crushing strength Friability-effect of moisture 
and crushing strength, mathematical model 

To the Editor: 

In a recent report, Chowhan et al. (1) have used a 
function of a two-variable model to describe the effect of 
moisture and crushing strength on tablet friability and i n  
uitro dissolution. Elliptical shape and ridge contour curves 
were unfortunately not reproduced on a computer’ using 
all published data. Further examination of the mathe- 
matical equation (Eq. 1) using SAS contour plot proce- 
dure* on the same computer showed indeed that Figs. 5 
and 6 contour plots in the article did not agree with the 
analytical expression. 
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The mathematical model (2): 

Y = bo + b l X l +  b2X2 + b3Xi2 + blX1X2 
+ b5Xz2 + Error (Eq. 1) 

can be rearranged and rewritten as shown below: 

Y = b3X12 + b4X1X2 + bSX22 + b l X l +  
bzX2 + bo + Error 

2 = A X z + B X Y  + CY2 + D X  + EY + F 

(Eq. 1) 

(Eq. 2) 

According to a well-known theorem (3), the surface (Eq. 
2) is an elliptic parabaloid which has ellipses for horizontal 
cross sections if B2 - 4AC is negative, a hyperbolic para- 
baloid if B2 - 4AC is positive, and a parabolic cylinder if 
B2 - 4AC is zero. The type of a parabaloid can, therefore, 
be obtained by computing the discriminant B2 - 4AC in 
the equation. Using those suggested coefficients bo, bl,  b2 
. . . b5 to substitute for Eq. 1 for the case of tablet friability 
response, the discriminant B2 - 4AC is positive, the level 
curves (contour curves) are hyperbolas, and the surface is 
a hyperbolic parabaloid; for the dissolution response, the 
discriminant B2 - 4AC is negative and A and C are nega- 
tive, the level curves are ellipses, and the surface is an el- 
liptic parabaloid that opens downward. No evidence was 
given showing that the mathematical model had been 
tested. No explanation or reference was provided to show 
how the contour curves were derived and drawn. No ex- 
amination was given to discuss whether the part of error 
in the equation (Eq. 1) was due to lack-of-fit. 

By definition (3), a level curve (or contour curve) of a 
function f (x ,y )  is the curve f (x ,y )  = C in the XY-plane. It 
consists of the points (x ,y )  where the function has the 
value C. In a real situation, it appears to be difficult for 
tablet friability and dissolution response to satisfy the 
necessary conditions for the curve f (x ,y )  = C, respectively. 
In other words, no tablets can be obtained with zero 
crushing strength; however, if x = 0, y = 0, the tablet fri- 
ability response curve should remain f ( x , y )  = C. As a 
consequence, the quadratic response model does not ad- 
equately represent the true response surface. 

In addition, the authors stated that “The friability 
contour plot consists of a series of ellipsoidal curves” (p. 
1375) in the Results and Discussions section. There was 
no proof or test for ellipsoids, 2 2  = AX2 + BY2 + C. An 
ellipsoid is defined (4) as a surface, all plane sections of 
which are ellipses or circles. Mathematically speaking, Z 2  
= A X 2  + BY2 + C, if A and B are negative, the cross sec- 
tions are all ellipses, and the surface is an ellipsoid. The Eq. 
1 mathematical form does not automatically equate with 
the equation Z 2  = AX2 + BY2 + C. 

It is a suitable approach to sketch a graph geometrically 
for the range of tablet specifications to obtain a desired 
quality product. A particularly chosen mathematical 
model should be carefully examined and thoroughly tested 
to determine the suitability and validity of the model for 
explaining scientific observations. 

(1) Z. T. Chowhan. I. C. Yanp, A. A. Arnaro, and Li-Hua Chi, J. Pharm. 
Sci., 71,1371 (1982). 
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Effect of Moisture and Crushing Strength on 
Tablet Friability and In Vitro Dissolution 
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To the Editor: 
Huang’s communication (1) refers critically to the report 

of Chowhan et al. (2); the basis of his criticism stems from 
his attempt to reproduce the response surface contour 
plots in Figs. 5 and 6 using the regression coefficients given 
in Table I (1) by means of a program package’, RSREG, 
on a computer2. To confirm our results, the experimental 
data were evaluated by the same program package’ and 
computer2 and a completely separate data analysis pack- 
age, RSM3. The results from both analyses were consistent 
with the results reported earlier (2) in Figs. 5 and 6. Closer 
scrutiny of the published regression coefficients in Table 
I (2) revealed a printing error; coefficient b3 for tablet fri- 
ability should read (positive) +0.06228 rather than (neg- 
ative) -0.06228. This makes the discriminant B2 - 4AC 
negative, which corresponds to an elliptical level curve with 
an elliptical parabaloid surface that opens upwards. These 
results are completely consistent with the model chosen 
over the ranges evaluated. The tablet crushing strength 
and the granulation moisture were evaluated only within 
the practical limitations of tableting. It was stated clearly 
that within the practical ranges of tablet crushing strength 
and granulation moisture content, the data could be ana- 
lyzed using a general quadratic response surface model. 
Within the practical limitations of tableting, the usefulness 
of this method in establishing rational specifications for 
the in-process variables, such as granulation moisture (x)  
and initial tablet crushing strength (y), to ensure proper 
control of the tablet friability and in uitro dissolution was 
also discussed. Since the experimental data were evaluated 
within the practical limitations of tableting, and this point 
was emphasized in the discussion, there is no justification 
for Huang to be critical of conditions such as f ( x , y )  = C 
with x = 0, y = 0, which are unrealistic and of no conse- 
quence for optimizing in uitro dissolution and tablet fri- 
ability. 

Table I (2) gives the values of multiple correlation 
coefficients. The model was tested using lack-of-fit, F ratio, 
and t test. It was stated in the report that contour curves 
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The mathematical model (2): 

Y = bo + b l X l +  b2X2 + b3Xi2 + blX1X2 
+ b5Xz2 + Error (Eq. 1) 

can be rearranged and rewritten as shown below: 

Y = b3X12 + b4X1X2 + bSX22 + b l X l +  
bzX2 + bo + Error 

2 = A X z + B X Y  + CY2 + D X  + EY + F 

(Eq. 1) 

(Eq. 2) 

According to a well-known theorem (3), the surface (Eq. 
2) is an elliptic parabaloid which has ellipses for horizontal 
cross sections if B2 - 4AC is negative, a hyperbolic para- 
baloid if B2 - 4AC is positive, and a parabolic cylinder if 
B2 - 4AC is zero. The type of a parabaloid can, therefore, 
be obtained by computing the discriminant B2 - 4AC in 
the equation. Using those suggested coefficients bo, bl,  b2 
. . . b5 to substitute for Eq. 1 for the case of tablet friability 
response, the discriminant B2 - 4AC is positive, the level 
curves (contour curves) are hyperbolas, and the surface is 
a hyperbolic parabaloid; for the dissolution response, the 
discriminant B2 - 4AC is negative and A and C are nega- 
tive, the level curves are ellipses, and the surface is an el- 
liptic parabaloid that opens downward. No evidence was 
given showing that the mathematical model had been 
tested. No explanation or reference was provided to show 
how the contour curves were derived and drawn. No ex- 
amination was given to discuss whether the part of error 
in the equation (Eq. 1) was due to lack-of-fit. 

By definition (3), a level curve (or contour curve) of a 
function f (x ,y )  is the curve f (x ,y )  = C in the XY-plane. It 
consists of the points (x ,y )  where the function has the 
value C. In a real situation, it appears to be difficult for 
tablet friability and dissolution response to satisfy the 
necessary conditions for the curve f (x ,y )  = C, respectively. 
In other words, no tablets can be obtained with zero 
crushing strength; however, if x = 0, y = 0, the tablet fri- 
ability response curve should remain f ( x , y )  = C. As a 
consequence, the quadratic response model does not ad- 
equately represent the true response surface. 

In addition, the authors stated that “The friability 
contour plot consists of a series of ellipsoidal curves” (p. 
1375) in the Results and Discussions section. There was 
no proof or test for ellipsoids, 2 2  = AX2 + BY2 + C. An 
ellipsoid is defined (4) as a surface, all plane sections of 
which are ellipses or circles. Mathematically speaking, Z 2  
= A X 2  + BY2 + C, if A and B are negative, the cross sec- 
tions are all ellipses, and the surface is an ellipsoid. The Eq. 
1 mathematical form does not automatically equate with 
the equation Z 2  = AX2 + BY2 + C. 

It is a suitable approach to sketch a graph geometrically 
for the range of tablet specifications to obtain a desired 
quality product. A particularly chosen mathematical 
model should be carefully examined and thoroughly tested 
to determine the suitability and validity of the model for 
explaining scientific observations. 

(1) Z. T. Chowhan. I. C. Yanp, A. A. Arnaro, and Li-Hua Chi, J. Pharm. 
Sci., 71,1371 (1982). 

Institute. Inc.. Caw. NC 27511. 
(2) The RSREG Procedure, SAS Technical Report P115 (19821, SAS 

(3) A. Shenk, “Calculus and Analytical Geometry,” 2nd ed., 1979. 

(4) “Webster’s New Collegiate Dictionary,” Merriarn, Springfield, 
Mass. 

Liang-Lii Huang 
Wm. H. Rorer, Inc. 
Fort Washington, PA 19034 

Received March 7, 1983. 
Accepted for publication May 3, 1983. 

A Rebuttal on a Second-Degree Polynomial 
Mathematical Model Used to  Evaluate the 
Effect of Moisture and Crushing Strength on 
Tablet Friability and In Vitro Dissolution 

Keyphrases 0 Dissolution-in uitro, effect of moisture and crushing 
strength, friability Crushing strength-effect on tablet friability and 
in uitro dissolution Friability-effect of moisture and crushing 
strength 

To the Editor: 
Huang’s communication (1) refers critically to the report 

of Chowhan et al. (2); the basis of his criticism stems from 
his attempt to reproduce the response surface contour 
plots in Figs. 5 and 6 using the regression coefficients given 
in Table I (1) by means of a program package’, RSREG, 
on a computer2. To confirm our results, the experimental 
data were evaluated by the same program package’ and 
computer2 and a completely separate data analysis pack- 
age, RSM3. The results from both analyses were consistent 
with the results reported earlier (2) in Figs. 5 and 6. Closer 
scrutiny of the published regression coefficients in Table 
I (2) revealed a printing error; coefficient b3 for tablet fri- 
ability should read (positive) +0.06228 rather than (neg- 
ative) -0.06228. This makes the discriminant B2 - 4AC 
negative, which corresponds to an elliptical level curve with 
an elliptical parabaloid surface that opens upwards. These 
results are completely consistent with the model chosen 
over the ranges evaluated. The tablet crushing strength 
and the granulation moisture were evaluated only within 
the practical limitations of tableting. It was stated clearly 
that within the practical ranges of tablet crushing strength 
and granulation moisture content, the data could be ana- 
lyzed using a general quadratic response surface model. 
Within the practical limitations of tableting, the usefulness 
of this method in establishing rational specifications for 
the in-process variables, such as granulation moisture (x)  
and initial tablet crushing strength (y), to ensure proper 
control of the tablet friability and in uitro dissolution was 
also discussed. Since the experimental data were evaluated 
within the practical limitations of tableting, and this point 
was emphasized in the discussion, there is no justification 
for Huang to be critical of conditions such as f ( x , y )  = C 
with x = 0, y = 0, which are unrealistic and of no conse- 
quence for optimizing in uitro dissolution and tablet fri- 
ability. 

Table I (2) gives the values of multiple correlation 
coefficients. The model was tested using lack-of-fit, F ratio, 
and t test. It was stated in the report that contour curves 

SAS Institute, Inc. Cary, NC 27511. 

Compuserve, Santa Clara, CA 95054. 
* IBM 3033. 

0022-3549/83/0900- 1097$01.00/0 
@ 1983. American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 1097 
Vol. 72, No. 9, September 1983 



t ? were derived and drawn using the SAS contour plot pro- 
cedure, RSREG. No further clarification was deemed 
necessary. 

Since the model tested in the DaDer is Z = A X 2  + B X Y  
t C Y 2  t D X  t E Y + F ,  the possible contour surfaces are 
hyperbolic paraboloid, elliptic paraboloid, and an elliptic 
cylinder, depending on the sign of the coefficients of the 
equation. The dictionary definition (3) of the suffix “-oid” 
is, “having the form or appearance of.” In the two-di- 
mensional representation of the contour surface, the dic- 
tionary definition is implicit and the term ellipsoidal 
translates into elliptical as it is stated in the article. It does 
not imply that the resulting contour level curves for tablet 
friability are ellipsoidal in the mathematical sense, but 
rather is the elliptical projection onto a plane of the re- 
sponse surface a t  a fixed value of 2. 

In conclusion, we iterate that a general multiple linear 
regression analysis, if used within the practical limitations 
of tableting, is helpful in understanding the role of the 
granulation moisture and tablet crushing strength on 
tablet friability and in uitro dissolution. Rational in-pro- 
cess specifications for the granulation moisture content 
and tablet crushing strength may be established by su- 
perimposing the contour plots of tablet friability and drug 
dissolution. 
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Model-Independent Method of Predicting Peak, 
Trough, and Mean Steady-State Levels in 
Multiple Intravenous Bolus Dosing in 
Nonlinear Pharmacokinetics 
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method, use of simulated data 

To the Editor: 

Nonempirical methods for dosage predictions and ad- 
justments of drugs showing nonlinear pharmacokinetics 
are apparently all based on nonlinear pharmacokinetic 
models. However, the disproportional behavior of such 
drugs necessitates particularly reliable calculations, which 
are generally not provided by structured pharmacokinetic 
models, due to their inherent nonuniqueness and often 
unrealistic kinetic assumptions. The model-independent 
method proposed here should overcome some of the dis- 
advantages of such methods. 

TIME t 
DOSEE 

t 
DOSEA 

Figure I-Illustrotion of the congruence property of a pharmacokinetic 
system satisfying the differential equation, Eq. I :  Curve segment A = 
curite segment B. 

In nonlinear pharmacokinetics it is often observed that 
the slopes of the drug concentration uersus time profiles 
at  arbitrary drug levels are independent of the intravenous 
bolus dose given, which results in the congruence property 
illustrated in Fig. 1. Such kinetic behavior will be found 
for any nonlinear (or linear) pharmacokinetic system when 
the rate of change of the drug level depends only on the 
drug level, i .e.: 

where f (  ) can be any function only dependent on the 
concentration C. For example, a parallel first-order and 
Michaelis-Menten elimination: 

(Eq. 2) 

will result in this behavior; so will any other system in- 
corporating nonlinear binding, excretion, metabolism, etc., 
as long as the kinetics can be described in the general form 
of Eq. 1. Due to the model-independent nature of the 
method proposed, there is of course no need to postulate 
a specific kinetic relationship. The congruence property 
(Fig. 1) makes drug level predictions particularly simple: 
Once drug level data from an intravenous bolus injection 
have been well approximated by an arbitrary function then 
this function can serve as a base function for drug level 
predictions. For example, to predict the drug level profile 
a t  steady state starting at  point P (Fig. 2), the corre- 
sponding point P’ on the base curve is found. The base 
curve segment starting at P’ and stretching over a time 
interval of length T (where T is the dosing period) then 
defines the steady-state profile (Fig. 2). 

The peak and trough levels a t  steady state can be de- 
rived from the base function as follows: The difference 
between the peak and trough levels at steady state is equal 
to the concentration increment, ACD, resulting from the 
dose injected at  the completion of the dosing period: 

Czax - CZ’“ = AC, (Eq. 3) 
Equation 3 can be transformed into the equivalent base 
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Figure 2-Base function approach to obtain peak, trough, and mean 
steady-state leuels in multiple intraoenous bolus dosing in nonlinear 
pharmncokinetics. 

function relationship (Fig. 2): 

g ( x )  - g ( x  + T )  = AC, (Eq. 4) 

The basic principle behind the methodology expressed by 
Eq. 4 is simply to find a certain levelg(x) (point P', Fig. 2) 
on the base function, which over a period ( x  to x + T )  equal 
to the dosing period T results in a reduction g ( x )  - g ( x  + 
T ) ,  which is equal to the concentration increment Ac, 
resulting from the maintenance dose. The particular curve 
segment on the base curve with the property expressed by 
Eq. 4 is determined numerically by finding the particular 
value of the unknown quantity x which satisfies Eq. 4. The 
method assumes that the pharmacokinetics show a dose 
linear boundary condition, so that CD is proportional to the 
dose: 

ACD = D/ V (Eq. 5) 
This appears to be a reasonable assumption, since the 
nonlinearity of the drug is more likely due to secretion and 
metabolic processes than to its initial distribution. The 
proportionality term, V ,  in Eq. 4 can be estimated from the 
base function and its intravenous bolus dose Do: 

V = Do/g(O) (Eq. 6) 

Substituting Eqs. 5 and 6 into Eq. 4 yields the following 
final expression: 

D 
g(x + T) + -g(O) - g ( x )  = 0 (Eq. 7) 

DO 
If the function g fitted to the single-dose data is mono- 
tonically decreasing and DO has been chosen slightly larger 
than a normal loading dose so that g ( 0 )  > C p X ,  then Eq. 
7 can be solved for x to subsequently give the steady-state 
peak and trough levels (Fig. 2): 

czx = g ( x )  (Eq. 8) 

CEin = g ( x  + T )  (Eq. 9) 

Thus, the procedure to determine the steady-state peak 
and trough levels resulting from intravenous bolus doses 

D ,  injected at  regular dosing intervals T ,  can be summa- 
rized as follows: Plasma level data from an intravenous 
bolus dose Do(D0 > D, e.g., a loading dose) is obtained and 
an arbitrary, monotonically decreasing function is fitted 
to the data to give the base function g. The dose Do should 
be chosen sufficiently large to ensure that the initial base 
function value g(0)  is larger than the expected steady-state 
peak level. Equation 7 is then solved numerically for x .  
Most computer program libraries for scientific computa- 
tions will have programs suitable for this task (1 ,2) .  The 
peak and trough levels are subsequently calculated from 
the base function according to Eqs. 8 and 9. 

The mean steady-state level, C,,, can also be calculated 
from the base function once x has been found: 

(Eq. 10) 

The sum of exponential functions which are fitted so 
successfully to intravenous bolus data in linear pharma- 
cokinetics apparently do not fit nonlinear pharmacokinetic 
data properly. Preliminary investigations were, therefore, 
carried out to identify a suitable type of function that could 
be used. It was found that the following empirical func- 
tion: 

produced excellent fit to all typical Michaelis-Menten type 
data investigated. Extension of the numerator and de- 
nominator (Eq. ll) to include more exponential terms may 
perhaps be fairly universally applicable to most nonlinear 
pharmacokinetic data. 

The following example using simulated data illustrates 
the methodology. Fifteen concentration-time data with 
10% normally distributed errors added were generated 
from the arbitrarily chosen nonlinear model, Eq. 2. The 
kinetic parameters V ,  = 12, K ,  = 27, k = 0.08, C(0) = 
D / V  = 70, t = 0.2,, 0.4,0.6,0.8,1.0,1.2,1.4,1.6,1.8,2.0,2.5, 
3.0, 3.5, 4, and 8 were chosen to produce a pronounced 
nonlinearity indicated by a typical Michaelis-Menten type 
semilogarithmic concavity. Using the nonlinear regression 
program FUNFIT (3), the empirical equation Eq. 11 pro- 
duced an excellent least-squares fit to the simulated data 
with p1 = 494, p2 = 0.532, p3  = 1.88, and p4 = 0.414. 

Equation 7 was subsequently used to make steady-state 
predictions for a maintenance dose half the size of the 
above loading dose when given every 4 hours. This was 
done by inserting Eq. 11 into Eq. 7 with DIDO = 0.5 and T 
= 4 to give: 

(Eq. 12) 
This equation was solved numerically for x with the above 
least-squares p -values using a fairly standard, commonly 
used root-finding algorithm (1). The peak, trough, and 
mean steady-state levels Czax = 47.7, Cgin  = 15.0, and C,, 
= 29.8 were calculated from the obtained x value ( x  = 1.64) 
according to: 

(Eq. 13) 
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The integral in Eq. 15 was evaluated numerically by a 
commonly used integration algorithm (4). 

Special caution must be taken in applying a loading dose 
of a nonlinear drug. It may not be desirable to use a loading 
dose for a drug showing a narrow therapeutic index. 
However, in certain clinical situations it may be necessary 
to quickly establish high therapeutic levels by a loading 
dose. For example, the treatment of an epileptic emergency 
may call for an intravenous loading dose of phenytoin (5). 
The loading dose required for the method only needs to be 
slightly larger than a normal loading dose.’ It should, 
therefore, not add much additional risk to the adminis- 

1 However, if the function g( 1 is well chosen, it can be used to extrapolate to 
required levels and a loading dose may not he required. 
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tration of such a loading dose. The method may also be 
used in dosing adjustments requiring lower steady-state 
drug levels, in which case the drug level data needed to 
make the predictions may be obtained from the later part 
of the dosing period. 
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Progress in Medicinal Chemistry, Vol. 19. Edited by G. P. ELLIS and 
G. B. WEST. Elsevier Biomedical Press BV, Amsterdam, The Neth- 
erlands. 1982. 345 pp. 14 X 21 cm. Price $93.50 (Dfl. 220). 
Contained in this volume are six reviews of independent topics covering 

a variety of subjects. Chapter I, “Immunopharmacology of Gold,” by A. 
J. Lewis and D. T. Walz denotes the pathology of rheumatoid arthritis, 
the historical use of gold for therapeutic purposes, pharmacokinetics of 
gold compounds, and gold-protein interaction with tissue sulfhydryl 
groups, hydrolytic enzyme, prostaglandin synthetase complement, and 
collagen. The response systems as well as their current clinical uses in 
rheumatoid arthritis, pemphigus, asthma, and cancer are described. 

Chapter 11, “Calcium and Histamine Secretion from Mast Cells,” by 
F. L. Pearce deals with the role of calcium in histamine release, membrane 
ionophones, phospholipid vesicles and permeability, and calcium pools 
inside and outside the cell. The activation of vasoamine release by the 
mast cell uia the translocation of calcium was related to membrane 
phosphatidylinositol metabolism, phospholipid methylation, and CAMP 
levels. Known inhibitors of these processes were evaluated. 

Chapter 111, “Biological and Pharmacological Properties of Phos- 
pholipids,” by A. Bruni and P. Palatini is a discussion of the phospholipid 
bilayer model including flexibility, stability, asymmetry, head groups, 
and fusion of the components. Phospholipid-protein interrelations, in- 
cluding lipid-binding proteins, mode of association, specificity of the 
interreaction, mutual influence of components in the membrane, and 
structural models are presented. The pharmacological aspects of lipo- 
somes or bilayer envelopes including pharmacokinetics; interaction with 
cells, delivery of drugs, genetic material, or immune components; and lipid 
chemical mediators were presented by the authors. 

Chapter IV, “Cyclophosphamide Analogues,” by G. Zon includes a 
cursory historical review of cyclophosphamide as an antineoplastic agent 
including novel chemical substitutions, related conformational effects, 
prodrug models, structure-activity relationships of active metabolites, 
and miscellaneous analogues. 

Chapter V, “Chartruesin, a Glycosidic Antitumor Antibiotic from 
Streptornyces,” by J. A. Beisler covers the natural, microbial, and bio- 
chemical sources and structure determination of chartruesin. Partial and 
total synthetic routes of aglycones are reviewed. The antitumor activity, 

mode of action, and toxicity of chartruesin are briefly eluded to in the 
discussion. 

Chapter VI, “Recent Progress in the Medicinal Chemistry of 2,4- 
Diaminopyrimidines,” by B. Roth and C. C. Cheng covers the classical 
aspects of antimetabolites of folic acid and descriptions of dihydrofolate 
reductase enzymes from bacteria and vertebrate sources. Pharmacological 
action was discussed in three areas: ( a )  antibacterial action of diami- 
nopyrimidines of the 2,4-diamino-5-(substituted benzyl) pyrimidines, 
6-substituted 2,4-diamino-5-benzyl pyrimidines, isosteres of the ben- 
zylpyrimidines, dihydro-sym-triazines, and bicyclic analogues of di- 
amino-pyrimidines; ( b )  antimalarial dihydrofolate reductase inhibi- 
tors-pyrimethamine and cycloguanil, monocyclic 2,4-diamino-pyrim- 
idines and isosteres, dihydro-syrn-triazines, and quinazolines; (c) anti- 
cancer-dihydrofolate reductase inhibitions by methotrexate, modifi- 
cations of the glutamic acid, benzene ring, bridge atoms between the rings, 
and pteridine portions. Miscellaneous and nonclassical dihydrofolate 
reductase inhibitors are included in the chapter. 

Whereas all six of these topics are relevant to medicinal chemistry, this 
reviewer found the text somewhat disappointing from two aspects: ( a )  
much of the material was redundant with basic conceptual ideas pre- 
sented on numerous occasions in the literature; ( b )  the topics selected 
were not those that would be a t  the forefront of current research today. 
However, the chapters are well referenced with a number of figures, ta- 
bles, and diagrams, and the text is organized and clearly written for un- 
derstanding by the reader. The major use of the text as a reference book 
would be for graduate students and individuals not versed in these areas 
of research. The current status of each of the six topics is accurately as- 
sessed by the authors, and the text is an excellent overview of both 
chemical and biological ideas regarding the topics, which is important 
in medicinal chemistry because of the diversity of the field. 
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The integral in Eq. 15 was evaluated numerically by a 
commonly used integration algorithm (4). 

Special caution must be taken in applying a loading dose 
of a nonlinear drug. It may not be desirable to use a loading 
dose for a drug showing a narrow therapeutic index. 
However, in certain clinical situations it may be necessary 
to quickly establish high therapeutic levels by a loading 
dose. For example, the treatment of an epileptic emergency 
may call for an intravenous loading dose of phenytoin (5). 
The loading dose required for the method only needs to be 
slightly larger than a normal loading dose.’ It should, 
therefore, not add much additional risk to the adminis- 

1 However, if the function g( 1 is well chosen, it can be used to extrapolate to 
required levels and a loading dose may not he required. 
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were not those that would be a t  the forefront of current research today. 
However, the chapters are well referenced with a number of figures, ta- 
bles, and diagrams, and the text is organized and clearly written for un- 
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EDITORIAL 

Neither Black Nor White, But Very Gray 

Undoubtedly, every reader of this Journal has heard the ob- 
servation stated that “no drug is completely safe.” Indeed, most 
of our readers have probably articulated this point themselves 
on one or more occasion. 

Generally, the need to bring out this fact comes up in discus- 
sions with the general public. The average lay person does not 
have the training, background, or sophistication to understand 
or grasp the concept that there are no real absolutes in the case 
of either safety or toxicity. 

Although we might cringe a bit at  the simplification involved, 
this writer once heard a pharmacologist try to explain this point 
to a lay audience; he stated that “chemotherapeutic agents are 
virtually nothing more than selective poisons that are adminis- 
tered to humans in carefully controlled quantities.” 

In this, the pharmacologist was simply paraphrasing Para- 
celsus (1493-1541) who is quoted as having written: “All sub- 
stances are poisons; there is none which is not a poison. The right 
dose differentiates a poison and a remedy.” 

Virtually every substance known has some element of hazard 
associated with it, depending upon the form of exposure, duration 
of exposure, concentration of the substance, total intake involved, 
and similar considerations. And the more active or effective the 
substance is for some desired purpose, usually the more that its 
untoward effects or negative properties increase as well. 

All of this gives rise to risk-benefit analysis or evaluations. 
Scientists and health care practitioners deal with these concepts 
countless times each day, and the concepts therefore should be 
almost second nature to them. 

But on rare occasions, not only individual scientists but even 
relatively large groups of scientifically or medically trained people 
will react or overreact with apparently the same lack of under- 
standing and judgment that we associate with the lay public. 

About twenty years ago, Rachel Carson published her classic 
work titled “Silent Spring.” This book had as its central theme 
a thesis that our indiscriminate use of pesticides was having a 
totally disastrous side effect on all animal life and particularly 
on the bird population. 

Granted, she was guilty of some over-exaggeration, and she 
wrote with the high intensity of a typical crusader. But there also 
was a very significant element of truth in her position-truth that 
was later brought out by the DDT problems of the 1960’s and 
infamous Kepone revelations of the mid-1970’s. 

Unfortunately, however, the scientific community as a whole 
did not assess her contentions in a calm, cool, and deliberate 
manner. Instead, scientists-and, in particular, chemists active 
in the American Chemical Society-scoffed a t  Carson’s conten- 
tions and subjected her personally to the severest degree of rid- 

icule. It wasn’t until years later that the error of these unfortunate 
actions, which were prompted out of a misguided or excessive 
sense of loyalty to the chemical industry, was generally ac- 
knowledged. 

Over the years, there have been other regrettable instances of 
knee-jerk reactions by scientists and scientifically trained people: 
groups that should really know better than to allow themselves 
to act either precipitiously or without appropriate balance. 

One of the most recent of such incidents occurred this past 
June when the House of Delegates of the American Medical As- 
sociation, by voice vote, approved the adoption of “an active 
public information campaign to prevent irrational reaction and 
unjustified public fright and to prevent the dissemination of 
possibly erroneous information” about the health hazards of 
dioxin. The language included with the resolution also spoke of 
“hysterical malreporting” and “a witch hunt” of dioxin. 

Certainly, the facts presently known about the toxicity and 
hazards of dioxin do not justify the sensationalist press treatment 
and some of the extreme actions being recommended or taken 
with respect to controlling potential exposure to the agent. But, 
on the other hand, sufficient information is known to justify 
significant caution in dealing with it. 

The regrettable aspect of the AMA policy action was to deal 
with the exaggerations by overreacting in the opposite direction. 
And the eager press and broadcast media were quick to publicize 
the action with stories carrying titles such as “AMA Votes to 
Fight Dioxin ‘Witch Hunt.’ ” 

Fortunately, cooler heads quickly prevailed at  the AMA, and 
efforts were promptly taken to put their position in better public 
perspective-but, sadly, AMA credibility had already been 
damaged by the initial press reports. 

Without citing additional examples, let i t  suffice to say that 
other areas of science, including the pharmaceutical sciences, 
have also had their share of such moments of embarrassment. 

Hopefully, we will all learn from these experiences that while 
others may adopt positions that we see as extremist, scientists 
must avoid the temptation to take opposite positions that are 
equally extreme. Rather, the correct position-which is rarely, 
if ever, either black or white-must be sought and identified. 

As one wag put i t  to us recently, “Scientists must keep their 
heads while all about them are losing theirs!” 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Pharmacokinetic models are used to describe the 
time-dependent distribution and disposition of a substance 
in a living system and, as such, have numerous uses in 
clinical applications and drug design. For medicinal pur- 
poses, pharmacokinetics can be used to estimate optimal 
drug scheduling and dosage regimens. For industrial tox- 
ins, pharmacokinetics can be used to aid in determining 
safe working environments. The modeling procedure is 
useful in animal and clinical applications, and for obtaining 
fundamental knowledge of the transport and metabolism 
of a substance in vivo. In this paper we present a review of 
physiologically based pharmacokinetics in the hope of 
understanding and increasing the use of this modeling 
technique. Recent review articles on the subject have 
primarily focused on the use of physiologically based 
pharmacokinetics in cancer treatment. The most com- 
prehensive of these articles discusses proper formulation 
of a model and development of the equations in detail (1). 
Other reviews on the subject discuss the application of this 
modeling technique to certain chemotherapeutic agents 
(2, 3). We present a rather extensive compilation of the 
literature on all substances modeled to date with this 
technique and discuss formulation of the equations, limi- 
tations of the modeling process, and areas of future ap- 
plications to provide a unified framework for the under- 
standing of physiologically based pharmacokinetics. 

BACKGROUND 

The term pharmacokinetics refers to prediction of the 
time-dependent concentrations of a substance in a living 
system. Two approaches currently in use are based on 
classical and physiological models. The classical approach 
utilizes a lumped-compartmental system and fits expo- 
nential functions to time-dependent plasma concentration 
data. The physiologically based approach separates the 

body into a number of anatomical compartments, each 
compartment interconnected through the body fluid sys- 
tems. The physiologically based approach also has the 
advantages of interspecies scalability, specific organ me- 
tabolism, specific organ transport, and specific organ 
binding properties. 

Classical pharmacokinetic techniques are used to de- 
scribe drug uptake with one- or multiple-compartmental 
systems. The solutions of differential equations that de- 
scribe the time-dependent concentration behavior of the 
system consist of a series of decaying exponentials. The 
coefficients of the exponentials are fit to plasma, urinary, 
or some other obtainable tissue concentration data (4). 
Although these models are useful in many clinical situa- 
tions (5), this modeling procedure does not describe a 
physiological system with large tissue-to-tissue concen- 
tration differences. In instances where the drug concen- 
tration is of the same order of magnitude over a large 
number of body organs, or certain other constraints are 
satisfied, a multiple-organ body system may indeed be 
simplified to a two-compartment model (6). For example, 
this intercompartmental variation is tolerable for drugs 
with a low therapeutic index; but substances that show 
high affinities for certain organs, are toxic to certain 
tissues, or have a specific target organ are not well de- 
scribed by the classical pharmacokinetic modeling tech- 
nique (7). 

The uptake of a drug is known to be dependent on organ 
perfusion rate, tissue volume, and many other biochemical 
and physiological parameters. The physiological param- 
eters such as tissue volume, etc. ,  are scalable from species 
to  species by a proportionality constant times body weight 
to some power (8,9). If the uptake mechanisms are similar 
in small and large species, the biochemical and physio- 
chemical parameters should be scalable through the 
species. However, the parameters obtained from classical 
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Figure 1-Example of a comprehensive physiologically based phar- 
rnacokinetic model flow scheme (15). Reprinted from the Annals of 
Biomedical Engineering with permission; copyright 1982, Pergamon 
Press, L td .  

pharmacokinetics contain little physiological basis and, 
hence, show no scalability from species to species. There- 
fore, to describe a highly toxic substance with classical 
pharmacokinetics, all experimentation must be performed 
on a particular species ( e . g . ,  humans). The ability to 
scale-up a model to humans based on experiments with 
smaller species (mice, rats, dogs, e t c . ) ,  could lead to the 
safer use of drugs. 

The limitations of the classical approach have led to the 
need for a physiologically based approach. The first use of 
physiological parameters in modeling appeared in the 
1930’s when Teorell (10) included mass balances on spe- 
cific tissues, with specific tissue volume and specific organ 
perfusion rates, In 1960, Bellman et al. (11) included 
capillary, interstitial, and cellular subcompartments in the 
modeling of drug distribution in organs. In this work, a 
perfused compartment with vascular, interstitial, and 
cellular spaces was solved analytically and applied to 
chemotherapy (11). In the late 1960’s, Bischoff and Brown 
proposed a model which adapted and extended these ideas 
to predict drug distribution in mammals (12). This ap- 
proach was later improved to describe time-dependent 
concentration profiles in various organs and interspecies 
scale-up. This physiologically based modeling technique 
has since been applied to numerous substances with much 
success. 

DEVELOPMENT OF A MODEL 

Compartmental analysis of a system requires a rational 
basis for selection of the size and number of compartments. 
In the classical pharmacokinetic approach, certain tissues 
of the body are lumped together to form one large cam- 

____) 
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Q 
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Figure 2-Schematic representation of the uascular, interstitial, and 
intracellular spaces of an organ. The flux of the substance occurs across 
the dashed lines; the arrows represent the direction of blood flow. 

partment (such as a rapidly equilibrated compartment). 
The physical existence of such compartments does not 
realistically occur and is not easily visualized (13). In 
physiologically based pharmacokinetics, each compart- 
ment represents a particular organ or tissue and has ana- 
tomical significance. One approach in physiologically based 
pharmacokinetic modeling would be to model a whole body 
by performing mass balances on each organ and tissue. 
However, besides the cost of developing such an extensive 
model, such detailed distribution information is not re- 
quired for most substances. For example, certain sub- 
stances are known to accumulate primarily in a few organs 
[e .g . ,  cadmium accumulates primarily in the liver and 
kidneys (14)]. Other substances are specifically toxic to 
certain organs (e .g . ,  doxorubicin is a known cardiotoxin). 
Still other agents are desired to be toxic to a specific tissue 
(e .g . ,  anticancer agents to tumors) or are desired to accu- 
mulate in a target organ ( e .g . ,  general anesthetics in the 
nervous system). This information is applied with physi- 
ological (tissue volumes and blood flow rates), physico- 
chemical (binding, lipid solubility, ionization, etc.), and 
pharmacological (mechanism of transport, sites of action, 
e t c . )  knowledge of the substance in the body to simplify 
the model. 

In the development of a physiological model, a flow 
scheme is assumed with the desired organs describing the 
species anatomically. Figure 1 is an interpretation of the 
circulatory flow scheme of a rat used to describe zinc up- 
take (15). Each organ is represented by a compartment, 
and all compartments are interconnected through the 
circulatory system as in the body. The physiological basis 
is maintained in the enterohepatic system with the liver, 
gut, spleen, and pancreas interconnected anatomically. 
Also, the substance is tranferred from the liver to the gut 
lumen by the biliary system. The large number of organs 
incorporated in this flow scheme represents an attempt to 
develop a comprehensive model. 

Each compartment is considered to consist of three 
well-mixed phases (referred to as subcompartments): ( a )  
a vascular section through which the compartment (organ) 
is perfused with blood; ( b )  an interstitial space in the tissue 
which forms a matrix for the tissue cells; and (c) a cellular 
space consisting of the tissue cells that comprise the 
compartment (organ). This type of compartment is shown 
schematically in Fig. 2. Following injection, uia any route 
of administration, the uptake of the substance in the 
compartment occurs through influx with the afferent blood 
in the vascular subcompartment. Each subcompartment 
is considered to be a well-mixed phase; therefore, the ef- 
ferent blood has the same concentration as the vascular 
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subcompartment. The substance crosses the capillary wall 
and diffuses into the interstitial subcompartment. Then, 
the substance moves across the cellular membrane from 
the interstitial fluid into the cells. In each of the subcom- 
partments, the agent may degrade by metabolic action or 
bind to an endogenous substance. Specific binding to a 
particular enzyme or cellular component may occur to 
allow for the therapeutic or toxic action of the agent. To 
form the model, mass balance equations on the substance 
in vascular, interstitial, and cellular subcompartments of 
organ i, respectively, are written as: 

I dC' L = $1 - .;-c 
vi d t  

(Eq. 3) 

The flux (ni) in the above equations is used to describe 
either passive or carrier-mediated transport across the 
capillary wall (n7-I) or cellular membrane (nj-c). These 
mass balance equations are written for each organ. A mass 
balance on the substance is made on the plasma com- 
partment to close the balance on the system: 

where g ( t )  is the intravenous injection function. The 
mathematical form of g(t) will depend on the form of in- 
jection, e.g., pulse, step input (16,17). Injection into some 
other area of the body can easily be incorporated in such 
a model. These equations (Eqs. 1-4) are simplified in that 
metabolism, transport, binding, and excretion terms are 
not included. These processes are described in detail later 
in this article. 

The uptake of a substance in a system thus can be de- 
scribed by a set of equations modeling the drug uptake in 
each subcompartment as a function of time. Although 
these subcompartments have a physiological basis, it is 
possible to measure reliably only total tissue concentration. 
[Jain et al. measured the concentration of methotrexate 
in the tumor interstitial fluid (18).] The total compartment 
(organ) concentration, Ci, thus is described by volume 
averaging the subcompartment concentrations: 

Flow Limitation (One Compartment)-When one of 
the steps in mass transfer is rate limiting, a compartment 
may be simplified from the three-subcompartment model 
to a model with one or two subcompartments. The flow- 
limited assumption to mass transfer is made for organs not 
well perfused by the circulatory system. This assumption 
implies that the transfer across the capillary wall and 
across the cellular membrane is very rapid when compared 
with the perfusion rate of the tissue. In essence, the vas- 
cular, interstitial, and cellular subcompartments are in 
equilibrium, and the mass balance on the compartment is 
written as: 

(Eq. 6) 

The term Ri in Eq. 6 is the partition coefficient and is the 
ratio of the drug concentration in the tissue to the drug 
concentration in the plasma at  equilibrium. 

Membrane Limitation (Two Subc0mpartments)- 
-Another simplification occurs when the transfer across 
the cell membrane is the rate-limiting step; a two-sub- 
compartmental model is assumed for the tissue. The two 
subcompartments are the cellular space, which consists of 
the tissue cells, and the extracellular space, which consists 
of the vascular and interstitial subcompartments in 
equilibrium, separated by a cellular membrane across 
which transport occurs. A mass balance on the extracel- 
lular space is: 

(Eq. 7) 

The flux across the cell membrane (n;"-") accounts for net 
transfer to the cellular space; therefore, the accumulation 
in the cellular space can be described as: 

Again, the concentration of the whole organ (tissue) is 
volume averaged as: 

Thus, Eqs. 7-9 and Eq. 4 are written over the system of 
organs to describe a complete mass balance of the agent 
being studied. 

If the limitation to transfer of the agent is across the 
capillary wall, then the transfer is assumed to be capillary 
membrane limited. In this instance, the interstitial and 
cellular spaces are assumed in equilibrium, and a two- 
subcompartmental model is obtained similar to the cell 
membrane limitation. Equations similar to Eqs. 7-9 are 
written for the vascular and extravascular spaces to de- 
scribe such organs. 

Transport Mechanism-The transport of a substance 
across a biological membrane is complex and may occur 
by passive diffusion, carrier-mediated transport, or both 
(19). Here, we discuss the mathematical formulation of two 
simple cases. For the case of passive diffusion the flux 
across the cell membrane is described by a mass transfer 
coefficient (hi) times a concentration driving force: 

However, in many biological systems the transport across 
a cell membrane is facilitated by carrier molecules. When 
this is the case, the flux is described by a saturable 
form: 

aiCF - 

When both transport mechanisms exist, the flux term is 
a linear combination of Rqs. 10 and 11. 

For more in-depth studies on transport mechanisms, the 
reader is referred to treatises on the subject (20,21). 

Binding-Substances are known to bind to plasma, 
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interstitial, or subcellular proteins, and red blood cells and 
many other biological components. Details of binding can 
be found elsewhere (22, 23), but one simple case will be 
discussed. Binding of most substances follows a Lang- 
muir-type isotherm, and the total amount of drug in a 
compartment can be expressed as the sum of the free and 
bound drug: 

which can be solved for the free drug concentration (C:). 
When binding occurs in a subcompartment, only the free 
agent is available for mass transfer. 

Excretion-The excretion of the agent must be taken 
into account to maintain a complete mass balance of the 
agent. For compartments such as the liver and kidneys, 
biliary and urinary excretion must be included, respec- 
tively. For example, Eq. 6 for a flow-limited compartment 
is modified to include an excretion rate term qi (amount 
of drug excreted per unit time): 

In many cases, the excretion process can be described by 
a first-order approximation: 

q. 1 1 1  = k .C-  (Eq. 14) 
In some cases, the plasma concentration is used instead of 
the tissue Concentration. The linearity constant can be 
estimated from experimental data; the fraction of the 
initial dose excreted over a given amount of time (to) must 
satisfy the following equation: 

(fraction excreted) X (initial dose) = J'" kiCi d t  

(Es. 15) 
If the excretion kinetics are assumed to be saturable, 
then: 

The Michaelis-Menten constant must be determined by 
fitting the model to the excretion data. 

Metabolism-In many biological environments, an 
agent is unstable and may be altered by chemical reaction. 
This degradation or change of the agent, referred to as 
metabolism, must be taken into account to completely 
describe the distribution and disposition of an agent. In 
specific instances, the metabolite may be the actual agent 
of interest (24). The metabolism of an agent in the model 
is described by a reaction rate [ r i ( t ) ] .  In most cases of in- 
terest, the metabolism reactions are assumed to follow 
either first-order or Michaelis-Menten saturable kinetics. 
For first-order kinetics in a flow-limited compartment i ,  
Eq. 6 would become: 

For Michaelis-Menten kinetics, Eq. 6 would be: 

The order, rate, and rate constants for metabolism are 
normally determined from in uitro studies. Whenever 
possible, these in uitro rate constants are used to describe 
metabolism in uiuo. On many occasions the metabolism 
of a drug occurs primarily in a particular organ for which 
the kinetic data may not be readily available. In these in- 
stances the constants are obtained as best-fit parameters 
to pharmacokinetic data. Based on the flow-, capillary-, 
or membrane-limitation assumptions, equations similar 
to those of the parent compound are written to describe 
the pharmacokinetics of the metabolites. 

Parameter Estimation-Time-dependent concen- 
tration data are obtained from laboratory animals sacri- 
ficed at predetermined intervals following an injection. To 
describe these data, the model parameters must be speci- 
fied or estimated. The physiological parameters such as 
blood flow rate (Qi) and tissue volume (Vi )  can be deter- 
mined from various experimental methods. For most 
species these values can be readily found in the literature. 
Kinetic parameters may be determined from separate 
experiments in uiuo or in uitro. In some cases, the tissue- 
to-plasma binding constants are measured experimentally 
following long-term constant infusion. In other cases, the 
binding constants ( R i )  and the passive diffusion coeffi- 
cients (hi) are estimated from the long- and short-term 
data, respectively (25), following a pulse injection. If in 
uiuo-in uitro correlations are not available or appropriate, 
these parameters are determined from best fits of the 
concentration profile simulations to tissue concentration 
data. Once all parameter values are specified, the coupled, 
ordinary, and sometimes nonlinear first-order differential 
equations which describe the mass balance on the system 
need to be solved numerically to simulate the data (28). 

For details of parameter estimation the reader is referred 
elsewhere (26,27). 

MODELS FOR SPECIFIC AGENTS 

The pharmacokinetics of many substances have been 
described by this modeling technique. We have divided 
these models into six categories: (a )  anticancer agents, (6) 
antibiotics, ( c )  anesthetics, ( d )  single elements (trace 
metals and ions), ( e )  environmental hazards and toxic 
substances, and ( f )  others. We realize that in this classifi- 
cation system, some anticancer agents are also antibiotics. 
Table I is an outline of 37 substances indicating the mo- 
lecular structure, biological action, several treatment 
usages (for anticancer agents), the species modeled, and 
comments about the assumptions and limitations of the 
particular model. These models are described in more 
detail in the following section. The physiological param- 
eters for each species are listed in Table 11; the physico- 
chemical and biological parameters for each model are 
tabulated throughout the text. 

Anticancer Agents-Most drugs used to treat cancer 
are toxic to both normal and neoplastic tissues. These 
drugs are used for therapy in various dosages and sched- 
ules, usually given in combination with other antineo- 
plastic agents to obtain optimal therapeutic effects in 
cancer patients. The high toxicity of these drugs makes it 
desirable to quantify their intake, distribution, metabo- 
lism, and excretion in various tissues of the body. To this 
extent, physiologically based pharmacokinetics has been 
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applied to study these processes. These models may be 
useful in estimating dosages and schedules which ensure 
that tissue concentrations remain below the toxic level for 
normal tissue and above the toxic level for neoplastic tis- 
sue. Initially, these models are developed for small animals 
and then scaled-up to humans in hopes of being able to 
prescribe dosage levels and administration schedules that 
ensure patient safety and optimal drug usage. 

Dactinomycin-Actinomycin is a naturally occurring 
crystalline antibiotic of which all forms have been syn- 

Table I-Agents Modeled by Physiologically Based Pharmacokinel 

thesized. Dactinomycin (actinomycin D) has been used to 
treat various neoplasms, including gestational carcinoma, 
testicular neoplasm, and Wilms tumor. The mechanism 
of action of dactinomycin includes binding to DNA, thus 
preventing progression of RNA polymerase along the DNA 
template. Lethal damage from dactinomycin occurs along 
the intestinal mucosa. A flow-limited physiologically based 
pharmacokinetic model was developed by Lutz et al. to 
describe the distribution of dactinomycin in the beagle dog 
(29) a t  doses of 0.03 and 0.135 mg/kg iv. The 13-compart- 

tics 

Agent Chemical Structure 
Biological 
Effect” 

Model 
Reference Species Comments 

~~ 

Chemotherapeutic Agents 

by binding to DNA 
-gestational carcinoma, 

testicular neoplasm, 
Wilms tumor 

-blocks RNA synthesis (29) dog Flow and diffusion 
limitation 

Doxorubicin 

An c i ta b i n e 
C S z O H  HN AoH 

Cytarabine 

Pentostatin 

5-Fluorouracil , L y O  

0 

Mercaptopurine 

-binds to DNA, 
interferes with DNA 
function and RNA 
synthesis 

-acute lymphoblastic and 
acute myeloblastic 
leukemias, Wilms 
tumor, 
neuroblastoma, 
breast and ovarian 
carcinomas 

-leukemia 

-blocks DNA 
synthesis and 
introduces 
moieties into the DNA 
coding sequence 

-ovarian cancer 

-binding inhibitor of 

-leukemia 
adenosine deaminase 

(34) 
(33) 

(37) 

(39) 

rabbit, human 

human 

hamster 
mouse 

human 

human 

mouse, dog, 
monkey 

mouse 

human 

mouse 

(40) rat 

Flow limited 

Applied previous 
model (31) to 
human 

Membrane limited 
Membrane limited 

with flow-limited 
tumor 

Flow limited, 
Michaelis-Menten 
kinetics 

Flow limited, 
no n 1 in e a r 
metabolism 

Flow limited, 
nonlinear 
metabolism 

Extends Dedrick 
model (37) 
to include 
intracellular 
metabolism 

Flow limited, 
nonlinear 
metabolism 

Flow limited 

Flow limited, 
saturable 
excretion, hybrid 
model 

-anabolic: blocks the 
methylation reaction 
of deoxyuridylic acid 
to thymidic acid, 
interferes with DNA 
synthesis; catabolic: 
degeneration to COz 
and urea 

-carcinomas of the colon, 
rectum, breast, 
stomach, and pancreas 

leukemia 
-acute lymphocytic (42) rat Flow limited 

Continued on next page 
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Table I-Continued 

Biological Model 
Agent Chemical Structure Effecta Reference Species Comments 

mouse 

mouse, rat, 
dogs, monkey, 
human 
sting ray 
rat 

Flow limited, 
nonlinear 

Flow limited, 
nonlinear 
excretion 

Flow limited 
Membrane limited, 

nonlinear 
transport 

Flow limited, 
hybrid model 

Hybrid model, 
nonlinear 
transport 

Hybrid model, 
membrane 
limited 

Membrane limited, 
nonlinear 
transport 

Flow limited, 
nonlinear 
transport, solid 
tumor 

Flow limited, linear 
binding, first- 
order metabolism 

Methotrexate -strongly binds to (44) 
intracellular di- 
hydrofolate (43) 
and inhibits con- ~~ww-$ . - - -  version to 

ic tetrahydrofolate (an (45) 
inhibitor in DNA (25) 
synthesis) 

-leukemia, lung tumor, 
choriocarcinoma, (46) 
Burkett’s lymphoma 

(47) 

mouse 

dog 

mouse 

(37) human 

rat 

NH,, pt*I/C1 
Cisplatin 

NH~’ ‘ci 
I 

-produces intra- and 
interstrand crosslinks 
in DNA 

-metastatic testicular 
and ovarian tumors 

-inhibits DNA synthesis 
by alkylation of cell 
components 

-pancreatic tumor 

Streptozocin mouse 

HO Q; No 

Y i N c H s  
0 

Membrane limited 

2-Amino-1,3,4-thia- 
diazole 

N-N 

%iH, 

mouse, dog, 
monkey 

Flow limited, linear 
and saturable 
metabolism 

-inhibits the action of 
inosine-5-phosphate 
dehydrogenase in 
leukemia cells 

-melanoma, 
glioblastoma, 
lymphosarcoma, 
leukemia 

Antibiotics 
(53) human Flow limited Cephalosporins J--Jcn,-antibiotic 

N=N n 
(cefazolin) 

COOH 

(cephalexin) 
COOH 

(cephradine) 
-antibiotic; exhibits 

maternal and fetal 
toxic effects 

-antibiotic 

Flow limited with 
placenta 
compartment 

Tetracycline rat 

P-Lactam 
antibiotics 

(various) (54) rat Flow and 
membrane 
limited, linear 
and nonlinear 
binding 
(depending on 
drug) 

continued 
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Table I-Continued 

Biological Model 
Agent Chemical Structure Effect" Reference Species Comments 

Anesthetics 
-general anesthetic (57) human Nonlinear 

(17) human Flow limited 
(58) human Flow limited 
(59) human Nonlinear, flow 

limited 

Halothane 9 ' - F  .-+ 
C1 F 

-local anesthetic (65) monkey, human Flow limited 

(63) human Methohexital -short-acting, local 
anesthetic 

Nonlinear 

Pentobarbital -sedative, anticonvulsant (61) human Application of the 
thiopental model 
to humans 

n -anticonvulsant, 
hypnotic, sedative 

Flow limited Phenobarbital rat # 
0 

-hypnotic, sedative Flow limited Hexobarbital rat 

-local anesthetic 

-local anesthetic 

(67) human Nonlinear binding 
and metabolism, 
flow limited 

Flow limited, 
nonlinear 

Flow limited 
Flow limited, 

nonlinear 
metabolism and 
binding 

Nonlinear 
Flow limited 

Procaine 

Thiopental sodium H 

(63) human 
(64) human 

Trace Metals and Other Ions 
-toxic at  high doses (69) rat 

leading to mental and 
neurological disorders 

-used to measure 
extracellular space 

-toxic a t  high doses 
leading to 
hypertension and 
necrosis of testicles 

Flow and 
membrane 
limited 

Bromide Br- 

Cadmium Cd (73) mouse Flow and 
membrane 
limited 

Chloride C1- 

Lithium Li + 

(74) cat 

(75) human 

-essential electrolyte, 
osmotic balance 
gastric hydrochloride 

-potentially toxic a t  high 
doses 

-preferred drug for 
treating manic- 
depressive illness 

Flow limited 

Nonlinear uptake 

Membrane limited Zinc Zn (15) rat -essential trace element 
for DNA and protein 
synthesis 

-effects carbohydrate 
metabolism, lipid 
peroxidation, bone 
formation 

continued on next page 
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Table I-Continued 

Biological 
Effecta 

Model 
Reference Species Comments Agent Chemical Structure 

Environmental Hazards and Toxic Substances 
Acetonylacetone -neurotoxic (76) Flow limited 

Membrane limited 

mouse 

rat  Chlordecone -toxic 

Nitrite -carcinogenic (79) human Accounts for nitrite 
formed 
endogenously to 
the carcinogen 
nitrosamine 

(CH3)zNNO 
(n-nitrosodimethylamine) 

Flow limited -environmental 
contaminants, 
possible 
toxic ants 

tissue 
-accumulation in adipose 

(80) rat  Polychlorinated 
biphenyls 

Flow limited, 
includes 

Flow limited 

\ 
CI 

(3,3’,5,5’-tetrachlorobiphenyl) 

Others 
-pretreatment can 

potentiate the toxicity 
of carbon 
tetrachloride 

2-Butanol H,C--CH--CHZ-CH, 
I 
OH 

Flow limited, 
metabolites, 
nonlinear 
metabolism, oral 
administration 

Flow limited 

(83) rat  

Dig o x i n (84) rat 

(85) dog, human 

-cardiotonic: increases 
myocardial 
contraction force; 
depressant: decreases 
cardiac rate 

Flow limited 

li 

H,C--CH,-OH Ethanol -depressant Hybrid, flow 
limited 

Hybrid, flow 
limited 

Flow limited Phenolsulfon- 
phthalein %on 

on 

-renal function test 

-antipyretic and 
analgesic 

Flow limited, 
Michaelis-Menten 
metabolism 

Salicylates 

-liver function test (90) rat, human 

(91) rat 

Sulfobromo- 
phthalein 

Flow limited 

Flow limited 

-ganglion blocking agent, (92) rat 
antihwertensive. 

Membrane limited, 
nonlinear 

Tetraethylam- 
monium ion 

peripheral vasodilator 

Biologic mechanism and several uses (treatments). 
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Table 11-Physiological Parameters 
~~ 

Parameter Mousea Hamster Rat Rabbitd Monkey" Doge Human/ 

Body weight, g 
Volume, ml 

Plasma 
Muscle 
Kidney 
Liver 
Gut 
Gut Lumen 
Heart 
Lungs 
Spleen 
Fat 
Marrow 
B 1 adder 
Brain 
Pancreas 
Prostate 
Thyroid 

Plasma 
Muscle 
Kidney 
Liver 
Gut 
Heart 
Lungs 
Spleen 
Fat. 
Marrow 
Bladder 
Brain 
Pancreas 
Prostate 
Thyroid 

Plasma Flow Rate, 

22 

1.0 
10.0 
0.34 
1.3 
1.5 
1.5 
0.095 
0.12 
0.1 

0.6 
- 

- 
- 
- 
- 
- 

ml/min 
4.38 
0.5 
0.8 
1.1 
0.9 
0.28 
4.38 
0.05 

0.17 
- 
- 
- 
- 
- 
- 

150 

6.48 

1.36 
6.89 

12.23 

0.63 
0.74 
0.54 

- 

- 

- 
- - 
- - 
- 
- 

40.34 

5.27 
6.5 
5.3 
0.14 

28.4 
0.25 

- 

- 
- 
- 
- 
- 
- 
- 

500 

19.6 
245 
3.65 

19.55 
11.25 
8.8 
1.15 
2.1 
1.3 

34.9 
- 
1.05 

2.15 
6.4 
0.85 

- 

84.6 
22.4 
12.8 
4.7 

14.6 
1.6 
2.25 
0.95 
3.6 

1.0 
0.95 
1.1 
0.5 
0.8 

- 

2330 

70 
1350 

15 
100 
120 

6 
17 
1 

47 

- 

- 

- 
- 
- 
- 
- 

520 
155 
80 

177 
111 
16 

520 
9 

11 
- 

- 
- 
- 
- 
- 

5000 

220 
2500 

30 
135 
230 
230 

17 
- 
- 
- 

135 
- 
- 
- 
- 
- 

379 
50 
14 
92 
75 
65 
- 
- 
- 
23 
- 
- 
- 
- 
- 

12,000 

500 
5530 

60 
480 
480 

120 
120 
36 

120 

- 

- 

- 
- 

24 
- 
- 

512 
138 
90 
60 
81.5 
60 

512 
13.5 

20 
- 

- 
- 

21.3 
- 
- 

70,000 

3000 
35,000 

280 
1350 
2100 
2100 
300 

160 
10,000 

1400 

1500 

- 

- 

- 
- 

20 

3670 
420 
700 
800 
700 
150 

240 
200 
120 

380 

- 

- 

- 
- 
20 

0 Data (43) reprinted from the Journal of Pharmaceutical Sciences with permission; 0 1971, American Pharmaceutical Association. Data taken from Ref. 34. Data 
(15) reprinted from the Annals of Biomedical Engineering with permission; 0 1982, Pergamon Press, Inc. Data taken from Ref. 31. e Data (29) reprinted from the 
Journal of Pharmacology and Experimental Therapeutics with permission; 0 1977, American Society for Pharmacology and Experimental Therapeutics. f Data taken 
from Ref. 1. 

mental model with linear binding in the tissue used the 
transport and binding parameters listed in Table 111. The 
authors have compared the cell mass transfer coefficient 
with blood flow rate per unit volume of normal tissues and 
have found that both are of the same order of magnitude, 
thus indicating the appropriateness of the flow-limited 
assumptions. An exception to the flow-limited assumption 
was the testis compartment where the perfusion rate was 
much larger than the mass transfer coefficient, suggesting 
that the testes, analogous to the brain, have a low perme- 
ability membrane barrier. This result has important im- 
plications in the treatment of testicular neoplasms. 

Doxorubicin-The anthracycline antibiotic doxorubicin 
hydrochloride' has been used in chemotherapeutic treat- 
ment of various solid tumors, lymphomas, and sarcomas 
(e.g., acute lymphoblastic and myeloblastic leukemia, 
Wilms tumor, neuroblastoma, breast carcinoma, ovarian 
carcinoma). Doxorubicin exhibits neoplastic effects 
through interference with DNA functions and RNA syn- 
thesis. However, recent studies indicate that binding of the 
drug to cell membranes may be the lethal step (30). Toxic 
effects include depression of cell production in bone 
marrow and dose-dependent cardiomyopathy, thereby 
limiting dosages to low levels. To this end, Harris and 
Gross have modeled doxorubicin pharmacokinetics in the 
rabbit (311, Chan et al. in humans (32), Townsend in the 
hamster (33), and Gerlowski in the mouse (34) (Table IV). 
The rabbit model of Harris and Gross contains 10 flow- 
limited compartments. Their model overestimates con- 

Adriamycin; Adria Laboratories, Columbus, Ohio. 

Table 111-Model Parameters for Dactinomycin in the Dog a 

Membrane Limited 
Flow-Limited Mass Transfer Drug-DNA 

Compart- Binding Constant Coefficient (h ) ,  Dissociation 
ment ( R )  hr-' Constant (D), pg/ml 

Lung 
Heart 
Spleen 
Stomach 
GI tract 
Liver 
Kidney 
Testes 
Salivary 

gland 
Thymus 
Bone 

Pancreas 
Muscle 

marrow 

53 
11 
55 
25 
42 
30 
45 
18 
44 

47 
20 

45 
8 

7.7 
7.7 
7.7 
7.7 
7.7 
7.7 
7.7 
0.2 
7.7 

7.7 
7.7 

7.7 
7.7 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

Data (29) reprinted from the Journal of Pharmacology and Experimental 
Therapeutics with permission; 0 1977, American Society for Pharmacology and 
Experimental Therapeutics. 

centration data at times <5 hr, indicating that a diffusion 
limitation may exist. These authors have also compared 
the model simulations with human plasma data and found 
underprediction a t  early intervals and overprediction at  
24-48 hr. Chan et al. adapted the Harris and Gross model 
to simulate human plasma data. The authors were able to 
show consistent agreement with normal patients and, in 
some cases, in patients with significant hepatic dysfunction 
who show prolonged doxorubicin levels. The human 
plasma data also exhibited a short-term (2-4 hr) behavior 
not predicted by a flow-limited model, suggesting the need 
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Table IV-Model Parameters for Doxorubicin in the Human, Rabbit, Hamster, and Mouse 

Tissue 

Human" and Hamster Moused 
Rabbit Linear Linear 

Linear Binding Mass Transfer Binding Mass Transfer Binding 
Constant Coefficient ( h ) f ,  Constant Coefficient ( h ) f ,  Constant 

( R ) e  min-' ( R ' S  min-' (R'S 

Plasma 
Adipose tissue 
Lean tissue 
Liver 
Gut 
Heart 
Bone marrow 
Lungs 
Kidney 
Spleen 
Tumor 
Other values, ml/min 

Liver clearance ( k l )  
Kidney clearance (k t )  

k el 

0.5 
19 
29 
45 
51 
57 
91 

155 
512 
556 
- 

70 
- 
- 

- 
0.26 
0.082 
0.027 

0.041 
0.13 
0.046 
0.0075 

- 

- 
0.011 
0.0074 

- 
- 
- 

300 
35 
12 

27 
90 
40 
15 

- 

- 
- 
- 

0.023 
0.082 
0.004 

0.oO09 
0.0044 
0.046 

- 

- 

- 
0.0085 
0.0004 

- 
- 
- 

400 
35 
0.5 

7 
1000 

40 

- 

0.5e 

a Data taken from Ref. 32. Data taken from Ref. 31. Data taken from Ref. 33. Data taken from Ref. 34. Flow limited. f Membrane limited. 

to incorporate metabolism and membrane-limited as- 
sumptions into such a model. 

The mouse and hamster models contain seven organs, 
all membrane limited, except the tumor compartment in 
the mouse, which was assumed to be flow limited (33,35). 
It is known that doxorubicin metabolizes primarily in the 
intracellular space. Since the metabolite has similar anti- 
neoplastic effects, it was lumped with the drug as doxo- 
rubicin equivalents in these models. Good agreement was 
obtained with both early- and late-interval data, sup- 
porting the existence of a membrane limitation. In addition 
to the lumped doxorubicin analysis, Townsend (33) tried 
to model the metabolism as saturable intracellular reac- 
tions in the liver and kidney using parameters determined 
in uitro. Although no comparison with data for the me- 
tabolite was shown, simulations indicate that the metab- 
olite concentrations in the hamster are a t  least one order 
of magnitude below the parent drug concentration levels, 
in contrast to the human data. 

Cytarabine-Cytarabine (ara-C) is a neoplastic agent 
which provides an excellent example of the usefulness of 
in uitro enzyme kinetics in physiologically based phar- 
macokinetic modeling. Cytarabine is known to metabolize 
in the liver uia pyrimidine nucleotide deaminase to 1- 
P-D-furanosyluracil. For antineoplastic action, cytarabine 
must be phosphorylated to the nucleotide. I t  is the nu- 
cleotide that is considered to act as an inhibitor of DNA 
polymerase by incorporation into the DNA template. 
Cytarabine and its metabolites were modeled in the mouse, 
dog, monkey, and human by Dedrick et al. (35-37) and in 
the mouse by Morrison et al. (38). A six-compartment 
flow-limited model was developed by Dedrick et al. to 
describe cytarabine distribution and its metabolism to 
1-P-D-furanosyluraci1 by saturable kinetics. This study was 
one of the first models in the literature to apply in uitro 
saturable kinetic parameters to describe in uiuo human 
data (35). In physiologically based pharmacokinetics, 
models are usually developed for small animals and then 
scaled-up to humans. In this case, the human model was 
developed first and then extended to mice, monkeys, and 
dogs (36) to study interspecies differences in pharmacok- 
inetic modeling. The kidney clearance constant was found 
to exhibit essentially the same variation with body weight 
as seen for inulin. This model was later extended by De- 

drick et al. (37) to include a peritoneal cavity compartment 
and was used successfully to develop rational protocols to 
treat patients with ovarian cancer. 

The model of cytarabine in the mouse by Morrison et  
al. (38) extends the Dedrick model to include intracellular 
metabolism of the drug to the active metabolite, arabino- 
side cytosine triphosphate. The authors applied in uitro 
reaction constants for saturable kinetics to determine cy- 
tarabine and triphosphate cytarabine concentration pro- 
files in various tissues. The kinetics of this reaction are 
strain dependent (as shown in the mouse), perhaps due to 
different levels of liver deaminase among strains. When 
scaling-up to humans, these effects must be incorporated 
with the higher pyrimidine activity in human marrow 
(relative to other tissue sites) than in murine systems. Also, 
the Michaelis constant of human pyrimidine deaminase 
is much lower than that found in mice, thus increasing the 
importance of deoxycytine and cytidine as inhibitors. The 
results indicate quite different concentration profiles of 
these substances, suggesting that the kinetics of reaction 
must be determined for the prediction of DNA inhibition 
by these substances. 

Ancitabine-Ancitabine (cyclocytidine) is known to 
hydrolyze in uiuo to the effective anticancer agent cytar- 
abine. This drug is known to have a slower urinary clear- 
ance than cytarabine, by metabolism and kidney clearance, 
leading to an enhanced cytotoxic effect in tumor-bearing 
animals. Following the models of Dedrick et al. for cytar- 
abine (35, 36), Himmelstein and Gross have developed a 
six-compartment model to predict this effect in humans 
(24). All compartments were assumed to be flow limited, 
and the hydrolysis reaction was considered to occur by 
saturable kinetics in all compartments. In uitro-deter- 
mined values were used for hydrolysis rate constants, and 
clearance values were calculated from cumulative urinary 
data assuming linear excretion for both ancitabine and 
cytarabine (Table V). Based on good agreement with the 
plasma data in humans, the authors conclude that anci- 
tabine can act as an in uiuo reservoir for cytarabine, and 
therefore, its pharmacokinetics should be considered in 
developing treatment schedules. 

Pentostatin-Pentostatin (2'-deoxycoformycin) is a 
bacterial fermentation product which is used primarily in 
combination chemotherapy with other antineoplastic 

I 
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Table V-Model Parameters for Cytarabine in the Mouse, 
Monkey, Dog, and Human and Ancitabine in the Human 

Table VII-Model Parameters for Mercaptopurine in the Rat 
and Human a 

Ancita- 

Parameter Mouse Monkey Dog Human Human 
CytarabineO bine 

Michaelis constant 283 39 115 39 - 

- 31 
- 27 
- 32 

- - - Wm),  d m l  HzO 
Heart 
Liver - 
Kidney - 

- - 
- - 

Deaminase activity 
- 

(urnax), pcg/g.min - Blood - 1.6 - 
Liver 4.6 80.2 7 119 119 
Gut 8.3 
Heart - 57 - 6 6 
Kidney 91.5 71.8 - 20 20 
Lean tissue 

Kidney clearance ( k k ) ,  0.18 14 32 90 90 
ml/rnin 

- - - - 

- - - 34.3 - 

a Data (36) reprinted from Biochemical Pharmacology with permission; 0 1973, 
Pergamon Press, Ltd. b Data (24) reprinted from the Journal of Pharmaceutrcal 
Sciences with permission 0 1977, American Pharmaceutical Association. 

agents. When applied with vidarabine (ara-A), increased 
antitumor activity is found in laboratory animals. Pen- 
tostatin is a tight-binding inhibitor of intracellular aden- 
osine deaminase in the liver, kidney, and L-1210 tumor 
cells. King and Dedrick developed a five-compartment 
model to describe pentostatin pharmacokinetics in normal 
and leukemic mice (Table VI) (39). The authors used both 
linear and nonlinear binding in a flow-limited model to 
account for tissue distribution a t  high pentostatin con- 
centrations and for the tight binding to adenosine deam- 
inase, respectively, Since blood flow rate to L-1210 tumors 
is not known, these authors have estimated the blood flow 
rate to be 0.22 min-' by fitting their model to the tumor 
data. Pharmacokinetic parameters for normal tissues were 
determined by decomposing the model into a series of 
hybrid models which could be solved individually. The 
model indicated that the primary means of drug elimina- 
tion was through the urinary tract, although the model was 
not able to predict this data well a t  high dosages. These 
authors suggest that a more comprehensive model should 
include the detailed kinetics of the inhibition of adenosine 
deaminase by pentostatin and the dissociation rate of the 
pentostatin-adenosine deaminase complex based on ex- 
perimental data. 

5-Fluorouracil-The pharmacokinetics of 5-fluorouracil 
are of interest since the drug is known to be metabolized 
by two pathways in the body. The anticancer effect of 5- 
fluorouracil results from an anabolic pathway where the 
drug incorporates into nucleosides and nucleotides. A 

Table VI-Model Parameters for Pentostatin in the Mouse a 

Linear Specific Binding 
Binding Dissociation Parameter, pg/ml 
Constant Constant Normal Leukemic 

Tissue ( R )  pg/ml Mice Mice 

Gut 1 .o 0.7 82 101 
Liver 1.24 0.7 18 61 
Kidney 2.8 0.7 16 32 

92 Tumor 0.72 0.7 - 
Carcass 0.56 0.7 45 45 
Other values, ml/min 

Glomerular filtration rate 0.30 0.26 
Secretion clearance 0.35 0.30 

0 Data (39) reprinted from the Journal o/ Pharmacokinetics and Riopharma- 
ceutics with permission; 0 1981, Plenum Publishing Corp. 

Rat Human 
Linear Strong Linear Strong 

Binding Binding Binding Binding 
Constant Constant ( a )  Constant Constant ( a ) ,  

Tissue ( R  ) Ccg/ml ( R )  rglml 

Muscle 
Kidney 
Liver 
Gut 
Spleen 
Bone marrow 
Other values 

Kidney 
clearance 

( k  k) ml/min 
Biliary 
c I e a r a n c e 

(kl) ml/min 
Time constants 

bile duct (TB) 
GI tract (7013 

1.4 0.0 1.4 0.0 
2.4 0.35 2.4 0.35 
4.0 0.6 4.0 0.6 
3.0 0.1 3.0 0.1 
1.7 0.2 1.7 0.2 
0.35 0.2 0.35 0.2 

1.2 315 

1.2 500 

1.0 
100 

10 
1000 

0 Data (42) reprinted from the Journal of Pharmaceutical Sciences with per- 
mission; 0 1977, American Pharmaceutical Association. 

catabolic pathway for metabolism also exists, where the 
drug undergoes degradation ultimately to carbon dioxide 
and urea. A two-compartmental flow-limited hybrid model 
around the pulmonary system was developed by Collins 
et al. (40) for humans. The authors did not differentiate 
between the two metabolic pathways in the model, but 
presented a framework on which to build. The novel aspect 
of this work results from the route- and schedule-depen- 
dent drug clearance. The model included saturable clear- 
ances and was used for the intravenous bolus, intravenous 
infusion, and intraperitoneal injection routes. Because of 
the good fit to data for the different modes of adminis- 
tration, the authors concluded that the simple physiolog- 
ically based pharmacokinetic model with nonlinear terms 
is sufficient for use in clinical situations. 

Mercaptopurine-The primary use of mercaptopurine 
is in combination therapy for treatment of leukemia and 
certain sarcomas (41). Mercaptopurine is most toxic to 
rapidly multiplying cells; therefore, the intestine, bone 
marrow, and spleen are more susceptible to mercapto- 
purine and are of primary interest in the modeling of this 
drug. Tterlikkis et al. (42) have developed a six-com- 
partment flow-limited model with a complete hepatic 
system to describe the pharmacokinetics of mercapto- 
purine in the rat (Table VII). The model, similar to one 
developed by Bischoff et al. (43), includes linear binding 
and excretion, a three-compartment biliary tract, and a 
four-compartment gut lumen. The rat concentration data 
were simulated well by the model. The authors also scal- 
ed-up their model to humans and have obtained general 
agreement with the data despite large patient-to-patient 
differences. A more comprehensive model of mercapto- 
purine should include detailed kinetics of metabolism 
analogous to the models for cytarabine, cisplatin, etc. 
When this kinetic framework is determined, a clinically 
applicable model can be made available based on the 
structure presented in this work. 

Methotrexate-Methotrexate has been the most 
studied drug in the area of physiologically based phar- 
macokinetics. The antineoplastic mechanism of metho- 
trexate results from its binding to the enzyme dihydrofo- 
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Figure 3-Location of the biliary and gut lumen compartments rep- 
resented by well-mixed subcompartments connected in series. 

late reductase which inhibits conversion of dihydrofolate 
to tetrahydrofolate. Tetrahydrofolate is used to produce 
a coenzyme required for thymidylate formation, which in 
turn, is required for DNA synthesis. Preliminary phar- 
macokinetic work on methotrexate began with a six- 
compartment model that was simplified to a two-com- 
partment model by Bischoff et al. (43). The analytical 
solutions of this simple model were used to obtain initial 
estimates of mass transfer coefficients and clearance 
constants. The equations for the six-compartment flow- 
limited model were solved with a numerical technique, and 
good agreement with data for the six tissues was found. 

Bischoff et al. then extended their model by incorpo- 
rating saturable binding and excretion, multicompart- 
mental representation of biliary excretion, and movement 
of drug through the GI tract with partial reabsorption (Fig. 
3) (44). The model was able to predict successfully detailed 
distribution and excretion of methotrexate in the mouse, 
rat, monkey, dog, and human over a wide range of doses. 

Dedrick et al. (25) determined membrane resistance to 
transport in bone marrow, the spleen, and the small in- 
testine of rats by plotting the drug concentrations in var- 
ious tissues as functions of the plasma concentration. The 
transport parameters estimated from the membrane- 
limited model were found to be in general agreement with 
in uitro results obtained in many mammalian cells. The 
mathematical treatment presented in this paper was 
general and has been adapted by many investigators of 
physiologically based pharmacokinetics. 

Zaharko et al. (45) used the flow-limited model to pre- 

Table VIII-Model Parameters for Methotrexate in the Mouse, 
Rat, Dog, Monkey, and Human * 

Linear Binding Constant ( R )  
Dog (5 kg), 

Tissue Mouse Rat Monkey Dog (17 kg) Human 

Muscle 0.15 0.15 0.15 0.15 0.15 
Kidney 3.0 3.0 14 14 3.0 
Liver 10 3.0 2.0 2.0 3.0 
Gut 1.0 1.0 1 .o 1.0 1.0 
Clearance rate, ml/min 

kidney ( k k )  0.2 1.1 20 56 190 
bile ( k d  0.4 3.0 2.0 8 200 

Data (43) reprinted from the Journal of Pharmaceutical Sciences with per- 
mission; C 1971, American Pharmaceutical Association. 

dict the distribution of methotrexate in the sting ray and 
found the blood circulation velocity to be approximately 
one-sixteenth of that in the mouse. Dedrick et al. (37) used 
the membrane-limited model to simulate plasma and 
peritoneal fluid concentrations following single and re- 
peated intraperitoneal injections of methotrexate in hu- 
mans. This work led to the conclusion that a significantly 
greater concentration of methotrexate in the peritoneal 
cavity than in the plasma following intraperitoneal injec- 
tion could be exploited in the treatment of patients with 
microscopic residual cancer confined to the peritoneal 
cavity. 

Zaharko et al. (46) and Lutz et al. (47) (Table VIII) 
developed hybrid models to simulate concentrations of 
methotrexate in Lewis lung carcinoma in mice and spon- 
taneous lymphosarcoma in dogs, respectively. These in- 
vestigators found the transport in tumors to be best 
modeled by the membrane-limited assumption. Similarly, 
Weissbrod et al. (48) used a hybrid model to calculate the 
membrane permeability of L-1210 leukemia cells in mice 
and found these values comparable to in oitro values. In 
contrast, Jain et al. (18) used the whole-body model and 
found the transport of methotrexate in hepatoma 5123 and 
Walker 256 carcinoma in rats to be flow limited. Jain also 
estimated the extent of drug metabolism during constant 
infusion and found the fraction of drug metabolized to be 
-20% at the end of a 3-day infusion (49). Further exten- 
sions of these models should incorporate synthesis of 
dihydrofolate reductase in the presence of drug and details 
of the drug metabolism. 

Cisplatin-The antineoplastic activity of cisplatin oc- 
curs from its ability to produce intrastrand and interstrand 
crosslinks in DNA molecules. Cisplatin is known to me- 
tabolize by a complex scheme of reactions. The metabolites 
of the parent compound are considered also to have anti- 
neoplastic effects. To  this end, parent drug and metabo- 
lites represented by one species were modeled with a 

Table IX-Model Parameters for Cisplatin in a 10-kg Doga 

Linear 
Binding Metabo- 

Tissue Constant ( R )  Other Values Cisplatin lite 

Muscle 0.7 Kidney clearance ( k k ) .  0.5 0.6 

Skin 3.5 
Ovaries 1 Rile clearance ( k b ) ,  ml/min 0 0.035 
Liver 6 
Kidney 8 Metabolism constant, 0.004 16 

GI tract 1 

ml/min 

min-1 

a Data taken from Ref. 50. 
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Table X-Model Parameters for Streptozocin in the Mouse 

Linear Binding Mass Transfer Metabolism 
Constant (R’ j Coefficient ( h ) ,  min-1 Constant (k), min-1 

Chemoassay Bioassay Chemoassay Tissue Bioassay C hemoassay Bioassay 
~~ 

Liver 23.6 19.7 0.0164 0.1392 0.0086 0.0041 
Kidney 5.6 1.7 0.0305 0.1625 0.0096 0.0041 

0.0063 - 0.0041 Pancreas - 15.8 - 

a Data (51) reprinted from the Journal of Pharmaceutical Sciences with permission; Q 1980, American Pharmaceutical Association. 

flow-limited scheme containing six compartments in the 
beagle dog by LeRoy et al. (Table IX) (50). Linear binding 
and first-order metabolism were incorporated using in 
uitro reaction rate constants. The flow-limited model was 
able to provide an adequate simulation of most of the tis- 
sue data. However, disagreement with muscle data, espe- 
cially at early intervals, might be due to a diffusion limi- 
tation. 

Streptozocin-Streptozocin is known to inhibit primary 
DNA synthesis by alkylation of cell components. The drug 
has a selective toxicity for pancreatic ,f3-cells and is there- 
fore useful in treating pancreatic tumors (e.g., metastatic 
insulinoma). Weissbrod and Jain have applied a physiog- 
ically based hybrid model to describe streptozocin distri- 
bution in mice (Table X) (51). This model incorporates 
three membrane-limited compartments with linear 
binding and first-order intracellular metabolism. Tissue 
data obtained by bioassay to determine parent strepto- 
zocin and by chemoassay to determine parent streptozocin 
and its metabolites were compared with simulations. The 
fit to the parent compound and metabolites was adequate 
in this work, although the authors suggested that more 
data were required to describe the transport and metab- 
olism in greater detail. 
2-Amino-l,3,4-ThiadiazoZe-The antineoplastic action 

of 2-amino-l,3,4-thiadiazole includes inhibition of inos- 
ine-5-phosphate dehydrogenase in cells. For this reason, 
2-amino-l,3,4-thiadiazole retards the growth of melano- 
mas, lymphosarcomas, and leukemias. A physiologically 
based pharmacokinetic model was developed by King and 
Dedrick (Table XI) (52) to describe 2-amino-1,3,4- 
thiadiazole in the mouse, dog, and monkey. The authors 
used a flow-limited system with four compartments and 
represented all metabolites as one species. The rate of 
metabolism was described as a first-order linear process 
in mice and as a saturable process in dogs and monkeys. 
Binding and kidney clearance were considered linear. The 
authors obtained partition coefficients based on long-term 
experimental values of serum and tissue concentations. 

The metabolic parameters were obtained by best fit of the 
model to tissue concentration data. The major excretory 
pathways were found to be kidney clearance in the mouse 
and saturable metabolism in the dog and monkey. It seems 
that because of these interspecies differences, scale-up to 
humans would be difficult for this substance. 

Antibiotics-Antibiotics are prescribed to treat in- 
fection. The wide applicability of antibiotics raises ques- 
tions as to the disposition of these substances in the body. 
Physiologically based pharmacokinetics provide a tool that 
can aid in answering these questions. 

Cephalosporin Antibiotics-Three cephalosporin an- 
tibiotics (cefazolin, cephalexin, and cephradine) were 
studied by Greene et al. (53) These antibiotics show in 
uitro activity against penicillin-resistant staphylococci and 
are considered to bind to plasma proteins. The authors 
compared the simulations using a six-compartmental 
perfusion model with a classical two-compartmental 
model, with and without protein binding. Plasma binding, 
described by the Scatchard equation, was used to f i t  the 
models to human plasma data for each cephalosporin ad- 
ministered. The authors obtained good simulations of the 
plasma data for cefazolin at a 1-g iv dose and for cephalexin 
at  a 0.5-g iv dose, but underpredicted the plasma concen- 
tration at times >1.5 hr for cephradine at a 2-g iv dose. The 
authors attributed this disagreement to a possible over- 
estimate of the cephradine clearance value. 

0-Lactarn Antibiotics-b-Lactam antibiotics include 
ampicillin, cefazolin, dicloxacillin, methicillin, penicillin 
G, penicillin V, and others. The uptake, distribution, and 
elimination of various antibiotics and the model test sub- 
stance inulin were studied in a 12-compartment model in 
rats (54). The lung, heart, muscle, skin, gut, and carcass 
were modeled as cell membrane limited, the liver and 
kidney as flow limited, and the bone compartment was 
broken down into bone marrow (flow-limited) and bone 
cortex (membrane-limited) compartments. Tissue-to- 
plasma partition coefficients of penicillin V, dicloxacillin, 
cefazolin, and inulin were determined by in uiuo experi- 

Table XI-Model Parameters for 2-Amino-l,3,4-thiadiazole i n  the Dog and Monkey a 

Tissue 

Linear Binding Constant ( R )  
Dog Monkey Mouse 

Drug Metabolites Drug Metabolites Drug Metabolites 
L - - 

Liver 0.9 1.3 0.9 2.8 0.6 1.8 
Gut 1.0 1.1 1.0 0.4 0.4 1.3 
Kidney 0.9 2.0 I .6 2.0 0.6 3.6 
Lean tissue 0.9 0.5 1.0 0.2 0.9 0.3 
Kidney clearance ( k k ) ,  ml/min 

Drug 
Metabolites 

0.066 
0.215 

8.8 
18.3 

1.5 
4.6 

Metabolism 
urnax, d n i n  - 19.2 6.3 
G, wg/ml - 0.2 0.5 
k ,  ml/min 0.017 95.0 12.5 

Data taken from Ref. 52. 
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Table XII-Model Parameters for Several &Lactam Antibiotics 
in the Rats 

~ 

Linear Binding Constant ( R )  
Tissue Penicillin V Dicloxacillin Cefazolin 

Lung 
Heart 
Muscle 
Bone 
Skin 
Spleen 
Gut 
Liver 
Kidney 

0.157 0.123 0.154 
0.095 0.074 0.101 
0.062 0.051 0.077 
- - 0.111 
- - 0.303 

0.096 0.088 - 

0.966 1.357 0.114 
0.250 
3.70 

0.430 
1.27 

0.788 
2.79 

0 Data taken from Ref. 54. 

ments after constant infusion of these substances. Renal 
and hepatic clearance constants were also determined from 
independent experiments. Binding to serum proteins 
(albumin) was considered to be nonlinear for cefazolin and 
penicillin V, whereas linear binding was used for penicillin 
G, methicillin, dicloxacillin, and ampicillin (Table XII). 
Although partition coefficients, binding constants, and 
elimination parameters were measured for several anti- 
biotics, these authors compared their model to tissue dis- 
tribution data for cefazolin and inulin only and found good 
agreement. 

Tetracycline-The antibiotic tetracycline is highly 
active against Gram-positive and Gram-negative organ- 
isms. This drug is recommended for treatment of pneu- 
monia, actinomycosis, brucellosis, urinary infections, 
Rocky Mountain spotted fever, and typhus fever (41). 
When tetracycline is given to rats during pregnancy, i t  is 
known to lead to acute fatty liver syndrome in the mother 
and teratogenic effects in the fetus. To this end, Olanoff 
et al. developed a physiologically based pharmacokinetic 
model of tetracycline in nonpregnant (55) and pregnant 
rats (16) (Table XIII). This model included seven flow- 
limited compartments in both the maternal section and 
the fetal section, including a placenta compartment for 
maternal-to-fetal transfer of the drug. The authors applied 
linear binding in all compartments and allowed for fetal 
growth over 21 days. The model was used to determine the 
controlled release of tetracycline using a trilaminate drug 
delivery device. The model described the data well and was 
able to predict the constant tissue concentrations desired 
of a controlled-release device. The authors had to use 
uniformly lower values of the partition coefficients in the 
pregnant rats when compared with the nonpregnant rats. 
The inclusion of a fetus in such a model represents a sig- 
nificant advance in physiologically based pharmacoki- 
netics. 

Table XIII-Model Parameters for Tetracycline in the Pregnant 
Rat8 

Flow-Limited Linear Binding Constant ( R )  
Tissue Maternal Fetal6 

Liver 
Kidney 
Bone 
Muscle 
GI tract 
Placenta 
Amniotic fluid 
Fat 

0.97 
0.97 
1.68 
1.03 
1.06 
- 
- 

0.7 

1.0 
1.4 
4.55 
- 

1.32 
1.23 
0.46 

~~ 

a Data (16) reprinted from the Journal of Pharmacokinetics and Riopharrno- 
Ratio of fetal tissue concentration to ceutics; C 1980, Plenum Publishing Cor 

maternal plasma concentration a t  equilitrium. 

Anesthetics-Anesthetics are used for temporary 
suppression of pain, normally during surgery. Based on the 
knowledge of the uptake, distribution, metabolism, etc., 
of these substances in the body, physiologically based 
pharmacokinetics provide an excellent technique to de- 
termine dosage regimens to ensure that proper amounts 
are delivered to  the desired region of the body. Biomedical 
equipment that is used in the delivery of anesthetics can 
be designed based on pharmacokinetic simulations, thus 
limiting the danger of experimentation with new equip- 
ment. 

Halothane-Halothane is a widely used, potent, non- 
inflammable, and nonexplosive inhalation anesthetic with 
rapid onset and rapid reversal. Since the pioneering work 
of Mapleson (56), several flow-limited hybrid models have 
appeared in the literature to describe the uptake and dis- 
tribution of halothane in humans (17, 57-59). Since 
changes in halothane concentration influence cardiac 
output and distribution, and vice uersa, many investiga- 
tions have tried to incorporate this interrelationship in 
their models. Ashman et al. (57) assumed that a uniformly 
distributed reduction in cardiac output occurred as anes- 
thetic concentration in the viscera increased. After com- 
paring the results of constant and variable cardiac output 
models, the authors concluded that the differences in these 
two models were insignificant for the first few minutes, but 
progressively increased during the first hour to 6%. Zwart 
et al. (17) and Smith et al. (58) improved this model by 
making changes in the cardiac output and its distribution 
a function of halothane concentration in one or two of the 
three most important compartments, i.e., brain, myocar- 
dium, and arterial blood (Table XIV). The results of this 
model differed significantly from those models with con- 
stant cardiac output and gave new insight into halo- 
thane-induced changes in the circulation. Munson et al. 
(59) divided the body into five flow-limited compartments 
and modeled the effects of reduced ventilation rate and 
cardiac output on halothane pharmacokinetics. Using this 
model, these authors were able to predict limits to which 

Table XIV-Model Parameters for Halothane in the Human and 
Lidocaine in the Monkey and Human 

Flow-Limited Linear Binding Constant ( R )  
Halothane Lidocaine (Monkey and 
(Human)" Human) b Tissue 

Arterial 2.3 - 
Brain 

Grey matter 5.4 1.21 
White matter 8.3 

Heart 8.1 - 
Well-perfused 3.7 - 

organs 
Poorly perfused 5.3 - 

~~ 

organs 
Fat (and fatty 

marrow) 
Splanchnic 
Muscle 
Lung 
Liver 
Rapidly equilibrating 

tissue 
Slowly equilibrating 

Portal 
tissue 

138 2.0 

6.0 
8.1 
5.3 
- 
- 

- 
0.65 
3.08 
0.61 
2.02 

- 0.60 

1.53 - 

a Data (58) reprinted from Anesthesiology with permission; 0 1972, Lippin- 
cottmarper and Row. Data (65) reprinted from Clinical Pharmacology and 
Therapeutics with permission; 0 1974, American Society for Pharmacology and 
Experimental Therapeutics. 
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Table XV-Model Parameters for Methohexital, Pentobarbital, 
and Thiopental in the Human 

Metho- Pento- Thio- 
Parameter hexitala barbitalb pentalb 

Effective fraction 
f B  
f V  
fL 
t v  
liter 

Binding sites, wmole/ 

Bi 
B2 

constant (liter/pmole) 
kl 

k z  

Binding equilibrium 

Lipid solubility (BA) 

Michaelis-Menten 
constants 
K,, pmolehiter 
umar umole/min 

52 (mghiter) 
870 (mghiter) 

3.3 x 10-2 
(litedmg) 

(litedmg) 

65 

1.2 x 10-3 

- 
- 

0.985 0.985 
0.963 0.963 
0.980 0.980 
0.200 0.200 

5,900 18,400 
317,000 305,400 

0.2117 0.06 

0.00016 0.000625 

9.0 100 

4.0 4.0 
2.63 26.3 

a Data (63) reprinted from the Journal of Pharmaceutical Sciences with per- 
mission; @ 1976, American Pharmaceutical Association. b Data (So) reprinted from 
“Pharmakietics in Applications of the K i c i a l  Kidney” with permission; 0 1968, 
Chemical Engineering Progress Symposium Series. 

anesthetic drugs and techniques could be used safely. 
Hexobarbital, Pentobarbital, Phenobarbital, and 

Thiopental-These four drugs are the most common 
barbiturates used in medicine. Thiopental, a local anes- 
thetic used in dental patients, has biological effects similar 
to methohexital. Hexobarbital and thiopental are short- 
and ultrashort-acting anesthetics, respectively. This ra- 
pidity results from metabolic degradation and physical 
redistribution. Phenobarbital has a slower rate of action 
on the brain compared with hexobarbital and thiopental. 
Pentobarbital is a fast-acting sedative useful in the 
treatment of insomnia, nausea, etc. The drug is also useful 
in controlling convulsions such as those which occur in 
eclampsia, epilepsy, tetany, and strychnine poisoning. 
Overdoses of barbiturates can lead to death by respiratory 
failure (41). 

To this end, Bischoff and Dedrick (60,61) developed a 
four-compartment model (blood, viscera, lean tissue, and 
adipose tissue) to describe the pharmacokinetics of bar- 
biturates in dogs and humans. By incorporating parame- 
ters characterizing lipid solubility, protein binding, and 
metabolism of thiopental, these authors were able to 
simulate the tissue data in dogs and plasma data in hu- 
mans. These authors later applied the thiopental model 
to pentobarbital which has a lower lipid solubility, less 

protein binding, and is metabolized at about one-tenth the 
rate of thiopental(60). By including these changes, a sui- 
cidal dose in the human (43 mg/kg) was simulated (Table 
XV). These authors also simulated the effect of treatment 
with an artificial kidney, and using this model, were able 
to predict the well-known rebound effect in blood, lean 
tissue, and viscera. 

Since Bischoff and Dedrick combined brain, heart, 
kidneys, liver, etc. as a viscera component, their model can 
not predict thiopental concentrations in the brain, which 
is valuable information for optimal therapy. To this end, 
Chen and Andrade (62) developed a seven-compartment 
model to predict thiopental kinetics in the brain, plasma, 
liver, GI tract, lean tissue, adipose tissue, and viscera and 
obtained good agreement with the data obtained in dogs. 
A detailed sensitivity analysis indicated the values for 
fractions of bound drug in various tissues were more sen- 
sitive parameters than the others in the model and, 
therefore, must be determined precisely. Similar to 
methohexital, the four-compartment model of Bischoff 
and Dedrick was also extended by Gillis et al. (63) to ac- 
count for the slow approach to equilibrium in human 
tissues. 

The most comprehensive model of barbiturates (hexo- 
barbital, phenobarbital, and thiopental) has been devel- 
oped recently by Igari et al. (Table XVI) (64a). These 
authors have developed an 11-compartment model which 
includes lung, venous and arterial plasma, liver, brain, 
heart, GI tract, kidney, muscle, skin, and adipose tissue. 
Except for the brain, all tissues were assumed to be flow 
limited. Partition coefficients, Michaelis-Menten con- 
stants for drug metabolism, and binding constants were 
determined in uitro and compared with in uiuo data. The 
in uitro partition coefficients did not lead to good agree- 
ment with the plasma and brain data. When partition 
coefficients obtained from in uiuo experiments were used 
instead, the authors were able to describe the data well. [In 
a later publication, these authors use a similar model to 
predict ethenzamide (ethoxybenzamide) concentrations 
in nine compartments in rats, scaled-up to rabbits (64b), 
from K ,  (partition coefficient) values obtained uia intra- 
venous bolus injection, constant-rate infusion, and in uitro 
determinations (64c).] 

Lidocaine-Lidocaine is a potent anesthetic agent used 
for infiltration and block anesthesia. It is also used topi- 
cally for anesthesia of accessible mucous membranes. The 
action of lidocaine on nerves is considered similar to that 
of procaine (41). Congestive heart failure patients, when 
given standard intravenous doses of lidocaine, show ele- 

Table XVI-In Vitro and In Vivo Model Parameters for Hexobarbital, Phenobarbital, and Thiopental 

Thiopental Hexobarbital Phenobarbital 
Tissue In Vitro In Vivo In Vitro In Vivo In Vitro In Viuo 

Lung 
Heart 
Liver 

2.71 
1.91 
2.10 

1.16 
1.07 
5.28 

1.49 
1.86 
1.45 

3.26 
1.12 
5.96 

1.14 
1.93 
1.87 

0.816 
0.97 
1.92 

GI tract 2.02 1.18 1.91 1.26 1.75 1.66 
Kidney 2.50 1.18 2.31 1.51 2.03 0.78 
Muscle 2.32 0.664 1.34 0.625 1.60 1.05 
Skin 3.42 1.94 0.984 0.909 1.88 1.28 
Adipose tissue 11.3 2.86 4.13 1.64 0.926 0.318 
Liver kinetics 
K,, M x 10-3 0.103 1.32 - 
urn=, pmole/min/0.25 kg 0.099 8.48 - 

Data (64a) reprinted from the Journal of Pharmacokinetics and Biopharrnaceutics with permission; 0 1982, Plenum Publishing Corp. 
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vated blood levels presumably due to decreased circulation 
and clearance. A physiologically based pharmacokinetic 
model can be useful in predicting the lidocaine levels of 
patients suffering from cardiovascular diseases. An 
eight-compartment flow-limited model to describe the 
pharmacokinetics of lidocaine in humans and monkeys was 
developed by Benowitz et al. (Table XIV) (65). The au- 
thors assumed equilibrium was obtained after 24 hr to 
obtain experimental tissue-to-plasma partition coefficients 
in rhesus monkeys. The model was then scaled-up to hu- 
mans with the same binding parameters as found in the 
rhesus monkey. Good agreement was found between 
human plasma data and model predictions. In a later study 
by Benowitz et al. (66), the effects of hemorrhagic shock 
and sympathomimetic drugs (isoproterenol and norepi- 
nephrine) on lidocaine kinetics and regional blood flow in 
the rhesus monkey were examined. The results obtained 
have many interesting clinical implications. 

Methohexital-Methohexital is a local anesthetic used 
primarily in dental surgery. Dosage requirements can 
change from alterations in body distribution processes. 
Alterations can result from dehydration, uremia, periph- 
eral circulatory failure, increased cardiac output, electro- 
lyte disturbances, hepatic failure, and chronic renal 
failure. 

Using the approach developed by Bischoff and Dedrick 
for thiopental pharmacokinetics, Gillis et af. (63) devel- 
oped a flow-limited model to describe the distribution of 
methohexitol in the human. Similar to the model of Bis- 
choff and Dedrick, it included details of protein binding 
and liver metabolism (Table XV). Unlike that of Bischoff 
and Dedrick, this model used a ramp function to describe 
the approach to equilibrium in tissue, with characteristic 
times determined by the perfusion rates. The model de- 
scribed the available data adequately and was used to 
predict the influence of body alterations (e.g., obesity) on 
drug distribution. 

Procaine-Procaine2 is a local anesthetic used primarily 
in dental surgery. The drug blocks the function of the 
nerves near an injection site by attaching to and preventing 
sodium transfer across the nerve cell membrane, thus 
hindering the formation and propagation of the action 
potential on the membrane. The process is reversible, so 
the effects on the cell are only temporary (19). A nine- 
compartment flow-limited model was developed by Smith 
et al. (67) to describe procaine pharmacokinetics in hu- 
mans. Independently determined nonlinear binding and 
nonlinear metabolism terms were incorporated into the 
model. Model simulations showed good agreement with 
human data in the arterial plasma, brain, muscle, adipose 
tissue, and viscera regions. The model was also applied to 
lidocaine in humans and compared well with the human 
plasma data. 

Trace Metals and Other Ions-Trace metals and 
other ions are studied for various reasons. Certain endog- 
enous metals and ions are essential for body growth, de- 
velopment, and many daily functions. Several exogenous 
metals and ions are also required nutritionally by the body 
(e.g., iodine, chromium) and must be taken in the diet. 
Other exogenous substances can be lethal at  high doses 
(e.g., cadmium, lithium). To this end, physiologically based 

Novocain; Breon Laboratories, Inc., New York, N.Y. 

Table XVII-Model Parameters for Bromide in the Rat and 
Human a 

Membrane- 
Limited 

Flow-Limited Linear 
Linear Binding Binding Mass Transfer 

Constant Constant Coefficient ( h ) ,  ml/ 
Tissue ( R  ) (R')  min 

Skin 
Kidney 
Liver 
Muscle 
Spleen 
GI tract 
Brain 
Lung 
Thyroid 
Heart 
Adipose 

tissue 
Red blood cell 

- 0.35 0.015 
- 0.21 0.0004 
- 0.085 0.0009 

- 0.37 0.0058 
- 0.14 0.00073 

0.150 - - 
0.240 - - 

0.376 - - 
0.480 - - 
0.150 - - 
- 0.22 0.0002 

compartments 
1 0.30 - 5.0 
2 2.79 - 0.019 

Residual 0.08 - - 
carcass 

Data (69) reprinted from the American Journal of Physiology with permission; 
0 1978, The American Physiology Society. 

pharmacokinetic models can be used to determine proper 
dietary intake, to predict maximum dosages to ensure 
against toxicity in high-accumulation or target organs, and 
also to develop detoxification strategies. 

Bromide-Bromide is an essential element for the body. 
Small amounts are found in table salt and several vegeta- 
bles. Natural intake of bromide occurs primarily by GI 
absorption from these sources. Bromide passes through 
the various body fluids, penetrates red blood cell mem- 
branes, and is eliminated uia the kidneys. Bromide also 
displaces chloride in extracellular fluid, which may lead 
to  a sedative effect on nerve tissue (68). In this manner, 
bromide can be used as a tracer to measure the volume of 
extracellular water (69). The model by Pierson et al. (69) 
applied physiologically based pharmacokinetics to predict 
the distribution of bromide in rats and then scaled-up to 
humans (Table XVII). Twelve compartments were in- 
cluded in this model; the muscle, lung, heart, spleen, thy- 
roid, and body compartments were assumed to be flow 
limited and the skin, adipose tissue, kidney, brain, liver, 
GI tract, and red blood cell compartments were assumed 
to be membrane limited. The authors computed the linear 
binding parameters from steady-state bromide distribu- 
tion data. The rat model predictions of extracellular vol- 
ume were compared with known values along with the 
concentration data. The authors found adequate agree- 
ment within the inherent statistical limitations of the data. 
Iden tical thermodynamic and transport parameters were 
used in the scaled-up model and led to good agreement 
with plasma, skin, muscle, and adipose tissue data in hu- 
mans. This model and these experiments indicated that 
bromide was an imperfect tracer for extracellular water 
because of consistent overprediction of the extravascular 
water volume. 

Cadmium-Cadmium, an exogenous substance, is toxic 
when present at  high levels. Because of this toxicity, cad- 
mium is of primary concern to the metals industry for 
environmental reasons. Low cadmium doses are found to 
result in hypertension (70). Accumulation of cadmium in 
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Table XVIII-Model Parameters for Cadmium in the Mouse a 

: r -  B r a i n  
~~~ ~ 

Flow-Limited Membrane-Limited Mass Transfer 
Linear Binding Linear Binding Coefficient 

Tissue Constant (R) Constant (R’) (h), m i x 1  
- - Spleen 0.55 

GI tract 0.53 
Liver - 19.0 0.16 
Kidney - 7.0 0.03 
Red blood cell - 0.5 0.002 
Carcass 0.34 

- - 

- - 

I A 
I 
I P  K 
I 

Data taken from Ref. 73. 

the testicles of laboratory animals leads to necrosis of this 
tissue (71). The similarities and dependence in transport 
and uptake of cadmium to zinc has led to many compara- 
tive studies of these two elements (72). Following intake, 
cadmium is found to clear rapidly from the plasma, bind 
to subcellular proteins, and accumulate readily in the liver 
and kidneys (14). The Gerlowski and Jain model (73) 
combines both membrane-limited and flow-limited com- 
partments to study cadmium uptake in mice (Table 
XVIII). Membrane-limited liver and kidney compartment 
simulations show good agreement with the data, which 
account for 60% of the initial dose. The fit was not as good 
in the other compartments, especially in the residual car- 
cass compartment where many organs were lumped into 
one flow-limited compartment. Further improvements can 
be made in this model when short-term data become 
available for various organs. 

Chloride-Chloride, an endogenous trace element, is 
essential for electrolytic, osmotic, and acid balances and 
other bodily functions. Dietary chloride is obtained in 
animal foods, absorbed through the GI tract, and excreted 
primarily through the urinary tract (68). Chloride deple- 
tion may be a useful treatment for brain edema (74). Ga- 
belnick et ul. (74) have developed a three-compartment 
hybrid model (Fig. 4) representing brain, well-perfused, 
and poorly perfused compartments to study mass transfer 
of chloride in cats undergoing hemodialysis. Transfer to 
the brain was considered to occur by diffusion from the 
well-perfused compartment, by convection from cere- 
brospinal fluid (CSF), and by mediated transport from the 
well-perfused compartment. Brain tissue was assumed to 
be in equilibrium with the CSF. The mass transfer coef- 
ficient from the well-perfused compartment to the brain 
was estimated to be 0.037 ml/min. The transport rate of 
chloride into the CSF was found to be a constant (0.55 
peq/ml- min) for 60-120-meqhiter plasma chloride con- 
centrations. This behavior indicated the existence of a 
“saturated pump” and was modeled as a constant infusion 
term (2.8 peq/min). The authors noted agreement with the 
data, except for the brain compartment, which experi- 
mentally indicates a steady-state equilibrium concentra- 
tion, unlike the model predictions. This disagreement may 
have resulted from a possible change in flow rate of the 
CSF or mediated transport into the brain during hemo- 
dialysis. 

Lithium-Lithium, an exogenous substance, is used in 
the treatment of manic-depressive illness. Problems that 
arise from dosage levels and schedules of lithium have led 
to the use of pharmacokinetics in determining proper 
regimens. A model presented by Ehrlich (75) applies a 
three-compartment scheme representing plasma and ex- 
tracellular fluid, red blood cells, and muscle-like cells to 

I 

Figure 4-Location of the brain compartment (74). Reprinted from the 
Journal of Applied Physiology with permission; copyright 1980, Amer- 
ican Physiological Society. 

v 

describe lithium distribution in four human subjects 
(Table XIX). Linear transport and Michaelis-Menten 
excretion parameters were incorporated in the hybrid 
model. The model simulated the data well and suggests 
that the Li+ countertransport efflux mechanism of the red 
blood cell may be shared with the muscle. However, vari- 
ations in the intercompartment concentrations, because 
of high concentrations in the liver and kidneys, suggest the 
need of a larger model consisting of several more com- 
partments when the data become available. 

Zinc-Zinc, an endogenous substance, is essential in 
that DNA and protein syntheses are zinc dependent; also, 
carbohydrate metabolism, lipid peroxidation, and bone 
formation require zinc. Deficiencies in zinc may lead to 
growth retardation and failure of sexual maturation. A 
comprehensive model (17 tissues, plasma, and red blood 
cells) was developed to describe zinc distribution in rats 
(15). In this model, membrane-limited compartments were 
incorporated with linear binding, transport, and excretion. 

Table XIX-Model Parameters for Lithium in the Human a 

A 

Q32 

Tissue Absorption Rate, hr-1 

Q23 

GI tract 
Absorption rate 
Renal excretion rate 

Muscle 

Red blood cells 

Influx 
Efflux 

0.36-1.88 
0.09-0.18 

0.26-0.38 
0.19-0.36 

Influx 0.12-0.29 
Efflux 0.35-0.80 

a Data (75) reprinted from the Journal of Pharmacokinetics and Riopharma- 
ceutrcs with permission; 0 1980, Plenum Publishing Corp. 
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Table XX-Model Parameters for Zinc in t he  Rat a 

Membrane-Limited Mass Transfer 
Linear Binding Constant Coefficient ( h ) ,  

Tissue (R') hr-I 

Skin and fur 
Muscle 
Liver 
Intestine 
Stomach 
Fat 
Thyroid 
Bone and bone marrow 
Heart 
Bladder 
Prostate 
Spleen 
Pancreas 
Kidney 
Brain 
Gonads 
Sex organ 
Gut lumen 
Red blood cell 
Clearance rate, mlh r  

Fecal (k f )  
Urinary ( k k )  
Intestinal ( k , )  
Pancreatic (kDan) 

6.5 
11.0 
28.0 
14.8 
18.0 
0.7 

11.3 
25.0 
i3.0 
17.0 
6.0 

15.0 
20.0 
20.0 
11.4 
15.0 
8.0 

16.0 
5.5 

0.14 
0.15 
7.21 
2.41 

0.0339 
0.0171 
0.4076 
0.3132 
0.1181 
0.0037 
0.1815 
0.0799 ~ ~ ~~ 

0.1216 
0.0739 
0.0633 
0.2083 
0.1884 
0.3278 
0.0191 
0.05 
0.04 
0.1274 
0.0376 (ml/hr) 

a Data (15) reprinted from the Annals of Biomedical Engineering with perrnis- 
sion; 0 1982, Pergamon Press Inc. 

The physicochemical parameters were estimated by de- 
composing this model into hybrid models and minimizing 
the error between data and model for each issue (Table 
XX) (15). Excellent agreement with data was found (av- 
erage error <lo%); however, only a limited number of data 
were used in estimating the model parameters. A more 
complete model should incorporate zinc speciation, non- 
linear transport and binding, and intercompartmental 
diffusion. 

Environmental Hazards and Toxic Substances- 
The uptake of many chemicals by the body can lead to 
harmful effects. Various regulatory agencies impose tol- 
erance levels for hazardous chemicals to ensure safe 
working conditions. These levels are usually obtained from 
experiments over short periods of time and formulate an 
opinion on only one tissue concentration value (e.g., 
plasma concentration). But, tissue concentrations are 
known to vary over a wide range throughout the body. 
Therefore, to ensure that all tissues remain below toxic 
levels at all times, physiologically based pharmacokinetics 
may be incorporated into such decision-making processes 
to set more precise levels. 

Acetonylacetone-Acetonylacetone (2,Ei-hexanedione) 
is a neurotoxic metabolite of the industrial solvents n- 
hexane and methyl n-butyl ketone. Action of acetonylac- 
etone on the sciatic nerves causes axonal damage which 
characterizes central-peripheral distal axonopathy. Re- 
cently, a nine-compartment flow-limited physiologically 
based pharmacokinetic model was constructed by Angelo 
and Bischoff (76) to simulate the detailed pharmacoki- 
netics and metabolism in rats (Table XXI). These authors 
determined equilibrium tissue-plasma distribution ratios 
based on in vivo data determined by constant intravenous 
infusion of acetonylacetone using a surgically implanted 
infusion pump. Metabolism of acetonylacetone was sim- 
plified to a three-step series reaction scheme, and the rate 
constant for the second reaction was considered to be organ 
specific. Very good agreement with data was found for 

Table XXI-Model Parameters for  Acetonylacetone in the Ra t  * 

Linear Bindinn Tissue- 

Tissue 
Constant ( R ) -  Plasma 

Parent Drug Metabolite Turnover Ratio 

Liver 1.7 
Kidney 0.6 
Lung 0.6 
Lean tissue 0.4 
Brain 0.4 
Sciatic nerve 0.4 
Spinal cord 0.4 
Other values 

Peritoneal 
permeability, m l h r  

Linear kidney 
clearance, ml/hr 

Parent drug 
Metabolite 

First-order metabolism 
constant, m l h r  

Carbon-14 
incorporation rate 
constant (plasma), 
hr-' 

3.4 0.7 
3.1 0.75 
2.5 0.55 
0.8 1.0 
0.5 1.4 
0.4 3.0 
0.5 5.0 (ksc 11.5) 

12.0 

10.0 
30.0 

150.0 

0.03 

a Data (76) reprinted with permission of the author. 

single-dose exposures of 0.8 and 8.0 mg/kg ip for the 
plasma, sciatic nerve, liver, kidney, lung, and lean com- 
partments in the elimination phase; however, the ab- 
sorption phase was somewhat underpredicted in each case 
up to 1 hr. Additionally, the spinal cord compartment ex- 
hibited a dose-dependent partition coefficient. The model 
also described the concentrations of metabolites in the 
plasma, liver, and urine adequately. In multiple dosing (8.0 
mg/kg/day ip), simulations reproduced the tissue data well 
except for plasma data. These data were overpredicted, 
perhaps due to kinetics of the radioisotope uptake and 
release by plasma constituents. The early interval behavior 
suggested the need for a diffusion-limited model with 
precise blood kinetics. 

Chlordecone-Chlordecone3 is a chlorinated organic 
insecticide which is toxic to most life forms. In industrial 
sites, workers in contact with chlordecone are found to 
contract severe cases of tremors. From tests performed on 
laboratory mice, chlordecone has been found to be a car- 
cinogen. Boylan et al. (77) and Bungay et al. (78) have 
shown evidence for bidirectional transport of chlordecone 
between blood and gut contents in mice. Bungay et al. (78) 
have developed a physiologically based pharmacokinetic 
model with a detailed enteric transport model to describe 
the distribution and excretion of a nonadsorbable tracer 
and parent chlordecone in rats (Table XXII). The GI tract 
was modeled to include stomach, small intestine, cecum, 
and large intestine; each organ was represented by a series 
of well-mixed subcompartments. This model was able to 
predict the short-term transport kinetics of parent chlor- 
decone as well as substances that are unabsorbed or pas- 
sively transported across the gut wall. The scaled-up model 
also provided a rational basis for cholestyramine therapy 
for victims of chlordecone poisoning. 

Nitrate and Nitrite-Nitrosamines, which are known 
to be potent carcinogens, can be formed endogenously from 
dietary nitrate. Nitrate enters the body in the diet and also 
is formed from reduced nitrogen compounds. In addition, 

Kepone. 
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Table XXII-Model Parameters for Chlordecone in the Rat8 

Membrane-Limited Linear Mass Transfer Coefficient ( h ) ,  
Binding Constant ( R )  ml/min 

Tissue Capillary Mucosa Lumen Capillary Mucosa Lumen 

Stomach 7 1 0.031 0.2 0.002 0.002 
Small intestine 

I 8 0.5 0.030 0.3 0.05 0.1 
I1 7 0.4 0.078 0.26 0.04 0.1 
I11 6 0.3 0.013 0.25 0.02 0.07 

Cecum 5 0.2 0.006 0.09 0.006 0.03 
Large intestine 4 0.2 0.005 0.10 0.004 0.02 
Fat 15 
Liver 55 
Muscle 5 
Skin 6 - 

- - - - - 
- - 11 - - 
- - - - - 

- n S A  - - 

Data (78) reprinted from the Journal of Pharrnaeokinetics and Biopharrnaceutics with permission; 0 1981, Plenum Publishing Corp. 

the salivary glands transport nitrate from the blood to 
saliva. By bacterial reaction, nitrate is converted in the oral 
cavity to nitrite, which is then available to form nitro- 
samines in the stomach. Therefore, to determine the safe 
amount of dietary nitrate intake, an understanding of the 
distribution and metabolic fate of nitrate and nitrite would 
be useful. To this end, Deen et al. (79) developed a phys- 
iologically based pharmacokinetic model to simulate ni- 
trate and nitrite concentrations in humans following an 
oral dose of nitrate (Table XXIII). The model consisted 
of an oral cavity, stomach, small and large intestines, blood 
and well-perfused tissues, and lean tissues. Transport 
between the digestive system, blood pool, and well-per- 
fused tissues was modeled to occur by diffusive and con- 
vective means uia bile, saliva, and gastric and pancreatic 
juices. The authors were able to simulate data adequately 
for plasma and salivary nitrate and salivary nitrite. The 
authors found individual variations in values of the renal 
clearance constant among groups of subjects. The model 
was not able to predict in detail the fate of reduced nitro- 
gen, e.g., reabsorption from the GI tract, exhalation of 
gaseous products, etc. Denitrification in the oral cavity is 
also known to occur, but was not incorporated in this model 
and needs to be further investigated along with the fate of 
the nitrite presented to the stomach. 

Polychlorinated Biphenyls-Polychlorinated biphenyls 

Table XXIII-Model Parameters for Nitrite in the Human a 

First-Order Reaction Rate 
Rate Constant, Constant for Nitrate, P / V ,  

Tissue hr-l hr-' hr-' 

Intestinal segment 
1 
2 
3 
4 
5 
6 

Gastric emptying 
Liver 
Oral cavity 

G1 
G2 

Other values 
Renal clearance literhr 
K,, mM 
V,,./K,, hr-l 
Fraction of nitrite lost in 

stomach by reaction 

plasma) 
R (gastric juice to 

R (saliva to plasma) 

0.21 
0.21 
0.21 
2.1 
2.1 
2.1 
2.0-9.0 

4.8 
0.8 
0 

0-0.038 

1.6-2.5 
1.5 
38 
0.4 

18-28 

20 

0.84 5.1 
0.84 5.1 
0.84 2.0 
8.4 1.1 
8.4 1.1 
8.4 1.1 
- - 
- - 

0-50 - 

Data (79) reprinted with permission of the authors. 

(PCB's) are widely recognized as a highly toxic environ- 
mental hazard. These substances appear throughout the 
food chains of all animals. Highly chlorinated biphenyl 
molecules are known to persist in the body for long periods 
of time (10-15 years) and are potent inducers of micro- 
soma1 enzyme activity. Metabolism of polychlorinated 
biphenyls occurs primarily in the liver, and the metabolites 
are known to have carcinogenic effects. Polychlorinated 
biphenyls are known to accumulate primarily in the adi- 
pose tissue. Anderson et al. (80) and Lutz et al. (81) each 
applied a six-compartment flow-limited model to describe 
the disposition and metabolism of polychlorinated bi- 
phenyls (1-, 2-, 5-, and 6-chlorinated biphenyls) in rats. 
These authors concluded that a membrane-limited model 
may be more appropriate for pharmacokinetics of poly- 
chlorinated biphenyls in the skin compartment. The al- 
ternative would have been to divide the skin into a number 
of compartments to model the heterogeneous perfusion 
rate in the skin. The pharmacokinetics of 3,3',5,5'-tetra- 
chlorobiphenyl(4-chlorinated biphenyl) and its metabo- 
lites were also studied in rats by Tuey and Mathews (Table 
XXIV) (82) using the framework developed by Lutz et al. 
Except for 4-chlorinated biphenyl, the rate of metabolism 
of four polychlorinated biphenyls (1-, 2-, 5-, and 6-chlori- 
nated biphenyls) decreased as the degree of chlorination 
increased. The rate of metabolism of 4-chlorinated bi- 
phenyl was found to be less than that of 5-chlorinated bi- 
phenyl and greater than that of 6-chlorinated biphenyl. 
However, the relative rates of various polychlorinated bi- 
phenyls could be ordered according to the number of ad- 
jacent unsubstituted carbon atom pairs they contained. 
These authors, therefore, suggested that the chlorine po- 

Table XXIV-Model Parameters for 3,3',5,5'- 
Tetrachlorobiphenyl in the Rat a 

Flow-Limited Linear Binding 
Constant ( R )  

Tissue Parent Drug Metabolite 

Liver fi  9 ~~ ~~ 

Muscle 
Skin 
Adipose tissue 

1 
7 
220 

0.1 
0.3 
0.5 
1 Gut lumen - 

Others, mlhr 
Liver metabolism constant ( k )  14.7 
Kidney clearance ( k k )  0.7 
Biliary clearance (kb) 12.1 

Gut reabsorption 0.01 
Fecal transport 0.05 

Data (82) reprinted from Drug Metabolism and Disposition with permission; 
0 1977, American Society for Pharmacology and Experimental Therapeutics. 
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Table XXV-Model Parameters for Digoxin in the Rat, Dog, and 
Human 

Table XXVI-Model Parameters for Ethanol in the Dog and Rat 

Flow-Limited Linear Binding Constant ( R )  
Tissue Ratn DOE Humanb 

Heart 1.6 40 40 
Skeletal muscle 1.4 9 9 
Skin, fat, etc. 1.0 9 9 
Kidney 1.9 200 200 
Liver 7.9 15 15 
GI tract 

Tissues 30.0 
Contents - - - 

0 Data (84) reprinted from the Journal of Pharmaceutical Sciences with per- 
mission; 0 1977, American Pharmaceutical Association. Data (85) reprinted from 
the Journal of Pharmaceutical Sciences with permission; C 1977, American 
Pharmaceutical Association. 

sition is more important than the degree of chlorination. 
Other Substances-2-Butanol-Pretreatment with 

2-butanol and its metabolites is known to potentiate the 
hepatotoxicity of carbon tetrachloride. Assuming that the 
only important site of 2-butanol metabolism is in the liver, 
a two-compartment model consisting of a volume of dis- 
tribution compartment and a flow-limited liver compart- 
ment was developed for 2-butanol and its metabolites 
butanone, 3-hydroxy-2-butanone, and 2,3-butanediol by 
Dietz et al. (83) The model included transport to the site 
of metabolism, inhibition of the transformation of buta- 
none to 3-hydroxy-2-butanone, reabsorption of the latter 
in the liver, and elimination of all four compounds from 
the animal. The model adequately described the blood 
data for each of these species after intravenous injections 
of 3-hydroxy-2-butanone and 2,3-butanediol and following 
oral administration of 2,3-butanediol and 2-butanol. These 
simulations also suggested that a 28-30% molar dose of 
2,3-butanediol relative to 2-butanol and butanone gave 
comparable 2,3-butanediol blood kinetics. These authors 
suggested that there is need for incorporating saturable 
transport, both linear and saturable binding, and the in- 
teractions of 2-butanol and its metabolites with enzymes 
and other cellular components when appropriate data 
become available. 

Digoxin-Digoxin is one of the cardiac glycosides used 
in the treatment of heart diseases. As a cardiotonic, digoxin 
increases myocardial contraction force, and as a depres- 
sant, digoxin decreases cardiac rate. A physiologically 
based pharmacokinetic study was performed on digoxin 
and its metabolite by Harrison and Gilbaldi (Table XXV) 
(84). Eight flow-limited compartments were considered 
with metabolism in the liver, linear tissue binding, and 
linear excretion in rats. Good agreement was found with 
plasma, heart, muscle, and liver tissue data and urinary 
excretion data following an intravenous dose. The model 
was then altered to include cholestasis and renal failure by 
setting biliary secretion and renal clearance rates equal to 
zero, respectively. Plasma and urinary excretion data from 
rats with ligated bile ducts or ligated ureters were found 
to be in good agreement with model simulations. The same 
model was then modified for dogs and scaled-up to humans 
(85). The simulations agreed well with urinary excretion 
data and kidney, heart, liver, and muscle tissue data in the 
dog. When scaled-up to humans the model underpredicted 
early interval plasma data, but adequately described the 
urinary excretion data following a single intravenous dose. 
This discrepancy in plasma data may be due to differences 
in binding parameters between dogs and humans, or a 

Parameter Dogn Ratb 

urnax, mg/ml-hr 0.1992 11.64 
Michaelis constant ( K m ) ,  mg/ml 0.0095 0.000041 
Distribution rate 
k13 0.0005 - 
k 31 0.1782 - 

0 Data (87) reprinted from the Journal of Pharrnacokinetics and Biopharma- 
ceutics with permission; Q 1981, Plenum Publishing Corp. Data (86) reprinted 
from Biochemical Pharmacology with permission; 0 1973, Pergamon Press Inc. 

diffusion limitation may exist in this system. Steady-state 
concentration levels predicted were in the same range as 
those found postmortem in human plasma, heart, and 
skeletal muscle; however, liver and kidney concentrations 
were predicted to be 1.5-2 times and 2-3 times the patient 
data, respectively. While the model described the plasma 
data in patients with moderate renal impairment, the 
model underpredicted the plasma data in anuric patients. 
This discrepancy may have resulted from an effect on the 
transport and binding parameters by uremia. 

Ethanol-Ethyl alcohol is known to act on the central 
nervous system causing excitation followed by a depressed 
state. On ingestion, ethanol is rapidly absorbed from the 
small intestine and is rapidly metabolized to acetic acid 
by active acetyl oxidative enzymes in the liver (41). Thus, 
the primary concern for ethanol in the body from a mod- 
eling point of view is in the hepatic system. A two-com- 
partment hybrid model consisting of the liver and the re- 
mainder of the body, which were interconnected by the 
hepatic artery and vein, was developed by Dedrick and 
Forrester for rats (Table XXVI) (86). The authors con- 
cluded that in uitro MichaelisMenten kinetic parameters 
for the liver alcohol dehydrogenase agreed well with the 
model parameters; however, a significant artifact may be 
introduced if the body is considered to be a single com- 
partment. A three-compartment hybrid model was re- 
cently developed by Rheingold et al. (87) to  account for 
the observed vascular concentration gradients, blood flow 
limitations, and liver metabolism. These compartments 
included: the liver; the peripheral circulation represented 
by the femoral artery, peripheral capillaries, and femoral 
vein in series; and a deep compartment. The model was 
fitted to femoral artery and vein data following a 10-min 
constant infusion of ethanol uia the cephalic vein at doses 
of 0.13 and 0.26 g/kg. The values of the metabolism pa- 
rameters did not agree with those of Dedrick and For- 
rester. 

Phenolsulfonphthalein - Phenolsulfonphthalein 
(phenol red) is useful as a diagnostic agent to determine 
the functional activity of the kidney; i.e., intravenous in- 
jection of phenolsulfonphthalein has a longer residence 
time in impaired kidneys (41). A physiologically based 
pharmacokinetic model was developed in the dogfish shark 
(Squalus acanthias) by Bungay et al. (Table XXVII) (88). 
The dogfish shark was chosen to study physiologically 
based pharmacokinetics in aquatic animals because of the 
large amounts of pollutants in the ocean, the scalability of 
pharmacokinetics to lower species, and the abundance of 
experimental methodology available in fish. This model 
consisted of three flow-limited compartments representing 
the kidney, liver, and muscle, a two-subcompartment bile 
duct, and a plasma compartment. The linear binding 
constants for the liver and muscle were obtained from the 
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Table XXVII-Model Parameters for Phenolsulfonphthalein in 
the Dogfish Shark a 

Flow-Limited 
Linear Binding Clearance Constant (k), 

Tissue Constant ( R )  ml/min-kg 

Kidney 
Liver 
Muscle 

8 
4 
0.1 

0.36 
0.62 

Other 
Bile duct 

subcompart- (n = 2) 
ments 

retention time (71,120 min 

0 Data (88) reprinted from the Journal of Pharmacokinetics and Biopharma- 
ceutics with permission; 0 1976, Plenum Publishing Corp. 

equilibrium data; the kidney constants were determined 
by trial and error. Clearance constants were determined 
from experimental data. Although agreement between the 
model and data was good, the concentrations predicted in 
the liver and kidneys were lower than the measured values 
during the distribution phase, while plasma predictions 
were higher than data at early intervals. This discrepancy 
indicates the possibility of higher plasma flow rates than 
reported in the literature. The agreement between pre- 
dictions and urine data was good over the entire 48 hr 
following injection; however, the bile data were lower than 
the predicted values a t  24 and 48 hr. Incorporation of en- 
terohepatic circulation might reduce this discrepancy, as 
suggested by these authors. 

Salicylates-Salicylates have been found to produce 
marked antipyretic and analgesic effects, and are used to 
treat rheumatic fever and rheumatic tonsilitis. These 
substances are easily absorbed from the upper GI tract and 
spread readily through the tissues. Seventy to eighty per- 
cent is usually excreted through the kidneys as free acid 
(41). A seven-compartment flow-limited model was ap- 
plied to study the pharmacokinetics of salicylates in the 
plasma, brain, liver, GI tract, muscle, visceral region, and 
adipose tissue of dogs by Chen et al. (Table XXVIII) (89). 
The CSF concentration of salicylates was determined by 
mass balance around the brain, CSF, and blood. Three 
markedly different dosages, from therapeutic to severely 
intoxicating levels, were given to determine the appro- 
priateness of dosage regimens. The model was able to 
predict the data extremely well over all dosages. In addi- 
tion, comparison of the model with dogs treated with he- 
moperfusion to remove salicylates was presented. In all 
cases the predicted concentrations agreed well with the 
data. 

Sulfobromophthalein and Warfarin-Sulfobromo- 
phthalein dramatically decreases the elimination of war- 
farin, an anticoagulant, in the bile. The kinetics of this 
effect are well known and concentration of both drugs can 

Table XXVIII-Model Parameters for Salicvlates in the Doe 

Ratio of Blood Volume in Organ 
Capillaries to Total Blood Volume ( R )  Tissue 

~ ~~ ~~~~ 

Blood pool 0.46 
Brain 0.007 
Liver 0.087 
Viscera 0.091 
GI tract 0.163 
Muscle 0.164 
Adipose tissue 0.028 

a Data (89) reprinted from the Journal offharmaceutical Sciences with per- 
mission; 0 1978, American Pharmaceutical Association. 

Table XXIX-Model Parameters for Sulfobromophthalein and 
Warfarin in the Rat a 

Flow-Limited Linear Binding Constant 
( R )  

Tissue Sulfobromophthalein Warfarin 

Muscle 0.10 0.060 
Kidney 1.20 0.48 
Liver 2456 1.08 
Elimination constants 

Primary 
urn=, 10-9 mole/min.ml 23.6 0.051 

(liver) 

Secondary 
K,, mole/ml 174.0 65.0 

15.0 - umax KO? 64.1 - 

a Data (91) reprinted from the Journal of fharmacokinetics and Biopharma- 
ceutics with permission; 0 1979, Plenum Publishing Corp. 

be easily measured (41). These properties make sulfo- 
bromophthalein a useful agent for a physiologically based 
pharmacokinetic study. Montandon et al. (90) have de- 
veloped a model to describe total sulfobromophthalein 
(unchanged plus conjugated) in the hepatic system of rats 
and have scaled it to humans (Table XXIX). Two flow- 
limited compartments for liver and extrahepatic tissue 
with linear binding, a three-subcompartment bile duct, 
and a plasma compartment were incorporated. The model 
simulations compared well with data from the bile, liver, 
and plasma following a 200-nmoles/min/kg iv infusion in 
rats. The scaled-up model also agreed with human plasma 
data following a constant intravenous infusion with or 
without a rapid intravenous priming dose. The relative 
inaccuracy between the model and data for the first 10 min 
following rapid intravenous injection may be corrected by 
including different kinetics of conjugated and unconju- 
gated sulfobromophthalein in the model. A recent rat 
model by Luecke and Wosilait (91) improved the afore- 
mentioned model by replacing the extrahepatic com- 
partment with the kidney compartment and using the 
Michaelis-Menten equations for enzymatic processes in- 
volved in the drug elimination uia two pathways (Table 
XXIX). The model described the plasma and bile data of 
warfarin and sulfobromophthalein following a 1-mg/kg iv 
dose of warfarin a t  time zero and a 50-mg/kg dose of sul- 
fobromophthalein a t  60 min. This model provides a 
framework to study drug interaction using single-drug 
models. 

Tetraethylammonium chloride-The tetraethylam- 
monium cation is effective in blocking vasomotor impulses 
to blood vessels, thus producing reduction of gastric 
acidity, GI motility, and partial or complete block of im- 
pulses to structures innervated by the autonomic nervous 
system such as the eye, sweat gland, and bladder (41). An 
eight-compartment model was developed to describe 
transport of the tetraethylammonium ion in the rat by 
Mintun et al. (Table XXX) (92). In the development of the 
model the authors first assumed a flow limitation. How- 
ever, the data showed no steady-state concentration of 
tetraethylammonium ion, which the model predicted 
should occur after a few hours. The authors then incor- 
porated a passive-diffusion membrane limitation. This 
type of model was not able to predict either the early in- 
terval peak or the late interval high concentration associ- 
ated with the data. On the other hand, the authors were 
able to predict the data well by incorporating both passive 
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Table XXX-Model Parameters for Tetraethylammonium 
Chloride in the Rat 

Half Saturation 
Concentration for 

Lungs j Ar Plasma t e r i a  I +, 

Transport Maximum Transport Permeability 
Tissue (&), pg/ml Velocity (urnax), pg/min (hi), ml/min 

v 

Lungs j Ar Plasma t e r i a  I +, 

~~ 

Liver 3.0 75.0 2.0 
Kidney 1.0 60.0 0.8 
Gut 2.0 9.0 0.3 
Lung 0.3 0.5 0.05 
Heart 0.065 0.32 0.03 
Carcass 

400 - rapid - 
slow - 

Data (92) reprinted from the Journal o f  Pharmacokinetics and Biophorma- 

0.5 - 

ceutics with permission; 0 1980, Plenum Publishing Corp. 

and saturable transport across the capillary membrane. 
Since in uitro estimates of drug transport and permeability 
parameters led to poor agreement with the in uiuo data, 
these parameters were fitted with a semiempirical curve- 
fitting technique. Although the model led to an adequate 
representation of the intravenous data, these authors 
questioned the assumption of unidirectional active 
transport in their model. The incorporation of bidirec- 
tional transport and the division of the carcass compart- 
ment into subcompartments representing various tissues 
were improvements suggested by these authors. 

.. 

CONCLUSIONS 

The objective of this review article was to present a 
unified theoretical framework for physiologically based 
pharmacokinetics. To this end, historical and technical 
developments in this area of research were discussed 
briefly. The comparison between experimental and theo- 
retical results on the distribution of over 37 agents in 
various mammals were summarized according to their 
applications. Several important and poorly understood 
problems were pointed out at various places in the text in 
the hope of stimulating interest in the investigations in- 
volved in this area of research. 

Some important problems that deserve further attention 
are: 

1. While simplified models of various organs (e.g., 
lungs, heart, brain, enterohepatic system, kidneys) appear 
to give adequate results in several applications, a more 
complete anatomical description is needed. In reality, 
lungs receive the cardiac output uia the pulmonary cir- 
culation for oxygenation and a small amount oia the 
bronchial circulation for the lung tissue. In most analyses, 
however, the lung component is placed in series with a 
single plasma compartment (Fig. 5A) (29,31). In a limited 
number of analyses the plasma compartment is divided 
into the arterial and veinous pools with the lung placed 
between them, consistent with the anatomy (54, 64). A 
more complete model would include the bronchial circu- 
lation as well (Fig. 5B). Similarly, a complete model of the 
heart would include both the coronary and cardiac flows. 
Detailed models of the kidneys (93), brain, eyes (94-96), 
and enterohepatic system (43,78), which have been dis- 
cussed elsewhere, should be of help in developing more 
comprehensive physiologically based pharmacokinetic 
models (Figs. 1 and 3). 

The modeling of the uptake of a substance that 
binds to the red blood cells presents anatomical queries, 

2. 

A 

I 
to remaining 
organs ( C , )  

Bronchial 
- Circulation 

to remaining 
organs ( C a p )  

Figure 5-Physiological location of the lung compartment with (A) only 
one plasma compartment and no bronchial circulation and (B) two 
plasma compartments with bronchial circulation. 

since red blood cells are present in every tissue throughout 
the body. As shown in Fig. 1, the red blood cells are lumped 
into one compartment and connected to the plasma com- 
partment where transport is considered to occur, normally 
by diffusion. A first-order approximation is made by as- 
suming that the transfer of the substance occurs only from 
the plasma compartment and that the red blood cells oc- 
cupy dead space for transfer. This method is able to de- 
scribe the data well, but a detailed model should account 
for the presence of erythrocytes in each tissue. 

3. Although the assumption of no intercompartmental 
transfer by diffusion is valid for major organs such as the 
liver, kidneys, heart, etc. ,  the assumption does not realis- 
tically apply to poorly perfused organs and tissues. The 
bone, muscle, and fat organs are usually considered to be 
separate components with no diffusional transfer; however, 
this may not be the case for some agents. A first-order 
approximation to alleviate this limitation would be to as- 
sume diffusional mass transfer across these compartments. 
To date no physiologically based model has used or re- 
quired this approach to describe data. 

For many tissues, e.g., solid tumors, the intratissue 
concentration gradients can be large and each compart- 
ment or subcompartment may not behave as a well-mixed 
phase (97). When this is the case, the lumped-compart- 
ment approach applied to date in physiologically based 
pharmacokinetic modeling may not be applicable, and a 
distributed parameter approach may be preferred to de- 
scribe spatial concentration profiles in various tissues 
(97-101). However, detailed descriptions of convective and 
diffusive mass transfer in tissues are mathematically in- 
tractible. The boundary conditions, due to the complex 
geometries of the tissue, may also be difficult. Finally, the 
solution of the partial differential equations may require 
an enormous amount of computer time. To achieve this 
end, finite difference or finite element numerical tech- 
niques could alleviate some of these problems. 

Effect of the disease state can significantly alter the 
pharmacokinetics of an agent by changing its transport, 
excretion, or metabolism. As discussed in this review ar- 
ticle, some models have been able to simulate the effects 

4. 

5. 
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of renal and/or hepatic impairment and hemodialysis in 
uremic patients. 

Use of multiple drugs is common for the treatment 
of various diseases, e.g. ,  combination chemotherapy for 
cancer. Interaction of various drugs can lead to significant 
alterations in the excretion kinetics if they share the same 
biochemical mechanism (91). Models for drug interaction 
need to be developed on the basis of single-drug models. 

7. A novel application for physiologically based 
pharmacokinetics would be in cancer treatment when 
chemotherapy is used in conjunction with other methods 
of cancer therapy, e.g., radiation, hyperthermia, immu- 
notherapy, and surgery. In multimodal therapy, both the 
physicochemical (e .g . ,  mass transfer coefficient and 
binding constants) and the physiological parameters (e.g., 
tissue volume and perfusion rates) may change. The effects 
of temperature on the physiological properties have been 
studied, but such information has not been incorporated 
in physiologically based pharmacokinetic models to date 
(101,102). 

8. Use of certain-agents may lead to changes in the 
cell-cycle parameters involved with enzyme synthesis, drug 
resistance, or cell death (103). Incorporation of cytokinetics 
and detailed biochemical processes in physiologically based 
models remains a challenging problem with useful appli- 
cations. 

9. Although sophisticated numerical techniques are 
available for parameter estimation, most investigators have 
estimated the physicochemical parameters not measured 
independently by “eye-balling.” One reason for this pro- 
cedure is, perhaps, that the estimation of a large number 
of parameters is expensive. The problem can, however, be 
alleviated by dividing the whole body into a number of 
hybrid models, and estimating parameters for each tissue 
by using plasma as the forcing function. Such a sequential 
optimization approach has been successfully applied for 
zinc and pentostatin pharmacokinetics (15,39). 

While the ultimate goal of physiologically based 
pharmacokinetics is to scale-up small animal data to hu- 
mans and to develop rational clinical protocols, such ap- 
plications have been limited (37). Perhaps the paucity of 
human data and the large amount of information needed 
to develop these models prohibit their use in the clinical 
situation. Utilization of hybrid models, however, offers an 
attractive alternative to both classical and physiological 
approaches (40). Unless this approach is widely applied 
in clinical situations, its full potential will not be real- 
ized. 

6. 

10. 

A P P E N D I X  GLOSSARY 

a = maximum facilitated transport rate (mole/ 

a’ = strong-binding constant (mole/ml) 
b = Michaelis constant for saturable transport 

C = tissue concentration (mole/ml) 
c = dissociation constant (mole/ml) 

h = mass transfer coefficient (ml/min) 
k = first-order kinetic rate constant (ml/min) 

K ,  = elimination saturation concentration (mole/ 

min) 

(mole/min) 

g ( t )  = injection function (mole/min) 

ml) 

K,,, = Michaelis metabolism saturation constant 
(mole/ml) 

(mole/min) 

(dimensionless) 

in compartment i (mole/min) 

(dimensionless) 

n = flux across capillary or cell membrane 

R = flow-limited linear binding constant 

ri(t)  = rate of drug disappearance by metabolism 

R’ = membrane-limited linear binding constant 

Q = tissue plasma flow rate (ml/min) 
q = excretion rate (mole/min) 
t = time (min) 
V = tissue volume (ml) 

umax = maximum reaction velocity (mole/min) 
subscripts 

i = ith organ (compartment) 
p = plasma compartment 

c = cellular compartment 
E = extracellular compartment 
I = interstitial compartment 
v = vascular compartment 
* = free drug 
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Abstract Concentrations of bromophenol blue (I) in plasma, urine, 
and bile were determined spectrophotometrically after intravenous bolus 
injections and infusions in rats. The plasma concentrations were found 
to decrease monoexponentially after all doses except the highest, where 
the decrease was biexponential. Although the disposition kinetics of I 
were apparently first-order at  all doses, the half-life increased with in- 
creasing dose. The area under the plasma concentration-time curve 
(AUCs,) increased disproportionately with increasing dose. The binding 
of I to rat plasma proteins, as determined by equilibrium dialysis, showed 
that the fraction bound (96%) remained constant in the concentration 
range of 10-300 pg/ml. Plasma concentrations were determined at  time 
zero after intravenous administration and after a second dose adminis- 
tered 20 min later when plasma concentrations from the first dose were 
minimal. The apparent first-order elimination rate constant for the 
plasma concentration decline following the second dose was significantly 
less than after the first dose, indicating that the residual dye in the liver 
altered the elimination of I after the second dose. The fraction of the dose 
in the liver decreased with increasing dose, indicating a saturable uptake 
process. The biliary excretion profile reflected the uptake saturation that 
occurred in the liver and demonstrated that the biliary excretion of I 
depended on the amount present in the liver. When liver damage was 
induced by exposure to carbon tetrachloride, dye concentrations in the 
plasma, liver, and kidney increased markedly. 

Keyphrases 0 Bromophenol blue-in rat urine, plasma, and bile, 
dose-dependent pharmacokinetics, biliary excretion 0 Pharmacoki- 
netics-bromophenol blue, rat plasma, urine, and bile, biliary excretion 
II Biliary excretion-bromophenol blue, rat urine, plasma, and bile, 
dose-dependent pharmacokinetics 

Bromophenol blue (I) is a high molecular weight anionic 
sulfonephthalein dye (670 g/mole, pK, 4.0). Several re- 
ports (1-3) have shown that I is extensively excreted in the 
bile and is not metabolized in a variety of species including 
the rat. 

Takada et al. (4, 5 )  conducted studies aimed at char- 
acterizing the role of the intracellular protein fractions Y 

and Z in the uptake and transport of I in rat hepatocytes, 
and also developed a linear pharmacokinetic model for the 
biliary excretion of I after intravenous administration in 
rats (6). The model adequately described a single low-dose 
plasma and bile profile, but could not describe the ob- 
served nonlinearity a t  higher doses. The overall aim of 
these authors was to evaluate I as a model organic anionic 
compound by characterizing the pharmacokinetics at three 
different doses. Their report did not fully characterize the 
pharmacokinetics at any dose. Liver concentrations and 
plasma protein binding were not measured, and the ob- 
served nonlinearity was not addressed. 

Studies on the pharmacokinetics of drugs excreted in 
the bile have increased in recent years as investigators have 
become more interested in the effects of liver disease on 
drug clearance, the effects of first-pass liver clearance on 
drug bioavailability, the effects of enterohepatic recircu- 
lation on drug disposition, and the nonlinear excretion of 
drugs (7-11). Usually these studies have not considered 
the extent of protein binding, liver-to-plasma and bile- 
to-liver drug concentration ratios, hepatic blood flow, and 
bile flow. These factors contribute to the interpretation 
of hepatobiliary elimination. In addition, the interpreta- 
tion has been complicated by the use of compounds such 
as sulfobromophthalein that undergo metabolism. Ideally, 
a model compound used in studying hepatobiliary elimi- 
nation would not undergo metabolism, nor enterohepatic 
recirculation, and would not be pharmacologically ac- 
tive. 

The organic anion, bromophenol blue (I), possesses these 
qualities (2, 4). Therefore, the present investigation was 
undertaken to: (a )  determine the pharmacokinetic profile 
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sulfonephthalein dye (670 g/mole, pK, 4.0). Several re- 
ports (1-3) have shown that I is extensively excreted in the 
bile and is not metabolized in a variety of species including 
the rat. 

Takada et al. (4, 5 )  conducted studies aimed at char- 
acterizing the role of the intracellular protein fractions Y 

and Z in the uptake and transport of I in rat hepatocytes, 
and also developed a linear pharmacokinetic model for the 
biliary excretion of I after intravenous administration in 
rats (6). The model adequately described a single low-dose 
plasma and bile profile, but could not describe the ob- 
served nonlinearity a t  higher doses. The overall aim of 
these authors was to evaluate I as a model organic anionic 
compound by characterizing the pharmacokinetics at three 
different doses. Their report did not fully characterize the 
pharmacokinetics at any dose. Liver concentrations and 
plasma protein binding were not measured, and the ob- 
served nonlinearity was not addressed. 

Studies on the pharmacokinetics of drugs excreted in 
the bile have increased in recent years as investigators have 
become more interested in the effects of liver disease on 
drug clearance, the effects of first-pass liver clearance on 
drug bioavailability, the effects of enterohepatic recircu- 
lation on drug disposition, and the nonlinear excretion of 
drugs (7-11). Usually these studies have not considered 
the extent of protein binding, liver-to-plasma and bile- 
to-liver drug concentration ratios, hepatic blood flow, and 
bile flow. These factors contribute to the interpretation 
of hepatobiliary elimination. In addition, the interpreta- 
tion has been complicated by the use of compounds such 
as sulfobromophthalein that undergo metabolism. Ideally, 
a model compound used in studying hepatobiliary elimi- 
nation would not undergo metabolism, nor enterohepatic 
recirculation, and would not be pharmacologically ac- 
tive. 

The organic anion, bromophenol blue (I), possesses these 
qualities (2, 4). Therefore, the present investigation was 
undertaken to: (a )  determine the pharmacokinetic profile 
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of I elimination from plasma after intravenous adminis- 
tration of different doses; ( b )  evaluate the effect of prior 
administration of I on the plasma decline of a subsequent 
intravenous administration; ( c )  determine the liver con- 
centration of I after intravenous administration; ( d )  assess 
the plasma protein binding of I; ( e )  analyze the biliary 
excretion profile of I after intravenous bolus and infusion 
administrations; and ( f )  evaluate the utility of I pharma- 
cokinetics in assessing liver damage. 

EXPERIMENTAL 

Animal Preparation-Fasted male Sprague-Dawley rats (260-470 
g )  were anesthetized with 50 mglkg ip of sodium secobarbital followed 
by cannulation of the left jugular vein and the right carotid artery with 
polyethylene tubing'. Doses of I2 were administered as a bolus or infusion 
through the jugular vein catheter. Blood samples were withdrawn from 
the carotid artery cannula at selected times after administration, collected 
in heparinized tubes3, and centrifuged; the plasma was removed and 
stored frozen at  -20" until assayed. The blood collected did not exceed 
10% of the total blood volume. Urine was collected as produced and then 
frozen. All bile was collected in preweighed, screw-cap vials4 and frozen 
until assayed. Bile collection was at 5-min intervals for 2 hr and then at 
15-min intervals for the duration of the experiment. The body temper- 
atures of the rats were maintained at  37 f 0.5' with a heat lamp and 
monitored by a rectal thermistor probe5. 

Intravenous Studies-Doses of 5.6, 11.2, 22.4, and 33.6 mghg of I 
dissolved in 0.5 ml of isotonic phosphate buffer (pH 7.4) were adminis- 
tered to four rats per dose as an intravenous bolus through the jugular 
vein catheter followed by a 0.3-ml saline wash. Blood samples, 0.2-0.4 
ml, were withdrawn from the carotid artery cannula at various times after 
dosing, collected in heparinized tubes, centrifuged, and the plasma re- 
moved for assay. 

In six other rats, additional surgery exposed the common bile duct 
through a small midline abdominal incision (2-3 cm) followed by the 
insertion of a polyethylene6 cannula for bile collection. Two doses of I, 
5.6 and 11.2 mglkg, were administered to three rats each as an intravenous 
bolus. Blood, urine, and bile were collected after administration. 

In another experiment, three rats were administered an 11.2-rnghg 
dose of I as an intravenous bolus through the jugular cannula followed 
by the administration of a second 11.2-mghg dose 20 min later. Blood 
samples, 0.2 ml, were withdrawn from the carotid artery at  selected in- 
tervals after each administration of I. 

Infusion Studies-Twenty-four rats were prepared for drug admin- 
istration and blood withdrawal as described above. Twelve rats received 
an 11.2-mg/kg dose of I and twelve rats received a 22.4-mghg dose of I. 
At  selected times after the dye administration, 4.0-6.0 ml of blood was 
drawn from the inferior vena cava followed by excision of the liver. The 
liver was rinsed in normal saline, dried, weighed, and stored frozen at  
-20' until assayed. A 2-ml plasma sample was subjected to equilibrium 
dialysis as described below, and the remainder of the sample was frozen 
until assayed. 

Four additional rats were prepared for blood, urine, and bile collection 
as outlined. Bromophenol blue was infused through a jugular cannula 
with an infusion pump at rates of 3.0,6.0,10.0, and 24.0 mghr  for 2 hr. 
The time to reach steady state was approximated at 1-1.5 hr using data 
from the intravenous studies. The approximation was based on linear 
pharmacokinetics, so an additional 0.5 hr of infusion time was allotted 
as an adjustment for the observed nonlinearity bringing the total time 
of infusion to 2 hr. Blood, urine, and bile were collected during and after 
the infusion of I. 

Liver Dysfunction Studies-Undiluted carbon tetrachloride was 
given by intubation at a dose of 2.5 mllkg, followed by the immediate 
infusion of I, to three rats which had been fasted for 24 hr. Three addi- 
tional rats were used as a control. The rats were then allowed food and 
water ad libitum for the next 24 hr. A t  this time the rats were anesthetized 
with ether and blood (4-6 ml) was drawn from the inferior vena cava; both 
the liver and kidneys were quickly excised, rinsed in normal saline, blotted 

* PE-50, Clay-Adams, Parsippany, N.J. * Allied Chemical Co., New York, N.Y. 

4 Kimble. Toledo, Ohio. 
Vacutainer; Becton, Dickinson & Co., Rutherford. N.J. 

Yellow Springs Instruments, Yellow Springs, Ohio. 
PE-10; Clay-Adams, Parsippany, N.J. 

1 b . b O  5.00 l 0 : O O  15.'00 20:OO 25:OO 30.00 
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Figure I-Semilogarithmic plot of mean f SD (bars) plasma levels of 
I as a function of time after intravenous bolus administration of 5.6 
mglkg (X); 11.2 mglkg (+); 22.4 mglkg (A); and 33.6 rnglkg (0). 

dry, and weighed. The rate of bile production was used as an index of liver 
dysfunction. 

Protein Binding-The binding of I to plasma proteins was deter- 
mined by equilibrium dialysis. Dialysis tubing, average pore diameter 
24 A, was prepared by boiling twice for 20 min in distilled water. Fresh 
rat plasma, 2 ml, was placed in the dialysis bag and allowed to equilibrate 
with I in isotonic phosphate buffer (pH 7.4) for 24 hr a t  37'. 

Assays-Plasma or urine (25-200 pl) was diluted with 1-2 ml of 
phosphate buffer (pH 81, and the absorbance was measured at 595 nm 
with a microsample spectroph~tometer~. Bile was diluted with 2-10 ml 
of phosphate buffer (pH 8.0) and measured with a double-beam spec- 
trophotometers. The specific gravity of bile was determined by weighing 
known volumes of bile. Standard curves were prepared daily from rat 
plasma, urine, or bile spiked with appropriate concentrations of I. The 
amount of I in the liver and kidneys was measured after each organ was 
homogenized with twice its weight of isotonic phosphate buffer (pH 7.4) 
in an homogenizerg. Six milliliters of acetone was added to 5 ml of ho- 
mogenate, mixed, and shaken for 15 min in a mechanical shakerlo. The 
final mixture was centrifuged for 20 min at 2500 rpm. The supernatant 
was collected, centrifuged again, diluted with phosphate buffer (pH 8), 
and then measured at  595 nm with a spectroph~tometer~. 

Standard curves were prepared on each day of analysis by adding 
known amounts of I to rat liver or kidney cytoplasm diluted in phosphate 
buffer (pH 8.0). The standard curves were linear ( r  = 0.9998) from 1 to 
12 pg/ml with assay sensitivity limits in plasma, urine, bile, and tissue 
of 0.6,0.6,0.8, and 0.6 pg/ml, respectively. 

RESULTS 

Intravenous Studies-A semilogarithmic plot of the mean plasma 
concentration-time curves after intravenous bolus injections of 5.6,11.2, 
22.4, and 33.6 mghg of I is shown in Fig. 1. The elimination of I from 
plasma appeared to be monoexponential in the dose range of 5.6-22.4 
mg/kg. The data for these doses were fit by NONLIN (12) to the equa- 
tion: 

(Eq. 1) 

Gilford Instruments Laboratories Inc., Oberlin, Ohio. 
Coleman Model 124, Perkin-Elmer Corp., Marywood, 11. 
Polytron; Brinkmann Instruments, Westbury, N.Y. 

lo Precision Instruments, Chicago, Ill .  
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Table I-Mean (*SO) Pharmacokinetic Parameters After 
Intravenous Bolus Administration of I in Rats 

70.00- 

56.00- 

N , 
2 
X 

Dose, t 1 / Z a ,  V b ,  AUCK,~, CL,!, Be9 
malka min ml/kn uamin/ml ml/min min-1 

5.61 2.28 32.7,& 2.5 574 f 107 3.68% 0.88 0.304 f0.030 
11.29 3.66 40.1 f 4.8 1489 f 191 2.77 f 0.35 0.190 f 0.008 
22.41 6.54 49.0 f 3.5 4349 f 231 2.21 f 0.45 0.106 f 0.013 
33.61 9.43 78.2 f 6.1 6275 f 43 1.43 f 0.01 0.073 f 0.004 

0 Harmonic mean. Volume of distribution per kg of body weight. Area under 
CL, = dose/AUCk,. the plasma concentration-time curve (time zero to infinity). 

e Apparent elimination rate constant. n = 3 . 8  n = 4. 

where C, is the plasma concentration at  time t ,  D is the dose, V is the 
apparent volume of distribution, and p is the apparent first-order dis- 
position rate constant. The plasma concentration-time curve for the 
33.6-mghg dose of I appeared to be biexponential and /3 was determined 
from the terminal log-linear segment. 

The plasma clearance of I was calculated for each dose by: 

C L ,  = D/AUC&, (Eq. 2) 

Where CL, is the plasma clearance and AUCG., is the area under the 
plasma concentration-time curve from zero to infinity. The trapezoidal 
rule was used to calculate the AUC from time zero to the time of the last 
measurable concentration-time point and a correction was then added 
to the trapezoidal AUC to approximate the AUCo-,. The volume of dis- 
tribution per kilogram of body weight was determined from: 

v = c L , I p . w  (Eq. 3) 

where CL, and pare as defined previously and W is the weight of the rat 
in kilograms. The results of these calculations are shown in Table I. The 
elimination rate constant (p), the plasma clearance (CL,), and the volume 
of distribution ( V )  were not constant over the range of doses adminis- 
tered. The AUCw, deviated positively from a linear relationship (Fig. 
2) when plotted against the dose. 

Plasma concentrations of I were determined following two intravenous 
injections of 11.2 mglkg separated by 20 min. A t  20 min after the first 
dose, most of the dye was eliminated from the plasma (Fig. 3). The ap- 
parent elimination rate constant following the fust dose was 0.176 f 0.011 
min-' ( n  = 3). The plasma concentrations of I following the second dose 
deviated from the predicted values and declined monoexponentially. The 

42.00 

I rn a 
0 2 28.00 

a 

0 . o o y  1 1 
0.00 10.00 20.00 30.00 40.00 

DOSE, mg/kg 

Figure 2-Relationship between mean f SD (bars) AUC of the plasma 
level-time curve and the dose of 1 following intravenous bolus adrnin- 
istration in rats with cannulated bile ducts. The solid line represents 
the relationship that would be expected if linear kinetics were oper- 
able. 

4 

1 

loo ! 0 

0.00 5.00 10.00 15.00 20.00 25.00 30.00 
MINUTES 

.Figure 3-Semilogarithmic plot of mean f SD (bars) plasma levels (n 
= 3) of I after intravenous bolus administration of 11.2 mglkgat t = 0 
and a second dose at t = 20 min. The line is the theoretical line based 
on the elimination rate constant for the first dose and assuming linear 
kinetics. 
apparent elimination rate constant following the second dose was 0.134 
f 0.018 min-l, which was significantly different from the first dose using 
the paired-value t test (p < 0.01). The line in Fig. 3 is the theoretical line 
based on linear kinetics using the parameters derived from the first 
dose. 

The fraction of the dose in the plasma and liver at selected times after 
the administration of 5.6- and 11.2-mglkg doses of I are shown in Fig. 4. 
The fraction of the dose in the liver was lower after the 22.4-mghg dose 
than after the 11.2-mglkg dose for times >3 min. The concentration of 
I in the liver did not reach equilibrium with the concentration in the 
plasma until 30 min after drug administration (Fig. 4). 

1 . O O l  

0.80 R 

0.00'. -1 1 
0.00 24.00 4600 72:OO 96.00 120.00 

MINUTES 
Figure 4-Fraction of the dose of I in plasma and the liver following 
intravenous bolus administration of 11.2 mglkg [(A) plasma, (*) liver] 
and 22.4 mglkg I(@) plasma, (W liver]. Each set of plasma and liver 
points that correspond in time are from one rat. 
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Table 11-Tissue Concentration, Concentration Ratios, and Bile 
Production of I During Constant Intravenous Infusion in 
Control and Carbon Tetrachloride-Treated Rats a 

a 
loo- z 9: 

G 4- 

A 
w 7 -  
LL 6-  0 
w 5- 

1.50 

1.20 

4 

n 

4 

TIME MIDPOINT, min 

Figure 5-Mean fraction (n = 3) of 5.6-mglkg (m) and 11.2-mglkg (*) 
doses expressed as the percent of the dose of I excreted per hour in bile 
after intravenous bolus administration. The solid lines were simulated 
and serve as definition of the data points. 

The total mean fraction of the dose excreted following a 5.6-mglkg dose 
(0.93) was greater than the total mean fraction of the dose excreted fol- 
lowing an 11.2-mghg dose (0.86). The mean rate of excretion (mean 
fraction per hour) of I in the bile following 5.6- and 11.2-mghg doses are 
shown in Fig. 5. The mean fractional rate of excretion of I in the bile was 
greater after the 5.6-mg/kg dose than after the 11.2-mg/kg dose a t  1 2 5  
min. When body temperature was not controlled, a reduction in the cu- 
mulative fraction of the dose excreted in the bile (0.76) following an 
11.2-mglkg dose was observed. The cumulative amount of I collected in 
the urine accounted for 2.5% of the dose, and the amount excreted was 
not dose related. 

Infusion Studies-The amounts of I excreted per hour in bile during 

Y A 

F I  Q 

.-  
0.00 20:OO 40:OO 60:OO 80100 100.00 126.00 

MINUTES 

Figure 6-Amount of I excreted per hour in bile during constant in- 
travenous infusion at the rates of 3.0 mglhr fo), 6.0 mglhr f a ,  10.0 
mglhr (A), and 24.0 mglhr (*). The concentration of  I in the infusion 
solution was adjusted sa that the volume infused was the same for all 
infusion rates. 

Drug Concentrationb 
Tissue Control Treated" t Test 

Plasma (pg/ml) 6 2 f  15 2 4 0 f 9  p CO.05 
Liver ( p  /g) 89 f 38 119 f 25 p < 0.05 
Bile (pgfml) 2567 f 402 1652 f 613 p < 0.05 

p < 0.05 Kidney ( d g )  58 8 203 f 12 
Concentration Ratios 

LiverPlasma 
BileLiver 

1.3 f 0.1 0.5 f 0.1 p < 0.05 
33 f 10 14 f 2.2 p < 0.05 

Kidneyh'lasma 1.3 f 0.8 0.8 f 0.1 n.s. 

pllmin-kg 

a Mean f SD; n = 3. * At 3 hr during a 5.7-mghr infusion; normalized to a 
During a 16-mghr.kg 

Mean bile production rated, 78 f 1 2 2 f  1 p <0.05 

300-g rat. 
infusion. 

Carbon tetrachloride dose of 2.5 m l k g  PO. 

intravenous infusion at rates of 3.0,6.0,10.0, and 24.0 m g h r  are shown 
in Fig. 6. Saturation of the excretion of I in bile occurred with the 10.0- 
and 24.0-mghr rates. The maximum excretion rate was 8.5 mg/hr. Again, 
the amount of I excreted in the urine was small in proportion to the dose 
administered and was net dose related. 

Liver Dysfunction Studies-The results of the carbon tetrachloride 
treatment are presented in Table 11. The carbon tetrachloride treatment 
reduced the rate of bile production to one-third that of the control group. 
Liver-to-plasma and bile-to-liver ratios of I decreased by 60% in the 
treated rats. It is interesting to note the kidney concentrations increased 
by 200% in the treated rats. 

Protein Binding-The plasma protein binding of I was determined 
by equilibrium dialysis of pooled rat plasma against I in isotonic phos- 
phate buffer. The percentage of I bound to plasma proteins was 96.0 f 
0.5% at 37' and was constant over the range of 10-300 pglml. 

DISCUSSION 

The clearance of I from plasma is not a linear process in the dose range 
investigated. Changes in the binding of I to plasma proteins did not ex- 
plain these observations since the binding was constant. Referring to Fig. 
1, the plasma profiles appear to be first order. Perrier et al. (13) presented 
theoretical curves which are very similar in nature to the curves in Fig. 
1. However, the theoretical curves are the result of either Michaelis- 
Menten kinetics, substrate inhibition, or product inhibition. Any sug- 
gestions regarding applicability of I disposition to biotransformation 
kinetics are inappropriate since I is not metabolized, but adaptation to 
a Michaelis-Menten type saturable binding equation may be appropriate 
for successful modeling. 

Recently, Stoeckel et al. (11) developed a compartmental model to 
describe the plasma profile of indocyanine green in rabbits. The model 
incorporated Michaelis-Menten transfer from the central compartment 
to the peripheral compartment. However, these authors failed to fit in- 
docyanine green data from rats and cited experimental difficulties as an 
explanation. It is likely that the indocyanine green data from the rat do 
not conform to Michaelis-Menten kinetics. In fact, the actual plasma 
profile of indocyanine green in rats (Fig. 6 in Ref. 11) appears to be 
biexponential and first order. It is conceivable that a combination of fast 
distribution and dose-dependent saturation described herein may result 
in the nonlinear and apparent first-order profiles observed by Stoeckel 
et al. ( l l ) ,  since indocyanine green is in the same chemical class as I and 
it is not metabolized nor enterohepatically recycled (14). 

The consecutive dose administration study showed that the plasma 
profile after the second injection differed significantly from the plasma 
profile after the first injection, even though the plasma concentrations 
after the first injection were approaching zero prior to the second injection 
(Fig. 3). The difference in the plasma profiles following repeated intra- 
venous injections of I indicated that the nonlinearity depends not only 
on the dose of I but also on the residual amount of I in the liver and a rapid 
distribution from plasma. Smith et al. (3) reported a dye concentration 
in the liver of rats 20 times the plasma concentration at 5 min after dosing, 
confirming a rapid distribution from plasma. Thus, the nonlinear plasma 
elimination of I is related to either differences in liver uptake with in- 
creasing dose or differences in biliary secretion with increasing dose. 

Takada et al. (4) had previously shown that the liver-to-plasma con- 
centration ratio of I decreased as the dose was increased from 11.2 to 66.7 
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mg/kg in rats, indicating that saturation occurred and caused a decrease 
in the distribution from plasma. There was no change in the bile-to-liver 
concentration ratio over the same dose range, suggesting that nonlinear 
plasma elimination was due to saturable liver uptake only. 

The data from the liver studies support the data of Takada (4) because 
a partial saturation of the transfer process (uptake) from the plasma to 
the liver occurred at the higher dose (Fig. 4). It has been previously hy- 
pothesized that the saturability of the uptake process is due to the limited 
binding capacity on the hepatic intracellular macromolecules (Y and Z), 
which have been shown to be instrumental in the hepatobiliary transport 
of I (4,5). Nagashima et al. (15) suggested that saturable tissue binding 
can be responsible for the type of nonlinearity observed with this data. 
If the macromolecular binding sites for I become saturated at  higher 
doses, the fraction of free drug in the liver should increase. Classically, 
only free drug can transfer across membranes. Therefore, I could then 
transfer back into plasma resulting in an increase in the apparent elim- 
ination @phase) half-life. The same result would occur if a very tight 
binding site for I was saturated and more dye was bound to a protein for 
which it normally has less affinity. The data from this study and from 
previous studies (3-6) support the hypothesis that the plasma nonlin- 
earity is due to the saturation of the hepatic protein binding sites for 
I. 

The saturation of the liver at higher doses of I was reflected in the bile 
as well (Fig. 5). Takada et al. (4) reported that the excretion of I in bile 
was not saturable over the dose range of 11.2-66.7 mg/kg because the 
bile-to-liver concentration ratio remained unchanged. Therefore, the 
observed differences in the cumulative amount excreted and in the ex- 
cretion rate of I in the bile after 5.6- and 11.2-mg/kg doses must be a direct 
result of the saturation of the uptake process in the liver (Fig. 5). The 
same result occurred with the infusion data; i.e., the amount of I excreted 
per hour in the bile plateaued at  8.5 mghr at the two highest infusion 
rates, indicating a dependence on the amount of I present in the liver (Fig. 
6). Overall, the excretion of I in bile was linear. 

When liver injury was induced by carbon tetrachloride administration, 
a significant reduction in the rate of excretion of I in bile occurred (Table 
11). The excretion of I in bile in carbon tetrachloride-treated rats de- 
creased to the extent that it is doubtful that a linear model would apply. 
The extent of parameter changes that would be calculated from the data 
may be a reflection of both the liver damage produced by the carbon 
tetrachloride treatment and the nonlinear behavior of I. 

In summary, the disposition of I in the rat was characterized. The ap- 
parent first-order elimination kinetics of I in plasma were nonlinear be- 
cause the liver uptake process was saturable. This was evident from the 
increase in elimination half-life and disproportionate increase in area 
under the plasma concentration-time curve with increase in dose. The 
nature of the saturation was not determined in this study, but it does 
appear that it is not a Michaelis-Menten effect because I is neither me- 

tabolized (2) nor does it demonstrate the appropriate plasma concen- 
tration-time profiles with ascending doses (i .e. ,  parallel slopes at con- 
centrations below K,,,). It is also not a facilitated transport effect because 
metabolic inhibitors do not influence the uptake of I by liver cells (4). The 
amount of I excreted in bile was dependent on the amount present in the 
liver reflecting the uptake saturability. 

These findings could be applied to other nonmetabolizing organic 
anions and, with adaptations, to compounds that are metabolized. Fur- 
ther work regarding the nature of the saturation and regarding the dis- 
position in higher animals is suggested in order to completely evaluate 
the use of I as a general index for hepatobiliary function. 
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Abstract Preparation of some simple lactone analogues of picrotoxin 
and their biological evaluation is reported. Certain analogues possessed 
activity, but a t  potencies insufficient to warrant further work. 
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Although picrotoxin [an equimolar mixture of picrotin 
(I) and picrotoxinin (1111 was used as early as the 18th 
century as a fish toxin and clinically in humans during the 
1930s and 19409, only in the last decade has an under- 

standing of its mode of action as a CNS stimulant begun 
to emerge. It was first recognized as a y-aminobutyric acid 
antagonist (l),  but more recently its mechanism of an- 
tagonism has been shown to be inhibition of chloride ion 
permeability in neuronal preparations (2). Jarboe and 
coworkers (3) have examined aspects of the structure- 
activity relationship (SAR) of these materials and con- 
cluded that in order to possess activity, certain features 
were required: ( a )  a free bridgehead hydroxyl group, ( b )  
a lactone ring connecting carbons 3 and 5 ,  and ( c )  an iso- 
propenyl group (which appears to govern potency). 
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mg/kg in rats, indicating that saturation occurred and caused a decrease 
in the distribution from plasma. There was no change in the bile-to-liver 
concentration ratio over the same dose range, suggesting that nonlinear 
plasma elimination was due to saturable liver uptake only. 

The data from the liver studies support the data of Takada (4) because 
a partial saturation of the transfer process (uptake) from the plasma to 
the liver occurred at the higher dose (Fig. 4). It has been previously hy- 
pothesized that the saturability of the uptake process is due to the limited 
binding capacity on the hepatic intracellular macromolecules (Y and Z), 
which have been shown to be instrumental in the hepatobiliary transport 
of I (4,5). Nagashima et al. (15) suggested that saturable tissue binding 
can be responsible for the type of nonlinearity observed with this data. 
If the macromolecular binding sites for I become saturated at  higher 
doses, the fraction of free drug in the liver should increase. Classically, 
only free drug can transfer across membranes. Therefore, I could then 
transfer back into plasma resulting in an increase in the apparent elim- 
ination @phase) half-life. The same result would occur if a very tight 
binding site for I was saturated and more dye was bound to a protein for 
which it normally has less affinity. The data from this study and from 
previous studies (3-6) support the hypothesis that the plasma nonlin- 
earity is due to the saturation of the hepatic protein binding sites for 
I. 

The saturation of the liver at higher doses of I was reflected in the bile 
as well (Fig. 5). Takada et al. (4) reported that the excretion of I in bile 
was not saturable over the dose range of 11.2-66.7 mg/kg because the 
bile-to-liver concentration ratio remained unchanged. Therefore, the 
observed differences in the cumulative amount excreted and in the ex- 
cretion rate of I in the bile after 5.6- and 11.2-mg/kg doses must be a direct 
result of the saturation of the uptake process in the liver (Fig. 5). The 
same result occurred with the infusion data; i.e., the amount of I excreted 
per hour in the bile plateaued at  8.5 mghr at the two highest infusion 
rates, indicating a dependence on the amount of I present in the liver (Fig. 
6). Overall, the excretion of I in bile was linear. 

When liver injury was induced by carbon tetrachloride administration, 
a significant reduction in the rate of excretion of I in bile occurred (Table 
11). The excretion of I in bile in carbon tetrachloride-treated rats de- 
creased to the extent that it is doubtful that a linear model would apply. 
The extent of parameter changes that would be calculated from the data 
may be a reflection of both the liver damage produced by the carbon 
tetrachloride treatment and the nonlinear behavior of I. 

In summary, the disposition of I in the rat was characterized. The ap- 
parent first-order elimination kinetics of I in plasma were nonlinear be- 
cause the liver uptake process was saturable. This was evident from the 
increase in elimination half-life and disproportionate increase in area 
under the plasma concentration-time curve with increase in dose. The 
nature of the saturation was not determined in this study, but it does 
appear that it is not a Michaelis-Menten effect because I is neither me- 

tabolized (2) nor does it demonstrate the appropriate plasma concen- 
tration-time profiles with ascending doses (i .e. ,  parallel slopes at con- 
centrations below K,,,). It is also not a facilitated transport effect because 
metabolic inhibitors do not influence the uptake of I by liver cells (4). The 
amount of I excreted in bile was dependent on the amount present in the 
liver reflecting the uptake saturability. 

These findings could be applied to other nonmetabolizing organic 
anions and, with adaptations, to compounds that are metabolized. Fur- 
ther work regarding the nature of the saturation and regarding the dis- 
position in higher animals is suggested in order to completely evaluate 
the use of I as a general index for hepatobiliary function. 
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(I) and picrotoxinin (1111 was used as early as the 18th 
century as a fish toxin and clinically in humans during the 
1930s and 19409, only in the last decade has an under- 

standing of its mode of action as a CNS stimulant begun 
to emerge. It was first recognized as a y-aminobutyric acid 
antagonist (l),  but more recently its mechanism of an- 
tagonism has been shown to be inhibition of chloride ion 
permeability in neuronal preparations (2). Jarboe and 
coworkers (3) have examined aspects of the structure- 
activity relationship (SAR) of these materials and con- 
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Scheme I-Synthesis of lactones III. Key: (a) tris-triphenylphosphine rhodium chloridehydrogen; (b) potassium-tert -mylate-methyl bromoacetate; 
(c) potassium hydroxide; (d) iodine-potassium iodide, sodium bicarbonate; (e) triphenyltin hydride; (f)  sodium borohydride. 

I I1 

To ascertain if a simpler agent might possess picro- 
toxin-like activity, i.e., if the lactone ring connecting car- 
bons 3 and 5 is essential while the lactone connecting car- 
bons 2 and 11 plays no role (as previously suggested), we 
set about to prepare analogous lactones (111) and deter- 
mine if they showed CNS stimulatory activity similar to 
picrotoxin in rodents. 

0 

v A 
111 

D R P C H s  
b R = CHI= 

RESULTS AND DISCUSSION 

The most convenient preparation of the target compounds with 
asymmetric centers of the same configuration as picrotoxin seemed to 
reside in choosing a starting material with at least some of these centers 
already established. Then one may rely on the particular features of the 

$r” Iv 

molecule, such as steric factors and conformation, to control the course 
of reactions which would be, thereby, regio- and stereoselective. With 
these factors in mind, it can be seen that the most suitable starting ma- 
terial is the known natural product (-)-carvone (IV). 

The desired lactones (111) should be available from carvone via intro- 
duction of a suitable two-carbon side chain (Y to the ketone, lactonization, 
and subsequent reduction of the ketone function. A convenient approach 
for the introduction of the two-carbon side chain was expected to be the 
alkylation of the enolate generated by base abstraction of a y proton of 
an a,B-unsaturated ketone. There is ample precedent for this expected 
alkylation in polycyclic systems (4). However, Theobald (5) reported 
dimerization of carvone under the projected reaction conditions. Initial 
attempts in our laboratory at direct base-catalyzed alkylation of camone 
afforded only over-alkylated products. Finally, careful investigation of 
the effects of the nature of the alkoxide anion, metal cation, solvent, and 
temperature Conditions’ of the base-catalyzed alkylation afforded a 
convenient direct procedure. It was found that alkylation of camone with 
potassium t ert -amylate-methyl bromoacetate in a mixture of dime- 
thoxyethane and dimethylformamide afforded acceptable yields of the 
desired product, methyl-2-[1(R,S)-methyl-2-oxo-4(S)-isopropenyl-5- 
cyclohexenyl]acetate (Vb). Alternatively, prior reduction of the isopro- 
penyl group of carvone followed by alkylation under the same conditions 
afforded Va. The keto esters were then hydrolyzed in base producing 
lactols VI, which were lactonized under iodolactonization conditions to 
a mixture of iodo lactones VII. Iodo lactone VIIb was not characterized 
fully because it darkened rapidly on isolation, apparently due to the 
presence of triiodo lactone formed by iodination of the isopropenyl group 
during the lactonization sequence. The iodo lactones were deiodinated 
by reduction with triphenyltin hydride and the resultant keto lactones 
VIII were reduced to the hydroxy lactones I11 with sodium borohydride 
(Scheme I). 

1. The sequence was initiated with a starting material of known 
absolute configuration. Selective reduction of the isopropenyl group 
should not modify any centers of stereochemistry. 

2. The base-catalyzed alkylation would be expected to produce 
a mixture with B-alkylation (trans to the isopropyl and isopropenyl 
group) predominating (6). 

Hydrolysis of the acetate ester mixture and iodolactonization 
produced a mixture (31 ratio) of y-lactones, showing carbonyl absorption 
at 1780 cm-l in the IR spectrum. 

4. The major iodo lactone isomer was assigned structure VII based 
on its carbonyl absorption and by an examination of the coupling pattern 
of the methine hydrogen (Y to the lactone ether linkage, showing one 
proton doublet, 6 5.1 ppm (J = 4 Hz). This proton is clearly diequatorially 
coupled to the adjacent methine (Y to the iodine function. This is con- 
sistent with the usual transdiaxial iodolactonization mechanism. 

The structural assignments were based on the following: 

3. 

’ H. N. Edwards; unpublished work. 
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5. Deiodination does not alter stereochemistry at  any centers, so 
structure VIII represents the keto lactones. 

6. Sodium borohydride reductions of cyclohexanones proceed with 
introduction of hydrogen from the less hindered face, in this case from 
the /3 face, to produce hydroxy lactones 111. 

Biological evaluation was made with a screening procedure which at- 
tempts to selectively utilize available techniques to identify major types 
of central nervous system (CNS) activity. It is not definitive, but rather 
a qualitative evaluation. Generally, it is a comparison of activity between 
an unknown and a control vehicle. The detection screen employs direct 
visual observation of behavior plus measures of simple reflex activities. 
In this particular case attention was given to muscle tonus. The animals 
were placed in an observation arena, which is a large metal tray lined with 
beddingz. The animals were provoked to walk and were gently handled 
to judge body tonus. Compounds IIIa, IIIb, VIIIa, and VIIIb were eval- 
uated at  doses of 1,10,100 (and higher, if quantities permitted) mglkg 
in female Wistar rats. Compound IIIa produced no effect at doses of 5200 
mglkg (the highest dose tested). Compound IIIb produced no effect at 
doses of 5100 mg/kg, but caused death within 24 hr at 150 mg/kg, the 
highest dose evaluated. It is unknown if picrotoxin-like convulsions were 
produced. A t  doses of <lo0 mg/kg, ketolactone VIIIa caused no ob- 
servable effect, but caused the animal to die within 4 days after a 100- 
mglkg dose. A t  a dose of 200 mg/kg this ketolactone produced onset of 
tonic convulsions within 3 min followed by clonic convulsions by 10 min, 
with pilorection and salivation. The animals died within a 20-min period. 
Keto lactone VIIIb produced no effects at doses <lo0 mg/kg, but a t  a dose 
of 125 mgkg (the highest dose tested) the animals died within 12-15 hr. 
It is unknown if convulsions were produced. Because doses >lo0 mg/kg 
were required to produce biological effects, the potency of this series was 
not sufficient to develop further. 

EXPERIMENTAL3 

Preparation of Potassium- tert-amyloxide-To 60 ml of tert -amyl 
alcohol (44.5 g, 0.55 mole) contained in 500 ml of dimethoxyethane under 
argon was added potassium (23.45 g, 0.6 g-atom), and the mixture was 
heated to reflux for 2 days. The contents were allowed to cool to room 
temperature, and the reflux condenser was replaced with a rubber sep- 
tum. The resulting stock solution was standardized by titration with 2.42 
X N potassium acid phthalate solution (phenophthalein as indica- 
tor) before each base reaction was carried out. 

Alkylation Reactions Using Potassium- tert-amyloxide-To 0.1 
mole of enone in 250 ml of dimethylformamide stirring in an ice bath 
under argon was added 0.086-0.14 mole of freshly prepared base solution 
over a period of 10 min. To the resultant mixture was added 0.2 mole of 
alkylating agent, and the contents were allowed to stir an additional 45 
min at room temperature. The reaction was quenched with ice water and 
extracted with ether. The ether layer was washed 5 times with equal 
volumes of water and dried over sodium sulfate. The ether was removed, 
and the resulting oil was chromatographed or distilled. 

Methyl 2 4  1 (R,S)-Methyl-2-oxo-4( S)-isopropenyl-5-cyclohex- 
enyllacetate, (Vb)-l-Carvone (30.04 g, 0.20 mole) in 500 ml of di- 
methylformamide was alkylated with 62 ml of potassium-tert-amylate 
base solution (0.20 eq) and methyl bromoacetate (61.2 g, 0.40 mole). The 
resulting oil was distilled to give (Vb) (8.6 g, 20%): bp 86-88' (0.05 mm); 
IR (neat) 1745,1720, and 890; NMR (CDC13) 1.22 (3, s, CH3), 1.78 (3, s, 
vinyl CH3). 3.62 (3, s, OCH3), 4.81 (2, m, =CH2), and 5.73 ppm (2, m, 
H-C=C-H); Me rnlz 222; n p  1.4955. 

I-Carvotanacetone, 5(R)-Isopropyl-2-methyl-2-cyclohexan- 
one-The procedure used was that of Birch and Walker (7). Modifica- 
tions were made in the percent of catalyst and the hydrogenation appa- 
ratus used. To l-carvone (80 g, 0.53 mole) in 150 ml of absolute ethanol 
contained in a Parr bottle was added tris-triphenylphosphine rhodium 
chloride. The hydrogenation was carried out at room temperature and 
30 psi over a period of 6 hr. The bottle was refilled with hydrogen twice 
during this period. The ethanol was removed, and the crude oil was dis- 
tilled to produce l-carvotanacetone (77.4 g, 95%): bp 54-60' (0.40.6 mm); 
IR (neat) 1680,1380, and 1365; NMR (CCl4) 0.72 (6, d, J = 6 Hz, 2 CH3), 

Sanicel. 
All melting points were taken on a Thomas-Hoover Unimelt and are corrected. 

Analyses were performed by either Midwest Microlab, Inc., Indianapolis, Ind., or 
on an F and M Model 185, C, H, N, Analyzer, University of Kansas. IR data were 
recorded on Beckman IR-8. IR-10, and IR-33 spectrophotometers and are reported 
in cm-'. 'H-NMR data were recorded on Varian A-60, A-60A, and T-60 analytical 
spectrometers with tetramethylsilane as the internal standard. 'H-NMR data are 
reported as &values (pprn). Mass spectra were recorded on a Varian-Atlas CH-5 
a t  70 eV a t  a resolution of -4000. 

1.72 (3, s, CH3), and 6.6 ppm (1, br s, =CH); n g  1.4760 [lit (8) bp 227- 
228'; n g  1.48221. 

Methyl 2 4  1 (R,S)-Methyl-2-oxo-4( R)-isopropyl-5-cyclohex- 
enyllacetate, (Va)-l-Carvotanacetone (15.2 g, 0.10 mole) in 250 ml 
of dimethylformamide was alkylated with 100 ml of potassium-tert- 
amylate solution (0.11 eq) and methyl bromoacetate (30.6 g, 0.20 mole). 
Chromatography (alumina; 10% ethyl acetate in cyclohexane) produced 
Va (6.75 g, 35%): bp 8WB0 (0.075 mm); IR (neat) 1745,1720,1387,1368, 
and 735; NMR (CDCl3) 0.99 (6, d, J = 6 Hz, 2 CH3), 1.2 (3, s, CH3), 3.68 
(3,s,OCH3),and 5.84 ppm (2,m,HC=CH);Me,rn/z 224;ng1.4744. 

Ester Hydrolyses-The procedure used was that of Allen and Kalm 
(9) modified by shortening the reaction time to 2 hr. To 1 mmole of the 
keto ester in 2 ml of 95% ethanol was added 1.5 mmoles solid 85% KOH, 
and the mixture was heated to reflux for 2 hr. The ethanol was removed 
by evaporation, and the resulting oil was diluted with 5 volumes of ice 
water and acidified (pH 1) with 5 N sulfuric acid. The organic portion 
was extracted with ether, and the ether extract was dried over sodium 
sulfate. 

2 4  I (  R,S)-Methyl-2-oxo-4(S)-isopropenyl-5-cyclohexenyl]-ace- 
tic acid-y-lactol, (V1b)-The keto ester (Vb) (6.3 g, 28 mmoles) in 55 
ml of 95% ethanol was hydrolyzed with 85% KOH (3.0 g, 45 mmoles). The 
ether was removed to give 5.8 g of (VIb): IR (neat) 3400,1780-1720 (br), 
1650, and 890; NMR (CCb) 1.21 (3, s, CH3), 2.75 (3, s, CH3), 4.79 (2, m, 
=CHg), and 6.6 ppm (2, m, H W H ) ;  Me, rn lz  208; n b  1.5088. 

2 4  1(R,S)-Methyl-2-oxo-4(R)-isopropyl-5-cyclohexenyl]-acetic 
acid-y-lactol, (VIa)-The keto ester Va (4.92 g, 22 mmoles) in 40 ml 
of 95% ethanol was hydrolyzed with 85% KOH (2.2 g, 33 mmoles). The 
ether was removed affording 4.2 g of (VIa): IR (neat) 3440,1775, and 1720; 
NMR (CCL) 0.95 (6, d, J = 6 Hz, 2 CH3, 1.23 (3, s, CH3), 5.6 (2, m, 
HC=CH), and 6.9 ppm (1, s, lactol H); Me, mlz 210; n 8  1.4990. 

Procedure for Iodolactonization-The procedure used was that of 
Van Tamelen and Shamma (10). The only modification made was a 
one-fold increase of iodine and potassium iodide in the doubly unsatu- 
rated lactol. To a solution of 5 mmoles of the lactol in 30 ml of 0.5 N 
NaHC03 was added 30 mmoles of potassium iodide in 15 ml of water and 
10 mmoles of iodine. The mixture was allowed to stand in the dark for 
24 hr. The contents of the reaction was transferred to a separatory funnel 
and diluted with ether. The mixture was shaken with a saturated solution 
of sodium thiosulfate until two almost colorless phases were obtained. 
The ether layer was concentrated and the iodo lactones were allowed to 
crystallize. 

2 4  1 (R)-Methyl-%-oxo-4 (S) - (  l'f'-diiodo)-isopropyl-5 (S)-ido- 
6( S)-hydroxycyclohexyl-acetic acid-y-lactone or 2 4  1 ( R ) -  
Methyl-2-0x0-4 (R)-isopropenyl-5 (S)-iodo-6 (S)-hydroxycyclo- 
hexyll-acetic acid-y-lactone (V1Ib)-The lactol (VIb) (4.25 g, 20 
mmoles) in 60 ml of 0.5 N NaHC03 was lactonized with iodine (20.0 g, 
79 mmoles) and potassium iodide (2.0 g, 12 mmoles). The ether extract 
was concentrated, and the mixture was treated with triphenyltin hydride 
without purification. 

2 4  1 (R)-Methyl-2-oxo-4 (R)-isopropyl-5 (S)-iodo-B (S)-hy- 
droxycyclohexyl]-acetic acid-y-lactone, (VI1a)-The lactol VIa (4.8 
g, 23 mmoles) in 130 ml of 0.5 N NaHC03 was lactonized with iodine 
(10.44 g, 41 mmoles) and potassium iodide (2.16 g, 13 mmoles). Fractional 
crystallization afforded the major isomer, VIIa (2.16 g, 36.5%): mp 

CH3), 1.05 (3, d J = 6 Hz, CH3), 1.55 (3, s CH3), 4.79 (1, m, I-C-H), and 
5.15 ppm (1, d J = 2 Hz, 0-C-H); Me, mlz 336; [a]g(CHC13) 
-13.5'. 

Anal.-Calc. for C12H17103: C, 42.86; H, 5.06. Found: C, 43.04; H, 
5.21. 

Preparation of Triphenyltin Hydride-The preparation used was 
that of Kuivila (11) without modification. To 150 ml of dry ether con- 
taining lithium aluminum hydride (1.56 g, 41 mmoles) was added slowly 
triphenyltin chloride (32.5 g, 100 mmoles). The mixture was stirred at  
room temperature under argon for 3 hr and then hydrolyzed with 100 ml 
of ice water while cooling in an ice bath. The ether layer was washed twice 
with ice water then dried over magnesium sulfate. The ether was removed, 
and the hydride was distilled rapidly with a bath preheated to 200'; yield 
19.5 g (69%); bp 144-152' (0.2-0.3 mm) [lit. (11) 162-168O (0.5 mm)]. 

Triphenyltin Hydride Reduction of Iodolactones-The procedure 
used was that of Kuivila (11). The only modification which was made was 
a onefold increase of the hydride in the iodo lactones of the doubly un- 
saturated y-lactol. To 1 mmole of the iodo lactone contained in 10 ml of 
dry benzene stirring under argon was added 1 mmole of triphenyltin 
hydride. The mixture was stirred at  room temperature overnight, and 
then the benzene was removed. The resulting product was either frac- 
tionally sublimed or fractionally distilled. 

113-114O; IR (CHCl3) 1780 and 1712; NMR (CDCl3) 0.98 (3, d, J = 6 Hz, 
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2 4  l(R)-Methyl-f-ox0-4( R)-isopropenyl-6( R)-hydroxycyclo- 
hexyll-acetic acid-y-lactone, (VII1b)-The iodo lactone(s) VIIb (3.8 
g) in 100 ml of dry benzene was reduced with triphenyltin hydride (6.72 
g, 0.02 mole). Distillation (150-154’ and 0.1 mm) provided VIIIb (975 
mg, 72% based on monoiodo starting material, 91% based on triiodo 
starting material): IR (CHCl3) 1795 and 1720; NMR (CDC13) 1.35 (3, s, 
CH3), 1.75 (3, s, CH3), 4.68 (1, t, J = 2 Hz, 0-C-H), and 4.82 ppm (2, 
m, =CH2); Me, mlz 208; [a ]b  (CHC13) +114.2O. 

Anal.-Calc. for C12H1603: C, 69.20; H, 7.68. Found: C, 68.95; H, 
7.79. 

2 4  1(R)-Methyl -2- oxo-4(R)-isopropyl-6( R)-hydroxycyclo- 
hexyll-acetic acid-y-lactone, (V1IIa)-The iodo lactone VIIa (1.0 
g, 3 mmoles) in 30 ml of dry benzene was reduced with triphenyltin hy- 
dride (0.98 g, 2.8 mmoles). The benzene was removed, and the resulting 
gum was fractionally sublimed [67O (0.05 mm)] to yield VIIIa (200 mg, 
32%): IR (CHC13) 1785 and 1715; NMR (CDC13) 0.95 (6, d, J = 6 Hz, 2 
CH3), 1.35 (3, s, CH3), and 4.67 ppm (1, t , J  = 2 Hz, 0-C-H); Ma, mlz 
210; [a]: (CHC13) t127O; mp 84-85’. 

Anal.-Calc. for C12H1803: C, 68.55; H, 8.57. Found: C, 68.33; H, 
8.52. 

Sodium Borohydride Reductions-The procedure used was that 
of Elisberg et al. (12) modified by length of reaction time and solvent. 
To 0.5 mmole of the keto lactone in 30 ml of 95% ethanol stirring in an 
ice bath was added 1 mmole of sodium borohydride. Ice water was added 
to the mixture, the solution was extracted with ether three times, and the 
organic layer was dried over sodium sulfate. 

2 4  l(S)-Methyl-2(R)-hydroxy -4(S)- isopropenyl-6(R)-hy- 
droxycyclohexyl]-acetic acid-y-lactone, (111 b)-The keto lactone 
(VIIIb) (560 mg, 2.69 mmoles) in 40 ml of 95% ethanol was reduced with 
sodium borohydride (200 mg, 5.38 mmoles). Workup after a 6-hr reaction 
time and distillation produced IIIb (270 mg, 48%): IR (neat) 3500 and 

0-C-H), and 4.73 ppm (2, s, =CH2); Me, mlz  210. 
Anal.-Calc. for C12Hp303: C, 68.59; H, 8.57. Found: C, 68.34; H, 

8.63. 
2-[ 1( S)-Methyl-%( R)-hydroxy-4( S)-isopropyl-6( R)-hydroxy- 

cyclohexyl]-acetic acid-ylactone, (1IIa)-The keto lactone, VIIIa 
(315 mg, 1.5 mmoles) in 30 ml of 95% ethanol was reduced with sodium 
borohydride (113 mg, 3.0 mmoles). Workup after a period of 7 hr and 

1770; NMR (CDC13) 1.1 (3, S, CHB), 1.74 (3, S, CH3), 4.35 (1, t, J = 3 Hz, 

distillation gave IIIa (130 mg, 41%): IR (neat) 3500 and 1775; NMR 

CH3), and 4.3 ppm (1, s, 0-C-H); Ma, mlz 212. 

9.49. 

(CDC13) 0.85 (3, d, J = 5 Hz, CH3), 1.1 (3, d, J = 4 Hz, CH3), 1.22 (3, S, 

Anal.-Calc. for C12H2003: C, 67.94; H, 9.43. Found: C, 67.85; H, 
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Abstract The rectal absorption of gentamicin sulfate in rats, both in 
the presence and absence of sodium salicylate, was facilitated by the use 
of high ionic strength aqueous formulations. The relative order of ef- 
fectiveness in promoting gentamicin absorption was sodium dihydrogen 
phosphate % sodium chloride >> potassium chloride, indicating a pref- 
erential effect of sodium ions. The increased gentamicin bioavailability 
in response to sodium salicylate adjuvant activity appeared to be inde- 
pendent of and additive to the increased gentamicin absorption due to 
high ionic strength conditions. The inability of sorbitol to increase gen- 

tamicin bioavailability above control levels indicated that elevated os- 
motic pressure was not a major determinant of rectal gentamicin ab- 
sorption. 

Keyphrases Gentamicin-rectal absorption, effect of ionic strength 
and specificity, sodium salicylate adjuvant Sodium salicylate-as 
adjuvant, rectal absorption of gentamicin, effect of ionic strength and 
specificity 0 Absorption, recta-gentamicin, sodium salicylate adjuvant, 
effect of ionic strength and specificity 

Sodium salicylate has been reported to enhance the 
rectal absorption of water-soluble compounds (1,2). Two 
types of formulations were used in the salicylate studies, 
an aqueous microenema and a fatty-base suppository. The 
influence of variations in ionic strength and ionic speci- 

ficity on salicylate-enhanced rectal absorption has not been 
thoroughly examined in either formulation. 

The effect of sodium concentration on absorption of 
fluid, as classically illustrated by the active transport of 
sodium from the large intestine and the concomitant water 
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2 4  l(R)-Methyl-f-ox0-4( R)-isopropenyl-6( R)-hydroxycyclo- 
hexyll-acetic acid-y-lactone, (VII1b)-The iodo lactone(s) VIIb (3.8 
g) in 100 ml of dry benzene was reduced with triphenyltin hydride (6.72 
g, 0.02 mole). Distillation (150-154’ and 0.1 mm) provided VIIIb (975 
mg, 72% based on monoiodo starting material, 91% based on triiodo 
starting material): IR (CHCl3) 1795 and 1720; NMR (CDC13) 1.35 (3, s, 
CH3), 1.75 (3, s, CH3), 4.68 (1, t, J = 2 Hz, 0-C-H), and 4.82 ppm (2, 
m, =CH2); Me, mlz 208; [a ]b  (CHC13) +114.2O. 
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7.79. 

2 4  1(R)-Methyl -2- oxo-4(R)-isopropyl-6( R)-hydroxycyclo- 
hexyll-acetic acid-y-lactone, (V1IIa)-The iodo lactone VIIa (1.0 
g, 3 mmoles) in 30 ml of dry benzene was reduced with triphenyltin hy- 
dride (0.98 g, 2.8 mmoles). The benzene was removed, and the resulting 
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of Elisberg et al. (12) modified by length of reaction time and solvent. 
To 0.5 mmole of the keto lactone in 30 ml of 95% ethanol stirring in an 
ice bath was added 1 mmole of sodium borohydride. Ice water was added 
to the mixture, the solution was extracted with ether three times, and the 
organic layer was dried over sodium sulfate. 

2 4  l(S)-Methyl-2(R)-hydroxy -4(S)- isopropenyl-6(R)-hy- 
droxycyclohexyl]-acetic acid-y-lactone, (111 b)-The keto lactone 
(VIIIb) (560 mg, 2.69 mmoles) in 40 ml of 95% ethanol was reduced with 
sodium borohydride (200 mg, 5.38 mmoles). Workup after a 6-hr reaction 
time and distillation produced IIIb (270 mg, 48%): IR (neat) 3500 and 

0-C-H), and 4.73 ppm (2, s, =CH2); Me, mlz  210. 
Anal.-Calc. for C12Hp303: C, 68.59; H, 8.57. Found: C, 68.34; H, 

8.63. 
2-[ 1( S)-Methyl-%( R)-hydroxy-4( S)-isopropyl-6( R)-hydroxy- 

cyclohexyl]-acetic acid-ylactone, (1IIa)-The keto lactone, VIIIa 
(315 mg, 1.5 mmoles) in 30 ml of 95% ethanol was reduced with sodium 
borohydride (113 mg, 3.0 mmoles). Workup after a period of 7 hr and 

1770; NMR (CDC13) 1.1 (3, S, CHB), 1.74 (3, S, CH3), 4.35 (1, t, J = 3 Hz, 

distillation gave IIIa (130 mg, 41%): IR (neat) 3500 and 1775; NMR 

CH3), and 4.3 ppm (1, s, 0-C-H); Ma, mlz 212. 

9.49. 

(CDC13) 0.85 (3, d, J = 5 Hz, CH3), 1.1 (3, d, J = 4 Hz, CH3), 1.22 (3, S, 
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Abstract The rectal absorption of gentamicin sulfate in rats, both in 
the presence and absence of sodium salicylate, was facilitated by the use 
of high ionic strength aqueous formulations. The relative order of ef- 
fectiveness in promoting gentamicin absorption was sodium dihydrogen 
phosphate % sodium chloride >> potassium chloride, indicating a pref- 
erential effect of sodium ions. The increased gentamicin bioavailability 
in response to sodium salicylate adjuvant activity appeared to be inde- 
pendent of and additive to the increased gentamicin absorption due to 
high ionic strength conditions. The inability of sorbitol to increase gen- 

tamicin bioavailability above control levels indicated that elevated os- 
motic pressure was not a major determinant of rectal gentamicin ab- 
sorption. 
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Sodium salicylate has been reported to enhance the 
rectal absorption of water-soluble compounds (1,2). Two 
types of formulations were used in the salicylate studies, 
an aqueous microenema and a fatty-base suppository. The 
influence of variations in ionic strength and ionic speci- 

ficity on salicylate-enhanced rectal absorption has not been 
thoroughly examined in either formulation. 

The effect of sodium concentration on absorption of 
fluid, as classically illustrated by the active transport of 
sodium from the large intestine and the concomitant water 
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Figure 1-Gentamicin bioavailability in the presence (0) or absence 
(0) of sodium salicylate following administration of aqueous microe- 
nemas of varying ionic strength (p) to the unligated rectal compartment. 
Sodium chloride (A) or potassium chloride (B) at 0.25,0.50,0.75, and 
1.00 M was the major determinant of ionic strength, with minor con- 
tributions from sodium salicylate (SA) and gentamicin sulfate. Bars 
(CU) represent ionic strength of standard physiological solutions. Error 
bars represent standard deviations for n = 3-6. 

absorption, is well documented (3,4). Recent studies have 
demonstrated a direct link between the transport of so- 
dium ions and macromolecules in the rat small intestine 
(5,6).  Sodium ions have also been shown to influence cal- 
cium transport in the small intestine (7). However, the 
influence of ionic strength on adjuvant-assisted rectal 
absorption of water-soluble compounds has not been re- 
ported. 

In the present study, the effect of various ionic species 
on the rectal absorption of gentamicin, a model water- 
soluble compound, in the presence and absence of sodium 
salicylate are examined. The purpose of the study is 
threefold: ( a )  to determine the effect, if any, of ionic 
strength on rectal absorption of a water-soluble compound; 
(b )  to examine possible ionic specificity with regard to 
promoting rectal absorption; and (c) to determine if the 
absorption-promoting activity of sodium salicylate is in- 
fluenced by alterations in ionic species or total ionic 
strength. 

EXPERIMENTAL 

Adult male Sprague-Dawley rats (200-250 g) were fasted, with free 
access to water, for 18-24 hr prior to the experiments. Animals were 

anesthetized by intramuscular injections of urethane (0.1 ml of 43% 
ethylcarbamate' in distilled water/100 g of body weight). 

Experimental formulations were administered as aqueous microene- 
mas, given with a 1-ml syringe a t  an intrarectal depth of 2.5 cm. Each 
animal received a 250-pl microenema, pH 5.0, containing 2.5 mg of gen- 
tamicin sulfate' with or without 5 mg of sodium salicylate. Ionic strength 
was controlled by the addition of various salts, as indicated in each in- 
dividual set of experiments. Total ionic strength included contributions 
from the drug and adjuvant, as well as from the added salts, and was 
determined by the following formula: 

(Eq. 1) 

where I is the ionic strength, mi is the molality of i ,  and z ,  is the charge 
of i. 

In some experiments, designed to minimize effects due to possible 
movement of the microenema solution away from the site of adminis- 
tration, the rectum was ligated 4 cm from the anal opening. With care 
taken not to restrict the vasculature, this procedure ensured retention 
of the microenema in the distal 4 cm of the rectal compartment. 

Blood samples (0.5 ml) were taken from the external jugular vein a t  
15,30,60, and 90 min following rectal administration of the microenema. 
Serum was isolated and frozen until assayed within 1-2 weeks. For de- 
termination of intravenous serum profiles, each animal received 2.5 mg 
of gentamicin sulfate in 250 pl  of 0.1 M Tris-HC1 buffer, pH 7.5. Blood 
samples (0.5 ml) were collected a t  5,10,20,30,60, and 90 min and pro- 
cessed as described for rectal administration. Serum gentamicin was 
determined by microbiological assay using Bacillus subtilis (ATCC 
#6633) as the target organism (8). Results are expressed as percent 
bioavailability, calculated as: 

The area under the serum concentration-time curve from 0 to 90 min, 
AUCP, was calculated by a summation of trapezoidal areas. For the 
calculation of the intravenous AUCP, the linear portion of the log serum 
concentration uersus time profile was extrapolated to t = 0 min to correct 
for the drug distribution phase. Three to six animals were used for de- 
termining mean AUCF values for both rectal and intravenous serum 
profiles. Following rectal administration, the absorption of gentamicin 
sulfate was virtually complete by 30-60 min, and the serum tl/z value 
(220-240 min) was the same as that observed after intravenous admin- 
istration. 

RESULTS 

The effect of sodium chloride on unligated rectal delivery of genta- 
micin, with and without sodium salicylate as the adjuvant, is shown in 
Fig. 1A. Without adjuvant, no apparent sodium chloride effect is observed 
until the ionic strength (P) in the microenema exceeds 0.55. A linear in- 
crease in percent bioavailability occurred from p = 0.544 top  = 1.054 ( r  
= 0.9998 by regression analysis). At 1.OM NaCl (p = 1.054), gentamicin 
bioavailability was 51 f 7.9%. Solutions of greater sodium chloride ionic 
strength were not examined, so it is not known whether the sodium 
chloride effect on bioavailability would plateau prior to reaching 100% 
gentamicin delivery. At all ionic strengths examined, gentamicin bio- 
availability was greater in the presence of sodium salicylate. A t  higher 
ionic strengths with sodium salicylate, the effect of sodium chloride was 
no longer linear and appeared to plateau around 70-80% bioavail- 
ability. 

Figure 1B shows the results of a similar set of experiments using un- 
ligated rectum in which potassium chloride was substituted for sodium 
chloride as the major contributor to total ionic strength. The effect of 
potassium chloride alone (26 f 5.6% atp = 1.054) on gentamicin delivery 
was significantly less than the corresponding response observed with 
sodium chloride (51 f 7.9% a t  p = 1.054). In the presence of sodium sa- 
licylate, the gentamicin bioavailability using potassium chloride was 39 
f 5.9% a t  p = 1.179, whereas with sodium chloride the bioavailability was 
72 f 13.4%. 

In the absence of adjuvant and added salts, gentamicin sulfate bio- 
availability was 12 f 4.5%. The inclusion of 2-10% sorbitol in the for- 
mulation caused a slight decrease in gentamicin sulfate absorption (Table 
I). Including 30% sorbitol in microenemas containing gentamicin sulfate 
and adjuvant did not significantly increase bioavailability (36 f 14.8%) 
above that seen with sorbitol-free microenemas containing adjuvant and 
drug along (29 f 7.4%). 
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Table I-Effect of Sorbitol  on Rectal Gentamicin Sulfate  
Absorption from Aqueous Formulations 

Formulation" Gentamicin Sulfate 
Adjuvant, % Sorbitol, % Bioavailabilitv. %* * .  

0 0 12 f 4.5 
0 2 5 f 3.4 
0 5 3 f 0.3 
0 
2 
2 

10 
0 

30 

- - .~. 

4 f 2.3 
29 f 7.4 
36 f 14.8 

~ ~ 

a All formulations contained 1% gentamicin sulfate. *Based on n = 3 animals. 

The use of potassium chloride or potassium dihydrogen phosphate with 
ligated tissue produced somewhat equivocal results (Fig. 2A). There was 
no apparent difference between the gentamicin bioavailability after the 
administration of potassium chloride alone compared with that of po- 
tassium chloride administered with sodium salicylate, except a t  very high 
ionic strengths ( p  > 1.0). Potassium dihydrogen phosphate, in conjunc- 
tion with sodium salicylate, yielded the highest gentamicin bioavailability 
in the potassium series (63 f 9.4% a t  p = 1.1791, although this value was 
significantly less than the bioavailability observed with sodium dihy- 
drogen phosphate and sodium salicylate (88 f 13.2% a t  p = 0.929) (Fig. 
2B). As seen in the experiments with unligated rectal tissue, bioavaila- 
bilities attained with sodium chloride and sodium salicylate were greater 
than those observed with sodium chloride alone. 

DISCUSSION 
The ability of salicylate-type adjuvants to enhance the GI absorption 
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Figure 2-Gentamicin bioavailability in the  presence (-) or absence 
(- - -) of sodium salicylate (SA) following administration of aqueous 
microenemas of varying ionic strength (p) to  the ligated rectal com- 
partment. T h e  potassium (A) or sodium (B) salts were the major de- 
terminants of ionic strength, with minor contributions from sodium 
salicylate and gentamicin sulfate. Bars (ED) represent ionic strength 
of standard physiological solutions. Error bars represent standard de- 
viations for n = 3-6. 

of water-soluble compounds has been previously established (1,2).  In 
this study, the ionic contributions of sodium and potassium salts to rectal 
absorption of a model water-soluble compound, gentamicin, were ex- 
amined. Ionic strength and specificity were found to significantly affect 
the rectal absorption of gentamicin. 

Sodium chloride significantly increased gentamicin absorption, even 
in the absence of sodium salicylate. It is not possible to determine, from 
the present data, the precise mechanism involved in the sodium chloride 
enhancement of drug permeability across the rectal mucosa. However, 

es exist: ( a )  high sodium or chloride concentrations may 
activate some undefined transport mechanism for gentamicin; (b) active 
transport of sodium out of the rectal lumen, with concomitant water 
movement, may establish mass transfer conditions favoring absorption 
of gentamicin; or ( c )  high ionic strength solutions may damage or disrupt 
the normal epithelial barrier and allow concentration-dependent 
movement of gentamicin through the disrupted barrier. 

The mucosal layer in the rectum and lower portion of the large intestine 
is not classically viewed as an absorptive area except for the absorption 
of water and small ions (e.g., sodium). This does not preclude the possible 
existence of specific transport mechanisms for water-soluble compounds 
(e.g., gentamicin), although it is unlikely that such a system exists. The 
apparent inability of the rectal tissue to absorb gentamicin in the absence 
of the salicylate adjuvant further refutes the existence of a specific 
transport system which could be affected by the sodium or chloride 
ion. 

Possible tissue damage a t  very high concentrations of sodium chloride 
may account for part of the observed increase in gentamicin absorption, 
although comparable gentamicin serum levels were not observed at higher 
concentrations of potassium chloride or sorbitol. The inability of sorbitol 
to increase gentamicin bioavailability indicates that the osmotic pressures 
generated by high sodium chloride or potassium chloride solutions are 
unlikely causes of the increased delivery. The fact that  sodium chloride 
was twice as effective as potassium chloride in both the presence and 
absence of sodium salicylate (at  comparable ionic strengths) suggests 
certain ionic specificities, possibly implicating the involvement of the 
membrane sodium-potassium pump. 

Sodium dihydrogen phosphate and potassium dihydrogen phosphate 
were tested in the ligated rectum to determine if the absorption pro- 
moting potential of the salts was influenced by the anionic species. 
Maximal effects in the ligated rectum were observed at lower ionic 
strengths than in the unligated rectum. This is probably due to the in- 
creased effective concentration of drug and salt in the limited exposed 
surface area of the ligated rectum. With both sodium and potassium, the 
dihydrogen phosphate salts appeared to be more effective than the 
chloride salts in promoting gentamicin delivery. While this increased 
absorption using dihydrogen phosphate salts may be a real effect, it is 
also possible that alterations in rectal pH may have caused ionic strengh 
changes that were responsible for promoting absorption. All microenemas 
were administered as buffered solutions (pH 5) with sodium dihydrogen 
phosphate predominately existing in solution as sodium and dihydrogen 
phosphate. The rectal compartment in the rat is capable of some buf- 
fering activity and tends to adjust the pH of aqueous solutions to a ranqe 
of pH 7-8 (unpublished observations). If the pH of the microenemais 
buffered i n  uivo to the pH 7-8 range, a significant portion of the dihy- 
drogen phosphate may be ionized to monohydrogen phosphate. Since 
the ionic strength is a function of charge squared, this would significantly 
increase the total ionic strength of the solution and could account for the 
greater effect of sodium dihydrogen phosphate as compared with sodium 
chloride. Sodium chloride ionic strength is unaffected by pH. Since the 
buffering effect of the rectal compartment is not instantaneous, the rel- 
ative concentrations of the two ionized species of the phosphate salts will 
be continually changing. T o  determine if the buffering capacity of the 
rectum changes the ionic strength of the formulation, and therefore the 
absorption of gentamicin sulfate, controlled pH perfusion studies will 
be required. At this point, the possibility that phosphate has a greater 
effect on gentamicin sulfate absorption than chloride cannot be pre- 
cluded. 

An important deduction that  can be made from this study is that  the 
absorption-promoting activity of sodium salicylate is not solely attributed 
to ionic strength. In the data presented in the figures, ionic contributions 
from sodium salicylate were included in the calculations of total ionic 
strength in the microenemas. The increase in gentamicin bioavailability 
due to the adjuvant activity of sodium salicylate is significantly greater 
than the bioavailability achieved with adjuvant-free microenemas at  the 
same total ionic strength (adjusted by sodium chloride). Sodium salicy- 
late, therefore, possesses an absorption-enhancing potential above that 
which can be attributed to sodium ionic strength alone. 
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Ionic strength and ionic specificity were found to have a significant 
influence on the rectal absorption of gentamicin. Sodium was more ef- 
fective than potassium in promoting rectal absorption, but the enhancing 
effect of sodium salicylate could not be totally explained on the basis of 
ionic strength. These data, while helping to elucidate some parameters 
that affect rectal drug absorption, may offer potential insights into new 
formulation designs for systemic delivery of water-soluble drugs from 
the rectal compartment. 
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Abstract The effect of quinidine on the distribution and elimination 
of digoxin was examined by comparing the change in the steady-state 
volume of distribution (Vd,), determined both from in uiuo plasma 
elimination and tissue distribution and in vitro serum binding studies, 
with that in the total body clearance (CLwt) determined from biliary, 
renal, and metabolic clearances in guinea pigs. The plasma disappearance 
of digoxin after a 25O-pghg iv dose followed a triexponential decline in 
both the control and quinidine-treated guinea pigs. In the quinidine- 
treated guinea pigs, the pharmacokinetic parameters Vd, and CLwt 
significantly decreased to approximately half of that for the control 
guinea pigs. The tissue-to-plasma partition coefficients (K,) of all tissues 
studied, i.e. liver, heart, muscle, and brain, at 6 hr after bolus injection 
of digoxin decreased in the presence of quinidine. The serum free fraction 
and the plasma-to-blood concentration ratio of digoxin in the therapeutic 
range did not show a significant alteration in the presence of quinidine. 
This suggested that the decrease of K ,  is due mainly to the inhibition of 
tissue distribution of digoxin by quinidine. The biliary clearance (CLB) 
and renal clearance (CLR) also significantly decreased in the presence 
of quinidine. It was concluded that quinidine caused a inhibition of di- 
goxin in the tissue binding or uptake, which significantly decreased the 
K, values of digoxin; this result may explain the significant decrease of 
Vd,. Moreover quinidine may be the cause of a reduction of biliary, renal, 
and metabolic clearances, which significantly decrease the CLwt of di- 
goxin. 

Keyphrases Quinidine-effect on the distribution and elimination 
of digoxin, guinea pigs 0 Digoxin-pharmacokinetics, effect of quinidine 
coadministration, guinea pigs PharmacokinetimAigoxin in the guinea 
pig, effect of quinidine coadministration 

When quinidine is given to patients (1-5), dogs (6), or 
guinea pigs (7) receiving digoxin, the serum digoxin con- 
centration increases. Reduction in the total body clearance 
(CL,,) (5,6) and the volume of distribution ( V d )  (5,6,8) 
of digoxin has been observed and accounts for the elevated 
digoxin concentration. Quinidine has been reported to 
diminish the renal clearance (CLR) of digoxin in humans 
(2,4,5,8,9) and dogs (10,ll) without significantly altering 
the glomerular filtration rate as measured by the creatinine 
clearance. Doherty et al. (12) reported that quinidine re- 
duced the canine skeletal and heart muscle concentrations 
of digoxin, while increasing concentrations in the plasma 
and brain. Straub et al. (13) showed that quinidine re- 
duced the number of digitalis-binding sites, as determined 

by in uitro binding studies with Na+,K+-ATPase from 
bovine heart membrane. Evidence has been reported that 
quinidine was capable of decreasing the affinity for digoxin 
of cardiac glycoside receptor sites on purified Na+,K+- 
ATPase in guinea pigs and on intact human erythrocyte 
membranes (14). 

The present study examined the effect of quinidine on 
the distribution and elimination of digoxin by comparing 
the changes in Vd and CLtot in uiuo, which were deter- 
mined from the tissue distribution, metabolism, excretion, 
serum protein binding, and plasma-to-blood distribution 
ratio. As a model animal for digoxin-quinidine interaction 
in the human, the guinea pig, a species in which digoxin 
distribution appears similar to that observed in the human, 
was selected. 

EXPERIMENTAL 

Digoxin' and quinidine sulfate2 were used. Tritiated digoxin, labeled 
a t  the l2a-position (14.0 Ci/mrn~le)~, which was found to be at least 99% 
pure by TLC, was used as the radioactive compound. All other reagents 
were commercially available and analytical grade. 

Animal Experiments-Adult male Hartley guinea pigs4, weighing 
280-300 g, were used. Under light ether anesthesia, the jugular vein and 
carotid artery were cannulated with polyethylene tubing5. For the biliary 
and urinary excretion studies, bile fistula and urinary bladder cannulation 
were used to collect samples of bile and urine, respectively. Cannulated 
animals were kept in restraining cages with access to water under normal 
housing conditions prior to the experiments. 

The guinea pigs were simultaneously given 250 pglkg of digoxin 
(containing 100 pCi/kg of 12a-[3H]digoxin) in 40% ethanol solution and 
25 mg/kg of quinidine sulfate in physiological saline through the jugular 
vein cannula. The digoxin solution containing 40% ethanol was admin- 
istered alone to the control guinea pigs. Blood samples (0.25 ml) were 
obtained for'the determination of digoxin at 1,5,30,60,120,180,240,300, 
and 360 min, and for the determination of quinidine (in different animals) 
a t  5,10,15,20,30,45,60,90,120,180, and 240 min in heparinized poly- 
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Ionic strength and ionic specificity were found to have a significant 
influence on the rectal absorption of gentamicin. Sodium was more ef- 
fective than potassium in promoting rectal absorption, but the enhancing 
effect of sodium salicylate could not be totally explained on the basis of 
ionic strength. These data, while helping to elucidate some parameters 
that affect rectal drug absorption, may offer potential insights into new 
formulation designs for systemic delivery of water-soluble drugs from 
the rectal compartment. 
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Abstract The effect of quinidine on the distribution and elimination 
of digoxin was examined by comparing the change in the steady-state 
volume of distribution (Vd,), determined both from in uiuo plasma 
elimination and tissue distribution and in vitro serum binding studies, 
with that in the total body clearance (CLwt) determined from biliary, 
renal, and metabolic clearances in guinea pigs. The plasma disappearance 
of digoxin after a 25O-pghg iv dose followed a triexponential decline in 
both the control and quinidine-treated guinea pigs. In the quinidine- 
treated guinea pigs, the pharmacokinetic parameters Vd, and CLwt 
significantly decreased to approximately half of that for the control 
guinea pigs. The tissue-to-plasma partition coefficients (K,) of all tissues 
studied, i.e. liver, heart, muscle, and brain, at 6 hr after bolus injection 
of digoxin decreased in the presence of quinidine. The serum free fraction 
and the plasma-to-blood concentration ratio of digoxin in the therapeutic 
range did not show a significant alteration in the presence of quinidine. 
This suggested that the decrease of K ,  is due mainly to the inhibition of 
tissue distribution of digoxin by quinidine. The biliary clearance (CLB) 
and renal clearance (CLR) also significantly decreased in the presence 
of quinidine. It was concluded that quinidine caused a inhibition of di- 
goxin in the tissue binding or uptake, which significantly decreased the 
K, values of digoxin; this result may explain the significant decrease of 
Vd,. Moreover quinidine may be the cause of a reduction of biliary, renal, 
and metabolic clearances, which significantly decrease the CLwt of di- 
goxin. 
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When quinidine is given to patients (1-5), dogs (6), or 
guinea pigs (7) receiving digoxin, the serum digoxin con- 
centration increases. Reduction in the total body clearance 
(CL,,) (5,6) and the volume of distribution ( V d )  (5,6,8) 
of digoxin has been observed and accounts for the elevated 
digoxin concentration. Quinidine has been reported to 
diminish the renal clearance (CLR) of digoxin in humans 
(2,4,5,8,9) and dogs (10,ll) without significantly altering 
the glomerular filtration rate as measured by the creatinine 
clearance. Doherty et al. (12) reported that quinidine re- 
duced the canine skeletal and heart muscle concentrations 
of digoxin, while increasing concentrations in the plasma 
and brain. Straub et al. (13) showed that quinidine re- 
duced the number of digitalis-binding sites, as determined 

by in uitro binding studies with Na+,K+-ATPase from 
bovine heart membrane. Evidence has been reported that 
quinidine was capable of decreasing the affinity for digoxin 
of cardiac glycoside receptor sites on purified Na+,K+- 
ATPase in guinea pigs and on intact human erythrocyte 
membranes (14). 

The present study examined the effect of quinidine on 
the distribution and elimination of digoxin by comparing 
the changes in Vd and CLtot in uiuo, which were deter- 
mined from the tissue distribution, metabolism, excretion, 
serum protein binding, and plasma-to-blood distribution 
ratio. As a model animal for digoxin-quinidine interaction 
in the human, the guinea pig, a species in which digoxin 
distribution appears similar to that observed in the human, 
was selected. 

EXPERIMENTAL 

Digoxin' and quinidine sulfate2 were used. Tritiated digoxin, labeled 
a t  the l2a-position (14.0 Ci/mrn~le)~, which was found to be at least 99% 
pure by TLC, was used as the radioactive compound. All other reagents 
were commercially available and analytical grade. 

Animal Experiments-Adult male Hartley guinea pigs4, weighing 
280-300 g, were used. Under light ether anesthesia, the jugular vein and 
carotid artery were cannulated with polyethylene tubing5. For the biliary 
and urinary excretion studies, bile fistula and urinary bladder cannulation 
were used to collect samples of bile and urine, respectively. Cannulated 
animals were kept in restraining cages with access to water under normal 
housing conditions prior to the experiments. 

The guinea pigs were simultaneously given 250 pglkg of digoxin 
(containing 100 pCi/kg of 12a-[3H]digoxin) in 40% ethanol solution and 
25 mg/kg of quinidine sulfate in physiological saline through the jugular 
vein cannula. The digoxin solution containing 40% ethanol was admin- 
istered alone to the control guinea pigs. Blood samples (0.25 ml) were 
obtained for'the determination of digoxin at 1,5,30,60,120,180,240,300, 
and 360 min, and for the determination of quinidine (in different animals) 
a t  5,10,15,20,30,45,60,90,120,180, and 240 min in heparinized poly- 
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Table I-Digoxin Pharmacokinetics in  Guinea Pigs * 

Control Digoxin plus 
Parameter (Digoxin) Quinidine 

1 I 1 I 1 1 
0 1  2 3 4 5 6 

HOUR 
Figure 1-Plasma disappearance curves of digoxin after a 250-pglkg 
io dose. Each point and vertical bar represent the mean and standard 
error of four (control) or three (quinidine-treated) guinea pigs. Curves 
were calculated by the least-squares method ( I  7) using a digital com- 
puter. Key: (a) plasma digoxin concentration of control guinea pigs; 
(0) plasma digoxin concentration of quinidine-treated guinea pigs 
(digoxin simultaneously administered with 25 mglkg of quinidine); (0) 
plasma concentration of quinidine. 

ethylene centrifuge tubes6. Bile samples were obtained at  15,30, or 60 
min, while the urine sample was collected for 360 min. The body tem- 
perature was kept a t  37" using a heat lamp. Plasma was separated by 
centrifugation for 20 sec7. 

For the tissue distribution study the animals were sacrificed at  1 and 
6 hr after digoxin administration by an injection of air into the carotid 
artery. After removal of blood samples, the brain, heart, liver, and muscle 
were quickly excised, rinsed with cold saline, blotted, and weighed. All 
tissues and plasma were stored at  -40' until assayed. Tissue samples 
were homogenized with a three-fold excess of physiological salines. The 
separation of the metabolites from digoxin was carried out using the 
method of Harrison and Gibaldi (15). A 100-pl quantity of the plasma 
sample and 1 ml of the tissue homogenate were shaken for 10 min and 
then extracted twice with 2 ml of chloroform-methanol (l:l, vh) .  The 
pooled extracts were then streaked on silica gel plates and chromato- 
graphed. Glass sheets precoated with silica gel 609 of 0.25 mm thickness 
were developed twice in ethyl acetate-chloroform-acetic acid (90:5:5, 
v/v/v). Digoxin was visualized by spraying the plate with 3,5-dinitro- 
benzoic acid and 2 N KOH in methanol to develop a violet color. The 
spots attributable to digoxin from chromatograms of biological samples 
were scraped into scintillation vials containing 10 ml of scintillation 
fluidlo. The extraction coefficients of digoxin from plasma, brain, heart, 
liver, and muscle were 0.85,0.45,0.68,0.55, and 0.86, respectively. The 
concentration of 3H-labeled digoxin was determined1[. Quinidine con- 
centration was determined by the double-extraction method according 
to Crlmer and Isaksson (16). 

Serum Protein Binding-Serum was separated from the blood, ob- 
tained through the carotid artery, by centrifugation for 10 min at 3000 
rpm after standing for 60 min at  room temperature. The serum free 
fraction of digoxin was determined by equilibrium dialysis at 37' for 16 
hr using semirnicr~cells~~ and a semipermeable membraneI3 against 

6 Beckman Instruments, Fullerton, Calif. 
-I Table-top microfuge; Beckman Instruments, Fullerton, Calif. 

lo  0.1 g of 1,4-bis(4-methyl-5-phenyloxazol-2-yl)benzene, 4.0 g of 2.5-dipheny- 

'2 Kokugo-Gomu Co., Tokyo, Japan. 
13 Type 36/32; Visking Co., Chicago, Ill .  

Teflon glass homogenizer. 
Without F; E. Merck, Darmstadt, West Germany. 

Aloka Tri-Carb counter; Aloka Instruments Co., Tokyo. 
loxazole, and 500 ml of Triton X-lWAiter of toluene. 

~_____ ___ 

P ,  p d m l  158.6 f 13.3 575.3 f 204.2 
n-, min-1 0.126 f 0.042 0.764 f 0.442 
A ,  p'glm! 68.6 f 23.6 134.9 f 5.9 
a, mtn- 0.022 f 0.005 0.0308 f 0.0041 
B,  P'glm? 11.5 f 2.5 33.2 f 11.8 
0, min- 0.00313 f 0.00067 0.00388 f 0.00035 
Vd,, literlkgb 5.25 f 0.78 2.76 f 0.31f 
CL&, ml/(min kg)C 31.5 f 2.6 17.3 f 3.61 
CLR, ml/(min kg)d 3.4 f 0.8 0.9 f 0.5f 

0.9 f O.l f  CLB, ml/(min kg)d 
C L M ,  ml/(min kg)e 23.2 15.5 

4.9 f 0.5 

Results are given as the mean f SE of three or four animals. * The volume of 
distribution at steady state (Vd, )  was calculated by a conventional equation (18) 
using triexponential equation constants from plasma disappearance curves. The 
total plasma clearance (CLU was calculated using CLP, - dm/AUC. The hiiary 
clearance (CLB)  and the renal clearance (CLR)  were calculated using the equation 
in the text. The mean metabolic clearance (CLM) was calculated by CLM = CLM 
- CLB - CLR (see text). f Significantly different (p < 0.05) from the control guinea 
pigs. 

Krebs-Ringers buffer (pH 7.4), containing 0.6-46.8 nglml of [3H]digoxin 
and 1 and 10 pglml of quinidine. The protein binding of digoxin to serum 
was unchanged between 16 and 20 hr of dialysis at 37O. The quinidine 
concentration in the protein chamber after dialysis was in the same range 
as that of the in oivo concentration of quinidine (0.5-5 pglml) in 
plasma. 

Plasma-to-Blood Ceneentration Ratio of Digoxin-All procedures 
were carried out immediately after the blood collection. The blood was 
incubated with 1 pCi/ml of [3H]digoxin and various amounts of nonla- 
beled digoxin (1-300 nglml as blood concentration) a t  37" for 20 min in 
the presence of quinidine (1 and 10 pg/ml). Preliminary experiments 
indicated that equilibration was attained within 30 sec between plasma 
and red blood cells (unpublished data). After centrifugation, an aliquot 
of the plasma was removed and the concentration of [3H]digoxin was 
determined as described above. An analytical blank without substrate 
was determined in the same manner. The hemolysis during the incubation 
was negligible. 

Data Analysis-The digoxin concentration data for individual ani- 
mals were fitted to the equation Ct = Pe+ + Ae-at + Be-flt for the 
plasma concentration Ct a t  time t by nonlinear least-squares regression 
(17). Pharmacokinetic constants (Table I) were determined from the 
three-exponential equation constants, i.e., P, ir, A ,  a, B, and 0, using 
conventional equations (18). All means are presented with their standard 
error (the mean f SE). The Student's t test was utilized to determine 
significant differences between the control and the quinidine-treated 
groups. 
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Figure 2-Serum free fraction as a function of total blood concentration 
of digoxin with (0) and without (0) quinidine. Equilibrium dialysis was 
performed at  37' for 16 hr against Krebs-Ringer buffer (pH 7.4) con- 
taining 0.61-46.8 nglml of f3H]digoxin. The concentration of quinidine 
was 1 and 10 Fglml. 
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Figure 3-Plasma-to-blood concentration ratio of digoxin as a function 
of total plasma concentration with (0) and without (0) quinidine. The 
blood was incubated with 1-300 nglml of [3H]digoxin (as the blood 
concentration) at 37' for 20 min. The concentration of quinidine was 
1 and 10 pglml. 

RESULTS 

Effect of Quinidine on Digoxin Elimination from Plasma-The 
plasma disappearance of digoxin after intravenous administration of 250 
pglkg in the presence and absence of quinidine is shown in Fig. 1. The 
disappearance of digoxin followed three-exponential curves in both the 
control and quinidine-treated guinea pigs. The range of the plasma 
quinidine concentration was 0.5-5 pg/ml during the sampling period of 
4 hr. The pharmacokinetic constants were computed by a nonlinear it- 
erative least-squares method (17) and are listed in Table I. In the quin- 
idine-treated guinea pigs, a significant decrease was observed in the total 
body plasma clearance (CL&,). The Vd,, was decreased significantly by 
quinidine. 

Effect of Quinidine on Serum Protein Binding of Digoxin-The 
results from serum protein binding experiments are shown in Fig. 2. In 
both the experiments, i.e., with and without quinidine, the serum binding 
of digoxin exhibited apparent linear relationships. The serum free frac- 
tion ( f , )  did not show a significant alteration in the presence of quini- 
dine. 

Plasma-to-Blood Concentration Ratio of Digoxin-The plasma- 
to-blood concentration ratio of digoxin in the dose range from 1 to 300 
ng/ml were determined in the presence and absence of quinidine (Fig. 
3). The ratio seems to be constant over the dose range studied and did 
not show a significant alteration in the presence of quinidine. 

Effect of Quinidine on Tissue Distribution of Digoxin-Table I1 
demonstrates the changes in the tissue concentrations of digoxin at  1 and 
6 hr after intravenous bolus administration of 250 pg/kg. It is apparent 
that the tissue concentration of digoxin did not show a significant alter- 
ation in the quinidine-treated guinea pigs. There are two exceptions: the 
liver, with a 50% decrease (significantly different from the control group, 
p < 0.05) in the quinidine-treated group and the brain, where a 370% 
increase (significantly different from the control, p < 0.05) occurred in 
the same group at  1 hr after intravenous bolus administration of digoxin. 
The apparent tissue-to-plasma partition coefficients (K,)  at  I and 6 hr 
after intravenous bolus administration of digoxin in the presence and 
absence of quinidine are shown in Table 11. The K, values of most tissues 
studied significantly decreased in the quinidine-treated group, while the 
apparent brain-to-plasma concentration ratio a t  1 hr significantly ( p  < 
0.05) increased in the same group. 

Effect of Quinidine on Biliary and Renal Excretion of Di- 
goxin-In the quinidine-treated guinea pigs, no significant difference 
was observed in the mean bile flow rate for 6 hr when compared with that 
in the control animals (138.3 f 16.1 pl/min/kg for the quinidine-treated 
group, n = 3, and 133.8 f 17.4 for the control, n = 3). The biliary excretion 
rates of digoxin are shown in Fig. 4A; significant decreases (p < 0.05) were 
observed, except a t  3 and 4 hr. Cumulative biliary excretion curves of 
digoxin are shown in Fig. 4B. The amount of digoxin excreted during 6 
hr in the control guinea pigs was 13.8 f 1.1% of the dose ( n  = 31, while 
that of the quinidine-treated group was 5.6 f 1.1% ( n  = 3). The cumu- 
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Figure 4-Biliary excretion profile of digoxin after a 250-pglkg iv dose. 
(A) Biliary excretion rate. Each datum and bar represents the mean and 
standard error of three control (-) quinidine-treated (- - -) guinea 
pigs; (*) statistically significant at p = 0.05 when compared with the 
biliary excretion rate of the control guinea pigs. (B) Cumulative biliary 
excretion curves. Each point and bar represents the mean and standard 
error of three control (0) or quinidine-treated (0) guinea pigs. 

lative amount of digoxin excreted in urine during 6 hr after intravenous 
bolus administration in the control guinea pigs was 9.9 f 2.3% of the dose 
(n  = 3), while that of the quinidine-treated group was 5.2 f 2.9% ( n  = 
3). The mean biliary (CLB) and renal clearances (CLR)  were calculated 
by: 

Cumulative amount of digoxin excreted for 360 min 
CLB or CLR = 

AUCCL360 rnin 

where AUC is the area under the plasma concentration versus time curve 
calculated from pharmacokinetic parameters listed in Table I. The CLB 
and CLR calculated by this equation in the presence and absence of 
quinidine are also listed in Table I. Both clearances significantly de- 
creased in the presence of quinidine. 

From the digoxin content in plasma, liver, and bile, the liver-to-plasma 
and the bile-to-liver concentration ratios were calculated (Table 111). 
These ratios indicated that the transport of digoxin from plasma to liver 
and from liver to bile were against a large concentration gradient in the 
control guinea pigs. But after quinidine treatment, the liver-to-plasma 
concentration ratio significantly decreased, while the bile-to-liver con- 
centration ratio did not show a significant alteration. 

DISCUSSION 

The results of this study in guinea pigs are in agreement with previous 
studies, in which the increases in the serum (plasma) concentrations of 
digoxin were observed in the presence of quinidine in humans (1-51, dogs 
(6), and guinea pigs (7). Many investigators have reported that quinidine 
decreased Vd and C L ~ t  of digoxin in humans (5) and dogs (6). In this 
study the decreases of both parameters were also observed in guinea pigs 
(Table I). The lack of a substantial change in the elimination half-life 
(t1/2) of digoxin suggested that the parallel changes in Vd and CLtpt.tend 
to counterbalance each other. In plasma protein binding, no significant 
difference was observed in the serum free fraction of digoxin with or 
without quinidine (Fig. 2). This finding suggests that quinidine does not 
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Table 11-Tissue Distribution of Digoxin in  Guinea Pigs 

1 h r b  6 hrb 
Concentration, ng/g K O C  Concentration, ng/g K,c 

Control Brain 
(Digoxin) Muscle 

Heart 
Liver 

Di oxin Brain + buinidine Muscle 
Heart 
Liver 

2.3 f 1.2 
168.3 f 4.1 
170.0 f 6.6 
94.9 f 12.8 

8.5 f l .Od 
208.7 f 31.2 
212.0 f 15.3 

-e  

0.09 f 0.05 
6.63 f 0.16 
6.69 f 0.26 
3.74 f 0.50 
0.17 f 0.02d 
4.14 f 0.62d 
4.21 f 0.30d 

-e 

12.5 f 1.1 
108.7 f 6.0 
34.1 f 5.3 
36.0 f 1.5 

3.42 f 0.31 
29.81 f 1.65 
9.36 f 1.47 
9.88 f 0.40 

15.0 f 0.6 1.76 4 0.20d 
157.0 f 25.5 
42.5 f 7.5 
16.6 f 5.2d 

18.38 I 2.98d 
4.98 f 0.87d 
1.95 f 0.61d 

~ 

0 Results are given as the mean f SE of three guinea pigs. * At 1 and 6 hr after bolus intravenous administration of 250 pgkg of digoxin. c The apparent tissue-to-plasma 
partition coefficient. Significantly different (p < 0.05) from the control guinea pigs. - Not determined. 

alter the binding of digoxin to serum (plasma) proteins. A possible reason 
for this effect might be that digoxin binds mainly to albumin in serum 
(plasma), but the basic drug quinidine binds not only to albumin but also 
to lipoprotein or al-acid glycoprotein (19). 

The plasma-to-blood concentration ratio (s) of digoxin did not show 
a significant change when coadministered with quinidine in guinea pigs 
(Fig. 3). Using =Rb-labeled human erythrocytes, Doering et al. (20) re- 
cently showed that quinidine did not interfere with the glycoside receptor. 
Thus, changes in s in the presence of quinidine cannot be explained by 
this mechanism. The decrease in Vd at  steady state may be compatible 
with the hypothesis that quinidine displaces digoxin from the tissue 
binding sites (14). As shown in Table 11, digoxin extensively binds to 
tissues such as skeletal muscle, liver, and heart, and the K, values sig- 
nificantly decreased in the presence of quinidine. Straub et al. (13) re- 
cently reported that high concentrations of quinidine displace digoxin 
from bovine heart ATPase preparations. However, similar studies by 
Doering (2) failed to demonstrate the displacement of ouabain by quin- 
idine from the sarcolemma fraction of lamb ventricular myocardium. 
Recent in oitro studies by Ball et al. (14) showed that quinidine competes 
for the binding site on Na+,K+-ATPase with digoxin. The effect of 
quinidine on Na+,K+-ATPase, however, occurred at considerably higher 
concentrations of quinidine than those in the therapeutic range found 
in humans. Thus, it is uncertain whether quinidine displaces digoxin from 
Na+,K+-ATPase in therapeutic serum concentrations. I t  has also been 
reported that another cinchona alkaloid, quinine, decreases the initial 
uptake rate of ouabain, a cardiac glycoside, by isolated rat hepatocytes 
(21). In a similar way, digoxin uptake may be inhibited by quinidine. 

The renal clearance (CLR) significantly decreased in the presence of 
quinidine (Table I). This suggested that quinidine may reduce digoxin 
secretion or increase digoxin reabsorption as shown in dogs (11). but it 
is difficult to determine which is the predominant factor from the re- 
stricted findings to date. 

Koup et al. (22) reported the mean value of CLbt for digoxin, which 
was significantly higher than that of the CLR of digoxin in the human, 
and Fensteret al. (23) also reported a similar result. Furthermore, con- 
siderable biliary excretion of digoxin was evident in guinea pigs (24) and 
rats (25). It has been suggested that the CLbt of digoxin in rats essentially 
reflected the sum of CLR and the hepatic clearance (CLH) which involves 
the biliary and metabolic clearance (25). Therefore, the mean metabolic 
clearance (CLM)  was estimated by the difference calculated by CLM = 
CLW - CLB - CLR (Table I). The decrease of CLM in the quinidine- 
treated guinea pigs was not so remarkable when compared with the de- 
creases in CLB or CLR. 

The hepatic transpprt of digoxin may occur in at least two discernible 
steps: the uptake from plasma into liver and the transport from liver into 
bile. As shown in Table 111, quinidine may suppress the carrier-mediated 
transport of digoxin from plasma to liver or the tissue binding, but the 
transport from liver to bile may not be affected by quinidine. 

Table 111-Liver-to-Plasma and Bile-to-Liver Concentration 
Ratios for Digoxin in Control and Quinidine-Treated Guinea 
Pigs a 

Control Digoxin plus 
(Dieoxin) Quinidine 

Liver-to-Plasma 9.88 f 0.40 1.95 f 0.61b 
Bile-to-Liver 4.25 f 0.53 5.49 f 3.10 

0 Results are given as the mean f SE of three uinea igs The mean digoxin 
concentrations in the liver and plasma at 6 hr, anfin thegilefrom 5 to 6 hr after 
bolus intravenous administration of 250 pglkg of digoxin were used for the calcu- 
lation of the ratios. * Significantly different (p < 0.05) from the control guinea 
PW. 

The distribution of digoxin to the CNS is of interest in view of the 
suggestion that some of the effects of cardiac glycosides may occur as a 
result of the effect on the CNS (26). AS shown in Table 11, the concen- 
tration of digoxin measured in the brain was low in guinea pigs (this 
study), and in humans (27) digoxin seems to gradually enter the spinal 
fluid. But the concentration of digoxin in the choroid plexus of the human 
has been found to be at  least as high as that in the ventricular myocar- 
dium (27). The slow entry of digoxin into the brain may be due to an efflux 
mechanism through the choroid plexus. Thus, the increase of digoxin 
distribution to the brain at  1 hr after bolus intravenous administration 
in the presence of quinidine might be due to the inhibition of the trans- 
port system from the cerebrospinal fluid to blood through the choroid 
plexus for digoxin. On the contrary, the decrease of the apparent brain- 
to-plasma concentration ratio (K,) at 6 hr after bolus intravenous ad- 
ministration of digoxin might be due mainly to the displacement of the 
glycosides from the binding sites (Na+,K+-ATPase) in the brain cells. 

In conclusion, the quinidineaigoxin interaction was demonstrated 
in guinea pigs. Quinidine caused an inhibition in the tissue distribution 
of digoxin, which was shown in the significant decrease of the K, values 
of digoxin, and this result may explain the significant decrease of Vd,. 
Furthermore, quinidine may cause a reduction of biliary, renal, and 
metabolic clearances, which significantly decrease the CLbt of di- 
goxin. 
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Abstract There are appreciable interindividual variations in rats of 
baseline activated partial thromboplastin time (APTT) and of the 
anticoagulant effect of heparin added to plasma (as reflected by the slope 
of the regression line describing the essentially linear relationship be- 
tween In A P m  and heparin concentration). Determination of baseline 
APTT and slope value on two occasions, 7 days apart, in the same rats 
revealed that (unlike in humans) these characteristics were subject also 
to considerable intraindividual variation. To explore the possible reasons 
for the observed variability, the effect of citrate concentration (acid citrate 
solution is used as a blood anticoagulant in the collection of plasma), 
calcium concentration (in the recalcifying solution used to initiate 
coagulation), and plasma incubation time (for activating the coagulation 
system) was determined. All three variables had pronounced effects on 
the anticoagulant response to heparin. Since rat erythrocytes are almost 
totally impermeable to citrate, hematocrit is a determinant of plasma 
citrate concentration when acid citrate solution is added in constant 
proportion to rat blood. Accordingly, inter- and intraindividual differ- 
ences in baseline APTT and slope values were measured in another ex- 
periment in which the citrate solution to plasma (rather than blood) 
volume ratio was held constant and blood samples were obtained 30 days 
apart to permit the return of hematocrit values to normal. Intraindividual 
variation of the coagulation characteristics was appreciably decreased 
under these conditions. There are important differences between rats 
and humans with respect to the effect of citrate concentration and plasma 
incubation time on baseline APTT and on the anticoagulant action of 
heparin, as well as with respect to the relationship between these two 
characteristics. 

Keyphrases 0 Heparin-pharmacokinetics, concentration and anti- 
coagulant effect, in uioo and in vitro factors 0 Pharmacokinetics- 
heparin, concentration and anticoagulant effect, in uiuo and in uitro 
factors 0 Anticoagulants-heparin, effect of concentration, in oiuo and 
in oitro factors, pharmacokinetics 

Safe and effective anticoagulant therapy with heparin 
is complicated by the chemical and pharmacological het- 
erogeneity of this natural product (1-3), by inter- and in- 
traindividual differences in anticoagulant response (4-8) 
that necessitate individualization and frequent changes 
of the dosing rate of this drug, and by questions concerning 
the suitability of the various in uitro clotting tests used as 
intermediate therapeutic end points to serve as indices of 
therapeutic efficacy (prevention of thrombosis) and safety 

(absence of hemorrhagic episodes due to excessive anti- 
coagulation) (9,lO). An individual’s anticoagulant response 
to a given dose or dosing rate of heparin is subject to two 
sources of considerable variation, one pharmacokinetic and 
the other pharmacodynamic: the disposition (systemic 
clearance and biological half-life) of the drug and the re- 
lationship between heparin concentration in plasma (the 
site of anticoagulant action) and the magnitude of anti- 
coagulant effect (6). Practical and ethical considerations 
impose limitations on exploration of these problems in 
humans and make it desirable to use animal models for 
certain pharmacokinetic and pharmacodynamic studies 
of heparin. The rat appears to be promising for this pur- 
pose. Like humans, rats exhibit dose-dependent elimina- 
tion kinetics of heparin (11). The anticoagulant response 
to this drug as reflected by the activated partial throm- 
boplastin time (APTT) is log-linearly related to the con- 
centration of added heparin in plasma over a wide con- 
centration range in both humans and rats ( 4 , l l ) .  

Studies in normal human adults (4) have shown a sig- 
nificant correlation between hematocrit and an index of 
the anticoagulant response of plasma to added heparin (the 
slope of the essentially linear relationship between In 
APTT and the concentration of heparin added to plasma, 
to be referred to in this article as the slope or slope value). 
It has also been observed that there are pronounced in- 
terindividual differences in both baseline APTT (i.e.,  
APTT of plasma without added heparin) and slope value, 
but that intraindividual differences are relatively small in 
humans (4). 

Contrary to these findings, it was found in the initial 
phase of the present study that baseline APTT and slope 
values in individual rats, while exhibiting similar interin- 
dividual differences as in humans, were poorly reproduc- 
ible when measured again 7 days later. To explore the 
reasons for these intraindividual differences in rats, the 
relationship of hematocrit, citrate concentration (acid ci- 
trate solution is added to blood to prevent coagulation), 
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tween In A P m  and heparin concentration). Determination of baseline 
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for the observed variability, the effect of citrate concentration (acid citrate 
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coagulation), and plasma incubation time (for activating the coagulation 
system) was determined. All three variables had pronounced effects on 
the anticoagulant response to heparin. Since rat erythrocytes are almost 
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citrate concentration when acid citrate solution is added in constant 
proportion to rat blood. Accordingly, inter- and intraindividual differ- 
ences in baseline APTT and slope values were measured in another ex- 
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Safe and effective anticoagulant therapy with heparin 
is complicated by the chemical and pharmacological het- 
erogeneity of this natural product (1-3), by inter- and in- 
traindividual differences in anticoagulant response (4-8) 
that necessitate individualization and frequent changes 
of the dosing rate of this drug, and by questions concerning 
the suitability of the various in uitro clotting tests used as 
intermediate therapeutic end points to serve as indices of 
therapeutic efficacy (prevention of thrombosis) and safety 

(absence of hemorrhagic episodes due to excessive anti- 
coagulation) (9,lO). An individual’s anticoagulant response 
to a given dose or dosing rate of heparin is subject to two 
sources of considerable variation, one pharmacokinetic and 
the other pharmacodynamic: the disposition (systemic 
clearance and biological half-life) of the drug and the re- 
lationship between heparin concentration in plasma (the 
site of anticoagulant action) and the magnitude of anti- 
coagulant effect (6). Practical and ethical considerations 
impose limitations on exploration of these problems in 
humans and make it desirable to use animal models for 
certain pharmacokinetic and pharmacodynamic studies 
of heparin. The rat appears to be promising for this pur- 
pose. Like humans, rats exhibit dose-dependent elimina- 
tion kinetics of heparin (11). The anticoagulant response 
to this drug as reflected by the activated partial throm- 
boplastin time (APTT) is log-linearly related to the con- 
centration of added heparin in plasma over a wide con- 
centration range in both humans and rats ( 4 , l l ) .  

Studies in normal human adults (4) have shown a sig- 
nificant correlation between hematocrit and an index of 
the anticoagulant response of plasma to added heparin (the 
slope of the essentially linear relationship between In 
APTT and the concentration of heparin added to plasma, 
to be referred to in this article as the slope or slope value). 
It has also been observed that there are pronounced in- 
terindividual differences in both baseline APTT (i.e.,  
APTT of plasma without added heparin) and slope value, 
but that intraindividual differences are relatively small in 
humans (4). 

Contrary to these findings, it was found in the initial 
phase of the present study that baseline APTT and slope 
values in individual rats, while exhibiting similar interin- 
dividual differences as in humans, were poorly reproduc- 
ible when measured again 7 days later. To explore the 
reasons for these intraindividual differences in rats, the 
relationship of hematocrit, citrate concentration (acid ci- 
trate solution is added to blood to prevent coagulation), 

0022-3549/83/1000-1141$01.00/0 
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and calcium concentration (calcium chloride is added to 
the plasma to initiate the clotting process) to 

and 'lope value were determined' Based 
on the results of these experiments, the assessment of 
inter- and intraindividual differences in baseline APTT 
and slope value was repeated under conditions in which 
the volume ratio of citrate solution to plasma (rather than 
blood, as is the I l M d  practice) was kept constant. Since 
citrate is almost totally excluded from erythrocytes (121, 
this prevents any variation of plasma citrak concentration 
due to differences in hematocrit. Another variable studied 
in this investigation was the effect of the incubation time 
of citrated plasma with APTT reagent (before recalcifi- 
cation) on baseline APTT and on slope. The results of 

the known whole blood citrate concentration and the hematocrit. Plasma 
was obtained by centrifuging the blood samples a t  14,OOOXg for 5 rnin 
in a temperature-controlled centrifuge a t  15', and baseline APTT and 
slope value were determined as described in the preceding para- 
graphs. 

The effect of calcium chloride concentration in the recalcifying solution 
used to initiate plasma clotting was determined at a constant citrate 
concentration ( i .e . ,  changing calcium-citrate concentration ratio) and 
a t  a constant calciumxitrate concentration ratio6. Pooled citrated plasma 
was obtained from eight rats, weighing 442-530 g, using the aforemen- 
tioned procedure except that  the final citrate concentration in half of the 
plasma samples was kept constant. The calcium chloride concentration 
in the recalcifying solution ranged from 12.5 to 46.6 mM, in six incre- 
ments. Baseline APTT and slope values were determined. 

To determine the effect of incubation time on baseline APTT and 
slope, 1O-mI blood samples were obtained from each of 15 rats weighing 
344-382 g. A 30-pl sample of blood was first drawn from the tail artery 

these studies (a) serve to identify those variables which 
have to be carefully controlled in pharmacodynamic and 
pharmacokinetic (based on bioassay) experiments on rats, 
( b )  provide an indication of the magnitude of inter- and 
intraindividual differences of baseline APTT and anti- 
coagulant effect of heparin in rats, and ( c )  permit a com- 
parison of differences between humans and rats with re- 
spect to inter- and intraindividual variations of baseline 
APTT and slope, and the relationship of these two indices 
to one another and to certain other physiological and 
methodological variables. 

EXPERIMENTAL 

Adult, male Sprague-Dawley rats' were used in this investigation. They 
had free access to food2 and water at all times. The APTT was determined 
as described previously (11): Samples of frozen citrated plasma were 
thawed at 37O and the tubes were then transferred to an ice-water bath. 
Within 1 hr, 0.25 ml of the plasma was transferred to a 0.75-ml polypro- 
pylene tube containing 10 pl of normal saline solution. One-tenth milli- 
liter of this plasma was mixed with 0.1 ml of APTT reagent3, and this 
mixture was incubated at 37' for exactly 15 min (except when incubation 
time was studied as a variable). One-tenth milliliter of calcium chloride 
solution (0.025 M except when calcium concentration was studied as a 
variable) was then added to initiate clotting. The incubation and sub- 
sequent determination of APTT were done with a coagulation timefl. 
All samples were prepared and APTT was measured in duplicate. The 
duplicate values, which usually varied by <4%, were averaged. 

T o  determine the effect of added heparin on A P l T ,  the 10 pl of normal 
saline solution added to a plasma sample for determination of baseline 
APTT was replaced by lop1 of sodium heparin (bovine lung originI5 in 
normal saline solution. The heparin concentration in this solution was 
varied such as to yield plasma heparin concentrations of 0.05-1.0 U/ml, 
usually in nine increments. The slope of the relationship between In 
APTT and heparin concentration was determined by least-squares linear 
regression analysis of APTT values obtained from plasma samples in the 
0.1 to 1.0-U/ml heparin concentration range. The statistical significance 
of differences between slope values of plasma obtained on different days 
from the same animal was determined by analysis of covariance (13). 

To determine the effect of plasma citrate concentration on baseline 
APlT and on the anticoagulant activity of heparin, 10-ml blood samples 
were collected from each of seven rats, weighing 470-567 g. The blood 
was drawn from the abdominal aorta, during ether anesthesia, into a 
plastic syringe containing 0.6 ml of 0.1 M acid citrate solution (14). The 
blood samples were pooled in a plastic beaker immersed in an ice-water 
bath and kept well mixed by magnetic stirring. Aliquots (9.6 ml) of the 
pooled, citrated blood were transferred by polypropylene pipet to 
screw-capped polycarbonate centrifuge tubes containing 0.45 ml of either 
isotonic saline solution or acid citrate solution of six different (66-330 
mM) concentrations. Since citrate is almost totally excluded from rat 
erythrocytes (12), the plasma citrate concentration was calculated from 

1 Blue S ruce Farms, Altamont, N.Y. 
2 Formuya R-1000, Charles River, Syracuse, N.Y. 
3 Automated AP?T; General Diagnostics, Morris Plains, N.J. ' Fihrometer; Baltimore Biological Laboratories, Cockeysville, Md. 

Lot No. 955FW; The Upjohn Co., Kalamazoo, Mich. 

into a heparinized microhematocrit tube; the tube was centrifuged (4) 
and the hematocrit determined. A sufficient volume of acid citrate so- 
lution was then drawn into a plastic syringe such that on collection of 10 
ml of blood from an animal, the volume ratio of citrate solution to plasma 
was 16. Individual plasma samples from five of the rats were divided into 
three equal volumes, and plasma samples from the other 10 rats were 
divided into two equal volumes. One of the plasma aliquots from each 
of the initial five rats was used to  determine the time required for maxi- 
mum activation of the intrinsic coagulation pathway. This was done by 
incubating the citrated plasma-APTT reagent mixture at 37' in covered 
tubes for 1-20 rnin before recalcification. Except for the variation of in- 
cubation time, the APTT measurements were performed by the standard 
procedure. Based on the results of the five-animal study, baseline APTT 
and slope value determinations on plasma from the other 10 rats were 
made after 3 and 15 min of incubation. (It should be noted that these 
experiments were not done with pooled plasma, but with individual 
plasma samples from a total of 15 animals.) 

Inter- and intraindividual differences of baseline APTT and slope 
values were determined in two experiments. All rats had a silicone rubber 
cannula implanted in the right jugular vein under ether anesthesia 3 days 
before the start of the experiment (15). Their body weight and hematocrit 
were determined on each study day. Thirteen animals were used in the 
first experiment. On day 1,4 ml of blood was collected through the can- 
nula in a plastic syringe containing 0.44 ml of 0.1 M acid citrate solution 
using the technique previously described (11). On day 7,9 ml of blood 
was obtained from the abdominal aorta, under ether anesthesia, in a 
plastic syringe containing 1 ml of the acid citrate solution. The second 
experiment, with 12 rats, consisted of blood withdrawals on days 1 and 
30. In this experiment, hematocrit was determined first from a micro- 
sample of blood taken from the tail artery, and the volume of acid citrate 
solution was individualized to yield a constant acid citrate solution- 
plasma volume ratio of 1:6. In all cases, the blood and citrate anticoagu- 
lant solution were mixed gently and platelet-poor plasma was separated 
by centrifugation a t  14,OOOXg for 5 min at 15' in polycarbonate tubes. 
These plasma samples were transferred to stoppered polypropylene 
tubes, frozen in a dry ice-methanol bath, and stored a t  -80' until as- 
sayed. 

RESULTS 

The baseline APTT in a group of 13 rats ranged from 11.1 to 27.1 sec, 
averaging 19.5 sec. Identical average APTT and a similar range of indi- 
vidual values were found in the same animals 7 days later, but there was 
no significant correlation between the day 1 and day 7 baseline APTT 
values in individual rats (Table I). An essentially linear correlation be- 
tween In APTT and the concentration of heparin added to plasma was 
consistently found over a heparin concentration range from 0.1 to 1.0 
U/ml. However, the APTT at a heparin concentration <0.1 U/ml and the 
baseline A P T T  were usually above the linear regression line (Fig. 1). Slope 
values ranged from 1.14 to 2.31 ml/U on day 1 and from 1.36 to 2.49 ml/U 
on day 7; 7 of the 13 animals had significantly different slope values on 
these 2 days and there was no apparent correlation between day 1 and 
day 7 slope values for individual rats (Table I). On day 1, baseline APTT 
showed a positive correlation with hematocrit; on days 1 and 7, the slope 
correlated negatively with hematocrit (Table 11). 

6 The constant calcium-citrate concentration ratio was chosen to be similar to 
the ratio obtained when 1 part of 0.1 M acid citrate solution is used to anticoagulate 
6 parts of plasma and 0.025 M calcium chloride solution is used to recalcify the 
plasma. 
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Table I-Baseline APTT, Slope, Hematocrit, and Body Weight of Rats Determined Twice, 7 Days Apart When the Citrate Solution- 
Blood Volume Ratio was Constant 

Rat 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Baseline APTT, sec Slope, ml/U Hematocrit, ?6 
Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 

Body Weight, g 
Day 1 Day 7 

26.8 
15.8 
18.3 
11.1 
13.6 
27.1 
20.0 
16.5 
23.8 
20.8 
22.3 
20.6 
16.2 

17.7 
25.3 
19.0 
17.8 
15.3 
16.3 
22.5 
18.3 
23.8 
23.8 
19.3 
18.1 
16.8 

Mean 19.5 
SD 4.8 
Significance 

of difference 
between means 

Correlation 
coefficient 

Sienificance 

19.5 
3.2 

NS.C 

0.04 

N.S. 

1.14 
1.51 
1.67 
1.95 
1.86 
1.64 
1.61 
2.26 
1.59 
1.81 
1.44 
2.31 
1.97 
1.75 
0.32 

N.S. 

0.44 

N.S. 

1.80" 
1.95" 
1.86" 
1.85 
1.82 
2.48" 
1.68 
2.49" 
1.36 
1.67 
1.55 
2.02" 
2.32" 
1.91 
0.34 

-b 
b 

49 
47 - 
46 41 
41 40 
40 41 
50 36 
51 44 
40 37 
50 40 
47 41 
49 43 
44 40 
43 40 
46 40 
4 2 

p < 0.01 

0.29 

N.S. 

b 
b 

- 464 
324 - 
424 395 
547 539 
350 361 
312 381 
548 552 
423 467 
444 456 
410 422 
392 414 
388 402 
408 432 
418 438 
72 61 

N.S. 

0.94 

D < 0.001 
~ ~~_______  

a Significantly different ( p  < 0.05) from slope value on day 1. * Missing data. N.S. = not significant. 

Table 11-Correlations of Data in Table I 
-~ 

Signifi- 
Correlation Coefficient cance, p Data Pair 

Baseline APTT uersus slope, day 1 -0.50 N.S." 
Baseline APTT uersus slope, day 7 -0.66 <0.05 
Baseline APTT uersus hematocrit, 0.79 <0.01 

Baseline APTT uersus hematocrit, 0.42 N.S. 
day 1 

day 7 
Slope uersus hematocrit, day 1 -0.73 <0.01 
Slope uersus hematocrit, day 7 -0.75 <0.01 

a N.S. = not significant. 

The baseline APTT and slope values were found to be extensively af- 
fected by the concentration of citrate added as an anticoagulant to the 
blood to permit separation of plasma. The baseline APT" increased with 
increasing citrate concentration while the slope decreased (Table 111). 
The opposite relationships were observed with respect to the concen- 
tration of calcium used to initiate the clotting process: baseline APTT 
decreased and slope increased with increasing calcium concentration 
(Table IV). When citrate and calcium concentrations were increased si- 
multaneously, at a constant ratio, the citrate effect predominated with 
respect to the baseline APTT (which increased with increasing concen- 
tration), while the calcium effect predominated with respect to slope 
(which also increased with increasing concentration) (Table V). 

Incubation time of citrated plasma with APTT reagent (before addition 
of calcium to initiate clotting), intended to activate the intrinsic coagu- 
lation pathway, had a pronounced effect on APTT. As reflected by the 
decreasing APTT, the activation process predominated during the first 
3 min (Fig. 2). A t  longer incubation times, APTT gradually increased, 
suggesting degradation of one or more components of the coagulation 
system. Comparing the results obtained after 3 and 15 min of incubation, 

Table 111-Effect of Added Citrate on the Baseline APTT of 
Pooled Rat  Plasma and on the Anticoagulant Response to Added 
Heparin a 

Citrate Concentration Baseline APTTb, Slope', 
in Plasma, mM sec ml/U 

Table IV-Effect of Added Calcium Concentration on the 
Baseline APTT of Pooled Rat Plasma and on the Anticoagulant 
Response to Added Heparin a 

Calcium Chloride Baseline APTTc, Sloped, 
Concentrationb, mM sec ml/U 

12.5 
19.0 _. . . 

25.0 
29.8 

37.6 
24.8 
28.6 
22.6 

0.85 
I .ns 
1.38 
2.57 

34.6 21.8 2.14 
46.6 21.8 2.46 

Citrate concentration in plasma was constant at 18.75 mM. Refers to con- 
centration in the recalcifying solution added to plasma. e Not significantly corre- 
lated with calcium Concentration (r = -0.78). Significantly correlated with calcium 
concentration ( r  = 0 .864 ,~  < 0.05). 

the change in slope values was relatively more pronounced than the 
change in baseline APTT (Table VI). However, the 3- and 15-min values 
for the same animals correlated strongly, and the ratio of the 15- to 3-min 
values varied little between animals (Table VI). The intercept of the In 
APTT oersus heparin concentration regression lines a t  zero heparin 
concentration determined in this experiment is lower, on the average, 
than baseline APTT (Fig. 1). 

Based on the preceding results, the reproducibility of individual 
baseline APTT and slope values was reexamined in another experiment 
(Table VII). Compared with the first experiment (Table I), the citrate 
solution-plasma volume ratio rather than the citrate solution-blood 
volume ratio was held constant, and the time interval between repeated 
measurements was lengthened from 7 to 30 days. The mean baseline 
APTT values and standard deviations obtained in the two studies are 
similar. The slope values in the second experiment are slightly higher than 
those in the first experiment, but the coefficients ofkariation are similar. 

Table V-Effect of Added Citrate and Calcium ConcentrationsP 
on the Baseline A P "  of Pooled Rat  Plasma and on the 
Anticoagulant ResDonse to Added HeDarin 

Concentration, mM 
Citrate Calcium Chloride Baseline Slope', 

in Plasma in Recalcifying Solution APTTb, sec ml/U 

8.75 
13.5 
17.5 
20.9 
24.3 
32.7 

11.6 
17.8 
24.6 
27.1 
31.4 
38.6 

2.31 
2.42 
1.87 
1.59 
1.55 
1.33 

8.74 12.5 
13.5 19.0 
17.5 25.0 
20.9 29.8 
24.3 34.6 
32.7 46.6 

9.7 1.47 
15.8 1.83 
19.0 1.92 
25.6 1.92 
27.0 2.59 
39.0 2.75 

0 Calcium concentration in recalcifying solution was constant a t  25 mM. Sig- 
nificantly correlated with citrate concentration ( r  = 0.991, p < 0.001). Significantly 
correlated with citrate concentration ( r  = -0.923, p < 0.01). 

a At a constant concentration ratio. Significantly correlated with citrate and 
calcium concentrations (r = 0.994, p < 0.001). Significantly correlated with citrate 
and calcium concentrations ( r  = 0.943, p < 0.01). 
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Figure 1-Relationship between APTT and concentration of added 
heparin in plasma of a rat. The ordinate scale is logarithmic. The open 
circles at zero and very low heparin concentrations are usually above 
the regression line, which was calculated without these two data points. 
The incubation time was 15 min. 

The correlation coefficients for the baseline A P T T  and slope values, 
respectively, of the first and last day of each study were higher in the 
second study. Only the second study showed a statistically significant 
correlation between slope valuea obtained on different days from the same 
animals. During the 30-day interval of the second study, hematocrit 
values returned to normal, and body weight of the animals increased 
significantly (Table VII). 

DISCUSSION 

The magnitude of interindividual variation of baseline Ap?T and slope 
values observed in this investigation is similar to that found previously 
in another investigation on rats (11)7 and is similar also to the magnitude 
of interindividual variation of these characteristics in humans (4,5). All 
of the cited studies were carried out, a t  various times, in this laboratory 
with reagents from the same sources and with the same coagulation timer 
and are therefore readily comparable. However, unlike the situation in 
humans (4), the reproducibility of baseline APTT and slope values de- 
termined twice, on different days, in the rats was poor (Table I). An ex- 
amination of the results of the first crossover experiment in rats (Tables 
I and 11) suggested that one reason for the relatively poor reproducibility 
of individual results may be related to the inter- and intraindividual 
variation of hematocrit values. 

Baseline APTT and slope values were significantly correlated with 
hematocrit (Table 11). Since the permeability of rat erythrocytes to citrate 
is almost negligible (13) and the standard method of blood collection for 
plasma APTT determinations involves the addition of acid citrate 
anticoagulant solution to blood in a constant volume ratio, increasing 
hematocrit values are associated with increasing citrate concentration 
in plasma. As citrate concentrations are increased (all else being constant 
by use of pooled blood), baseline APTT increases and slope values de- 
crease (Table 111). The positive correlation between hematocrit and 
baseline APTT and the negative correlation between slope and hemat- 
writ, obtained by statistical analysis of individual results from 13 rats 

The slope values reported by Bjornsaon and Levy (11) are based on heparin 
concentrations in plasma before it was diluted 10-fold for AP’IT determination. 
The slope values in the present study are based on heparin concentration in plasma 
that was used undiluted for Ap?T determination. For comparison with the results 
of this investigation, the slope values reported by Bjornsson and Levy (11) must 
be multiplied by 10. 

1.50 

1.25 

2 
a 

t a 

t- 
U 
t- 

1 .oo 

0.75 

I I I I 

0 5 10 15 20 
INCUBATION TIME, rnin 

Figure 2-Effect of incubation time on the baseline APTT of plasma 
from five rats. Plotted are the APTT ratios (APTT at  a given time1 
APTT at I min), as mean *SD, against incubation time. The APTT at 
1 min ranged from 15.4 to 23.9 sec. 

(Table II), are consistent with these observations. Thus, a modification 
of the experimental methodology whereby the citrate solution-blood 
volume ratio is individualized on the basis of the animal‘s hematocrit such 
as to assure a constant citrate solution-plasma volume ratio was indi- 
cated. Moreover, a 7-day interval between blood withdrawals was ap- 
parently not sufficient for the animals to regenerate the considerable 
volume of blood that was taken on the first day of the experiment, as 
reflected by the significantly lower hematocrit values on the seventh day 
(Table I). It is possible also that the levels of certain clotting factors, which 
are likely to have been lowered by the first blood withdrawal, may not 
have returned to normal within 7 days. It was therefore deemed advisable 
to increase the time interval between blood withdrawals considerably. 

In the second experiment to determine inter- and intraindividual 
differences in baseline APTT and slope value, the citrate solution-plasma 
volume ratio was held constant, and the interval between the two blood 
withdrawals was 30 days. The results of this experiment (Table VII) 
yielded higher correlation coefficients for the individual pairs of baseline 
APTT and slope values, respectively, than in the first experiment. The 
hematocrit values had returned to normal within the 30-day period. 
However, while intraindividual variation was decreased relative to the 
first experiment, interindividual variation was not appreciably different. 
The correlation between slope values and hematocrit was no longer sta- 
tistically significant (Table VIII). On the other hand, there remains a 
significant correlation between hematocrit and baseline APT”, but this 
correlation is now negative rather than positive. The reason for this is 

Table VI-Effect of Incubation Time on the Baseline APTT of 
Plasma from Rats and on the Anticoagulant Response to Added 
Heparin 

Correla- 
Incubation Time, tion 

min Ratio Coeffi- 
3 15 15:3 min cient 

Baseline 18.6 f 2.8 24.5 f 3.0 1.32 f 0.933 p < 0.001 

Ordinate 17.3 f 2.4 20.5 f 2.5b 1.19 f 0.855 p < 0.001 
APTT, sec 0.08 

Intercept, 0.09 
s w  _ _ _  

Slope, 0.98 f 0 . 1 3  1.74 f 0.26 1.78 f 0.872 p <0.001 
ml/U 0.13 

Data and ratio values are expressed as mean f SD, n = 15. Significantly 
different from baseline APTT, p < 0.001. 
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Table VII-Baseline APTT, Slope, Hematocrit, and Body Weight of Rats Determined Twice, 30 Days Apart When the Citrate 
Solution-Plasma Volume Ratio was Constant at 1:6 

Baseline APTT, sec Slope, ml/U Hematocrit, 9% Body Weight, g 
Rat Day 1 Day 30 Day 1 Day 30 Day 1 Day 30 Day1 Day30 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
Mean 
SD 
Significance of difference 

Correlation coefficient 
between means 

10.6 12.9 
24.3 20.8 
17.1 19.6 
16.6 16.6 

16.1 15.3 
20.0 22.8 
17.3 17.0 
22.3 20.3 
18.2 18.2 
3.9 2.8 

N.S. 

0.50 

3.12 
1.83 
2.48 
1.94 
2.49 
3.23 
2.30 
2.13 
2.21 
1.94 
2.61 
2.21 
2.37 
0.44 

3.12 
2.32" 
2.78 
2.56" 
2.87" 
2.73 
2.34 
2.45 
2.24 
1.66 
2.54 
1.90 
2.46 
0.41 

N.S. 

0.68 

46 47 
46 47 
45 47 
49 50 
47 51 
45 41 
44 45 
45 47 
48 41 ._ .. 

42 42 
48 49 
46 44 
46 46 
2 3 

N.S. 

0.73 

394 477 
412 485 
422 492 
397 458 
456 508 
478 538 
397 455 
417 468 
421 462 
485 524 
356 422 
342 422 
415 476 
43 36 

p < 0.001 

0.95 
Significance N.S. p < 0.05 p <0.01 p < 0.001 

a Significantly different ( p  < 0.05) from slope value on day 1. * N.S. = not significant. 

unknown; it could reflect differences in dilution (by the addition of acid 
citrate solution to blood in variable proportions) of one or more endog- 
enous substances that distribute readily between plasma and erythrocytes 
and whose concentration is relevant to the clotting of plasma. 

One potential alternative to individualization of the citrate solution- 
blood volume ratio (to achieve a constant citrate solution-plasma volume 
ratio) is to adjust the concentration of calcium chloride in the recalcifying 
solution such as to achieve a constant molar ratio of citrate to calcium. 
Increasing the concentration of calcium while citrate concentration was 
held constant did in fact cause an increase in slope and may also have 
decreased baseline APlT,  although the latter effect was not statistically 
significant (Table IV). However, maintaining a constant molar ratio of 
citrate to calcium did not abolish the citrate concentration dependency 
of baseline APT" and indicated a predominance of the calcium effect 
over the citrate effect on the slope (Table V). 

It has been the practice in this laboratory to incubate the plasma- 
APT" reagent mixture 15 min, rather than the customary 3 or 5 min, for 
activation of the intrinsic coagulation pathway. This change was made 
to increase the sensitivity of the APTT to changes of heparin concen- 
tration. A detailed study of the relationship between APTT and incu- 
bation time revealed considerable complexity (Fig. 2), with the activation 
process predominating initially and degradation of component(s) of the 
clotting process predominating at  later times (after -3 min). Increased 
incubation time had a more pronounced effect on slope than on baseline 
APTT (Table VI) and contributed to a more pronounced difference be- 
tween the actual and apparent baseline APTT, determined by back- 
extrapolation of the In APTT-heparin concentration regression line to 
a heparin concentration of zero (Fig. 1, Table VI). Since there is a rela- 
tively constant relationship between baseline APT" and slope values, 
respectively, obtained after 3 and 15 min of incubation, the time variable 
should have little or no effect on the analysis and interpretation of the 
results of heparin studies such as the one described here. The 15-min 
procedure is more sensitive to heparin concentration (due to the increased 
slope value) and is more convenient. 

The results of this investigation, assessed in conjunction with the re- 
sults of corresponding clinical studies also performed in this laboratory 
(4, 5) provide interesting information concerning species differences 
between rats and humans (Table IX). These differences should be ap- 

Table VIII-Correlations of Data in Table VII 

Data Pair 
Signifi- 

Correlation Coefficient cance, p 
~~ 

Baseline APTT uersus slope, day 1 -0.70 <0.05 
Baseline APTT uersus slope, day 30 -0.67 <0.05 
Baseline APTT uersus hematocrit, -0.10 N.S." 

Baseline APTT uersus hematocrit, -0.66 <0.05 

Slope uersus hematocrit, day 1 0.01 N.S. 
Slope uersus hematocrit, day 30 0.48 N.S. 

day 1 

day 30 

N.S. = not significant. 

preciated in the context of the two major similarities between these 
species: the pharmacokinetics of heparin are dose dependent and there 
is an essentially linear relationship between In APTT and heparin con- 
centration in both humans and rats (11). On the other hand, citrate 
concentration in plasma has a pronounced effect on baseline AP?T and 
slope in rats, but not in humans. Both human and rat erythrocytes are 
essentially impermeable to citrate (12). In view of the pronounced citrate 
concentration effect in rats, the human experiments were repeated re- 
cently and the previously observed lack of a citrate concentration effect 
was reconfirmed (unpublished data). 

Another striking difference between rats and humans is the effect of 
plasma incubation time on AFTT. The APTT of human plasma de- 
creased and eventually reached a constant value during incubation for 
up to 21 min (5), indicative of activation of the clotting system without 
noticeable degradation of clotting factors. On the other hand, the APTT 
of rat plasma first decreases (indicative of activation) and then increases, 

Table IX-Comparison of Healthy Humans and Rats with 
Respect to the Coagulation of Plasma and the Anticoagulant 
Effect of Heparin a 

Characteristics Humans Ratsb 

Relationship between In Linear 

Effect of incubation time Decreases 

Effect of citrate 

APTT and added 
heparin concentration 

on APTT asymptotic- 
ally 

No effect on 
concentration baseline 

APTT or 
slope 

Slope-hematocrit Significant, 
correlation negative 

Linear 

First decreases, then 
increases 

Significant positive 
correlation with 
baseline APTT and 
significant negative 
correlation with slope 

( a )  Often significant, 
negative ( b )  no 
correlation 

Slope-baseline APTT Significant, ( b )  Significant, negative 

Baseline APTT- Not significant' Variable 
correlation positive 

hematocrit correlation 

erythrocytes 

baseline APTT values 
on repeated testing at 
different times 

values on repeated 
testing at different 
times 

Citrate uptake by Negligible Negligible 

Reproducibility of Excellent Very poor 

Reproducibility of slope Excellent Poor 

Based on our previous studies (4,5,13) and on the results of the present study. 
Different results were observed in some cases depending on whether plasma was 

obtained from animals with ( a )  citrate solution-blood volume ratio held constant 
or ( b )  citrate solution-plasma volume ratio held constant. c Significant negative 
correlation in patients (5,7). 
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apparently due to the opposing effects of activation and subsequent 
degradation of coagulation factors. In a search for factors that may be 
useful for predicting an individual patient’s response to heparin, baseline 
A P ”  has emerged as the variable which consistently correlates posi- 
tively with slope value (4,5,8). Unlike humans, rats exhibit a negative 
correlation between baseline A P T T  and slope value. The reason for this 
species difference is not known. 

In summary, coagulation studies in rats require considerably more 
attention to the control of the variables examined in this investigation 
than do similar studies in humans. The volume of blood required to de- 
termine baseline APTT and slope represents a significant fraction of a 
rat’s total blood volume, but is negligible compared with the human blood 
volume. This is an additional complicating factor in studies on rats. The 
observed species variation may, however, be useful for exploring various 
aspecta of the blood coagulation process. Parallel and coordinated studies 
on humans and rats, and perhaps also on other species, may facilitate the 
elucidation of important pharmacokinetic and pharmacodynamic aspects 
of the anticoagulant action of heparin. 
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Abstract 0 Poly(methy1 [l-14C)methacrylate) nanoparticles were in- 
jected subcutaneously into rats. Almost all of the radioactivity stayed 
at  the injection site. After an initial urinary and fecal excretion of -1% 
of the administered dose per day, the rate of elimination dropped to a 
low level (-0.005%/day uia the feces and 4.0005%/day via the urine) 
within 70 days. After 200 days, the fecal elimination increased expo- 
nentially until a >100-fold increase was observed after 287 days in one 
rat. After this time, a tendency for an increase in fecal elimination was 
also observed in the other animals, and the radioactivity in all organs and 
tissue increased by -100 times in all animals in comparison with the organ 
radioactivity determinations at earlier times. 

Keyphrases Poly(methy1 methacrylate)--’4C-Iabeled nanoparticles, 
distribution and elimination in rats, subcutaneous administration 
Di~tribution-~~C-labeled poly(methy1 methacrylate) nanoparticles, 
subcutaneous administration in rats EIiminati~n-~~C-labeled poly- 
(methyl methacrylate) nanoparticles, subcutaneous administration in 
rats 

Poly(methy1 [l-14C]methacrylate) nanoparticles were 
shown to be promising adjuvants for vaccines (1-4). In 
contrast to the rapidly biodegradable cyanoacrylates, they 
achieve a good adjuvant effect. The reproducibility of the 
adjuvant effect was much better than that of the presently 

Unpuhlished observation. 

widely used aluminum hydroxide (5). Moreover, in pre- 
liminary experiments (2), poly(methy1 [ l-14C]methacry- 
late) nanoparticles seem to cause much milder tissue re- 
actions than aluminum hydroxide. 

However, the distribution and elimination of these na- 
noparticles after subcutaneous administration so far has 
not been studied. In a previous study (6) concerning the 
fate of poly(methy1 [ l-14C]methacrylate) nanoparticles 
after intravenous administration, a strong affinity of the 
nanoparticles to the reticuloendothelial system, especially 
to the liver, was observed. 

The elimination of radioactivity after implantation of 
poly(methy1 [ l-14C]methacrylate) films was investigated 
in two studies (7,8). In one study (71, an elevated elimi- 
nation rate of radioactivity was observed in the urine be- 
tween 2 and 8 weeks, decreasing to minimal values after 
this time. This elimination was probably caused by re- 
sidual monomers or low-molecular weight components 
present in the polymer films. After 54 weeks, however, 
considerable radioactivity suddenly started to be elimi- 
nated (81, indicating a degradation of the polymer. This 
study investigates the elimination pattern and distribution 
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apparently due to the opposing effects of activation and subsequent 
degradation of coagulation factors. In a search for factors that may be 
useful for predicting an individual patient’s response to heparin, baseline 
A P ”  has emerged as the variable which consistently correlates posi- 
tively with slope value (4,5,8). Unlike humans, rats exhibit a negative 
correlation between baseline A P T T  and slope value. The reason for this 
species difference is not known. 

In summary, coagulation studies in rats require considerably more 
attention to the control of the variables examined in this investigation 
than do similar studies in humans. The volume of blood required to de- 
termine baseline APTT and slope represents a significant fraction of a 
rat’s total blood volume, but is negligible compared with the human blood 
volume. This is an additional complicating factor in studies on rats. The 
observed species variation may, however, be useful for exploring various 
aspecta of the blood coagulation process. Parallel and coordinated studies 
on humans and rats, and perhaps also on other species, may facilitate the 
elucidation of important pharmacokinetic and pharmacodynamic aspects 
of the anticoagulant action of heparin. 
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Abstract 0 Poly(methy1 [l-14C)methacrylate) nanoparticles were in- 
jected subcutaneously into rats. Almost all of the radioactivity stayed 
at  the injection site. After an initial urinary and fecal excretion of -1% 
of the administered dose per day, the rate of elimination dropped to a 
low level (-0.005%/day uia the feces and 4.0005%/day via the urine) 
within 70 days. After 200 days, the fecal elimination increased expo- 
nentially until a >100-fold increase was observed after 287 days in one 
rat. After this time, a tendency for an increase in fecal elimination was 
also observed in the other animals, and the radioactivity in all organs and 
tissue increased by -100 times in all animals in comparison with the organ 
radioactivity determinations at earlier times. 
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Poly(methy1 [l-14C]methacrylate) nanoparticles were 
shown to be promising adjuvants for vaccines (1-4). In 
contrast to the rapidly biodegradable cyanoacrylates, they 
achieve a good adjuvant effect. The reproducibility of the 
adjuvant effect was much better than that of the presently 

Unpuhlished observation. 

widely used aluminum hydroxide (5). Moreover, in pre- 
liminary experiments (2), poly(methy1 [ l-14C]methacry- 
late) nanoparticles seem to cause much milder tissue re- 
actions than aluminum hydroxide. 

However, the distribution and elimination of these na- 
noparticles after subcutaneous administration so far has 
not been studied. In a previous study (6) concerning the 
fate of poly(methy1 [ l-14C]methacrylate) nanoparticles 
after intravenous administration, a strong affinity of the 
nanoparticles to the reticuloendothelial system, especially 
to the liver, was observed. 

The elimination of radioactivity after implantation of 
poly(methy1 [ l-14C]methacrylate) films was investigated 
in two studies (7,8). In one study (71, an elevated elimi- 
nation rate of radioactivity was observed in the urine be- 
tween 2 and 8 weeks, decreasing to minimal values after 
this time. This elimination was probably caused by re- 
sidual monomers or low-molecular weight components 
present in the polymer films. After 54 weeks, however, 
considerable radioactivity suddenly started to be elimi- 
nated (81, indicating a degradation of the polymer. This 
study investigates the elimination pattern and distribution 
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Table I-Total Radioactivity Found a f t e r  287 Days in Percent of 
the Administered Dose 
Animal No. 903 906 910 912 
Sex M M M F 
Weight a t  start of study, g 197 207 173 206 

490 45,8 252 
-a + + Weight a t  end of study, g 574 

Virus 
Injection site 69.4 71.1 61.9 55.4 
Excreted uia urine 6.4 6.2 6.5 6.8 

(within 7 days) (5.7) (5.8) (6.1) (6.5) 
Excreted uia feces 7.1 6.9 24.9 6.9 

(within 7 days) (4.9) (4.8) (4.5) (4.5) 
Residual body (estimated) 3-11 5-11 4-14 3-9 

-a  

Total 86-94 89-95 97-107 72-78 

(I No virus present in the injected sample. * Inactivated influenza virions present 
in the injected sample. 

of radioactivity in the body after subcutaneous adminis- 
tration of poly(methy1 methacrylate) nanoparticles. 

EXPERIMENTAL 

Preparation of Poly(methy1 [ l-14C]methacrylate) Nanopart-  
ic lesMethy1 [l-14C]methacrylate was prepared in a three-step reaction 
sequence starting from barium [I4C]carbonate. Carboxylation of iso- 
propylmagnesium iodide, bromination of the resulting [ l-14C]isobutyric 
acid, and subsequent methanolysis gave methyl 2-br0mo[l-~~C]isob- 
utyrate (9). Hydrogen bromide elimination in 1,5-diazabicyclo[5.4.0]- 
undec-5-ene at l l O o  led to methyl [1-14C]methacrylate, which was con- 
tinuously removed from the reaction mixture by a slow stream of helium, 
and collected a t  -196'. The ester was vacuum-transferred into phos- 
phate-buffered saline to give a 0.5% solution. The chemical identity and 
chemical and radiochemical purity (>95%) were confirmed by GC after 
ether extraction. 

The monomeric methyl [1-'4C]methacrylate saline solution was used 
for the preparation of two nanoparticle suspensions, with and without 
influenza virions, for subcutaneous administration. The nanoparticles 
were produced by y-irradiation-initiated polymerization with 500 krad 
(2.2 krad/min) in a 6oCo-source. Thus, the following suspensions were 
obtained: 

Polymerization in the presence of influenza virions afforded a 
0.35% suspension a t  a specific activity of (5.30 f 0.82) X 108 dpm/ml in 
which all virions were incorporated into the nanoparticles. 

2. Polymerization in the absence of influenza virions afforded a 0.35% 
suspension of virus-free nanoparticles a t  a specific activity of (5.22 f 0.46) 
x 108 dpm/ml. 

That the nanoparticles tended to flocculate led to difficulties in the 
reproducibility of the radioactivity measurements and the determination 
of the exact amount of the administered nanoparticles. Although the 
suspensions were permanently stirred during sampling of the aliquots 
for calibration or administration, the relative standard deviations were 
14% for 0.1-ml samples of the virus-free nanoparticle suspension (26 
determinations) and 9% for 0.1-ml samples containing the virion-incor- 
porated nanoparticles (14 determinations). The addition of substituted 
methyl cellulose* as a stabilizer did not reduce the variation. The previ- 
ously used technique of freeze-drying the suspensions (6) to obtain a 
homogeneous distribution of radioactivity within the resulting nano- 
particle powder was not applicable because the virions would have been 
destroyed by this technique. 

Although the animals obtained a fivefold higher volume than that used 
for calibration, similar variations in the dose actually administered have 
to  be taken into consideration. Nevertheless, the material balance (the 
mean from the calibration experiments) is satisfactory (Table I). Since 
no apparent differences in the distribution and elimination of the nan- 
oparticle preparations could be observed, both preparations were treated 
together as one set of data. 

Excretion and Tissue Distribution a f t e r  Subcutaneous Admin- 
istration-A 0.5-ml aliquot of the thoroughly stirred suspension was 
subcutaneously injected into the neck of Sprague-Dawley rats, weighing 
170-207 g, a t  the beginning of the study. One group of five male and five 
female rats received the virus-containing preparation and a second group 
of the same composition received the preparation with virus-free nano- 

1. 

2 Tylose MH 1000; Kalle & Co., Wiesbaden-Biehrich, West Germany. 

particles. The animals were kept in metabolism cages and had free access 
to water and food. 

The elimination of radioactivity of two animals per group was measured 
in urine and feces up to 287 days after administration. For the determi- 
nation of radioactivity in the organs, two animals per group were sacri- 
ficed a t  15,45,66,157, and 287 days after dosing. 

Urine was collected separately from feces and stored a t  - -60'. The 
storage container contained 100 pl of diethylamine to maintain the urine 
a t  a pH 2 9, thus ensuring the binding of the radioactivity excreted as 
carbonate. After each collection period, the cage was rinsed with water 
(3040  ml) to wash out dried urine residues. The collected feces were 
homogenized with approximately the same weight of water. Three sam- 
ples (200400 mg) of each homogenate were analyzed. 

The radioactivity in the organs was measured after sacrificing the 
animals by an -0.5 ml ip injection of euthanasia solution3. From the 
adrenal glands, epididymis, ovary, thyroid gland, lymph nodes, and bone 
marrow one sample of 7-130 mg was taken; from the other organs two 
samples of 50-400 mg each were taken. At the application site, remaining 
depots were dissected and comhusted4. The resulting carbon dioxide was 
absorbed in a mixture of absorber solution and scintillation cocktail" and 
diluted up to 100 times before counting with the same mixture. 

The radioactivity of the excreta, blood, plasma, and organs was de- 
termined after predrying and combustion in oxygen using a sample oxi- 
dizer (recovery of radioactivity 92-100%). The resulting [14C]carbon 
dioxide was absorbed in the aforementioned scintillation cocktail. The 
samples were then counted in a liquid scintillation counter for 20 min. 
The counting efficiency was determined by the external standard method; 
the detection limit was 4 ng/g for the bone marrow, lymph nodes, and 
thyroid gland and 2 ng/g for all other organs and tissue. 

RESULTS AND DISCUSSION 

The organ and tissue distribution after subcutaneous administration 
of the poly(methy1 [l-14C]methacrylate) nanoparticles is shown in Table 
11. With the exception of the injection site, <0.1% of the administered 
dose could be found in the rest of the body within 15 and 157 days. The 
major amount of the radioactive material remained a t  the injection site 
(Tables I and III), where a hard yellow disk, -5 mm, was found. The 
formation of this disk is probably caused by encapsulation with collag- 
enous tissue, which represents the normal reaction of the body (10-12). 
Even after 287 days, 5571% of the administered dose remained at  the 
site of injection. This finding confirms previous macroautoradiographic 
studies in mice, in which radioactivity was detectable only at  the injection 
site for 70 days. 

In the rest of the body, the highest amounts of radioactivity were ob- 
served in the liver, spleen, lymph nodes, bone marrow, renal fatty tissue, 
skin, and pancreas. The comparatively high radioactivity levels in the 
liver, spleen, and bone marrow were not unexpected, since this was also 

I 
Figure 1-Rate of ur 

I 
100 200 300 

DAYS 
iary excretion of 14C-radioactiuity after subcu- 

taneous injection o f  polyfmethyl  [ I -  14Clmethacrylate) nanoparticles 
in to  rats (n = 4). 

T61; Farbwerke Hoerhst, Frankfurt/Main, West Germany. 
Sample Oxydizer; Packard Instrument, Downers Grove, Ill. 
Carbosorb and Permafluor; Packard Instrument, Downers Grove. Ill. 
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Table 11-Distribution of I*C-Radioactivity in Organs after Subcutaneous Administration of 14C-Labeled Poly(methy1 methacrylate) 
Nanoparticles to Rats a 

Organ or Tissue 15 

Blood 
Plasma 
Liver 
Spleen 
Pancreas 
Kidneys 
Adrenals 
Fatty renal tissue 
Testes 
Uterus 
Epididymis 
Ovary 
Colon 

~ ~~ 

4.5 f 1,.5 
- 

8.2 f 6.2 
3.7 f 2.7 
2.9 f 1.0 
4.1 f 0.7 

4.3 f 1.6 
1.6 

1.6 
1.6 
1.8 f 1.0 

- 

- 

45 

1.6 f 0.6 

1.9 f 0.4 
2.7 f 1.3 
2.0 f 0.9 
1.4 f 0.4 

2.8 f 1.0 

- 

- 

- 
- 
- 
- 

1.7 f 0.6 

Days 
66 157 

0.2 f 0.4 

3.1 f 3.7 
10.9 f 13.4 
1.5 f 0.6 
0.7 f 0.3 

1.8 f 0.9 

- 

- 

- 
- 
- 
- 

0.8 f 1.0 

0.4 f 0.5 

1.2 f 0.8 
2.9 f 3.3 

- 

287 

107.4 f 108.5 
114.4 f 167.0 
255.3 f 220.7 
122.6 f 106.8 
605.5 f 418.1 
104.0 f 72.3 
244.9 f 215.0 
461.6 f 102.6 
40.0 f 21.4 
56.4 

109.0 f 73.2 
115.7 
79.3 f 18.4 

- - 51.5 f 25.2 Stomach 1.1 f 0.5 - 

Small intestine 2.6 f 0.4 1.1 f 0.5 0.6 i 0.1 0.4 f 0.3 84.4 f 42.8 
Salivary glands - - - - 119.2 f 76.0 
Lymph nodes 6.8 f 10.0 6.6 f 7.3 543 f 812 - 277.0 f 55.2 

153.2 f 59.8 
Lungs 3.2 f 1.0 1.4 f 0.6 0.7 f 0.3 - 28.1 f 19.8 
Heart 1.8 f 1.0 0.7 f 0.2 0.4 f 0.3 - 96.5 f 44.8 
Muscles 1.7 f 0.3 1.2 f 0.3 0.6 f 0.1 - 105.5 f 6.1 
Bone marrow 
Skin 4.7 f 2.1 3.1 f 0.5 2.2 f 0.7 - 205.4 f 48.3 
Brain 0.9 f 0.4 - - - 90.0 f 28.6 

Thyroid glands - - - - 

- - - - 847.4 f 197.9 

0 Mean (ng/g) f SD; n = 4. Administered dose = -8 mg/kg. b - Less than the detection limit (<4 ng/g for bone marrow, lymph nodes, and thyroid; <2 ng/g for all 
other organs and tissues). 

Table 111-Residual Radioactivity at the Injection Site in  
Percent of the Injected Dose 

Days Samples without Virus Samples with Virus 

15 41.5 41.7 56.2 70.0 
45 79.1 74.0 49.5 55.2 ~. .~ 

66 59.0 91.8 65.3 55.2 
157 88.3 76.1 68.6 68.6 
287 69.4 71.1 61.9 55.4 

seen after intravenous administration. In contrast to the intravenous 
study, the radioactivity in the lymph nodes was high in some cases. 

The radioactivity in the organs decreased from day 15 until day 157. 
Between day 157 and day 287, a sudden -100-fold increase in radioac- 
tivity occurred in all organs of all animals. The ratio of blood radioactivity 
to organ radioactivity, however, remained largely unaltered (Table IV). 
This indicates that nanoparticles or their degradation products were 
transported via the blood. 

Table IV-Ratio of Organ Radioactivity to Blood Radioactivity 

The excretion of the radioactivity in the urine of four rats is shown in 
Fig. 1; the excretion in the feces is shown in Fig. 2. Initially, the excretion 
of radioactivity was rapid approximately 1% of the administered dose 
was excreted per day in the urine, with approximately the same amount 
excreted in the feces. Consequently, -6% of the dose was eliminated via 
the urine and 5% via the feces within 7 days. However, the excretion rate 
dropped very rapidly until a very slow constant logarithmic decline of 
the excretion rate was reached after -70 days. At this stage, only -0.005% 
of the administered dose was eliminated per day, mainly uia the feces ( t 1 / 2  - 140 days) where the level of excretion was -10 times higher than in the 
urine ( t 1 / 2  - 170 days). After -200 days, however, the rate of excretion 
started to increase continuously in one rat until a >100-fold increase was 
reached after 287 days. A t  this stage, the elimination rate amounted to  
1% of the administered dose per day. A tendency for an increase in the 
excretion rate also could be observed in the three other animals a t  the 
end of the observation period. 

The observed increases in the excretion rate do not seem to be coinci- 
dental, since they were accompanied by the aforementioned 100-fold 
increase in the radioactivity level of all organs in all four rats. The ob- 

Days 
Organ or Tissue 15 45 66 157 187 

- 0.79 Plasma 0.15 - - 
Liver - 1.36 16.08 3.48 3.58 
Spleen 1.13 1.85 60.93 6.35 1.78 
Pancreas 0.70 1.26 5.91 - 8.47 
Kidneys 0.97 0.92 2.51 - 1.39 

- 2.91 Adrenals - - - 
Fatty renal tissue 1.08 1.82 6.66 - 7.92 
Testes 0.37 - 1.44 - 0.56 

- 0.89 Uterus - - - 
Epididymis 0.41 - 2.50 - 1.41 

- 1.83 Ovary 0.29 
Colon 0.43 1.01 2.83 - 1.42 
Stomach 0.27 - 1.64 - 0.77 
Small intestine 0.65 0.68 1.98 2.36 1.25 

- 1.54 - 1.60 
Lymph nodes 1.47 4.09 3174.50 - 5.90 

- 2.63 - 2.32 
Lungs 0.89 0.82 2.57 - 0.72 
Heart 0.45 0.34 1.13 - 1.56 
Muscles 0.43 0.71 2.32 - 2.06 

- 13.48 - 16.22 Bone marrow - 
Skin 1.36 2.03 8.97 - 3.38 

1.40 - 1.66 Brain 0.25 - 

(1 

- - 

Salivary glands - 

Thyroid glands - 

- Radioactivity in the tissue below the detection limit. 
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Figure 2-Rate of fecal excretion of 14C-radioactivity after subcuta- 
neous injection of poly(methy1 [l- Wlmethacrylate) nanoparticles 
into rats (n = 4). 

servation of a lag phase for the elimination of implanted material is not 
new. In 1955, Oppenheimer et 01. (8) observed a lag period of 54 weeks 
after implantation of poly(methy1 [1-W]methacrylate) films into rats, 
until suddenly the excretion of radioactivity started and continued for 
40 weeks. When the films were removed, the excretion of radioactivity 
disappeared. Schindler et 01. (13) okrved with polylactide implants that 
degradation of the polymer, measured by the decrease in the molecular 
weight via the viscosity of the implant, started soon after administration. 
The removal of material from the administration site, however, occurred 
only after a certain molecular weight was reached. After implantation 
of poly(c-caprolactone-co-DL-lactic acid) capsules for instance, the vis- 
cosity decreased by 7570, while only 1% of the injected capsule material 
was removed from the injection site. Since the viscoSity is directly related 
to the molecular weight, a comparable reduction of -75% in the molecular 
weight has to be assumed. Over the following 8 weeks, the residual 
polymer disappeared totally from the site of administration, while the 
viscosity decreased only slowly. 

A similar process possibly occurred after subcutaneous administration 
of poly(methy1 [1-14C]methacrylate) nanoparticles and films. The deg- 

radation might have started rather early after injection or implantation, 
but the removal from the site of administration and the excretion began 
only when a certain molecular weight of the degradation products was 
reached. The faster excretion rate during the first couple of days can also 
be explained by the limitation of the transportation and excretion process 
by the molecular weight. The initially excreted total amount of -13% far 
exceeds the possible amount of residual monomers. As mentioned pre- 
viously, 51% residual monomers are contained in the polymer. However, 
as shown by gel permeation chromatography (14), the molecular weight 
distribution of the poly(methy1 [l-14C]methacrylate) nanoparticles 
prepared by y-irradiation is rather wide, allowing for a considerable 
amount of low-molecular weight polymer, some of which could be readily 
excreted. 

REFERENCES 

(1) J. Kreuter and P. P. Speiser, Infect. Zmmun., 13,204 (1976). 
(2) J. Kreuter, R. Mauler, H. Gruschkau, and P. P. Speiser, Exp. Cell 

(3) J. Kreuter and E. Liehl, Med. Microbiol. Immunol., 165, 111 

(4) J. Kreuter and E. Liehl, J. Pharm. Sci., 70,367 (1981). 
(5) J. Kreuter and I. Haenzel, Infect. Immun., 19,667 (1978). 
( 6 )  J. Kreuter, U. Tauber, and V. Illi, J. Pharm. Sci., 68, 1443 

(7) L. Tomatis, Tumori, 52,165 (1966). 
(8) B. S. Oppenheimer, E. T. Oppenheimer, I. Danishefsky, A. P. 

(9) A. Murray and D. L. Williams, “Organic Synthesis with Isotopes, 

Biol., 44,12 (1976). 

(1978). 

(1979). 

Stout, and F. R. Eirich, Cancer Res., 15,333 (1955). 

Part I,” Interscience, New York, N.Y., 1958. 
(10) P. Edman and I. SjBholm, J.  Pharm. Sci., 70,684 (1981). 
(11) M. Barvic, K. Kliment, and M. Zaradil, J. Biomed. Mater. Res., 

1,313 (1967). 
(12) L. Sprincl, J. Kopecek, and D. Lim, J. Biomed. Mater. Res., 4, 

447 (1971). 
(13) A. Schindler, R. Jeffcoat, G. L. Kimmel, C. G. Pitt, M. E. Wall, 

and R. Zweidinger, in “Contemporary Topics in Polymer Science,” Vol. 
2, E. M. Pearce and J. F. Schaefgen, Us., Plenum, New York, N.Y., 1977, 

(14) V. Bentele, U. E. Berg, and J. Kreuter, Int. J. Pharm. 13,109 
pp. 251-289. 

( 1983). 

Solid-state Decomposition of Alkoxyfuroic Acids in the 
Presence of Microcrystalline Cellulose 

J. T. CARSTENSEN 
Received April 9,1982, from the School of Pharmacy, University of Wisconsin, Madison, WI 53706. 
1982. 

and ROHIT C. KOTHARI * 
Accepted for publication August 24, 

* Present address: Riker Laboratories, St. Paul, MN 55119. 

Abstract A solid-solid interaction between alkoxyfuroic acids and 
microcrystalline cellulose has been studied. The decomposition of the 
mixture differs from that of the drug(s) alone, in that carbon monoxide 
(not carbon dioxide) is the high-temperature decomposition product. A 
model is proposed in which interaction occurs at contact points. A liquid 
decomposition product, dissolving part of the alkoxyfuroic acid (to the 
extent of its solubility) serves as a carrier, so that the number of contact 
points increases, thus accelerating the reaction. Both the main and an- 
cillary parameters have calculated values that are consistent with the 
model. 
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crocrystalline cellulose, decomposition model 0 Microcrystalline cellu- 
lose-solid-state interactions with alkoxyfuroic acids, decomposition 
model Decomposition-alkoxyfuroic acids with microcrystalline cel- 
lulose, model, solid-state interactions 

The interaction between solid drugs and solid excipients 
is of great theoretical and practical interest. Most studies 

deal with multicomponent systems, but even when only 
two solid components are present, the presence of air 
complicates the interpretation of data. Nevertheless, good 
direct conclusions have frequently been derived (1,2). 

This study describes the interaction between a drug 
(5-alkyloxy-2-furoic acid)’ and a common pharmaceutical 
excipient (microcrystalline cellulose). Interactions between 
drugs and this excipient have been reported in the past (3) 
and present a challenging field of investigation. 

EXPERIMENTAL 

The 5-alkoxy-2-furoic acids were synthesized and purified as described 
by Carstensen and Kothari (4). The microcrystalline cellulose used2 was 

A few studies were carried out with the Cs derivative as well. * Avicel; FMC Corp., West Point, Pa. 
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Figure 2-Rate of fecal excretion of 14C-radioactivity after subcuta- 
neous injection of poly(methy1 [l- Wlmethacrylate) nanoparticles 
into rats (n = 4). 
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only when a certain molecular weight of the degradation products was 
reached. The faster excretion rate during the first couple of days can also 
be explained by the limitation of the transportation and excretion process 
by the molecular weight. The initially excreted total amount of -13% far 
exceeds the possible amount of residual monomers. As mentioned pre- 
viously, 51% residual monomers are contained in the polymer. However, 
as shown by gel permeation chromatography (14), the molecular weight 
distribution of the poly(methy1 [l-14C]methacrylate) nanoparticles 
prepared by y-irradiation is rather wide, allowing for a considerable 
amount of low-molecular weight polymer, some of which could be readily 
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two solid components are present, the presence of air 
complicates the interpretation of data. Nevertheless, good 
direct conclusions have frequently been derived (1,2). 
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Table I-Statistical Comparison of ;he Models According to Eqs. 
IA. 2, and 3A 

Deriva- Furoic szyX for Model 
tivea Acid, % Temperature Eq. 2 Eq. 3A Eq. 1A 

Figure 1-Schematic diagram of apparatus arrangement used in the 
decomposition studies. 

found to contain 3% water as determined by ( a )  use of a vacuum elec- 
trobalance and ( b )  Karl Fischer titration. To eliminate the effect of water, 
the microcrystalline cellulose was dried in uacuo on a high-vacuum rack 
for 10 hr just prior to the preparation of the sample for kinetic studies. 

The kinetic studies were carried out by mixing furoic acid with mi- 
crocrystalline cellulose (see below) and placing the powder mixture in 
the sidearm of a fused manometer as described by Carstensen and 
Kothari (5). This was then placed in a constant-temperature bath as 
shown in Fig. 1, and the level of the mercury was determined as a function 
of time. The volumes of sample bulb and of the high-pressure side of the 
manometer (as a function of level) were determined as described by 
Carstensen and Musa (6). Knowledge of the density of mercury a t  the 
temperature in question allows conversion of mercury level to pressure, 
and hence the number of moles of gas produced can be calculated by 
means of the ideal gas law. 

Although the decomposition of the two solids takes place in the absence 
of air, there is mercury vapor in the atmosphere above the solids which 
has been shown to effect some systems (7). The decomposition was, 
therefore, carried out in breakseal tubes (7) for certain samples. In a 
breakseal tube sample there is no mercury vapor in the head space. No 
significant difference was observed in decomposition rates, so that, unless 
otherwise noted, the studies were done in the fused manometer as shown 
in Fig. 1. 

Since intimacy of mixing is important, a variety of mixing methods 
were tested: 

1. Physical mixtures of the two compounds were made in various 
proportions and were mixed using a quartering technique. Some samples 
were ground in a ball mill. The ratios used are shown in Table I. 

2. The alkoxyfuroic acid was weighed and dissolved in a solvent 
(methanol or acetone). Weighed amounts of microcrystalline cellulose 
were then added, and the suspension was stored in a closed container for 
12 hr. The solvent was evaporated and then the samples were tested by 
the fused manometer and breakseal techniques. The surface area of the 
samples was tested by krypton adsorption3. The Brunauer-Emmett- 
Teller equation (8) was used for calculation of the surface from the ad- 
sorption data. 

The gas evolved was carbon monoxide (not carbon dioxide) at  elevated 
temperatures4. This identification was carried out in two ways. At the 

Quantasorb; Quantachrome Corp. Syosset, NY 11791. 
The conclusions refer to the temperatures used here only. It  is doubtful that 

measurable amounts of carbon monoxide would be formed at room temperature. 

c14 60 
c14 40 
c14 80 
c14 40 
c14 206 
c14 20 
c14 10 
c14 30 
c14 47c 
c14 18" 
c14 40d 
c14 20d 
Cfl 20 
Cfl 40 

90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 

0.00234 0.00380 
0.00159 0.00956 . ..... 

o.ooi43 0.00457 
0.00027 0.00025 
0.00093 0.01230 
0.00018 0.00333 
0.00000 0.00192 
0.00197 0.00321 
0.01132 0.02179 
0.00016 0.00238 
0.00140 0.00639 
0.00002 0.00232 
0.00000 0.00145 
0.00016 0.00033 

0.00106 
0.00006 
0.00004 
0.00008 
0.00014 
0.00125 
0.00001 
0.00000 
0.00189 
0.00051 
0.00004 
0.00000 
0.00000 
0.00003 

Number of side-chain carbons. * Ground in ball mill. c Applied as a methanolic 
solution. 

end of the kinetic study the sample bulb was immersed in a toluene slush 
(9) in a Dewar flask. The toluene slush (a mixture of -80% solid toluene 
and 20% liquid toluene a t  the melting point of toluene, 178°K) was pre- 
pared by adding liquid nitrogen to toluene in a Dewar flask while stirring 
the liquid. The toluene eventually started freezing, and addition of liquid 
nitrogen was stopped when a "slush" was obtained giving a constant 
temperature reservoir as long as solid toluene was present. If the evolved 
gas is condensable a t  178'K (e.g., carbon dioxide), then the gas in the 
head space should condense and the pressure in the manometer equili- 
brate to zero. The gas, however, was not condensable at 178°K. Samples 
of the head space gas were analyzed by MS and identified as carbon 
monoxide. 

Applied as a solution in acetone. 

RESULTS A N D  DISCUSSION 

A typical pattern of decomposition of alkoxyfuroic acid in the presence 
of microcrystalline cellulose is shown in Fig. 2. The fraction decomposed 
( x )  as a function of time ( t )  is a sigmoid curve, as in the case of the pure 
furoic acids themselves (4). A few obvious possibilities for this are de- 
lineated below. As for the case of the pure furoic acids, the decomposition 
could be directed by Bawn kinetics (10) in which case: 

ln(1 + Ax)  = Kt t c" 0%. 1) 

where A ,  K ,  and c" are constants. This model relies on decomposition 

0.8 
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w 
v) 

0.5 
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U 0.3 
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2 
a 
U 
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/ 
/A 

0 0 10 20 30 40 50 60 

HOURS 
Figure  2-Typical decomposition profile of a n  alkoxyfuroic acid- 
microcrystalline cellulose mixture, with 40% alkoxyfuroic acid (Cia) 
a t  90". 
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Figure 3-Data in Fig. 2plotted according to Eq. 1.  In the ordinate, x 
is fraction decomposed and A (Eq. I and Table IV)  is a floating pa-  
rameter. Key: (A) = actual values; (0) = values according to least- 
squares f i t .  

of the furoic acid in the solid state as well as in solution of the furoic acid 
in its (liquid) decomposition product. There is also the possibility that 
the decomposition occurs via the vapor phase, which results in zero-order 
kinetics (111, i.e.: 

x = k t + c  (Eq. 2) 

where k and c are constants. That this is not the case is graphically ob- 
vious (Fig. 2), but it has been included as a possibility in the statistical 
evaluation in Table I. Finally, there is the possibility of Prout-Tomp- 
kins-type kinetics (12) where: 

ln[x/(l - r)l = -k't + c' (Eq. 3) 

Unlike the decomposition of the pure furoic acids, the presence of a liquid 
phase was not visually obvious. This, however, could be due to adsorptive 
and absorptive properties of the microcrystalline cellulose. For decom- 
positions where a solid decomposes to a solid plus a gas, Eq. 3 could be 
expected to hold. 

For the sake of comparison, least-squares fits were performed of all 
data according to the three equations, and the residual sum of squares 
(syrZ) calculated for fits via Eq. 2 and from Eqs. 1 and 3 in the forms: 

x = exp(Kt + c") - 1 (Eq. 1A) 

x = exp(- k't + c')/ll + exp(-k't  + c')l (Eq. 3A) 

In this manner the values of s,, * are comparable (being in the same di- 
mensionless unit). It is obvious from Table I (Fig. 3) that Eq. 1 (Eq. 1A) 
fits the data better than the two other equations. Values of K and c from 
the various mixtures of furoic acid and microcrystalline cellulose studied 
are shown in Table 11. For reasons that will be dealt with later, these 
evaluations were carried out only through 80% of the decomposition. 
Beyond this point there was distinct deviation from all three models. 

Solid-state interactions have been covered in the past in descriptive 
and qualitative fashions (13-15), but in a quantitative sense physical 
models of interactions between two solids have only occurred infrequently 
in the literature (16,17). In the following an explanation for the kinetic 
scheme is sought using models. The first point to notice is that the de- 
composition of the furoic acids (RCOOH) differs when microcrystalline 
cellulose (R'CHOHR") is present. Furoic acids alone decompose in the 
following manner: 

RCOOH - RH(1iquid) + COz(gas) (Eq. 4) 

i .e. ,  carbon dioxide is formed. Part of the decomposition occurs in the 
solid RCOOH and part in a saturated solution of RCOOH in RH. In the 
presence of microcrystalline cellulose, however, carbon monoxide is 

Table 11-Parameter Values for Decomposition of Furoic Acids 
in Contact With Microcrystalline Cellulose 

ln(1 + A x )  = Kt + c" 
Deriva- Furoic Tempera- Slope Intercept 

tive Acid, % ture ( K  or q )  (c") R2 

c14 
c14 
c14 
c14 
c14 
c14 
c14 
c14 
Cl4 c 14 
c14 
c14 
CS 
CS 

CIA 

Cl4 
Cl4 

60 
40 
80 
40 
20d 
20 
30e 
10 
47e 
18e 
40f 
20f 
20 
40 
40 
40 
40 

90" 
90" 
goo 
90" 
90" 
90" 
90" 
90" 
90" 
goo 
goo 
90" 
90" 
90" 
85" 
95" 

100" 

0.066 -0.0008 
0.057 0.00009 
0.035 0.00002 
0.036 0.00008 
0.107 0.00010 
0.049 -0.00005 
0.043 -0.00001 
0.016 O.ooOo5 
0.042 0.00004 
0.008 0.00000 
0.017 -0.00004 
0.013 0.00007 
0.004 -0.ooOo1 
0.016 -0.ooOo2 
0.0039 -0.06168 
0.0688 -0.01793 
0.5836 0.02268 

0.98 
0.97 
0.98 
0.99 
0.99 
0.97 
0.98 
0.99 
0.93 
0.97 
0.99 
0.99 
0.99 
0.99 
0.98 
0.99 
0.99 

Data treated according to Q. 1. * Correlation coefficient squared. c Ground 
Applied as a methanolic in ball mill. d Hand ground with a mortar and pestle. 

solution. f Applied as a solution in acetone. 

formed. Without any kind of speculation as to the actual interaction 
between the two solids, it may be stated generally that: 

RCOOH + R'CHOHR" - Q1+ Qz + CO (Eq. 5) 

where Q1 and Qz are decomposition products. One of these (or both of 
them) could be liquid. 

Cellulose, of course, decomposes at  elevated temperatures, but usually 
not until >140° (18) within the time periods used in this study. The usual 
decomposition path is one of loss of water, leading to the formation of 
dehydrocellulose. 

I t  is possible to visualize reaction schemes including microcrystalline 
cellulose, such as: 

RCOOH + RCHOHR" - RH + CO + H2O + R(C:O)R" (Eq. 6) 

where RH is liquid. It is also possible to  visualize schemes where the 
microcrystalline cellulose does not take part in the overall reaction, i .e.,  
where it serves as a catalyst: 

(Eq. 7) 

It should be pointed out that neither of these two schemes have been 
substantiated, and they are mentioned solely to show that reactions of 
the type in Eq. 5 are feasible stoichiometrically. 

At first thought, reactions such as Eqs. 4 and 5 would not seem to differ 
widely. RCOOH could dissolve in Q1 and justify the Bawn-type kinetics 
which apply to such a situation. But in that case it should not matter if 
the materials were ground or not. I t  is noted from Table I1 that grinding 
gives an increased decomposition rate (0.057 versus 0.036 hr-l for 40% 
acid and 0.107 versus 0.049 hr-' for 20% acid). Hence, contact points 
between the alkoxyfuroic acid and the microcrystalline cellulose must 
be involved. A model which accounts for this is: 

1. At contact points (the number of which is denoted N in the fol- 
lowing) a reaction of the type shown in Eq. 5 takes place giving at  least 
one liquid decomposition product (e.g., Q1). 

2. The furoic acid will dissolve in the Q1 to the extent of its solubility 
(S moles per mole of 61) and will start covering the surface ( a ,  cmz) of 
the microcrystalline cellulose. 

3. The reaction then accelerates because of increased contact points 
between the (now dissolved) furoic acid and the microcrystalline cellu- 
lose. 

4. Due to crowding there will, eventually, be a deceleration period. 
It might be argued that the external surface of the microcrystalline 

cellulose would be insufficient to account for the total decomposition. 
There are, however, two "types" of surface present in microcrystalline 
cellulose: nitrogen adsorption gives low surface areas, whereas water 
isotherms give surface areas 100 times as large (19-22). 

By the decomposition a t  a contact point, i t  is assumed that the de- 
composition, creating one Q1 molecule, will dislodge (dissolve) S mole- 
cules of RCOOH at the contact point. If the initial number of contact 
points is No and if there is a reaction possibility of a at each contact point, 

RCOOH(+ RCHOHR") - ROH + CO(+ RCHOHR") 
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Table 111-Late-Period Data Treated According to Eq. 24 

h ( 1 -  x) = -K’t + D 
Intercept Slope 

tive Acid, ‘70 ture (-W RZQ @olNo ( D  ) 
Deriva- Furoic Tempera- 

c14 60 
c14 40 
c14 80 
c14 40 
c14 20c 
c14 20 
c14 30d 
c14 10 
c14 47d 
c14 18d 
c14 40 
c14 20e cs 20 
C R  40 c;4 40 
c14 40 
c14 40 

goo 
goo 
goo 
goo 
goo 
9oo 
9oo 
9oo 
goo 
goo 
goo 
goo 
9oo 
9oo 
85O 
95O 
loo0 

-.061 
-0.55 
-0.036 
-0.041 
-0.037 
-0.021 
-0.052 
-0.038 
-0.11 
-0.017 
-0.034 
-0.038 
-0.020 
-0.016 
-0.010 
-0.081 
-0.39 

1.70 
0.68 
1.06 
0.82 

-0.20 
-0.42 
1.18 
0.0031 
3.6 

1.28 
0.97 
0.60 
0.44 
1.23 
1.51 
1.05 

-0.16 

0.998 1.50 
0.967 0.67 
0.946 4.00 
0.99 0.67 
0.875 0.21 ~. . . -~ 
0.895 0.25 
0.989 0.43 
0.979 0.11 
0.987 0.89f 
0.943 0.22 
0.970 0.67 
0.999 0.25 
0.998 
0.955 
0.995 
0.993 
0.984 

a Coefficient of correlation squared. Ground in ball mill. Hand ground with a mortar and pestle. Applied as a methanolic solution. Applied as a solution in acetone. 
f Data not included in D versus q%~/No correlation. 

then: 

d N l d t = a - ( S -  l ) . N  (Eq. 8) 

since, when a molecules react, a-S new contact points are created, and 
one (the one at which the reaction takes place) is lost. 

At  some point in time there will arise the distinct probability of “ov- 
ercrowding,” i e . ,  saturated Q1 will start getting in contact with sites al- 
ready reacted (containing Q2 and not native microcrystalline cellulose). 
If this probability is proportional to N,  with proportionality constant @ 
[similar to a termination probability in a Prout-Tompkins-type reaction 
(12)], then Eq. 8 becomes: 

dNldt = 9 - N  ( E q .  9) 

where: 

q = a . (S  - 1) - p (Eq. 10) 

There would be an initial value of a denoted ao, and initially the value 
of @ would be zero. In Prout-Tompkins reactions it takes considerable 
time before B becomes sizable. However, in the model proposed here, the 
external surface is relatively small (compared with the total surface) so 
that the crowding may be assumed to occur rapidly, and if it is assumed 
that /3 has a finite value from the onset, then considering a = a0 and @ 
= @O throughout the process may be acceptable. This allows integration 
of Eq. 9, which with imposition of initial conditions yields: 

N = No-eq‘ (Eq. 11) 

Since the rate of decomposition is proportional to the number of contact 
points at a given time t ,  then denoting by L the number of molecules of 
alkoxyfuroic acid that are intact a t  time t: 

dLldt = -7 N (Eq. 12) 
where y is a constant. From the definition of L i t  follows that: 

x = (Lo - L)lLo 

This inserted in Eq. 12 yields: 
(Eq. 13) 

dxldt = -(l/Lo)dL/dt (Eq. 14) 

dxldt = (l/Lo) - y - N (Eq. 15) 

dxldt = (yNo1Lo)eqt (Eq. 16) 

which inserted in Eq. 12 gives: 

Substituting Eq. 11 into Eq. 15 then gives: 

Integration of this (with imposition of initial conditions) yields: 

I t  

then the logarithmic form of Eq. 18 is identical to the Bawn equation (Eq. 
1): 

ln(1 + Ax) = 9t 0%. 19) 
&. 19 differs from Eq. 1 in the sense that the intercept is zero. It is seen 
from Table 11, that this indeed is the case: all the intercepts listed fail to 
differ significantly from zero. 9 is hence equal to K in Eq. 1 (Table 11). 

Even though Eq. 19 is of the general form of a Bawn equation, the ar- 
gumentation leading to its derivation is quite different. The fact that the 
data fit Eq. 19 is no proof of the proposed model. In fact, a model can 
never be proven correct, one can only fail to show that it contradicts a 
particular set of data, and this, in itself, does not guarantee that other 
models (not thought of) might not prove to be better. To lend credence 
to a model it is worthwhile to ascertain that it is consistent in as many 
respects as can be thought of. 

There are two distinct cases in the aforementioned model: (a) the 
number of surface sites of the microcrystalline cellulose (No) is larger than 
the initial number of alkoxyfuroic acid molecules (LO), or ( b )  the opposite 
is the case. The former (a) is the case in this study. In general a model has 
a certain domain in which it applies, and beyond which other mechanisms 
take over. In the case in point, there will be a given point in time, t’, a t  
which all the furoic acid will have dissolved; i.e., beyond this point there 
is no more solid furoic acid in the system, it is all dissolved, and adsorbed 
a t  sites on the microcrystalline cellulose. 

If there are L’ intact furoic acid molecules left a t  t’, then (LO - L’) 
molecules of QO will have been formed, so that (by definition of S):  

s = L’l(L0 - L’) 

L’ = LOs/(l+ S )  

(Eq. 20) 

(Eq. 21) 

or: 

After t’ the rate of decrease in number of furoic acid molecules would 
simply be proportional to the number of intact furoic acid molecules, 
i.e.: 

dLldt = -K’ * L (Eq. 22) 
since there is no longer a termination probability. (The molecules are 
visualized as situated at microcrystalline cellulose sites with a probability 
of K’ of reacting.) Integrating this and imposing that L = L’ at t = t’ then 
gives: 

In L = -K’(t - t’) + ln[SLo/(l + S ) ]  (Eq. 23) 

(LILO) = (1 - x )  = [S/(l + S ) ]  - e-K’(t+’)  (Eq. 24) 

ln(1 - x )  = - K ‘ - t  + D (Eq. 25) 

(Eq. 26) 

or: 

The logarithmic form of this is: 

where: 

D = K’t’ + ln[S/(l + S ) ]  
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Figure 4-The late phase of decomposition, which is supposed to be 
first order. ln(1 - x) is plotted versus time for a c14 alkoxyfuroic acid- 
microcrystalline cellulose mixture (40:60). 

Hence the latter part of the curve should be an exponential decay curve. 
Data treated in this fashion are shown in Fig. 4, and least-squares fit 
values are shown in Table 111. 

Precision in this range is, of course, less than the remainder of the data, 
since all the x values are between 0.8 and 1.0. Nevertheless fits are good 
(as judged by visual inspection of the figure, as well as from correlation 
coefficients in the table). 

At a particular temperature, the solubility S is constant. It is noted that 
a t  time t’ (Eq. 17): 

(Eq. 27) (LO - L’)/Lo = x’ = {yNo/(L@)\  (eqt’ - 1) 

This may be rearranged to read 

t ‘= ( l / q ) - I l  t ln[(Lo-L’)~q/(y~N~)]l-(l/q)~ln(Lo/No) 
+ (Uq) - ln(q/y) (Eq. 28) 

where the approximation eqt‘ >> l5 and L’ << LO. NO is proportional to 
the amount of microcrystalline cellulose (Ml,g) and LO is proportional 
to the amount of furoic acid (%,PI. Hence (LolNo) is proportional to 
M2/M1, i.e.: 

MzMi = 6 * (Lo/No) (Eq. 29) 

where 4 is a constant. When Eqs. 28 and 29 are inserted in Eq. 26, the 
following expression emerges: 

D = (K’/q)[(ln(MzM~) - In q + ln(y4)l + ln(S/Il+ Sl) (Eq. 30) 

If S is sizable (as in the case of the pure furoic acids), then ln(S/(1+ S ) )  
is approximately zero, so that Eq. 29, may be written (in rearranged 
form): 

( D  q/K’) - In q = ln(MZ/Md + ln(y4) (Eq. 31) 

A plot of (D-qlK’) - In q as a function of ln(Mfi1) should therefore 
be linear. The values of these two parameters are shown in Table IV, and 
a plot according to Eq. 31 is shown in Fig. 5. It should again be stressed 
that the extraction of information from the data a t  this point is at the 
limit of precision, but that i t  is done to check the model for consistency, 
not to obtain values of parameters. It is seen from Fig. 5 that a fairly good 
straight line ensues. The least-squares fit is: 

(D q/K) - In q = 0.7 ln(Mp/M1) + 3.9 (Eq. 32) 

The 95% confidence limits on the slope are f 0.4, so that 1.0 is in this 
interval, hence Eq. 31 is not contradicted. Aside from operating at  the 
limit of precision, the confidence limits on the slope are large because only 
five points are involved. In this treatment the milled samples were 
omitted for reasons mentioned earlier, and the solvent-deposited samples 
were omitted as well, because they appear to give lower rate constants 

5 For the data in Fig. 3, for instance, q = 0.036 and t’ = 50 so that exptqt’) = 
6. 

Table IV-ln A as a Function of ln(qMz/M1) a 

Furoic 
Derivative Acid,% M2/M1 A In A ln(qMz/Md 

60 1.50 28.25 3.34 -2.31 c14 
c14 40 0.67 7.85 2.06 -3.27 

80 4.00 10.75 2.37 -1.97 c14 
c14 40 0.67 6.75 1.91 -3.72 
c14 20c 0.25 15.09 2.71 -3.62 
Cld 20 0.25 5.65 1.73 -4.40 
C;; 30 0.43 9.11 2.21 -3.99 
c 14 10 0.11 0.86 -0.15 -6.34 
c 14 47d 0.90 10.66 2.37 -3.28 
(21.4 18d 0.23 0.86 -0.15 -6.30 
C ;4 40 0.67 3.87 1.35 -4.48 
c14 20e 0.25 1.62 0.48 -5.73 

a Data treated according to F.q. 31, least-squares fit: In A = 0.73.ln(qMfl1) + 
4.68 with a correlation coefficient of 0.93. * Ground with a ball mill. c Hand ground 
with a mortar and pestle. d Applied as a methanolic solution. e Applied as a solution 
in acetone. 

as shown in Table I1 (0.13 versus 0.049 hr-l for 20% acid in acetone, 0.017 
versus 0.036 hr-] for 40% acid in acetone, and 0.042 versus a prorated 
0,046 for 47% acid in methanol). 

A further consistency check exists in the following consideration: Eq. 
18 suggests that the parameter A in Eq. 19 (listed in Table 111) should 
be proportional to q and to the ratio MJM1. In logarithmic form Eq. 18 
becomes: 

In A = ln(qLo/No) - In y = ln(qMz/M~) - ln(&/y) (Eq. 33) 

4 

0 
C - 
I 

I 1 I 1 I 
-3 -2 -1 0 1 

In (MJM,) 
Figure &Eq. 31 may be written: (Dq/K’) = In (qMzlM3 t In(&); the 
data from Table W a r e  presented in this fashion. Data from Table ZV 
plotted according to Eq. 31. 

In (9MJMt) 
Figure 6-The floating parameter, A, according to Eq. 33 should be a 
linear function of ln(qMzlM3; the data from Table IV are shown in this 
fashion. 
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CONCLUSIONS 

If microcrystalline cellulose is mixed with an alkoxyfuroic acid, an 
interaction takes place that could result from a direct reaction of the two 
components. A liquid decomposition product is formed and this serves 
as a carrier to increase the number of contact points and (as long as solid 
alkoxyfuroic acid is present) accelerate the reaction. Once all solid alk- 
oxyfuroic acid is dissolved, the reaction becomes a reaction of adsorbed 
alkoxyfuroic acid. 

Table V-Temperature Dependence of K Values of Cld 
Derivative-Microcrystalline Cellulose Mixtures a 

Tempera- 
ture 1000/T K (q) In K(ln q )  K’ In K‘ 
85’ 2.792 0.0039 -5.55 0.0104 -4.56 
9oo 2.754 0.0360 -3.32 0.0405 -3.21 
95’ 2.716 0.0688 -2.67 0.0807 -2.52 

100’ 2.680 0.5836 -0.54 0.3940 -0.93 
a Least-squares fit award’ to Q. 33 for K ( q )  R2 = -0.980, slope = -41.88, and 

intercept = 111.55; for K’, z= -0.989, slope = -30.92, and intercept = 81.77. 

where Eq. 30 has been introduced for the last step. Values of p are found 
in Table 11, and values of l n ( q M n 1 )  are listed in the last column of 
Table 111. A plot according to Eq. 33 is shown in Fig. 6. Linearity is 
plausible from the figure, and the correlation coefficient (0.93) is of sat- 
isfactory magnitude. The least-squares fit equation is: 

In A = 0.73 ln(qMdM1) + 4.68 (Eq. 34) 

The slope, again, does not differ significantly from unity. The values 
of (6-y) from Figs. 5 and 6 should be identical but as shown they differ, 
but ( a )  there is no actual value in obtaining the figures (other than as- 
certaining that they are of reasonable orders of magnitude), and ( b )  it  
should be stressed again, that they are obtained at  the limit of precision. 
The restraints on C$ and y are that 4 be positive and (from the argu- 
mentation leading to Eq. 12) that y be between zero and one. The con- 
sequences of the model and the data, therefore, do not lead to contra- 
diction in this respect either. 
As a final check, the temperature dependence of the K and K’ values 

is according to an Arrhenius equation, i.e.: 

In K = -(E,/k?)(l/T) + In Z (Eh. 35) 

where E ,  is activation energy, R the gas constant, T the absolute tem- 
perature, and Z a collision factor. One composition was tested at  four 
temperatures; the data are shown in Table V and graphically in Fig. 7. 
The least-squares fit parameters of these data according to Eq. 33 are 
shown as well. The values of E ,  are 5.0 and 3.72 kJ/mole, respectively. 
These values are much lower than for the pure compound and are in the 
range expected for solution kinetics and chemisorption. 

A 

I 
I I I 

\ ,  
2.68 2.72 2.76 2.80 

1 WOlT 

Figure 7-Arrhenius plot of decomposition data. 
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Abstract Analysis of urinary metabolites of orally administered rutin 
(I) labeled with deuterium ((2’,5’,6’-2H]rutin, rutin-d) was carried out 
by GLC-MS. In rat urine, 3-hydroxyphenylacetic acid (III), 3-me- 
thoxy-4-hydroxyphenylacetic acid (IV), 3,4-dihydroxyphenylacetic acid 
(V), 3,4-dihydroxytoluene (VI), and 3-(m-hydroxyphenyl)propionic acid 
(VIII) were identified as rutin metabolites and were differentiated from 
the corresponding endogeneous compounds. Unchanged I and quercetin 
(11) were not present in the urine. Rutin-d was injected intraperitoneally 
in rats, administered orally to neomycin-treated rats, and incubated in 
uitro with the intestinal contents of rats. The experiments suggested the 
involvement of intestinal microflora in the metabolism of orally admin- 
istered I. 

Keyphrases Rutin-metabolites in rat urine, GLC-MS analysis, role 
of intestinal microflora Metabolites-rutin, analysis in rat urine, role 
of intestinal microflora Intestinal microflora-role in rutin metabolism, 
in vitro analysis with rat intestinal contents, GLC-MS detection 

The metabolic fate of orally administered [2’,5’,6’- 
2H]rutin (rutin-d) in humans was elucidated using 
GLC-MS (1, 2). 3-Hydroxyphenylacetic acid (III), 3- 
methoxy-4-hydroxyphenylacetic acid (IV), 3,4-dihy- 
droxyphenylacetic acid (V), 3,4-dihydroxytoluene (VI), 
and 0-rn-hydroxyphenylhydracrylic acid (VII) were 
identified as urinary metabolites of rutin (I) and were 
differentiated from the corresponding endogenous com- 
pounds. All of these urinary metabolites were formed uia 
reduction of the double bond of the y-pyranone ring; I11 
and VII were formed via dehydroxylation at the 4‘-position 
of the B-ring. 

The metabolism of I has been studied extensively in 
animals. In rat urine, 111, IV, and V were identified as rutin 
metabolites after oral administration of I (3). Evidence for 
the involvement of the intestinal microflora in the me- 
tabolism of I was suggested by some investigators (4-8). 
These authors reported that anaerobic incubation of I with 
extracts of rat intestinal contents resulted in the formation 
of ring-fission metabolites (I11 and VIII). The intestinal 
origin of these metabolites was also demonstrated indi- 
rectly by the fact that excretion of the phenolic acids in the 
urine was suppressed when I was administered orally to 
neomycin-treated or germ-free rats (8, 9). However, an 
accurate determination of 111-V derived from adminis- 
tered I is not possible, because the phenolic acids in 
question are also endogenous metabolites excreted in the 
ordinary urine and feces. 

A radioactive isotope tracer technique is useful for the 
metabolic studies. Several radioactive metabolites were 
found in the urine after oral administration of [G-3H]I in 
rats, but the structures were not elucidated (10). A mass 
chromatographic method using I labeled with stable iso- 
topes is superior to a radioactive tracer technique in the 
structural elucidation of I metabolites. This report iden- 

tifies the urinary metabolites of I in rats and elucidates the 
role of the intestinal microflora in the metabolism of I 
using a stable isotope tracer technique. 

OH 

OH 0 
I: R = rutinose 

11: R = H  

EXPERIMENTAL’ 

Materials-Rutin2 (I), quercetid (II), 3-hydroxyphenylacetic acid2 
(HI), 3-methoxy-4-hydroxyphenylacetic acid2 (IV), 3,4-dihydroxy- 
phenylacetic acid2 (V), 3,4-dihydro~ytoluene~ (VI), 3-(3,4-dihydroxy- 
pheny1)propionic acid4 (IX), p-hydroxyphenyllactic acid5 (XI, neomycin 
sulfate6, yeast extract7, and peptone7 were obtained commercially. 

[2‘,5’,6’-*H]Rutin (Rutin-d)-A solution of NaOH (0.58 g) and I (6.0 
g) in Dz08 (60.0 g) was heated at  95’ for 8 hr in a sealed tube in a nitrogen 
atmosphere. The mixture was lyophilized, and D20 (60.0 g) was added. 
The solution was heated for 8 hr in a similar manner and was acidified 
with 1070 AcOH (200 ml). The resultant yellow solid was collected, washed 
with H20, dried, and then chromatographed using cross-linked dextran 
gel9 with CH30H as eluant. Recrystallization from CHSOH-H~O (1:l) 
gave [2’,5’,6’,6,8-2H]rutin as yellow needles (4.80 g). T o  a solution of 
NaOH (0.64 g) and HzO (50.0 g) was added [2’,5’,6,6,8-2H]rutin (4.80 9). 
The mixture was stirred for 1 hr at 25’ and then was acidified with 10% 
AcOH (150 ml). After repeating this procedure, the crude solid was pu- 
rified as above for [2‘,5’,6’,6,8-2H]rutin to give [2’,5’,6’-2H]rutin (rutin-d), 
3.60 g (60.0% yield), mp 193O; lH-NMR(CD30D): 6 1.15 (d, 3 , J  = 6.0 Hz, 
rhamnosyl-CH3), 6.16 (d, 1, J = 2.5 Hz, 6-CH), and 6.38 ppm (d, 1, J = 
2.5 Hz, 8-CH). The ‘H-NMR spectrum showed that the isotopic com- 
position (dl, dz, and d3) was 1:6:3. 

6-m-Hydroxyphenylhydracrylic Acid (VI1)-To a solution of 
m-benzyloxyphenylhydracrylic acid (11) (1.0 g) in EtOH (70 ml) was 
added 5% Pd-C (0.25 g). The solution was stirred under a hydrogen at- 
mosphere for 3 hr. The uptake of hydrogen was -90 ml (theoretical 82 
ml). The catalyst was removed by filtration. The filtrate was concentrated 
to dryness under reduced pressure, and the residue was crystallized from 
n-hexane-Etz0 (1:l) to give 0.65 g (97.1%yield). Recrystallization from 
n-hexane-EtOAc (1:l) gave V, 0.50 g (75% yield), mp 15S159O dec. [lit. 
(11) 159’1; ‘H-NMR (DMSO-d6): 6 6.50-7.20 (m, 4, ArH), 4.84 (t, 1, J = 
6.0 Hz, 3-CH), 2.48 ppm (d, 2, J = 6.0 Hz, 2-CH2), and OH exchangeable; 
MS: m/z 182 (M+). 

~ 

Melting points were determined in open-glass capillaries and are uncorrected. 
‘H-NMR spectra were determined on a JEOL JM-MH-100 spectrometer using 
deuterated methanol for rutin-d and deuterated dimethyl sulfoxide for VII and 
VIII as solvents, with tetramethylsilane as the internal standard. Elemental analyses 
were performed by Analytical Center, Tokyo College of Pharmacy, Tokyo, 
Japan. * Nakarai Chemicals Ltd., Kyoto, Japan. 

3 Wako Pure Chemical Industries, Tokyo, Japan. ‘ Aldrich Chemical Co., Milwaukee, Wis. 
Tokyo Chemical Industry, Tokyo, Japan. 

6 P-L Biochemicals, Inc., Milwaukee, Wis. 
7 Difco Laboratories, Detroit, Mich. 
8 Deuterium content 299.95%. E. Merck, Darmstadt, West Germany. 

Sephadex LH-20; Pharmacia Fine Chemicals, Uppsala, Sweden. 
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Figure 1-Mass chromatograms of trimethylsilylated metabolites of I in rat urine after hydrolysis with P-glucuronidase. Chromatograms were 
obtained from the 24-hr urine of rats prior to (A) and after (B) oral administration of rutin-d and after intraperitoneal injection of rutin-d (c) 
before neomycin treatment. Chromatograms also were obtained from the 24-hr urine after oral administration of rutin-d in rats on the 2nd (0) 
and 14th (E) days after neornycin treatment. Chromatogram F was obtained from the incubation mixture of rutin-d and rat intestinal contents. 
Key: (a) VI [M+:2@, (M + 2) +:270]; (b) I l l  [M+:2%, (M + 2)+:298]; (c) Vl l l  [M+:310, (M + 2)+:312]; (d) IV [M+:326, (M + 2)+:328]; (e) V [M+:384, 
(M + 2) +:386]. 

Anal.-Calc. for C9H1004: C, 59.34; H, 5.53. Found: C, 59.38; H, 
5.43. 
3-(m-Hydroxyphenyl)propionic Acid (VII1)-To a solution of 

tram-m-hydroxycinnamic acid5 (1.0 g) in EtOH (70 ml) was added 5% 
Pd-C (0.30 g). The solution was stirred under a hydrogen atmosphere for 
2 hr. The uptake of hydrogen was -150 ml (theoretical 137 ml). The 

catalyst was removed by filtration. The filtrate was concentrated under 
reduced pressure to give 1.0 g (100% yield) of VIII which was recrystallized 
from EtzO-benzene (1:l) to give white needles (VIII), 0.94 g (94% yield), 
m p  111'; 'H-NMR (DMSO-ds): 6 6.50-7.15 (m, 4, ArH), 2.40-2.84 ppm 
(A2B2 4, CH~CHZ), and exchangeable OH; MS: mlz 166 (M+). 

Anal.-Calc.for C9H1003:C1 65.05; H, 6.07. Found: C, 65.15; H, 6.02. 
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GLC-MS-A GLC-mass spectrometer10 and a data processing sys- 
tern11 connected to a minicomputer12 were used. The GLC system em- 
ployed a 2 m X 3-mm i.d. glass column packed with 2% OV-105 on 6W30 
mesh Chromosorb W13; it was packed with 1.5% OV-1 on 80-100 mesh 
Shimalite3 for analysis of 11. The columns were preconditioned with a 

Table I-Presence of Urinary Metabolites of Rutin in Rats and 
In Vitro with Rat Intestinal ContentsP 

Untreated 
Rats Neomycin-Treated Rats 

helium flow of 30 ml/min at  230" (OV-105) and 280" (OV-1) for 24 hr, 
or until the baseline was stable. The column, flash heater, and separator 
temperatures were 160°, 180°, and 280O, respectively. The helium flow 
rate was 20 ml/min. The mass spectometer employed an ionization-source 
temperature of 310" and ionization energy of 20 eV. 

One minute following injection of the sample, automatic magnet 
scanning was initiated, covering an m/z range of 50-500 every 8 sec. All 
scanning data were stored in the data processing system. Mass chro- 
matograms were obtained on a digital plotter by monitoring the molecular 
ions of the do(M+) and dz[(M t 2)+] forms of the trimethylsilylated de- 
rivatives of possible metabolites of I. 

Drug Administration and Urine Collection-Three male Wistar 
albino rats, weighing 180-220 g, orally received 100 mg of rutin-d/kg. 
Urine was collected for 24 hr prior to and 24 hr after oral administration 
of rutin-d. Seven days later each animal was injected intraperitoneally 
with rutin-d (20 mg/kg). Urine was collected for 24 hr after the admin- 
istration. 

To inhibit the action of intestinal microflora, neomycin sulfate (100 
mg/kg) was orally administered twice a day for 4 days to an additional 
three rats. Rutin-d (100 mg/kg) was administered orally to the rats on 
the 2nd and 14th day after treatment with neomycin ended. Urine was 
collected for 24 hr after each administration of rutin-d. Urine samples 
were diluted with distilled water to 30 ml and were kept frozen until 
analysis. 
In Vitro Experiments-The incubation medium was composed of 

0.5% (w/v) yeast extract and 0.5% (w/v) peptone in 0.1 M phosphate 
buffer (pH 7.4). The rat intestinal contents were well mixed with 50 ml 
of the medium. The resulting suspension was centrifuged at  low speed 
(500X g) for 1 min. To 5 ml of the supernatant thus obtained was added 
3.0 mg of rutin-d. The mixture was incubated for 12 hr a t  37' under an- 
aerobic conditions. 

Identification of I Metabolites by TLC-Urine samples (10 ml) 
collected prior to and after rutin-d administration were incubated at  37" 
for 24 hr with 10 ml of 0.1 M acetate buffer (pH 5.0) containing 3000 U 
of j3-glu~uronidase~~. The incubation mixture was lyophilized and sus- 
pended in CH3OH (10 ml). The suspension was centrifuged (1500X g) 
and the supernatant layer mixed with EhO (10 ml). The resulting sus- 
pension was centrifuged, and the precipitate was dissolved in CH30H 
(0.5 ml). A 0.1-ml volume of this solution was subjected to TLW. Control 
urine (10 ml), collected prior to the rutin-d administration, was mixed 
with 200 fig of I and a sample (0.1 ml) was subjected to the TLC proce- 
dure. The TLC plate was developed with 1-butanol-AcOH-H2O (41:2) 
and the spots were visualized by aluminum chloride (12), Rf 0.45 (I). 

Identification of I Metabolites by GLC-MS-Urine samples (10 
ml) collected prior to and after rutin-d administration were incubated 
at 37O for 24 hr in 10 ml of 0.1 M acetate buffer (pH 5.0) containing 3000 
U of j3-glucuronidase. Portions (10 mI) of urine obtained prior to and after 
the rutin-d administration and the incubation samples were subjected 
to the separation and extraction procedures without j3-glucuronidase 
hydrolysis. Urine and incubation samples were acidified with 10% HCI 
(pH 1.0) and extracted with ether. The ether layer was concentrated to 
dryness under reduced pressure. The residue was dissolved in dry pyri- 
dine (0.1 ml), and N,0-bis(trimethylsilyl)acetamide5 (0.05 ml) was added. 
The silylated derivatives were injected in the GLC-MS. 

RESULTS AND DISCUSSION 

The urine samples (10 ml) collected prior to and after I administration 
were subjected to TLC after extraction and separation procedures. The 
TLC results revealed that I was not present in the urine. To a 10-ml 
portion of the urine collected prior to the administration was added 200 
pg of I; this urine sample was also subjected to TLC as above and I was 
detected. The results showed that the excretion of I in the urine after the 
I administration to rats was >20 fig/ml and suggested that orally ad- 
ministered I might be completely metabolized, as in humans (1). 

LKB-9000, Shimadzu Seisakusho Ltd., Kyoto, Japan. 
n GCMSPAC-300; Shimadzu Seisakusho Ltd., Kyoto, Japan. 
l2 OKITAC-43M). Oki Electric Industry Co., Tokyo, Japan. 
l3 Nishio Industry Co., Ltd., Tokyo, Japan. 
l4 Tokyo Zoki Kagaku Co., Ltd., Tokyo, Japan. 
l5 Kieselgel6OF2~; E. Merck, Darmstadt, West Germany. 

~ ~ 

Metabolite PO ip After 2 Days After 14 Days In VitroC 

111 t - - + t 
t IV + - 
t + v + -  - + VI + - - 

VIII t - - + t 
I - -  - - recovered 

I1 - - 

- - 

- 

- - - 

a Urine and incubation samples obtained after the extraction and se aration 
procedures were analyzed by GLGMS or TLC. Key: (+) metabolite was fete&& 
(-1 metabolite was not detected. Rutin-d was administered orally (po) or in- 
tra eritonedy (ip) to untreated rats and orally to neomycin-treated rats on the 
2niand 14th day after neomycin treatment ended. Rutin-d was incubated with 
rat intestinal contents under anaerobic conditions. 

The isotopic composition (dl, dz, and d3) in rutin-d was 1:63. There- 
fore, particular attention was paid to the d2 form for the determination 
of I metabolites by GLC-MS. The urine samples collected prior to and 
after the rutin-d administration were subjected to silylation with N,O-  
bis(trimethylsily1)acetamide and analyzed by the GLC-MS computer 
system. Mass chromatograms were obtained by monitoring the molecular 
ions of the do(M+) and &[(M + 2)+] forms of the silylated derivatives 
of possible I metabolites. A metabolite was identified by examining the 
presence of duplicate peaks at the same retention time in the mass 
chromatogram. 
Typical mass chromatograms obtained from the urine after hydrolysis 

with j3-glucuronidase are given in Fig. 1A and B. The ratios of the peak 
intensities [(M + 2)+/M+] shown in Fig. 1A were practically the same as 
those estimated from control urine. On the other hand, the ratios of the 
peak intensities [(M t 2)+/M+] were larger in peaks a-e in Fig. 1B than 
those in the peaks shown in Fig. IA, indicating the increment of the peak 
intensity in each (M t 2)+ peak. These findings made it evident that 
orally administered rutin-d was metabolized to give five metabolites 
which were also present in the urine as endogenous materials. 

These metabolites were identified as 111 (peak b), IV (peak d), V (peak 
e), VI (peak a), and VII (peak c). Identification was made by comparing 
the mass spectra and GLC retention times of the respective mass chro- 
matogram peaks with the corresponding silylated authentic compounds. 
The five metabolites identified in the urine after hydrolysis with j3-glu- 
curonidase were also found in the urine without 8-glucuronidase treat- 
ment. Four of these metabolites, i.e., 111-VI, were the same as those found 
in human urine. 0-m-Hydroxyphenylhydracrylic acid (VII), detected 
in human urine, 3-(3,4-dihydroxyphenyl)propionic acid (IX), p-hy- 
droxyphenyllactic acid (X), and j3-p-hydroxyphenylhydracrylic acid (XI) 
were excluded from the metabolites of rutin-d by the mass spectra of the 
corresponding authentic compounds or the results of one investigation 
(13). Quercetin, an aglycone of I, was not found in the urine. It was im- 
possible to follow the metabolic change occurring in the A-ring on which 
no atoms were deuterium labeled. 

Rutin-d was injected intraperitoneally in rats on the 7th day after oral 
administration of rutin-d. The urine samples from the rats injected with 
rutin-d were subjected to the GLCMS analysis. The mass chromatogram 
(Fig. 1C) thus obtained was similar to that obtained prior to oral ad- 
ministration of rutin-d (Fig. IA). The five metabolites detected in urine 
after the oral administration of rutin-d were not excreted in the urine 
after the intraperitoneal injection of rutin-d (Fig. 1B and C). The results 
indicated that orally administered I must be metabolized by intestinal 
microflora or by enzymes in the intestinal walls. Petrakis et al. (14) in- 
jected [G-%]quercetin into rats intraperitoneally and found radioactive 
vanillic acid only in the urine. In the case of the rutin-d injection, this 
metabolite, though endogenously present, could not to be found in the 
urine. 

The absorption of I in the GI tract has been investigated (10,15-19). 
I t  has been reported that [G3H]I (10) and [G-14C]II (14) are absorbed 
very slowly from the GI tract when administered orally to rats. Because 
of the slow absorption of I and I1 by the intestines, the intestinal micro- 
flora play a significant role in the metabolism of orally administered I. 

Rutin-d was administered to another group of rats orally. The mass 
chromatogram thus obtained was similar to that shown in Fig. 1B and 
showed the presence of five metabolites derived from rutin-d. The rats 
then received neomycin orally twice a day for 4 days to inhibit the action 
of the intestinal microflora. Rutin-d was administered to the rats on the 
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2nd day after treatment with neomycin ended. The mass chromatogram 
is given in Fig. ID. In peaks a, b, d, and e in Fig. ID, the ratios of the peak 
intensities [(M + 2)+/M+] were much smaller than those of the corre- 
sponding peaks in the mass chromatogram obtained when rutin-d was 
administered to untreated rats (Fig. 1B). In addition, peak c did not ap- 
pear in Fig. 1D. Rutin-d was also administered to rats on the 14th day 
after neomycin treatment when the action of the intestinal microflora 
had been restored. In the mass chromatogram thus obtained (Fig, IE), 
the [(M + 2)+/h4+] ratios were larger than those in the mass chromato- 
gram obtained from neomycin-treated rats (Fig. ID). The five metabolites 
were detected in the untreated rats. They were reduced or disappeared 
in the neomycin-treated rats and were increased on the 14th day after 
neomycin treatment. The results obtained from the intraperitoneal in- 
jection and the subsequent neomycin-treatment experiments showed 
that intestinal microflora greatly influence the metabolism of orally ad- 
ministered I. 

Rutin-d was incubated with extracts of rat intestinal contents under 
anaerobic conditions. As shown in the mass chromatogram (Fig. IF) thus 
obtained, three metabolites, i.e., 111 (peak b), V (peak e), and VIII (peals 
c), appeared. Compound I1 and unchanged I were also found in the in- 
cubation mixture. The in uitro experiments suggested direct involvement 
of the intestinal microflora in the metabolism of I, even though all of the 
metabolites detected in the urine after oral administration of rutin-d were 
not found. The lack of formation of metabolites IV and VI in the mixture 
indicated that they were excreted in the urine uia methylation or de- 
carboxylation by enzymes in the intestinal walls or in other tissues after 
the absorption of orally administered I from the GI tract. 

It has been reported that I was metabolized to give phenolic acids such 
as 111, IV, VIII, etc. by the isolated perfused rat liver (19). These phenolic 
acids should be excreted in the urine uia liver metabolism if I is absorbed 
as such from the GI tract after oral administration of rutin-d in neomy- 
cin-treated rats. However, these metabolites were not found in the urine 
from neomycin-treated rats (Fig. ID), and neither I nor I1 was present. 
It is then reasonable to assume that orally administered I could not be 
absorbed from the GI tract per se. 3,4-Dihydroxyphenyl[carboxy- 
14C]acetic acid (V), when administered to rats orally, was almost com- 
pletely excreted in the urine in the form of 111, IV, and V (20). Thus, I 
must be metabolized to the phenolic acids by intestinal microflora, with 
subsequent absorption from the GI tract. 

In this study, five metabolites (111-VI and VIII) derived from orally 
administered rutin-d were differentiated from these compounds en- 

dogenously present in the urine and successfully identified by the mass 
chromatographic method. In addition, the involvement of intestinal 
microflora in the metabolism of I was investigated by this method (Table 
I). It is possible that the human intestinal microflora may also play a 
significant role in the formation of urinary metabolites of I (111-VII) in 
hum an  s . 
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Abstract Synthetic esters of the C-4 hydroxyl group of podophyllo- 
toxin (I) were prepared. In addition, esters were synthesized using the 
diol system of tetrahydropyranyl podophyllol (XV), produced by re- 
ducing the lactone ring of tetrahydropyranyl podophyllotoxin with 
lithium aluminum hydride. Six compounds, the acrylate (IV), 3,3-di- 
methyl acrylate (V), phenoxyacetate (IX), and ethyl adipate (XI) of I as 
well as podophyllol (XIV) and tetrahydropyranyl podophyllol dimesylate 
(XVIII), showed significant activity when tested using the P-388 lym- 

phocytic leukemia screen a t  3 mg/kg/day. None of the esters showed 
higher activity than that shown by the parent molecule I when tested at 
the same dosage level. 

Keyphrases Podophyllotoxin-esters, synthesis, antileukemic activity 
in mice 0 Synthesis-podophyllotoxin esters, antileukemic activity in 
mice Antileukemic agents-potential, podophyllotoxin esters, syn- 
thesis 

The development of teniposide (VM-26) and etoposide 
(W-16-213), two glucopyranosyl derivatives related to the 
lignan podophyllotoxin (I), as clinically effective anticancer 
drugs has been reviewed recently (1). An examination of 
the structural features of teniposide and etoposide indi- 

cated that a free hydroxyl group at C-4 in epipodophyllo- 
toxin is not essential for potent activity. Thus, it was 
considered that further modification of the C-4 hydroxyl 
group of I or epipodophyllotoxin could yield additional 
potent antitumor agents. In view of the importance of an 
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2nd day after treatment with neomycin ended. The mass chromatogram 
is given in Fig. ID. In peaks a, b, d, and e in Fig. ID, the ratios of the peak 
intensities [(M + 2)+/M+] were much smaller than those of the corre- 
sponding peaks in the mass chromatogram obtained when rutin-d was 
administered to untreated rats (Fig. 1B). In addition, peak c did not ap- 
pear in Fig. 1D. Rutin-d was also administered to rats on the 14th day 
after neomycin treatment when the action of the intestinal microflora 
had been restored. In the mass chromatogram thus obtained (Fig, IE), 
the [(M + 2)+/h4+] ratios were larger than those in the mass chromato- 
gram obtained from neomycin-treated rats (Fig. ID). The five metabolites 
were detected in the untreated rats. They were reduced or disappeared 
in the neomycin-treated rats and were increased on the 14th day after 
neomycin treatment. The results obtained from the intraperitoneal in- 
jection and the subsequent neomycin-treatment experiments showed 
that intestinal microflora greatly influence the metabolism of orally ad- 
ministered I. 

Rutin-d was incubated with extracts of rat intestinal contents under 
anaerobic conditions. As shown in the mass chromatogram (Fig. IF) thus 
obtained, three metabolites, i.e., 111 (peak b), V (peak e), and VIII (peals 
c), appeared. Compound I1 and unchanged I were also found in the in- 
cubation mixture. The in uitro experiments suggested direct involvement 
of the intestinal microflora in the metabolism of I, even though all of the 
metabolites detected in the urine after oral administration of rutin-d were 
not found. The lack of formation of metabolites IV and VI in the mixture 
indicated that they were excreted in the urine uia methylation or de- 
carboxylation by enzymes in the intestinal walls or in other tissues after 
the absorption of orally administered I from the GI tract. 

It has been reported that I was metabolized to give phenolic acids such 
as 111, IV, VIII, etc. by the isolated perfused rat liver (19). These phenolic 
acids should be excreted in the urine uia liver metabolism if I is absorbed 
as such from the GI tract after oral administration of rutin-d in neomy- 
cin-treated rats. However, these metabolites were not found in the urine 
from neomycin-treated rats (Fig. ID), and neither I nor I1 was present. 
It is then reasonable to assume that orally administered I could not be 
absorbed from the GI tract per se. 3,4-Dihydroxyphenyl[carboxy- 
14C]acetic acid (V), when administered to rats orally, was almost com- 
pletely excreted in the urine in the form of 111, IV, and V (20). Thus, I 
must be metabolized to the phenolic acids by intestinal microflora, with 
subsequent absorption from the GI tract. 

In this study, five metabolites (111-VI and VIII) derived from orally 
administered rutin-d were differentiated from these compounds en- 

dogenously present in the urine and successfully identified by the mass 
chromatographic method. In addition, the involvement of intestinal 
microflora in the metabolism of I was investigated by this method (Table 
I). It is possible that the human intestinal microflora may also play a 
significant role in the formation of urinary metabolites of I (111-VII) in 
hum an  s . 
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Abstract Synthetic esters of the C-4 hydroxyl group of podophyllo- 
toxin (I) were prepared. In addition, esters were synthesized using the 
diol system of tetrahydropyranyl podophyllol (XV), produced by re- 
ducing the lactone ring of tetrahydropyranyl podophyllotoxin with 
lithium aluminum hydride. Six compounds, the acrylate (IV), 3,3-di- 
methyl acrylate (V), phenoxyacetate (IX), and ethyl adipate (XI) of I as 
well as podophyllol (XIV) and tetrahydropyranyl podophyllol dimesylate 
(XVIII), showed significant activity when tested using the P-388 lym- 

phocytic leukemia screen a t  3 mg/kg/day. None of the esters showed 
higher activity than that shown by the parent molecule I when tested at 
the same dosage level. 
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The development of teniposide (VM-26) and etoposide 
(W-16-213), two glucopyranosyl derivatives related to the 
lignan podophyllotoxin (I), as clinically effective anticancer 
drugs has been reviewed recently (1). An examination of 
the structural features of teniposide and etoposide indi- 

cated that a free hydroxyl group at C-4 in epipodophyllo- 
toxin is not essential for potent activity. Thus, it was 
considered that further modification of the C-4 hydroxyl 
group of I or epipodophyllotoxin could yield additional 
potent antitumor agents. In view of the importance of an 
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ester group in the cytotoxicity and antileukemic activity 
of compounds in certain classes ( 2 4 ,  a series of C-4 hy- 
droxyl esters of I were prepared and examined for their 
antileukemic activity against in uiuo P-388 lymphocytic 
leukemia cell growth. The effect of the ester group on the 
antileukemic activity of I has not yet been studied (1). In 
addition, modification of the podophyllotoxin nucleus by 
substituting an ester moiety at the diol system of te- 
trahydropyranyl podophyllol (XV), as well as the anti- 
leukemic activity of the resulting products are reported. 

RESULTS AND DISCUSSION 

Several esters of podophyllotoxin (I) and tetrahydropyranyl podo- 
phyllol (XV) were prepared by a general method and assayed for in uiuo 
antileukemic activity against P-388 lymphocytic leukemia growth in mice 
according to the standard National Cancer Institute procedures (6). The 
antileukemic activity of I-XIX are shown in Table I and are compared 
to podophyllotoxin (I) at  the same dosage levels. The maximum observed 
T/C% value of 171 for I a t  3 mg/kg/day compares favorably with that 
reported in the literature (7). This dosage was therefore chosen for a study 
of the structure-activity relationship of the various esters. 

Generally, every compound tested showed a significant decrease in 
antileukemic activity compared with I when administered at 3 mg/kg/day. 
Compounds 11,111, VI-VIII, X, XII, XIII, XV-XVII, and XIX were found 
to be inactive. Compounds which showed significant (T/C L 120%) (6, 
8) antileukemic activity included IV, V, IX, XI, XIV, and XVIII with 
respective T/C% values of 135,121,133,120,120, and 130 at 3 mg/kg/day. 
These data indicate that the introduction of an ester moiety into I and 
XV does not enhance the antileukemic activity (P-388), but in general 
causes a loss of activity. 
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I 

5 I 

8 I 

I :  R =  

1 1 :  R =  

I11 : R = 

I V :  R =  

V :  R =  

V I :  R =  

VII : R = 

V I I I  : R = 

I X :  R =  

om3 

H ( p o d o p h y l l o t o x i n )  

COCH3 

COCH2CH2CH3 

COCIi= cH2 

COCH=C(CH3) 

L 

X : R = COCH2COOCH CH 
2 3  

XI : R = CO(CH2)4COOCH CH 
2 3  

XI1 : R = COCH CH COO-podophyllotoxin 
2 2  

XI11 : R = -() 

0 do 
I 

OCH 
3 

( po d o  p hy 1 l o  1 )  

X V : R = H  

XVI : R = COCH2Br 

XVII : R = COCH CH B r  
2 2  

XVIII : R = S O  CH 
2 3  

XIX : R = S 0 2 e C H  3 

EXPERIMENTAL' 

Podophyllotoxin (I)-Podophyllotoxin was isolated from the chlo- 
roform extract of Podophyllum peltoturn2 according to literature 
methods (9,lO). 

Unless otherwise specified, microanal ses were performed by M-H. W. Labo- 
ratories, Phoenix, Ariz. or Integral Microlai, Inc., Raleigh, N.C. Mass spectral data 
were recorded using an A.E.I. MS-902 mass spectrometer. Melting points were 
determined on a Thomas-Hoover melting point apparatus. IR spectra were recorded 
in chloroform on a Perkin-Elmer 257 grating spectrophotometer. IH-NMR spectra 
were measured in deuterated chloroform either on a JEOL C-6OHL or a JEOL 
FX-60 NMR spectrometer. All NMR data are given in parts per million and re- 
ported as downfield from the internal standard, tetramethylsilane. The abbrevia- 
tionss, d ,  t, q! and m refer 40 single, doublet, triplet, quartet, and multiplet, re- 
spectively. Silica gel refers either to Mallinckrodt Silicar CC-7 (200-325 mesh) or 
Merck Silica gel 60 GF-254. TLC refers to precoated plates available from Analtech, 
which were developed in 15:l chloroform-methanol. Visualization of TLC spots 
was performed in one or more of the following manners: ( a )  iodine vapor; ( b )  
spraying with 40% sulfuric acid or 1% ceric sulfate in 10% sulfuric acid followed by 
heating; or (c) viewing under UV light. 

*Purchased from Dr. Madis Laboratories Inc., South Hackensack, N.J. 
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Table I-Antileukemic Activity of Podophyllotoxinyl Esters and 
Related Compounds Against the P-388 Lymphocytic Leukemia in  
BDFI Male Mice (-22 g) Dosed on Days 1-9 

Survival 
Dose, TreatedIControl, 

Compound mglkglday ip days” TIC %* 

I 

I1 

111 

IV 

V 
VI 

VII 

VIII 
IX 

X 
XI 
XI1 

XI11 
XIV 

xv 
XVI 
XVII 
XVIII 

XIX 

5-Fluorouracil 
0.05% Polysorbate 

0.5 
1 
2 
3 
5 
10 
3 
5 
3 
5 
3 
5 
3 
3 
5 
3 
5 
3 
3 
5 
3 
3 
3 
5 
3 
1.5 
3 
4.5 
3 
5 
3 
3 
3 
5 
3 
5 
25 
- 

12.1110.2 
15.0110.2 
12.6110.2 
17.4110.2 
11.6110.2 
7.1110.2 

11.5110.2 
12.2110.2 
11.1110.2 
10.2110.2 
13.8110.2 
13.6110.2 
12.3110.2 
11.4110.2 
11.3110.2 
10.7110.2 
9.6110.2 

11.8110.2 
13.6110.2 
11.5110.2 
9.7110.2 

12.2110.2 
11.6110.2 
9.6110.2 

10.3110.2 
10.4/10.2 
11.8110.2 
11.0110.2 
10.4110.2 
11.4110.2 
4.5110.2 

11.4110.2 
12.7110.2 
10.5/10.2 
11.2110.2 
12.0110.2 
18.019.66 
10.2110.2 

119 
147 
124 
171 
114 
70 

113 
120 
109 
100 
135 
133 
121 
112 
111 
105 
98 

116 
133 
113 
99 

120 
118 
98 

105 
106 
120 
108 
106 
116 
46 

116 
130 
103 
114 
118 
186 
100 

0 Average value. b A compound is active if it exhibits a T/C t 120% (6, 8). 
Toxic. 

Synthesis of Esters-Except for bis(podophyllotoxiny1) succinate 
(XII), all compounds were synthesized by the following general proce- 
dures: To 200 mg (0.48 mmole) of podophyllotoxin in 10 ml of dry benzene 
and 5 mi of pyridine was added 2.4 mmoles of the appropriate acid 
chloride. The mixture was stirred at  room temperature until TLC indi- 
cated that the reaction was complete. At that time, 5 ml of 5% sulfuric 
acid was added in a dropwise manner and the mixture was stirred for an 
additional hour. The organic layer was then removed, and the aqueous 
layer was extracted twice with chloroform. The organic layers were 
combined, dried over magnesium sulfate, filtered, and then evaporated 
in uacuo. The residue was column chromatographed on silica gel eluted 
with chloroform. The first fraction collected contained the desired 
compound with analytical data as specified. 

Podophyllotoxinyl Acetate (11)-Colorless needles (175 mg, 80% 
from EtOH), mp 177-179’ [lit. mp 179-181’ ( l l ) ,  204’ (12), and 209-210’ 
(13)); IR (nujol): 1775 (y-lactone), 1715 (ester), and 1230 (acetate) cm-l; 
‘H-NMR (CDC13): 6 1.98 (3, s, OCOCH3), 2.70-2.90 (2, m, H-2 and H-3), 
3.78 (6,s,OCH3-3’and OCH3-5’),3.81 (3,s,OCH3-4’),4.00-4.70 (4, un- 
resolved m, H-1, H-4, and H-l l ) ,  5.98 (2, s, OCHzO), 6.38 (2, s, H-Yand 
H-6’),6.52 (1, s, H-8), and 6.77 ppm (1, s, H-5). 

And-Calc. for C24H2409: m h  456.1418 (M+). Found: mlz 
456.1424. 

Podophyllotoxinyl Butyrate (111)-White amorphous solid (217 
mg. 93% yield), mp 57-61’ (sintered at  44-46’); Rf 0.62; I R  1770 (y- 
lactone), 1735, and 1235 (ester) cm-’; ‘H-NMR 6 1.01 (3, t, J = 7.0 Hz, 
CH2CH3), 1.40-2.00 (2, m, CH2CHzCH3), 2.44 (2, t, J = 7.0 Hz, 
CHZCH~CH~),  2.763.05 (2, m, H-2 and H-31, 3.78 (6, s, OCH3-3’ and 
OCH3-5’), 3.83 (3, s, OCH3-4’), 4.00-4,70 (4, m, H-1, H-4 and H-ll), 5.98 

(2, s, OCH20), 6.39 (2, s, H-2’ and H-6’),6.53 (1, s, H-81, and 6.75 ppm 

Anal.-Calc. for C~&Z&: mlz 484.1732 (M+). Found: mlz 
484.1739. 

Podophyllotoxinyl Acrylate (1V)-White amorphous powder (150 
mg, 66% yield), mp S 9 0 ’  (sintered at 68’); Rf 0.64; I R  1770 (y-lactone), 
1720 (ester), 1410,1290,995, and 935 (terminal olefin) cm-l; ‘H-NMR: 
6 2.80-3.10 (2, m, H-2 and H-3), 3.78 (6, s, OCH3-3’ and OCH3-5’), 3.81 
(3, s, OCH,-4’), 4.00-4.70 (4, unresolved m, H-1, H-4, and H-ll), 6.04 (2, 
s, OCHzO), 6.53 (1, s, H-8), 6.80 (1, s, H-5), 5.98 (2, m, C=CH2), 6.41 (2, 
s, H-2’ and H-6‘), and 6.15-6.65 ppm (1, overlapped m, OCH=CHz). 

Anal.-Calc. for C25H24O9: C, 64.10; H, 5.13. Found: C, 64.11; H, 
5.45. 

Podophyllotoxinyl 3,3-Dimethyl Acrylate (V)-Colorless oil (66 
mg, 27% yield); Rf 0.64; I R  1765 (y-lactone), 1700,1230, and 1120 (ac- 
rylate) cm-1; 1H-NMR: 6 1.95 (3, d, J = 1.2 Hz, =C-CH3), 2.22 (3, d, 
J = 1.2 Hz, ==CXH3), 2.7C3.05 (2, m, H-2 and H-3), 3.78 (6, s, OCH3-3’ 
and OCH3-5’). 3.82 (3, s, OCH3-4), 4.15-4.70 (4, m, H-1, H-4, and H-111, 
5.75 [I, m, CH=C(CH3)2], 5.98 (2, s, OCHzO), 6.39 (2, s, H-2’and H-6’1, 
6.53 (1, s, H-8), and 7.78 ppm (1, s, H-5). 

And-Calc. for C27H2809: C, 65.32; H, 5.64. Found: C, 65.68; H, 
5.71. 

Podophyllotoxinyl Benzoate (VI)-White amorphous solid (197 mg, 
70% yield), mp 72-74’ (sintered a t  55-57’) [lit. (14) mp 113-117’ as 
needles from EtOH]; Rf 0.65; IR:1770 (y-lactone), 1710, 1250, 1120 
(benzoate), 750, and 710 (monosubstituted aromatic ring) cm-l; ‘H- 
NMR 6 2.90-3.10 (2, m, H-2 and H-3), 3.69 (6, s, OCH3-3’and OCH3-5’), 
3.81 (3, s, OCH3-4’), 4.25-4.75 (4, m, H-1, H-4,andH-ll),6.00 (l,s, H-81, 
6.88 (1, s, H-5), and 7.30-8.40 ppm (5, m, COCeHb). 

Anal.-Calc. for C29H2609: mlz 518.1576 (M+). Found: mlz 
518.1572. 
Podophyllotoxinyl3,li-Dinitrobenzoate (VI1)-Yellow powder (110 

mg, 37% yield), mp 153-156’ (sintered at  149’); Rf 0.64; I R  1775 (y- 
lactone), 1730 (ester), 1540, and 1340 (aromatic nitro group) cm-l; ‘H- 
NMR 6 2.90-3.20 (2, m, H-2 and H-3), 3.83 (9, s, OCH3-3’, OCH3-4’, and 
OCH3-5’), 4.20-4.80 (4, m, H-1, H-4, and H-ll), 6.04 (2, s, OCHzO), 6.45 
(2, s, H-2’ and H-6‘), 6.63 (1, s, H-8), 6.80 (1, s, H-5), and 9.01-9.41 ppm 
[3, m, C&MNOz)21. 

And-Calc. for CzgH24Nz013: mlz 608.1275 (M+). Found: mlz 
608.1269. 

Podophyllotoxinyl Hydrocinnamate (VII1)-Colorless oil (171 mg, 
65% yield); Rf 0.62; I R  1770 (y-lactone), 1725, and 1235 (ester) cm-’; 
1H-NMR 6 2.70-3.10 (6, m, COCH~CHZ-P~,  H-2, and H 4 3 . 7 5  (6, s, 
OCH3-3’ and OCH3-5’), 3.81 (3, s, OCH3-4’), 3.90-4.70 (4, m, H-1, H-4, 
and H-ll), 5.94 (2, s, OCHzO), 6.35 (2,s, H-2’and H-6’),6.50 (2, br s, H-5 
and H-81, and 7.22 ppm (5, s, C6H5). 

And-Calc. for C31H3009: m/z 546.1889 (M+). Found: m/z 
546.1897. 

Podophyllotoxinyl Phenoxyacetate (1X)-White amorphous solid 
(252 mg, 95% yield), mp 71-74’ (sintered at  59-62’]; Rf 0.65; IR: 1765 
(y-lactone), 1730,1240 (ester), and 1040 (aromatic ether) cm-’; ‘H-NMR 
6 2.80-3.10 (2, m, H-2 and H-3), 3.75 (6, s, OCH3-3’ and OCH3-5’), 3.82 
(3, s, OCH3-4’), 4 .W.70 (4, m, H-1, H-4, and H-llh4.76 (2, s, COCH20), 

H-5), and 6.70-7.50 ppm (5, m, OC&,). 
Anal.-Calc. for C30H28010: mlz 548.1683 (M+). Found: mlz 

548.1685. 
Podophyllotoxinyl Ethyl Malonate (X)-White amorphous com- 

pound (169 mg, 64% yield), mp 68-70” (sintered at  54’); I R  1775 (y- 
lactone), 1730, and 1745 (slight shoulder) (esters) cm-l; ‘H-NMR 6 1.20 
(3, t, J = 7.0 Hz, OCHZCH~), 2.70-3.00 (2, m, H-2 and H-31, 3.43 (2, s, 
COCHzCO),3.67 (6,s,OCH3-3’andOCH3-5’),3.43 (3,s,OCH3-4’),4.15 
(2, overlapped q, J = 7.0 Hz, OCHZCH~), 4.00-4.65 [4, m (overlapped by 

(1, s, H-8), and 6.76 ppm (1, s, H-5). 
And-Calc. for C27H28011: mlz 528.1629 (M+). Found mlz 

528.1625. 
Podophyllotoxinyl Ethyl Adipate (XI)-Colorless oil (72 mg, 26% 

yield); IR:1770 (y-lactone), 1720, and 1235 (ester) cm-’; ‘H-NMR 6 1.28 
(3, t, J = 7.0 Hz, OCH2CH3), 1.50-2.00 (4, m, CH2CH2CH2CH2), 2.00- 
2.65 (4, m, COCHZ(CH~)~CH~CO),  2.75-3.00 (2, m, H-2 and H-3), 3.78 
(6, s, OCH3-3’ and OCH3-5’), 3.83 (3, s, OCH3-4’), 4.15 (2, q, J = 7.0 Hz, 
OCHZCH~), 4.00-4.70 (4, m, H-1, H-4, and H-ll), 6.00 (2, s, OCHzO), 6.40 
(2, s, H-2’ and H-67, 6.54 (1, s, H-8), and 6.75 ppm (1, s, H-5). 

And-Calc. for C30H34011: mlz 570.2101 (M+). Found: m/z 
570.2106. 

Bis(podophyllotoxiny1) Succinate (XI1)-To 200 mg (0.48 mmole) 

(1, S, H-5). 

5.98 (2, S, OCHzO), 6.36 (2, S, H-2’and H-6‘), 6.52 (1, 9, H-8), 6.62 (1, S, 

q), H-1, H-4, and H-ll],5.90 (2, S, OCHzO), 6.30 (2, S, H-2’and H-6‘), 6.45 
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of podophyllotoxin (I) dissolved in 10 ml of dry benzene was added 100 
mg (0.65 mmole) of succinyl chloride in 10 ml of benzene. The mixture 
was refluxed until TLC indicated the reaction was complete. Ten milli- 
liters of water was added and the reaction was stirred for an additional 
hour, after which time the organic layer was removed, washed twice with 
saturated sodium bicarbonate solution, dried over magnesium sulfate, 
filtered, and then evaporated in uacuo. The oily residue was dried under 
high vacuum to give 97 mg (44%) of XII, mp 154-157’; IR1765 (y-lac- 
tone) and 1735 (ester) cm-’; ‘H-NMR 6 2.80 (4, br s, COCH~CHZCO), 
2.70-2.95 (4, m, two H-2 and H-3), 3.77 (12, s, two OCH3 at C-3’and C-59, 
3.82 (6, s, two OCH3 a t  C-4’),4.20-4.70 (8, m, two H-1, H-4, and H-l l ) ,  
5.98 (4, br s, two OCHzO), 6.39 (4, s, two H-2’ and H-6’),6.53 (2, two H-8), 
and 6.81 ppm (2, s, two H-5). Reactions attempted using a small amount 
of pyridine to improve the yield of XI1 were unsuccessful. 

Anal.-Calc. for C48H46018: m/z  910.2680 (M+). Found: m/z  
910.2691. 

Tetrahydropyranyl Podophyllotoxin (XII1)-Podophyllotoxin (200 
mg, 0.48 mmole) was suspended in 10 ml of anhydrous ether and stirred 
at  room temperature. p-Toluenesulfonic acid monohydrate (8 mg) and 
530 mg (6 mmoles) of dihydropyran were added. As the reaction con- 
tinued, the product dissolved in the ether, leaving a colorless solution. 
When TLC showed that the reaction was complete, the ether solution 
was washed twice with 5 ml of saturated sodium bicarbonate followed 
by water, dried over magnesium sulfate, filtered, and then evaporated 
in uacuo. Petroleum ether caused XIII, a white amorphous compound 
(185 mg 77% yield), to precipitate out of an ether solution of the resulting 
residue, observed mp 93-95’ (effervescing from 65’) [lit. (15) mp 90- 
100”]; R/ 0.51; IR 1775 (y-lactone), 1130, and 1075 (aliphaticether) cm-’; 
IH-NMR 6 1.65 (6, m, C(CH2)sC (THP)], 2.83 (2, m, H-2 and H-3), 3.75 
(6, s, OCH3-3’ and OCH3-5’),3.80 (3. s, OCH3-4’), 3.30-5.00 [7, overlapped 
br m, H-1, H-4, H-11, -0CHz (THP) and 04H-0 (THP)], 5.96 (2, 
s, OCHzO), 6.40 (2, s, H-2’ and H-6’), 6.84 (1, s, H-8), and 7.12 ppm (1, 
s, H-5). 

Anal.-Calc. for C27H3009: m/z 498.1889 (M+). Found: mlz 
498.1892. 

Podophyllol (XW-This was prepared from podophyllotoxin by 
lithium aluminum hydride reduction according to a literature method 
(16). 

Tetrahydropyranyl Podophyllol (XV)-Tetrahydropyranyl 
podophyllotoxin (XIII) (440 mg, 0.88 mmole) was dissolved in 10 ml of 
dry ether. This solution was added dropwise to an ice-cold suspension 
of 44 mg (1.1 mmoles) of 95% lithium aluminum hydride and stirred a t  
room temperature. When TLC indicated completion, the reaction was 
cooled to 0’ with ice, and a few drops of water were added slowly. After 
the initial vigorous reaction subsided, an additional 10 ml of water was 
added slowly, and the entire mixture was stirred for 1 hr. The mixture 
was filtered through a pad of diatomaceous earth3 to remove the solids, 
and the aqueous layer was separated from the organic layer. The aqueous 
layer was extracted twice with ether and the organic phase was washed 
with water, dried over magnesium sulfate, filtered, and evaporated in 
uacuo, to give 416 mg (93%) of a white amorphous solid (XV), mp 61-63’ 
(sintered at 41-42’] [lit. (15) mp 75-90’]; Rf 0.67; IR: 3200-3600 (OH), 
1130 (ether), and 1040 (primary OH) cm-l; ‘H-NMR: 6 1.45-2.50 [8, m, 
H-2,H-3,and-C(CHz)&- (THP)],3.75 (6,s,OCH3-3’and OCH3-5‘), 
3.82 (3, s, OCH3-4’),5.90 (2, s, OCHzO), 6.33 (2, s, H-2’ and H-6’),6.40 
(1, s, H-8), 6.78 (1, s, H-5), and 3.W5.00ppm [9, overlapped m, H-1, H-4, 
H-11, H-13, -0CH2 (THP), and -0CHO- (THP)]. 

Anal.-Calc. for C27H3409: mlz 502.2201 (M+). Found: mlz 
502.2206. 

Tetrahydropyranyl Podophyllol Di-(2-bromoacetate) (XV1)- 
White oily gummy solid (157 mg, 53% yield); R/ 0.66; IR: 1740 (ester) and 
1235 (CH2Br) cm-l; ‘H-NMR 6 1.65 [6, m, C(CH&C (THP)], 2.20-2.70 
(2,m,H-2and H-3),3.78 (6,s,OCH3-3’andOCH3-5’),3.83 (3,s,0CH3- 
4l3.76 (4, br s, COCHzBr), 3.00-5.08 [9 (exclusive of above), m, H-1, H-4, 
CHZOCO, CH20 (THP), and OCHO (THP)], 5.91 (2, s, OCHzO), and 
6.10-6.80 ppm (4, m, H-5, H-8, H-2’, and H-6’). 

Anal.-Calc. for C31H36Br2011: m/z 742.0624 (M+). Found: m/z  586 
(corresponds to [M - 2 Br]+). M+ was notobserved, but M+2 and M+4 
peaks were both observed indicating the presence of two bromine 
atoms. 

Tetrahydropyranyl Podophyllol Di-(3-bromopropionate) 
(XVI1)-Colorless oil (85 mg, 39% yield); R 0.72; IR: 1735 (ester) and 
1215 (alkyl bromide) cm-’; ‘H-NMR: 6 1.65 b,m, (CH2)3C (THP)], 2.80 
(4, m, two OCOCHZCH~), 2.30-3.10 (2, m, h - 2  and H-3), 3.58 (4, over- 
lapped t, two CH2Br), 3.79 (6, s, OCH3-3’ and OCH3-5’), 3.83 (3, s, 

3 Celite. 

OCH3-4’), 3.W5.00 19 (exclusive of above), m, H-1, H-4, CHzOCO, CH20 
(THP), and OCHO (THP)], 5.91 (2, s, OCHzO), and 6.10-6.85 ppm (4, 
m, H-5, H-8, H-2’, and H-6’). 

Anal.-Calc. for C33H40Br~Oll: mlz 770.0937 (M+). Found: rn lz  691 
(corresponds to [M - Br]+). Although M+ was not observed, M+2 and 
M t 4  were also detected indicating the presence of two bromine 
atoms. 

Tetrahydropyranyl Podophyllol Dimesylate (XVII1)-White 
amorphous solid (90 mg, 79.5% yield), mp 47-50’ (dec.); Rf 0.72; I R  1370, 
1245, and 1175 (SOz) cm-’; ‘H-NMR 6 1.65 16, m, C-(CH2)3-C 
(THP)], 3.01 (3, s, SOZ-CH~), 3.19 (3, s, SOzCHs), 2.00-3.00 (2, m, H- 
2 and H-3), 3.78 (6, s, OCH3-3’ and OCH3-5’), 3.82 (3, s, OCH3-4’), and 
5.92 ppm (2,s,OCH20). 

Anal.-Calc. for C29H38013S2: C, 52.88; H, 5.81; S, 9.75. Found: C, 
52.97; H, 5.85; S, 9.85. 

Tetrahydropyranyl Podophyllol Ditosylate (X1X)-White 
amorphous solid (384 mg, 57% yield), mp 70-72’ (sintered at 5C58’) (lit. 
(15) mp 76-88’1;Rf 0.77; I R  1360,1235, and 1187 (SOz) cm-’; ‘H-NMR 
6 1.58 [6, m, C-(CH2)3-C (THP)], 2.45 (6, s, ArCHs), 2.00-3.00 (2, m, 
H-2 and H-3), 3.00-5.00 [9 (exclusive of below), m, H-1, H-4, CHzO-S, 
-OCHz(THP),and OCHO (THP)],3.75 (6,s,OCH3-3’and OCH3-5’), 
3.82 (3, s, OCH3-4’), 5.88 (2, s, OCHZO), 6.30 (2, s, H-2’ and H-69, 
6.20-7.00 [2 (exclusive of above), m, H-5 and H-81, and 6.50 ppm (4, q, 
J = 8.5 Hz. S09Cdf~CHn). 

AnaL-Calc; for C41&013S2: m/z 810.2381 (M+). Found: m/z 
810.2376. 

Biological Assay-The antileukemic activity was assessed against 
the P-388 lymphocytic leukemia growth in BDFl male mice (-22 9). In 
this screen, 106 cells were implanted on day 0. The test compounds were 
administered intraperitoneally from day 1 to day 9. T/C values were 
calculated according to the protocol of the National Institutes of Health 
(14). 5-Fluorouracil was used as the internal standard in the screen. 
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Abstract A sensitive assay of both tegafur (I) and 5-fluorouracil(5-FU) 
using GLC with a nitrogen-phosphorus-sensitive detector is described. 
The drugs were extracted from rabbit serum with ethyl acetate and 
methylated with diazomethane. Linearity was obtained over the con- 
centration ranges of 3.13-200 pg/ml for I and 0.0313-2 pg/ml and 10-50 
ng/ml for 5-FU. The detection limits of I and 5-FU in serum were 50 and 
8 ng/ml, respectively. The serum concentrations of the drugs determined 
by the present method closely agreed with those obtained by spectro- 
photometry for I and microbial assay for 5-FU. 

Keyphrases  0 Tegafur-simultaneous determination with 5-fluo- 
rouracil, rabbit serum, GLC using nitrogen-sensitive detection 5- 
Fluorouracil-simultaneous determination with tegafur, rabbit serum, 
GLC using nitrogen-sensitive detection GLC-nitrogen-sensitive 
detection, tegafur and 5-fluorouracil, simultaneous determination in 
rabbit serum 

Tegafur [5-fluoro-l-(tetrahydro-2-furyl)uracil (I)], a 
prodrug of 5-fluorouracil(5-FU), is widely used as an an- 
titumor agent (1-3). Various assays for I and/or 5-FU in 
biological fluids, such as spectro-photometry (4), microbial 
(4,5), GLC (6-15), GLC-mass spectrometry (6,16-20), and 
high-performance liquid chromatography (HPLC) (20- 
30), have been reported. All of these methods either lack 
adequate sensitivity and specificity andlor involve com- 
plicated and lengthy procedures. This paper describes a 
highly sensitive GLC method using a nitrogen-phospho- 
rus-sensitive detector for simultaneously determining I 
and 5-FU. 

EXPERIMENTAL 

Materials-Tegafur (I)], 5-fluorouracil (5-FU)?, and orotic acid' were 
used as received. Ethereal diazomethane solution was prepared according 
to the method of Arndt (31). All other chemicals and solvents were ana- 
lytical reagent grade. 

GLC Determination-The serum sample (1 ml) was adjusted to pH 
6.3 with 0.1 ml of 0.5 M NaHZP04 and extracted with 8 ml of ethyl ace- 
tate. After centrifugation a t  2500 rpm for 10 min, the organic layer was 
removed and then evaporated to dryness under vacuum a t  room tem- 
perature. (With the lower concentration of 5-FU, <30 ng/ml, it was 
necessary to extract the serum sample with 8 ml of ethyl acetate twice.) 
The residue was dissolved in 0.1 ml of 30-pg/ml methanolic orotic acid 
and then 0.1 ml of ethereal diazomethane was added. The mixture was 
allowed to stand a t  room temperature for 30 min and then was evaporated 
to dryness under vacuum a t  room temperature. The residue was dissolved 
in 100 1.11 of acetone, and 1-2 pl of this solution was injected into a gas 
chromatograph3 equipped with a nitrogen-phosphorus-sensitive detector 
for the measurement of I and 5-FU. 

A 2 m X 3-mm id. glass column packed with 1% PEG-HT on 60-80 
mesh Uniport HP4 was used for the chromatography. The temperatures 
of the injection port, column, and detector were 300', 175O, and 300', 

Aldrich Chemical Co., Milwaukee, Wis. 
Sigma Chemical Co., St. Louis, Mo. 
Model 5710A. Hewlett-Packard, Avondale, Pa. 
Gaschro Kogyo, Tokyo, Japan. 

respectively. Helium, the carrier gas, was maintained at a flow rate of 20 
ml/min. The flow rates of air and hydrogen were optimized a t  60 and 3 
ml/min, respectively. 

The sensitivities for the measurement of 5-FU and I were set at 1 X 16 
and 10 X 32, respectively. The serum concentrations of I were -100 times 
higher than those of 5-FU, so the sensitivity of the instrument was low- 
ered to 1/20 for I after 5-FU and orotic acid were detected. Quantitation 
was carried out by studying the calibration curves obtained by plotting 
the ratio of the peak area of the methylated derivative of I to that of orotic 
acid, or the ratio of the peak height of the methylated derivative of 5-FU 
to that of orotic acid against the concentrations of these two com- 
pounds. 

Analysis of Methylated Derivative Structures  by GLC-Mass 
Spectrometry (MS)-A 0.1-ml aliquot of I, 5-FU, or orotic acid in ace- 
tone solution (lo00 pg/ml) was added to 0.1 ml of ethereal diazomethane. 
After standing for 30 min at room temperature, the mixture was evapo- 
rated to dryness under vacuum a t  room temperature. The residue was 
dissolved in 100 p1 of acetone, and 1 p1 of this solution was injected into 
a gas chromatograph-mass spectrometer5. 

A 1 m X 3-mm i.d. glass column packed with 3% OV-17 on 8@100 mesh 
Chromosorb W HP4 was used. The temperatures of the injection port, 
column, and separator were 260°, 200O, and 220°, respectively. The flow 
rate of helium, the carrier gas, was 30 ml/min. Electron-impact mass 
spectra were measured with 70-eV ionization energy, 60-pA ionization 
current, and 3500-V acceleration voltage. 

Spectrophotometric and  Microbial Determination--The assays 
were conducted according to the method of Yasuda et al. (4). Concen- 
trations of I were measured by UV absorption a t  270 nm after extraction 
from serum samples with chloroform a t  pH 2.0. The aqueous phase was 
assayed microbiologically after the pH was adjusted to 7.0. 

D r u g  Administration-Male albino rabbits weighing 2.0-2.5 kg were 
used. Animals were administered I in a 1 M sodium carbonate solution 
(pH 9.0) a t  a dose level of 50 mg/kg iv. Blood samples were taken from 
the ear vein a t  appropriate time intervals up to 8 hr after drug adminis- 
tration and were centrifuged after coagulation. The serum obtained was 
frozen a t  -20' for subsequent analysis. 

RESULTS 

Identification of Methylated Derivatives of I, 5-FU, and Orotic 
Acid by GLC-MS-The MS data for the methylated derivatives of I, 
5-FU, and orotic acid are shown in Table I. The structures of these 
methylated derivatives were shown to be l-(tetrahydro-2-fury1)-3-N- 
methyl-5-fluorouracil (111, 1,3-dimethyl-5-fluorouracil (III), and methyl 
1,3-dimethylorotate (IV), respectively. 

Calibration Curves-For the construction of calibration curves, blank 
rabbit serum was spiked with known amounts of I and 5-FU and 
subjected to the GLC determination procedure described above. The 
calibration curves obtained from serum were y = 0.0251~ + 0.0462 ( r  = 
0.9988) for I, y = 0.8615~ + 0.0082 (r = 0.9991) for 5-FU, and y = 0.0036~ + 0.0013 ( r  = 0.9981) for the lower concentration of 5-FU over the con- 
centration ranges of 3.13-200 pg/ml, 0.0313-2 pg/ml, and 10-50 ng/ml, 
respectively. 

These calibration curves were compared with those obtained with the 
samples of I or 5-FU dissolved in acetone without the extraction step. 
Linear relationships were obtained in samples both from the serum and 
those dissolved in acetone. The mean recoveries of I and 5-FU from the 
serum were 99 and 75%, respectively. The detection limits of I and 5-FU 

Shimadzu-LKB 9000B, Kyoto, Japan. 
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Table I-Mass Spectral Data for Methylated Derivatives of I, 5- 
Fluorouracil, and Orotic Acid 

m/z 
Methylated (Relative Probable 
Derivative Intensity) Assignment 

l-(Tetrahydro-2-fury1)-3- 214 (9.8) M+ 
N-methyl-5-fluorouracil 144 (13.0) (M-~HCH~CHZCH~O+H) 

71 (100.0) CH2CH&H&H=O+ 
43 (48.5) C2F+ 

1,3-Dimethyl-5- 158 (100.0) M+ 
fluorouracil 101 (34.4) (M-CHsNCO)+ 

73 (38.4) (M-CH3NCO-CO)' 
42 (46.1) CH3--NCH 

Methyl 1,3-dimethyl- 198 (92.3) M+ 
orotate 82 (100.0) (M-COOCH3-CH3NCO)+ 

in the serum were 50 and 30 ngJml, respectively. When the extraction 
procedure was performed twice (the lower concentration of 5-FU), the 
mean recovery increased to 94% with a detection limit of 8 nglml. The 
limits per injection of I and 5-FU on the column were 50 and 8 pg, re- 
spectively. In the triplicate determinations of the serum samples con- 
taining various concentrations of I or 5-FU, the coefficients of variation 
(CV) indicated high accuracy and good reproducibility (Table 11). 

GLC Chromatogram-A typical chromatogram, obtained with the 
serum sample taken at  2 hr after intravenous administration of I a t  a dose 
level of 50 mg/kg, is shown in Fig. 1. The retention times of 111, IV, and 
I1 were 7.2, 12.4, and 24.0 min, respectively. An unknown endogenous 
component was detected in the serum with a retention time of 6.0 min, 
but this peak was well separated from the analyzing compounds. In ad- 
dition to this peak originating from the endogenous component, another 
peak with a retention time of 16.4 min was detected in the serum after 
the administration of I, which might be one of the metabolites of I. 

Serum Concentrations of I and 5-FU-The mean serum concen- 
trations of I and 5-FU as a function of time obtained by the present GLC 
nitrogen-phosphorus-detector method, the spectrophotometric assay 
method, and the microbial assay method after administration of I a t  a 
dose level of 50 mg/kg iv are shown in Fig. 2. Slightly higher concentra- 
tions of 5-FU were obtained by the microbial assay method, especially 
a t  low levels, than by the present method. The mean serum concentration 
of I obtained by the present method declined gradually with an elimi- 
nation half-life of 2.8 hr (Table HI). For 5-FU, the peak of serum con- 
centration was at  2 hr after the administration of I, and the elimination 
half-life was 2.3 hr (Table 111). 

DISCUSSION 

Compound I has been widely used in cancer chemotherapy as a prodrug 
of 5-FU and is less toxic than 5-FU (32,33). Compound I is slowly me- 
tabolized primarily in the liver to 5-FU. The hepatic microsomal drug- 
metabolizing enzymes such as cytochrome P ~ N  may play a very significant 
role in this activation (1). 

As reported previously (16,34), when 5-FU is administered, it is rapidly 
eliminated from the blood with an elimination half-life of 10-30 min. But 
in the case of the administration of I, 5-FU is released little by little from 
I for a fairly long period in uivo. Various sensitive assay methods for blood 

Table 11-Accuracy and Reproducibility of GLC Nitrogen- 
Phosphorus-Detector Analysis of I and 5-Fluorouracil Added to 
Rabbit Serum 

Amount Amount 
Added, Found, cv, 
pglml pg/mla % 

I 3 
50 

200 

3.1 f 0.3 9.7 
51.3 f 1.2 2.3 

200.0 f 11.2 5.6 
5-Fluorouracil 0.01 0.0100 f 0 . 0 0 0 1 b  1.0 

0.05 0.047 f 0.001 2.1 
0.50 0.51 f 0.02 3.9 

0.03 0.0279 f O.OOOfb 1.1 
5-Fluorouracil 0.01 0.0100 f 0 . 0 0 0 1 b  1.0 

0.05 0.047 f 0.001 2.1 
0.03 0.0279 f O.OOOfb 1.1 

0.50 0.51 f 0.02 3.9 
2.00 2.00 f 0.03 1.5 

a Mean f SD of three determinations. Extracted twice. 

A 

fl 
t i  k i o  1'5 io 2'5 i o  6 5 1'0 '1'5 i o  2'5 3'0 

MINUTES 

Figure 1-Typical chromatogram of blank rabbit serum (A) and rabbit 
serum collected at 2 hr after intravenous administration of I at a dose 
level of 50 mglkg (B). Key: (a) 5-FU, 0.5 pglml; (b) orotic acid; (c) I ,  50 
pguglml; (d) endogenous component; (e) unknown metabolite. 

concentrations of I and 5-FU have been investigated. However, there have 
been no reports showing simultaneous measurement of the amount of 
I and 5-FU in biological fluids, except for an HPLC method (24,27) which 
resulted in poor separation of 5-FU from the endogenous components. 
In the present study, I and 5-FU could be detected simultaneously in 

I 

0 0.5 1 2 4 6 8 
HOURS 

Figure 2-Mean serum concentrations of I and 5-FU obtained from fiue 
rabbits after intravenous administration of I at a dose level of 50 mglkg. 
Key: (a), I by the GLC nitrogen-phosphorus-detector method; (O) ,  I 
by the spectrophotometric method; (A), 5-FU by the GLC nitrogen- 
phosphorus-detector method; (A), 5-FU by the microbial assay 
method. 
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Table 111-Pharmacokinetic Parameters of I and 5-Fluorouracil Obtained in Rabbits after Intravenous Administration of I at a Dose 
Level of 50 mg/kg 

t 1 / 2 ~ ,  hr 
Rabbit 5-FU 

AUC& hr gg/ml 
I 5-FU 

1 0.62 0.54 1.1 1.3 279.8 
2 0.21 0.17 3.3 4.1 431.5 
3 0.11 0.33 6.3 2.1 802.1 
4 0.63 0.44 1.1 1.6 234.0 
5 0.32 0.29 2.2 2.4 430.1 

1.71 
1.66 
1.52 
3.06 
2.81 

0.18 
0.12 
0.06 
0.21 
0.12 

0.29 
0.56 
0.57 
0.34 
0.37 

Mean 0.38 0.35 2.8 2.3 435.5 2.15 0.14 0.43 
fSD f0.24 60.14 f2.2 fl.1 f223.2 f0.72 f0.06 60.13 

= first-order elimination rate constant. * t 112 = biological half-life calculated by 0.693/8. AUCw- = area under the serum concentration-time curve calculated 
by the trapezoidal rule. VCL = total body clearance, calculated by dose/AUC. Vw = volume of distribution during the elimination phase calculated by VcJi?. 

serum with high sensitivity and well separated from the endogenous 
components by the GLC nitrogen-phosphorus-detector method. 

5-FU was extracted from serum using the method described in a pre- 
vious paper (6), on the basis of a pK, of 8.1 to minimize the concomitant 
extraction of other acidic compounds contained in the serum that might 
interfere with the chromatographic assay procedure. Ethyl acetate was 
used for the extraction solvent. The recoveries of I and 5-FU from serum 
were 99 and 75%, respectively, which are slightly higher than the values 
reported by previous investigators (27) who obtained 85 and 60% for I 
and 5-FU, respectively, using HPLC. The detection limits of I and 5-FU 
in serum were 50 and 30 ng/ml, respectively. In the case of the lower 
concentration of 5-FU, the recovery rate increased to 94% by extracting 
twice with a detection limit of 8 ng/ml in serum. The determinations of 
the serum samples were conducted in triplicate on the same day using 
various concentrations of I or 5-FU, covering the range expected for in 
uioo experiments. The results obtained here indicated a satisfactory re- 
producibility as judged by the coefficients of variation (CV). 

Compound I and 5-FU cannot be detected with high sensitivity by GLC 
if not converted to appropriate derivatives. Many derivatizing reagents 
have been reported (8,11,14,15). When these reagents are injected di- 
redly into the GLC after the derivatizing reaction is completed, the peaks 
of the reagents become broad, and the detector may be contaminated, 
resulting in shortened column life. The separation of the compounds from 
the reagents used is difficult. It was reported that the trimethylsilylation 
of I causes the decomposition of I with 10-30% formation of the tri- 
methylsilylated derivative of 5-FU (6,13). For these reasons, I and 5-FU 
were subjected to quantitative methylation with diazomethane, which 
could be removed after the reaction was complete. No decomposition of 
I to 5-FU was observed during methylation, and the sample was stable 
at -20' for -10 days without any decrease in the methylated derivatives 
of I and 5-FU. Even if decomposition of the methylated derivative of I 
occurred, the subsequent conversion to the methylated derivative of 5-FU 
could not occur because of the removal of diazomethane after derivati- 
zation. The calibration curves obtained with these methylated derivatives 
showed good linearity. 

Previous investigators (8, 14) used thymine as an internal standard. 
However, thymine did not separate completely from 5-FU, either then 
or in the present study. Therefore, orotic acid was used instead of thymine 
in the present study; orotic acid showed a satisfactory separation from 
I, 5-FU, and other endogenous components in serum. 

Compound I and 5-FU concentrations in rabbit serum after intrave- 
nous administration of I at a dose level of 50 mg/kg could be measured 
as the methylated derivatives by the present method using a column 
packed with 1% PEG-HT on Uniport HP. The pharmacokinetic pa- 
rameters are summarized in Table 111; the tllz, VCL. and V d B  of I were 
2.8 hr, 0.14 liter/kg/hr, and 0.43 liter/kg, respectively. These values are 
fairly consistent with those reported by Au and Sadke (26) who obtained 
t 1 / 2  = 1.4-2.1 hr, VCL = 0.18420 literkghr, and V d p  = 0.40-0.54 literkg 
in rabbit plasma by HPLC after intravenous administration of I at a dose 
level of 60 mg/kg. The elimination half-life of 5-FU derived from I was 
2.3 hr, almost equivalent to the value of 2.6 hr in the dog (34). 

Good correlations were obtained between the concentrations of I and 
5-FU obtained by the present method and by the spectrophotometric 
assay method (I) Cy = 1.1243~ - 6.4795, r = 0.9717) or by the microbial 
assay method (5-FU) (y = 0.9265~ + 0.0936, r = 0.9081), approximating 
a theoretical slope of 45". The 5-FU concentrations obtained by the mi- 
crobial assay method were slightly higher than those obtained by the 
present method, especially in the low concentrations, suggesting that the 
accuracy of the microbial assay method is not as good at low 5-FU levels. 
5-FU released in oioo is further metabolized to other antibacterial com- 
pounds such as 5-fluorouridine, 5-fluorouridine-5'-monophosphate, 5- 

fluoro-2'-deoxyuridine, 5-fluoro-2'-deoxyuridine-5'-monophosphate, 
etc., which may result in the higher concentrations obtained by the mi- 
crobial assay method than those by the present method. 

In the present studies, an unknown compound with a retention time 
of 16.4 min was detected, probably a dehydrogenated metabolite of I as 
reported in previous papers (24,27). Dehydrogenated I is more labile than 
I and could be decomposed to 5-FU in uiuo (27). But nonenzymatic de- 
composition of dehydrogenated I was not detected after incubation in 
0.1 M phosphate buffer (pH 6.0) a t  25" (27). On the other hand, in a 
previous study (6) I was decomposed 0.03% to 5-FU during analysis 
employing an evaporation procedure under nitrogen at  50' after ex- 
traction. Since I is thermally labile, the analytical procedure should be 
conducted at as low a temperature as possible. In the present study, the 
overall procedure was carried out a t  room temperature, resulting in no 
decomposition of I to 5-FU. This perhaps prevents decomposition of 
dehydrogenated I, which causes the increased concentration of 5-FU. 
Furthermore, no decrease of the peak possibly corresponding to the 
methylated derivative of dehydrogenated I was observed during the 
analysis. Investigation of valid evidence of this unknown compound as 
dehydrogenated I is in progress. 
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Abstract Two chromatographic methods, high-performance liquid 
chromatography (HPLC) and high-performance thin-layer chromatog- 
raphy (HPTLC) were compared for sensitivity and reproducibility in the 
analysis of the tricyclic antidepressant doxepin and its metabolite, 
desmethyldoxepin, in plasma. The HPLC procedure yielded a better 
reproducibility, as reflected by the coefficient of variation, and a higher 
sensitivity, as reflected by the minimum detectable quantity. The ap- 
plication of these methods for therapeutic and subtherapeutic monitoring 
of plasma levels of the drug is described. 

Keyphrases Doxepin-high-performance thin-layer and liquid 
chromatographic methods, comparison, human plasma, desmethyldox- 
epin metabolite High-performance liquid chromatography-doxepin 
and desmethyldoxepin in human plasma, comparison with high-per- 
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Doxepin (I) is a tricyclic antidepressant commonly 
prescribed for the treatment of endogenous depression. 
Increasing evidence of a correlation between the total 
tricyclic plasma level [doxepin plus desmethyldoxepin (1111 
and the antidepressant effect suggests that monitoring 
tricyclic plasma levels may be beneficial in the clinical 
management of depression. 
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Several assay methods for I and I1 have been reported, 
including GLC (1-3), radioimmunoassay (4), GC-mass 
fragmentography (5), and high-performance liquid chro- 
matography (HPLC) (6-9). Most of these methods either 
require extensive sample preparation or lack the necessary 

specificity and sensitivity for pharmacokinetic studies. 
This paper compares two chromatographic procedures, 
HPLC and high-performance thin-layer chromatography 
(HPTLC), for sensitivity and reproducibility in the anal- 
ysis of I and I1 in plasma. Desipramine (111) and promazine 
(IV) were used as internal standards in HPLC and 
HPTLC, respectively. 

EXPERIMENT A L 
Materials-A high-performance liquid chromatograph' equipped 

with a variable-wavelength UV detector2, a sample loop injection valve3, 
and a 5-pm octadecylsilane column4 (150 mm X 4.6-mm i.d.) was used 
for HPLC analyses. A scanning spectrophotometer-densitometel5 was 
used for HPTLC measurements. 

Doxepin6, desmethyldoxepin6, desipramine7, and promazinea were 
obtained as hydrochloride salts. Tolueneg, chloroformg, pentaneg, and 
2-propanolg were reagent grade and were glass-distilled before use. 
HPLC-grade acetonitrilelo and reagent-grade N-nonylaminell were used 
as supplied. All glassware used for samples or extracts were silylated with 
hexamethyldisilazine at elevated temperature and reduced pressure. 
Working standard solutions were prepared in the following strengths: 
I, 1 pg/ml; II,1 pg/ml; III,Zpg/rnl; IV, 1 pg/ml. 

HPLC Procedures-Analyses were performed using a modified 
procedure of Kabra et al. (10). Plasma standards were prepared by 
spiking known quantities of I and I1 in 1 ml of plasma containing 0.1 pg 
of desipramine internal standard (111). To the spiked plasma samples 
were added 0.25 ml of saturated sodium carbonate and 4.5 ml of pentane. 
The sample mixture was rotated for 45 min and then centrifuged. The 
pentane phase was transferred into a silylated conical vial12 and back- 
extracted with 0.1 ml of 0.1 N HCl. The organic layer was discarded, and 
aliquots of the aqueous phase were injected into the liquid chromato- 
graph. The mobile phase was 45% acetonitrile in 0.01 M phosphate buffer 
containing 600 ppm of N-nonylamine (pH 3.1). The deaerated and fil- 
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Abstract Two chromatographic methods, high-performance liquid 
chromatography (HPLC) and high-performance thin-layer chromatog- 
raphy (HPTLC) were compared for sensitivity and reproducibility in the 
analysis of the tricyclic antidepressant doxepin and its metabolite, 
desmethyldoxepin, in plasma. The HPLC procedure yielded a better 
reproducibility, as reflected by the coefficient of variation, and a higher 
sensitivity, as reflected by the minimum detectable quantity. The ap- 
plication of these methods for therapeutic and subtherapeutic monitoring 
of plasma levels of the drug is described. 

Keyphrases Doxepin-high-performance thin-layer and liquid 
chromatographic methods, comparison, human plasma, desmethyldox- 
epin metabolite High-performance liquid chromatography-doxepin 
and desmethyldoxepin in human plasma, comparison with high-per- 
formance thin-layer chromatography 0 Thin-layer chromatography- 
high-performance, doxepin and desmethyldoxepin in human plasma, 
comparison with high-performance liquid chromatography 

Doxepin (I) is a tricyclic antidepressant commonly 
prescribed for the treatment of endogenous depression. 
Increasing evidence of a correlation between the total 
tricyclic plasma level [doxepin plus desmethyldoxepin (1111 
and the antidepressant effect suggests that monitoring 
tricyclic plasma levels may be beneficial in the clinical 
management of depression. 
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Several assay methods for I and I1 have been reported, 
including GLC (1-3), radioimmunoassay (4), GC-mass 
fragmentography (5), and high-performance liquid chro- 
matography (HPLC) (6-9). Most of these methods either 
require extensive sample preparation or lack the necessary 

specificity and sensitivity for pharmacokinetic studies. 
This paper compares two chromatographic procedures, 
HPLC and high-performance thin-layer chromatography 
(HPTLC), for sensitivity and reproducibility in the anal- 
ysis of I and I1 in plasma. Desipramine (111) and promazine 
(IV) were used as internal standards in HPLC and 
HPTLC, respectively. 

EXPERIMENT A L 
Materials-A high-performance liquid chromatograph' equipped 

with a variable-wavelength UV detector2, a sample loop injection valve3, 
and a 5-pm octadecylsilane column4 (150 mm X 4.6-mm i.d.) was used 
for HPLC analyses. A scanning spectrophotometer-densitometel5 was 
used for HPTLC measurements. 

Doxepin6, desmethyldoxepin6, desipramine7, and promazinea were 
obtained as hydrochloride salts. Tolueneg, chloroformg, pentaneg, and 
2-propanolg were reagent grade and were glass-distilled before use. 
HPLC-grade acetonitrilelo and reagent-grade N-nonylaminell were used 
as supplied. All glassware used for samples or extracts were silylated with 
hexamethyldisilazine at elevated temperature and reduced pressure. 
Working standard solutions were prepared in the following strengths: 
I, 1 pg/ml; II,1 pg/ml; III,Zpg/rnl; IV, 1 pg/ml. 

HPLC Procedures-Analyses were performed using a modified 
procedure of Kabra et al. (10). Plasma standards were prepared by 
spiking known quantities of I and I1 in 1 ml of plasma containing 0.1 pg 
of desipramine internal standard (111). To the spiked plasma samples 
were added 0.25 ml of saturated sodium carbonate and 4.5 ml of pentane. 
The sample mixture was rotated for 45 min and then centrifuged. The 
pentane phase was transferred into a silylated conical vial12 and back- 
extracted with 0.1 ml of 0.1 N HCl. The organic layer was discarded, and 
aliquots of the aqueous phase were injected into the liquid chromato- 
graph. The mobile phase was 45% acetonitrile in 0.01 M phosphate buffer 
containing 600 ppm of N-nonylamine (pH 3.1). The deaerated and fil- 

l ConstaMetric IIG; Laboratory Data Control, Riviera Beach, Fla. 
Spectromonitor 111; Laboratory Data Control, Riviera Beach, Fla. 
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Zeiss Instruments, New York, N.Y. 
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Table I-HPLC Determinations of Peak Height Ratios in 
Plasma a 

Amount, Ratio of I/III Ratio of IIAII 
ng Meanb SD C V c  Meanb SD CVe 

10 0.182 0.018 9.9 0.227 0.025 10.9 ~. . ~.~ ~. . 

20 0.338 0 . 0 5  5.9 0.394 0.038 9.6 
40 0.653 0.035 5.5 0.733 0.041 5.6 
60 1.012 0.061 6.0 1.152 0.066 5.7 
100 1.572 0.065 4.1 1.800 0.073 4.0 

~~ 

a Absorbance measured at  200 nm. b Mean of six determinations. Coefficient 
of variation. 

tered mobile phase was pumped through the column at 2.5 ml/min, and 
the effluents were detected at 200 and 240 nm. 

HWLC Procedures-Analyses were performed following a modified 
procedure of Fenimore et al. (11). To plasma standards containing var- 
ious amounts of I and I1 were added 50 ng of promazine internal standard 
(IV), 0.25 ml of saturated sodium carbonate, and 4.5 ml of pentane. The 
mixture was gently shaken for 45 min and then centrifuged. The aqueous 
layer was frozen in an acetone-dry ice bath, and the organic phase was 
decanted into a silylated conical vial. After complete evaporation of the 
organic phase, the residue was dissolved in 60 p1 of heptaneethano1(3:1), 
and 50 fil of the reconstituted sample was spotted onto the HPTLC 
plateI3. Development of the plate was carried out in a twin-trough 
chamber14 using two solvent systems: toluene-chloroform-2-propanol 
(202010) and toluene-chloroform-2-propanol-ammonium hydroxide 
(2020101). The developed plates were air dried prior to UV scan- 
ning. 

RESULTS AND DISCUSSION 

Figure 1 shows representative liquid chromatograms of a control 
plasma blank, plasma spiked with 111, and plasma to which I ,  11, and I11 
were added. The retention times were 4.6,3.3, and 6.3 min for I, 11, and 
111, respectively. As indicated in Fig. la, no interfering peaks were found 
in the control plasma. 

The peak height ratios obtained following HPLC analyses of I and I1 
in control plasma are summarized in Table I. The calibration curves were 
characterized by linear regression equations of y = 0.0156~ t 0.0345, r2 
= 0.9981 for 1, and y = 0.0177~ + 0.0480, r2  = 0.9983 for 11. The repro- 
ducibility in concentration measurements, as reflected by the coefficient 
of variation, was 6.3 f 2.2% for I and 7.2 f 2.9% for 11. The lower detection 
limit was 5 ng for both I and 11. 

Figure 2 depicts the thin-layer chromatograms of a control plasma 
blank, plasma to which promazine internal standard (IV) was added, and 

v, 
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0 

0 
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9 
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m 
r 

W c - - - 
0 3 6 9  0 3 6 9  0 3 6 9  

MINUTES 
Figure 1-HPLC chromatograms of a control plasma blank (a), plasma 
spiked with 100 ng of I I I  (b), and plasma spiked with 60 ng of I .  60 ng 
of I I ,  and 100 ng of I I I  (c). 

'3 Silica Gel 60; E. Merck, Darmstadt, GFR 
'4 Camag Inc.. New Berlin, Wis. 

il a 

Rf, cm 
Figure 2-HPTLC chromatograms of a control plasma blank (a),  
plasma spiked with 50 ng of IV (b), plasma spiked with 60 ng of I ,  60 ng 
of I I ,  and 50 ng of IV (c). 

Table 11-HPTLC Determinations of Peak Height Ratios in  
Plasma8 

Amount, Ratio of I/IV Ratio of II/IV 
ne Meanb 9 0  cvc M eanb s n  cvc 

- - d 0.142 0.015 10.6 - 10 
20 0.232 0.012 5.2 0.097 0.013 12.8 
40 0.513 0.027 5.3 0.198 0.020 10.2 
60 0.627 0.031 4.9 0.342 0.027 7.8 
100 1.040 0.065 6.3 0.550 0.047 8.5 

~~ 

Absorbance measured a t  240 nm. Mean of four determinations. c Coefficient 
of variation. 

plasma with added I, 11, and IV. No interfering signals were detected in 
the blank plasma at Rf values of 1.6 cm for I, 0.6 cm for 11, and 1.0 cm for 
IV. 

The peak height ratios derived at  240 nm following HPTLC analyses 
of various amounts of I and I1 in control human plasma are presented in 
Table 11. In the 10 to 100-ng range, the assay reproducibility was 6.5 f 
2.4% for I and 9.8 f 2.2% for 11. Typical calibration curves were charac- 
terized by y = 0.0099~ + 0.0551, r2  = 0.9951 for I, and y = 0.0057~ - 
0.0190, r2  = 0.9980 for 11. The sensitivity of measurements was 10 ng for 
I and 20 ng for I1 at 200 nm, which decreased to 20 ng for I and 30 ng for 
I1 at 240 nm. 

Since a common internal standard was not available for both chro- 
matographic procedures, each method requires its own internal standard. 

I1 not distinguishable from baseline a t  10 ng. 

100; 

I / I  I I I 
0 168 " 336 " 504 528 

HOURS 
l b - 1  

Figure 3-Semilogarithmic plasma concentration versus time profile 
for a patient receiving 150 mg of I once daily at bedtime. Multiple 
samples were collected for the 24-hr periods following the 1st and 21st 
doses. Key: (A) I ;  (m) I I ;  (0)  I and I I .  
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Figure 4-Semilogarithmic plasma concentration versus time plots 
for I and I1 in a normal dog following intrauenous administrations of 
50 mg of I and 50 mg of I1  on two occasions separated by 2 weeks. Key: 
(A) I; (a) I1 generated from I;  (W) IIgiven as a separate dose, 

Promazine was selected as the internal standard for HPTLC method 
because of the proximity of its RI value to that of I and 11. Similarly, 
desipramine was used in the HPLC procedure because of its relatively 
short retention time: 6 min as opposed to 13 min for promazine. 

When both chromatographic procedures were compared for detection 
sensitivity at  200 nm on an equivalent weight basis, the HPLC method 
appeared to be superior. Since back-extraction was carried out in the 
HPLC procedure, which could conceivably reduce the extraction recov. 
ery, the lower sensitivity of the HPTLC method could not be attributed 
to the extraction process. One possibility is that the HPLC mobile phase 
favors the UV absorbance for I and I1 compared with the silica gel of the 
HPTLC plate. 
In an attempt to compare the reproducibility of the HPTLC procedure 

a t  two different wavelengths (200 and 240 nm), coefficients of variation 
were determined: 10.3 f 5.0% for I and 12.4 f 5.6% for I1 at 200 nm as 
opposed to 6.5 f 2.4% for I and 9.8 f 2.2% for I1 at 240 nm. The repro- 
ducibility was less impressive at  200 nm; however, i t  was comparable with 
HPLC at 240 nm. The detecting sensitivity, on the other hand, notably 
decreased at  the longer wavelength. 

Figure 3 shows the plasma concentration versus time plot for a patient 
receiving 150 mg of I once daily at  bedtime. Multiple samples were col- 
lected for 24-hr following the 1st and the 21st doses. Half-lives of I and 
11 were 17.3 and 35.5 hr, respectively, after the first dose, and 23.8 and 
40.6 hr following the last dose. It is not clear, based on this patient study, 
whether multiple dosing of I alters its metabolism. 

Figure 4 presents plasma concentration uersus time plots for a normal 
dog intravenously administered a 50-mg dose of I and a 50-mg dose of 
I1 on two occasions separated by 2 weeks. The P-phase half-life of I in the 
dog, 2.5 hr, was considerably shorter than that of the depressed human, 
17.2 hr. In contrast to the human, the dog exhibited a shorter half-life 
for I1 than for I [17.3/35.5 (I/II) in the human uersus 3.3/2.1 in the dog]. 
In addition, the dog presented a substantially lower fraction of I1 in the 
plasma. These observations suggest an interspecies difference in the 
metabolic and excretory patterns of I between dogs and humans. 

In summary, for measurements of therapeutic levels of I and I1 in 
plasma, both HPLC and HPTLC provide adequate sensitivity and re- 
producibility. The HPLC method offers a higher detection sensitivity 
and is suggested for pharmacokinetic studies in which subtherapeutic 
concentrations are to be measured. On the other hand, the HPTLC 
procedure offers a greater processing capacity and a shorter turnaround 
time, which are preferred in a clinical setting for the routine monitoring 
of tricyclic plasma levels. 
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Abstract 0 Specific assays of tiodazosin and levulinic acid from tablet 
preparations were developed using high-performance liquid chroma- 
tography. Tiodazosin was determined with acetonitrile 50% (v/v) in pH 
5.7 acetate buffer on a 300 X 3.9-mm i.d. microparticulate C-18 column 
using 254 nm detection with butylparaben as the internal standard. Le- 
vulinic acid was determined at 280 nm with 1 N acetic acid on a 300 X 
3.9-mm i.d. microparticulate phenyl column using an external standard. 
The assays were run sequentially. The relative standard deviations of 
sample variability (Za, n = 6) and recoveries from synthetic preparation 
were f1.6 and -95%, respectively, for both assays. 

Keyphrases 0 Tiodazosin-tablets, high-performance liquid chroma- 
tographic assay, sequential with levulinic acid 0 Levulinic acid-in ti- 
odazosin tablets, sequential high-performance liquid chromatographic 
assay High-performance liquid chromatography-tiodazosin and le- 
vulinic acid from tablets, sequential assay 

Tiodasozin, l-(4-amino-6,7-dimethoxy-2-quinazol- 
inyl) -4- [ [5-(methylthio) -1,3,4- oxadiazol-2-yl]carbonyl]- 
piperazine (I), is an orally active hypertensive agent cur- 
rently undergoing clinical trials. It is formulated in tablets 
with levulinic acid (4-oxopentanoic acid). A reported 
high-performance liquid chromatographic (HPLC) assay 
method for tiodazosin (1) is limited to biological samples 
and involves work-up procedures and a fluorescence de- 
tection system that would not be suitable for the dosage 
form. 

C"? 

I 

W 

II 
Levulinic acid has been quantitatively assayed as the 

methyl ester by GC (2). This method was found to  be un- 
suitable, however, for the acid in the presence of the tablet 
excipients due to the incompleteness of the derivatization 
reaction. A simplified analytical method that does not 
employ derivatization is described in this study. The 
method utilizes the relatively weak UV absorptivity of the 
acid in methanol (3), which is -20 liters/mole.cm at  the 
270-nm UV maxima and 15 liters/mole.cm at  280 nm. 

Two simple HPLC procedures for the quantitative assay 
of tiodazosin and levulinic acid are described in the present 
report. The methods are accurate and specific in the 
presence of the tablet matrix ingredients. 

EXPERIMENTAL 

Apparatus-A modular HPLC system consisting of a pump', a 
septumless loop injector2, and a fixed-wavelength detector3 was used. 
Peak elution times and areas were obtained with a reporting integrator 
system4. 

Reagents and Materials-Tiodazosin5 and levulinic acid6 were used 
without further purification. Sodium acetate7 and glacial acetic acid7 were 
ACS reagent grade. Butylparaben NF8 was used as received. Acetonitriles 
was obtained as distilled-in-glass chromatographic grade, and water was 
distilled and deionized. 

Sample Preparation-Ten tablets of tiodazosin were accurately 
weighed and then ground and blended to a uniform fine powder. A por- 
tion of the powdered blend was accurately weighed for each assay. 

Tiodazosin Assay-Chromatographic Conditions-A stainless steel 

A B 

I, 
. MINUTES 

Figure 1-Representative chromatograms from the leuulinic acid assay. 
Key: (A) placebo with no levulinic acid present; (B) typical tablet 
sample with levulinic acid ( I ) .  

Model 6000A: Waters Associates, Milford, Mass. 
Model 7 1 2 0  Rheodyne, Berkeley, Calif. 
Model 440; Waters Associates, Milford, Mass. 
HP-3354 Laboratory Automation System: Hewlett-Packard, Avondale, Pa. 
Bristol Reference Standard: Bristol Laboratories, Syracuse, N.Y. 
Sigma Chemical Co.. Saint Louis, Mo. 
Fisher Scientific, Fair I.awn, N.J. " Pfaultz and Rauer, Inc., Stamford, Conn. 
Burdirk and Jackson, Muskegon, Mich. 
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HPLC column (30 cm X 3.9-mm i.d.) prepacked with bonded octade- 
cylsilane on silicalo (10% loading by weight, 10-pm mean particle size) 
was used with a mobile phase of 50% by volume acetonitrile in 0.1 M so- 
dium acetate, previously adjusted to pH 5.7 with glacial acetic acid. A flow 
rate of 1.5 ml/min and a loop injection volume of 20 pl were employed 
with the detector set a t  254 nm. 

Standard Solution-A solution of butylparaben in acetonitrile was 
prepared at a concentration of 100 pg/ml for use as an internal standard. 
A stock solution of tiodazosin reference material was prepared at a con- 
centration of 50 pg/ml in mobile phase, and a 5-ml aliquot of this stock 
solution together with 5 ml of the internal standard solution were 
transferred to a 50-ml volumetric flask and diluted to volume with mobile 
phase for use as a standard. 

Analytical Procedure-The powdered tablet sample equivalent to a 
theoretical level of -5 mg of tiodazosin was transferred to a 100-ml vol- 
umetric flask. A 50-ml portion of mobile phase was added, the solution 
sonicatedll for 5 min, and diluted to volume with mobile phase. A portion 
of this solution was filtered1*, discarding the first few milliliters, and a 
5-ml portion of the filtrate was transferred to a 50-ml volumetric flask. 
The internal standard (5 ml) was added, and the solution was diluted to 
volume with mobile phase. Successive injections of the standard and 
sample solutions were made onto the chromatographic system at  room 
temperature. The peak areas generated were applied to the calculation 
of milligrams tiodazosin per average tablet weight (ATW) using the 
formulas: 

phase was added, the vial capped, and the suspension was mixed by 
shaking mechanically for 15 min in a reciprocating shaker. The contents 
of the vial was filtered15 prior to chromatographic injection. Successive 
injections of the standard and sample were made at room temperature. 
The levulinic acid peak areas were used for the calculation of milligrams 
levulinic acid per ATW using the formulas: 

Factor (F) for Levulinic Acid 
- mg/ml Levulinic Acid Standard X 10 X Purity of Standard - 

Peak Area Levulinic Acid 
mg Levulinic Acid per ATW 

- F X Peak Area Levulinic Acid X mg per ATW - 
mg Sample 

RESULTS AND DISCUSSION 

The described HPLC method elutes levulinic acid in -5.8 min and 
employs the relatively weak UV absorption of the acid at -280 nm for 
determinations at concentration levels of 2 3  X M. The relatively 
larger injection volume of 200 pl was required for detectability of levulinic 
acid below the millimolar level. Figure 1 shows representative chro- 
matograms for a placebo with no levulinic acid and a typical tablet 
sample. 

Peak Area Internal Standard X mg/ml Tiodazosin Standard X Purity of Standard 
Peak Area Tiodazosin Standard X mg/ml Internal Standard 

Factor (F) for Tiodazosin = 

F X 1000 X mg/ml Internal Standard X Peak Area Tiodazosin X mg per ATW 
Peak Area Internal Standard X mg Sample 

mg Tiodazosin per ATW = 

Levulinic Acid Assay-Chromatographic Conditions-A prepacked 
bonded phenyl on silica13 (10% loading by weight, 10-pm mean particle 
size) HPLC column (30 cm X 3.9-mm i.d. stainless steel) was employed 
with a mobile phase of 1.0 N acetic acid. The mobile phase was filtered 
through a 0.45-pm membrane filter14 prior to use. A flow rate of 1.0 
ml/min and a loop injection volume of 200 pl were used with the detector 
set a t  280 nm. 

Standard Solution-A standard levulinic acid solution was prepared 
containing 0.26-0.30 mg of the acid per milliliter of mobile phase. To 
ensure noninterference, a 500-mg portion of placebo tablet granulation 
(containing all the tiodazosin tablet excipients) was mixed with 10 ml of 
the mobile phase. The resulting suspension was filtered15, and an aliquot 
was injected into the chromatographic system. 

Analytical Procedure-The powdered tablet sample, equivalent to 
one average tablet weight, was transferred to a 20-ml vial, 10 ml of mobile 

I I I I I I I I  
0 1 2 3 4 5 6 7  

MINUTES 
Figure %-Representative chromatogram for the tiodazosin assay. Key: 
(I) tiodazosin; (2) butylparaben (internal standard). 

lo  p-Bondapak CIS; Waters Associates, Milford, Mass. 

l2 No. 6 Filter Paper; Whatman, Clifton, N.J. 
l3 pBondapakPheny1; Waters Associates, Milford, Mass. 
l4 Type HA; Millipore Corp., Bedford, Mass. 

Model B52H Ultrasonic Bath, BFanson Co., Shelton. Conn. 

The tiodazosin content can be determined sequentially from the same 
powdered tablet sample by employing the described, independent assay 
procedure. Figure 2 shows a typical chromatogram for this assay, with 
tiodazosin eluting at -3.2 min and the internal standard at -5.8 min. The 
total analysis time for a typical tablet sample is -7 min. 

Standard linearity was checked over the range 1.00-10.00 mg/ml for 
tiodazosin and 0.03-1.5 mg/ml for levulinic acid. Both compounds re- 
sponded linearly over the stated concentration ranges, with least-squares 
regression analysis of the peak area responses producing correlation 
coefficients >0.999 in both cases. The difference in the slopes of the re- 
gression lines for levulinic acid in the presence of a placebo granulation 
compared with that in the absence of the placebo was <1% of the mean 
slope value. This implies a levulinic acid recovery of -99% from the 
placebo matrix. 

Chromatographic variability was determined by six identical injections 
of the standard preparations of tablet samples with a label claim of either 
10 mg of tiodazosin or 7 mg of levulinic acid. Relative standard deviations 
(2.5%) for chromatographic variability and sample variability are f0.50 

1 

! 

L 

Figure 3-Chromatogram of a synthetic mixture of tiodazosin (2) and 
4-amino-6,7-dimethoxy-2- (1 -piperazinyl)quinazoline (1). 

l5 No. 576 Filter Paper; Schleicher and Schuell, Keene, N.H. 
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and f1.696 for the tiodazosin assay or f1.8 and f1.6% for the levulinic 
acid assay. 

Accuracy of the assays was determined by recoveries of individual ti- 
odazosin additions to spiked placebo formulation equivalent to 1,2,5, 
10, and 20 mg of tiodazosin per tablet. Recoveries for the five spiked 
samples ranged from 95.7 to 99.3% with a mean recovery of 96.7% (s = 
*1.8%), calculated from the regression line generated from the linearity 
study. The spiking of levulinic acid over the concentration range from 
0.5 to 1.5 mg per tablet into a placebo matrix produced recovery results, 
calculated using the regression line generated in the absence of the pla- 
cebo, of 87.5% a t  the 0.5-mg level, 95.6% a t  the 5-mg level, and 99.6% at 
the 15-mg level. 

The forced degradation of 1-mg tiodazosin tablets under conditions 
of heat (100' for 20 hr), light (-15 W a t  300 nm for 1 week), acid (1 N HCl 
for 20 hr), and base (1 N NaOH for 20 hr) was performed to test the 
specificity of the tiodazosin assay method. Absorbance ratios were cal- 
culated from chromatograms generated a t  220,254, or 340 nm from both 
undegraded and degraded samples. No apparent interference was ob- 
served from any of the degraded samples, and the relative standard de- 
viations of the 254/220-nm and 254/340-nm absorbance ratios was f1.2 
and f0.7%, respectively. For the levulinic acid assay, no apparent in- 
terferences were observed for degraded samples, where the degradation 

conditions were adjusted to produce a maximum acid degradation of 
10%. 

Specificity of the tiodazosin method was also demonstrated by the 
resolution of the principal known decomposition product, 4-amino- 
6,7-dimethoxy-2-(l-piperazinyl)quinazoline (111, from the active drug 
under the assay conditions. A chromatographic tracing of a mixture of 
I and I1 is shown in Fig. 3. The results of typical tablet blend analyses gave 
mean recoveries of 103% for tiodazosin and 99.7% for levulinic acid based 
on the label claims for a nominal 10 mg of tiodazosin per tablet level. In 
summary, the reverse-phase HPLC methods described in this paper 
provide simple, rapid, and quantitative methods for the determination 
of tiodazosin and levulinic acid from the tablet matrix. 
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Abstract  The molecular connectivity valence delta-values have been 
defined in terms of the count of nonhydrogen valence electrons on a va- 
lence-state atom as screened from the nucleus by the core electrons. The 
core is defined as the nonvalence electrons minus 1. This general defi- 
nition expresses the valence delta-values for second and third quantum 
level atoms and halogens. Valence delta-values have been derived for 
higher oxidation states of sulfur and phosphorus. The internal consis- 
tency of these delta-values is tested by their ability to closely correlate 
molar refraction values with lxV. I t  is found that a second variable, the 
count of the number of (Y hydrogen atoms, greatly increases the quality 
of the correlation. Some biological SAR applications reveal the general 
utility of these findings. 

Keyphrases Molecular connectivity-valence delta-values, definition, 
applications to structure-activity relationships, comparison with mo- 
lecular refractivity Structure-activity relationships-applications of 
molecular connectivity valence delta-values, comparison with molecular 
refractivity Molecular refractivity-comparison with molecular con- 
nectivity valence delta-values, structure-activity relationships 

A major advance in the general applicability of molec- 
ular connectivity arose from the introduction of valence 
molecular connectivity indexes by Kier and Hall (1, 2). 
This innovation made it possible to encode information 
about heteroatoms and unsaturated features and to cor- 
relate this with the relative differences in properties among 
such molecules. The subsequent use of valence molecular 
connectivity has been summarized (3). 

BACKGROUND 

Ear ly  Estimates of P-In the initial description of the valence con- 
nectivity delta a bonded atom was described by a count of the valence 
electrons other than those bonding hydrogen (1). This value, designated 
67 for atom i was incorporated into the valence connectivity index, lxV, 

using the same algorithm as for the simple connectivity index, Ixv = 
2(6y6y)-1/z. The structural information encoded in the simple 6, a count 
of u bonds (electrons) other than those bonding hydrogen, and the 6v- 
value was evident from an inspection of a matrix of the two values (3). 
The sum of the delta-values (P + 6) for a hybrid atom relates closely to  
estimates of the hybrid atom volume. It was also shown that the difference 
between the delta-values (av - 6) for a hybrid atom is a count of T and 
lone-pair electrons, referred to as "exterjacent" t o  describe their rela- 
tionship to internuclear axes. A count of exterjacent electrons on an atom 
in its hybrid state, within a quantum level, bears a close relationship to 
the Mulliken-Jaffe electronegativity (3). 

In the earliest consideration of heteroatoms (11, the 6v-values for second 
quantum level atoms were verified by relating the calculated IxV values 
to molar refraction (MR) data for substituted benzenes (4). The corre- 
lation was good, however the experimental value of fluorobenzene pre- 
sented a problem. The fact that it has a value of 0.4 less than benzene led 
to the rejection of the logical 6; = 7 and to the derivation of an empirical 
value of -20. Thus the (6;&)-*/* would have a negative value. This sub- 
traction of the modest value of this term in the calculation of lxV per- 
mitted a fairly accurate reproduction of the effect of fluorine in molecules 
as far as certain physical property values. Using the same approach, 
empirical values were derived for the other halogens (1) and sulfur (2). 
These are shown in Table I, column 1. 

The Quantum Level Effect on 6"-Following these initial empirical 
assignments of higher level atom bV-values, a fundamental significance 
for these numbers was sought. This led to the realization that the em- 
pirical 6"-values for C1, Br, I, and S were close to the numbers derived by 
a general expression: 

Z ' - h  6' = - 
z - Z' (Eq. 1) 

where h is the count of hydrogen atoms, Zv is the count of valence elec- 
trons, and Z is the count of all electrons (5). The value Z - Zv is the count 
of all nonvalence electrons on the atom; thus, it constitutes information 
on the principal quantum number of the atom. The denominator in Eq. 
1 may be viewed as simulating a radial dimension or a valence orbital 
screening factor associated with the particular quantum level. Indeed 
this influence on the valence electrons has been approximated by the use 
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and f1.696 for the tiodazosin assay or f1.8 and f1.6% for the levulinic 
acid assay. 

Accuracy of the assays was determined by recoveries of individual ti- 
odazosin additions to spiked placebo formulation equivalent to 1,2,5, 
10, and 20 mg of tiodazosin per tablet. Recoveries for the five spiked 
samples ranged from 95.7 to 99.3% with a mean recovery of 96.7% (s = 
*1.8%), calculated from the regression line generated from the linearity 
study. The spiking of levulinic acid over the concentration range from 
0.5 to 1.5 mg per tablet into a placebo matrix produced recovery results, 
calculated using the regression line generated in the absence of the pla- 
cebo, of 87.5% a t  the 0.5-mg level, 95.6% a t  the 5-mg level, and 99.6% at 
the 15-mg level. 

The forced degradation of 1-mg tiodazosin tablets under conditions 
of heat (100' for 20 hr), light (-15 W a t  300 nm for 1 week), acid (1 N HCl 
for 20 hr), and base (1 N NaOH for 20 hr) was performed to test the 
specificity of the tiodazosin assay method. Absorbance ratios were cal- 
culated from chromatograms generated a t  220,254, or 340 nm from both 
undegraded and degraded samples. No apparent interference was ob- 
served from any of the degraded samples, and the relative standard de- 
viations of the 254/220-nm and 254/340-nm absorbance ratios was f1.2 
and f0.7%, respectively. For the levulinic acid assay, no apparent in- 
terferences were observed for degraded samples, where the degradation 

conditions were adjusted to produce a maximum acid degradation of 
10%. 

Specificity of the tiodazosin method was also demonstrated by the 
resolution of the principal known decomposition product, 4-amino- 
6,7-dimethoxy-2-(l-piperazinyl)quinazoline (111, from the active drug 
under the assay conditions. A chromatographic tracing of a mixture of 
I and I1 is shown in Fig. 3. The results of typical tablet blend analyses gave 
mean recoveries of 103% for tiodazosin and 99.7% for levulinic acid based 
on the label claims for a nominal 10 mg of tiodazosin per tablet level. In 
summary, the reverse-phase HPLC methods described in this paper 
provide simple, rapid, and quantitative methods for the determination 
of tiodazosin and levulinic acid from the tablet matrix. 
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Abstract  The molecular connectivity valence delta-values have been 
defined in terms of the count of nonhydrogen valence electrons on a va- 
lence-state atom as screened from the nucleus by the core electrons. The 
core is defined as the nonvalence electrons minus 1. This general defi- 
nition expresses the valence delta-values for second and third quantum 
level atoms and halogens. Valence delta-values have been derived for 
higher oxidation states of sulfur and phosphorus. The internal consis- 
tency of these delta-values is tested by their ability to closely correlate 
molar refraction values with lxV. I t  is found that a second variable, the 
count of the number of (Y hydrogen atoms, greatly increases the quality 
of the correlation. Some biological SAR applications reveal the general 
utility of these findings. 
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A major advance in the general applicability of molec- 
ular connectivity arose from the introduction of valence 
molecular connectivity indexes by Kier and Hall (1, 2). 
This innovation made it possible to encode information 
about heteroatoms and unsaturated features and to cor- 
relate this with the relative differences in properties among 
such molecules. The subsequent use of valence molecular 
connectivity has been summarized (3). 

BACKGROUND 

Ear ly  Estimates of P-In the initial description of the valence con- 
nectivity delta a bonded atom was described by a count of the valence 
electrons other than those bonding hydrogen (1). This value, designated 
67 for atom i was incorporated into the valence connectivity index, lxV, 

using the same algorithm as for the simple connectivity index, Ixv = 
2(6y6y)-1/z. The structural information encoded in the simple 6, a count 
of u bonds (electrons) other than those bonding hydrogen, and the 6v- 
value was evident from an inspection of a matrix of the two values (3). 
The sum of the delta-values (P + 6) for a hybrid atom relates closely to  
estimates of the hybrid atom volume. It was also shown that the difference 
between the delta-values (av - 6) for a hybrid atom is a count of T and 
lone-pair electrons, referred to as "exterjacent" t o  describe their rela- 
tionship to internuclear axes. A count of exterjacent electrons on an atom 
in its hybrid state, within a quantum level, bears a close relationship to 
the Mulliken-Jaffe electronegativity (3). 

In the earliest consideration of heteroatoms (11, the 6v-values for second 
quantum level atoms were verified by relating the calculated IxV values 
to molar refraction (MR) data for substituted benzenes (4). The corre- 
lation was good, however the experimental value of fluorobenzene pre- 
sented a problem. The fact that it has a value of 0.4 less than benzene led 
to the rejection of the logical 6; = 7 and to the derivation of an empirical 
value of -20. Thus the (6;&)-*/* would have a negative value. This sub- 
traction of the modest value of this term in the calculation of lxV per- 
mitted a fairly accurate reproduction of the effect of fluorine in molecules 
as far as certain physical property values. Using the same approach, 
empirical values were derived for the other halogens (1) and sulfur (2). 
These are shown in Table I, column 1. 

The Quantum Level Effect on 6"-Following these initial empirical 
assignments of higher level atom bV-values, a fundamental significance 
for these numbers was sought. This led to the realization that the em- 
pirical 6"-values for C1, Br, I, and S were close to the numbers derived by 
a general expression: 

Z ' - h  6' = - 
z - Z' (Eq. 1) 

where h is the count of hydrogen atoms, Zv is the count of valence elec- 
trons, and Z is the count of all electrons (5). The value Z - Zv is the count 
of all nonvalence electrons on the atom; thus, it constitutes information 
on the principal quantum number of the atom. The denominator in Eq. 
1 may be viewed as simulating a radial dimension or a valence orbital 
screening factor associated with the particular quantum level. Indeed 
this influence on the valence electrons has been approximated by the use 
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Table I-P'-Values for Thi rd  Quantum Level Atoms and 
Halogens 

Atom 6 va b'b 6 c  

Table 111-Binding of Phenyl Glycosides 

para -Substituent -Lon Msn' 1XV 

2.32 
2.40 
2.46 

0.224 
0.612 
1.200 
2.200 
n..wo 

F - 20 
0.690 
0.250 

0.944 
0.085 

7 
0.78 
0.26 
0.16 
0.67 

61 
Br 

0.70 
0.25 
0.15 
0.60 

2.59 
2.29 I 

-S- 2.46 
2.51 
2.58 
2.63 

. ... 

1.061 
1.561 
1.981 
1.750 'P' 0.56 

2.23 0.000 
0.189 
0.566 
0.981 
1.250 

F 2.26 
2.36 
2.38 

-so - 
-so2- 
-s-s- 

1.33 
2.67 
0.89 

Cl 
Br 

I 
-COCH3 

-COC2H5 
CN 

NOz 
NH2 

2.44 
2.50 0.954 

1.515 
0.474 
0.589 

2.56 
2.35 
2.34 
2.25 

\ -P+O 
/ 2.22 

0.289 
0 Data from Refs. 1 and 2. Data calculated using Eq. 1 of Ref. 5. C Calculated 

using Eq. 2. 

(6) of the atomic radius ( r ) ,  the use (7) of r2, or the use (8,9) of the square 
of the quantum number ( N 2 )  in estimating orbital electronegativity or 
boundary potentials. The values derived from the use of Eq. 1 are listed 
in Table I ,  column 2. 

Equation 1 now may be viewed as an attempt to simultaneously model 
two characteristics of valence orbitals: the distance from the nucleus and 
their boundary potential or electronegativity. The value of lxV derived 
from these delta-values contains information related to both of these 
properties. Recent applications of this information to molecular volume 
(lo), orbital electronegativity (3), and molecular polarity (11) have been 
published. 

0 Data taken from Ref. 17 

would have a count of one screening electron while sulfur would have a 
count of nine electrons. The values of 6' using Eq. 2 differ very little from 
those derived from Eq. 1 (Table I, column 3). 

The Special Case of Fluorine-The estimation of electronegativity 
from 6' - 6, or a count of exterjacent electrons (3). for the second quan- 
tum level leads to the relationship: 

cM(eV) = 2.05(6' - 6 )  t 6.99 (Eq. 3) 

The assumption that fluorine is sp3 hybridized results in 6" = 7 and hV 
- 6 = 6. From Eq. 3, this electronic structure predicts an electronegativity 
for fluorine in its bonding state of 19.3 eV. Hinze and Jaffe report an 
electronegativity of only 12.18 eV using s2p2p2p as the bonding state of 
the atom (13). Considerable work confirms the assumption that bound 
fluorine haS little or no sp3 character. Recalculating hV - 6 for fluorine 
from the unhybridized structure gives a value of 4 which, from Eq. 3, 
predicts an electronegativity of 15.2 eV. To reproduce the MullikenJaffe 
fluorine electronegativity of 12.18 eV would require fluorine to have a 
hV-value of 3.5, corresponding to a fractional hybridization of the valence 
electrons. 

The matter is further complicated by the awareness that in calculating 
electronegativities, Hinze and Jaffe (13) used ground-state ionization 
potentials and electron affinities; thus, the actual promotion process may 
not be faithfully reproduced by their model in the case of fluorine. A 
comparison of other electronegativity scales suggests that the value of 
19 eV is not unreasonable in the Mulliken-Jaffe scale. Fully aware of 
these complications, we adopt a t  this time, the nonempirical value of 7 
for 6;. 

Thi rd  Quantum Level Atom Deltas-Applying Eq. 3 to third-level 
atoms, chlorine, sulfur, and phosphorus atoms have values of 0.78,0.67, 
and 0.55, respectively, for bV (when there are no bonded hydrogens). These 
are listed in column 3 of Table I. 

The higher oxidation states of sulfur and phosphorus present a new 

Table  IV-Physicochemical Data for 7-R-4-Hydroxyquinoline- 
3-Carboxylic Acids and Relationships of Cell Inhibition Potency 
a n d  x 

MDH 
R PI50' lXV MR * 

c1 2.44 0.586 0.603 
F 1.98 0.189 n.092 

:OCHs 3.04 0.954 

THEORETICAL 

General Equation for bv-The generality of Eq. 1 within the third 
quantum level is evident; however, it does not correctly describe the 
previously established bV-values for second quantum level atoms. The 
value Z - Zv = 2 is not correct in Eq. 1 for these atoms. The denominator 
term Z - Zv - 1 reproduces the bV-values for C, N, and 0 in their various 
valence states. This is equivalent to counting (or weighting) the pair of 
ls2 electrons of oxygen as one. T o  make this count of screening electrons 
equivalent for both the second and third quantum levels, a general ex- 
pression for 6' is necessary: 

Z' - h 
z - z v - 1  

6' = 

This count of screening electrons, (2 - Zv - I), can be explained in two 
ways. First, there can be invoked an assumption of a difference in the 
screening contributions of the ls2 electrons relative to the contributions 
of 2s and 2p electrons. This is a notion embodied in Slater's rules for the 
same structural characteristic (12). A second explanation arises from the 
fact that hydrogen atoms are suppressed in formulating aV. Thus, the 
hydrogen electron structure may be viewed as the zero-value reference 
structure in the count of screening electrons. From this basis, oxygen 

Table 11-Molecules for MR Calculation 

Subset Number in Subset 

Alkyl fluorides 
Alkyl chlorides 
Alkyl bromides 
Alkyl iodides 
Alkanols 
Dialkyl ethers 
Alkylamines 
Alkylnitriles 
Alkylthiols 
Dialkyl sulfides 
Alkylphosphines 
Dialkyl sulfites 
Dialkyl sulfates 
Dialkyl disulfides 
Trialkyl phosphates 

Total 

9 
9 
9 
6 
6 
6 
6 
6 
8 
9 

10 
4 
3 
5 
5 

101 

NO2 2.72 0.589 0.736 
CONH:! 3.13 0.743 0.981 
COOH 2.97 0.678 0.605 

S02CH3 3.18 1.419 1.349 
OH 3.31 0.224 0.285 

SOa- 2.67 1.058 0.971 
S02NH2 3.02 1.161 1.228 

0 Data taken from Ref. 18. Data taken from Hansch e l  a / . ,  J .  Med. Chem., 16, 
1207 (1973). 
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Table V--Local Anesthetic Activity of N-[ (N',N'-Disubstituted-amino)acetyl]arylamines 
ArCHNHCOCHJi / R  I 
\I 'R 
R 

/R" :  PAD 
N, I 

A I - C H L  

R OXV Observeda Calculated Residual R' 
\ I  

13.22 

13.38 

13.43 

11.33 

14.58 

14.63 

10.25 
12.03 
12.95 

9.53 

10.21 

9.94 

14.36 

13.30 

12.74 

1.82 

1.82 

1.82 

1.45 

1.55 

1.25 

0.93 
1.75 
1.80 

0.71 

0.73 

0.73 

1.53 

1.68 

1.89 

1.75 

1.73 

1.73 

1.48 

1.43 

1.41 

0.96 
1.68 
1.76 

0.46 

0.95 

0.76 

1.51b 

1.74b 

1.76b 

0.06 

0.08 

0.08 

-0.03 

0.11 

-0.16 

-0.03 
0.06 
0.03 

0.24 

-0.22 

-0.03 

0.01 

-0.06 

0.12 

Data taken from Ref. 19. b Predicted value 

problem. Vogel has shown that the fragment contributions to the molar 
refraction made by -S-, - S G ,  and -SO2- are nearly identical a t  
7.92, 7.98, and 7.84, respectively (14). This suggests that the groups 
-SO- and -SOz- may be described by the same b' used for -S-. 
It also indicates that  the value of bV, for the sulfur atom in each of these 
groups would be different than the 6; for a sulfide sulfur atom. One may 
choose the expedient of adopting SV, = 0.67 for -S-, - S G ,  and 
--SOz-, which subsumes the presence of the oxygen atom(s). The as- 
sumption implies that the volume occupied by each sulfur lone-pair or- 
bital is the same as the volume occupied by each oxygen atom bonded 
to  sulfur in -SO- and -SOz-. This is what Vogel's molar refraction 

fragment values reveal. The use of 6: = 0.67 as a group value for all three 
classes of sulfur compounds accurately reproduces MR data for these 
molecules. 

A more useful alternative is to explicitly consider the oxygens bonded 
to sulfur in SO and SO2 and to derive from theory, or to calculate em- 
pirically, values of 6; in each oxidation state. From molar refractivities 
of several sulfites and sulfates, averaged values have been found which 
are close to: 

bV(S in SO) = 26'(-S-) = 12/9 = 1.333 
bv(S in SO2) = 4bV(-S-) = 24/9 = 2.666 

(Eq. 4) 

(Eq. 5) 
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The theoretical justification for these values is evident from the relative 
contribution of each sulfur atom to the volume and the relative polarity 
of one and two S-0 bonds. From molar refractivity values, one can also 
derive a BY-value for each sulfur in the disulfide group. This is close to P ( S  
in-S-S-) = 8/9 = 0.888. Finally, the P f o r  phosphorus in orthophos- 
phates is described by dv(P in PO) = 4dV(-p-) = 20/9 = 2.222. 

It is generally accepted that these S 4  and P--O bonds are semipolar. 
As a consequence, one could expect an appreciably different (increased) 
value for the dv-value for S and P relative to the values in alkyl analogues, 
reflecting the increased valence state electronegativity. 

DISCUSSION 

I 

Test of bV-Values-A meaningful way of evaluating the interrela- 
tionship of the dv-values is to relate the molar refraction (MR) values for 
a mixed group of molecules to molecular connectivity indices. If the bv- 
values encode structural information in an accurate manner among atoms 
in the second and third quantum levels, it is to be expected that the 
first-order valence connectivity index, lxV, should bear a close relation- 
ship to this physical property. These values have been tested on a set of 
single function molecules, embracing the important, covalent bonding 
atoms in the second and third quantum level. These are classified by 
heteroatom in Table 11. (Specific entries are available on request.) Using 
the dv-values shown in column 3 of Table I, the relationship is found to 
be: 

MR = 8.444’~” t 5.360 
(Eq. 6) r = 0.979, s = 2.39, n = 101, F = 2327 

I t  came to our attention in the course of the study on third quantum 
level atoms that an additional structural feature is important in in- 
fluencing the MR-value. This feature is the number of hydrogen atoms 
a to certain heteroatoms, which cannot be accounted for in the dv de- 
scription of the heteroatoms. It was found in the case of the halides be- 
yond fluorine, sulfides and disulfides, and secondary and tertiary phos- 
phines, that the MR-value is diminished roughly in proportion to the 
number of a hydrogens. The inclusion of the count of a hydrogens for 
these atoms makes a marked improvement in the correlation with 
M R  

MR = 9.042lx’ - 1.286aH t 4.777 
(Eq. 7) r = 0.996, s = 1.038, n = 101, F = 6397 

The a H  term is independent of the lxV index and describes a structural 
feature not encoded in lxV or the values of 6’ used in its calculation. It 
is further of note that the coefficient of the a H  term in Eq. 7 is close to  
the Vogel estimate of the hydrogen contribution to molar refraction (14). 
This analysis constitutes a valid test of the dv-value internal relationship. 
The correlation with MR-values leads to a degree of confidence in the 
bv-values, and they are proposed for use a t  this time. 

Biological Applications-This demonstrated ability of lxv to relate 
to MR stimulates the test of lxV in biological studies in which MR has 
been used in property-activity analyses. There has been some recent 
interest in MR as a surrogate for molecular structure in structure-activity 
relationship (SAR) analyses (15). In several of these studies, values of 
MR for substituent groups have been employed. These have been derived 
from MR-values of whole molecules by partitioning (14). The absolute 
values of these substituent contributions may vary depending on the 
method of calculation, although the correlation of values is usually good. 
A few examples of x versus activity illustrate the capability of this 
index. 

Rinding of Substituted Phenyl Glycosides to Concanavalin A- 
Loonteins et al. (17) have reported a study of glycosides binding to the 
hemagglutinin, concanavalin. Hansch and Leo have shown that MR of 
the substituent groups on the phenyl ring of the glycosides correlates well 
with the binding parameters, M50 (16). 

(Eq. 8) 
log M50 = 0.0188 MR t 2.23 
r = 0.954, s = 0.038, n = 19 

A single connectivity index lx”, correlates with log Mm almost as well: 

r = 0.945, s = 0.041, n = 19 
The influence of heteroatoms is directly apparent from Eq. 9 as is 

molecular size (Table 111). A second connectivity index would certainly 
contain more information about influential structure; however, the 
quality of the data would probably not be compatible with this further 
refinement. 

(Eq. 9) 
log Mm = O.18l1xv + 2.246 

Quinoline Carboxylic Acids as Cell Respiration InhibitorsShah and 
Coats (18) have reported on a series of 7-substituted I-hydroxyquino- 
line-3-carboxylic acids as cell respiration inhibitors. They reported a 
correlation of inhibitory potency ( p b )  and MR: 

pIm = 0.70MR + 2.29 
r = 0.935, s = 0.318, n = 19 (Eq. 10) 

Using lxV reveals a relationship: 
PIN = O.785lxv t 2.82 

(Eq. 11) r = 0.916, s = 0.360, n = 19 
The results are in Table IV. The role of heteroatoms and group size is 
clearly encoded in the IxV index. 

Local Anesthetic Activity of Arylamines-In a recent study by Hey- 
mans et al. (191, a series of arylamines were tested for local anesthetic 
potency (PAD). 

(Eq. 12) 
PAD = 0.497MR - 0.0028(MR)2 - 20.02 
r = 0.951, s = 0.16, n = 12 

Using O x v  in a quadratic equation, we find a relationship: 
PAD = 2.990~’ - 0.116(0~v)2 - 17.5 

(Eq. 13) r = 0.964, s = 0.14, n = 12 
The equation is of sufficient quality to predict the activity of three ad- 
ditional compounds, as shown by the last three entries in Table V. 

CONCLUSION 

The interpretation of structural influence on activity from an MR 
uersus activity relationship is not direct. In contrast, a connectivity index 
versus activity relationship permits a direct assessment of the important 
structural features influencing activity. Further, it is possible to make 
predictions of structures with favorable characteristics from a good x 
versus activity equation. Finally, the use of molecular connectivity in 
structural quantitation makes it possible to employ more than one index, 
all of which have a logical and consistent derivation from structure and 
which guide the investigator to an interpretation of structure, meeting 
the objectives of the study. 

This study presents new delta-values for the higher oxidation states 
of sulfur and phosphorus, atoms which occur on occasion in biological 
studies. These findings have broadened the utility of xv indices. 

It has been shown that valence molecular connectivity indices, calcu- 
lated from delta-values derived in a consistent manner, can closely re- 
produce molecular properties such as molar refraction. This leads to the 
direct correlation of biological activity with valence connectivity indices 
rather than attempting to relate them to molar refraction. 
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Abstract A method for predicting the maintenance dose of parent drug 
required to give a desired steady-state concentration of metabolite, using 
a single determination of metabolite concentration in serum following 
the first dose of parent drug, is described. Clinical evidence that such a 
method is feasible for the drug-metabolite pair imipramindesipramine 
has been reported. The error inherent in an estimation of maintenance 
dose based on a single determination of metabolite concentration is a 
function of sampling time and the first-order elimination rate constants 
for parent drug and metabolite ( K  and k,, respectively). The method 
is applicable to drug-metabolite pairs in general by selecting the s q p l i n g  
time ( t * )  togive_minimum_erroLt* = l /Zm + 1.3/ff, when k, I K ,  and 
t*  = IR + 1.3/k,, when k ,  > K (bars denote population mean value). 
The error expected to be encountered in the application of the method 
to specific drug-metabolite pairs can be analyzed by the graphical 
methods described. 

Keyphrases Imipramine-steady-state concentration of desipramine 
in serum, maintenance dose, single-point prediction method, pharma- 
cokinetics Desipramine-steady-state concentration in serum with 
imipramine administration, maintenance dose, single-point prediction 
method, pharmacokinetics Pharmacokinetics-single-point prediction 
method for desired steady-state concentration, maintenance dose, 
drug-metabolite pairs 

The use of a single determination of drug concentration 
in serum a t  some time after the initial dose to predict the 
maintenance dose required to give a desired steady-state 
concentration has become quite popular since Cooper et 
al. (1, 2) first reported its use for lithium in 1973. The 
method has been applied to drugs with long half-lives 
[nortriptyline (3-5) and imipramine (6)] as well as drugs 
with short half-lives [chloramphenicol (7, 8) and theo- 
phylline (7,9)]. A theoretical basis for such a relationship 
has been described, showing that the method is capable of 
giving accurate estimates of the maintenance dose needed 
if the sample is obtained at  the appropriate time (10). The 
error of the method was shown to be a function of the 
elimination rate constant for the drug in the individual 
patient. I t  was later shown that the optimum sampling 
time ( t*)  was equal to lm, where R is the mean value of 
the elimination rate constant for parent drug in the pop- 
ulation (11). 

There have been two instances in which data suggest 
that the single-point method can be used to predict the 
maintenance dose of parent drug to give a desired 
steady-state concentration of metabolite following ad- 
ministration of the parent drug: chloramphenicol following 
dosing with the succinate ester (7, 8) and desipramine 
following dosing with the parent drug imipramine (6). In 
the first case, the optimal sampling time for predicting the 
maintenance dose was found to be 6 hr, corresponding to 
the inverse of the mean metabolite elimination rate con- 
stant (l/zm). In the second case, that of imipramine- 
desipramine, no optimal sampling time was presented; a 

good correlation ( r  = 0.92) was noted between the loga- 
rithm of the steady-state desipramine concentration and 
the logarithm of the desipramine concentration obtained 
24 hr after a single dose of imipramine. In the imipram- 
ine-desipramine case, l/&, would indicate an optimal 
sampling time of 33 hr. Prediction on the basis of imipra- 
mine elimination would suggest a sampling time of 13 
hr. 

The strength of the correlation between the concen- 
tration determined in a single serum sample obtained 24 
hr after the first dose and the eventual steady-state con- 
centration of desipramine following administration of 
imipramine, and the demonstrated success of single-point 
dose prediction with chloramphenicol suggested that a 
theoretical framework could be developed to  predict the 
dose of parent drug necessary to achieve a desired con- 
centration of metabolite a t  steady-state. This report de- 
scribes the framework and uses it to examine the error 
inherent in the method, under optimal conditions. 

THEORETICAL 

The development of an equation relating the maintenance dose of 
parent drug (D,) needed to obtain a desired steady-state concentration 
of metabolite (CBJ to the concentration of metabolite in serum (C*,) 
a t  time t* after administration of an initial dose of parent drug ( D * )  
proceeds in much the same manner as previously described for parent 
drug maintenance-dose prediction (10, 11). For simplicity, the kinetics 
of all species are assumed to conform to linear one-compartment be- 
havior; intravenous injection of the parent drug is also assumed. The 
general scheme for the elimination of drug is given in Scheme I. Under 
these conditions, the concentration of metabolite at a specific time after 
administration of the parent drug is given by: 

(Eq. 1) 

where V ,  is the apparent volume of distribution of the metabolite and 
K and k ,  are the elimination rate constants for parent drug and me- 
tabolite, respectively. 

The average concentration of metabolite at steady state is: 

(Eq. 2) 

where k f  is the formation rate constant of metabolite from parent drug 

X - M -  or 
h i  k, metabolism 

excretion 1 kr 
metabolism 

or 
excretion 

Scheme [-Model for single-point dose prediction. Key: ( X )  parent 
drug; ( M )  metabolite; (k) first-order rate constant; (subscript r)  re- 
mainder; (subscript f )  formation; (subscript m) metabolite. 
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and is the dosing interval. The ratio c,,,/C*, is therefore: 

c w  - 
C*, Kk,TD*(e-kmt* - e-Kt* 1 

Dm ( K  - km)  (Eq. 3) 

The relationship between the maintenance dose and the single concen- 
tration determined after the initial dose is: 

The term in brackets can be represented by a proportionality factor, 
Q,: 

-- -Q,C*, 
Dm 

(Eq. 5) 

where: 

It should be realized that Q, varies among individuals only as a function 
of K and k,; c,,,, D*, t* ,  and 7 are chosen and held constant for all in- 
dividuals. The proportionality factor, Q ,  is independent of the fraction 
of dose metabolized to the metabolite of interest (or to other metabolites) 
and the formation rate constant of the metabolite. The rate constants 
K and k ,  might be more appropriately written as the ratio of clearance 
to volume of distribution, but the rate constants are written because 
clearance and volume of distribution do not appear in Q, except as the 
ratio, K or k,. This has been addressed in greater detail in the case of 
single-point parent drug maintenance-dose prediction (11). Since the 
maintenance dose is determined for an average steady-state concentra- 
tion, it can be varied if the dosing rate ( D J T )  is kept constant. 

When K >> k,, as in the case of a prodrug, Q, as defined in Eq. 6 re- 
duces to: 

which more appropriately defines the proportionality factor Q previously 
described for the metabolite chloramphenicol of the prodrug chloram- 
phenicol succinate. When parameter values are substituted, \k, = Pas 
previously defined (10). It is also of interest to note the definition of \k, 
at the opposite extreme, namely where k, >> K :  

As described previously for parent drug (lo), Eq. 5 will serve to predict 
accurate values of 0, when *, remains reasonably constant throughout 
the population. Thus, t* must be chosen in such a manner to result in 
miniium variability of Q, as a function of K and k,. This, by definition, 
will be the optimum value o f t  *. When the sample is obtained a t  the op- 
timum t * ,  a population average value of 9, will have the best chance of 
working for maintenance-dose prediction purposes. 

Figure 1 shows how t * can be chosen such that \k, is kept reasonably 
constant as K and km vary through the population. Ranges of K and k, 
approximate population values for imipramine-desipramine (6). In this 
figure qm/Tm is plotted to allow direct comparison between the plots. 
q, is the average value of Q, throughout the population. Also, the lowest 
values of the axes are a t  the far right corner in each plot; this departure 
from convention is made to afford the clearest view of the surface. Among 
the three values of t* examined the optimum value of t  * (to the nearest 
hour) is 48 hr (Fig. lb) where the plot of *,/T, is relatively flat com- 
pared to t* = 36 hr (Fig. la) and t* = 60 hr (Fig. lc). In this case, the 
maximum error is an -25% overprediction of dose at  low values of k, in 
combination with low values of K .  

Figure 1 also shows that the greatest error of the method is encountered 
at the extremes of the values of K and kml. As the range of values con- 
sidered here is exceeded, the error will increase (see below). However, if 
a Gaussian distribution of these rate constants is assumed, it is evident 
that a very small fraction of the population will be represented by these 
extreme values. Thus, the method can be expected to work well for a very 
large majority of the population. 

Optimization of Sampling Time-The optimum time for obtaining 
the sample for maintenance-dose prediction can be determined by con- 
structing plots such as those in Fig. 1 and selecting as t * the eampling time 

1 In Fig. 1, error is reflected by the degree of curvature of the surface. If there 
no inherent error, every individual would have the same value of W, and Wm/x 
would.equal1 at all combinations of K and k,. As the surface becomes more curved, 
error increases. 

Figure 1-Relationships between Q,/qm and the elimination rate 
constants for metabolite (k,J and parent drug (K) for the parent 
drug-metabolite pair imipramine-desipramine at t* = 36 (a), 48 (b), 
and 60 hr (c). The optimum value of t*, 48 hr, gives the most nearly 
planar surface. The lowest values of all axes appear at the far right 
corner of each figure. 

which gives the least variability in "arn as a function of K and k,. This 
is rather cumbersome and time consuming because of the need for ac- 
curate three-dimensional plotting capability. 

The problem can be simplified to two dimensions. Q, is a ratio, and 
the variables K and k ,  appear in both the numerator and denominator. 
For qm to be constant throughout a population, the numerator and de- 
nominator must change in proportion to one another since K and k, 
assume different values from one individual to another. A plot of the 
numerator of Qm (Eq. 6) versus its denominator should be as nearly linear 
as possible a t  the optimum choice of t * .  Since the value of Q, varies 
among individuals as a function of K and k ,  only, D * T ~ , * ,  can be as- 
signed a value of 1 for the purpose of sampling time optimization. 

Figure 2 shows such plots for the case of imipramine-desipramine. 
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Figure %-Plots of the numerator of Eq. 6 versus the denominator for 
the parent drug-metabolite pair imipramine-desipramine at  t* = 36 
(a), 48 (b), and 60 hr (c). The optimum value of t*  has the minimum 
scatter of points, which can be judged numerically as described in the 
text. This plot represents an alternative optimization method to Fig. 
1 .  

Points are chosen in this plot by selecting values of K and k, in nested 
loops at fixed intervals; plots a, b, and c in Fig. 2 correspond to the re- 
spective three-dimensional plots in Fig. 1. The plots in Fig. 2 take the 
form of scatter plots because of the complex nature of the variability of 
the numerator and denominator of qm as a function of K and k,. Figure 
2 shows minimum scatter for t' = 48 hr (Fig. 2b); more scatter is evident 
for t* = 36 and 60 hr in Fig. 2a and c, respectively. Thus, the outcome of 
optimization schemes shown in Figs. 1 and 2 is the same. 

I t  is not necessary to rely on a visual comparison of plots to select op- 
timum values of t* for a given set of values of K and k,. Since a plot of 
the numerator of Eq. 6 versus the denominator will have a slope equal 
to qm, the optimum t* will result in minimum scatter about a regression 
line. Measures of relative goodness of fit can therefore be used for opti- 
mization purposes. This method has been used for the case of imipram- 
ine-desipramine, and 48 hr was again obtained for the optimum value 
oft *. Agreement was verified to an accuracy of 1 hr. The coefficients of 

- -  
Klk, 
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I I 1 I I 12.5 
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I I 1 ,  I I 
0 0.2 0.4 0.6 0.8 1 .o 

Figure 3-Relationship between o ticum t* afid the ratio of mean 
eliminntion rate constant values. If f> k,, read kmt* from the left axis 
from t_he point_on thcline corfesponding to the appropriate value of the 
ratio k,/K; if k, > K, read Kt* corresponding to the value of the ratio 
K/k, from the axis on the right. Equation of line: y = 1 + 1 . 3 ~ .  

Z,lk 

variation of the slopes of the plots in Fig. 2 (as 7%) are 24.7,12.7, and 22.2 
for t * = 36,48, and 60 hr, respectively. 

In the case of maintenance-dose prediction for the parent drug, it was 
possible to arrive at a simple calculation for the optimum value of t *; i.e., 
t* = 1 K  where R is the population mean elimination rate constant for 
the parent drug. The case of maintenance dose of parent drug to give a 
desired metabolite concentration at steady state is analytically somewhat 
more complex. However, using either of the techniques described above, 
a general solution can be obtained. 

In the course of these investigations, we detepined the optimum value 
of t*  for a number of combinatioEs of R and k, (bars denote mean). It 
was apparent that as the ratio of k,K increased, the optimum value of 
t * increased. Previous ex_perience indicated that a plot of optimum t* 
as a function of the ratio k,K would not be linear_and its slope at any 
point would be a function-of the absolute values of k, and R. We there- 
fore constructed a plot of k,t* as a function of the ratio k, /K and found 
it to be linear and to serve for predictive purposes whenever R 2 k,. A 
plot of this empirical relationship is shown in Fig. 3. The points in the 
plot represent the results of optimizations using the technique described 
above for various ranges_of K and k,. In this figure, t *  could be calculated 
by reading the value of k,t * of the left vertical axis for a given value of 
Emm when K L k,. Conversely, when k, > K, Rt* can be read off the 
plot corresponding to a given value of RErn. Thus, given the population 
mean value of K and k,, the optimum valle oft* can be estimated from 
the regression coefficients of Fig. 3. For K 1 k,: 

Xmt* = 1 + 1 . 3 z m K  (Eq. 9) 

or 

and when > R: 
Rt* = 1 + 1.3R/Zm 

or 
1 1.3 
K k m  

t * = = + r  (Eq. 12) 

In the case of a prodrug, K >> k, and Eq. 9 becomes t* = l&,, which 
is the clinical observation with chloramphenicol when the prodrug, 
chloramphenicol succinate, is given (8). 

The slope of the line in Fig. 3 varies slightly with the range of rate 
constant values encountered for a particular drug-metabolite pair; i.e., 
the optimum value of t*  is slkhtly affected by the range of K and k, 
encountered. Figure 4, where kmm = 0.5, shows this effect. t*  (44 hr) is 
optimized for a fourfold variability in K and k, and is 4 hr too long for 
a threefold range and 1 hr too early for a fivefold range. Such an effect 
has been noted by othergwhen considering t* in the case of parent drug 
(12). In Figure 5, where kmK = 0.1, this effect is not evident. Thus, use 
of Fig. 3 or Eqs. 9-12 gives an approximate value for optimum t*; other 
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h g u r e  4- varraorirty 01 Y,,, relative to tnepo uiation average uaiue, 
T,, as the range of K and k, increases, k,,,k = 0.5. Range of rate 
constant values for k, and K: (a) threefold; (b) fourfold; (c) fivefold. 
The lowest values of all axes appear at the far right corner of each 
figure. 

Figure 5-Variability of 9, relative to thepopulation average value, 
'mi as the range O f  km/K = O.'. Range O f  rate 
constant Values for k m  and K: (a) threefold; (b) fourfold; (c) fivefold, 
The lowest values of all axes appear at the far right corner of each 
figure. 

and km 

methods would give more accurate results. Figure 3 and Eqs. 9-12 will 
give a quick indication as to the possibility of choosing a clinically con- 
venient or feasible sampling time for a particular drug-metabolite 
pair. 

Analysis of Error-Although the optimum value of t*  can be read 
directly from Fig. 3 or calculated from Eqs. 9-12, that information does 
not give any insight into the error of the method. A direct indication of 
the magnitude and source of inherent error is obtained from the three- 
dimensional plots of the type used for optimization in Fig. 1. 

These lots for arbitrary cases are presented in Figs. 4 and 5 for cases 
with &,,h = 0.5 and k,/R = 0.1, respectively. Actual values of the rate 
constants cover ranges of three-, four-, and fivefold, respectively, in plots 
a, b, and c of both figures. Error is greatest as the extreme values of K and 

k, are approached in Fig. 4, where the ranges of the two elimination rate 
constants overlap. Accordingly, as the range is increased, the maximum 
error increases from 27% a t  threefold to 69% a t  fivefold. These errors 
would result in an overprediction of maintenance dose of the same 
magnitude. - 

In Fig. 5 (kmK = O.l), the ranges of K and k, do not overlap and at 
large values of K, the error in maintenance-dose prediction is a function 
of k, only and independent of K, as required by Q. 7. As in Fig. 4,error 
increases as the range of K and k, increases, but as the ratio of k,/R 
decreases, the error of the method decreases and is less sensitive to in- 
creases in the range of elimination rate constant values. 

Neither of these figures gives an indication of the role of the distribu- 
tion of values of the elimination rate constants in the population. If the 

Journal of Pharmaceutical Sciences 1 1177 
Vol. 72, No. 10, October 1983 



distribution was assumed to be Gaussian, a small fraction of the popu- 
lation would be represented by the values of elimination rate constants 
at the extreme of the range. Very few individuals would be subjected to 
the maximum error of the method. Figs. 4 and 5 represent error patterns 
of specific cases for certain values of K and k,; they have not been con- 
structed to represent general cases. For any given case, similar plots 
should be constructed to evaluate error. 

DISCUSSION 

The optimum sampling time for determining the maintenance dose 
of parent drug required to give a desired steady-state concentration of 
metabolite for the drug-metabolite pair imipramine-desipramine indi- 
cated by this analysis is 48 hr. A linear relationship between the log of 
the 24-hr concentration of desipramine following the first dose of im- 
ipramine and the log of the eventual steady-state concentration of the 
drug, if the same dose is kept constant and administered daily, has been 
found clinically (6). The mathematical basis for relating these two con- 
centrations arises from a rearrangement of Eq. 6 that gives rise to a pro- 
portionality factor with the general behavior of *,,, (10). The results of 
the present analysis suggest that the relationship between concentration 
at 24 hr and eventual steady-state concentration would be curvilinear. 
A log-log transformation might linearize such a plot. It is expected that 
a sample collected 48 hr after the first dose would appear to be linearly 
related to the eventual steady-state concentration. 

There are two critical considerations in applying this method to any 
drug-metabolite pair: (a )  the error which will be encountered as a func- 
tion of the elimination kinetics of the pair and ( b )  the possibility that the 
elimination kinetics may dictate a value of t  * that is not clinically feasible. 
The variability of 9, is a function of the elimination kinetics of the pair 
in the population and cannot be overcome when single-point prediction 
schemes are used. Thus, a poor estimate of maintenance dose will always 
be obtained for some fraction of the population. When the optimum value 
of t*  is not used because it is too short to be clinically convenient and a 
longer time is adopted, the error of the method increases but in a some- 
what conservative manner. Patients who eliminate the drug and me- 
tabolite slowly will tend to be underdosed and those who eliminate the 
drug quickly (requiring a relatively larger maintenance dose) tend to be 
overdosed. This situation is perhaps more tolerable than the converse: 
when a t *  shorter than the optimum is adopted, patients who eliminate 
the drug most slowly will tend to be overdosed and those who eliminate 
it more quickly will tend to be underdosed. Another observation may be 
more to the point when the optimum value of t * is not used, the rela- 
tionship between 1/D, and C*, will become less well-characterized by 

a straight line. If the curvilinear nature of the relationship can be taken 
into account, reasonably accurate dose prediction may still be pos- 
sible. 

Single-point dose prediction methods appear to be applicable to most 
drugs and their metabolites. However, the optimum sampling time for 
the dose required to give a desired steady-state concentration of the 
parent drug may be quite different than that required to give a target 
metabolite concentration. If dosage prediction is warranted for a par- 
ticular drug (10) and the kinetics of the drug are linear, it appears likely 
that a single-point method could be developed to suit using the tech- 
niques described here. However, it must be remembered that the pre- 
dicted dose is an estimate that must be confirmed by obtaining samples 
a t  steady state. 
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Abstract  0 The statistical methods required for a Bayesian analysis of 
bioequivalence are outlined and numerically illustrated. The analysis 
consists of the calculation of the posterior probability, given the experi- 
mental results, that the ratio of true means of a new and a standard for- 
mulation of a drug with respect to some biological response lies in a given 
interval. Nomograms helpful for the calculation of these probabilities 
are provided. 

Keyphrases 0 Bioequivalence-assessment by Bayesian analysis, sta- 
tistical methods, example and nomograms Bayesian analysis-bio- 
equivalence assessment, statistical methods, example, and nomograms 

Comparative bioavailability studies serve to investigate 
the pharmaceutical properties of two or more formulations 

Of the Same drug* Decisions On whether two 
are bioequivalent are usually made by comparing biological 
responses such as area under the plasma concentration 
curve or the maximum peak concentration. since in many 
instances the objective of a bioavailability study is not to 
show a difference between formulations, but rather to in- 
vestigate whether any difference is of practical importance, 
Westlake (1) and Metzler (2) suggest that hypothesis tests 
of no differ'ence are of little value. 

In this paper the statistical methods needed to perform 
a Bayesian analysis of bioequivalence given by Mandallaz 
and Mau (3) are outlined. This method has been illustrated 
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distribution was assumed to be Gaussian, a small fraction of the popu- 
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overdosed. This situation is perhaps more tolerable than the converse: 
when a t *  shorter than the optimum is adopted, patients who eliminate 
the drug most slowly will tend to be overdosed and those who eliminate 
it more quickly will tend to be underdosed. Another observation may be 
more to the point when the optimum value of t * is not used, the rela- 
tionship between 1/D, and C*, will become less well-characterized by 

a straight line. If the curvilinear nature of the relationship can be taken 
into account, reasonably accurate dose prediction may still be pos- 
sible. 

Single-point dose prediction methods appear to be applicable to most 
drugs and their metabolites. However, the optimum sampling time for 
the dose required to give a desired steady-state concentration of the 
parent drug may be quite different than that required to give a target 
metabolite concentration. If dosage prediction is warranted for a par- 
ticular drug (10) and the kinetics of the drug are linear, it appears likely 
that a single-point method could be developed to suit using the tech- 
niques described here. However, it must be remembered that the pre- 
dicted dose is an estimate that must be confirmed by obtaining samples 
a t  steady state. 
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Figure 1-Values of observed ratios and percent CV giving a posterior 
probability of 0.90 that the true ratio lies between 0.8 and 1.2 for various 
values of n. 
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Figure 2-Values of observed ratios and percent CV giving a posterior 
probability of 0.95 that the true ratio lies between 0.8 and 1.2 for various 
values of n. 

by Fluehler et al. (4) using historical data. The numerical 
calculations required are illustrated by an example. 
Readers interested in a general introduction to statistical 
considerations involved in bioequivalence assessment are 
referred to Metzler (2) or Westlake (1). An alternative 
Bayesian approach has been developed by Selwyn et al. 
(5). by: 

in Eq. 1. In this approach the posterior distribution of 8 given the ex- 
perimental results is obtained, from which the posterior probability that 
0 lies between rl and r2 is calculated; if this probability is large enough, 
biwquivdence is accepted. The advantage of a Bayesian approach is that 
the whole distribution of 0 may be examined either through the posterior 
distribution itself or by calculating the cumulative distribution func- 
tion. 

The posterior probability that 0 lies between rl and r2 is calculated 

THEORETICAL 

It is assumed that a new formulation of a drug has been developed and 
that it is to be compared with the standard formulation of the drug. The 
comparison will focus on the area under the blood concentration curve 
(AUC) and the maximum concentration of that curve (C,=). If the ratio, 
8, of the true means of the new to the standard formulation of the chosen 
measure (AUC or C,,,) lies between given limits rl and r2, that  is: 

rl 5 8 5 r2 (Eq. 1 )  

then the formulations are said to be bioequivalent. The choice of rl and 
r2 is made on medical and/or regulatory grounds. Thus, for AUC, one 
might set rl = 0.8 and r2 = 1.2, which correspond to the AUC of the new 
formulation differing by at  most f20% from that of the standard for- 
mulation. It should be noted that r l  and r2 need not be the same for AUC 
and C,,, and in general they need not be symmetric about 1. 

To provide evidence for or against the bioequivalence statement given 
in Eq. I, estimates of the true means of either AUC or C,,, for both for- 
mulations and an estimate of their variance are needed. Because of the 
large intersubject variation with respect to the absorption, distribution, 
and elimination of a drug, the crossover design is usually considered the 
most appropriate for comparative bioavailability studies. In such a design 
each of n subjects receives each formulation with a sufficiently large time 
lag to ensure an adequate washout period. The statistical model for a 
two-way crossover design is: 

(Eq. 2) 

where X,Jk  are the observed values, p is the overall mean, is the i th 
subject effect (i  = 1,. . . , n ) ,  nJ is thej th  period effect 0’ = 1,2), 6 k  is the 
kth formulation effect ( k  = 1, 2), and € y k  are experimental errors asso- 
ciated with the X i J k  values, which are assumed to be independently nor- 
mally distributed with zero means and common variance $. 

The AUC values are assumed to be normally distributed according to  
the model in Eq. 2. The C,,, values, however, are assumed to be log- 
normally distributed so that ln(C,& instead of C,,,, obeys the afore- 
mentioned model. The analysis of variance (ANOVA) for the crossover 
design is outlined in basic statistical texts, e.g., Cochran and Cox (6). The 
error mean square from the ANOVA gives an estimate of the experi- 
mental error variance. 

A Bayesian approach (3,4) is used to investigate bioavailability defined 

XiJk  = + t i  + XJ + 6k + crjk 

A 
Pr(r1 I 0  5 r2) = $, t,(T)dT (Eq. 3) 

where t , ( r )  is the density function of Student’s t distribution with u de- 
grees of freedom (DF)  and v is the number of DF of the error mean square 
(MSQ) from the ANOVA. The integration limits for AUC, normally 
distributed data, are given by: 

with (Eq. 6) 

S c v = -  (Eq. 7) 

s = 4Er ro r  (MSQ) from ANOVA (Eq. 8) 

XNEW and &TD are the observed arithmetic formulation means; n is the 
number of subjects. The integration limits for C,,,, log-normally dis- 
tributed data, are given by: 

KSTD 

- 

(Eq. 9) 

where now  NEW and ffsn, denote the observed arithmetic means of the 
log-transformed Cmax values. The cumulative posterior distribution 
function Pr(8 < 001, is calculated by setting r l  = 0 and r2 = 0” in Eq. 3. 

Alternative methods of displaying information from the posterior 
distribution are available. Fluehler et al. (4) show how Eq. 3 may be used 
to  display posterior probabilities of given intervals in histogram form, 
while the posterior density function itself may be calculated from the 
results of Mandallaz and Mau (3). 

Although the calculation of the posterior probabilities are straight- 
forward, the nomograms shown in Figs. 1 and 2 are useful tools fnr the 
practitioner using the normal model (Eqs. 3-8). In these nomograms the 
bioequivalence range was chosen to be 0.8-1.2, although nomograms for 
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Table I-Comparative Bioavailability Study 

Number of Standard Formulation New Formulation 
Subjects Period AUC mas ln(Cmax) Period AUC Cmax In ( Crnax) 

6 
7 
8 
9 

2 
1 
1 

144.57 296.11 5.6907 
98.17 146.69 4.9883 

121.87 259.37 5.5583 
2 30.20 197.36 5.2850 
2 131.51 281.37 5.6397 

6 1 104.17 179.14 5.1882 
7 1 71.54 251.37 5.5269 
8 2 71.98 233.29 5.4523 
9 2 78.83 173.61 5.1568 

1 104.17 179.14 5.1882 
1 71.54 251.37 5.5269 
2 71.98 233.29 5.4523 
2 78.83 173.61 5.1568 

10 1 140.48 227.56 5.4274 
11 
12 

2 
1 

75.27 
111.56 

211.85 
225.71 

5.3559 
5.4192 

Mean - 98.35 223.62 5.3907 

1 
2 
2 

115.21 67.97 4.2190 
106.60 92.63 4.5286 
129.70 97.75 4.5824 

1 52.85 196.53 5.2808 
1 59.42 59.71 4.0895 .. ~~ ~ .-.. 

2 152.76 54.99 4.0072 
2 31.24 93.11 4.5337 
1 108.22 109.26 4.6938 
1 82.05 152.18 5.0251 
2 101.10 177.09 5.1767 
1 
2 

~ ~~ 

58.72 io0.70 4.6121 
83.27 172.22 5.1488 

- 90.10 114.51 4.6581 

Table 11-ANOVA for the Observed AUC 

Source DF SSQ MSQ 
Subject 
Period 
Formulation 
Error 

11 
1 
1 

10 

19570.1 1779.1 
6.8 6.8 

408.4 408.4 
6904.2 690.4 

Total 23 26889.5 - 

Table 111-ANOVA for the Observed In( Cmax) 

Source DF SSQ MSQ 
Subject 11 1.0101 0.0918 
Period 1 0.0117 0.0117 
Formulation 1 3.2201 3.2201 
Error 10 1.4661 0.1466 
Total 23 5.7079 - 

other ranges and for the log-normal model can be produced. The nomo- 
grams give the sample sizes required to achieve posterior probabilities 
of 0.90 and 0.95 as a function of the observed ratio and percentage coef- 
ficient of variation (100 X CV). For instance, suppose an experiment with 
12 subjects was carried out and an observed ratio of 1.1 with an observed 
coefficient of variation of 15% was obtained. From Fig. 2 i t  is seen that, 
with this data, a sample size of between 16 and 18 is necessary to achieve 
a posterior probability of 0.95. However Fig. 1 shows that 12 subjects 
yield, with the same data, a posterior probability > O N .  

RESULTS 

The theoretical results presented are now illustrated by an example. 
Assume that a slow-release formulation of a drug (NEW) has been de- 
veloped with the aim of producing markedly lower peak concentrations 
than the standard drug (STD), while at the same time delivering a similar 
amount of active ingredient to the circulation. Medical considerations, 
therefore, lead to the following conditions for bioequivalence: 

AUC: 0.8 I e 5 1.2 (Eq. 11) 

and 

cmax: e 5 0.6 (Eq. 12) 

A comparative bioavailability study with 12 subjects is conducted in a 
two-period crossover design. The design information and observed data 
[AUC, C,,,, and ln(Cmax)] are shown in Table I, together with the for- 
mulation mean values. The analyses of variance used to estimate the 
experimental errors are given in Tables I1 and I11 for AUC and ln(Cmax), 
respectively. The validity of the assumed model (Eq. 2) may be verified 
by examination of the ANOVA residuals. Interested readers will find 
appropriate procedures in Belsley et al. (7). 

Bioequivalence Assessment with Respect to AUC-The estimated 
ratio, given by Eq. 6 is 8 = 90.10198.35 = 0.916. The estimated experi- 

. mental error from the ANOVA (Table 11) is 690.4, so that the estimated 
coefficient of variation (CV) given by Eq. 7 is -198.35 = 0.267. The 
posterior probability that B lies in the interval 0.8-1.2 (Eq. 11) may then 
be calculated from Eqs. 3-5 to give Pr(O.8 5 8 5 1.2) = 0.846. The cu- 
mulative posterior distribution function is shown in Fig. 3; this may also 

be used, as illustrated, to calculate the probability of the bioequivalence 
condition. 

Bioequivalence Assessment with Respect to C-The estimated 
ratio for log-normally distributed data (3) is given by: 

= exp[MCm,)NEw - MC~,)STDI 
= exp[4.658 - 5.3911 = 0.481 (Eq. 13) 

The estimated error standard deviation from the ANOVA (Table 111) is 
S = = 0.383. The posterior probability that B 10.6 (Eq. 12) may 
then be calculated from Eqs. 3,9, and 10 to give Pr(B 1 0.6) = 0.906. The 
cumulative posterior distribution function for B is shown in Fig. 4. 

DISCUSSION 

Analysis of the example presented shows the main advantages of a 
Bayesian approach over previous approaches: 

1. Earlier methods for bioequivalence assessment consisted of testing 
the null hypothesis of no difference between formulations. In the present 
example this null hypothesis would be rejected for C,, since the F-ratio 
in the ANOVA (Table 111) is large, but not for AUC, since the F-ratio in 
the ANOVA (Table 11) is small. 

2. The assessment of the bioequivalence condition with respect to 
AUC for the specified interval 0.61.2 (Eq. 11) yielded a posterior prob- 
ability of 0.846. There is, therefore, not enough evidence for claiming 
bioequivalence. However, the calculation of the cumulative distribution 
function allows other aspects of interest to be investigated. Thus it may 

0.6 0.7 0.6 0.9 1.0 1.1 1.2 1.3 1.4 
e 

Figure 3-Cumulative distribution function for B = AUCNEW/ 
AUCSTD. 
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0 

Figure 4-Cumulative distribution function for 8 = ( c m x ) N E W /  
( C r n o 3 ~ ~ ~ .  

be of interest to know the probability that 8 is >0.8. This may be read 
from Fig. 3 and is 0.866-a probability which still might not be high 
enough to state bioequivalence. In addition it might be desirable to know 
the probability of 6 being >0.7, which also may be read from Fig. 3 and 
is 0.98. 

3. The assessment with respect to C,,, that 0 is <0.6 (Eq. 12) yielded 
a posterior probability of 0.906. Similarly it might be desirable to know 
the probability of 8 being >0.7. This probability can be read from Fig. 
4 and is 0.02. 
4. The method of symmetrical confidence limits proposed by West- 

lake (1) causes the loss of information since it gives the false impression 
that the ratio is symmetric about 1. As Mandallez and Mau (3) have 
shown, the symmetric confidence interval approach may give exactly the 
same 95% confidence intervals for two sets of data while having com- 
pletely different posterior distributions for 8, because of the differing 
variances and locations of the posterior distributions. 
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Abstract 0 I n  uiuo release rates of a macromolecule from an ethylene- 
vinyl acetate copolymer have been shown to be indistinguishable from 
those of identical implants tested in uitro. The studies were conducted 
for -2 months, and two different techniques were used to assess release 
rates. One of these techniques, using [3H]inulin as a marker, may be 
particularly useful in future studies assessing in uiuo release rates from 
drug delivery systems. The appearance of [3H]inulin in the urine of rats 
bearing implants allowed continuous monitoring of release. A histological 
evaluation of tissue sections surrounding polymer implanted for 7 months 
showed no inflammatory cell reaction. 

Keyphrases 0 Drug delivery systems-ethylene-vinyl acetate copoly- 
mer matrix, inulin, release kinetics, in uitro-in uiuo comparison 0 Eth- 
ylene-vinyl acetate copolymer-sustained release of inulin, release ki- 
netics, in uitro-in uiuo comparison Inulin-sustained release using 
polymeric matrices, release kinetics, in uitro-in uiuo comparison 

Since the first report that biocompatible polymers such 
as ethylene-vinyl acetate copolymer could be used for the 
controlled release of macromolecules (mol. wt. > 1OOO) (l), 
these systems have been used by different investigators in 
biological (2-ll), ophthalmological (12-17), neurological 
(18,19),and microbiological research (20,21). Macromol- 
ecules such as enzymes (22), antigens (23), and insulin (24) 
have been released in biologically active form for up to 6 
months i n  uiuo. Extensive studies in uitro have demon- 
strated that the release rates of drugs from these devices 

can be adjusted over a 2000-fold range by simple alter- 
ations in the fabrication procedures of the macromole- 
cule-polymer matrices (25). 

The macromolecules incorporated into these polymer 
matrices are usually proteins. Thus, once released in  uiuo, 
they are degraded to amino acids and recycled to other 
body proteins. Neither the native proteins nor their me- 
tabolites are excreted. For this reason, it has been difficult 
to directly measure the absolute release rates of such 
macromolecules in uiuo. We now report two new methods 
to measure in uiuo release which demonstrate that release 
kinetics from ethylene-vinyl acetate copolymer implants 
in uiuo are indistinguishable from identical implants tested 
in uitro. In one method, release rates of ‘*C-labeled pro- 
teins were determined by assaying the remaining radio- 
labeled protein in the implants a t  various time points in 
uiuo and in uitro. In the second method, the use of the 
polysaccharide inulin, which is totally excreted (26, 27), 
permitted direct in viuo monitoring of release kinetics by 
collecting urine and assaying for inulin. These studies 
should enable investigators to employ ethylene-vinyl ac- 
etate copolymer matrices with the knowledge that prede- 
termined in uitro release kinetics will be followed in 
uiuo. 
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Figure 4-Cumulative distribution function for 8 = ( c m x ) N E W /  
( C r n o 3 ~ ~ ~ .  

be of interest to know the probability that 8 is >0.8. This may be read 
from Fig. 3 and is 0.866-a probability which still might not be high 
enough to state bioequivalence. In addition it might be desirable to know 
the probability of 6 being >0.7, which also may be read from Fig. 3 and 
is 0.98. 

3. The assessment with respect to C,,, that 0 is <0.6 (Eq. 12) yielded 
a posterior probability of 0.906. Similarly it might be desirable to know 
the probability of 8 being >0.7. This probability can be read from Fig. 
4 and is 0.02. 
4. The method of symmetrical confidence limits proposed by West- 

lake (1) causes the loss of information since it gives the false impression 
that the ratio is symmetric about 1. As Mandallez and Mau (3) have 
shown, the symmetric confidence interval approach may give exactly the 
same 95% confidence intervals for two sets of data while having com- 
pletely different posterior distributions for 8, because of the differing 
variances and locations of the posterior distributions. 

REFERENCES 

(1) W. J. Westlake, Biometrics, 35,273 (1979). 
(2) C. M. Metzler, Biornetrics, 30,309 (1974). 
(3) D. Mandallaz and J. Mau, Biometrics, 37,213 (1981). 
(4) H. Fluehler, J. Hirtz, and H. A. Moser, J.  Pharmacokinet. Bio- 

(5) M. R. Selwyn, A. P. Dempster, and N. R. Hall, Biornetrics, 37.11 

(6) W. G. Cochran and G. M. Cox, “Experimental Design,” Wiley, New 

(7) D. A. Belsley, E. Kuh, and R. E. Welsch, “Regression Diagnostics,” 

pharm., 9,235 (1981). 

(1981). 

York, N.Y., 1957. 

Wiley, New York, N.Y., 1980. 

In Viuo and In Vitro Release of Macromolecules from 
Polymeric Drug Delivery Systems 

L. R. BROWN**, C. L. WEI**, and R. LANGER*X 
Received January 26,1982, from the *Department of Nutrition and Food Science, Massachusetts Institute of Technology, Cambridge, MA 
02139 and $Department of Surgery, Children’s Hospital Medical Center, Boston, MA 02115. Accepted for publication August 30,1982. 

Abstract 0 I n  uiuo release rates of a macromolecule from an ethylene- 
vinyl acetate copolymer have been shown to be indistinguishable from 
those of identical implants tested in uitro. The studies were conducted 
for -2 months, and two different techniques were used to assess release 
rates. One of these techniques, using [3H]inulin as a marker, may be 
particularly useful in future studies assessing in uiuo release rates from 
drug delivery systems. The appearance of [3H]inulin in the urine of rats 
bearing implants allowed continuous monitoring of release. A histological 
evaluation of tissue sections surrounding polymer implanted for 7 months 
showed no inflammatory cell reaction. 

Keyphrases 0 Drug delivery systems-ethylene-vinyl acetate copoly- 
mer matrix, inulin, release kinetics, in uitro-in uiuo comparison 0 Eth- 
ylene-vinyl acetate copolymer-sustained release of inulin, release ki- 
netics, in uitro-in uiuo comparison Inulin-sustained release using 
polymeric matrices, release kinetics, in uitro-in uiuo comparison 

Since the first report that biocompatible polymers such 
as ethylene-vinyl acetate copolymer could be used for the 
controlled release of macromolecules (mol. wt. > 1OOO) (l), 
these systems have been used by different investigators in 
biological (2-ll), ophthalmological (12-17), neurological 
(18,19),and microbiological research (20,21). Macromol- 
ecules such as enzymes (22), antigens (23), and insulin (24) 
have been released in biologically active form for up to 6 
months i n  uiuo. Extensive studies in uitro have demon- 
strated that the release rates of drugs from these devices 

can be adjusted over a 2000-fold range by simple alter- 
ations in the fabrication procedures of the macromole- 
cule-polymer matrices (25). 

The macromolecules incorporated into these polymer 
matrices are usually proteins. Thus, once released in  uiuo, 
they are degraded to amino acids and recycled to other 
body proteins. Neither the native proteins nor their me- 
tabolites are excreted. For this reason, it has been difficult 
to directly measure the absolute release rates of such 
macromolecules in uiuo. We now report two new methods 
to measure in uiuo release which demonstrate that release 
kinetics from ethylene-vinyl acetate copolymer implants 
in uiuo are indistinguishable from identical implants tested 
in uitro. In one method, release rates of ‘*C-labeled pro- 
teins were determined by assaying the remaining radio- 
labeled protein in the implants a t  various time points in 
uiuo and in uitro. In the second method, the use of the 
polysaccharide inulin, which is totally excreted (26, 27), 
permitted direct in viuo monitoring of release kinetics by 
collecting urine and assaying for inulin. These studies 
should enable investigators to employ ethylene-vinyl ac- 
etate copolymer matrices with the knowledge that prede- 
termined in uitro release kinetics will be followed in 
uiuo. 
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EXPERIMENTAL 

Isotope Preparation-Bovine serum albumin' (12.2 g) was dissolved 
in 100 ml of double glass-distilled water. [l4C]Methy1 bovine serum al- 
buminZ (1 pCi) was added, and the solution was stirred for 1 hr at 23' with 
a magnetic stirre$. The solution was then lyophilized4 yielding a final 
specific activity for the [14C]methyl bovine serum albumin of 0.082 
nCi/mg. 8-Lactoglobulin A' (6.02 g) was dissolved in 100 ml of double 
glass-distilled water, and 5 pCi of [14C]methyl @-lactoglobulin A2 was 
added. The solution was then lyophilized yielding a final specific activity 
for [Wlmethyl P-lactoglobulin A of 0.83 nCi/mg. Inulinl (1.43 g) was 
suspended in 50 ml of reagent-grade acetone5 in an Erlenmeyer flask. 
[3fi]Inulin2 (5 mCi) was added, and the suspension was stirred for 1 hr 
a t  23' with a magnetic stirrer. The suspension was collected on filter 
papeF in a Bijchner funnel, rinsing the flask with acetone to remove re- 
sidual [3H]inulin. The [3H]inulin was collected and dried overnight in 
a dessicator; the resulting specific activity was 3.44 pCilmg. 

Matrix Preparation-Ethylene-vinyl acetate copolymer7 was rinsed 
with water and alcohol to remove inflammatory impurities (2) and dis- 
solved in methylene chloride. The three radioactive macromolecule 
powders were pulverized with a spatula to produce a normal distribution 
of particle sizes. As a safety precaution, the powders were not sieved to 
varying particle size ranges as is often done (25), due to the aerosol effect 
of shaking radioactive powders. 

Fifteen milliliters of 10% (w/v) polymer solution was added to each of 
six glass vialss containing 807 f 3.1 mg of the pulverized [14C]methyl 
bovine serum albumin. The polymer-protein mixture was poured into 
a rectangular mold precooled to -80° and then freeze-dried, at -20' (25). 
The resulting matrices were 35% (w/w) loaded with [Wlmethyl bovine 
serum albumin. Sixty-seven 1 cm X 1-cm squares were excised from the 
six slabs (25) with a surgical scalpel bladeg. The mean weight and stan- 
dard deviation of the 67 matrices were 67.9 f 2.9 mg. 

Fifteen milliliters of 10% (w/v) polymer solution was added to each of 
five glass vials containing 989.0 f 74.0 mg of pulverized [I4C]methyl 
j3-lactoglobulin A. The procedure for matrix formation was followed as 
above, yielding five 40% loaded (w/w) protein polymer matrix slabs. 
Sixty-seven 0.8 cm X 0.8-cm squares were excised from the five slabs. The 
mean weight and standard deviation of the 67 matrices were 44.5 f 1.2 
mg. 

Fifteen milliliters of 5% (w/v) polymer solution was added to each of 
three glass vials containing 568 f 25.4 mg of I3Hlinulin. Three 44% loaded 
(w/w) ["Iinulin polymer matrices were formed. Twenty-nine 1 cm X 
1-cm squares were excised from the three slabs. The mean weight and 
standard deviation of the 29 matrices were 82.00 f 8.0 mg. 

Release of Macromolecules-Kinetic studies, both in uitro and in 
uiuo, were conducted on the release of three radioactively labeled mac- 
romolecules: ['Wlmethyl bovine serum albumin (mol. wt. 68,000), 
["Clmethyl @-lactoglobulin A (mol. wt. 18,000), and [3H]inulin (mol. wt. 
5200). For the in uitro studies, 30 of each set of the 14C-labeled protein- 
polymer squares and 12 [3H]indin-polymer squares were placed in glass 
vials containing 5 ml of sterile phosphate-buffered salinelo (pH 7.4) and 
0.1% sodium aide5 (release media). The vials were placed on a shaker" 
at 37O. At  various time points during the experiment, five polymer squares 
were removed from the release experiment for the determination of un- 
released 14C-labeled protein in the polymer matrices using an isotope 
recovery method (see below), The remaining polymer squares were 
transferred to fresh release media to continue the in uitro release. 

For the in uiuo studies, 30 14C-labeled protein-polymer squares 
identical to those used in uitro were implanted into 100- to 150-mg male 
CD rats12. The polymer squares were implanted by making a 2-cm inci- 
sion in the lower abdominal area of the rat with a scalpel. A pair of sterile 
round-edged scissors was then used to create a pocket in the subcutaneous 
tissue -5 cm from the incision. The polymer square was placed into the 
pocket with sterile forceps. The wound was closed with animal wound 
clips13. Five polymer squares were removed at the same time points as 

Sigma Chemical Co., St. Louis, Mo. 
New England Nuclear, Boston, Mass. 
Model PC-35 magnetic stirrer: Corning Glass Works, Corning, N.Y. 
Virtis $10-148 lyoqhilizer; The Vlrtis Co., Gardinier, N.Y. 

6 Fisher cientific Co , Fair Lawn, N.J. 
Grade 595 filter paper: Schleicher and Schnell, Keene, N.H. ' Elvax 40P Dupont Chemical Co., Wilmington. Del. 

8 Wheaton Scientific Co., Millville, N.J. 
No. 10 blade; Bard-Parker, Rutherford, N.J. 

lo Grand Island Biological Co.. Grand Island, N.Y. 
Clinical Rotating Apparatus, set at speed 3; Arthur H. Thomas, Philadelphia, 

P. a -. 
l2 Charles River Breeding Laboratories, Wilmington, Mass. 
l3 Autoclip Kit; Clay Adams, Parsippany, N.J. 

in the in uitro experiments for the determination of unreleased I4C- 
labeled protein in the polymer matrices. 

Thirteen [3H]inulin polymer matrices were implanted into 100- to 
150-g male CD rats in the manner described above. The rats were housed 
in metabolism caged4 for the duration of the experiment. Urine was 
collected daily in 15-ml graduated collection tubes15. The urine volumes 
were read directly off the graduated urine collection tubes. 

Release Kinetics-Isotope Recovery Method-Release rates for the 
14C-labeled protein experiments were determined by assaying the re- 
maining radiolabeled bovine serum albumin or 8-lactoglobulin A in each 
polymer square. At various time points during the experiment, five 
polymer squares were removed from both the rats and the release media. 
They were placed in scintillation vials, lyophilized to remove residual 
water, and dissolved in 1 ml of xylene16. When the polymer dissolved, the 
unreleased macromolecule precipitated to the bottom of the vial. One 
milliliter of distilled water was added to the vial to dissolve the precipi- 
tate. Ten milliliters of xylene-based scintillation fluor'? was added to the 
dissolved precipitate, and the radioactivity was measured by liquid 
scintillation counting18. The radioactivity remaining in the matrix a t  any 
given time was subtracted from the average amount of radioactivity re- 
maining at the previous time point; release rates are expressed as d p m h .  
The procedure described above was used to dissolve the polymer and to 
precipitate unreleased [3H]inulin in each of two polymer squares a t  each 
time point. Then, 10 ml of warm distilled water (70-80') was added to 
the dissolved [3H]inulin-polymer matrix to solubilize the inulin precip- 
itate. A 200-4 aliquot of water was then removed and counted18. 

Before the start of the 14C-labeled protein release experiments, 7 of 
the 67 polymer squares were assayed by the above method to establish 
the initial dpm per polymer matrix. In a similar manner 4 of the 29 
[3H]inulin-polymer squares were assayed to determine the mean dpm 
per polymer matrix. 

Isotope Release Method-In the in uitro studies, the amount of ra- 
diolabeled macromolecule released was determined by removing a 250-pI 
aliquot from the release media, adding 4 ml of scintillation fluor, and 
counting the solution's. For the in uiuo studies 13H)inulin-polymer matrix 
squares were implanted into five rats housed in metabolism cages. Urine 
was collected and measured daily. A 25O-pl aliquot of urine was added 
to 4 ml of scintillation fluor plus 400 pl of distilled water in a glass mini- 
scintillation viallg and the solution was counted18. The channels ratio 
method of quench correction was used to determine the counting effi- 
ciency of the urine samples (28). 

Statistics-In uiuo and in uitro release rates were compared by an 
analysis of covariance on a log transformation of the release rate data (29). 
The natural logarithms of the release rates and times were calculated. 
This transformation resulted in a linear relationship for each data set with 
r2 ranging from 0.89 to 0.96 for the regression lines. The in uiuo and in 
uitro regression lines were then compared as follows: The mean square 
error from the regression model with a separate slope and intercept for 
each trial condition (there were three trial conditions for bovine serum 
albumin, three trial conditions for j3-lactoglobulin A, and two trial con- 
ditions for inulin) was compared with the mean square error for the re- 
gression model with common slopes and intercepts for all trial conditions 
pertaining to a specific macromolecule. The resulting test statistic was 
compared to the F distribution (30). The regression lines were considered 
indistinguishable if p >0.05. 

Histology-Histology was performed on tissues surrounding washed 
(2) ethylene-vinyl acetate copolymer subcutaneous implants containing 
bovine serum albumin after 7 months. The polymer matrices were im- 
planted into male CD rats. An unwashed industrial grade ethylene-vinyl 
acetate copolymer7 was used as a control to exhibit an inflammatory re- 
sponse. Sections (5 pm) were prepared using hematoxylin and eosin 
staining. 

RESULTS 

Comparison of Release Rates of 14C-Labeled Proteins lo Vitro 
and ID Vivo-Figure 1 compares the release rates of the 35% loaded 
(w/w) [14C]methyl bovine serum albumin-polymer matrices in uiuo and 
in uitro as measured by the recovery of unreleased protein in the polymer 
and as measured directly in the in uitro release media. Throughout the 

1 4 ~ ~ n o  Metabolism Unit: Scientific Products, McGaw Park, Ill. 
is  No. 2095 graduated centrifuge tube: Falcon, Oxnard, Calif. 
' 6  Mallinckrodt Inc., Paris, Ky. 
17 Aquasol 2: New England Nuclear, Boston, Mass. 
I8 Packard Model 3320 Liquid Scintillation Counter; Packard Instruments, Co., 

19 Rochester Scientific, Rochester, N.Y. 
Inc., Downers Grove, Ill. 
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Figure 1-In vivo and in vitro comparison of release rates from 35 % 
loaded (wlw) [14C]methyl bovine serum albumin polymer matrices. 
Each point represents the average release of five polymer squares. Key: 
(A) in vivo recovery; (A) in vitro recovery; (0) in vitro release. 

experiment, in vivo and in uitro release rates were not statistically dif- 
ferent (p > 0.05). Figure 2 shows that the release rates of 40% loaded 
(wlw) [14C]methyl P-lactoglobulin A-polymer matrices in viuo and in 
vitro also were not statistically different (p > 0.05). At  each time point 
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Figure 2-In vivo and in vitro comparison of release rates from 40% 
loaded (wlw) [14Clmethyl 8-lactoglobulin A polymer matrices. Each 
point represents the average of fiue polymer squares. Key: (0) in vitro 
recovery; (@) in vitro release; (v) in vivo recovery. 
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Figure 3-In vivo and in vitro comparison of release rates from 44% 
loaded (wlw) PHlinulin. Each in vivo point (0) represents the average 
release rate obtained by the collection of urine from fiue rats. Each in 
vitro point (@) represents the average release rate from four polymer 
squares into phosphate-buffered saline. The polymer squares were re- 
moved from the rats after 450 hr. 

the recovered and released radioactivity were totaled for each polymer 
square. Complete material balance was demonstrated as this total equaled 
(&7%) the initial amount of radioactivity incorporated into each polymer 
square. The material balance can also be seen by the equivalent in vitro 
release rates obtained by both the recovery and release methods (Figs. 
1 and 2). 

Comparison of [3H]Inulin Release In Vivo and Zn VitrctFigure 
3 compares the release rates of I3H]inulin analyzed directly by the col- 
lection of urine from five implanted rats and four polymer squares re- 
leasing in vitro. Release rates in vivo and in vitro were indistinguishable 
(p > 0.05). As an internal control, the polymer implants were removed 
from the rats a t  450 hr into the experiment. The rats were placed in the 
metabolism cages for an additional 50 hr. Within 4.5 hr after the explant 
of the polymer, recovery of (3H]inulin dropped 51-fold as measured in 
the urine of the animals. Release rates decreased for the remainder of the 
experiment (Fig. 3). An additional experiment was conducted over a 
1500-hr period with a smaller sample size and showed an in vitro-in uivo 
relationship similar to the above (data not shown). 

The possibility of artifacts in the amount of inulin recovered due to 
tritium exchange with surrounding aqueous media was checked by lyo- 
philizing a known amount of I3H]inulin. If exchange did occur, the water 
removed during the lyophilization procedure would cause a reduction 
in the dpm in the sample. No such reduction in the amount of radioac- 
tivity was observed, confirming that tritium exchange did not occur. 

In a separate experiment, the recovery of unreleased (3Hlinulin from 
polymer matrices releasing in vivo and in uitro was compared at five 
different time points over a 30-day period. The amounts of [“Hlinulin 
recovered at various times in both cases were not statistically different 
(p > 0.05). 

Histology-Figure 4A shows the tissue response to the washed (2) 
polymer implants containing bovine serum albumin which were removed 
after 7 months. The polymer implant (P) was surrounded by a very thin 
capsule of connective tissue. There was no inflamatory reaction, and the 
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Figure 4-(A) The washed implant (P) is surrounded by a thin capsule 
of dense connective tissue (T).  There is virtually no inflammatory re- 
action, and the adjacent loose connective tissue is normal. Original 
magnification IOOX.  (B) The tissue (T) surrounding the control un- 
washed implant (P) shows an extensiue inflammatory reaction. The 
granulation tissue is thick and shows multiple layers, some infiltrated 
with abundant polymorphonuclear leukocytes. Original magnification 
I O O X .  

adjacent loose connective tissue was normal. As a control, unwashed 
polymer resulted in tissue sections that showed an extensive inflamma- 
tory reaction. The granulation tissue surrounding the control polymer 
was thick and showed multiple layers, some infiltrated with abundant 
polymorphonuclear leukocytes (Fig. 4B). 

DISCUSSION 

These results demonstrate that in uiuo release kinetics of a particular 
macromolecule from ethylene-vinyl acetate copolymer matrices closely 
follow in uitro release kinetics of identical implants under physiological 
conditions. These studies were carried out for three macromolecules with 
a wide range of molecular weights (5200-68,000) and loadings ( 3 6  
44%). 

Many macromolecules incorporated into the ethylene-vinyl acetate 
copolymer matrix are proteins or other biological substances (2-25) that 
are metabolized and redistributed into other body tissues. In these cases, 
in uiuo release rates cannot be measured directly. To circumvent this 
problem, a procedure had to be developed for the recovery of radioactively 
labeled macromolecules from the ethylene-vinyl acetate copolymer 
matrix. The implants were removed from the experimental animals, or 
from the release media in the in uitro studies. The squares were first ly- 
ophilized to improve the solubility of the polymer in xylene. Xylene was 
the solvent of choice for two reasons: 

On dissolution of the polymer, the protein remaining in the poly- 
mer precipitated to the bottom of the glass vial. The addition of water 
to dwolve the precipitated protein was facilitated by the greater density 
of water compared with xylene. Thus, the ethylene-vinyl acetate co- 
polymer in xylene floated on the upper organic phase, while the water 
dissolved the precipitated protein in the bottom aqueous phase. 

2. The scintillation fluor used to count the radioactivity in the dis- 
solved polymer was a xylene-based fluor.,Thus, it was completely com- 
patible with both the xylene-ethylene-vinyl acetate copolymer phase 
and the aqueous phase. This resulted in a homogeneous translucent 

1. 

emulsion, suitable for liquid scintillation counting. Control studies 
demonstrated that there was no quenching due to the polymer in the 
scintillation fluor. 

Using this technique, in uiuo release rates of 14C-labeled proteins were 
shown to be statistically indistinguishable from in uitro release rates with 
identical implants (Figs. 1 and 2). However, this technique had several 
disadvantages: (a) the need for a large sample size of polymer matrices 
and animals (30 rats were used in each experiment), ( b )  the use of long 
half-life 14C-labeled proteins, and (c) the inability to directly measure 
release rates from polymer implants in uiuo. 

In contrast to the proteins, the polysaccharide inulin (mol. wt. 5200) 
is not metabolized in uiuo nor reabsorbed by the kidney tubules. Once 
absorbed into the bloodstream, inulin is totally excreted in the urine (26, 
27). Thus, inulin seemed to be an ideal model drug with which to measure 
in uiuo release directly by simply collecting urine from [3H]inulin- 
polymer-implanted rats housed in metabolism cages. Figure 3 clearly 
demonstrated that in uiuo and in uitro release rates of [3H]inulin are 
indistinguishable. The value of using inulin as a model drug to compare 
in uiuo and in uitro macromolecule release was shown by its nearly in- 
stantaneous appearance in the urine after polymer implantation. When 
the polymer implant was removed after 450 hr (Fig. 3), release rates 
dropped 51-fold within 4.5 hr. This was further evidence that inulin re- 
lease was only associated with the presence of the polymer implant. In 
addition, the use of [3H]inulin allowed the continuous monitoring of re- 
lease in uiuo. The use of five rats in this experiment versus the 30 rats 
needed for the 14C-labeled protein recovery experiments provided for 
a simpler experiment design. 

The continuous decrease in release rates of macromolecules from the 
ethylene-vinyl acetate copolymer matrix is predictable from the flat-slab 
geometry used in these experiments (31). It has been suggested that re- 
lease occurs through a porous network of tortuous channels created by 
the powdered drug during the fabrication procedure of the polymer 
matrix (32). Thus, drug release rates decrease due to increasing diffusion 
distance through the pores of the matrix as time increases. Constant re- 
lease rates have been obtained with appropriate geometric design (33). 
The relationship of in uiuo and in uitro release rates are now being studied 
for these alternative geometries. 

The excellent biocompatibility of washed ethylene-vinyl acetate co- 
polymer was demonstrated by a 7-month polymer implant into subcu- 
taneous rat tissue (Fig. 4). This is consistent with previous studies in 
which this polymer was shown to be inert in rabbit corneal implants (34). 
It is conceivable that other polymers may either be subject to bioerosion 
or induce significant fibrous encapsulation that could cause in uiuo and 
in uitro release rates to differ. Thus, ethylene-vinyl acetate copolymer 
may prove to be a useful standard for judging other polymers with respect 
to biocompatibility and in uiuo release kinetics. 

The results presented here demonstrate that in uiuo release kinetics 
are statistically indistinguishable from in uitro release kinetics using 
identical implants for macromolecules with a wide range of molecular 
weights and loadings. The implication is that a desired in uiuo release rate 
could be manipulated through in uitro testing. This is of particular im- 
portance if these polymer matrices are to be used experimentally (24) or 
clinically for the delivery of macromolecules such as insulin. Furthermore, 
the inulin-polymer model establishes a methodology that can be easily 
applied for in uiuc-in uitro comparisons for any controlled-release system. 
Tracer amounts of inulin could be mixed with any drug to monitor the 
continual effectiveness of an implant in animals or humans. Small im- 
plantable sustained-release inulin-polymer matrices may also be useful 
for extended studies of glomerular filtration. These data show that in uiuo 
release can be accounted for by the same mechanisms operating in uitro; 
this should now make possible the further development and increased 
use of ethylene-vinyl acetate copolymer drug delivery systems. 
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Abstract The absorption of triazolam from pelleted drug-diet mix- 
tures by mice under steady-state conditions was determined for doses 
up to 150 mg/kg/day by measuring a-hydroxytriazolam, the principal 
urinary metabolite of triazolam in the mouse, in urine samples collected 
over a 24-hour period. Following P-glucuronide glucuronosohydrolase 
hydrolysis of the urine, quantitation of a-hydroxytriazolam was ac- 
complished using a specific reverse-phase liquid chromatographic method 
which utilized UV detection at  214 nm. Assay precision was >2.7% (CV)  
over the concentration range of interest. Statistical analysis of the ex- 
cretion data indicated that the mathematical relationship between the 
triazolam dose and the quantity of a-hydroxytriazolam excreted was 
linear for female mice and nonlinear for male mice. Triazolam absorption, 
as reflected by a-hydroxytriazolam urinary excretion data, increased with 
triazolam dose. 
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The incorporation of drugs into the laboratory diet of 
mice and rats is a convenient and commonly used method 

of administering drugs in chronic toxicology studies since 
it eliminates the need for time-consuming daily adminis- 
tration of aqueous solutions or suspensions by gavage. In 
addition to its convenience, this mode of administration 
also eliminates the daily trauma and danger of pulmonary 
complications associated with dosing by gavage. As is well 
known, however, the administration of a drug in a carrier, 
such as laboratory diet, may affect drug absorption. In- 
formation concerning the absorption of a drug from the 
carrier over the range of dosages administered in toxico- 
logical studies may be useful, if not essential, in assessing 
the significance of study results. It should also be noted 
that the Food and Drug Administration’s recently insti- 
tuted Good Laboratory Practice regulations may require 
that the degree of absorption of a drug from a carrier be 
determined (1). 

Several methods have been reported for determining the 
relative absorption of drugs following administration of 
pulverized drug-diet mixtures. Van Harken and Hotten- 
dorf (2) determined the exposure of rats to cefatrizine, 
under steady-state conditions, by comparing the area 
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Abstract The absorption of triazolam from pelleted drug-diet mix- 
tures by mice under steady-state conditions was determined for doses 
up to 150 mg/kg/day by measuring a-hydroxytriazolam, the principal 
urinary metabolite of triazolam in the mouse, in urine samples collected 
over a 24-hour period. Following P-glucuronide glucuronosohydrolase 
hydrolysis of the urine, quantitation of a-hydroxytriazolam was ac- 
complished using a specific reverse-phase liquid chromatographic method 
which utilized UV detection at  214 nm. Assay precision was >2.7% (CV)  
over the concentration range of interest. Statistical analysis of the ex- 
cretion data indicated that the mathematical relationship between the 
triazolam dose and the quantity of a-hydroxytriazolam excreted was 
linear for female mice and nonlinear for male mice. Triazolam absorption, 
as reflected by a-hydroxytriazolam urinary excretion data, increased with 
triazolam dose. 
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The incorporation of drugs into the laboratory diet of 
mice and rats is a convenient and commonly used method 

of administering drugs in chronic toxicology studies since 
it eliminates the need for time-consuming daily adminis- 
tration of aqueous solutions or suspensions by gavage. In 
addition to its convenience, this mode of administration 
also eliminates the daily trauma and danger of pulmonary 
complications associated with dosing by gavage. As is well 
known, however, the administration of a drug in a carrier, 
such as laboratory diet, may affect drug absorption. In- 
formation concerning the absorption of a drug from the 
carrier over the range of dosages administered in toxico- 
logical studies may be useful, if not essential, in assessing 
the significance of study results. It should also be noted 
that the Food and Drug Administration’s recently insti- 
tuted Good Laboratory Practice regulations may require 
that the degree of absorption of a drug from a carrier be 
determined (1). 

Several methods have been reported for determining the 
relative absorption of drugs following administration of 
pulverized drug-diet mixtures. Van Harken and Hotten- 
dorf (2) determined the exposure of rats to cefatrizine, 
under steady-state conditions, by comparing the area 
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under the 24-hr plasma concentration-time curves of the 
antibiotic after feeding a pulverized cefatrizine-diet 
mixture ad libitum and administering a suspension of the 
drug once daily. Although satisfactory results were ob- 
tained, the authors indicated that it was a very laborious 
procedure that required a team of technicians working 
overnight to collect the blood samples. This procedure also 
places the animals under a great deal of stress, particularly 
if a sufficient number of blood samples are collected to 
characterize the blood level profile adequately, and the 
analysis of a large number of samples is required. To 
overcome these problems, Smyth et al. (3) studied the 
absorption of several drugs in rats by comparing the uri- 
nary excretion of radioactivity after feeding radiolabeled 
drug-diet mixtures and administering a solution/sus- 
pension of each drug. Difficulties may be encountered 
using this procedure also, since incorporation of radiola- 
beled drug into the diet using the same techniques that 
were used to prepare drug-diet mixtures for the corre- 
sponding toxicological study may not be possible. In ad- 
dition, adequate quantities of radiolabeled drug must be 
available. 

The present report describes a study of the absorption 
of triazolaml (I), a potent new hypnotic with a short du- 

I 
I: R,=CHJ, RZ=H;triazolam 

I-a: Rl=CHZOH, Rz=H; a-hydroxytriazolam 

I-b: R l  =CHzOH; Rz-OH; a. 4dihydroxytriazolam 

I-c: Rl-H, RZ=H; ldemathyltriamlam 

Id:  Rl'CH3. Rz=OH; 4hydroxytriamlam 

ration of action (41, from pelleted drug-diet mixtures by 
mice under steady-state conditions. The extent of triazo- 
lam absorption was determined by quantitating a-hy- 
droxytriazolam, 8-chloro-6- (2-chlorophenyl) - 1 - (hy- 
droxymethyl) - 4H-s-triazolo[4,3 - a]  [1,4]benzodiazepine 
(I-a), the principal urinary metabolite of triazolam in the 
mouse2, in 0 to 24-hr urine samples following P-glucuronide 
glucuronosohydrolase hydrolysis. 

EXPERIMENTAL 

Study Protocol-One week prior to the termination of a 24-month 
carcinogenicity study of triazolam in B B C ~ F ~  mice, three male and three 
female mice were randomly selected from among surviving mice in each 
dosage group of the study and placed in individual stainless steel me- 
tabolism cages equipped with urine and feces separators. As in the car- 
cinogenicity study, water and pelleted food3 containing sufficient drug 
to provide approximately 0-, lo-, 30-, and 100-mg/kg/day triazolam doses 
were provided ad libitum to mice in each dosage group. The potency, 
content uniformity, and stability of the pelleted triazolam4iet mixtures 
were determined using a high-performance liquid chromatographic 
(HPLC) sssaqP. Food consumption was measured daily by weighing tared 
feed cups. Following a 2-day acclimatization period, urine samples were 

HaJcion; The Upjohn Co.. Kalamazoo, MI 49001. 
E. G. Daniels, R. L. VanEyk, and J. E. Stafford, unpublished data. 
5003M Purina Laboratory Chow; Ralston Purina Co.. St. Louis, Mo. 

4 W. J. Adams and P. A. Bombardt, unpublished data. 

collected over two consecutive 24-hr periods in screw-capped vials fitted 
with aluminum-lined caps. Any urine remaining in the cages was rinsed 
into the containers with deionized water. The samples were stored at  
- 2 O O .  

Reagents-The solvents used in the study were distilled-in-glass UV 
grade5. Analytical reagent-grade inorganic chemicals6 were prepared in 
distilled, deionized water. The reference standard, a-hydroxytriazolam, 
and the internal standard, alprazolam (8-chloro-1-methyl-6-phenyl- 
4H-s-triazolo[4,3-a] [ l,l]benzodiazepine), were used without further 
purification7. The 8-D-glucuronide glucuronosohydrolase preparations 
(E.C. 3.2.1.31) was used as received. 

Standards-A 20-pg/ml stock solution of a-hydroxytriazolam was 
prepared by dissolving an accurately weighed sample of the reference 
standard in acetonitrile. Calibration curve standards containing 20,14, 
10,7, 5,3, 2, 1, and 0.5 pg/ml of a-hydroxytriazolam were prepared by 
making appropriate dilutions of the stock solution with acetonitrile. A 
1-pg/ml working internal standard solution was prepared by dissolving 
the reference standard, alprazolam, in acetonitrile. 

Calibration Curves-Calibration curves were prepared each day of 
sample analysis to establish the linearity and reproducibility of the 
method. One-milliliter aliquots of the internal standard and the appro- 
priate calibration curve standard were added to 16 X 125-mm screw- 
capped culture tubes fitted with polytef-lined caps, and the acetonitrile 
was evaporated to dryness at 50' under a gentle stream of dry nitrogeng. 
A 500-pl aliquot of blank mouse urine was added to each tube prior to 
enzymatic hydrolysis. 

Sample Preparation-One milliliter of internal standard was added 
to 16 X 125-mm screw-capped culture tubes fitted with polytef-lined caps, 
and the acetonitrile was evaporated to dryness a t  50° under a gentle 
stream of dry nitrogen. The urine samples were thoroughly mixed, and 
500-, 175, and 50-p1 aliquots of the samples collected from animals ad- 
ministered 0 and -10, -30, and -100 mg/kg/day of triazolam, respec- 
tively, were transferred to the sample tubes for analysis. The 175- and 
50-p1 samples were diluted to 500-pl with 0.05 M acetate buffer (pH 4.5) 
prior to enzymatic hydrolysis. 

Enzymatic Hydrolysis-The calibration curve standards and un- 
knowns were hydrolyzed in a water bathlo at  37O for 24 hr following ad- 
dition of 100 pl of 2 M acetate buffer (pH 4.5) and 400 pl of 0.05 M acetate 
buffer (pH 4.5) containing 30,000 Fishman units of 8-D-glucuronide 
glucuronosohydrolase. 

Extraction-The hydrolyzed samples were buffered with 2 ml of 4 
M NaOH and extracted twice with 5-ml aliquots of methylene chlo- 
ridetoluene (l:l, v/v) for 15 min at 280 cpm on a two-speed reciprocating 
shaker". Following centrifugation for 10 min at 2000 rpm, the organic 
phase was transferred to 15-ml conical tubes and evaporated to dryness 
a t  50' under a gentle stream of dry nitrogen. The resulting residues were 
reconstituted in 4 ml of chromatographic mobile phase, thoroughly mixed 
on a high-speed vortex mixer12, and chromatographed (250-pl sam- 
ples). 

Chromatographic Analysis-A constant-flow liquid chromato- 
graph13 equipped with a loop injection valve14 and a 214-nm UV detec- 

was used for the analysis. The samples were chromatographed on 
a commercially prepared reverse-phase column16, thermostated17 at 50°, 
using a mobile phase containing water-acetonitrile (7:3, v/v) at a flow rate 
of 2.0 ml/min. Under these chromatographic conditions the retention 
times of the a-hydroxytriazolam and internal standard were -9.5 and 
14 min, respectively. 

Mass Spectrometry-Chromatographic fractions collected at the 
retention times of major peaks in chromatograms of enzymatically hy- 
drolyzed urine extracts were lyophilized, and electron-impact mass 
spectra (EI/MS) (70 eV) were recorded using a magnetic sector mass 
spectrometer's. 

Burdick & Jackson Laboratories, Muskegon, Mich. 
Mallinckrodt, St. Louis, Mo. 
Pharmaceutical Research & Development Laboratories, The Upjohn Co., 

Sigma Chemical Co., St. Louis, MO 63178. 
Multivap Analytical Evaporator; Organomation Associates, Shrewsbury, 

lo Model 3005-7 Sample Thermostat; Chicago Apparatus Co., Chicago, Ill. 
Eberbach and Sons, Ann Arbor, Mich. 

12 Lab-Line Instruments, Melrose Park, Ill .  
l3 Model 6000A; Waters Associates, Milford, Mass. 
l4 Model CV-6-HP,; Valco Instruments, Houston, Tex. 
l5 Model 1203 UV Monitor; Laboratory Data Control, Riviera Beach, Fla. 
l6 Brownlee Labs RP-5A; Rheodyne, Inc., Berkeley, Calif. 
l7 LAUDA K-2m Circulating Water Bath; Brinkmann Instruments, Westbury, 

l8 Model CH7A Varian MAT, Bremen, W. Germany. 

Kalamazoo. Mich. 

Mass. 

NY 11590 

1186 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 10, October 1983 



A 1 Table I-Chromatographic Retention Times of Triazolam and 
Selected Triazolam Metabolites a 

3 

J L  
L I I I  1 1  I L  I I I I I t I L  

0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 
MINUTES 

Figure 1-Chromatograms of extracts of hydrolyzed mouse urine from 
(A) a control mouse and (B) a mouse administered -10 mglkg triazolarn. 
Key: (1) a-hydroxytriazolam; (2) 1-demethyltriazolam; (3) internal 
standard; (4) triazolam; and (5) 5-chloro-2-(3-methyl-4H-1,2,4- 
triazol-4-yl)-2’-chlorobenzophenone. 

Calculations-The a-hydroxytriazolam concentrations of the un- 
known samples were calculated from peak height ratios using the slope 
computed by linear regression analysis of the unweighted calibration 
curve data. Peak height ratios were calculated by dividing the a-hy- 
droxytriazolam peak heights by the internal standard peak heights. The 
quantity of a-hydroxytriazolam excreted over a 24-hr period, expressed 
as milligrams of a-hydroxytriazolam per kilogram of body weight, was 
calculated from the a-hydroxytriazolam concentration, the volume of 
urine collected over the 24-hr period, and the mean body weight. 

The triazolam dose received by each animal, expressed as milligrams 
of triazolam per kilogram of body weight, was calculated from the 
quantity of food consumed over the 24-hr period in which the urines were 
collected and the mean body weight. No attempt was made to correct the 
diet consumption data for the amount of food dropped through the 
bottom of the cage. The quantity of food dropped into the urine appeared 
to be small and evenly distributed among the dosage groups. 

Statistical Analysis-Statistical analyses of the experimental data 
were performed using the SAS statistical analysis programs (5) and 
NONLIN (6), a computer program for parameter estimation in nonlinear 
situations. 

RESULTS AND DISCUSSION 

The measurement of drug levels in the blood following single- or 
multiple-dose administration of drugs is the experimental approach most 
frequently used in relative bioavailability studies in humans and large 
animals, where sequential sampling a t  precisely known times is possible. 
This approach is also feasible for bolus drug administration to mice, but 
has the disadvantage of requiring the sacrifice of several mice at  each time 
point for which data are needed. In the case of ad libitum administration 
of drugdiet  mixtures to mice or rats, however, drug ingestion occurs over 
an extended period instead of precisely known times; therefore, it is 
difficult and extremely laborious to obtain reliable estimates of relative 
bioavailability by analysis of blood samples. 

An alternative to the determination of relative bioavailability from 
drug levels in the blood is the measurement of the urinary excretion of 
intact drug or of a principal drug metabolite (7). A recent single-dose 
metabolism study of [14C]triazolam in B&3F1 mice established that al- 
though there is no urinary excretion of intact drug, -17% of the orally 
administered dose of triazolam is excreted in the urine as a-hydroxy- 

Compound Retention Time, minb 

I 
I-a 
I-b 
I-c 
I-d 

I1 
11-a 
11-b 

15.5 
9.5 
6.0 

12.8 
10.6 
11.9 
17.4 
10.0 

a Samples chromatographed on a 5-pm LiChrosorb RP-8 reverse-phase column 
thermostated at 50’ using a mobile phase containing water-acetonitrile (T3, v/v): 
at a flow rate of 2.0 ml/min. * The void volume of the column was 1.2 ml. 

triazolam2. Excretion of all drug-related materials was complete within 
72 hr. Under the chronic-dosing conditions of this study, a-hydroxy- 
triazolam was the major ex t r adb le  metabolite. Therefore, quantitation 
of a-hydroxytriazolam in 24-hr urine samples under steady-state con- 
ditions was the logical experimental approach for the determination of 
the relative bioavailability of triazolam in mice. An HPLC method uti- 
lizing UV detection was developed for the quantitation of a-hydroxy- 
triazolam in mouse urine. 

Chromatographic Analysis-Resolution of a-hydroxytriazolam and 
the internal standard from coextracted endogenous interferences was 
accomplished using a 5-pm LiChrosorb RP-8 reverse-phase column 
thermostated a t  50” and a mobile phase containing water-acetonitrile 
(7:3, v/v) a t  a flow rate of 2.0 ml/min. Thermostating the column a t  50” 
reduced column back-pressure and shortened the retention times of the 
compounds of interest. Typical chromatograms of exhacts of urine from 
a control mouse and from a mouse administered -10 mg/kg/day of tria- 
zolam are shown in Fig. l. The internal standard was added to both 
samples. The a-hydroxytriazolam and internal standard eluted at  -9.5 
and 14.0 min, respectively. 

Comparison of chromatograms of urine extracts from control and 
triazolam-dosed mice indicated that significant quantities of triazolam 
and several metabolites in addition to a-hydroxytriazolam had been 
extracted from the urine of the triazolam-dosed mice. Although triazolam 
was not detected in the urine of mice in the recently conducted metabo- 
lism study2, its presence in the urine samples collected in this study was 
not unexpected, since it was apparent that all collected urine samples had 
been contaminated with small pieces of pelleted food which had dropped 
through the bottom of the cage. The triazolam eluted a t  -15.5 min and 
did not interfere in the analysis. Chromatography of authentic samples 
of triazolam metabolites that  had been identified in mice2, rats2J9, dogs 
(8), or humans (9) provided tentative evidence that the metabolites 
eluting a t  -6.0, 11.9, 12.8, and 17.4 min were a,4-dihydroxytriazolam 
(I-b), 5-chloro-2-(3-hydroxymethyl-5-methyl-4H-l,2,4-triazol-4-y~)- 
2’-chlorobenzophenone (111, 1-demethyltriazolam (I-c), and 5-chloro- 
2-(3-methyl-4H-1,2,4-triazol-4-yl)-2’-chlorobenzophenone (11-a), re- 
spectively (Table I). Direct-inlet MS characterization of chromatographic 

Q-” 
U 

11: R1 <H3, R2=CHZOH; 5ehloro-2-~3-hydroxym~yl-5msthyl-4H-l,2,4~ 

tria2014-y1)-2’-ehlorobenrophenone 

II-a: R l  =CH3. RZ=H; ~loro-2-(Smsthyl-4H-l,2,Qtriazol4yl)-2’- 

U-b R, =CHIOH, R2=H; 5~lom-2-(3-hydroxymethyl~H-1,2,4~triazol4.yl)- 

2’-chlorobenzophenone 

*9 F. S. Eberts and R. C. Meeks, unpublished data. 
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Table 11-Abbreviated Electron-Impact Mass Spectra of 
Triazolam, Selected Triazolam Metabolites. and Lyophilized 
Chromatographic Fractions 

> 7 . 0 -  

-? 
en 
> 6 .0 .  
E 

m 
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fractions collected at  the retention times of major peaks in the chro- 
matograms confi ied the presence of a-hydroxytrimlam (Table II, peak 
l), 1-demethyltriazolam (Table 11, peak 2), triazolam (Table 11, peak 4), 
and 5-chloro-2-(3-methy1-4H-1,2,4-triazo1-4-y1)-2'-c~orobe~phenone 
(Table 11, peak 5) in extracts of the enzymatically hydrolyzed urine. No 
attempt was made to confirm the identity of minor metabolites. However, 
a minor metabolite that eluted as a shoulder on the trailing edge of the 
a-hydroxytriazolam peak in some chromatograms was collected in the 
same chromatographic fraction as a-hydroxytriazolam (Fig. 1; peak 1, 
9-11 min) and was tentatively identified as 5-chloro-2-(3-hydroxy- 
methy1-4H-1,2,4-tri1-4-y1)-2'-chlorobenimphenone (11-b). In addition 
to a-hydroxytriazolam, 4-hydroxytriazolam (I-d) and a,4-dihydroxy- 
triazolam were also isolated from urine and identified by GC/MS in the 
recently conducted metabolism study of triazolam in the mouse2; 5- 
chloro-2-(3-methy1-4~-1,2,4-triazo1-4-y1)-2'-ch1orobe~ophenone was 
tentatively identified. The low extraction efficiencies of I-hydroxytria- 
d a m  and a,4-dihydroxytriazolam in toluene-methylene chloride (l:l, 
v/v) precluded isolation of sufficient quantities of these metabolites to 
allow confirmation by MS in the present study. 

h y  Recovery-The absolute recovery of a-hydroxytriazolam from 
hydrolyzed urine was determined by comparing the slopes of standard 
curves for which the a-hydroxytriazolam standards were added prior to 
and following the extraction step in the sample preparation procedure. 
Alprazolam was added as an external standard in the recovery experi- 
ments. 

Extraction of the hydrolyzed urine with toluene provided excellent 
recoveries of triazolam, as had been found in previously developed ana- 
lytical methods for triazolam in serum (10,ll); however, the recovery of 
a-hydroxytriazolam was <30%. Addition of methylene chloride to the 
toluene (1:1, v/v) increased the recovery to 94.5 f 2.7% and provided an 
extract that was free of endogenous interferences. Furthermore, the re- 
coveries of the internal standard, triazolam, 5-chloro-2-(3-hydroxy- 
methyl-5-methyl-4H-l,2,4-triazol-4-yl)-2'-chlorobenzophenone, and 
5-chloro-2-(3-methyl-4H-1,2,4-triml-4-yl)-2'-chlorobenzophenone were 
all >90%. However, the recoveries of a,4-dihydroxytriazolam and 4- 
hydroxytriazolam were <3 and 455'0, respectively. 

Assay Linearity and Precision-The linearity and precision of the 
method were established by analyzing standard curve samples on each 
day that unknowns were analyzed. Linear regression analysis of cali- 
bration curve data indicated no significant deviations from linearity ( r2  
2 0.9962, n = 3) for a-hydroxytriazolam concentrations ranging from 
0.5 to 20 pg/ml. The standard curve intercepts were not significantly 
different from zero ( p  > 0.05) for all three curves. 

An estimate of the interassay reproducibility and precision was ob- 
tained by comparison of standard curves prepared over a %day period. 
The slopes of the three curves ranged from 1.0703 to 1.2145 ml/pg with 
a mean slope f percent relative standard deviation of 1.1563 f 0.0097 
ml/jtg and a mean correlation coefficient ( r2)  of 0.9994. The percent 
relative standard deviations of the interassay ordinate values for the three 
curves were f 3.3,3.4,3.2,4.9,8.4,3.6,6.3,10.8, and 5.7 for concentrations 
(abscissa) of 0.5,1.0,2.0, 3.0,5.1,7.1,10.2,14.3, and 20.4pg/ml, respec- 
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Figure %-Plot of the a-hydroxytriazolarn excretion data for female 
mice. The solid line is a plot of the theoretical model which gave the best 
f i t  of the experimental data; E = Cl(dose), where E represents the 
milligrams of a-hydroxytriazolam excreted per kilogram body weight 
per day and C1= 0.0298 i 0.001 I (ESDJ mg of a-hydroxytriazolamlmg 
of triazolarn. 

tively. The limit of detection of the method was -6 ng/ml (0.5 ng on- 
column; signalhoise, 3/1). 

Triazolam Absorption-Plots of the quantity of a-hydroxytriazolam 
excreted in urine over a 24-hr period uersus triazolam dose for the female 
and male mice are shown in Figs. 2 and 3, respectively. Regression analysis 
of the female excretion data (5) indicated that the quantity of a-hy- 
droxytriazolam excreted (E)  was proportional to the triazolam dose. That 
is, coefficients for the n = 0,2,3,4, etc. terms in the polynomial expres- 
sion, E = Zr=o C,.(dose)", were not statistically significant ( p  > 0.05). 
The root-mean-square (RMS) deviation for the linear function, E = 
C*.(dose), was 0.301 mg of a-hydroxytriazolamlkg-day, with C1= 0.0298 
f 0.0011 (ESD) mg of a-hydroxytriazolam/mg of triazolam. Regression 
analysis of the male a-hydroxytriazolam excretion data (5), assuming 
dose proportionality, indicated that the slope of the line, 0.0428 f 0.0047 
(ESD) mg of a-hydroxytriazolam/mg of triazolam, was greater than that 
found for the female excretion data. More important, however, a distinct 
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Figure 3-Plot of the a-hydroxytriarolarn excretion data for male mice. 
The solid line represents the theoretical model which gave the best f i t  
of the experimental data: E = A[1 - e-B(dose)], where E represents the 
milligram of a-hydroxytriazolam excreted per kg body weight per day, 
A = 4.02 f 0.40 (ESD) mg of a-hydroxytriazolam/kg-day, and B = 0.038 
f 0.010 (ESD) kg-daylmg. 
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nonlinear trend in the male excretion data was apparent, reflected in the 
RMS deviation (1.162 mg of a-hydroxytriazolam/kgday) which was 
nearly four times greater than that for the female data. A plausible 
nonlinear model of the male excretion data is one in which the quantity 
of a-hydroxytriazolam excreted approaches an asymptotic value with 
increasing doses of triazolam. An exponential function of the dose was 
adopted, E = A [ I - e-B.(dme)], where A and B are adjustable parameters. 
The best fit parameters for the male excretion data, estimated using 
NONLIN (6), were A = 4.02 f 0.40 mg of a-hydroxytriazolamhkg-day 
and B = 0.038 f 0.010 kkg-day/mg; the associated RMS deviation was 0.70 
mg of a-hydroxytriazolam/kg.day, a significantly better fit of the ex- 
perimental data than that afforded by the one-parameter linear model 
(Fstatbtic = 34.6; n = 22). 

In conclusion, triazolam absorption, as reflected by a-hydroxytriazolam 
urinary excretion data for female and male mice, increased with triazolam 
dose. The quantity of a-hydroxytriazolam excreted by female mice was 
proportional to the triazolam dose, while the male excretion data were 
adequately represented by a model which predicts that the quantity of 
a-hydroxytriazolam excreted approaches an asymptotic value with in- 
creasing doses of triazolam. 
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Abstract 0 The release of potassium chloride from hydroxypropyl 
methylcellulose matrices was investigated for tablets prepared with 
several different compression forces. It was determined that the release 
kinetics for these systems deviates significantly from the classical t1I2 
dependence. This behavior was attributed to air entrapped in the matrix 
during preparation. Removal of the air prior to release restored the tra- 
ditional t”2 behavior. 
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Compressed, hydrophilic, polymeric matrices provide 
a convenient method for achieving sustained release of 
highly water-soluble drugs (1, 2). Release profiles are 
usually analyzed using equations derived by T. Higuchi (3) 
and W. Higuchi (4) and adapted by Lapidus and Lordi (5, 
6). However, such systems often exhibit complex kinetics 
(7,8) that are poorly explained by these traditional models 
of drug release. Modeling efforts in this area may be as- 
sisted by better understanding of the physical factors that 
contribute to (a)  the swelling of the polymeric matrix due 
to transport of the penetrating species into the porous 
system and ( b )  the initial dissolution and release of the 
incorporated drug. 

The goal of this work was to investigate some of the 
factors affecting the overall release behavior, especially the 
importance of entrapped air in the porous structure. The 
model system chosen consisted of potassium chloride as 
the water-soluble drug and hydroxypropyl methylcellulose 
as the hydrophilic polymer. Some of the technological 
factors influencing the overall potassium chloride release 
profile in this system have been analyzed by Salomon et 
al. (9-11). Their studies revealed that the release deviates 
significantly from the traditional t1I2 dependence called 
for by the Higuchi and Lapidus-Lordi models during the 
early stages of the experiments. Even improved mathe- 
matical models especially developed for this system (12) 
could not fully describe the release behavior. To investigate 
this physical phenomenon more thoroughly, the experi- 
mental procedure of Salomon et al. (9-11) was followed 
with improved time resolution. 

EXPERIMENTAL 

Materials-The materials used were potassium chloride’ (water 
solubility, 332 mg/cm3 at  37’) and hydroxypropyl methylcellulose2. This 
polymer had the following characteristics according to the manufacturer: 

Ph. Helv./Ph. Eur. grade; Siegfried, Zofingen, Switzerland. 
2 Methocel K 15M Premium: Dow Chemical Co., Midland, MI 48640. 
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nonlinear trend in the male excretion data was apparent, reflected in the 
RMS deviation (1.162 mg of a-hydroxytriazolam/kgday) which was 
nearly four times greater than that for the female data. A plausible 
nonlinear model of the male excretion data is one in which the quantity 
of a-hydroxytriazolam excreted approaches an asymptotic value with 
increasing doses of triazolam. An exponential function of the dose was 
adopted, E = A [ I - e-B.(dme)], where A and B are adjustable parameters. 
The best fit parameters for the male excretion data, estimated using 
NONLIN (6), were A = 4.02 f 0.40 mg of a-hydroxytriazolamhkg-day 
and B = 0.038 f 0.010 kkg-day/mg; the associated RMS deviation was 0.70 
mg of a-hydroxytriazolam/kg.day, a significantly better fit of the ex- 
perimental data than that afforded by the one-parameter linear model 
(Fstatbtic = 34.6; n = 22). 

In conclusion, triazolam absorption, as reflected by a-hydroxytriazolam 
urinary excretion data for female and male mice, increased with triazolam 
dose. The quantity of a-hydroxytriazolam excreted by female mice was 
proportional to the triazolam dose, while the male excretion data were 
adequately represented by a model which predicts that the quantity of 
a-hydroxytriazolam excreted approaches an asymptotic value with in- 
creasing doses of triazolam. 
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Compressed, hydrophilic, polymeric matrices provide 
a convenient method for achieving sustained release of 
highly water-soluble drugs (1, 2). Release profiles are 
usually analyzed using equations derived by T. Higuchi (3) 
and W. Higuchi (4) and adapted by Lapidus and Lordi (5, 
6). However, such systems often exhibit complex kinetics 
(7,8) that are poorly explained by these traditional models 
of drug release. Modeling efforts in this area may be as- 
sisted by better understanding of the physical factors that 
contribute to (a)  the swelling of the polymeric matrix due 
to transport of the penetrating species into the porous 
system and ( b )  the initial dissolution and release of the 
incorporated drug. 

The goal of this work was to investigate some of the 
factors affecting the overall release behavior, especially the 
importance of entrapped air in the porous structure. The 
model system chosen consisted of potassium chloride as 
the water-soluble drug and hydroxypropyl methylcellulose 
as the hydrophilic polymer. Some of the technological 
factors influencing the overall potassium chloride release 
profile in this system have been analyzed by Salomon et 
al. (9-11). Their studies revealed that the release deviates 
significantly from the traditional t1I2 dependence called 
for by the Higuchi and Lapidus-Lordi models during the 
early stages of the experiments. Even improved mathe- 
matical models especially developed for this system (12) 
could not fully describe the release behavior. To investigate 
this physical phenomenon more thoroughly, the experi- 
mental procedure of Salomon et al. (9-11) was followed 
with improved time resolution. 

EXPERIMENTAL 

Materials-The materials used were potassium chloride’ (water 
solubility, 332 mg/cm3 at  37’) and hydroxypropyl methylcellulose2. This 
polymer had the following characteristics according to the manufacturer: 
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Table I-Physical Characteristics of Investigated Tablets ,I 

Compression Pressure, Thickness, Apparent Mean Pore Diameter, 
Force, kN MPa mm Density, dcm3 Void Fraction um 

5 28 2.75 f 0.09 1.025 f 0.043 0.385 f 0.026 6.25 f 1.30 
10 56 2.37 f 0.04 1.208 f 0.004 0.275 f 0.003 2.22 f 0.14 

1.370 f 0.008 0.178 f 0.005 0.36 f 0.04 27 150 2.10 f 0.04 
50 280 2.05 f 0.02 1.390 f 0.019 0.166 f 0.011 0.25 f 0.12 

a Average of three experiments (& SD). 

number average molecular weight mn = 120,000, intrinsic viscosity [v] 
= 11.0 dl/g, number average degree of polymerization DP,, = 650, vis- 
cosity of a 2% solution at 20' q = 150 poises, and degree of substitution 
19-2496 methoxy and 4-12s hydroxypropoxy (based on total weight of 
polymer). In addition, this resin is completely amorphous and remained 
so during these experiments, as verified by X-ray diffraction. 

Diffusion Experiments-Equal amounts by weight of potassium 
chloride and hydroxypropyl methylcellulose of particle size 63-100 pm 
were combined using a tridimensional mixer3. A 500-mg portion of the 
resulting mixture was compressed with the desired force (5,10,27, or 50 
kN corresponding to pressure of 28,56,150, and 280 MPa, respectively) 
in a 15-mm acrylic die on a hydraulic press4 equipped with flat-faced 
punches. The tablet was left within the die and one face was sealed with 
a plastic stopper. The assembly was then placed in 500 ml of distilled 
water a t  37O as described previously (9, 11). The release of potassium 
chloride was followed by continuous monitoring of the conductivity5 of 
the release medium. Tablets prepared in the same manner as those used 
in the release experiments were characterized using the method of Gupte 
(13) (see Table I). 

Samples were also prepared at  28 and 280 MPa using the same proce- 
dure as before but removing the air entrapped in the tablets by a modi- 
fication of the technique developed by Desai et al. (14). The tablet holder 
was placed in a filter flask which was sealed, placed in a 37' water bath, 
and evacuated to a pressure of O.OM.06  mm Hg. Distilled water (500 cm3) 
was aspired into the flask, stirring begun, and the contents circulated 
through the conductivity cell as above. 

RESULTS AND DISCUSSION 

The results of the release experiments are summarized in graphical 
form in Fig. 1, which represents the fractional release, Mt/M,, as a 
function of time. The most striking feature is the increase in release rate 
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Figure 1-Potassium chloride release profiles from tablets prepared 
at different pressures. Key: f@) 28 MPa; (B) 56 MPa; (A) 150 MPa; (+) 
280 MPa. 

Turbula mixer model TZA; Bachofen, Bade, Switzerland. 
Specac, Sidcup,,England. 
E518 conductivity meter; Metrohm, Herisau, Switzerland. 
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Figure 2-Potassium chloride release profiles from evacuated tablets 
prepared at 28 MPa (@) and 280 MPa (B). 

after 1.44.0 hr (depending on the pressure used). In addition, the release 
from tablets compressed at  280 MPa is significantly faster than the 
others, in the range of MJM, < 0.2. For Mt/M, > 0.2, the release rate 
from all tablets except those compressed at 28 MPa is quite similar. 

In the systems studied, the release rate was found to vary inversely with 
tablet porosity and mean pore diameter. Since the opposite effect is 
normally expected, one must infer that release is not governed by the 
traditional porous-diffusion mechanism. One possible explanation is that 
air trapped within the tablets acts as a transport barrier. Consequently, 
as the initial porosity of the tablets increases, the initial air content in- 
creases leading to slower release of the drug. 

To test this assumption, a new series of experiments using tablets 
prepared at  the two extreme pressures was undertaken utilizing the 
modification of the technique developed by Desai et al. for polyethylene 
matrices (14) (Fig. 2). This technique effectively eliminated all observed 
anomalies in the release rate. Moreover, only a small difference was ob- 
served between the tablets prepared at 28 MPa and those prepared at 
280 MPa. The release behavior could be fitted well to the equation: 

(Eq. 1) 

for values of Mt/M, 5 0.6. 
When the experimental data were fitted to Eq. 1, the average values 

obtained for the coefficients a and b and the corresponding lag times were 
as shown in Table 11. The fact that the values of the intercept, a ,  are not 
equal to zero could reasonably be attributed to the time lag associated 
with tablet swelling, although the physical manipulation of the equipment 
a t  the beginning of each experiment introduces uncertainty at  these very 
short times. 

Table 11-Fitting of Release Data from Fig. 2 to a Square-Root 
of Time Release Behavior 

Pressure, Intercept Slope Time lag, 
MPa (a  ) ( b ) .  hr-ll2 hr r 

28 -0.181 f 0.0009 0.476 f 0.032 0.145 0.996-0.998 
280 -0.127 f 0.017 0.502 f 0.014 0.064 0.99gO.999 
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Table 111-Characteristic Time of Increase in  Release Rate Due 
to  EntraDDed Air as a Function of Void Fraction of the Tablets 

Pressure, Characteristic Time, 
MPa Void Fraction hr 

Table IV-Fitting of Release Data from Fig. 1 to Eq. 3 for 
Mt/M, 5 0.7 

Pressure, Intercept Slope 
MPa (a 1 (b ) ,  hr-l r 

28 
56 

150 
280 

0.385 3.5-4.0 
0.275 1.9-2.5 

0.166 1.41.5 
0.178 1.7-1.8 

28 
56 .. 

150 
280 

0.034 
0.019 
0.030 
0.045 

0.083 0.998 
0.125 0.999 
0.113 0.997 
0.118 0.994 

Even though the values of the volume and porosity of these tablets are 
continuously changing during swelling and release, owing to the short 
time-scale of the experiment, the changes are not large and therefore one 
may obtain an approximate value for the effective solute diffusivity D‘ 
by use of an equation adapted by Lapidus and Lordi (6): 

where S is the surface area available for release (1.767 cm2), V is the 
volume of the tablet (0.477 cm3 at 28 MPa and 0.362 cm3 at 280 MPa), 
C, is the solubility of the active agent (332 mg/cm3), c is the tablet porosity 
(0.17 at 280 MPa and 0.38 at  28 MPa), and D‘ is expressed as D/T, where 
7 is the tortuosity of the matrix and D is the effective diffusivity of the 
drug. Using these values, D’ could be calculated from the slope of the plot 
of Mt/M, uersus t1I2 yielding D’ = 1.04 X cm2/sec for systems 
prepared at 28 MPa and D’ = 1.83 X cm2/sec for systems prepared 
at  280 MPa. 

The unusual release behavior of compressed hydroxypropyl methyl- 
cellulose tablets is attributed to the entrapped air. The characteristic time 
at which the increase in release rate is observed can be roughly correlated 
with the initial tablet porosity (Table III), although the observed increase 
was sharp only for systems prepared at 150 and 280 MPa. The correlation 
of this characteristic time with tablet void volume may be interpreted 
as representing pore filling with gradual displacement of entrained air 
(see Fig. 3). It is observed that air continues to escape from the tablet 
throughout most of the drug release. After -2 hr a nonflat moving front 
has been formed at the polymer-water interface (Fig. 3c). On complete 
release of the drug (Fig. 3d), the tablet is not at mechanical equilibrium, 
although swollen. The outermost portion of the tablet is transparent, but 
a large amount of air remains entrapped. 

Consequently, the inflection in the release curves does not represent 
the point at which all the air has been displaced, but probably a point a t  
which the pressure of the entrained air (which is compressed as water 
enters the tablet) equals the pressure of the incoming water. The air then 

Figure 3-Sequential swelling of potassium chloride-hydroxypropyl 
methylcellulose systems at t = 0 (a), t = 0.1 7 hr (b) t = 2.50 hr (c), and 
t = 24 hr [complete potassium chloride release (d)]. 

escapes gradually through the pores of the tablet, aided by the softening 
of the polymer as it absorbs water. 

In contrast, when the tablets are evacuated prior to the introduction 
of water, the water is forced into the pores rather quickly by atmospheric 
pressure, as calculated by standard equations for flow in porous media 
(15). This results in the introduction of a saturated aqueous phase 
throughout the tablet at the beginning of the experiment. Release then 
proceeds by a purely diffusive mechanism. An additional simplification 
effected by this treatment in the case of hydroxypropyl methylcellulose 
is that potassium chloride release occurs quickly relative to the swelling 
so that volume changes of the tablet are less important. 

It is interesting to observe that the effect of the entrained air is to im- 
prove the release profile as compared with traditional t’l2 release. For 
example, although the release profiles are obviously not truly linear with 
time, the release curve may be fitted to: 

-= Mt a +  bt (Eq. 3) M, 
with r > 0.99 up to Mt/M, = 0.7, as shown in Table IV. These systems 
therefore represent an approximation to zero-order release kinetics, al- 
though no physical significance should be given at this point to the values 
of the intercept and the slope reported. 

We can conclude that air entrapped during preparation can have a 
significant effect on the release of drugs from hydrophilic matrices such 
as hydroxypropyl methylcellulose. This factor is therefore an important 
consideration in the design of in uitro release experiments. 
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Abstract Saccharin analogues were observed to be potent antihy- 
perlipidemic agents at 20 mg/kg/day in rodents, significantly reducing 
both serum cholesterol and triglyceride levels in both normal and ath- 
erogenic mice. The saccharin analogues suppressed in uitro and in uiuo 
liver enzymatic activity of acetyl-CoA synthetase, citrate lyase, and 
mitochondrial citrate exchange leading to a reduction of available cyto- 
plasmic acetyl-CoA, which is required for the synthesis of cholesterol 
and fatty acids. Liver acetyl-CoA carboxylase, phosphatidate phos- 
phohydralase, and glycerol-3-phosphate acyl transferase activities were 
markedly reduced by the saccharin analogues. Suppression of these en- 
zymes would lead to a reduction of triglyceride synthesis. The saccharin 
analogues accelerated bile excretion of cholesterol metabolites and in- 
creased the fecal excretion of the cholesterol, triglycerides, neutral lipids, 
and phospholipids. The liver and plasma lipoprotein lipid content (in- 
cluding cholesterol, triglycerides, and neutral lipids) was markedly re- 
duced by the saccharin analogues, whereas phospholipid content was 
elevated. The reduction of lipid content of serum chylomicron, very 
low-density, low-density, and high-density lipoprotein fractions by the 
saccharin analogues indicates that these agents may be useful in con- 
trolling hyperlipidemic diseases where specific lipoprotein fractions are 
elevated. 

Keyphrases 0 Saccharin-analogues, antihyperlipidemic activity, 
cholesterol and triglyceride reduction 0 Antihyperlipidemic agents- 
saccharin analogues, cholesterol and triglyceride reduction Choles- 
terol-antihyperlipidemic effect of saccharin analogues Triglycer- 
ides-antihyperlipidemic effect of saccharin analogues 

The antihyperlipidemic activity of saccharin and 1- 
N-(o-benzosulfimido)butan-3-one has been reported 
previously (1) in mice at  20 mg/kg/day ip. Saccharin af- 
forded a 33% reduction in serum cholesterol after 16 days 
and a 49% reduction in serum triglyceride levels after 14 
days, whereas l-N-(o-benzosulfimido)butan-3-one re- 
sulted in a 38% reduction of serum'cholesterol and a 49% 
reduction of serum triglyceride levels (1). Saccharin de- 
rivatives were examined for their hypolipidemic effects 
because of their structural similarity to phthalimide (2) 
and N-phenyl-bridged isoindoline ketones (3), which have 
been reported previously to have hypolipidemic action in 
rodents. The purpose of this study was to examine the 
antihyperlipidemic activity of saccharin and its derivatives 
in detail, as well as their mode of action on cellular lipid 
metabolism in rodents. 

EXPERIMENTAL 

Source of Compounds-Saccharin was purchased commercially1. 
The syntheses and chemical characterizations of 1-N-(o-benzosulfi- 
mido)butan-3-one(l) and 3-N-(o  -benzosulfimido)propionic acid have 
been reported previously (2). 

Antihyperlipidemic Screens in Normal Rodents-Compounds 
were suspended in 1% carboxymethylcellulose-water and administered 
to male CFI mice (-25 gin weight) intraperitoneally or Holtzman male 
rats (-200 gin weight) orally by an intubation needle for 16 days. On days 
9 and 16, blood was obtained by tail vein bleeding, and the serum was 
separated by centrifugation for 3 min. The serum cholesterol levels were 

Ruger Chemical Co., Inc. 

determined by a modification of the Liebermann-Burchard reaction (4). 
Serum was also collected on day 14, and the triglyceride content was 
determined using a commercial kit*. 

Testing in Atherogenic Mice-Male CF1 mice (-25 g) were placed 
on a commercial diet3 that contained butterfat (400 g), cellulose4 (60 g), 
cholesterol (53 g), choline dihydrogen citrate (4 g), salt mixture oil5 (40 
g), sodium cholate (20 9). sucrose (223 g), vitamin-free casein (200 g), and 
total vitamin supplement for a 2-week period. After the cholesterol and 
triglyceride levels were assayed and observed to be elevated, the mice were 
administered test drugs at  20 mg/kg/day for an additional 2-week period. 
Serum cholesterol and triglyceride levels were measured after 14 days 
of drug administration. 

Animal Weights and Food Intake-Periodic animal weights were 
obtained during the experiments and expressed as a percentage of the 
animal's weight on day 0. After dosing for 16 days with test drugs, selected 
organs were excised, trimmed of fat, and weighed. The organ weights were 
expressed as a percentage of the total body weight of the animal. The 
average food intake6 in g/rat/day was determined over the 16-day dosing 
period. 

Toxicity Studies-The acute toxicity (LDm value) (5) was deter- 
mined in male CF1 mice by administering test drugs intraperitoneally 
from 100 mg to 2 g k g  as a single dose. The number of deaths recorded 
in the group over 7 days was determined for each dosage. 

Enzymatic Studies-In uitro enzymatic studies were determined 
using 10% homogenates of male CFI mouse liver with 2.5 pmoles of the 
test drugs and male Holtzman rat livers with 0.100-10 m M  concentration 
of the test drugs. In uiuo enzymatic studies were determined using 10% 
homogenates of liver from male CFI mice obtained after administering 
the agents for 16 days at a dose of 10-60 mg/kg/day. The liver homoge- 
nates for both in uitro and in uiuo studies were prepared in 0.25 M sucrose 
and 0.001 M EDTA[(ethylenedinitrilo)tetraacetic acid]. 

Acetyl-CoA synthetase (6) and adenosine triphosphate-dependent 
citrate lyase (7) activities were determined spectrophotometrically at 
540 nm as the hydroxamate of acetyl-CoA formed after 30 min at 37'. 
Mitochondria1 citrate exchange was determined by the procedure of 
Robinson et al. (8 ,s)  using sodium [14C]bicarbonate (41 mCi/mmole) 
incorporated into mitochondrial [14C]citrate after isolating the mito- 
chondria (9OOOXg for 10 min) from the homogenates. The exchange of 
the [14C]citrate was determined after incubating the mitochondrial 
fraction, which was loaded with labeled citrate, and the test drugs for 10 
min. Then the radioactivity was measured in the mitochondrial and su- 
pernatant fractions in scintillation fluid7 and expressed as a percentage. 
Cholesterol side-chain oxidation was determined by the method of 
Kritchevsky and Tepper (10) using [26-14C]cholesterol (50 mCi/mmole) 
and mitochondria isolated from rat liver homogenates. After an 18-hr 
incubation at 37' with the test drugs, the generated 14C02 was trapped 
in the center well in (2-[2-(p-1,1,3,3-tetramethylbutylcresoxy)ethoxy] - 
ethy1)dimethylbenzylammonium hydroxide* and counted7. 3-Hy- 
droxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase) was 
measured using [ l-14C]acetate (56 Ci/mmole) using a postmitochondrial 
supernatant (9OOOXg for 20 min) incubated for 60 min at  37" (11). The 
digitonide derivative of cholesterol was isolated and counted (12). Acetyl 
CoA carboxylase activity was measured by the method of Greenspan and 
Lowenstein (13). Initially, the enzyme had to be polymerized for 30 min 
a t  37O, and then the assay mixture containing sodium [Wlbicarbonate 
(41.0 mCi/mmole) was added and incubated for 30 min at  37O with the 
test drugs. Fatty acid synthetase activity was determined by the method 

* Hycel Triglyceride Test Kit; Fisher Scientific Co. 
Basal Atherogenic Test Diet; U S .  Biochemical Corp. 
Celufil. 
Wesson. 
Wayne Blox Rodent Chow. 
Fisher Scintiverse in a Packard Scintillation Counter. 
Hyamine hydroxide; New England Nuclear. 
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Table I-Effects of Saccharin Analogues on Serum Cholesterol and Triglyceride Levels of Male Holtzman Rats and Male CFI Mice. 

Rats Mice 
Serum Serum 

Dose, Triglyc- Dose, Triglyc- 
mg/kg/ Serum Cholesterol eride mg/kg/ Serum Cholesterol eride 

Compound day Day9 Day16 Day14 day Day9 Day16 Day14 

Control (1% carboxymethylcellulose) 
Saccharin 

1 0 0 f g d  1 0 0 3 ~ 7 ~  1 0 0 f 8 f  1 0 0 f 5 8  1 0 0 f 6 h  1 0 0 f 6 '  
10 8118b 76f4 :  4 7 f 4 b  

20 6 5 f 6 b  5 6 f 7 b  5 5 f 6 b  20 7 7 f 6 b  6 8 f 7  4 8 ~ k 6 ~  
40 6 6 & 5 b  6 5 4 ~ 3 ~  5 4 f 3 b  
60 6 3 f 5 b  6 2 f 4 b  6 1 f 4 b  

1 -N-(o-Ben~osulfimido)butan-3-one 20 6 4 f 5 b  5 6 f 6 b  6 5 f 6 b  20 601t8b 6 2 f 6 b  5 1 f 7 b  

3-N-(o-Ben~os~lfimido)pr0pionic Acid 10 8 5 ~ k 6 ~  7 6 f 7 b  8 4 f 5 *  
20 7 2 f 6 b  6 3 + ~ 7 ~  4 8 ~ k 7 ~  20 % & I b  5 6 z 7 b  5 8 f 5 b  

40 7 7 f 6 b  6 5 f 5 b  6 0 f 4 b  
60 68*8b 6 2 f 6 b  5 8 f 5 b  

0 Expressed as percentage of control (mean f SD); n = 6. p s 0.001 p S 0.005. 73 f 7 mg96. 78 f 6 me. f 110 f 9 mg%. 8 118 f 6 mg%. 122 f 7 mg%. 137 
f 8 mg%. 

of Brady et al. (14) using [2-14C]malonyl-CoA (37.5 mCi/mmole) incor- 
porated into newly synthesized fatty acids, which were extracted with 
ether and counted. Acyl transferase activity was determined with L- 
[2-3H]glycerol-3-phophate (7.1 Ci/mmole) and the microsomal fraction 
of the liver homogenates (15). The reaction was terminated after 10 min, 
and the lipids were extracted with chloroform-methanol (1:2) containing 
1% concentrated HCI and counted. Phosphatidate phosphohydralase 
activity was measured as the inorganic phosphate released after 30 min 
from phosphatidic acid by the method of Mavis et al. (16). The released 
inorganic phosphate after development with ascorbic acid and ammo- 
nium molybdate was determined at  820 nm. 

The in uitro oxidative phosphorylation process in male CF1 mouse liver 
was also examined with an oxygen electrodeg connected to an oxygraphI0 
at  37". The reaction vessel typically contained 55 pmoles of sucrose, 22 
pmoles of monobasic potassium phosphate, 22 pmoles of potassium 
chloride, 90 pmoles of succinate or 60 pmoles of a-ketoglutarate as sub- 
strate, 2 pmoles of adenosine triphosphate, and 2.5 pmoles of the test 
compounds in a total volume of 1.8 ml. After the basal metabolic (state 
4) rate was obtained, 0.257 pmole of adenosine diphosphate was added 
to obtain the adenosine diphosphate-stimulated respiration (state 3) rate 
(17). The rates were calculated as rl of oxygen consumed/mg of liver/ 
hr. 

Liver, Small Intestine, and Fecal Lipid Extraction--In male CFl 
mice that had been administered test drugs for 16 days, the liver, small 
intestine, and fecal materials (24-hr collection) were removed and a 10% 
homogenate in 0.25 M sucrose and 0.001 M EDTA was prepared. An al- 
iquot (2 ml) of the homogenate was extracted by the methods of Floch 
et al. (18) and Bligh and Dyer (19) and the number of milligrams of lipid 
weighed. The lipid was taken up in methylene chloride, and the choles- 
terol level (4), triglyceride levelsll, neutral lipid content (20), and phos- 
pholipid content (21) were determined. 

[ 14C]Cholesterol Distribution in Mice and Rats-Male CF1 mice 
(-25 g) were administered test agents intraperitoneally for 14 days and 
rats were administered test agents orally. On day 13,lO pCi of [4-%]- 
cholesterol (52.5 mCi/mmole) was administered intraperitoneally in mice 
and orally in rats, and feces were collected for 0-6,6-12, and 12-24 hr 
postadministration. Twenty-four hours after cholesterol administration, 
the major organs were excised and samples of blood, chyme, and urine 
were obtained. Homogenates (10%) were prepared of the tissues which 
were combusted12 and counted. Some tissue samples were plated on filter 
paper13, dried, and digested for 24 hr in bases at 40° and counted. Results 
were expressed as dpm/mg of wet tissue and dpm/mg of total organ. 

Cholesterol Absorption Study-Male Holtzman rats (-400 g) were 
administered test drug intraperitoneally for 14 days at 20 mg/kg/day. On 
day 13,lO pCi of [ 1,2-3H]cholesterol (40.7 Ci/mmole) was administered 
to the rat orally. Twenty-four hours later, the blood was collected and 
the serum was separated by centrifugation (22). Both the serum and the 
precipitate were counted. 

Bile Cannulation Study-Male Holtzman rats (-400 g) were treated 

with test drugs at 20 mg/kg/day orally for 14 days. The rats were anes- 
thetized with chl~rpromazinel~ (25 mg/kg) followed after 30 min by 
pentobarbitall5 (22 mg/kg ip). The duodenum section of the small in- 
testine was isolated and ligatures were placed around the pyloric 
sphincter and at  a site distally approximately one-third of the way down 
the duodenum. Sterile isotonic saline was injected into the sectioned off 
duodenum segment. The saline expanded the duodenum and the com- 
mon bile duct. After the bile duct was identified, a loose ligature was 
placed around the duct, an incision was made, the plastic tubing16 was 
introduced into the duct. Once past the ligature, the tubing was tied in 
place and the ligatures around the duodenum were removed. When bile 
was freely moving down the cannulated tube, [ 1,2-3H]cholesterol (40.7 
Ci/mmole) was injected intravenously into the rats. The bile was collected 
over the next 6 hr and measured (in ml). Aliquots were counted as well 
as analyzed for cholesterol content (4). 

Plasma Lipoprotein Fractions-Male Holtzman rats (-400 g) were 
administered test drugs at  20 mg/kg/day for 14 days. On day 14, blood 
was collected from the abdominal aorta. Serum was separated from whole 
blood by centrifugation at  3500 rpm. Aliquots (3 ml) were separated by 
density gradient ultracentrifugation according to the methods of Hatch 
and Lees (23) and Have1 et al. (24) into the chylomicrons, very low- 
density lipoproteins, high-density lipoproteins, and low-density lipo- 
proteins. Each of the fractions was analyzed for cholesterol (4), triglyc- 
eridell, neutral lipids (20), phospholipids (21), and protein levels (25). 

RESULTS 

Saccharin, 1 -N-(o -benzosulfimido)butan-3-one, and 3-N-(o -benzo- 
su1fimido)propionic acid markedly reduced the serum lipid levels in 
normal rodents after intraperitoneal administration. In CF1 mice, sac- 
charin afforded a 38% reduction of serum cholesterol after 16 days of 
dosing at  the 6O-mg/kg dose (Table I). In the triglyceride screen in mice, 
the 10- and 20-mg/kg doses resulted in a reduction of 53 and 52%, re- 
spectively. Saccharin was also active as a hypolipidemic agent orally in 
rats at 20 mg/kg, suppressing serum cholesterol levels 44% and serum 
triglyceride levels 45%. 3-N-(o-Ekmosulfimido)propionic acid was active 
in the mouse screen. The maximum suppression of serum cholesterol 
levels in mice was at 20 mg/kg/day, with 44% reduction. In the triglyceride 
screen, the 20-, 40-, and 60-mg/kg/day doses caused >40% reduction. 
3-N-(o-Benzosulfimido)propionic acid was active orally in the rat. The 
serum cholesterol levels were suppressed 37% at  20 mg/kg/day in the rat, 
while triglyceride levels were suppressed 52%. 1-N-(0-Benzosulfimido) - 
butan-3-one in the mouse screen reduced serum cholesterol 38% and 
triglyceride 4970, whereas in the rat, serum cholesterol was reduced 44% 
and triglyceride level was reduced 35%. In mice that had been rendered 
atherogenic by a high lipid diet, after 2 weeks of administration it can be 
observed that saccharin and the propionic analogue suppressed the in- 
duced cholesterol levels by >170% resulting in serum cholesterol only 
slightly above normal levels (Table 11). In the triglyceride screen, levels 

Clark oxygen electrode for measuring pOz tension. 
lo Gilson Instruments. 
l1 Bio-Dynamics/bmc Triglyceride Kit. 
l2 Packard Tissue Oxidizer. 
l3 Whatman No. 1. 

l4 Thorazine, chlorpromazine hydrochloride; Smith, Kline and French Labora- 

l5 Nembutal, sodium pentobarbital; Abbott Laboratories. 
l6 PE-10 Intramedic polyethylene tubing. 

tories. 
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Table 11-Effects of Saccharin Analogues on Serum Cholesterol and Triglyceride Levels in Normal and Atherogenic Mice a 

Serum Cholesterol 
2-Week 14-Day 

Serum Triglyceride 
2-Week 14-Day 

Compound Diet + Dosing Diet + Dosing 

Control Atherogenic Diet 289 f g6 290 f g b  131 f 36 131 f 56 
Saccharin (20 m /kg/day) 289 f g6 116 f 6c 131 f 66 1 0 0 f 4  
3-N-(o-Benzosuffimido)propionic Acid (20 mg/kg/day) 290 f l o b  119 f 7c 129 f 8b 88 f 5c 

f 7 mg%. 8 139 f 5 mg%. 

Table 111-Effect of Saccharin Derivatives on the Weight of Major Organs and Body Weight of Rats After 16 Days of Dosing at 20 
mg/kg/day 

Control (1% Carboxymethylcellulose) 100 f 6d 100 f 7e 100 f 5f 100 f 4g 

0 Expressed as percentage of control (mean f SD); n = 6. p 5 0.001 as related to 1% carboxymethylcellulose values. p 5 0.005. 118 f 6 mg%. 122 f 7 mg%. f 136 

Mean Weight Body Weight In- Food Consumption, 
Compound on Day Zero, g crease on Day 16, % gmlday 

Control (1% carboxymethylcellulose) 
Saccharin 
3-N-(o -Benzosulfimido)propionic Acid 

439 f 8 
378 f 9 
421 f 8 

138 f 3 
141 f 4 
139 f 3 

22.5 
19.0 
20.5 

Control (1% carboxymethylcellulose) 
Saccharin 

Weight of organ, g 

Control (1% carboxymethylcellulose) 
Saccharin 

Percent of Total Body Weight 
Liver Lung Heart Kidney Spleen 

3.46 f 0.83 0.48 f 0.04 0.34 f 0.03 0.71 f 0.09 0.25 f 0.05 
3.12 f 0.95 0.50 f 0.03 0.34 f 0.04 0.66 f 0.08 0.21 f 0.06 

15.21 f 3.59 2.10 f 0.17 1.51 f 0.13 3.12 f 0.39 1.11 f 0.22 

Brain Adrenal Stomach Small Intestine 
0 . 3 6 . 0 4  0.011 f 0.005 0.68 f 0.22 2.35 f 0.65 
0.34 f 0.06 0.014 f 0.008 0.83 f 0.28 2.28 f 0.53 

Large Intestine 
1.09 f 0.22 
1.19 f 0.18 
4.78 f 0.97 Weight of organ, g 1.59 f 0.17 0.047 f 0.021 2.99 f 0.96 10.32 f 2.86 

Meanf SD; n = 6. 

Table IV-In Vitro Effects of Saccharin Analogues on Mouse Liver Enzyme Activities at 2.5 pmoles a 

Mitochondrial Cholesterol 
Citrate Acetyl-CoA Citrate HMG-CoA Side-Chain 

Compound Exchange Synthetase Lyase Reductase Oxidation 

Control (1% carboxymethylcellulose) 100 f lo= 100 f l l d  100 f 9e 100 f 7; 100 f 8R 
Saccharin 7 f 5 b  61 f 7 b  65 f 6b 7 1 f 7  94 f 6 
1 -N-(o-Benzosulfimido)butan-3-one 7 5 6 ;  74 f 96 47 f 8b 98 f 5 72 f 46 
3-N-(o-Benzosulfimido)propionic Acid 20 f 7 53 f 76 - 95 f 5 61 f 3b 

Acetyl-CoA Fatty Acid Phosphatidate Acvl 

Control (1% carboxymethylcellulose) 
Saccharin 
1 -N- (0 - Benzosulfimido) butan-3-one 
3-N-(o-Benzosulfimido)propionic Acid 

Control (1% carboxymethylcellulose) 
Saccharin 
l-N-(o-Benzosulfimido)butan-3-one 
3-N-(o-Benzosulfimido)propionic Acid 

S ynthetase Phosphohydrolase Transferase 
100 f 7' 100 f 7; 100 f 8k 

9 6 2 6  93 f 5 52 f 5 15 f 3b 
12 f 36 104 f 7 61 f 4b 25 f 6b 
43 f 56 98 f 6 49 f 5b 8 f 4 b  

a-Ketoglutarate 
State 4 State 3 

1EiZ-K' 1 W Z T m  
6§f 6b  68 f 4 b  
82 f 7c 80 f 3 b  
77 f 7 61 f 4 b  

Succinate 
State 4 
13G-F 
78 f 6b 
64 f 5" 
76 f 5b 

State 3 
100 f 6O 
65 f 3 b  
63 f 4b 
66 f 56 

0 Expressed as percentage of control (mean f S D ) ;  n = 6. * p I 0.001. 30.8 f 3.1 mg% exchan e of mitochondria1 citrate. 28.5 f 3.14 mg of acetyl-CoA formed/g 
wet tissue/30 min. e 30.5 f 2.74 mg of eitrate h drolyzed/g wet tissue/30 min. f 384,900 f 26,943 fpm cholesterol formed/g wet tissue/60 min. 6080 f 5.58 dpm COn 
formed/g wet tissue/l8 hr. h 32,010 f 1921 dpm& wet tissue/30 min. 37,656 f 2635 dpm/g wet tissue/30 min. J 16.70 f 1.16 pg Pi/g wet tissue/l5 min. 537,800 f 43,024 
dpm triglyceride formed/g wet tissue/lO min. 3.51 f 0.21 pl of oxygen consumed/hr/mg of tissue. 5.21 f 0.36 yl of oxygen consumed/hr/mg of tissue. n 5.92 f 0.30 
pl of oxygen consumedhdmg of tissue. 11.31 f 0.67 p1 of oxygen consumed/hr/mg of tissue. 

were reduced to normal levels by saccharin and 12% below normal (con- 
trol) levels by the propionic acid derivative. 

Saccharin and the propionic acid derivative did not affect the daily food 
intake over the 16-day dosing period, nor was the increase in body weight 
significantly different from the control rats (Table 111). The acute toxicity 
studies demonstrated that the LDm values in mice as a single intraperi- 
toneal injection exceeded 2 g/kg which was the limit of solubility of the 
agents in carboxymethylcellulose. In uitro enzymatic studies of liver from 
CFI mice at 2.5 pmoles of the test agents, demonstrated that mitochon- 
drial [14C]citrate exchange was inhibited markedly by all three agents: 
93% by saccharin and the butanone derivative and 80% by the propionic 
acid derivative (Table IV). Acetyl-CoA synthetase activity was sup- 
pressed 26-477~ by these agents. Saccharin suppressed citrate lyase ac- 
tivity 35%, and the butanone derivatives suppressed citrate lyase activity 
53%. HMG-CoA reductase activity was inhibited 29% by saccharin, but 
was essentially unaffected by the other two compounds. Cholesterol 

side-chain oxidation was inhibited 28% by the butanone derivative and 
30% by the propionic analogue, but was unaffected by saccharin. Sac- 
charin was more active and caused a 91% reduction of acetyl-CoA car- 
boxylase activity; butanone caused 38% reduction, whereas 3-N-(o- 
benzsu1fimido)propionic acid caused only 57% reduction. Fatty acid 
synthetase activity was not affected by any of the saccharin agents. 
Phosphatidate phosphohydralase activity was reduced 39-51%, and acyl 
transferase activity was reduced 75-9270 by these test agents. 

The saccharin agents suppressed basal respiration (state 4) rates. When 
succinate was used as substrate, saccharin derivatives reduced basal 
respiration 22-36%. When a-ketoglutarate was used as substrate, a re- 
duction of 18-31% in basal respiration occurred. For the adenosine di- 
phosphate-stimulated respiration (state 3) rate using succinate as sub- 
strate, a reduction of 3637% was observed; with a-ketoglutarate sub- 
strate, a reduction of 20-39% was noted. 

IDm values obtained for in oitro enzymatic studies on rat liver ho- 
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Table V-Zn Vivo Effects of Saccharin Analogues on CFI Male Mouse Liver Enzyme Activities After 16 Days of Administration 8 

Dose, Acetyl-CoA HMG-CoA Acetyl-CoA ' Fatty Acid Phosphatidate Liver 
Compound mg/kg/day Synthetase Reductase Carboxylase Synthetase Phosphohydralase Lipids 

Control (1% carboxymethylcellulose) - 100 f 7d 100 f 6' 100 f 51 100 f 6: 100 f 8h 100 f 9' 
Saccharin 10 7 3 f 6 b  8 0 3 ~ 7 ~  4 1 f 3 b  7 3 f 7  30 f 4 h  57 f 5b 

20 7 5 f 6 b  7 6 f 6 b  4 4 f 4 b  8 5 f 7 '  45 f 3b 48 f 4b 
40 7 1 f 7 b  7 7 ~ t 6 ~  5 6 f 7 b  8 5 f 5 '  82 f 5c 54 f 56 
60 7 7 f 5 b  8 5 f 6 C  6 8 f 6 b  8 8 4 ~ 5 ~  102 f 7 61 f 6 b  

3-N-(o-Benzosulfimido)propionic Acid 10 8Of 5b 8 2 f 8 c  5 5 f 4 b  7 9 f 6 b  63 f 5b 84 f 6c 
20 7 1 f 4 b  7 5 f 3 b  4 5 f 3 b  8 3 ~ k 5 ~  73 f 4b 58 f 6b 
40 6 6 f 5 b  7 9 f 5 b  5 2 f 5 b  8 3 f 6 C  83 f 6c 60 f 7b 
60 6 4 ~ k 7 ~  7 2 f 4 b  7 2 f 4 b  7 8 ~ k 6 ~  93 f 5 58 f 6b 

0 Expressed as percentage of control (mean f SD); n = 6. p 5 0.001. p 5 0.005. 28.5 f 3.14 mg of acetyl-CoA formed/g wet tissue/30 min. p 384,900 f 26.943 dpm 
16.70 f 1.16 pg Pi/g wet tissue/lS min. 1 79.5 cholesterol formed/g wet tissue/60 min. f 32,010 f 1921 dpm/g wet tissue/30 min. 8 37,656 f 2635 dpm/g wet tissue/30 min. 

f 5.56 mg/g wet tissue. 

Table VI-Effects of Saccharin Analogues on Liver and Small Intestinal Lipid Content After 16 Days of Dosingn 

Compound 

~~ ~ 

Neutral Phospho- 
Dose, mg/kg/day Lipid, mg Cholesterol Lipids Triglyceride lipids 

Control (1% carboxymethylcellulose) - 
Saccharin 10 

20 
40 
60 

20 
40 
60 

3-N-(o-Benzosulfimido)propionic Acid 10 

Control (1% carboxymethylcellulose) - 
Saccharin 10 

20 
40 

Liver, % of control 
100 f 6 100 f 7d 100 f 4e 100 f 5f 100 f 88 
47 f 46 34 f 56 19 f 36 54 f 46 116 f 7c 
48 f 6 55 f 56 20 f 26 28 f 3b 105 f 6c 
54 f 3b 63 f 4b 13 f 3b 54 f 36 120 f 6' 
61 f 4b 60 f 7b 32 f 46 64 f 4b 129 f gb 
84 f 5c 51 f 5b 63 f 3b 75 f 4b 129 f gb 
58 f 5b 54 f 5b 41 f 5b 74 f 76 126 f 5b 
60 f 4b 58 f 4b 81 f 3b 49 f 36 99 f 6 
58 f 5b 52 f 6b 105 f 6 83 f 8b 96 f 7 

Small Intestine, % of control 
100 f 5 100 f 7h 100 f 5; 100 f 6J 100 f 8k 
85 f 4b 104 f 8 18 f 7 74 f 46 97 f 7 
53 f 36 157 f gb 130 f 7b 29 f 3b 111 f 8 
75 f 56 175 f gb 70 f 8b 59 f 56 114 f 6c 

a Mean f SD; n = 6. b 12.24 f 0.86 m cholesteroVg tissue. 28.35 f 1.13 mg neutral lipid/g tissue. f 4.77 f 0.24 m triglyceride/g tissue. f 4.39 
f 0.35 mg phospholipid &'?g tissue:$ 7.81 f 0.54 mg cholest&g tissue. i 7.18 f 0.36 rng neutral lipid/g tissue. 1 1.06 f 0.06 mg triglycericfelg tissue. 2.02 f 0.16 mg 
phospholipid (P)/g tissue. 

Table VII-Effects of Saccharin on the Fecal Excretion of Lipids After Administration fo r  16 Days8 

< 0 001. < 0.005. 

Compound Lipid, mg/g Cholesterol Neutral Lipids Triglyceride Phospholipids 

Control (1% carboxymethylcellulose) 
Saccharin 

10 mg/kg/day 
20 mg/kg/day 
40 mg/kg/day 

Control (1% carboxymethylcellulose) 
Saccharin 

10 mg/kg/day 
20 mg/kg/day 
40 mg/kg/day 

Control (1% carboxymethylcellulose) 
Sacrharin 

10 mg/kg/day 
20 mg/kg/day 
40 mdktddav 

1 0 0 f 6  

1 0 0 f 7  
174 f g6 
91 f 5 

100 f 6 

118 f 9" 
131 f 7b 
110 f 6 

1 0 0 f 7  

124 f 86 
141 f 8b 
126 f 6b 

100 f 7d 

115 f 6c 
166 f 8b 
74 f 56 

100 f 7h 

108 f 8 
115 f 7b 
100 f 6 

100 f 8' 

102 f 7 
105 f 6 
1 0 0 f 7  

0 to 6-hr Fecal Sample, % of control 
100 f 7e 100 f 6f 100 f 5g 

107 f 6 1 0 0 f 5  113 f 6 
140 f 86 159 f 56 146 f 8b 

114 f 7 133 f 7b 114 f 6c 
6 to 12-hr Sample, % of control 

100 f 8' 100 f 61 100 f 6k 

91 f 7  90 f 5 108 f 5 
105 f 7 150 f 7b 143 f 8; 
104 f 8 108 f 7 133 f 7 

12 to  24-hr Sample, % of control 
100 f 6m 100 f 7" 100 f 6O 

143 f 7b 225 f 12b 120 f 76 
143 f Eib 277 f l o b  120 f 5b 
150 f 8b 255 f gb 111 f 6c 

mogenate were calculated from a semilogarithmic plot. In the acetyl-CoA 
synthetase assay, saccharin afforded an IDSO N 6.61 mM. For the ace- 
tyl-CoA carboxylase assay, an IDSO % 1.26 mM was obtained for sac- 
charin, and an IDw = 1.36 mM was obtained for the propionic acid de- 
rivative. For the phosphatidate phosphohydralase assay, saccharin af- 
forded an ID% N 3.56 mM and the propionic acid derivative an ID% N 

1.68 mM. For the acyl transferase assay, saccharin gave an ID% value of 
3.26 mM and the propionic analogue gave a value of 1.93 mM. 

In uiuo studies on the enzymatic activities of liver from mice treated 
with test agents for 16 days showed that saccharin at doses from 10 to 60 
mg/kg suppressed acetyl-CoA synthetase activity -25% (Table V). In 
uiuo HMG-CoA reductase activity was suppressed 23-2470 a t  20 and 40 
mg/kg/day. Acetyl-CoA carboxylase activity was suppressed maximally 

at the lower doses; i.e., 10 and 20 mg/kg/day afforded a 5G5G% reduction. 
Fatty acid synthetase activity was not affected by in uiuo administration 
of the drugs. Phosphatidate phosphohydralase activity was reduced 70% 
by saccharin a t  10 mg/kg/day and 55% a t  20 mg/kg/day. Liver lipids were 
reduced 53-39% by in uiuo administration of 10-60 mg/kg/day of sac- 
charin. 3-N-(o-Benzosulfimido)propionic acid in  uiuo administration 
resulted in a dose-related reduction of acetyl-CoA synthetase activity, 
with 60 mg/kg/day causing the maximum inhibition, i.e., 36%. HMG-Co- 
A reductase activity was reduced 25 and 28% a t  20 and 60 mg/kg/day, 
respectively. The propionic acid derivative caused marked reduction of 
acetyl-CoA carboxylase activity, with 20 mg/kg/day resulting in the 
maximum inhibition of 55%. Fatty acid synthetase activity was not af- 
fected by the propionic acid analogue. Phosphatidate phosphohydralase 
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Table VIII-[SH]Cholesterol Content 24 h r  After Intraperitoneal Injection of 10 pCi in CFI Mice Administered Saccharin for  16 Days 
at 20 mdka/dav  with Imides 

Organ 
Control Saccharin 

Total dpm" Tritium Recovered, % Total dpma Tritium Recovered, % 

Brain 8305 f 306 
Lung 
Heart 
Liver 

~~~~ ~ ~~~ 

33949 f 1982 
23774 f 2112 

436066 f 4508 
Spleen 54303 f 3291 
Kidney 82954 f 1789 
Stomach 266464 f 5621 
Small intestine 607318 f 9241 
Large intestine 791297 f 7432 

Subtotal 
Feces 

0-6 hr 374855 f 14399 
6 1 2  hr 2126220 f 27861 
12-24 hr 1901108 f 36986 
Total excreted in feces in 24 hr 

Plasma/ml 256730 f 5366 

O M e a n f S D ; n = 6 .  

Table IX-Effects of Saccharin on [3H]Cholesterol Distribution 
in Holtzman Rats After 14 Days of Dosings 

Control Saccharin 
Total Organ Recovery, Total Organ Recovery, 

Organ dpm % dpm % 

Brain 
Heart 
Lung 
Liver 
Spleen 
Kidney 
Stomach 
Small 

Large 

Chyme 
Feces 

intestine 

intestine 

42412 f 1171 1.21 43591 f 986 1.26 
37638 f 3215 1.07 20412 f 1836 0.59 

100584 f 7431 2.87 70230 f 3233 2.02 
901785 f 7886 25.77 451828 f 3954 13.06 
67760 * 1431 1.93 69885 + 1879 2.02 ~ .. . . - -. - - - . 
69192 I 9 8 6 -  1.97 59505 f 1203 1.72 

127446 f 8321 3.64 70230 f 6121 2.03 
851406 f 70012 24.33 919916 f 53202 26.59 

246924 f 12104 7.05 468088 f 29998 13.53 

163977 f 8421 4.68 444908 f 12562 12.86 
889892 f 43265 25.43 841037 f 12008 24.31 

Total 3499016 3 4 5 9 6 3 0 

0 At 20 mgkglday. b Mean f SD; n = 6. 

activity was reduced 37 and 27% at 10 and 20 mg/kg/day, respectively. 
Liver lipids were reduced by the propionic acid derivative, with doses 

>20 mg/kg/day causing at least 50% reduction. The liver cholesterol and 
neutral lipids, including triglyceride levels, were reduced by saccharin 
and the propionic acid derivative (Table VI). Saccharin at  10 mg/kg re- 
duced liver cholesterol levels 66% and at 20 mg/kg caused 45% reduction. 
Liver neutral lipid levels at 20-40 mg/kg were reduced > W o  by saccharin. 
Liver triglyceride levels were reduced maximally at 20 mg/kg of saccharin, 
resulting in 72% reduction. Liver phospholipid levels were elevated sig- 
nificantly by saccharin at  40 and 60 mg/kg/day. The propionic acid an- 
alogue at all doses employed caused >40% reduction of liver cholesterol 
content. Liver neutral lipids were reduced 50% at 20 mg/kg/day by the 

Table X-Effect of Saccharin on Bile Secretion and Cholesterol 
Absorption in Rats After Administration of Saccharin for  15 
Days 

Bile Secretion Over 6 Hr 
Cholesterol 

Bile flow, Total cpm Content, 
ml/hr for 6 hr mg% 

Control (1% carboxy- 0.560 f 0.042 1016 f 81 111 f 8 

Saccharin 0.675 f 0.036 1858 f 129c 194 f loc 
methylcellulose) 

(20 mg/kg/day) 

(3HJCholesterol Absorption 
24 Hr After Administration 

Plasma dpmb Percent of Control 
Control (1% carboxy- 14280 f 385 1 0 0 f 5  

Saccharin (20 mg/kg/day) 9568 f 463c 67 f 5c 

0.001. 

methylcellulose) 

0 Mean f SD; n = 6. Plasma volume assumed to be 17 ml for rats. p 5 

0.124 
0.506 
0.354 
6.502 
0.810 
1.237 
3.973 
9.056 
11.799 
34.361 

5.589 
31.703 
28.333 
65.625 

8048 & 417 ..~. ~ 

30113 f 1147 
7645 f 902 

365175 f 3721 
57818 f 2886 
61030 * 948 ~ ~ ~ . .  ~ . ~ .  

161898 f 3277 
63445 f 1112 

319288 f 6456 

1738384 f 18451 
1542185 f 22231 
1524749 f 28564 

0.120 
0.449 
0.114 
5.445 
0.863 
0.910 
2.414 
9.460 
8.614 

28.389 

25.920 
22.995 
22.735 
71.650 

197092 f 5382 

propionic acid derivative, whereas liver triglyceride levels were reduced 
51% at 40 mg/kg/day. Liver phospholipid levels were elevated at the lower 
doses (i.e.,  10 and 20 mg/kg/day) by the propionic acid analogue. Ex- 
tracted lipids from the small intestine of mice treated for 16 days with 
saccharin at 20 mg/kg/day showed a reduction of triglyceride, but an el- 
evation of cholesterol and neutral lipids. The phospholipid content was 
essentially not altered in the small intestine tissue. 

Examination of the lipid content of the fecal material (Table VII) ex- 
creted after administration of saccharin at 20 mg/kg/day indicated that 
the amount of lipid per gram of fecal material as well as cholesterol, tri- 
glyceride, and phospholipid contents were elevated in 0 to 6-, 6 to 12-, 
and 12 to 24-hr fecal collections. The fecal triglyceride content was 
markedly increased in the 12 to 24-hr sample. The distribution study in 
mice with [3H]cholesterol (Table VIII) indicated that the cholesterol in 
bile was elevated 5.5 to 25.92% of the total recovered cholesterol content 
in the 0 to 6-hr fecal sample. The excretion of cholesterol in the feces 
tended to equilibrate over the 24-hr period so that the control mice ex- 
creted 65.5% of the cholesterol or bile acids in 24 hr, whereas the sac- 
charin-treated mice excreted 71.6% of the labeled cholesterol or bile acids. 
From Table VIII, i t  can also be seen that after administration of sac- 
charin, there was less accumulation of radiolabeled cholesterol in the 
major organs (brain, lung, heart, liver, kidney, stomach, and large in- 
testine) compared with the control. Increases in labeled cholesterol were 
observed in the spleen and small intestines. The distribution of choles- 
terol in rats after 14 days of saccharin administration, again showed that 
there was no accumulation of cholesterol in the major organs (Table 1x1. 
Higher concentrations of cholesterol were found in the intestine and 
chyme after oral administration of the labeled cholesterol compared with 
control values. 

The cannulation studies (Table X) demonstrate that after saccharin 
administration, there is an increase in bile flow from 0.560 to 0.675 m l h  
with an increase in cholesterol content, i .e.,  82% in dpm and 75% increase 
in mg%. After administering saccharin for 14 days to rats, it can be ob- 
served that there was a 33% reduction of cholesterol absorption from the 
gut over a 24-hr period. 

The lipoprotein fractions of rat blood (Table XI) collected after a 2- 
week administration of saccharin demonstrated that cholesterol, neutral 
lipid, and triglyceride contents were reduced in the chylomicrons and very 
low-density, low-density, and high-density lipoprotein fractions. The 
phospholipid content of the individual fractions was not reduced sig- 
nificantly in all fractions; in fact, the high-density lipoprotein fraction 
showed a 148% increase in phospholipid content. The protein content 
of all fractions was reduced; particularly significant were the chylomicron, 
very low-density, and high-density lipoprotein fractions. 

Data are expressed in the Tables I-XI as percent of control f the 
standard deviation. The probable significant level ( p )  between each test 
group and the control group was determined by the Student's t test. 

DISCUSSION 

Saccharin, l-N-(o-benzosulfimido)butan-3-one, and 3-N-(o-benzo- 
su1fimido)propionic acid were demonstrated to be very potent antihy- 
perlipidemic agents in rodents a t  20 mg/kg/day. The dosage required to 
induce reductions of plasma lipids was low compared with clofibrate 
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Table XI-Effect of Saccharin on Lipoprotein Fractions of Blood from Holtzman Rats After 14 Days of Dosing 

Neutral Phospho- 
Compound Cholesterol Lipids Triglyceride lipids Protein 

Control (1% carboxymethylcellulose) 
Saccharin (20 mglkglday) 

Control (1% carboxymethylcellulose) 
Saccharin (20 mg/kg/day) 

Control (1% carboxymethylcellulose) 
Saccharin (20 mglkglday) 

Control (1% carboxymethylcellulose) 
Saccharin (20 mglkdday) 

Chylomicrons 
100 f 96 100 f 8c 100 f 6d 100 f 10e 100 f 7f 
30 f 4" 36 f 5" 51 f 6" 112 f 9 61 f 6" 

Very Low-Density Lipoproteins 
100 f 88 100 f 9 h  100 f 7' 100 f 8J 100 f 8k 
61 f 7" 21 f 4" 49 f 5" 86 f 9 64 f 5" 

100 f 9' 100 f 7"' 100 i 8" 100 f 7" 100 f 8P 
38 f 4" 59 f 6" 65 f 6" 83 f 8" 84f9W 

100 f 8'4 100 f 9' 100 f 4" 100 f 6t  100 f 8' 
58 f 6" 66 f 7" 79 f 8" 248 f 12" 29 f 4" 

Low-Density Lipoproteins 

High-Density Lipoproteins 

Ex ressed 88 percent of control (mean f S D ) ;  rn = 6. 337 f 30 pglml. 67 f 5.6 pg/ml. 420 f 25 pglml. 145 f 15 pglml. f 3.0 f 0.2 pglml. 8 190 f 15 pglml. 98 
10 f 0.7 pglml. " 45.1 f 3.6pglml. (I 41 f 3 pglml. P 0.681 f 0.54 pg/ml. q 544 f 44 pg/ml. f 9 p g k l .  221 f 15 pg/ml. 1 26 f 2 pg/ml. 50 f 4 pglml. ' 210 f 19pghl .  

620 f 56 pglml. 27 f 1 pglml. 153 f 9 pglml. 5.68 f 0.45 pg/ml. " p 5 0.001. p 5 0.005. 

(1W200 mghg), which induces only marginal changes (15-20%) in serum 
and liver cholesterol and total lipid levels (26). The dose required for 
antihyperlipidemic activity of the saccharin analogues was in a safe 
therapeutic range compared with the observed LDm values. The sac- 
charin analogues were observed to be equally effective in rats and mice 
by either the oral or intraperitoneal administration routes. The agents 
were markedly effective in atherogenic mice in lowering the blood lipids, 
which approached normal levels after 2 weeks of drug administration. 

The saccharin analogue did not bring about this reduction of lipids due 
to suppression of appetite in rats. Rather, saccharin analogues suppressed 
key enzymes in the early synthesis of cholesterol and fatty acids and in 
the synthesis of triglycerides. The enzymes include acetyl-CoA synthe- 
tase, citrate lyase, and mitochondrial citrate exchange. All of the enzymes 
play a role in synthesizing cytoplasmic acetyl-CoA, an intermediate 
precursor in cholesterol and fatty acid syntheses. The inhibition of these 
enzymes appeared to be related more with the suppression of serum 
cholesterol levels. The inhibition of mitochondrial citrate exchange by 
the saccharin analogues is a key regulatory site for the conversion of excess 
carbohydrates in the diet to lipids for storage. The inhibition of the 
acetyl-CoA carboxylase enzyme by saccharin analogues reduces the 
available fatty acids for triglyceride and cholesterol ester syntheses. The 
suppression of the acyl transferase and phosphatidate phosphohydralase 
enzymes correlates with the reduction of serum triglyceride levels, since 
the former enzyme is responsible for the addition of fatty acid to glyc- 
erol-3-phosphate for de nouo triglyceride synthesis and the latter enzyme 
allows the synthesis of triglycerides from phospholipids. The same en- 
zymes were inhibited in both rat and mice livers. Furthermore, the same 
enzymes were inhibited in uiuo after 16 days of dosing with the saccharin 
analogues in mice. The IDw estimates obtained from the rat liver enzyme 
assay are realistic values considering the dose required in the in uiuo 
hydrolipidemic screen. 

Clofihrate has been shown to accelerate basal respiration (state 4) and 
to inhibit adenosine diphosphate-stimulated respiration, thus uncoupling 
oxidative phosphorylation and reducing available energy for synthetic 
process in the cell (17). This may be due to the detergent-type effect of 
clofibrate. The saccharin analogues did not uncouple oxidative phos- 
phorylation. They did reduce both states 3 and 4 respiration, interfering 
with the availability of adenosine triphosphate for enzymatic reaction, 
which requires energy. 

It is interesting to note that the lipids being removed from the plasma 
compartment are not deposited in the major organs. Clearly the choles- 
terol, neutral lipids, and triglyceride levels are being reduced in the liver; 
however, the phospholipid content is elevated, probably indicative of 
inhibition of phosphatidate phosphohydralase activity by the saccharin 
analogues. In the treated animal, there was no indication of major changes 
in the body weight or major organ weights after administering the agents 
for 16 days. Rather, the cholesterol or bile acids were excreted in the bile 
at a fast rate and were cleared in the feces a t  an early time segment. 
Saccharin did decrease cholesterol absorption from the gut, which may 
explain the reduction of cholesterol in the tissues and the increase in the 
small intestine and feces. 

Human chylomicrons and very low-density lipoproteins contain a high 
concentration of triglycerides. The low- and high-density lipoprotein 
fractions contain high concentrations of cholesterol ester and phospho- 
lipids. The saccharin analogues in the future may be helpful in Type I 

hyperlipidemic disease which is a state of hyperchylomicronemia. Types 
IIa, IIb, IV, and V hyperlipidemic states have increased levels of either 
low-density or very low-density lipoproteins, or both. Saccharin analogues 
were shown to suppress both of these lipoprotein fractions. 

It would appear that saccharin analogues are more potent antihyper- 
lipidemic agents in rodents than many of the current agents on the market 
today. A relatively low dose of the analogues was required to observe the 
lipid-lowering effect. It has been reported previously (1) that no delete- 
rious side effects were observed in the rodent after short-term adminis- 
tration of these agents. 

REFERENCES 

(1) I. H Hall, J. M. Chapman, and G. H. Cocolas, J. Pharm. Sci., 70, 
326 (1981). 

(2) J. M. Chapman, G. H. Cocolas, and I. H. Hall, J. Med. Chem., 28, 
243 (1983). 

(3) J. W. H. Watthey, J. Berndt, B. J. Henrici, S. Lausten, and M. 
Miller, "Abstracts," American Chemical Society Meeting 173rd. MEDI 
12 (1977). 

(4) A. T. Nessu, J. V. Pastewka, and A. C. Peacock, Clin. Chim. Acta, 
10,229 (1964). 

(5) J. T. Litchfield, Jr. and F. Wilcoxon, J. Pharmacol. Exp. Ther., 
96.99 (1949). 

(6) A. G. Goodridge, J. Biol. Chem., 248,4218 (1973). 
(7) M. Hoffman, L. Weiss, and 0. H. Wieland, Anal. Biochem., 84, 

(8) B. H. Robinson, G. R. Williams, M. L. Halperin, and C. C. Leznoff, 

(9) B. H. Robinson and G. R. Williams, Biochim. Biophys. Acta, 216, 

(10) D. Kritchevsky and S. A. Tepper, Atherosclerosis, 18, 93 

(11) G. T. Haven, J. R. Krzemien, and T. T. Nguyen, Res. Commun. 

(12) F. Wada, K. Hirata, and Y. Sakameto, J. Biochem. (Tokyo), 65, 

(13) M. D. Greenspan and J. M. Lowenstein, J. Biol. Chem., 243,6273 

(14) R. 0. Brady, R. M. Bradley, and E. G. Trams, J. Biol. Chem., 235, 

(15) R. G. Lamb, S. D. Wvrick, and C. Piantadosi. Atherosclerosis. 

441 (1978). 

Eur. J. Biochem., 15,263 (1970). 

63 (1970). 

(1973). 

Chem. Pathol. Pharmacol., 6,253 (1973). 

71 (1969). 

(1968). 

3093 (1960). 

27,147 (1977). 

467 (1978). 
(16) R. D. Mavis, J. N. Finkelstein, and B. P. Hall, J.  Lipid. Res., 19, 

(17) I. Hall and G. L. Carlson, J. Med. Chem., 19,1257 (1976). 
(18) J. Folch, M. Lees, and G. H. C. Stanley, J. Biol. Chem., 226,497 

(19) E. G. Bligh and W. J. Dyer, Can. J. Biochem. Physiol., 37,911 

(20) J. H. Bragdon, J. Biol. Chem., 190,513 (1951). 
(21) C. P. Stewart and E. B. Henday, Biochem. J., 29,1683 (1935). 
(22) A. Adam, J. van Cantfort, and J. Gielen, Lipids, 11,610 (1976). 
(23) F. T. Hatch and R. S. Lees, Adu. Lipid Res., 6,33 (1968). 

(1957). 

(1959). 

Journal of Pharmaceutical Sciences I 1197 
Vol. 72, No. 10, October 1983 



(24) R. J. Havel, H. A. Eder, and J. H. Bragdon, J .  Clin. Znoest., 34, 

(25) 0. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall, J .  

(26) J. M. Thorp and W. S. Waring, Nature (London), 194, 948 

ACKNOWLEDGMENTS 
1395 (1955). 

Biol. Chem., 193,265 (1951). 

(1962). 

Supported by Grant HL25680 from the National Heart, Lung, and 

The authors wish to thank Melba Gibson, Jerry McKee, and Mary 
Blood Institute, National Institutes of Health. 

Dorsey for their technical assistance. 

Photostability of Solid-state Ubidecarenone at 
Ordinary and Elevated Temperatures under 
Exaggerated UV Irradiation 

YOSHIHISA MATSUDA and REIKO MASAHARA 
Received June 15,1982, from the Kobe Women's College of Pharmacy, Higashinada, Kobe 658, Japan. 
1, 1982. 

Accepted for publication September 

Abstract  The photostability of ubidecarenone was investigated. Two 
irradiation apparatus, a grating monochromator and a high-pressure 
mercury vapor lamp, were employed a t  ordinary and elevated tempera- 
tures. Both physicochemical and chemical stabilities were significantly 
affected by irradiation wavelength, with UV light causing the greatest 
changes. The degree of degradation was a function of the light absorption 
properties of the substrate and markedly increased when the absorption 
became >30%. The photolytic degradation followed apparent filst-order 
kinetics a t  all wavelengths and was promoted with temperature elevation. 
The Arrhenius plot gave an activation energy in the solid state different 
from that in the liquid state. These activation energies linearly decreased 
with increasing intensity of UV light. 

Keyphrases 0 Ubidecarenone-photostability, ordinary and elevated 
temperatures, exaggerated UV irradiation, activation energies 0 Pho- 
tostability-solid-state ubidecarenone, ordinary and elevated temper- 
atures, exaggerated UV irradiation, activation energies 0 Degrada- 
tion-ubidecarenone photostability, ordinary and elevated temperatures, 
exaggerated UV irradiation 

Preformulation study is of prime importance in the ra- 
tional development of dosage forms for drug substances 
labile against various environmental factors. In designing 
a solid dosage form, it is necessary to know the inherent 
stability of the drug substance. There have been many 
reports concerning the behavior of organic compounds 
when subjected to heat or moisture. Photochemical 
mechanisms of solid-state reactions also have been re- 
viewed (l), but not from the viewpoint of stabilization. 
Because of the complexity of photochemical reactions, 
there has been very little reported on the photostability 
of solid dosage forms (2-9). 

Ubidecarenone [2,3-dimethoxy-5-methyl-6-decapren- 
ylbenzoquinone (I)], a lipid-soluble benzoquinone deriv- 
ative with a melting point of -48' (lo), is widely used in 
Japan for the treatment of angina. It is a yellow or orange 
crystalline powder; on exposure to light, I gradually de- 
composes and the color changes to  dark yellow (10). The 
dosage forms commercially available are tablets, granules, 
and hard or soft gelatin capsules; these are photo-protected 
with a package system using light-resistant films. 

The objective of the present investigation was to obtain 
useful informations on the behavior of I in the presence of 
light and heat under ordinary and accelerated storage 
conditions as the first step toward photostabilization. 

I 

Emphasis was placed on the photostability of the drug it- 
self. 

EXPERIMENTAL 

Samples-Ubidecarenone, 170 mg, was accurately weighed and 
compressed into a flat-faced tablet 15 mm in diameter, using a com- 
pression-tension testing machine'. To keep the surface condition con- 
stant, a fixed compression force of 200 kg was used. Tablets were used 
for the quantification of appearance change by light irradiation. For the 
kinetic study 50 mg of ubidecarenone was dissolved in 50 ml of n-hex- 
ane-ether (1:l). Sixty microliters was placed on a quartz-glass plate (26 
X 38 mm) and evaporated a t  room temperature. The oily sample was then 
cooled to 0-4" for 24 hr and allowed to crystallize. A 60-pg sample (<70 
p n  in diameter) was dispersed over the plate to illuminate all molecules 
as uniformly as possible. Samples were stored over silica gel in a desiccator 
in the dark until the irradiation test. 

UV Irradiation-Two irradiation apparatus were employed. To in- 
vestigate the effect of irradiation wavelength on the appearance change 
or photolytic degradation, a grating monochromator* with a 5-kW xenon 
lamp adjusted for 290-500 nm, a 5- to 21-nm intervals, was used (8). A 
band width of 5 nm was employed at  all wavelengths. The amount of 
energy irradiated to each sample was calculated from the counts of the 
integrating photometer attached to the monochromator. Tablets or 
crystalline samples were attached to the front of the sample holder of the 
monochromator and exposed to UV rays. Elevation of temperature in 
the monochromator was prevented by a cooling water jacket surrounding 
the light source; the surface of samples was maintained at  25". 

In the accelerated irradiation test a t  ordinary and elevated tempera- 
ture, the samples were placed in a thermostated jacket (Fig. 1). Water 
at  the prescribed temperature was allowed to circulate through the jacket, 
and the temperature in the sample chamber was monitored with a ther- 
mocouple sensor. The jacket was placed in a fading tester3 equipped with 
a 400-W mercury vapor lamp for color fading, as reported previously (ll), 
and exposed to UV rays. The distance between the light source and the 
sample was 30 cm. The temperature in the fading tester was maintained 
below 27" by a constant-operating fan. To control the UV intensity ir- 
radiated to the sample, several optical filters4 having various light 
transmission properties were attached to the front of the sample chamber. 

' Autograph model IS-5000; Shimadzu Co., Kyoto, Japan. 
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Abstract  The photostability of ubidecarenone was investigated. Two 
irradiation apparatus, a grating monochromator and a high-pressure 
mercury vapor lamp, were employed a t  ordinary and elevated tempera- 
tures. Both physicochemical and chemical stabilities were significantly 
affected by irradiation wavelength, with UV light causing the greatest 
changes. The degree of degradation was a function of the light absorption 
properties of the substrate and markedly increased when the absorption 
became >30%. The photolytic degradation followed apparent filst-order 
kinetics a t  all wavelengths and was promoted with temperature elevation. 
The Arrhenius plot gave an activation energy in the solid state different 
from that in the liquid state. These activation energies linearly decreased 
with increasing intensity of UV light. 

Keyphrases 0 Ubidecarenone-photostability, ordinary and elevated 
temperatures, exaggerated UV irradiation, activation energies 0 Pho- 
tostability-solid-state ubidecarenone, ordinary and elevated temper- 
atures, exaggerated UV irradiation, activation energies 0 Degrada- 
tion-ubidecarenone photostability, ordinary and elevated temperatures, 
exaggerated UV irradiation 

Preformulation study is of prime importance in the ra- 
tional development of dosage forms for drug substances 
labile against various environmental factors. In designing 
a solid dosage form, it is necessary to know the inherent 
stability of the drug substance. There have been many 
reports concerning the behavior of organic compounds 
when subjected to heat or moisture. Photochemical 
mechanisms of solid-state reactions also have been re- 
viewed (l), but not from the viewpoint of stabilization. 
Because of the complexity of photochemical reactions, 
there has been very little reported on the photostability 
of solid dosage forms (2-9). 

Ubidecarenone [2,3-dimethoxy-5-methyl-6-decapren- 
ylbenzoquinone (I)], a lipid-soluble benzoquinone deriv- 
ative with a melting point of -48' (lo), is widely used in 
Japan for the treatment of angina. It is a yellow or orange 
crystalline powder; on exposure to light, I gradually de- 
composes and the color changes to  dark yellow (10). The 
dosage forms commercially available are tablets, granules, 
and hard or soft gelatin capsules; these are photo-protected 
with a package system using light-resistant films. 

The objective of the present investigation was to obtain 
useful informations on the behavior of I in the presence of 
light and heat under ordinary and accelerated storage 
conditions as the first step toward photostabilization. 

I 

Emphasis was placed on the photostability of the drug it- 
self. 

EXPERIMENTAL 

Samples-Ubidecarenone, 170 mg, was accurately weighed and 
compressed into a flat-faced tablet 15 mm in diameter, using a com- 
pression-tension testing machine'. To keep the surface condition con- 
stant, a fixed compression force of 200 kg was used. Tablets were used 
for the quantification of appearance change by light irradiation. For the 
kinetic study 50 mg of ubidecarenone was dissolved in 50 ml of n-hex- 
ane-ether (1:l). Sixty microliters was placed on a quartz-glass plate (26 
X 38 mm) and evaporated a t  room temperature. The oily sample was then 
cooled to 0-4" for 24 hr and allowed to crystallize. A 60-pg sample (<70 
p n  in diameter) was dispersed over the plate to illuminate all molecules 
as uniformly as possible. Samples were stored over silica gel in a desiccator 
in the dark until the irradiation test. 

UV Irradiation-Two irradiation apparatus were employed. To in- 
vestigate the effect of irradiation wavelength on the appearance change 
or photolytic degradation, a grating monochromator* with a 5-kW xenon 
lamp adjusted for 290-500 nm, a 5- to 21-nm intervals, was used (8). A 
band width of 5 nm was employed at  all wavelengths. The amount of 
energy irradiated to each sample was calculated from the counts of the 
integrating photometer attached to the monochromator. Tablets or 
crystalline samples were attached to the front of the sample holder of the 
monochromator and exposed to UV rays. Elevation of temperature in 
the monochromator was prevented by a cooling water jacket surrounding 
the light source; the surface of samples was maintained at  25". 

In the accelerated irradiation test a t  ordinary and elevated tempera- 
ture, the samples were placed in a thermostated jacket (Fig. 1). Water 
at  the prescribed temperature was allowed to circulate through the jacket, 
and the temperature in the sample chamber was monitored with a ther- 
mocouple sensor. The jacket was placed in a fading tester3 equipped with 
a 400-W mercury vapor lamp for color fading, as reported previously (ll), 
and exposed to UV rays. The distance between the light source and the 
sample was 30 cm. The temperature in the fading tester was maintained 
below 27" by a constant-operating fan. To control the UV intensity ir- 
radiated to the sample, several optical filters4 having various light 
transmission properties were attached to the front of the sample chamber. 

' Autograph model IS-5000; Shimadzu Co., Kyoto, Japan. 
Model CRM-50; dapan S,pectroscopic Co., Tokyo, .Japan. 
Model M H - I ;  Mitsuhishl I.:lectric Co., Tokyo, Japan. 
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Table I-Irradiation Energies after 1 hr of Irradiation Through 
Various Glass Optical Filters 

Filter 
Irradiation Energy 

(300-400 nm), erg/cm2 

None 
UV-25 
UV-D25 
uv-35 
VY-43 

1.21 x 10s 
1.02 x 10s 

2 ns x 105 

9.97 x 107 
7.60 x 107 

The irradiation energies (300400 nm) through these filters at the surface 
of a sample were measured with a UV intensity mete# (Table I). Samples 
were withdrawn from the monochromator or fading tester at designated 
time intervals for tristimulus colorimetry or high-performance liquid 
chromatographic (HPLC) analysis. 

Colorimetric Measurements-To follow a quantitative change in 
surface color of the sample, a color and color difference mete$ equipped 
with a halogen lamp as the light source was employed, and the surface 
color of the tablets in the L,a ,b coordinate system was measured as re- 
ported previously (11). The Hunter's color difference AE (12) before and 
after irradiation was calculated to evaluate color darkening. After the 
measurement, samples were returned to the monochromator and irra- 
diation was continued. 

Absorption Measurements-At every irradiation, UV absorption 
spectra [semi-integral attenuance spectra (13)] of the sample powders 
in the gas phase were measured by a multipurpose recording spectro- 
photometer7 with an end-on type  photomultiplier. Air was used as the 
absorption control in accordance with the method described previously 
(5 ) .  

HPLC Analysis-A liquid chromatographs equipped with a fixed- 
wavelength UV detector9 was used for HPLC analysis. Ubidecarenone 
was quantified at  254 nm. The prepacked column10 (30 cm X 3.9-mm i.d.) 
was operated at  ambient temperature a t  a flow rate of 1.4 ml/min. The 
mobile phase consisted of a solvent system of n-hexane-ether (85:15). 
The internal standard solution of benzophenone was prepared at  a con- 
centration of 100 pg/ml. All solvents and reagents were HPLC and ana- 
lytical grade, respectively, and were used as received. 

After irradiation, samples on the plate were washed several times with 
ether, 30 p1 of the internal standard solution was added, and the mixed 
solution was evaporated to dryness under vacuum. The residue was then 
dissolved in 300 pl of n-hexane-ether (1:l); 2 pl of this solution was in- 
jected onto the chromatograph with a 10-p1 syringe by the on-flow 
technique. A typical chromatogram of the sample obtained after 15-min 
irradiation is shown in Fig. 2. The amount of ubidecarenone was the mean 
of three determinations. 

RESULTS AND DISCUSSION 

Color Darkening of the Tablet Surface-The coloration reaction 
of solid pharmaceutical preparations by light may be localized on the 

Ih.rmococlpk -#or m -__--- 

l o p q  I _____-  
Figure 1-Diagram of thermostated jacket for the accelerated irra- 
diation test. 

1 

1 1 . 1 . L  

2 4 6 
MINUTES 

Figure 2-Typical chromatogram of photodegraded ubidecarenone. 
Key: (1 )  benzophenone (internal standard); (2) ubidecarenone. 

surface, differing from that of liquid preparations in which all drug 
molecules take part in the reaction. It is nevertheless possible to quali- 
tatively estimate the photostability of the drug by the extent of coloration 
or color fading. 

Figure 3 shows the action spectrum for color darkening of a tablet 
surface irradiated under an intensity of 3.49 X 108 erg/cm2. The color 
difference (AE) increased with decreasing irradiation wavelength and 
reached its maximum at -350 nm. The color darkening was observed also 
in the visible region over 400 nm and resulted in a significant color dif- 
ference even at  -450 nm. Above 480 nm, AE remained <2 NBS units, 
indicating that apparent color darkening did not occur in this wavelength 
region in view of the relationship between visual perception and color 
difference (14). Such behavior in coloration was strikingly different from 
the results obtained for sulfisomidine (8) and indomethacin (15), which 
were photostable against visible light. The photostability of ubidecare- 
none over a wide range of irradiation wavelength suggests that the se- 
lection of a desirable light source and the optimization of illumination 
conditions are necessary for studying the photoreaction of pharmaceu- 
ticals. 

The process of these color changes was examined under irradiation with 
a mercury vapor lamp, and the change in AE against time was followed 
up to the maximum irradiation energy of 2.62 X los erg/cm2 (after 
120-min irradiation). For the kinetic interpretation of this process, the 
increase in AE against time may be expressed as (9): 

-- dm - k ( h E ) "  
d t  (Eq. 1) 

where t and k are irradiation time and the color-darkening rate constant, 
respectively, and n is constant. Integrating Eq. 1 under the initial con- 
dition (AE = 0 at  t = 01, we obtain: 

1 log t + -log [ ( l  - n ) k ]  ( n  # 1) (Eq. 2) 
1 log AE = ~ 

1 - n  I - n  

Model UVR-365, Tokyo Optical Instruments Co., Tokyo, Japan. 

Model MPS-BOL, Shimadzu Co., Kyoto, Japan. 
Model LC-BA, Shimadzu Co., Kyoto, Japan. 
Model SPD-ZA, Shimadzu Co., Kyoto, Japan. 

' 0  pPorasil, Waters Associates, Milford, MA 01757. 

6 Model ND-101, Nippon Denshoku Co., Tokyo, Japan. 
I 
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WAVELENGTH, nm 

Figure 3-Effect of irradiation waoelength on the color change of the 
tablet surface. 
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Figure 4-Double-logarithmic plot for the color change process (cf. Eq. 
2). 

Equation 2 indicates that a linear relationship with a slope of 1/(1 - n) 
should hold between hE and t on the double-logarithmic scale. The 
double-logarithmic plot of the color darkening process gave two excellent 
straight lines with different slopes (Fig. 4); the color darkening rate in 
the latter period was much higher than that in the earlier period of irra- 
diation. 

Physicochemical Change of Crystals-The results shown in Fig. 
4 suggest that the mechanism of color darkening may undergo a change 
during the process of irradiation. The color darkening may be attributable 
to change in the surface condition of the tablet in addition to structural 
change of the drug molecules. Figure 5 shows photomicrographs of ubi- 
decarenone crystals irradiated for various times. No change in appearance 
of the wrinkled surface was observed up to 30 min of irradiation, but after 
50 min liquefaction of the surface layer of crystals began and gradually 
extended inward. After 90 min all crystals were liquefied to oily droplets. 
This may be due to the formation of a photoproduct with a lower melting 
point than the original substance. These physicochemical changes must 
affect the W absorption properties of solid-state samples. Figure 6 shows 
the absorption spectra obtained under the same irradiation condition 
as Fig. 5. The spectrum of the original state before irradiation gave an 
absorption maximum and minimum at  278 and 236 nm, respectively. As 

Figure 5-Liquefaction of ubidecarenone crystals irradiated using a 
mercury vapor lamp. 
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Figure 6-Effect of irradiation time on the absorption spectrum of 
solid-state ubidecarenone. Numbers on the graph refer to irradiation 
time in minutes. 

the irradiation time proceeded, the absorption c w e  showed a flattening 
tendency, increase in the minimum and decrease in the maximum. The 
isosbestic points were confirmed at  254 and 300 nm up to 30 min of ir- 
radiation. After 45 min, however, these points were not obtained, and the 
absorption maximum and minimum shifted to shorter and longer 
wavelengths, respectively. The disappearance of isosbestic points after 
45 min was closely related to the alteration in color-darkening rate (Fig. 
4) and the beginning of liquefaction (Fig. 5). The presence and absence 
of isosbestic points suggest occurrence of a photochemical reaction on 
the crystal surface. 

Photolytic Degradation at Various Irradiation Wavelengths- 
The photolytic degradation is also believed to be affected by irradiation 
wavelength. Figure 7 shows the semilogarithmic plot of percent remaining 
ubidecarenone against irradiation energy at  several representative 
wavelengths. Good linear relationships existed between both parameters 
at every wavelength, indicating that the photolytic degradation followed 
apparent first-order kinetics. The irradiation energy was directly pro- 
portional to time. Even under the same irradiation energy, the degree 

1.6 Y 
I I 1 I I 
0 0.5 1 .o 1.5 2.0 

IRRADIATION ENERGY X lo-", erg/cml 
Figure 7-Semilogarithmic plot for photolytic degradation profiles at 
various irradiation wavelengths. Key: (0) 480 nm; (0) 464 nm; (A) 426 
nm; (A) 400 nm; (0) 373 nm; (m) 347 nm; (0) 290 nm. 
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Figure 8-Relationship between percent degradation and percent 
absorption of irradiated light energy. 

of degradation varied largely depending on the wavelength it increased 
with decreasing irradiation wavelength. According to Grottus-Draper’s 
law, only the light absorbed by a substrate can subject it to chemical 
change. Therefore, the results obtained in Fig. 7 may be attributed to the 
fact that the semi-integral attenuance increased with decreasing wave- 
length above 290 nm, as recognized in Fig. 6. 

Supposing that the intensity of reflected light at the surface of sub- 
strate is negligibly low compared with that of light either absorbed by 
or transmitted through the substrate, the absorbance may be replaced 
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Figure 9-Effect of irradiation wavelength on percent degradation and 
the energy efficiency constant, hA. 
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Figure I&Double-logarithmic plot for percent degradation and energy 
efficiency constant against irradiation wavelength. 

with semi-integral attenuance, pEt. The percent absorption, A ,  is then 
given by: 

A (70) = 100 - l @ O g T  (Eq. 3) 

where, log T = 2 - pEt. Thus, the quantitative relationship between the 
degree of degradation and light absorption can be given as in Fig. 8; the 
percent degradation under the same irradiation energy of 2.0 X los erg/ 
cm2 in the range of 290-500 nm is plotted in this graph against percent 
absorption at that irradiation wavelength, using pEt values of the original 
curve before irradiation in Fig. 6. It is clear that the percent degradation 
is quite sensitive to light absorption in the region of lower percent ab- 
sorption, whereas it is less sensitive for higher percent absorption: the 
critical point existed at  -43% absorption. Photolytic degradation could 
no longer take place below 30% absorption. This result indicates that the 
absorption of light by ubidecarenone is not necessarily effective in pro- 
ducing degradation. In such a situation after a molecule had absorbed 
a quantum of light energy, it might collide with other molecules to raise 
their kinetic energy, resulting in only an elevation of the system tem- 
perature. 

The slope of each line in Fig. 7 is equivalent to a degradation rate 
constant with a unit of min-l at one irradiation wavelength. However, 
due to the spectral irradiation energy distribution of the light source, the 
required irradiation time differs depending on the irradiation wavelength 
even though under the same irradiation energy. It is not, therefore, rea- 
sonable to regard the slope as the degradation rate constant. In this case, 
an energy efficiency constant, hx, with a unit of cm2/erg is used for con- 
venience. Figure 9 shows the dependencies of the percent degradation 
and the energy efficiency constant obtained from Fig. 7 on the irradiation 
wavelength under the irradiation energy of 2.0 X 108 erg/cm2. The percent 
degradation decreased with increasing wavelength, and no degradation 
occurred >480 nm. This pattern was in agreement with that of appear- 
ance change in Fig. 3. The energy efficiency constant was also reduced 
significantly with increasing irradiation wavelength. These parameters 
were replotted on the double-logarithmic scale (Fig. 10). For all param- 
eters, good regression lines with an intersection at -410 nrn were estab- 
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Figure 11-Semilogarithmic plot for photolytic degradation profiles 
at uanous temperatures. Key: (0)  60" in the dark; (m) 2 5 O ;  (0) 35"; (A) 
4"; (m) 55'; (A) 60". 

lished over the whole range of wavelengths, but the slopes in two wave- 
length regions differed markedly. On the basis of this fact, we can deduce 
that though ubidecarenone is highly degraded by UV light, the effect of 
irradiation wavelength is much greater in the visible region than in the 
UV region. 

Effect of Temperature  on Photolytic Degradation-In examining 
the photostability of solid drugs with low melting point, it is of value to 
know how the photostability will be affected by temperature, as drugs 
stored at higher than melting point may degrade. Very little has been 
reported concerning the effect of temperature in photochemical reactions. 
In such cases the contributions of elevated temperature were promotive 
(16) or repressive (17-19) to the reaction. 

Figure 11 shows the semilogarithmic plot of percent residual ubide- 
carenone against irradiation time a t  various temperatures. The time 
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Figure 12-Arrhenius plot for photolytic degradation in the solid- (0) 
and liquid-state (m) samples. 
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Figure  13-Arrhenius plot for the photolytic degradation of ubide- 
carenone covered with various optical filters (see Table I ) .  Key: (0) 
without filter; (B) lJV-25; ( 0 )  lJV-Zl25; (0) UV-35; (A) VY-42. 

dependency of degradation was confirmed to follow apparent first-order 
kinetics a t  every temperature, as expected from Fig. 7. The degradation 
was significantly accelerated by elevation of temperature. It was evident 
that  even a t  6O0, no degradation occurred a t  all in the dark, which 
suggests that  the thermal reaction by itself cannot participate in the 
chemical degradation. 

These degradation rate constants are given as an Arrhenius plot in Fig. 
12. In the case of a liquid-state sample which was not allowed to recrys- 
tallize, the plots gave only one satisfactory line over the whole range of 
temperatures. In contrast, the plots for a solid sample gave two straight 
lines with different slopes: a critical temperature of 46" obtained as an 
intersection of two lines agreed with the initiating temperature for 
melting on the differential thermal analysis (DTA) curve of the sample. 
The slopes of these lines, therefore, indicate the activation energies for 
photodegradation in the solid and liquid states. The line in the range of 
temperatures higher than the melting point was adjacent and parallel 
to that  of the liquid-state sample, giving an activation energy of 3.14 
kcal/mole, which was much lower than that of 6.67 kcal/mole in the solid 
state. The liquid-state sample was far more prone to photodegradation 
than the solid sample. The difference in the activation energy depending 
on the existing states of sample seems to rely on the mobility of molecules 
subjected to the reaction in addition to the light absorption properties. 
In any case, these activation energies were much lower than the reported 
activation energies for typical drug decomposition in the liquid phase 
(20).  It is worthy to note that reactions with such low activation energy 
take place so readily that photostable pharmaceutical preparations may 
not he able to be formulated without extreme care. 

Under the various irradiation energies using several optical filters 
(Table I), the time dependency of degradation was examined a t  25", 35O, 
and 45'. The results are summarized as an Arrhenius plot in Fig. 13. This 
graph reveals a thermodynamic relationship between the tendency of 
degradation and UV intensity. As expected from the foregoing discus- 
sions, the higher the UV intensity, the more rapid the degradation. In 
contrast, the effect of temperature on the degradation rate constant was 
more significant with decreasing UV intensity. The ratios of the degra- 
dation rate constant for the sample without a filter to that for the sample 
covered with a VY-42 filter at  25' and 4.5" were 34.5 and 8.6, respectively. 
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Figure 14-Effect of UV intensity on the actioation energy. 

These values were smaller by one or two orders of magnitude in com- 
parison with the UV intensity ratio of 579, irradiated on each sample. In 
this respect, the elevation of temperature could be verified again to have 
a synergistic effect on the chemical degradation of ubidecarenone. The 
effect of UV irradiation energy on the activation energy calculated from 
the slope of each regression line is shown in Fig. 14. The activation energy 
linearly decreased up to -1.0 X 108 erg/cm2; with values larger than this 
it was no longer dependent on the UV intensity. It should be pointed out 
that even under very low intensity (in the case of filter VY-42), the acti- 
vation energy approached a finite value of 21.3 k d m o l e ,  which is within 
the usual range of activation energies for hydrolysis or oxidation (21). 
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Abstract  A GC-MS technique with selected-ion monitoring is de- 
scribed for the determination of busulfan in plasma. Busulfan is extracted 
from plasma with methylene chloride and converted to 1,4-diiodobutane. 
Analysis by GC-MS with selected-ion monitoring (m/z 183) gave a rel- 
ative standard deviation of f4.3% (n  = 5) a t  the 10-ng/ml level. 

Keyphrases Busulfan-determination in human plasma, GC-MS 
with selected-ion monitoring of 1,4-diiodobutane 0 GC-MS analysis- 
selected-ion monitoring, determination of busulfan in human plasma 

The alkylating agent, busulfan, 1,4-butanediol di- 
methanesulfonate, is the drug of choice in the treatment 
of chronic myeologenous leukemia. The drug has been in 
clinical use since the 1950’s, but the fate of the drug in 
humans has only been studied by administering radioac- 
tively labeled compound and measuring total radioactivity 
in plasma and urine (1,2). This paper describes the con- 
version of busulfan to 1,4-diiodobutane, and the subse- 

quent quantitation of this material by GC-MS with se- 
lected-ion monitoring. 

EXPERIMENTAL 

Synthesis of 1.5-Pentanediol Dimethanesulfonate (Internal 
Standard)-Methanesulfonic anhydride (9 g) was added carefully to 
a stirred mixture of 1,5-pentanediol(5.5 g) in pyridine-methylene chlo- 
ride (40 ml, 1:l). After stirring overnight a t  25’ the mixture was filtered, 
and the organic phase was washed with water. The organic phase was 
evaporated to -5 ml and left at 4’ for 48 hr. The crystals which formed 
were separated, washed with ice-cold water, and dried (yield: 9%); mp 
35’ [lit. (3) 34-35’]. The compound was identified by GC-MS’ after 
conversion to the corresponding 1,5-diiodo derivative according to the 
procedure given below. There were prominent peaks at  m/z 324 (M+, 8%), 
199 (5), 197 (53), 169 (51,155 (26), 70 (a), and 69 (100). 

Conversion of Busulfan to 1,4-Diiodobutane-Busulfan was con- 

LKB 2091; the ionizing energy was 70 eV. 
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Figure 14-Effect of UV intensity on the actioation energy. 

These values were smaller by one or two orders of magnitude in com- 
parison with the UV intensity ratio of 579, irradiated on each sample. In 
this respect, the elevation of temperature could be verified again to have 
a synergistic effect on the chemical degradation of ubidecarenone. The 
effect of UV irradiation energy on the activation energy calculated from 
the slope of each regression line is shown in Fig. 14. The activation energy 
linearly decreased up to -1.0 X 108 erg/cm2; with values larger than this 
it was no longer dependent on the UV intensity. It should be pointed out 
that even under very low intensity (in the case of filter VY-42), the acti- 
vation energy approached a finite value of 21.3 k d m o l e ,  which is within 
the usual range of activation energies for hydrolysis or oxidation (21). 
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Abstract  A GC-MS technique with selected-ion monitoring is de- 
scribed for the determination of busulfan in plasma. Busulfan is extracted 
from plasma with methylene chloride and converted to 1,4-diiodobutane. 
Analysis by GC-MS with selected-ion monitoring (m/z 183) gave a rel- 
ative standard deviation of f4.3% (n  = 5) a t  the 10-ng/ml level. 
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The alkylating agent, busulfan, 1,4-butanediol di- 
methanesulfonate, is the drug of choice in the treatment 
of chronic myeologenous leukemia. The drug has been in 
clinical use since the 1950’s, but the fate of the drug in 
humans has only been studied by administering radioac- 
tively labeled compound and measuring total radioactivity 
in plasma and urine (1,2). This paper describes the con- 
version of busulfan to 1,4-diiodobutane, and the subse- 

quent quantitation of this material by GC-MS with se- 
lected-ion monitoring. 

EXPERIMENTAL 

Synthesis of 1.5-Pentanediol Dimethanesulfonate (Internal 
Standard)-Methanesulfonic anhydride (9 g) was added carefully to 
a stirred mixture of 1,5-pentanediol(5.5 g) in pyridine-methylene chlo- 
ride (40 ml, 1:l). After stirring overnight a t  25’ the mixture was filtered, 
and the organic phase was washed with water. The organic phase was 
evaporated to -5 ml and left at 4’ for 48 hr. The crystals which formed 
were separated, washed with ice-cold water, and dried (yield: 9%); mp 
35’ [lit. (3) 34-35’]. The compound was identified by GC-MS’ after 
conversion to the corresponding 1,5-diiodo derivative according to the 
procedure given below. There were prominent peaks at  m/z 324 (M+, 8%), 
199 (5), 197 (53), 169 (51,155 (26), 70 (a), and 69 (100). 

Conversion of Busulfan to 1,4-Diiodobutane-Busulfan was con- 

LKB 2091; the ionizing energy was 70 eV. 
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Table I S t a b i l i t y  of Busulfan a t  37.0' a Table 11-GC of busulfana 

Whole blood 
Plasma 
Phosphate buffer (pH 7.0) 

8.7 f 0.4 (n  = 10) 
12.2 f 0.1 (n  = 10) 
16.0 f 0.7 ( n  = 7) 

a Busulfan concentration: 2.8 X M. 

verted to 1,4-diiodobutane using 1 M sodium iodide in acetone (0.1 ml), 
with a reaction time of 20 min at  70". After addition of n-hexane (0.05 
ml) and water (0.1 ml), an aliquot (1-2 pl of hexane) was removed for 
analysis. 

Determination of Partition Coefficient-The distribution of bu- 
sulfan was studied using phosphate buffer (pH 7.0, p = 0.1) as the 
aqueous phase and methylene chloride as the organic phase with an 
equilibrium time of 30 min at 25.0 f 0.1'. The concentration of busulfan 
in the organic phase was determined after addition of the internal stan- 
dard, evaporation, and conversion to l,4-diiodobutane as above. The 
concentration of busulfan in the aqueous phase was determined after 
transfer into methylene chloride by extraction of the aqueous phase three 
times with equal volumes of the solvent. The analyses were performed 
by GC-FID2. 

Determination of Rate Constants for the Formation of 4-iOdO- 
1-butanol Methanesulfonate (I) and 1,4-Diiodobutane-At appro- 
priate times 1.00-ml samples were withdrawn from an acetone solution 
of busulfan (4 X M) in 1 M sodium iodide at 50.0 f 0.5'. The reac- 
tion was stopped by rapid cooling (-70"), and the acetone was evaporated 
to near dryness. The residue was mixed with 1.00 ml of rnethylene chlo- 
ride and 1.00 ml of water. The concentration of 1,4-diidobutane was de- 
termined by mixing 0.100 ml of the organic phase with 1,5-diiodopentane 
and analyzing by GC-FID. The concentrations of busulfan and I were 
determined using the following procedure. The methylene chloride phase 
(0.500 ml) was evaporated to dryness, the residue was mixed with 0.500 
ml of ethanol-water (l:l), and an aliquot (0.100 ml) was injected into the 
liquid chromatograph3. The fractions containing busulfan and I were 
collected, mixed with the internal standard and extracted with methylene 
chloride. The organic phase was evaporated to dryness, and busulfan and 
I were converted to 1,4-diiodobutane and analyzed by GC. 

The mass spectrum of I was consistent with the expected structure. 
Peaks were located at m/z 278 (M+, l%), 183 (I), 151 (lo), 86 (13), 84 (20), 
79 (14), 56 (5), 55 (NO), and 51 (9). The mass spectrum of the prepared 
1,4-diicdobutane was identical with that of a commercially available 
reference compound. Peaks were located at mlz 310 (M+, 2%), 184 (5), 
183 (81), 155 (lo), 137 (€9,135 (8). 56 (lo), and 55 (100). 

Determination of Busulfan in Plasma-Plasma (1.00 ml) was mixed 
with 0.100 ml of the internal standard (1.00 pg/ml) in acetone and ex- 
tracted with methylene chloride (4.00 ml) for 30 min using a mechanical 
shaker (100 strokedmin). The organic phase was separated and evapo- 
rated to dryness, and the derivatization was performed using the afore- 
mentioned procedure. The analysis was carried out by GLCMS4 focusing 
a t  m/z  183 (1,4-diiodobutane) and mlz 197 (1,5-diiodopentane). 

RESULTS AND DISCUSSION 

Stability of Busulfan-The stability of busulfan in whole blood and 
plasma is lower than in phosphate buffer, pH 7.0 (Table I). Busulfan 
differs in this respect from the nitrogen mustards, chlorambucil and 
melphalan, where an increased stability has been observed in samples 
containing albumin (4,5). The stability of busulfan was also studied in 
plasma at a concentration of 4 x M and was not significantly dif- 
ferent from that observed at  2.8 X M. The degradation of busulfan 
in human blood samples was minimized by rapidly cooling the blood to 
4' and freezing the plasma fraction (-20') within 1 hr after the blood 
collection. 

Extraction--Methylene chloride was used in the extraction of bu- 
sulfan because of its favorable extraction properties (kd = 28.7) and high 

2 Varian 3700; the column (1.5-m X 2-mm i.d.) was packed with 10% SP-2401 on 
1W120 Supelcoport and was operated at  130'. 

3 The column (150-mm X 4-mm i.d.) was packed with LiChrosorb RP-8. Etha- 
nol-water (1:l) was used as the mobile phase. The detection was performed by an 
Altex model 153 detector measured at 254 nm (1.4-diiodobutane and I) and by an 
LDC Refracto Monitor 111 (busulfan). The capacity factors were 0.3 (busulfan), 
0.9 (I), and 4.6 (1,4-diiodobutane). 

4 LKB 2091 with an ionizing energy of 70 eV. The column (1.5-m X 2-mm i.d.) 
was packed with 10% SP-2401 on 100-120 Supelcoport and was operated a t  140' 
using a helium flow rate of 20 mVmin. The injector and the ion source temperatures 
were 230' and 270°, respectively. 

Busulfan Injected, Column 
CCg Peak Height Ratiob Temperature 

1 
0.2 
1 
0.2 

0.80 f 0.11 
0.23 f 0.04 
0.97 f 0.09 
0.44 f 0.13 

190' 
190" 
175' 
175' 

~ ~~ 

The column was 3% OV-17 on 100-120 Gas ChromQ (1.5 m) with injector and 
detector (FID) temperatures of 210° and 270°, res ectively. The carrier gas flow 
wm adjusted to gwe the same retention time (5.2 minPfor busulfan at  190° and 175'. * The mean peak height ratio of busulfan to 9-bromophenanthrene (*SD; n = 6). 
The busulfan-9-bromophenanthrene ratio was kept constant. 

- 

Scheme I-Reaction of busulfan with sodium iodide. 

'0°1 
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0 6 12 18 24 30 36 d2 &- $4 % 

MINUTES 
Figure 1-Time course for the reaction of busulfan with 1 M sodium 
iodide in acetone at 50'. The solid lines are constructed from the rate 
constants obtained by nonlinear regression analysis. Key: (a) busulfan; 
(A) 4-iodo-1-butanol methanesulfonate; (w) 1,4-diiodobutane. 

0 5 
MINUTES 

Figure 2-Chromatogram obtained from plasma containing 10 ng of 
busulfanlml using selected-ion monitoring with a 1.5-m column packed 
with 10% SP-2401 at 140'. Key: (A) busulfan as 1,4-diiodobutane; (B)  
1,5-pentanediol dimethanesulfonate as 1,5-diiodopentane. 
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volatility, being readily evaporated prior to the derivatization step. Using 
a Vorg/Vaq ratio of 4.98 f 1% of busulfan ( n  = 5) was extracted from 
plasma (busulfan concentration 50 ng/ml). 

GC of Intact Busulfan-The peak height ratios of busulfan to 9- 
bromophenanthrene obtained after injections of different amounts of 
the compounds at two column temperatures were drastically reduced 
when lower amounts of busulfan were chromatographed; in all cases poor 
precision was obtained (Table 11). Analysis of busulfan at the lower 
temperature (175O), keeping the retention time the same by adjustment 
of the carrier gas flow, gave the highest peak height ratio, which indicates 
that the results obtained are primarily due to degradation of busulfan 
in the chromatographic system and not to adsorption phenomena (6). 
This assumption is also supported by the fact that when using different 
batches of OV- 17 column packing material, multiple asymmetric peaks 
were occasionally observed. 

Conversion of Busulfan to 1,4-Diiodobutane-The reaction of 
busulfan with sodium iodide proceeds according to Scheme I. The reac- 
tion was performed in acetone since nucleophilic substitution reactions 
are known to be rapid in this solvent (7). The time course for busulfan, 
I, and l&diiodobutane using 1 M sodium iodide in acetone is given in 
Fig. 1. Evaluation of the apparent first-order rate constants by nonlinear 
regression analysis gave kl = 0.266 f 0.013 and k p  = 0.124 f 0.008 min-'. 
Since the ratio between the constants is -2, it follows that the meth- 
anesulfonate ester group of busulfan and that of I have similar reactivity 
(3). A quantitative reaction was obtained after 20 min using 1 M sodium 
iodide and a temperature of 70'. 

Chromatographic Properties-1,4-Diiodobutane had excellent GC 
properties giving a symmetric peak (Fig. 2). No indications of decom- 
position in the chromatographic system were observed. 

Detection, Selectivity, and Precision-The minimum detectable 
concentration (MDC) value obtained by electron-capture detection 
(ECD) was -10 times lower than that obtained by selected-ion moni- 
toring (SIM), 0.6 X and 5.7 X mole/sec, respectively5. How- 

ever, analysis of plasma samples revealed that the higher sensitivity of 
the ECD could not be utilized because of interfering peaks in the chro- 
matograms. The blanks varied considerably between patients and, in 
most cases, it was not possible to perform quantitations <lo ng/ml. Since 
the plasma peaks after administration of therapeutic doses (2  mg) of 
busulfan are 20-30 ng/ml, meaningful pharmacokinetic studies require 
determinations in the low nanogram range. A chromatogram obtained 
from plasma using SIM is given in Fig. 2. The standard curve obtained 
from plasma using SIM was linear within the range studied (10-400 
ng/ml). A least-squares analysis gave a correlation coefficient of 0.9997, 
a slope of 2.12 X and an intercept of 4.7 X lo-* f 7.6 
X The relative standard deviation was f2.6% at 100 ng/ml and 
f4.3% at  10 ng/ml (n  = 5) .  

f 0.03 X 
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Abstract Two novel series of steroidal derivatives containing various 
thiourea and substituted thiazoline moieties attached to the 2- or 4- 
position of estrone were synthesized and examined for in uitro effect on 
bovine pancreatic ribonuclease activity. All compounds studied exhibited 
a catabolic activity. The steroidal thiazoline derivatives were more potent 
activators of ribonuclease than the steroidal thioureas. 

Keyphrases Steroids-thiourea and thiazoline derivatives, synthesis, 
in uitro effect on bovine pancreatic ribonuclease activity Synthesis- 
steroidal thiourea and thiazoline derivatives, in uitro effect on bovine 
pancreatic ribonuclease activity o Catabolic activity-steroidal thiourea 
and thiazoline derivatives, in oitro, bovine pancreatic ribonuclease ac- 
tivity 

Recent reports from this laboratory have described the 
synthesis and pharmacological properties of a variety of 
androgenic and estrogenic thiosemicarbazones (l), 

acylhydrazones (2-5), and several steroidal heterocycles 
(6,7). Further interest in structure-activity relationships 
(SAR) of steroidal heterocyclics prompted the preparation 
of XVIII-XXXII (Scheme I) to evaluate the changes in the 
endocrinological activity caused when the 2- or 4-position 
of estrone-3-methyl ether is blocked by variously substi- 
tuted thiazoline moieties. Some of the steroidal thioureas 
(VIII-XVI), prepared as starting materials, and the thia- 
zoline derivatives were found to possess catabolic-like 
properties as indicated from their in oitro effect on the 
activity of bovine pancreatic ribonuclease. 

RESULTS AND DISCUSSION 

Synthesis-The designed compounds (XVIII-XXXII) were prepared 
in accordance with the sequence of reactions shown in Scheme I. The 2- 
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volatility, being readily evaporated prior to the derivatization step. Using 
a Vorg/Vaq ratio of 4.98 f 1% of busulfan ( n  = 5) was extracted from 
plasma (busulfan concentration 50 ng/ml). 

GC of Intact Busulfan-The peak height ratios of busulfan to 9- 
bromophenanthrene obtained after injections of different amounts of 
the compounds at two column temperatures were drastically reduced 
when lower amounts of busulfan were chromatographed; in all cases poor 
precision was obtained (Table 11). Analysis of busulfan at the lower 
temperature (175O), keeping the retention time the same by adjustment 
of the carrier gas flow, gave the highest peak height ratio, which indicates 
that the results obtained are primarily due to degradation of busulfan 
in the chromatographic system and not to adsorption phenomena (6). 
This assumption is also supported by the fact that when using different 
batches of OV- 17 column packing material, multiple asymmetric peaks 
were occasionally observed. 

Conversion of Busulfan to 1,4-Diiodobutane-The reaction of 
busulfan with sodium iodide proceeds according to Scheme I. The reac- 
tion was performed in acetone since nucleophilic substitution reactions 
are known to be rapid in this solvent (7). The time course for busulfan, 
I, and l&diiodobutane using 1 M sodium iodide in acetone is given in 
Fig. 1. Evaluation of the apparent first-order rate constants by nonlinear 
regression analysis gave kl = 0.266 f 0.013 and k p  = 0.124 f 0.008 min-'. 
Since the ratio between the constants is -2, it follows that the meth- 
anesulfonate ester group of busulfan and that of I have similar reactivity 
(3). A quantitative reaction was obtained after 20 min using 1 M sodium 
iodide and a temperature of 70'. 

Chromatographic Properties-1,4-Diiodobutane had excellent GC 
properties giving a symmetric peak (Fig. 2). No indications of decom- 
position in the chromatographic system were observed. 

Detection, Selectivity, and Precision-The minimum detectable 
concentration (MDC) value obtained by electron-capture detection 
(ECD) was -10 times lower than that obtained by selected-ion moni- 
toring (SIM), 0.6 X and 5.7 X mole/sec, respectively5. How- 

ever, analysis of plasma samples revealed that the higher sensitivity of 
the ECD could not be utilized because of interfering peaks in the chro- 
matograms. The blanks varied considerably between patients and, in 
most cases, it was not possible to perform quantitations <lo ng/ml. Since 
the plasma peaks after administration of therapeutic doses (2  mg) of 
busulfan are 20-30 ng/ml, meaningful pharmacokinetic studies require 
determinations in the low nanogram range. A chromatogram obtained 
from plasma using SIM is given in Fig. 2. The standard curve obtained 
from plasma using SIM was linear within the range studied (10-400 
ng/ml). A least-squares analysis gave a correlation coefficient of 0.9997, 
a slope of 2.12 X and an intercept of 4.7 X lo-* f 7.6 
X The relative standard deviation was f2.6% at 100 ng/ml and 
f4.3% at  10 ng/ml (n  = 5) .  

f 0.03 X 
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Abstract Two novel series of steroidal derivatives containing various 
thiourea and substituted thiazoline moieties attached to the 2- or 4- 
position of estrone were synthesized and examined for in uitro effect on 
bovine pancreatic ribonuclease activity. All compounds studied exhibited 
a catabolic activity. The steroidal thiazoline derivatives were more potent 
activators of ribonuclease than the steroidal thioureas. 

Keyphrases Steroids-thiourea and thiazoline derivatives, synthesis, 
in uitro effect on bovine pancreatic ribonuclease activity Synthesis- 
steroidal thiourea and thiazoline derivatives, in uitro effect on bovine 
pancreatic ribonuclease activity o Catabolic activity-steroidal thiourea 
and thiazoline derivatives, in oitro, bovine pancreatic ribonuclease ac- 
tivity 

Recent reports from this laboratory have described the 
synthesis and pharmacological properties of a variety of 
androgenic and estrogenic thiosemicarbazones (l), 

acylhydrazones (2-5), and several steroidal heterocycles 
(6,7). Further interest in structure-activity relationships 
(SAR) of steroidal heterocyclics prompted the preparation 
of XVIII-XXXII (Scheme I) to evaluate the changes in the 
endocrinological activity caused when the 2- or 4-position 
of estrone-3-methyl ether is blocked by variously substi- 
tuted thiazoline moieties. Some of the steroidal thioureas 
(VIII-XVI), prepared as starting materials, and the thia- 
zoline derivatives were found to possess catabolic-like 
properties as indicated from their in oitro effect on the 
activity of bovine pancreatic ribonuclease. 

RESULTS AND DISCUSSION 

Synthesis-The designed compounds (XVIII-XXXII) were prepared 
in accordance with the sequence of reactions shown in Scheme I. The 2- 
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and 4-mononitroestrones (I1 and III), prepared by nitration of estrone 
(I) with a mixture of nitric acid and acetic acid (81, were methylated to 
the corresponding 3-methyl ethers (IV and V) using dimethyl sulfate and 
potassium hydroxide (9) or methyl iodide and sodium carbonate (10). 
The products were reduced by sodium dithionite in alkaline medium (9) 
to give the required 2-amino- (VI) and 4-aminoestrone-3-methyl (VII) 
ethers in good yields. 

Treatment of the amines (VI and VII) with the appropriate alkyl, aryl, 
or aralkylisothiocyanate derivatives in absolute ethanol (1 1) gave, re- 
spectively, the N-substituted ”-( 3-methoxy- 17-oxoestra- 1,3,5( 10)- 
trien-2-y1)thioureas (VIII-XIII) and N-substituted N’-(hnethoxy- 
17-oxoestra-1,3,5( lO)-trien-4-yl)thioureas (XIV-XVII) (Table I). The 
reaction of VIII, IX, XIII-XV, and XVII, in which R1 was an alkyl or 
aralkyl function, with the selected phenacyl bromide in refluxing absolute 
ethanol (12) proceeded smoothly and gave high yields of the required 
2-(2’,4’-disubstituted thiazolin-3’-yl)-3-methoxyestra-l,3,5(10~-trien- 
17-ones (XVIII-XXIII) and the corresponding 4-(2’,4’-disubstituted 
thiazolin-3’-yl)-3-methoxyestra-1,3,5(lO)-trien-l7-ones (XXIV-XXXII) 
(Table 11). When R’ was an aryl moiety, as in X-XI1 and XVI, the reac- 
tion with phenacyl bromide gave a mixture of two products that could 
not be separated. In addition, in one case, when IX was treated with p -  
chlorophenacyl bromide, the S-alkylpseudothiourea hydrobromide salt 
(XXXIII) was obtained (Scheme 11). 

The products were identified by elemental analyses, IR, UV, and 
‘H-NMR spectra and, for representative examples, by mass spectra 
(Tables I, 11, and 111). The UV spectra showed two absorption maxima 
a t  245-253 and 290-295 nm for VIII and XIII, a single absorption maxi- 
mum a t  276-286 nm for X-XII, and two absorption maxima at  244-251 
and 277-282 nm for the thioureas XIV-XVII. The steroidal thiazolines, 
on the other hand, showed one absorption maximum a t  -295 nm for XIX 
and XXI, while XXV and XXX absorbed at 288 nm. The remainder of 
the thiazoline derivatives showed two absorption maxima, sometimes 
as a shoulder, a t  256266 and 290-320 nm. The addition of hydrochloric 

acid caused a hypsochromic shift of the absorption maxima of all thia- 
zoline derivatives (Tables I and 11). 

‘H-NMR spectra of the steroidal thiourea derivatives (Table I) showed 
the signals for the common protons of the C18-CH3, Cs-OCHz, C1-H, 
(2%-H, and C4-H of the steroidal nucleus (13) a t  the expected chemical 
shift. The N-H proton attached to ring A of estrone resonated downfield 
between 7.25 and 7.97 ppm and was shown as a singlet disappearing on 
deuteration. The chemical shift of the other N-H proton was dependent 
on the nature of the substituent present. In the ally1 (VIII and XIV), butyl 
(IX and XV), and benzyl (XIII and XVII) derivatives, the proton was 
shown a t  a multiplet a t  5.65-6.25 ppm, while in the p-bromophenylthi- 
ourea (XII), it appeared as a singlet a t  7.88 ppm. The ‘H-NMR spectra 
of the steroidal thiazolines (XVIII-XXXI), on the other hand, lacked 
the signals due to N-H protons, but showed a singlet between 5.72 and 
5.83 ppm for the thiazoline C5-H (13). The chemical shifts of the other 
protons were almost the same as those of the thiourea derivatives (Table 
111). 

The ’H-NMR spectrum of the steroidal pseudothiourea derivative 
(XXXIII) did not show the signal of the butyl-NH proton, indicating that 
this proton was involved in the enolization of the thiourea (IX) from the 
thione to the thiol form. In addition, the absence of a distinct signal for 
the two methylenic protons of the S-CH2-CO function suggested that 
enolization of XXXIIIa to XXXIIIb had taken place (Scheme 11). As a 
result, the olefinic C-H proton has been identified at  low field a t  -6.56 
ppm while the OH proton was included in the fingerprint area of the 
steroidal skeleton. 

The mass spectra of XV and XVII, as representative examples of the 
synthesized thioureas, showed the molecular ion peak at  r n l z  414 and 448, 
respectively (Scheme 111). A common fragmentation pattern of these 
compounds was found to be the elimination of the 3-OCH3 group followed 
by cyclization of the produced ion to give the base peak A a t  rnh 383 for 
the butyl derivative and 417 for the benzyl derivative (Scheme 111, 
Pathway 1). In accordance with Pathway 2, the compounds underwent 
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Table I-Synthesized N-Substituted N'-(3-Methoxy-l7-oxoestra-1,3,5( lO)-trien-2-yl)thioureas (VIII-XIII) and N-Substituted "43- 
Methoxy-17-oxoestra-1,3,5( lO)-trien-4-yl)thioureas (XIV-XVII) 

uv 
Com- Reaction Yield, Melting Molecular Analysis, 9% ethanol 
pound Conditions 9% Pointa Formula Calc. Found Am, (log 4 'H-NMR (a), ppm 

VIII Reflux (1 hr) 95 

IX Reflux(1 hr) 90 

169-171' C23HmN202S 

101-103' C24H~N202S 

69.32 
7.59 
7.03 

69.53 
8.27 
6.76 

68.99 247 (4.212),291 (3.892) 
7.76 
6.60 

0.9 (s, 3, C~S-CH~), 3.8 (s,3, 
OCH3), 4.28 (m, 2, allyl H), 
5.09 (m, 1, allyl H), 5.23 (m! 1, 
allyl H), 5.7-6.2 ( roup of singlets, 
2, allyl H and NI-f disappearing 
on deuteration), 6.69 (s, 1, C4- 

steroidal NH, disappearing on 
H), 7.24 ( ~ , l ,  Ci-HI, 7.97 (s, 1, 

69.50 245 (4.273), 290 (3.968) 
8.30 
6.70 

X Room 90 169-171' C ~ ~ H ~ I J N ~ O ~ S  C 71.86 71.50 276(4.285) 
temperature H 6.98 7.10 
(overnight) N 6.45 6.30 

temperature H 7.19 7.10 
(overnight) N 6.25 6.50 

H 5.65 6.01 
N 5.45 5.10 

XI Room 93 166-168' C27H32N202S C 72.29 72.10 279(4.324) 

XI1 Reflux (30 min) 87 193-195' C26HmBrN202S c 60.81 61.14 286(4.279) 

XI11 Reflux (10 min) 

XIV Reflux (3.5 hr) 

XV Reflux (3 hr) 

XVI Reflux (1 hr) 

XVII Reflux (3 hr) 

90 

98 

98 

76 

93 

152-154' C27H32N202S 

181-183' C23H30N202S 

162-164' C24H34N202S 

deuteration) 

= 6 Hz, CHZCH~), 3.59 (m, 2, 
0.89 ( ~ , 3 ,  C18-CH3),0.90 (t, 3H, J 

CH?-CHINH). 3.78 (s. 3. OCHa). 
6.0x (m, l,-CHzNH, disappearing ' 
on deuteration), 6.66 (s, 1, C4- 

steroidal NH. disaDDearine on 
H), 7.19 (s, 1, Ci-H), 7.4 (s, 1, 

. .. I 

deuteration) 

0.87 ( ~ , 3 ,  C18-CH31, 3.77 (s, 3, 
OCH3), 6.63 (s, 1, C4-H), 7.2 (s, 

aromatic H). 7.48 (d. 2, J = 9 Hz, 
1, CI-H), 7.25 (d, 2, J = 9 Hz, 

aromatic Hj; 7.88 ( s , ' ~ ,  
BrC&NH, disappearing on 
deuteration), 7.92 (s, 1, steroidal 
NH, disappearing on deuteration) 

C 72.29 72.17 253 (4.233), 295 (3.893) 0.82 ( ~ , 3 ,  C~S-CH~), 3.73 (9.39 
H 7.19 7.13 OCH3), 4.8 (t, 2H, J = 5 Hz, 
N 6.25 6.38 CHzC6H5, becomin a doublet at 

4.85 on deuterationf, 6.25 (m, 1, 
C ~ H ~ C H Z N H ,  disappearing on 
deuteration), 6.61 (s, 1, C4-H), 

aromatic H), 7.52 (s, 1, steroidal 
NH, disappearing on deuteration) 

7.12 (s, 1, CI-H), 7.28 ( ~ , 5 ,  

C 69.32 69.40 251 (4.253), 282 (3.609) 0.9 ( ~ , 3 ,  Cls-CHd, 3.80 (s, 3, 
H 7.59 7.67 OCH3), 4.26 (m, 2, allyl H), 
N 7.03 7.20 5.04 (m, 1, allyl H), 5.16 and 

5.22 (2 m, 1, allyl H), 5 .6S.06 (m, 
2, allyl H t ,  CHzNH, becomin a 
group of singlets at 5.69-6.14 for 
allyl H after deuteration), 6.82 (d, 

9 Hz, C1-H + steroidal NH, 
becoming 1H after deuteration) 

1, J = 9 Hz, Cz-H), 7.3 (d, 2, J = 

C 69.53 69.58 245 (4.331), 281 (3.707) 0.88 (t, 3, J = 6 Hz, CHzCHa), 
H 8.27 8.38 0.89 ( ~ , 3 ,  Ci*-CH3), 3.54 (q, 2, J 
N 6.76 6.95 = 6 Hz and 12 Hz, NHCH2, 

becomin a triplet on deuteration 
at 3.58, j =  6 Hz), 3.77 (s, 3, 

CHzNH, disappearing on 
deuteration), 6.8 (d, 1, J = 9 Hz, 

C,-H +steroidal NH. becoming 

OCH3), 5.67 (t, 1, J = 6 Hz, 

Cz-H), 7.27 (d, 2, J = 9 Hz, 

1H after deuteration) ' 
I 

149-151' C26H~BrN202S C 60.81 61.10 244sh (4.276), 277 (4.340) 
H 5.65 5.78 
N 5.45 5.70 

H 7.19 7.29 OCH3), 4.88 (m, 2, CHzCsHs), 
N 6.25 6.40 5.91 (m, 1, benzyl NH, 

disappearing on deuteration), 

7.25-7.38 (m, 2, CI-H + steroidal 
NH. overlaming with aromatic 

215-217' C27H32N202S C 72.29 72.29 244 (4.233), 280 (3.482) 0.89 (s, 3, CM-CH~), 3.77 ( ~ , 3 ,  

6.81 (d, 1, J = 9 Hz, Cz-H), 

H), 7.31 (s,-$, a&matic H) 

The products were crystallized from benzene-light petroleum except XI1 and XVII which were crystallized from ethanol-benzene. 

cleavage of c6 and C7 from the steroidal nucleus to give ion B at m/z 385 
and 419, which on losing the thiourea function gave ion C at m/z 256. The 
thiourea functions in XV and XVII were found to undergo elimination 
of hydrogen sulfide giving the carbodiimide ion D, at m/z 380 and 414, 

fission of the isothiocyanate function (14) giving ion E at  m/z 299, and 
cleavage of a butyl or benzylamino function to yield ion F a t  m/z 341. Ion 
E in turn, lost an NH function giving ion Gat m/z 284, while ion F cleaved 

. sulfur to give the isocyanide ion H a t  m/z 309. 
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Table IISynthesized 2-(2',4'-Disubstituted thiazolin-3'-yl)-3-methoxyestra- 1,3,5( 10)-trien- 17-ones (XVIII-XXIII) and  4-(2',4'- 
Disubstituted thiazolin-3'-yl)-3-methoxyestra-l,3,5( lO)-trien-17-ones (XXIV-XXXII) 

Reflux Yield, Molecular Analysis, Tob 
Compound Time ?h Melting Point" Form u 1 a C H N UV A,, (log c)= 

XVIII 

XIX 

xx 
XXI 

XXII 

XXIII 

XXIV 

xxv 
XXVI 

XXVII 

XXVIII 

XXIX 

xxx 
XXXI 

XXXII 

30 min 76 

30 min 67 

1.5 hr  74 

30 min 78 

1 hr 85 

30 min 83 

lhr 96 

lhr 86 

lhr 80 

1.5 hr 74 

2 hr 83 

2 hr 63 

1.5 hr 82 

1.5 hr 79 

1.5 hr 82 

183-185' 
(ethanol-benzene) 

(aqueous ethanol) 
129-131 ' 
(ethanol) 

(benzene-light petr.) 
130-132' 

(methanol) 
124-126' 

122-124' 

2 17 - 2 19 ' 

(aaueous ethanol) . .  
145-147" 

(aqueous ethanol) 
125 127' 

(aqueous ethanol) 
114-116" 

(aqueous ethanol) 
11tb120' 

(aqueous ethanol) 

126-128' 
(aqueous ethanol) 

(ethanol-benzene) 

(aaueous ethanol) 

233-235' 

154-156" 

76.15 
76.52 
69.85 
69.42 
77.26 
77.07 
76.62 
76.41 
72.10 
72.14 
78.82 
78.40 
74.67 
74.47 
68.69 
69.18 
77.32 
77.21 
77.26 
77.52 
70.00 
69.69 
64.75 
64.84 

76.62 
76.67 
78.82 
78.54 
66.98 
66.59 

6.68 
6.97 
6.19 
6.13 
7.17 
7.36 
6.61 
6.75 
6.00 
6.26 
6.45 
6.69 
6.87 
7.22 
6.27 
6.57 
6.67 
6.84 
7.17 
7.29 
6.74 
7.06 
6.23 
6.33 

6.61 
6.80 
6.45 
6.52 
5.58 
5.60 

4.80 
5.12 
5.25 
5.35 
4.74 
4.98 
5.11 
5.22 
4.80 
5.02 
4.48 
4.63 
5.62 
5.83 
5.17 
5.65 
4.87 
4.96 
4.74 
4.80 
5.10 
5.24 
4.72 
4.81 

5.11 
5.42 
4.48 
5.00 
4.46 
4.31 

264 (4.614), 300 (4.374)/ 
278 (4.633) 
296 (4.194)/ 
288sh (4.599), 264 (4.303) 
266 (4.570), 300sh (4.326)/ 
278 (4.589) 
295 (4.177)/ 
262 (4.253), 290sh (4.156) 
300 (4.252)/ 
260&(4.280), 266 (4.307) 
256 (4.596),296 (4.374)/ 
271 (4.619) 
288 (4.149)/ 
266 (4.201) 
266sh (4.272), 290 (4.196)/ 
226sh (4.635), 268 (4.404) 
258 (4.594). 320sh (5.034)/ 

270 (4.632) 
262 sh (4.287), 289 (4.225)/ 
220 (4.659), 263 (4.411) 
231 sh (4.604). 265sh (4.201) 
290 (4.io4)/ ' ' 
231 (4.536), 268 (4.225) 
288 (4.080)/ 
269 (4.212) 
263 (4.100), 300 sh (4.563)/ 
282 (4.602) 
277 sh (4.632), 289 (4.176)/ 
265 (4.376) 

,I With crystallization solvent in parentheses. The first row are calculated values; the second row are the values found. c Using ethanolhsing ethanol + HCI. 

The  mass spectrum of 2-(2'-benzylamino-4'-biphenylthiazolin-3'- 
yl)-3-methoxyestra-l,3,5(10)-trien-l7-one (XXIII) showed the molecular 
ion peak at m/z 624 (Scheme IV). In accordance with Pathway 1 (Scheme 
IV), the fragmentation of the molecule was found to be elimination of an 
ethylene function from ring B and three hydrogens giving ion A a t  m/z 
593. This pathway was confirmed by the appearance of the metastable 
peak at 563.75. In Pathway 2, the molecule fragmented through elimi- 
nation of a benzyl function to yield ion B at m/z  533, while in Pathway 
3 the biphenyl group of the thiazoline moiety was eliminated and ring 
D removed to give ion C, as the base peak, at m/z 373. Ion C, in turn, was 
found to undergo cleavage through removal of the phenyl group of the 
benzyl moiety, a thioketene function from the thiazoline ring, and the 
methoxyl group and then cyclized to ion D a t  m/z 209. The removal of 
only the phenyl and thioketene moieties from ion C gave the carbodiimide 
ion F a t  m/z 238, which after cleaving carbon and a methyl radical pro- 
duced ions G and H a t  m/z 226 and 211, respectively. The spectra of all 
examined compounds have also shown the different ions corresponding 
to  the reported fragmentation of the steroidal nucleus (15), as well as 
those of susbstituted thiazoline ring (1G18) (Table 111). 

Biological Screening-Compounds VIII, X, XVI-XVIII, XX, XXII, 
XXV, XXIX, and XXX were tested in uitro for possible anabolicxata- 
bolic activity by measuring their effect on the activity of bovine pancreatic 
ribonuclease, as previously reported (7, 19). The results (Table IV) in- 
dicated that the steroidal thiazoline derivatives caused a more potent 
activation of the enzyme than the corresponding steroidal thioureas. In 
addition, the fact that  the thiourea XVI and the thiazolines XXV and 
XXX caused the highest percentage activation of the enzyme suggested 
that  substitution, especially with the bulky thiazoline moieties, in the 
2-position of estrone greatly hinders the binding of the hormonal deriv- 
ative with the enzyme. The high percentage of enzyme activation caused 
by the pseudothiourea XXXIII has been attributed to its high polar 
structure and malleability in spatial arrangement, which allows maximum 
contact with the enzyme. The thiazoline derivatives XVIII and XXV, 
having ally1 and biphenyl or p-chlorophenyl moieties in the heterocyclic 
ring, as well as XXX, containing the benzyl and phenyl groups, and the 
steroidal pseudothiourea XXXIII are most likely to possess catabolic 
activity being the most potent activators of the enzyme. Such a property, 
effective in suppressing cancer metastasis (20,21), has recommended such 
compounds for evaluation for anticancer activity. Compared with these 
results, the correlative studies from this laboratory indicated that the 
fusion of a substituted oxazole or oxazoline ring to the 2,3- or 3,4-positions 

of estrone causes the products to induce a mild or similar percentage of 
enzyme activation (6,7). 

EXPERIMENTAL' 

Steroidal Thiourea Derivatives (VIII-XVI1)-A solution of the 
steroidal amines VI and VII (9) (200 mg, 0.66 mmole) and the selected 
alkyl, aryl, or aralkylisothiocyanate derivative (1.5 M equivalent) in 
ethanol (20 ml) was left at room temperature or heated under reflux as 
specified in Table I. Ethanol was removed under reduced pressure, and 
the residue was covered with light petroleum and stored in the refrigerator 
for 1 hr. The solvent was decanted, and the residue was treated with fresh 
light petroleum and scratched to deposit the solid. This was filtered, 
crystallized from the proper solvent, and identified by elemental analysis 
and IR, UV, and 'H-NMR spectra (Table I). IR (mineral oil): v 3380-3140 
(N-H), 17351710 (C==O), 1605-1585 and 1500-1480 ( C 4 ,  aromatic), 
1535-1520, 1340-1310, 1190-1170, and 950-905 (N-C=S amide I, 11, 
111, and IV bands, respectively), and 1290-1240 and 1080-1050 cm-1 
(C-0-C). The mass spectrum of XV showed m/z (relative abundance 
70): M t  at 414(18), 385(10), 384(28), 383(100), 382(15), 381(47), 380(55), 
342(22), 341(98), 324(3), 309(10), 300(18), 299(78), 298(6), 285(10), 
284(18), 283(5), 256(10), 243(12), 231(10), 230(12), 228(6), 217(17), 216(7), 
215(6), 213(5), 212(6), 211(7), 199(7), 198(10), 197(6), 186(10), 185(8), 
184(11), 175(8), 174(10), 173(11), 172(13), 171(10), 160(13), 159(10), 
158(17), 147(8), 146(15), 145(6), 144(8), 143(10), 142(8), 141(11), 131(12), 
130(3), 129(13), 128(17), 116(12), 115(30), 103(12), 102(5), 97(10), 81(8), 
79(8), 72(5), 57(25), 55(23), 53( 12), and 41(43); the mass spectrum of XVII 
showed m/z (relative abundance W ) :  M? a t  448(15), 419(10), 418(32), 
417(100), 416(13), 415(42), 414(48), 342(4), 341(17), 309(2), 300(10), 
299(37), 298(4), 285(3), 284(8), 283(3), 256(3), 243(3), 231(3), 230(3), 
228(3), 217(4), 216(3), 215(3), 213(4), 212(4), 211(6), 199(5), 198(6), 
197(42), 186(6), 185(5), 184(7), 175(5), 174(6), 173(6), 172(8), 171(6), 
165(6), 160(10), 159(5), 158(10), 149(3), 147(4), 146(8), 145(4), 144(6), 
143(7), 142(6), 141(72), 131(8), 130(12), 129(10), 128(12), 117(7), 107(6), 
106(27), 97(5), 92(18), 91(100), 79(13), 78(7), 77(7), and 41(23). 

All melting points are uncorrected. IR spectra were measured as Nujol mulls 
on a Beckmann 4210 IR Spectrophotometer, and UV spectra for ethanol solution 
were measured on a Shimadzu double-beam spectrophotorneter (Model UV-ZOOS). 
'H-NMR and mass spectra were measured on a Perkin-Elmer R32 and an AEI- 
MS-50, respectively. 
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Scheme I1 

2- and 4-(2',4'-Disubstituted thiazoline-3'-yl)-3-methoxyestra- 
1,3,5( lO)-trien-l'l-ones (XVIII-XXXI1)-A mixture of the thiourea 
derivatives (VIII, IX, XIII-XV, and XVII) (200 mg) and the molar 
equivalent of substituted phenacyl bromide in absolute ethanol (10 ml) 
was heated under reflux for the specified time (Table 11). Ethanol was 
removed under reduced pressure, and the oily residue was dissolved in 
chloroform (75 ml). The solution was washed with water (3 X 50 ml), dried 

Table 111-'H-NMR and Mass Spectral Data of the Steroidal Thiazoline Derivatives 

(anhydrous sodium sulfate), and evaporated to give an oily residue. On 
scratching with light petroleum, the products deposited in solid form; 
they were crystallized from the proper solvents and identified by ele- 
mental analysis and IR, UV, lH-NMR, and mass spectra (Tables I1 and 
111). IR (mineral oil): u 1735-1725 (C=O), 162C1610 (C=N), 1595-1560 
and 1500-1490 (C=C, aromatic), and 1265-1235 and 1090-1075 cm-I 
(C-0-C). 

Compound 'H-NMR (61, ppm Mass Spectrum, mlz (Relative Abundance, 70) 

XVIII 

XIX 

xx 

XXI 

XXII 

XXIII 

XXIV 

XXVI 

XXVII 

XXVIII 

XXIX 

XXXI 

0.9 (s, distorted, 3, C18-CH3), 3.81 (s, 3, OCH3), 4.51 (m, 2, 
allvl H). 4.94 1m. 1. allvl H). 5.16 1m. 1. allvl H). 5.6-6.2 
(g;oup'of single&, 1, dlyl H), 5.8 (s, 1, thi&oline H), 6.67 (s, 
1, C4-H), 7.0 (s, 1, CI-H), 7.3-7.75 (m, 9, aryl H) 

0.9 (s, 3, Cls-CHs), 3.8 (s,3,OCH3), 4.46 (m, 2, allyl H), 4.95 
(m, 1, allyl H), 5.2 (m, 1, allyl H), 5.6-6.2 (group of singlets, 1 
allvl H). 5.78 18.1. thiazoline H). 6.64 19.1. CA-H). 7.0 19.1. ., . ,  
CILH); 7.35 (s; 4; aryl H) 

, . .  , 

534(45), 533(40), 532(100), 531(13), 520(5), 519(13), 518(10), 
, 517(29), 505(5), 504(15), 503(45), 502(38), 501(100), 494(2), 

49315). 49216). 491110). 324111). 323(33). 322 (9). 298(9). 

0.84 (t, 3, J = 7 Hz, CH2--CH3), 0.9 ( ~ ~ 3 ,  Cls-CH$, 3.8 (s, 3, 
OCH3), 3.88 (m, 2, N-CH-), 5.75 (s, 1, thiazoline H), 6.65 
(s, 1, C4-H), 7.0 (s, 1, CI-H), 7.25-7.75 (group of -~ 
multiplets, 9, aryl h) 

5.73 (s, 1, thiazoline H), 6.64 (s, 1, C4-H), 6.98 (s,1, Cl-H), 
7.04-7.40 (group of multiplets, 10, aryl H) 

5.73 (s, 1. thiazoline H). 6.64 (s.1. Cd-HI, 6.96 (s.1. CI-H). 

0.9 (s, 3, CIB-CH~), 3.76 (S,3,OCH3), 5.1 (S, 2, -CHzCeH5), 

0.9 (s, 3, C18-CH3!, 3.75 (S,3, OCHs), 5.08 (992, -CH&,H5), 

7.03-7.33 (group of multiplets, 9, aryl H) 

5.8 (s, 1, thiazoline H), 6.65 (s, 1, Cd-H), 6.99 (s, 1, CI-H), 
7.19 (s, 5, phenyl H), 7.22-7.66 (group of multiplets, 9, aryl 
H) 

0.9 (S, 3, C18-CH$, 3.78 (9, 3, OCH3), 5.15 (9, 2, -cHzC~jHs), 

0.9 (s,3, C~S-CH~), 3.8 (s,3,OCH3), 4.5 (m, 2, allyl H), 4.99 
(m, 1, allyl H), 5.21 (m, 1, allyl H), 5.76 (s, 1, thiazoline H), 
5.72-6.06 (group of singlets, 1, allyl H), 6.81 (d, 1, J = 9 Hz, 
Cz-H), 7.05 (d, 1, J = 9 Hz, CI-H), 7.45 (s, 5, aryl H) 

0.9 (s, 3, C18-CH3), 3.82 (s, 3, OCHs), 4.57 (m, 2, allyl H), 5.06 
(m, I, allyl H), 5.22 (m, 1, allyl H), 5.81 (s, 1, thiazoline H), 
5.8-6.35 (group of singlets, 1, allyl H), 6.82 (d, 1, J = 9 Hz, 
C2-H), 7.07 (d, 1, J = 9 Hz, CI-H), 7.4-7.82 (m, 9, aryl H) 

3,OCH3), 3.98 (t, 2, J = 7 Hz, -N-CHz-), 5.77 (s, 1, 
thiazoline H), 6.85 (d, 1, J = 9 Hz, Cz-H), 7.08 (d, 1, J = 9 
Hz, C1-H), 7.39-7.82 (m, 9, aryl H) 

OCH3), 3.91 (t, 2, J = 7 Hz, N-CHe), 5.75 (s, 1, thiazoline 

7.45 (m, 4, aryl H) 

0.73 (t, 3, J = 7 Hz, CHz-CH3), 0.91 ( ~ , 3 ,  CIS-CH~), 3.82 (s, 

0.8 (t, 3, J = 7 Hz, CHZCH~), 0.91 (s, 3, C~S-CH~), 3.82. (s, 3? 

H), 6.85 (d, 1, J = 9 Hz, C2-H), 7.91 (d, 1, J = 9 Hz, C1-H), 

625(19), 624(40), 595(4), 594(10), 593(22), 534(10), 533(14), 
395(2), 374(29), 373(100), 371(4), 370(6), 369(23), 297(5), 
296(3), 238(6), 226(2). 225(3). 224(13). 21119). 210(24). 
209(6). 208(3). 199(2). 19812). 197(6). 18414). 181(8). 180f4). 

550146). 549/39). 5481100). 54718). 535(2). 533(6). 521(3). 

0.74 (t, 3, J = 7 Hz, CHZCH~), 0.91 ( ~ , 3 ,  C~S-CH~), 3.82 ( ~ ~ 3 ,  
OCHa), 3.91 (t, 2, J = 7 Hz, -N--CH2-), 5.72 ( ~ , l ,  
thiazoline H), 6.85 (d, 1, J = 9 Hz, Cz-H), 7.08 (d, 1, J = 9 
Hz, Ci-H), 7.31 (d, 2, J = 9 Hz, my1 H), 7.65 (d, 2, J = 9 Hz, 
nrvl HI 
-2- --I 

0.9 (s, 3, Cp3-CH3!, 3.81 (s, 3, OCH3), 5.21 (S, 2, -Cff&Hs), 625(18), 624(36), 596(4), 595(14), 594(39), 593(84), 535(13), 
5.83 (s,1, thiazoline H), 6.81 (d, 1, J = 9 Hz, C2-H), 7.03 (d, 
1, J = 9, Hz, C1-H), 7.29 (s, 5, CHzCds), 7.2-7.72 (m, 9, 
biphenyl H) 

533(3), 395(20), 374(3), 373(8), 370(2), 369(5), 297(2), 
238(11), 226(13), 225(3), 224(3), 211(8), 210(20), 209(6), 
208(3), 198(2), 197(4), 184(3), 181(3), 180(4), 179(5), 178(16), 
172(2), 167(4), 153(3), 141(3), 129(3), 128(9), 116(2), 115(5), 
107(1), 106(1), 97(2), 92(13), 91(100), 77(3), 41(6). 
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Table IV-In Vitro Effects of the Synthesized Steroidal Thiourea and Thiazoline Derivatives on the Activity of Bovine Pancreatic 
Ribonuclease 

Molar Concentration of the Products (M) 
Compound 10-6 10-7 10-8 10-9 

I 

VIII 

X 

XVI 

XVII 

XVIII 

xx 

XXII 

xxv 

XXIX 

xxx 

XXXIII 

Mean f SEa 
% Activation 
p Value 

Control 
Mean f SE 
% Activation 
p Value 
Mean f SE 
% Activation 
p Value 
Mean f SE 
%Activation 
p Value 
Mean f SE 
%Activation 
p Value 

Control 
Mean f SE 
% Activation 
p Value 
Mean f SE 
% Activation 
p Value 
Mean f SE 
% Activation 
p Value 
Mean f SE 
% Activation 
p Value 
Mean f SE 
% Activation 

h:?: SE 
% Activation 
p Value 
Mean f SE 
% Activation 

219.6 f 10.03 
12.46 
>0.05 

278.2 f 8.12 
39.20 
<om1 
276.2 f 25.1 
37.98 
<0.01 
259.2 f 14.4 
29.5 ~. . 

<0.01 
202.2 f 19.2 
0.99 
>0.05 

384 f 18.2 
96.92 
<0.001 
280 f 11.5 
44.06 
>0.05 
246 f 22.32 
26.57 
>0.05 
362 f 25.5 
85.64 
<0.001 
206 f 22.2 
5.64 
>0.05 
314 f 13.2 
61.03 
<0.001 
450 f 26.1 
130.77 

225.4 f 20.04 
15.61 
>0.05 
(200.2 f 14.2) 
298.6 f 26.8 
49.22 
<0.001 
256.5 f 12.2 
28.12 
<0.01 
360.6 f 10.6 
80.2 
<0.001 
223.6 f 12.8 
11.68 
>0.05 
(195 % 15.2) 
322 f 10.4 
95.90 
<0.001 
275 f 19.4 
41.10 
>0.05 
260 f 28.3 
33.39 
<0.05 
402 f 14.6 
106.15 
<0.001 
196 f 11.3 
0.51 
>0.05 
405 f 17.3 
107.69 
<0.001 
528 f 14.3 
170.77 

231.2 f 14.4 
18.57 
>0.05 

274.6 f 25.1 
37.50 
<0.05 
254.6 f 18.2 
27.21 
<0.01 
438.3 f 15.4 
119.2 
<0.001 
205.3 f 12.3 
2.55 
>0.05 

377 f 21.3 
93.33 
<0.001 
268 f 13.2 
37.20 
>0.05 
295 f 21.2 
51.77 
<0.01 
379 f 16.2 
94.16 
<0.001 
206 f 20.6 
5.64 
>0.05 
453 f 16.2 
132.31 
<0.001 
246 f 26.3 
26.15 

230 f 17.02 
17.98 
>0.05 

286.3 f 18.6 
43.12 
<0.001 
282.4 f 13.2 
41.26 
<0.001 
464.1 f 24.8 
132.3 
<0.001 
234.6 f 12.9 
17.18 
>0.05 

375 f 20.3 
92.30 
<0.001 
325 f 19.6 
66.66 
>0.01 
323 f 16.6 
65.99 
<0.01 
467 f 13.2 
139.49 
<0.001 
198 f 13.5 
1.54 
>0.05 
512 f 22.3 
162.56 
<O.OOl ' 

227 f 24.1 
16.41 

p Value <0.001 <0.001 >0.05 >0.05 

The ribonuclease activity is expressed in units as the mean value f standard error. 

N-(3-Methoxy-17-oxoestra- 1,3,5( IO)-trien-2-yl)-S-(p-chloro. 
phenacy1)-N'-butyl-pseudothiourea Hydrobromide (XXXII1)-A 
mixture of equimolar amounts of N-butyl-N'-(3-methoxy- 17-oxoestra- 
1,3,5(10)-trien-2-yl)thiourea (IX) (200 mg) and 4-chlorophenacyl bromide 
in absolute ethanol (10 ml) was heated under reflux for 2 hr. The ethanol 
was evaporated to dryness, and the oily residue was dissolved in chloro- 
form (75 ml) and washed with water (3 X 50 ml). The chloroform layer 
was dried (anhydrous sodium sulfate) and evaporated to dryness; the 

product was scratched with light petroleum to give a solid which was 
filtered and dried. Crystallization from benzene-light petroleum gave 
160 mg (60% yield) of a yellowish amorphous solid, mp 208-210" (dec). 
IR (mineral oil): u 3400 (N-H broad), 1735 (C=O), 1620 (C=N), 1590 
and 1500 (C=C, aromatic), and 1255 and 1090 cm-I (C-0-C); UV 
(ethanol): A,,, (log 6 )  300 (4.209); UV (ethanol-HC1): Amax (log 6 )  228 sh 
(4.585), 266 (4.272), and 295 sh (4.107); 'H-NMR (CDC13): 6 0.85 (t, 3, 
J = 6 Hz, butyl-CH,, overlapping with the singlet of C~S-CH~), 0.88 (s, 

(-) R=GHg,(- -1 R =C H2(6ns 
Scheme 111 
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I -57 [AH]. // 1' ru 
QQ. 1' 

3, C1~-CH3), 3.79 (s, 3, OCH3), 4.61 (t, 2 . 5  = 6 Hz,-CHzN-), 6.56 (s, 
1, S-CH=C-OH), 6.7 (s, 1, CI-H), 7.28 (s, 1, CI-HI, and 7.47 (m, 5, 
4 aromatic protons + steroidal N-H). 

Anal. -Calc. for C32H&rClN202S - 1h H20 C, 59.03; H, 6.30; N, 4.30. 
Found: C, 59.19; H, 6.88; N, 4.67. 
In Vitro Anabolic-Catabolic Activities-Four sets of solutions and 

media (7) were used in the evaluation procedures. After mixing the 
components of each set, the tubes were incubated at  37" for 15 min and 
then treated with 4 ml of ethanol-glacial acetic acid (15:1, v/v) to ter- 
minate the reaction. After storage for 1 hr in the refrigerator, the tubes 
were centrifuged for 15 min and the clear supernatants were measured 
spectrophotometrically at  260 nm. The results of the effect of VIII, X, 
XVI-XVIII, XX, XXII, XXV-XXIX, XXX, and XXXIII on the activity 
of bovine pancreatic ribonuclease are shown in Table IV. 
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Abstract A high-performance liquid chromatographic method is de- 
scribed which determines cyproheptadine hydrochloride in tablet for- 
mulations. Tablets were dissolved in water-acetonitrile (5050) and an- 
alyzed using an octadecylsilane column with a mobile phase of 85% ace- 
tonitrile and 15% of an aqueous solution of 0.01 M 1-octanesulfonic acid, 
0.5% triethylamine, and 1% acetic acid using UV absorbance detection 
at  280 nm. 

Keyphrases Cyproheptadine hydrochloride-high-performance liquid 
chromatography, tablet formulations High-performance liquid chro- 
matography-cyproheptadine hydrochloride in tablet formulations 

Cyproheptadine hydrochloride, an oral antihistamic 
agent used in the treatment of perennial and seasonal 
rhinitis and other allergic reactions (l), is formulated in 
various ways. In this analysis, cyproheptadine was sepa- 
rated from vitamins, plant extracts, and fillers. The stan- 
dard spectrophotometric analysis described in USP XX 
(2) proved unsatisfactory with these formulations. Ex- 
cipients coeluting from the silica gel column caused an 
elevated absorbance and erroneous assay. 

Various authors have described separations of antihis- 
tamines and cyproheptadine hydrochloride by GLC (3,4) 
and reverse-phase high-performance liquid chromatog- 
raphy (HPLC) (5,6). A buffered, normal phase, ion-paired 
separation has also been reported (7). The purpose of this 
study was to develop a chromatographic analysis to sepa- 
rate a complex mixture of ingredients in a tablet formu- 
lation. 

Figure 1-Chromatogram of USP reference standard cyproheptadine 
hydrochloride. 

1212 I Journal of Pharmaceutical Sciences 
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EXPERIMENTAL 
The high-performance liquid chromatograph' with an octadecylsilane 

column2 was used for all separations. The detector was equipped with 
a 280-nm filter and set a t  0.05 AUFS. Mobile phase at ambient temper- 
ature was pumped at  2 ml/min. (500-1000 psi) until the baseline was 
stable. 

Chemicals and bagents-Acetonitril@ was HPLC grade, 1-octane- 
sulfonic acid' and glacial acetic acid5 were reagent grade, triethylamine5 
was reagent grade and redistilled in glass, and cyproheptadine HC16 was 
USP reference standard. 

Mobile Phase-The mobile phase was delivered using two pumps and 
a solvent programmer. The programmer was set to pump a mixture of 
85% acetonitrile and 15% aqueous phase. The aqueous phase consisted 
of a solution of 0.01 M 1-octanesulfonic acid, 0.5% triethylamine, and 1% 
acetic acid. 

Standard Curve-Standard solutions were prepared to concentra- 
tions ranging from 26.68 to 80.04 pg/ml representing results of 40 to 120% 
of theoretical. A plot of concentration versus area was linear (correlation 
coefficient = 0.99997). The line equation is y = mx + b, where m (slope) 
= 1.06 X lo7 and b (intercept) = -0.005 X lo7. Run on 3 successive days, 
the average slope had an RSD of 0.43%. 

Figure %-Chromatogram of a 25-pl aliquot of dissolved tablets. 

Model 204 Chromato raph with two M6000A um s, Model 660 Solvent pro- 
grammer, U6K Universal%jector, M730 data mdde, h440 UV detector, Waters 
Associates, Milford, Mass. 

5 mm (10 pm) Radial Pak A, Waters Associates, Milford, Mass. 
J. T. Baker Chemical Co., Phillipsburg, NJ  08865 
Eastman Kodak Co., Rochester, NY 14650 
Fisher Scientific Co., Fair Lawn, NJ 07410 
U.S. Pharmacopeial Convention, Inc., Rockville, MD 20852 

0022-3549183l7000- 7272$0 1 .OO/ 0 
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Table I-Dissolution of Cyproheptadine Hydrochloride Table 11-Assays of Three Production Lots 

Cyprohep- 
tadine 

Peako Hydro- 
Dissolution Sample Area chloride 

Medium Identification ( X W )  Available, % 

Obtained 
Concentration, 

Theoretical mdtablet 
No. Concentration, Replicate Analyses 
Lot mg/tablet 1 2 3 Mean SD 

Distilled USP reference standard 
water 

Distilled Cyproheptadine hydrochloride 
water (used in tablet formulation) 

Distilled Blank powder 
water 

Simulated USP reference standard 
gastric 
fluid 

Simulated Tablets 
gastric 
fluid 

Simulated USP reference standard 
intestinal 

fluid 
Simulated Tablets 
intestinal 

fluid 

6.859 100 

6.410 93.4 

None 
detected 

2.973 43.3 

2.932 42.7 

3.369 49.1 

0.784 11.4 

0 One determination each. 

Analytical Procedure-Five tablets (each containing approximately 
0.7 mg cyproheptadine hydrochloride) were placed in a 50-ml volumetric 
flask. Twenty-five ml 5050 (v/v) acetonitrile-water was added and 
swirled until the tablets were completely dissolved and then brought to 
volume with acetonitrile-water. The amount of cyproheptadine in the 
tablets was calculated from the linear regression of the standard 
curve. 

A solution of powdered excipients without cyproheptadine hydro- 
chloride was prepared at a concentration equal to five tablets in a 50-ml 
solution. No interferences from other ingredients or contaminants in the 
analysis were detected in the blank solution. 

Three samples of the powdered excipient spiked with cyproheptadine 
gave recoveries of 100.4,100.0, and 99.8% (mean = 100.1 f 0.3%). 

RESULTS AND DISCUSSION 

Cyproheptadine (a weak aliphatic base) pairs with octanesulfonate 
in a weakly acidic mobile phase. A mobile phase of acetonitrile-aqueous 
solution (8515) (0.01 M octanesulfonic acid, 1% acetic acid, 0.5% tri- 
ethylamine) gave the best separation (Fig. 1) with cyproheptadine re- 

1 0.667 0.639 0.635 0.637 0.637 0.002 
2 0.667 0.649 0.628 0.667 0.648 0.020 
3 0.667 0.616 0.653 0.627 0.632 0.019 

solved from other ingredients (Fig. 2) with no interferences from con- 
taminants or excipients. 

A comparison of analyses of cyproheptadine dissolved in distilled, 
deionized water, simulated gastric fluid [USP XX (2)], and simulated 
intestinal fluid [USP XX (2)] showed irregular results (Table I). Pre- 
liminary results indicate that dissolution is slow in the simulated fluids 
with total release times of several hours. 

Since water appeared to be the best dissolution solvent, a mixture of 
acetonitrile-water was used, which made the resultant solution more 
compatible with the mobile phase. The assay of three production lots of 
tablets was measured to be 95.5,97.2, and 94.8% of theoretical content 
(Table 11). The method precision by triplicate assays was 0.3, 3.1, and 
3.0%, respectively. 
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Abstract 0 A series of compounds based on the semicarbazide structure 
have been synthesized. Anticonvulsant activity was found in a majority 
of the compounds using both the maximal electroshock seizure and the 
subcutaneous pentylenetetrazol seizure threshold tests. Activity of the 
compounds was weaker than the 1,1,2-trisubstituted semicarbazides 
previously reported. 

Keyphrases 4-Phenylsemicarbazides-synthesis and anticonvulsant 
activity 0 Anticonvulsants-synthesis of 4-phenylsemicarbazides 

these types of compounds, i t  was desirable to prepare the 
series of compounds represented by 111. This series differs 
from all of the previous series in that the compounds 
contain a hydrogen atom at  N-2. This series includes 2- 
methyl, 2,6-dimethyl, and 2-chloro-6-methyl substituents 
in the aromatic ring since such substitution generally 
proved to be optimal in the previous series of 4-phenyl- 
semicarbazides studied (1,3). 

Earlier work (1-5) on the synthesis and anticonvulsant 
activity Of 4-pheny1semicarbazides was concerned pri- 
marib’ with 
substituted by dkyl or ml residues. To obtain additional 
information regarding structure-activity relationships for 

RESULTS AND DISCUSSION 
1,l-Disubstituted hydrazines (11) readily added to aryl isocyanates (I) 
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Table I-Dissolution of Cyproheptadine Hydrochloride Table 11-Assays of Three Production Lots 

Cyprohep- 
tadine 

Peako Hydro- 
Dissolution Sample Area chloride 

Medium Identification ( X W )  Available, % 

Obtained 
Concentration, 

Theoretical mdtablet 
No. Concentration, Replicate Analyses 
Lot mg/tablet 1 2 3 Mean SD 

Distilled USP reference standard 
water 

Distilled Cyproheptadine hydrochloride 
water (used in tablet formulation) 

Distilled Blank powder 
water 

Simulated USP reference standard 
gastric 
fluid 

Simulated Tablets 
gastric 
fluid 

Simulated USP reference standard 
intestinal 

fluid 
Simulated Tablets 
intestinal 

fluid 

6.859 100 

6.410 93.4 

None 
detected 

2.973 43.3 

2.932 42.7 

3.369 49.1 

0.784 11.4 

0 One determination each. 

Analytical Procedure-Five tablets (each containing approximately 
0.7 mg cyproheptadine hydrochloride) were placed in a 50-ml volumetric 
flask. Twenty-five ml 5050 (v/v) acetonitrile-water was added and 
swirled until the tablets were completely dissolved and then brought to 
volume with acetonitrile-water. The amount of cyproheptadine in the 
tablets was calculated from the linear regression of the standard 
curve. 

A solution of powdered excipients without cyproheptadine hydro- 
chloride was prepared at a concentration equal to five tablets in a 50-ml 
solution. No interferences from other ingredients or contaminants in the 
analysis were detected in the blank solution. 

Three samples of the powdered excipient spiked with cyproheptadine 
gave recoveries of 100.4,100.0, and 99.8% (mean = 100.1 f 0.3%). 

RESULTS AND DISCUSSION 

Cyproheptadine (a weak aliphatic base) pairs with octanesulfonate 
in a weakly acidic mobile phase. A mobile phase of acetonitrile-aqueous 
solution (8515) (0.01 M octanesulfonic acid, 1% acetic acid, 0.5% tri- 
ethylamine) gave the best separation (Fig. 1) with cyproheptadine re- 

1 0.667 0.639 0.635 0.637 0.637 0.002 
2 0.667 0.649 0.628 0.667 0.648 0.020 
3 0.667 0.616 0.653 0.627 0.632 0.019 

solved from other ingredients (Fig. 2) with no interferences from con- 
taminants or excipients. 

A comparison of analyses of cyproheptadine dissolved in distilled, 
deionized water, simulated gastric fluid [USP XX (2)], and simulated 
intestinal fluid [USP XX (2)] showed irregular results (Table I). Pre- 
liminary results indicate that dissolution is slow in the simulated fluids 
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Since water appeared to be the best dissolution solvent, a mixture of 
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3.0%, respectively. 
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Abstract 0 A series of compounds based on the semicarbazide structure 
have been synthesized. Anticonvulsant activity was found in a majority 
of the compounds using both the maximal electroshock seizure and the 
subcutaneous pentylenetetrazol seizure threshold tests. Activity of the 
compounds was weaker than the 1,1,2-trisubstituted semicarbazides 
previously reported. 

Keyphrases 4-Phenylsemicarbazides-synthesis and anticonvulsant 
activity 0 Anticonvulsants-synthesis of 4-phenylsemicarbazides 

these types of compounds, i t  was desirable to prepare the 
series of compounds represented by 111. This series differs 
from all of the previous series in that the compounds 
contain a hydrogen atom at  N-2. This series includes 2- 
methyl, 2,6-dimethyl, and 2-chloro-6-methyl substituents 
in the aromatic ring since such substitution generally 
proved to be optimal in the previous series of 4-phenyl- 
semicarbazides studied (1,3). 

Earlier work (1-5) on the synthesis and anticonvulsant 
activity Of 4-pheny1semicarbazides was concerned pri- 
marib’ with 
substituted by dkyl or ml residues. To obtain additional 
information regarding structure-activity relationships for 

RESULTS AND DISCUSSION 
1,l-Disubstituted hydrazines (11) readily added to aryl isocyanates (I) 

and afforded 111 in good yields (Scheme I, Table I). Several different 
1,l-disubstituted hydrazines were used (Table I) including the cage-like 
compound, 3-amino-3-azabicyclo[3.2.2]nonane. The latter compound 
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Table I-Physical Prowrt ies  of 4-Phenvlsemicarbazides 

Melting Yield, Recrystallization Analysis, 70 
Compound X R Point % Solvento Formula Calc. Found 

IIIa 

IIIb 

IIIc 

IIId 

IIIe 

IIIf 

IIIg 

IIIh 

IIIi 

IIIj 

IIIk 

1111 

IIIm 

IIIn 

1110 

IIIp 

IIIq 

IIIr 

111s 

IIIt 

140-142'* 

156-158' 

149.5151 ' 

147-148' 

189-190' 

157-158' 

153-155.5' 

197-199' 

173-175' 

187-189' 

222-223' 

204-206' 

122-124' 

162-164' 

127.5-129.5' 

196-198' 

199-201" 

218-2200 

244-246' 

112-114O 

93 A 

91 A 

93 A 

50 A 

62 A 

73 A 

77 A 

79 B 

80 A 

86 B 

82 B 

78 B 

88 A 

92 A 

92 A 

27 A 

82 A 

73 A 

73 A 

79 A 

a A, ethyl acetate; B, ethyl acetate-methanol. * M. Wilcox, J. Med. Chem., 11,171 (1968) reported mp, 142-143'. 

C 62.15 
H 7.82 
N 21.74 
C 63.74 63.44 
H 8.27 8.28 
N 20.27 20.24 
C 52.75 52.55 
H 6.20 6.31 
N 18.45 18.16 
C 65.73 65.54 
H 7.81 8.05 
N 19.16 19.43 
C 66.92 66.80 
H 8.21 8.17 
N 18.01 18.25 
C 56.81 56.60 
H 6.36 6.49 _ ~ .  

N 16%6 16.20 
C 66.92 66.80 
H 8.21 8.04 
N 18.01 17.89 
C 67.98 67.70 
H -8.56 8.56 
N 16.99 16.67 
C 58.32 58.02 
H 6.78 6.50 
N 15.69 15.39 
C 61.26 60.99 
H 7.28 7.15 
N 17.86 17.59 
C 62.63 62.35 
H 7.68 7.48 
N 16:85 16.57 
C 53.44 53.14 
H 5.98 5.90 
N 15.58 15.38 
C 67.98 67.77 
H 8.56 8.61 
N 16.99 16.91 
C 68.93 68.67 
H 8.87 8.67 
N 16.08 15.80 
C 59.68 59.38 
H 7.15 7.02 
N 14.91 14.79 
C 55.22 54.99 
H 6.77 6.90 
N 19.81 19.65 
C 70.30 70.04 
H 8.48 8.65 
N 15.37 15.26 
C 71.05 71.22 
H 8.77 8.57 _ _  
N 14.62 14.48 
C 62.43 62.17 
H 7.20 7.10 
N 13.65 13.63 
C 60.20 60.38 
H 7.58 7.34 
N 15.04 15.26 

was obtained in two steps oia the intermediate N-nitroso derivative from 
commercially available 3-azabicyclo[3.2.2]nonane (6). Additionally, ethyl 
(1-methy1hydrazino)acetate was prepared from methylhydrazine and 
ethyl bromoacetate (7). 

N=C=O + R-NH2 - 
I I1 

111 
Scheme I 

Compounds IIIa-IIIt were tested in the maximal electroshock seizure 
(MES) and subcutaneous pentylenetetrazol seizure threshold (scMet) 
tests for anticonvulsant activity and in the rotorod test for neurotoxicity 
in male Carworth Farms No. 1 mice by reported procedures (1). In the 
MES test, compounds IIIb, IIM, IIIg, IIIi, IIIj, IIIk, 1111, and IIIn ex- 
hibited activity a t  300 mg/kg at 30 min. Only IIIb showed toxicity a t  this 
dosage level. Compounds IIIb, IIIc, and IIIh showed activity a t  the same 
dosage at  4 hr. Compound IIIc was the only compound active at 100 mg/kg 
(30 min). 

Five compounds (IIIb, IIIg, IIIh, IIIi, and IIIm) were active in the scMet 
test at 300 mg/kg at  30 min. Compound IIIh was also active at this same 
dosage at 4 hr. Two compounds underwent further testing. Compounds 
IIIc and IIIh exhibited MES ED% = 76 (61-90,95% C.I. [confidence in- 
terval]) and 282 (24&319,95% C.I.) mg/kg; scMet ED% = 222 (146-326, 
95% C.I.) and 424 (240-695,95% C.I.) mg/kg and TDm = 210 (165-272, 
95% C.I.) and 528 (390-698,95% C.I.) mg/kg, respectively. 
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These data indicate that 4-phenylsemicarbazides derived from 1,1- 
dialkylated hydrazines possess anticonvulsant activity; however, it is of 
a lower order than that shown by 4-phenylsemicarbazides derived from 
1,1,2-trialkylated hydrazines (1,3). The cage compounds IIIq, IIIr, and 
IIJs were uniformly inactive and these results are consistent with the poor 
activity found for other cage compounds (4,5). 

EXPERIMENTAL' 

Ethyl (I-Methy1hydrazino)acetate-A solution of 16.7 g (0.1 mole) 
of ethyl bromoacetate in 17 ml of benzene was added dropwise with 
magnetic stirring over a 90-min period to a solution of 9.2 g (0.2 mole) of 
methylhydrazine in 50 ml of benzene. After the reaction mixture had 
stirred overnight at  room temperature, the benzene phase was decanted 
and the salt residue was washed three times with 15 ml of benzene. The 
benzene was distilled through a 1-ft Vigreux column a t  42 mm Hg. The 
residue was then distilled and afforded 8.82 g (67%) of a colorless oil, bp 
88' (21 mm); JR (film): 1740 cm-l (C=O). 

AnaLCalc.  for C5H12N20 C, 45.44; H, 9.15; N, 21.20. Found C, 45.29; 
H, 9.26; N, 21.31. 

Melting points were determined on a Thomas-Hoover melting point apparatus 
and are uncorrected. The IR spectra were taken on a Perkin-Elmer 700 spectro- 
photometer as either liquid films or potassium bromide pellets. NMR spectra were 
recorded on a Varian EM-360 or T-60 spectrometer, using tetramethylsilane as the 
internal reference. Mass spectra were obtained on a RMU-7 double-focusing 
spectrometer by HitachiPerkin-Elmer. Elemental analyses were performed by 
Baron Consulting Co., Orange, Conn. All compounds exhibited 'H-NMR and mass 
spectra consistent with the structures shown. 

4-Phenylsemicarbazides (111)-Compound IIIb was prepared by 
the dropwise addition of a solution of 2.66 g (0.0180 mole) of 2,6-di- 
methylphenyl isocyanate (I) in 6 ml of dry benzene to a solution of 1.20 
g (0.020 mole) of 1,l-dimethylhydrazine in 10 ml of dry benzene at room 
temperature. After -10 min heat was evolved. The mixture was heated 
for 2.5 h in an oil bath (85O). The solvent was evaporated under reduced 
pressure, and the residue was recrystallized from ethyl acetate and gave 
3.40 g (91%) of white crystalline product, mp 156-158'. 

REFERENCES 

(1) M. J. Kornet,J. Pharrn. Sci., 67,1471 (1978). 
(2) M. J. Kornet and R. Joyce Garrett, J .  Pharm. Sci., 68, 377 

(3) M. J. Kornet and J. Chu, J. Heterocycl. Chem., 18,293 (1981). 
(4) M. J. Kornet and J. Chu, J .  Heterocycl. Chem., 19,697 (1982). 

(5) M. J. Kornet and J. Chu, J. Pharm. Sci., 72,94 (1983). 
( 6 )  E. Schenker, Fr. 1,514,454; through Chem. Abstr., 70, 106529q 

(7) R. B. Moffett, G. N. Evenson, and P. F. Von Voigtlander, J .  Het- 

(1979). 

press. 

(1969). 

erocycl. Chern., 14,1231 (1977). 

ACKNOWLEDGMENTS 

The authors are grateful to the Antiepileptic Drug Development 
Program of the National Institutes of Health for the anticonvulsant ac- 
tivity data and to NJH for grant support for this investigation. 

Investigation of the P-Cyclodextrin-Hydrocortisone 
Inclusion Compound 

SYLVAN G. FRANK and DALIA R. KAVALIUNAS * 
Received March 25,1982, from the Division of Pharmaceutics and Pharmaceutical Chemistry, College of Pharmacy, The Ohio State University, 
Columbus, OH 43210. 
CT 06897. 

Accepted for publication September 8,1982. *Present Address: Vicks Division, Richardson-Merrell Inc., Wilton, 

~~~ ~~ 

Abstract The formation of an inclusion compound by /3-cyclodextrin 
with hydrocortisone has been studied by proton magnetic resonance 
('H-NMR) and phase solubility analysis. The magnitude of the chemical 
shifts of the interior and exterior /3-cyclodextrin protons in the presence 
of hydrocortisone indicated that hydrocortisone is included within the 
@-cyclodextrin cavity and probably interacts with protons on the edge 
of the torus. The overall stoichiometry of the inclusion compound was 
not a single, simple relationship, but was unusual in that it was variable 
and apparently dependent on the relative amounts of hydrocortisone and 
P-cyclodextrin in the system. 

Keyphrases 0 Inclusion complexes-/3-cyclodextrin-hydrocortisone, 
phase solubility analyses, 'H-NMR /3-Cyclodextrin-hydrocorti- 
sone-inclusion complexes, phase solubility analyses, IH-NMR Phase 
solubility analyses-/3-cyclodextrin-hydrocortisone, 'H-NMR 

The formation of an inclusion compound by dinopro- 
stone (prostaglandin Ez) with 0-cyclodextrin has been 
reported earlier (1). From phase solubility analysis and 
'H-NMR spectroscopy it was concluded that a 1:l complex 
formed, with the dinoprostone molecule partially included 
within the P-cyclodextrin cavity and the remainder of the 
molecule extended to the exterior of the torus. 

In the present study attention has been directed to the 
formation of an inclusion complex between hydrocortisone 
and 0-cyclodextrin. Such an inclusion compound by itself 
is not necessarily unique; however, these initial studies 

indicated that an unusual dependence apparently existed 
between the stoichiometry of the interaction and the 
concentration of P-cyclodextrin. 

EXPERIMENTAL 

The experimental procedure was similar to that employed previously 
(1). /3-Cyclodextrin1 was recrystallized twice from distilled water and 
dried under vacuum at 60'; hydrocortisone USP2, was used as received; 
and water was double-distilled and deionized. Samples for 'H-NMR 
spectroscopy were prepared by saturating a 2% w/v solution of /3-cyclo- 
dextrin in D203 with hydrocortisone. Excess complex was allowed to 
precipitate and the supernatant solution of the inclusion compound was 
decanted. 'H-NMR spectra a t  100 MHz4 were determined on the su- 
pernatant in standard 5-mm tubes. 

Samples for phase solubility analysis were prepared by placing excess 
quantities of hydrocortisone (0.021, 0.040, or 0.060 g) with increasing 
amounts of 8-cyclodextrin into 20-ml culture tubes containing 10 ml of 
water. The samples were sealed (with screw caps5) and ratated end- 
over-end at  -41 rpm for 24 hr in a thermostated water bath at  30 f 0.1'. 
Aliquots of the supernatant were filtered through a prerinsed membrane 
filter (0.45 firnP and spectrophotometrically assayed a t  248 nm. 

Nutritional Biochemicals, Inc. 
2 Calbiochem. 
3 Bio-Rad Laboratories (99.85 mole % D20). 
4 Varian XL-100 NMR spectrometer. 
5 Teflon lined. 
6 Millipore Corp., Type HA. 
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temperature. After -10 min heat was evolved. The mixture was heated 
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The formation of an inclusion compound by dinopro- 
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reported earlier (1). From phase solubility analysis and 
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Figure l--'H-NMR spectra of 8-cyclodextrin (A) and the P-cyclo- 
dextrin-hydrocortisone inclusion compound (B) in D20. 

RESULTS AND DISCUSSION 

The 1H-NMR spectra of 8-cyclodextrin and of the j3-cyclodex- 
trin-hydrocortisone inclusion compound are shown in Fig. 1. The 8-cy- 
clodextrin spectrum (Fig. 1A) is presented as a continuous spectrum; 
however, the spectrum of the inclusion compound (Fig. 1B) is broken for 
ease in comparison of the two spectra. Except for the HDO and HOH 
peaks, a t  -4.6 ppm in both spectra, all of the peaks shown in Fig. 1 are 
those of 8-cyclodextrin. In the case of the 8-cyclodextrin-hydrocortisone 
inclusion compound, the hydrocortisone protons would be expected to 
appear further upfield, but due to their low concentration they were not 
detected. 

From NMR and X-ray studies, the glucose units of 8-cyclodextrin have 
been found to be in the C-1 chair configuration (2,3), with primary and 
secondary hydroxyl groups around the opening of the torus. H-1, H-2, 
and H-4 are on the exterior and H-3, H-5, and possibly H-6 are located 
within the cavity. Other studies have shown that H-3 and H-5 undergo 
shielding by the guest component upon inclusion compound formation 
(3). 

In the presence of hydrocortisone, the j3-cyclodextrin spectrum is 
shifted upfield and reduced in magnitude due to the lower solubility of 
the inclusion compound compared with that of IS-cyclodextrin alone. 
Similar behavior was found earlier for the dinoprostone-/3-cyclodextrin 
systems (1). The anomeric hydrogens, H-1, appear as a doublet at the 
farthest downfield position and are gauche, whereas the rest of the 
8-cyclodextrin protons are axial. Due to their fixed position, the HDO 
and HOH peaks were used as internal standards in the measurement of 
the chemical shifts of the 8-cyclodextrin protons in the presence of hy- 
drocortisone, relative to their positions in the absence of hydrocortisone. 
Still farther upfield is a sideband (Fig. lA), followed by a group of peaks 
corresponding to the remaining P-cyclodextrin protons. The sideband 
appeared only in the 8-cyclodextrin spectrum. 

The chemical shifts of the P-cyclodextrin protons in the presence of 
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Figure 2-Phase solubility diagram of P-cyclodertrin-hydrocortisone 
inclusion compounds at  30 f 0.lo. Concentrations of hydrocortisone 
in excess of its solubility (per 10 mi of solution) and the stoichiometries 
of the soluble complexes (in moles of 0-cyclodextrinlmole of hydro- 
cortisone) were:A, 0.021 gand 1.4; B.0.040gand 1.7;and C,O.%Ogand 
2.4, respectively. 

hydrocortisone are given in Table I. The H-3 and H-5 protons, which are 
located within the j3-cyclodextrin cavity, show significant chemical shifts, 
and therefore underwent the greatest shielding effect due to the presence 
of the guest component. By contrast, H-1 and H-6 show much lower 
shifts, indicating a lower probability of interaction with hydrocortisone. 
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complex apparently was dependent on the total amount of hydrocortisone 
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Abstract 0 Cathinone, a potent psychostimulant isolated from young 
shoots of Catha edulis was given to four human volunteers. Examination 
of urine collected from the volunteers at predetermined intervals showed 
the presence of unchanged cathinone, d-norpseudoephedrine, and two 
unidentified basic substances. The observed biotransformation of 
cathinone to the less potent psychostimulant, d-norpseudoephedrine 
involves reduction of a ketone group to alcohol, a common metabolic 
pathway in humans. 

Keyphrases Cathinone-metabolism to d-norpseudoephedrine in 
humans 0 Catha edulis-metabolism in humans 

Catha edulis Forsk grows well in several countries of 
Eastern, Central, and Southern Africa. Because of the 
psychostimulant and mental dependence associated with 
habitual chewing of young shoots of this plant, it has been 
investigated extensively. Although chemical investigation 
of C. edulis goes back to the 19th century, the most sig- 
nificant result was obtained by Wolfes in 1930 (1) when he 
isolated and identified d -norpseudoephedrine, a CNS 
stimulant with amphetamine-like properties. There was 
some controversy as to whether the amount of d-nor- 
pseudoephedrine present in Cutha material could account 
wholly for the observed psychostimulant effect, thus 
providing impetus for further chemical investigation (2). 
Several years later, a second phenylalkylamine closely 
related to d -norpseudoephedrine was isolated and named 
"cathinone" (3). This compound is a much more potent 
psychostimulant than d-norpseudoephedrine, and has 
attracted much attention as a potential drug of abuse 
(4). 

The excretion of d -norpseudoephedrine in human urine 
has been investigated (5). In preliminary investigations 
involving known habitual chewers of C. edulis, d-nor- 
pseudoephedrine was shown to be the major compound 
present in urine when it was collected several hours after 
chewing C. edulis. Since cathinone is a major constituent 
of the young shoots of C. edulis, i t  seemed odd that it was 
absent or present only in trace amounts in several urine 
samples examined. A literature survey showed that the fate 
of cathinone in humans has not been invgstigated and 
accordingly this work was undertaken. 

EXPERIMENTAL 

Collection of Urine Samples-Four volunteers who had never 
chewed the material before participated in the experiment. Two volun- 
teers were given 16 mg of cathinone extracted from young shoots of C. 

edula by preparatory TLC (3,6), while the other two were given 16 mg 
of synthetic cathinone. All four volunteers had only milk for breakfast. 
Urine samples were collected at  the following intervals: 0 (control), 0-4, 
4-8,8-12,12-15, and 15-24 hr. Each urine sample was examined for the 
presence of cathinone and related substances as described below. 

Examination of Urine for Cathinone, d-Norpseudoephedrine, 
and Related Basic Substances- Approximately 40 ml of urine was 
taken, 2-3 ml of strong lead acetate solution (7) was added, and after 
thorough mixing the precipitated proteins were removed by centrifuga- 
tion. The supernatant was acidified to pH &6 with 0.1 N sulfuric acid 
and any precipitate removed by centrifugation. The acidified urine 
sample was extracted with chloroform, four times to remove acids and 
neutrals. The aqueous urine portion was then alkalinized (pH 9) using 
dilute ammonia solution and extracted with 4 X 100 ml of chloroform. 
The combined chloroform was distilled off at 40' using a rotary evapo- 
rator and the residue examined by TLC. 

Examination of residue for d-norpseudoephedrine, cathinone, and 
related basic substances using TLC was carried out as follows. The resi- 
dues were taken up in 2 ml of chloroform and -10 pl was spotted on TLC 
plates coated with silica gel', and activated at 100' for 1 hr. Cathinone 
and d-norpseudoephedrine were spotted on the same TLC plates as the 
basic residues from urine. The plates were developed in either of the 
following solvent systems: (A) ethyl acetate-methanol-ammonia (17:21) 
or ( B )  cyclohexane-chloroform4iethylamine (5:4:1). Usually the plates 
were developed for 35-45 min. After development the plates were ex- 
amined under UV light, then sprayed with 0.3% ninhydrin solution (8) 
after which they were heated at  105' for 10 min. The intensity of fluo- 
rescence under UV light and that of color after spraying with ninhydrin 
solution were judged on a 3-point scale as shown in the results. Where 
cathinone or d-norpseudoephedrine (or both) was not detected, the 
chloroform basic residue was concentrated almost to dryness and the 
experiment repeated. 

The presence of d-norpseudoephedrine and cathinone in the basic 
residue extracted from urine was also investigated with a gas-liquid 
chromatograph2 equipped with a flame ionization detector. The GLC 
column used was glass, 4-mm i.d. X 1.5 m long, packed with nonacid 
washed Chromosorb W (100-200 mesh)3 coated with 1% polyethylene 
glycol 20 M (carbowax 20 M)4. The column was conditioned for b 1 0  hr 
at 230'. The experimental operating conditions were as follows: hy- 
drogen pressure, 1.4 kg/cm2; condensed air pressure, 0.65 kg/cm2; nitrogen 
flow rate 30 ml/min; column temperature programmed from 80-20O0 at 
5'/min and finally left at 200' for 10 min; chart speed, 1 cm/2 min. The 
retention times and peaks were recorded5. 

For quantitative analysis, the areas under the curves were measured 
by the method of triangulation (9) and compared with areas obtained with 
standard solutions of cathinone and d-norpseudoephedrine. The stan- 
dard solutions were prepared by dissolving 5 mg of either cathinone or 
d-norpseudoephedrine in 40 ml of control urine and subjecting this to 
the same extraction procedure as the experimental urine. It was then 
assumed that the percentage recovery of both compounds from experi- 
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stimulant with amphetamine-like properties. There was 
some controversy as to whether the amount of d-nor- 
pseudoephedrine present in Cutha material could account 
wholly for the observed psychostimulant effect, thus 
providing impetus for further chemical investigation (2). 
Several years later, a second phenylalkylamine closely 
related to d -norpseudoephedrine was isolated and named 
"cathinone" (3). This compound is a much more potent 
psychostimulant than d-norpseudoephedrine, and has 
attracted much attention as a potential drug of abuse 
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4-8,8-12,12-15, and 15-24 hr. Each urine sample was examined for the 
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taken, 2-3 ml of strong lead acetate solution (7) was added, and after 
thorough mixing the precipitated proteins were removed by centrifuga- 
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The combined chloroform was distilled off at 40' using a rotary evapo- 
rator and the residue examined by TLC. 
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related basic substances using TLC was carried out as follows. The resi- 
dues were taken up in 2 ml of chloroform and -10 pl was spotted on TLC 
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after which they were heated at  105' for 10 min. The intensity of fluo- 
rescence under UV light and that of color after spraying with ninhydrin 
solution were judged on a 3-point scale as shown in the results. Where 
cathinone or d-norpseudoephedrine (or both) was not detected, the 
chloroform basic residue was concentrated almost to dryness and the 
experiment repeated. 
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residue extracted from urine was also investigated with a gas-liquid 
chromatograph2 equipped with a flame ionization detector. The GLC 
column used was glass, 4-mm i.d. X 1.5 m long, packed with nonacid 
washed Chromosorb W (100-200 mesh)3 coated with 1% polyethylene 
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flow rate 30 ml/min; column temperature programmed from 80-20O0 at 
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standard solutions of cathinone and d-norpseudoephedrine. The stan- 
dard solutions were prepared by dissolving 5 mg of either cathinone or 
d-norpseudoephedrine in 40 ml of control urine and subjecting this to 
the same extraction procedure as the experimental urine. It was then 
assumed that the percentage recovery of both compounds from experi- 

GF254, Merck & Co. 
Pye Unicam Series 104. 
Sigma Chemical Co. ' British Drug House. 
Pye Unicam linear recorder, type AR55. 

0022-3549/83/ 1000- 1217$0 1.00/0 
@ 1983. American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 1217 
Vol. 72, No. 10, October 1983 



Table I-TLC Examination of Basic Residue from Urine of 
Volunteers who had Ingested Cathinonea 

Substance Detected 
Urine Collection Cathinone 

Sample Time, hrb d-norpseudoephedrine 

Table 11-Amount of Cathinone and &Norpseudoephedrine 
Excreted in  Human Urine (Result of GLC) 

Cathinone d-  
Recovered, norpseudoephedrine 

Urine Samole(s) me Recovered, mg 

0 (control) 
0-4 
4-8 
a 1 2  

12-15 
1 5 2 4  

none none 
t + c  tt 
t+ t+ 

t d  t+ 
O e  t 
0 + 

a Two unidentified substances in trace amount, associated with cathinone were 
observed in samples 2,3,4 and 5. The Rf values of unidentified substances in solvent 
p t e m  A were 0.71 and 0.85. After ingestion of cathinone. ++ = Easily detected. + = Trace amount. 0 = not detected. 

mental and con‘trol urine was approximately the same. Control experi- 
ments had shown recovery of >90% under the standardized condi- 
tions. 

RESULTS 

Both cathinone and d-norpseudoephedrine separated well in solvent 
systems A and B, the Rl values being as follows: A-cathinone 0.55, d-  
norpseudoephedrine 0.42; B-cathinone 0.38, d-norpseudoephedriine 0.47. 
Results of TLC are summarized in Table I. Results of GLC were in 
agreement with those obtained with TLC. With GLC only one d-nor- 
pseudoephedrine peak was observed at 165’ (retention time 7.5 min) 
while the major cathinone peak was observed at  151” (retention time 5.1 
min). Another peak associated with cathinone appeared at  145’ (reten- 
tion time 3.7 min). The results were fairly reproducible, and it was pos- 
sible to calculate the amount of cathinone and d-norpseudoephedrine 
excreted in the urine. There was no significant variation in the excretion 
pattern of either cathinone or d-norpseudoephedrine in the four volun- 
teers even when the experiment was repeated after 4 weeks. The amount 
of cathinone and d-norpseudoephedrine recovered from the urine of each 
of the volunteers agreed to within 20% and the results are summarized 
in Table 11. 

DISCUSSION 

Results obtained in the present study show that some of the cathinone 
ingested by humans is metabolized to d-norpseudoephedrine and possibly 
two other unidentified metabolites. Metabolism of cathinone to d-  
norpseudoephedrine involves reduction of a ketone group to alcohol, a 
fairly common metabolic pathway in humans, catalyzed by liver micro- 
somal enzymes. In several drugs (e.g., cortisone and warfarin) reduction 
of a ketone or aldehyde to an alcohol is often associated with significant 

2 (0-4 hr after 

3,4,5,6!4-24 hr after 

2 , 3 , 4 , 5 , 6  (0-24 hr) 1.765 (11% of 13.12 (equivalent 

0.72 f 0.12 (4.4% of 3.2 f 0.3 (equivalent 

1.04 f 0.08 (6.5% of 9.9 f 0.6 (equivalent 

ingestion of cathinone) amount ingested) to 20% ingested 

ingestion of cathinone) amount ingested) to 61.9% ingested 

amount ingested) to 81.9% ingested 

cathinone) 

cathinone) 

cathinone) 

change in potency. Usually both the parent drug and the metabolite will 
contribute to the biological activity, the net result often being determined 
by such pharmacokinetic parameters as the rate of elimination. The 
finding that little, if any cathinone is excreted in human urine after 15 
hr, may be important in forensic toxicology since d-norpseudoephedrine, 
also present in C. edulis, is known to be excreted over a much longer 
period. 
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Abstract 0 A nonparametric method suitable for estimation of pa- structure of the regression were not true. 
rameters in nonlinear problems was developed for one-compartment 
p ~ c o ~ e t i c  data. The method was tested by running 500 
with various types of and the results with a standard 
nonlinear reeression commtation. The nonDarametric method was su- 

Keyphrases One-compartment pharmacokinetic model-nonpar- 
ametric method, comparison with standard nonlinear regression proce- 
dure, estimation Of parameter 

I 

perior to nonlinear regression techniques if the assumptions for the error 

Calculating the parameters of a pharmacokinetic model 
containing more than one exponential term requires the 
use of either the method of residuals (sometimes referred 

to as stripping or feathering) or one of various nonlinear 
regression techniques. As they have been applied classi- 
cally, both general techniques have proven somewhat 
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Abstract 0 A nonparametric method suitable for estimation of pa- structure of the regression were not true. 
rameters in nonlinear problems was developed for one-compartment 
p ~ c o ~ e t i c  data. The method was tested by running 500 
with various types of and the results with a standard 
nonlinear reeression commtation. The nonDarametric method was su- 

Keyphrases One-compartment pharmacokinetic model-nonpar- 
ametric method, comparison with standard nonlinear regression proce- 
dure, estimation Of parameter 

I 

perior to nonlinear regression techniques if the assumptions for the error 

Calculating the parameters of a pharmacokinetic model 
containing more than one exponential term requires the 
use of either the method of residuals (sometimes referred 

to as stripping or feathering) or one of various nonlinear 
regression techniques. As they have been applied classi- 
cally, both general techniques have proven somewhat 
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Table I-Mean and Coefficient of Variation of Parameter Estimates from 500 Simulations Using a One-Compartment 
Pharmacokinetic Model with Data of Constant Variance and Containing One Randomly Selected Outlier of Increasing Magnitude a 

Outlier Marquardt Nonlinear Regression 
Magnitude ka K FDIV 

Nonparametric 
ka K FDIV 

2.00 
(2.67) 
2.00 

(3.13) 
2.00 

(4.57) 
2.00 

(6.33) 
2.00 

(8.26) 

0.200 
(2.04) 
0.200 

(2.39) 
0.200 

(3.58) 
0.200 

(4.79) 
0.201 

(6.21) 

3.00 
(0.99) 
3.00 

(1.17) 
3.00 

(1.74) 
3.00 

(2.40) 
3.01 

(3.11) 

2.00 
(3.04) 
2.00 

(3.43) 
1.99 

(4.17) 
1.99 

(4.66) 
1.98 

(5.31) 

0.200 3.00 
(2.55) (1.11) 
0.200 3.00 

(2.82) (1.24) 
0.200 3.01 

(3.00) (1.37) 
0.201 3.01 

(3.02) 
0.201 

(3.05) 

(1.46) 
3.01 

(1.48) 

a Variance = 0.2, k, = 2, K = 0.2, FDIV = 3.0, the outlier randomly selected from one of the seven points with a variance from 1 X 0.2 (no outlier) to 8 X 0.2. The con- 
centrations were computed at t = 0.5,1.0,1.5,2.0,4.0,8.0, and 12 hr. * Numbers in parentheses are coefficients of variation. 

unsatisfactory. The method of residuals lacks objectivity 
and may be theoretically biased, and the nonlinear re- 
gression techniques may fail to converge under certain 
circumstances (1). 

Recently, several investigators have examined the use 
of nonparametric methods and have found them to be 
superior to parametric regression techniques in the anal- 
ysis of enzyme kinetic (2) and receptor-binding data (3). 
Indeed, some statisticians are beginning to question the 
general application of conventional regression procedures. 
Endrenyi and Tang (4) found that a nonparametric 
method was superior to conventional linear regression 
techniques when applied to the analysis of a single expo- 
nential kinetic model. Koup ( 5 )  used a similar technique, 
in combination with the method of residuals, to solve for 
the parameters in a biexponential model using a nonpar- 
ametric method to determine the best fit for the terminal 
portion of the curve. The second linear component was 
determined by the method of residuals and the appropriate 
parameters ascertained. It was found that, for his system, 
the nonparametric results were markedly superior for two 
constants and slightly inferior for the remaining two con- 
stants. 

The purpose of this paper is to formulate a nonparam- 
etric method for the solution of nonlinear equations. The 
method is tested by its performance with a conventional 
nonlinear regression technique, using data with different 
error structures and in the presence of outliers of increasing 
importance. 

BACKGROUND 

In 1974, Eisenthal and Cornish-Bowden (6) developed a nonparametric 
method for processing enzymatic data. The method, frequently referred 
to as a “direct linear plot,” was originally devised as a graphical procedure 
for estimating enzyme kinetic parameters. Basically it involves plotting 
all possible sets of data in parameter space. This plot leads to a series of 
line intersections, where each intersecting point represents a different 
estimate of the desired parameters. The median value of this series of 
parameters is then selected as the best estimate. Since medians rather 
than means are used, the method is extremely resistant to  the effects of 
outliers, providing at  least the majority of points are good. In searching 
the literature, no reference applying this nonparametric technique to 
determine the parameters of nonlinear equations was found. 

One approach is to divide the experimental data into sets, which allows 
the determination of the desired parameters and the estimation of the 
parameter values for each set. The selected nonparametric technique is 
then applied to the resultant list of estimates. The most complex problem 
is determining the parameter estimates for each set. This can be ac- 
complished by using numerical solutions to solve the nonlinear equations. 
Application of this technique to the one-compartment, first-order ab- 
sorption pharmacokinetic model follows. 

THEORETICAL 
The one-compartment, first-order absorption model in pharmacoki- 

netics is described by the general equation: 

where C corresponds to the plasma drug concentration a t  time t, F is the 
fraction of dose absorbed, D is the dose, V is the volume of distribution, 
and k ,  and K are the absorption and elimination rate constants, re- 
spectively. If FDIV is treated as a single value, then the equation can be 
solved once we know the three parameters FDIV, K and k,. The deter- 
mination of three parameters requires the solution of three simultaneous 
equations of the form: 

c1 = FD -- ka  ( e - K t l  - e-k . t l )  

V k , - K  

Equations 2 4  are generated by substituting the values for three data 
points (time and concentation) into the general equation (Eq. 1). Un- 
fortunately, the nonlinear nature of these equations makes them difficult 
to solve algebraically. To simplify the problem, ratios of the above 
equations were taken to give Eqs. 5 and 6: 

This step eliminates FDIV from the equations, and yields two equations 
and two unknowns which can be solved using the Newton-Raphson 
method (7) for approximating the roots of simultaneous equations. This 
technique uses expressions in the form of those shown in Eqs. 7 and 8: 

FdG GdF 
d Y  d Y  

dG d F  d F  dG 
dYdX dYdX 

x=xo- 0%. 7) 

FdG GdF 
ax dY 

dG d F  d F  dG 
dYdX dYdX 

Y = Y o t  (Eq. 8) 

where X is unknown 1, i .e.,  K1; Y is unknown 2, i.e., k,,, and F and G are 
Eqs. 5 and 6. Once the appropriate partial derivatives are taken then the 
parameters K and k .  are estimated by iteration until they do not change 
significantly. The third parameter, FDIV, is then determined by sub- 
stituting the estimated values of K and k, into Eq. 9. 

(Eq. 9) 

The above process gives one set of parameter estimates corresponding 
to  the use of one set of three data points. Another combination of three 
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Table 11-Mean and Coefficient of Variation of Parameter Estimates from 500 Simulations Using a One-Compartment 
Pharmacokinetic Model with Data of Constant Coefficient of Variation and Containing One Randomly Selected Outlier of Increasing 
Magnitude 

Outlier Marquardt Nonlinear Regression* Nonparametric * 
Magnitude k, K FDIV k .  K FDl V 

2.03 
(12.30) 

2.03 
(14.59) 

2.06 
(26.49) 

2.52 
(191.78) 

81.67 
(21 16.61) 

0.201 
(5.74) 
0.201 

(6.87) 
0.203 

(10.32) 
0.206 

(17.33) 
0.206 

(17.06) 

3.01 
(4.51) 
3.02 

(5.41) 
3.03 

(7.90) 
3.05 

(10.86) 
3.06 

(12.38) 

1.918 
(11.76) 

1.90 
(13.23) 

1.86 
(15.74) 

1.85 
(17.77) 

1.84 
(17.36) 

0.204 3.06 
(3.77) (4.42) 
0.205 3.08 

(4.49) (5.31) 
0.206 3.11 

(5.68) (5.74) 
0.208 3.12 

(6.61) (6.09) 
'0.208 '3.14. 
(6.81) (7.35) 

Coefficient of variation = 58 ,  k. = 2, K = 0.2, FD/V = 3.0, the outlier randomly selected from one of the seven points with a coefficient of variation from 1 X 0.05 
X C (no outlier) to 8 X 0.05 X C. The concentrations were computed at t = 0.5,1.0,1.5,2.0,4.0,8.0, and 12  hr. b Numbers in parentheses are coefficients of variation. 

data points is selected and the procedure repeated to give a new set of 
parameter estimates. The process is again repeated until all possible 
combinations of data have been used. In the present paper, seven data 
points (seven time and concentration combinations) were used. This gave 
a list of 35 estimates (all combinations of seven items taken three at a 
time). The median value from each list was then selected as the best es- 
timate for that particular parameter. If desired, confidence limits can 
be obtained by the method of Cornish-Bowden et al. (8). 

In their comparison of methods of analyzing enzyme kinetic data, 
Atkins and Nimmo (2) emphasize the importance of thoroughly testing 
new methods by simulation before applying them in practice. To test the 
present method, 500 simulations were performed as described in the 
Experimental section. 

EXPERIMENTAL 

To provide an adequate test for the method, two computer programs' 
were formulated to generate data and determine parameters. Both pro- 
grams generated data by taking assumed constants ( k ,  = 2.00, FDIV = 
3.00 and K = 0.200), calculating the concentration seven times ( t  = 0.5, 
1.0,1.5,2.0,4.0,8.0, and 12.0), andaddingrandomlygenerated, normally 
distributed error with a mean of 0 and a variance of one times either a 
percentage (5%) of the generated concentration (constant coefficient of 
variation) or a constant (0.02) (constant variance), depending on the error 
structure desired. Both programs generated the same set of data points. 
Outliers were produced by randomly selecting one of the times and 
multiplying the error added to the term by a constant (1,2,4,6, or 8). The 
outlier concentration thus generated had a larger error than the rest of 
the points. One program analyzed the data by a standard nonlinear re- 
gression procedure (9). and the other program utilized the proposed 
nonparametric method. Five hundred simulations were carried out and 
the average of each parameter was computed along with the coefficient 
of variation and other summary statistics. 

RESULTS AND DISCUSSION 

The use of nonweighted, nonlinear regression assumes a constant 
variance and, as expected in the nonlinear regression technique, per- 
formed well with this error structure when no outliers or only a small 
outlier was present (Table I). As the size of the outlier was increased, the 
nonparametric method demonstrated its superiority by showing a much 
smaller coefficient of variation. The presence of one outlier with a vari- 
ance eight times the variance of the other points gave coefficients of 
variation for the nonlinear regression twice the corresponding nonpar- 
ametric coefficients of variation. Neither computational procedure 
demonstrated appreciable bias. 

When an error structure with a constant coefficient of variation was 
analyzed (Table 11) (which violates the assumptions of nonweighted, 
nonlinear regression), the nonparametric method was slightly superior 
when no outliers were present, and markedly superior when outliers 
reached moderate size with regard to coefficients of variation. Although 
a weighted nonlinear regression would have improved the performance 
of the nonlinear regression technique, the proper use of weighting is 

1 The programs were written using the Statistical Analysis System (SAS) version 
79.5 run  utilizing North Dakota State University Computer System. 

nearly impossible in practice because of lack of knowledge of the appro- 
priate weights. Consequently, the superiority of the nonparametric 
method is clearly demonstrated. The nonparametric method demon- 
strated a slight bias. 

The nonparametric method is not a panacea for all the ills of phar- 
macokinetic data processing because of two concerns. Since all possible 
sets of three data points are utilized in the calculations, a problem exists 
if these data points do not contain the proper information. For example, 
the later points in a collection do not contain information concerning k, 
if the data are collected after the absorption phase is essentially complete. 
Consequently, k, values computed from the later data points will be es- 
sentially meaningless and will probably be represented at  the extremes 
of the distribution. Should a sufficient number of these occur, the median 
may be affected. A second deficiency of the nonparametric method arises 
from data points too close together. This problem is similar to deter- 
mining the slope of a line using two points close together. The slope in 
the case of the line, or the parameter estimates in the case of the non- 
parametric method, will be determined more by error than by the location 
of the points. For our simulation, we chose a conventional experimental 
design, with points selected at  short intervals at the onset to ensure a 
reasonable determination of k,, and the time period extending over 
sufficient time to ensure adequate determination of K (roughly 3.5 
half-lives). While this experimental design is not optimum for either 
nonlinear regression or nonparametric determinations, it approximates 
data normally used for the determination of nonparametric parameters, 
without straining either computational technology. 

Occasionally the nonparametric method will not converge because of 
either excessive error in the points or too little information for calculating 
one of the parameters. In our computer program, if the estimated pa- 
rameter is 100 or 0.01 times the original estimate, the iteration is stopped 
and the values of 0.01 times or 100 times the original estimate are as- 
signed. This places these values at the extremes (where they would nor- 
mally be), and the median is relatively unaffected. The Newton-Raphson 
method is unstable if the estimate is not close to the true value, so the 
above safeguard prevents instability of the computer program during the 
simulations. In actual practice, although these results would produce 
outliers and hence not affect the results, a different algorithm might be 
beneficial. 

In conclusion, the utility of a nonparametric technique for the deter- 
mination of parameters of nonlinear equations is demonstrated. As an- 
ticipated, the nonparametric technique outperforms conventional non- 
linear regression computations unless the error structure coincides with 
the weighting used for the nonlinear regression technique. The general 
method developed is anticipated to he applicable to other nonlinear 
problems although appropriate numerical techniques for solving si- 
multaneous nonlinear equations must be developed for the particular 
model under examination. 
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Abstract UV and fluorescence spectrophotometry were used to es- 
tablish the analytical profile of a potent myotonia inducer, anthracene- 
9-carboxylic acid (I). UV spectrophotometry is useful for the determi- 
nation of I when it is dissolved in physiological solutions (Ringer’s, Ty- 
rode’s, etc). In these fluids there is a linear relationship between UV 
absorption and I concentration between 500 and 2000 ng/ml (2.25-9.0 
X M). However, in biological fluids there are interferences in the 
UV absorption due to organic substances. On the other hand, fluorescence 
spectrophotumetry is more sensitive than UV for determinations in 
plasma and urine. Within the range of 200-1000 ng/ml(O.9-4.5 X 
M) fluorescence intensity increases linearly with concentration. Fur- 
thermore, when both emission and excitation spectra are combined there 
are no interferences due to organic substances normally present in those 
fluids. An extraction procedure of I from plasma and urine is also de- 
scribed, and the importance of I determinations in relation to the problem 
of this myotonia-inducing aromatic monocarboxylic acid is discussed. 

Keyphrases 0 Fluorescence spectrophotometry-comparison of UV 
for quantification of a potent rnyotonia inducer 

Several classes of chemical agents can produce, both in 
uiuo and in uitro, changes in the function of mammalian 
skeletal muscle resembling the condition known as myo- 
tonia congenita in humans and in goats (1,2). These agents 
include the veratrum alkaloids (3), the substitution of 
chloride ion by other ions that do not cross the muscle 
membrane (4, 5), a group of hypocholesterolemic sub- 
stances (6, ?), clofibric acid that reduces the triglyceride 
levels (81, and other aromatic monocarboxylic acids (9-11). 
All these substances act directly on the membrane of 
mammalian skeletal muscle. However, an increasing 
number of studies in recent years (12-14) have confirmed 
the early proposal of Bryant and Morales-Aguilera (15) 
that aromatic monocarboxylic acids induce in mammalian 
muscle fibers a state that more closely resembles naturally 
occurring myotonia congenita than do the other agents. 
Bryant and Morales-Aguilera (15) and Palade and Barchi 
(16) showed that anthracene-9-carboxylic acid (I) is the 
most potent inducer of myotonia among the tested aro- 
matic monocarboxylic acids and also that these substances 
very specifically block the chloride channel. The avail- 
ability of chemical agents whose effects resemble the 
naturally occurring condition is important in the devel- 

opment of animal models that can give information as to 
the mechanisms of the disease. With the exception of 
clofibric acid (17), there is a lack of quantitative studies 
regarding the in uiuo kinetics of the myotonia-inducing 
aromatic monocarboxylic acids. Also, methods are not 
available for their chemical determination in biological 
fluids. In this paper we report UV and fluorescence spec- 
trophotometric methods for I determination and compare 
them in blood, plasma, urine, and saline perfusates, cov- 
ering most of the present analytical needs of biomedical 
researchers interested in the study of myotonia induced 
by I. 

EXPERIMENTAL 

Determination of I by UV Spectrophotometry-Sodium Bicor- 
bonate Buffer-Fifty milligrams of I’ and 1.5 g of sodium bicarbonate 
were placed in a 100-ml volumetric flask and brought to volume with water. 
Since I is almost insoluble in water (the concentration of a saturated water 
solution is 1.88 X M), it was necessary to alkalinize the medium with 
sodium hydroxide to pH &9 (22”P and stir vigorously for at least 20 min. 
This solution has 320 mosm3. By successive dilutions of the isotonic al- 
kaline solution of I the following concentrations were obtained 0.5,1.0, 
1.5, and 2.0 pg/rnl. The absorbance of these solutions was measured rel- 
ative to an isotonic solution blank at 255 nm4. These solutions are un- 
stable in light, so it is necessary to proceed immediately; the solutions 
must be protected from light. 

Chloroform-A 50-mg volume of I was placed in a 100-ml volumetric 
flask, and brought to volume with chloroform. The dilutions to 0.5,1.0, 
1.5, and 2.0 pg/ml were made with the same solvent. Their absorbance 
was measured uersus a chloroform blank at 255 nm. 

Excitation/Emission Spectrum of I in Chloroform-In a 50-ml 
volumetric flask, 25 mg of I was added, brought to volume with chloro- 
form, and diluted to a final concentration of 10 pg/ml. The spectra of 
excitation and emission were obtained in a spectrophotofluorometefi, 
and the results are shown in Fig. 1. The excitation spectrum exhibits a 
clear absorption peak at 355 nm. This wavelength was used subsequently 
for excitation of the samples. The fluorescence spectrum manifests an 
enhanced emission at  470 nm, and the peak at  this wavelength was used 
to quantify I in blood, plasma, and urine. 

~ ~ 
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X M). However, in biological fluids there are interferences in the 
UV absorption due to organic substances. On the other hand, fluorescence 
spectrophotumetry is more sensitive than UV for determinations in 
plasma and urine. Within the range of 200-1000 ng/ml(O.9-4.5 X 
M) fluorescence intensity increases linearly with concentration. Fur- 
thermore, when both emission and excitation spectra are combined there 
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Several classes of chemical agents can produce, both in 
uiuo and in uitro, changes in the function of mammalian 
skeletal muscle resembling the condition known as myo- 
tonia congenita in humans and in goats (1,2). These agents 
include the veratrum alkaloids (3), the substitution of 
chloride ion by other ions that do not cross the muscle 
membrane (4, 5), a group of hypocholesterolemic sub- 
stances (6, ?), clofibric acid that reduces the triglyceride 
levels (81, and other aromatic monocarboxylic acids (9-11). 
All these substances act directly on the membrane of 
mammalian skeletal muscle. However, an increasing 
number of studies in recent years (12-14) have confirmed 
the early proposal of Bryant and Morales-Aguilera (15) 
that aromatic monocarboxylic acids induce in mammalian 
muscle fibers a state that more closely resembles naturally 
occurring myotonia congenita than do the other agents. 
Bryant and Morales-Aguilera (15) and Palade and Barchi 
(16) showed that anthracene-9-carboxylic acid (I) is the 
most potent inducer of myotonia among the tested aro- 
matic monocarboxylic acids and also that these substances 
very specifically block the chloride channel. The avail- 
ability of chemical agents whose effects resemble the 
naturally occurring condition is important in the devel- 

opment of animal models that can give information as to 
the mechanisms of the disease. With the exception of 
clofibric acid (17), there is a lack of quantitative studies 
regarding the in uiuo kinetics of the myotonia-inducing 
aromatic monocarboxylic acids. Also, methods are not 
available for their chemical determination in biological 
fluids. In this paper we report UV and fluorescence spec- 
trophotometric methods for I determination and compare 
them in blood, plasma, urine, and saline perfusates, cov- 
ering most of the present analytical needs of biomedical 
researchers interested in the study of myotonia induced 
by I. 

EXPERIMENTAL 

Determination of I by UV Spectrophotometry-Sodium Bicor- 
bonate Buffer-Fifty milligrams of I’ and 1.5 g of sodium bicarbonate 
were placed in a 100-ml volumetric flask and brought to volume with water. 
Since I is almost insoluble in water (the concentration of a saturated water 
solution is 1.88 X M), it was necessary to alkalinize the medium with 
sodium hydroxide to pH &9 (22”P and stir vigorously for at least 20 min. 
This solution has 320 mosm3. By successive dilutions of the isotonic al- 
kaline solution of I the following concentrations were obtained 0.5,1.0, 
1.5, and 2.0 pg/rnl. The absorbance of these solutions was measured rel- 
ative to an isotonic solution blank at 255 nm4. These solutions are un- 
stable in light, so it is necessary to proceed immediately; the solutions 
must be protected from light. 

Chloroform-A 50-mg volume of I was placed in a 100-ml volumetric 
flask, and brought to volume with chloroform. The dilutions to 0.5,1.0, 
1.5, and 2.0 pg/ml were made with the same solvent. Their absorbance 
was measured uersus a chloroform blank at 255 nm. 

Excitation/Emission Spectrum of I in Chloroform-In a 50-ml 
volumetric flask, 25 mg of I was added, brought to volume with chloro- 
form, and diluted to a final concentration of 10 pg/ml. The spectra of 
excitation and emission were obtained in a spectrophotofluorometefi, 
and the results are shown in Fig. 1. The excitation spectrum exhibits a 
clear absorption peak at 355 nm. This wavelength was used subsequently 
for excitation of the samples. The fluorescence spectrum manifests an 
enhanced emission at  470 nm, and the peak at  this wavelength was used 
to quantify I in blood, plasma, and urine. 

~ ~ 

1 Aldrich Chemical Co. 
Coleman Instruments Model 37-A Ph Meter. 
Wescor Model 5100 Osmometer. 
Unicam Sp 800 Spectrophotometer. 

5 Aminco-Bowman. 

0022-3549/83/1000- 1221$01.0OlO 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences 1 1221 
Vol. 72, No. 10, October 1983 



1 \ 1 1 ,  
Table I-Percent of Recovery of Added I a 

Whole 
Sample Urine Plasma Blood 

WAVELENGTH, nm 

Figure 1- Wavelength maxima for excitation (left) and emission (right) 
of I in chloroform (10 pglml). 

Standard Curve-Twenty-five milligrams of I was dissolved in 
chloroform and diluted to 50 ml in a volumetric flask, and then diluted 
with chloroform to the following concentrations: 0.2,0.4,0.6,0.8,1.0, and 
1.25 pg/ml. The emission spectrum was determined for each dilution, and 
the intensity of fluorescence was plotted uersus I concentration. 

Spectrophotofluorometric Quantification of I in Blood, Plasma, 
and Urine of Rabbits-Stock Standard-Fifty milligrams of I and 0.75 
g of sodium bicarbonate were dissolved in water and adjusted to 50 ml 
in a volumetric flask. This solution had 320 mosm and the pH was 8.5. 

Blood, Plasma, and Urine Samples-With a syringe containing an 
anticoagulant6 10 ml of blood was drawn from the marginal vein of the 
ear from each of nine healthy New Zealand White rabbits. Plasma was 
obtained from 5 ml of this blood by centrifugation a t  2000 rpm during 
10 min”. The urine of the rabbits was collected by a catheter placed in 
the urinary bladde$ and diluted 10-fold with water before analyses. 

Sample Preparation-Two milliliters of whole blood were pipetted 
into a 15-ml centrifuge tube and mixed with 2 ml of stock standard pre- 
viously diluted 10-fold. The plasma and urine were prepared in the same 
way. 

Extraction Procedure-To 1.0 ml of blood, plasma, or urine prepared 
sample was added 0.5 ml of 3 M HCI, 0.5 g of sodium chloride, and 50 ml 
of chloroform in a Erlenmeyer flask. The contents were ultrasonicatedg 
for 15 min, then centrifuged (full speed for about 10 min) to separate the 
immiscible liquid. The water layer was removed and the fluorescence of 
I was determinated in chloroform. The reproducibility of the assay was 
assessed by calculating the standard deviation of the mean value of the 
individual determinations. 

RESULTS AND DISCUSSION 

Solubility of I in chloroform is greater than in methanol or water. 
Therefore it is easier to work with chloroformic solutions since the ex- 
traction of I from biological fluids is faster and more efficient with this 
solvent. 

1 98.0 96.0 59.0 
2 100.0 96.6 60.6 

i01.2 97.7 52.1 

8 io5.o 102.1 63.3 
9 105.0 102.1 63.3 

Mean f SD 101.0 f 2 98.0 f 2 66.5 f 6 
_ _ _ ~  

0 To each of nine sam les there was added 50.0 pg of I h l .  St,andard curve for 
I using 1.0 pg/ml as a reirence. 

UV Spectrophotometry-Concentrations of I in sodium bicarbonate 
buffer and chloroform were determined by measuring the increase in 
absorbance at  255 nm. With the procedure for measuring I by UV de- 
tection, the peak height and the amount of I in the standards as well as 
in the sample are linearly related to concentration in the two solvents. 
The absorbance is directly proportional to  I concentration of 0.5 to 2.0 
pg/ml (r2 = 0.99). The use of UV spectrophotometry for the determina- 
tion of I is convenient when saline-perfused preparations are used because 
the composition of the saline solutions (Ringer’s, Tyrode’s, Locke’s, etc) 
does not interfere with the readings. The detection limits of this method 
are 0.52.0 pglml(2.259.0 X M). This range is within the one found 
in saline-perfused preparations ( 10-6-10-4 M). In other words, in those 
preparations it is possible to quantify directly or after one dilution the 
I concentration by UV detection. On the other hand, in the case of chlo- 
roform extracts of normal blood, plasma, and urine, some constituents 
of those fluids gave large interfering peaks near, or at the point of maximal 
I absorbance in UV, interfering with its quantification. Furthermore, 
urine is often contaminated with blood. 

Spectrophotofluorometric Determination of I-Excitation and 
emission spectra of I in chloroform were established because these data 
were not found in the literature (Fig. 1). The fluorescence spectrum ob- 
tained by this laboratory is similar to the one reported by Werner and 
Hercules in ethanol, although the absorption spectrum is different (18). 
There is a linear relationship over the range of 0.2-1.0 pg/ml, whereas 
higher concentrations are off because of self-quenching (19). 

Compound Recovery-Table I shows the quantitative results ob- 
tained by spectrophotofluorometry for blood, plasma, and urine samples 
obtained from nine rabbits. The percent recovery of I added to samples 
and extracted with chloroform was in whole blood, plasma, and urine, 
66.5 f 7%, 98.0 f 1%, and 101.0 f 2%, respectively. Figure 2 shows the 
spectrum of a sample of plasma analyzed in triplicate. Similar results were 
obtained with urine (Table I). 

UV Spectrophotometric versus Spectrophotofluorometric 
Assay-The sensitivity of these two formes of detection of I in chloroform 
were compared. The spectrophotofluorometric detection limit was found 
to be 200 ng/ml. The spectrophotometric UV limit was 500 ng/ml. Thus, 
the fluorornetric method is at  least twice as sensitive. 

The recovery of I from plasma and urine averages 98.0 f 1% and 101.0 
f 270, respectively. These results indicate that the fluorometric method 
for plasma and urine is precise a t  low concentrations (Table I). However, 
the fluorometric method is not satisfactory for whole blood because re- 
covery of added purified I averages only 66.5 f 7% for whole blood. 

Sensitivity-The detection limit of the fluorometric method lies in 
the nanogram range. This sensitivity is satisfactory because lower con- 
centrations of I do not affect biological preparations in uitro (14,15). I n  
v i m  a 8.0-mg/kg dose of I administered intraperitoneally to rats or in- 
travenously to goats or rabbits elicits a clear myotonic state as well as 
“percussion myotonia” and the “warm-up” phenomenon. Pharmacoki- 
netic studies in rabbits (20) shows that the same dose (8 mghg) produces 
a t  1 and 120 min plasma concentrations of 1.63 X and 1.0 X M, 
respectively. These concentrations are similar to the ones found as active 
in uitro, and can be determined by the fluorometric method. Further- 
more, the emission spectra of the chloroformic extracts of plasma and 

Figure 2-Emission spectra of chloroform-extracted I from a plasma 
sample (n = 3). The dotted line corresponds to the standard. 

urine are ‘lean (Fig. 2). 
Specificity-To rule out interferences from other substances present 

in olasma or urine. we Derformed determinations in blank samoles 
(without I) and found no fluorescence a t  the wavelength used with this 
method. Therefore, the method is also specific for I. Under the assay 
conditions which we have described, the precision and the sensitivity of 
the present method was found to be reliable for I determinations in some 

6 Heparin, Sigma Chemical Co. 

9 Ultrasonic cleaner, Tank Unit. 

7 Phillips-Drucker, Model L-7011 Centrifuge. 
Foley catheter, No. 8. 
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biological liquids. It is possible to perform 14 assays in -3 hr including 
reagent blanks, standards, and controls. Thus, our method should be 
suitable both for research in pharmacology and in a chemistry labora- 
tory. 
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Abstract 0 A high-performance liquid chromatographic method has 
been developed for the simultaneous determination of azobenzene and 
hydrazobenzene in phenylbutazone and sulfinpyrazone raw materials 
and formulations. The drug raw material or formulation is shaken with 
1 N NaOH and n-hexane and centrifuged. The n-hexane layer is injected 
into a chromatograph equipped with a 10pm cyano-amino bonded phase 
column. Azobenzene and hydrazobenzene are detected at  313 and 254 
nm, respectively; the sensitivities are -1 and 2 ppm, respectively, in the 
raw materials and formulations. 

Keyphrases Azobenzene-determination in phenylbutazone and 
sulfinpyrazone products by high-performance liquid chromagraphy 0 
Hydrazobenzenedetermination in phenylbutazone and sulfinpyrazone 
products by high-performance liquid chromatography 0 High-perfor- 
mance liquid chromatography-determination of azobenzene and hy- 
drazobenzene in phenylbutazone and sulfinpyrazone products 

Hydrazobenzene is an intermediate in the manufacture 
of phenylbutazone and sulfinpyrazone (1). These drugs 
may be contaminated with hydrazobenzene as a result of 
incomplete clean up after manufacture or if the drugs de- 
grade by hydrolytic ring opening and subsequent cleavage 
of the residual amido function (2). Azobenzene forms 
readily by autoxidation of hydrazobenzene (2); its presence 
in drugs may be due to the use of impure hydrazobenzene 
during manufacture or to the oxidation of hydrazobenzene 
(2). Recent work indicates that hydrazobenzene is a car- 
cinogen in rats and mice (3) and that azobenzene is a car- 
cinogen in rats, but not in mice (4). 

There appear to be few available methods for the de- 
termination of azo- and hydrazobenzene. Hydrazobenzene 
(5) and azobenzene (6 ,7)  have been detected in phenyl- 

butazone formulations by TLC, and a high-performance 
liquid chromatography (HPLC) method for the determi- 
nation of hydrazobenzene in aqueous media (8) has been 
reported. An HPLC method for the simultaneous deter- 
mination of azo- and hydrazobenzene in phenylbutazone 
and sulfinpyrazone drug raw materials and formulations 
is described here. 

EXPERIMENTAL 

Materials-Azobenzenel, hydrazobenzene2 (1,2-diphenylhydrazine), 
sodium hydroxide3, HPLC-grade n-hexane4, and absolute ethanol5 were 
used as received. All solvents were flushed with nitrogen prior to use. 

Apparatus-The liquid chromatograph consisted of a single-piston 
metering pump6, an injector’ equipped with a 100-pl sample loop, a 
dual-channel UV detectol.8 (254 nm, 0.02 AUFS and 313 nm, 0.05 AUFS) 
and two 10-mV strip chart recorderss (chart speed of 0.5 cm/min). A 
Partisil-10 P A P o  analytical column (25 cm X 4.6-mm id.) and a Porasil 
40011 (37-75 pm) precolumn (10 cm X 4 mm-i.d.) were used a t  ambient 
temperature with a mobile phase flow rate of 2 ml/min. The mobile phase 
was a solution of 2.5% absolute ethanol in n-hexane (v/v) flushed with 
nitrogen. 

Calibration Curves-Azobenzene-A solution of azobenzene in 

1 Pfaltz and Bauer Inc., Stamford, Conn. 
2 Aldrich Chemical Co., Milwaukee, Wis. 
3 Anal ical Reagent Grade. 

6 Model llOA; Altex Scientific, Berkeley, Calif. 

8 Model 440; Waters Associates, Milford, Mass. 
9 Linear Instruments Carp., Irvine, Calif. 

10 Whatman Inc., Clifton, N.J. (Cyano-amino polar phase bonded to silica 

11 Waters Associates, Milford, Mass. 

B u r g k  and Jackson Laboratories, Muskegon, Mich. 
Consolidated Alcohols Ltd., Toronto, Ont. 

Model CV-6-UHPa-Nm; Valco Instruments Co., Houston, Tex. 
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biological liquids. It is possible to perform 14 assays in -3 hr including 
reagent blanks, standards, and controls. Thus, our method should be 
suitable both for research in pharmacology and in a chemistry labora- 
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incomplete clean up after manufacture or if the drugs de- 
grade by hydrolytic ring opening and subsequent cleavage 
of the residual amido function (2). Azobenzene forms 
readily by autoxidation of hydrazobenzene (2); its presence 
in drugs may be due to the use of impure hydrazobenzene 
during manufacture or to the oxidation of hydrazobenzene 
(2). Recent work indicates that hydrazobenzene is a car- 
cinogen in rats and mice (3) and that azobenzene is a car- 
cinogen in rats, but not in mice (4). 

There appear to be few available methods for the de- 
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(5) and azobenzene (6 ,7)  have been detected in phenyl- 

butazone formulations by TLC, and a high-performance 
liquid chromatography (HPLC) method for the determi- 
nation of hydrazobenzene in aqueous media (8) has been 
reported. An HPLC method for the simultaneous deter- 
mination of azo- and hydrazobenzene in phenylbutazone 
and sulfinpyrazone drug raw materials and formulations 
is described here. 

EXPERIMENTAL 

Materials-Azobenzenel, hydrazobenzene2 (1,2-diphenylhydrazine), 
sodium hydroxide3, HPLC-grade n-hexane4, and absolute ethanol5 were 
used as received. All solvents were flushed with nitrogen prior to use. 

Apparatus-The liquid chromatograph consisted of a single-piston 
metering pump6, an injector’ equipped with a 100-pl sample loop, a 
dual-channel UV detectol.8 (254 nm, 0.02 AUFS and 313 nm, 0.05 AUFS) 
and two 10-mV strip chart recorderss (chart speed of 0.5 cm/min). A 
Partisil-10 P A P o  analytical column (25 cm X 4.6-mm id.) and a Porasil 
40011 (37-75 pm) precolumn (10 cm X 4 mm-i.d.) were used a t  ambient 
temperature with a mobile phase flow rate of 2 ml/min. The mobile phase 
was a solution of 2.5% absolute ethanol in n-hexane (v/v) flushed with 
nitrogen. 
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Figure 1-Chromatogram of azobenzene (2.0 min) and hydrazoben- 
zene (6.1 min). Key: (a) detection at 254 nm, (b) detection at  313 nm. 

n-hexane (1.6 pg/ml) was diluted with the same solvent to obtain five 
standard solutions ranging from 0.048 to 0.80 pg/ml. Duplicate 100-pl 
aliquots representing on-column amounts of 0.0048-0.080 pg of azo- 
benzene were chromatographed at  313 nm with the signal attenuated to 
0.05 AUFS. 

Hydrazobenzene-A solution of hydrazobenzene in n -hexane (1.6 
pg/ml) was diluted with the same solvent to obtain five standard solutions 
ranging from 0.10 to 1.6 pg/ml. Duplicate 100-pl aliquots representing 
on-column amounts of 0.01O-O.160 pg of hydrazobenzene were chroma- 
tographed at  254 nm with the signal attenuated to 0.02 AUFS. 

Daily Calibration-Two standard solutions of each compound (azo- 
and hydrazobenzene) were prepared fresh each day. The concentrations 
of the standards were such that the on-column levels were -0.006 and 
0.060 pg for azobenzene and -0.016 and 0.120 pg for hydrazobenzene. 

System Check Sample-Powdered, well-mixed composites were 
prepared from 50 capsules (or tablets) of phenylbutazone or sulfinpy- 
razone products which were known to contain azobenzene and hydra- 
zobenzene. These were analyzed periodically to check the reproducibility 
of the chromatographic system and the sampling procedures. 

Analysis of Phenylbutazone or Sulfinpyrazone Preparations- 
Phenylbutazone or sulfinpyrazone drug raw material (100 mg), or an 
aliquot of a composite of powdered tablets or capsule contents equivalent 
to 100 mg of the drug substance, was shaken with 10.0 ml of 1 N NaOH 
just long enough to wet the solid mass. To this was added 5.0 ml of n- 
hexane, and the mixture was shaken for 5 min on a horizontal shaker. 
After centrifuging at  4000 rpm for 1 min, the upper organic layer con- 
taining the azobenzene and/or hydrazobenzene was immediately sepa- 
rated from the aqueous phase containing the drug. Duplicate 100-pl al- 
iquots of the organic phase were chromatographed with the 254- and 
313-nm detectors in series. When the peak for the azobenzene and/or 
hydrazobenzene was off-scale, the sample was diluted with n-hexane and 
injected again. Quantitation was by the peak height technique for both 
impurities. Calibration standards of azobenzene and hydrazobenzene 
in n-hexane were used as the external reference solutions. 

RESULTS AND DISCUSSION 

During development of the method it was found that some sulfinpy- 
razone samples contained an impurity which was eluted at  1.8 min and 
was incompletely resolved from azobenzene at  2.0 min. This impurity 
was shown to be toluene by GC-MS. Toluene and azobenzene were re- 
solved at  retention times of 2.8 and 4.0 min, respectively, by elimination 
of ethanol from the mobile phase. This, however, delayed the elution of 
hydrazobenzene to such an extent that there was an unacceptable loss 
of sensitivity. Therefore, ethanol was retained in the mobile phase and 
the azobenzene was quantitated at  313 nm, where absorption by toluene 
is insignificant. The hydrazobenzene, which was eluted a t  4.9 min, was 

quantitated by measurements a t  254 nm. Typical chromatograms at  both 
wavelengths are presented in Fig. 1. 

Hydrazobenzene is reported to be oxidized readily in solvents such as 
benzene, methylene chloride, and methanol (8). In n-hexane in equilib- 
rium with the atmosphere, hydrazobenzene was oxidized to azobenzene 
a t  a rate of -5%/hr a t  room temperature. In nitrogen-flushed n-hexane 
there was no increase in the azobenzene level during the first 30 min and 
only a 4% conversion after -2 hr. In addition it was found that azo- and 
hydrazobenzene in the nitrogen-flushed calibration solutions were stable 
over a period of 1 hr, as indicated by the constancy of the response factors 
of the five calibration solutions. Over the period of the extraction neither 
drug was degraded sufficiently to cause detectable increases in the azo- 
and hydrazobenzene levels. For phenylbutazone, the levels began to in- 
crease after 15 min, but no change was observed in sulfinpyrazone after 
50 min. 

The reproducibility of the procedure used for the extraction of azo- 
and hydrazobenzene from formulations was investigated using phenyl- 
butazone and sulfinpyrazone formulations known to contain azo- and 
hydrazobenzene. Using 10 ml of 1 N NaOH and 5 ml of n-hexane as 
provided for by the method, the extraction of both contaminants was 
invariant between 50 and 250 mg of phenylbutazone and 50 and 150 mg 
of sulfinpyrazone. Increasing the amount of n-hexane used in the ex- 
traction from 5 to 10 and 5 to 20 ml for sulfinpyrazone and phenylbuta- 
zone, respectively, had no effect on the amounts of azo- and hydrazo- 
benzene detected. The partition of azo- and hydrazobenzene into n-  
hexane from sodium hydroxide solution is virtually complete. This was 
demonstrated by shaking a solution of the contaminants dissolved in 
n-hexane with 1 N NaOH. There was no detectable change in the ob- 
served levels of azo- and hydrazobenzene after shaking with the base. 
Drug raw materials and formulations were spiked with known amounts 
of azo- and hydrazobenzene. Recoveries ranged between 85 and 110%. 

The response of the chromatographic system was linear from 4 tp 70 
ng of azobenzene on-column, with an intercept that did not vary signif- 
icantly from zero. The relative standard deviation of the ratio of the peak 
height to the weight of azobenzene was 2.3% for five calibration points. 
For hydrazobenzene the linear range was from 10 to 150 ng with a cor- 
responding relative standard deviation of 3.5%. These ranges would 
correspond to azo- and hydrazobenzene levels of 2-35 ppm and 6 7 5  ppm, 
respectively, in 100 mg of drug when assayed by the procedure described 
in this paper. The chromatographic reproducibilities were established 
by injecting six aliquots of each of two solutions of azo- and hydrazo- 
benzene. On-column amounts of 0.0057 and 0.032 pg of azobenzene gave 
relative standard deviations of the peak height-weight ratio of 2.34 and 
0.53%, respectively. For hydrazobenzene, tge relative standard deviations 
were 5.99 and 3.12% for on-column quantities of 0.0737 and 0.145 pg, 
respectively. The reproducibility of the assay for azo- and hydrazoben- 
zene in formulations of phenylbutazone and sulfinpyrazone ranged be- 
tween 4 and 13%, in general agreement with recoveries from the spiked 
samples. 

The minimum detectable amounts of azobenzene and hydrazobenzene 
on column are -1.5 and 4 ng, respectively. These levels corresponded to 
-1 and 2 ppm of azobenzene and hydrazobenzene, respectively, for an 
on-column equivalent of 2000 pg of the drug. The minimum quantifiable 
levels were about twice these amounts. 

REFERENCES 

(1)  D. Lednicer and L. A. Mitscher, “Organic Chemistry of Drug 

(2) D. V. C. Awang, A. A. Vincent, and F. Matsui, J. Pharm. Sci., 62, 

(3) National Cancer Institute Carcinogenesis Technical Report Series 

(4) National Cancer Institute Carcinogenesis Technical Report Series 

(5) I. J. McGilveray, Med. Sero. J. Can., 23,233 (1967). 
(6) H. Fabre and B. Mandrou, J. Pharm. Sci., 70,460 (1981). 
(7) F. Matsui, D. L. Robertson, P. Lafontaine, H. Kolasinski, and E. 

(8) R. M. Riggin and C. C. Howard, Anal. Chem., 51,210 (1979). 

Synthesis,” Wiley, New York, N.Y., 1977, p. 234. 

1673 (1973). 

No. 92,1978. 

No. 154, 1979. 

G. Lovering, J. Pharm. Sci., 67,646 (1978). 

1224 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 10. October 1983 



Increased Cytotoxicity of N6- ( A2-1sopentenyl)adenosine 
in Combination with Pentostatin Against L-1210 
Leukemia Cells 

BRUCE HACKER and YUNIK CHANGX 
Received June 4,1982, from the College of Pharmacy, University of Oklahoma, Oklahoma City, OK 73190. 
September 21,1982. 

Accepted for publication 

~ ~ ~~ ~~ ~~ 

Abstract Pentostatin (I), a tight-binding inhibitor of adenosine 
deaminase, was evaluated in combination with the partially effective 
antitumor nucleoside N6-(A2-isopentenyl)adenosine (11) for cytotoxic 
activity against cultured L-1210 lymphocytic mouse leukemia cells. Al- 
though I alone (510 pg/ml) was ineffective, it significantly potentiated 
and prolonged the cytotoxic and cytostatic activities of 11. The combi- 
nation of I (2-10 pg/ml) with I1 (25 pg/ml) resulted in inhibition of cellular 
proliferation (SO-96%) within 24 hr with maintenance at that level for 
an extended period of time due to the continued ability of I to prevent 
the facile deamination of the allylic side chain of 11. This type of adjuvant 
chemoprotection has potential use for other labile oncologic agents. 

Keyphrases 0 Pentostatin-potentiation of N6-(A2-isopentenyl)- 
adenosine, cytotoxicity, mouse L-1210 leukemia cells N6-(A2-isopen- 
teny1)adenosine-potentiation by pentostatin, cytotoxicity, mouse L- 
1210 leukemia cells O Cytotoxicity-N6-(A2-isopentenyl)adenosine, 
potentiation by pentostatin, mouse L-1210 leukemia cells 

Since its initial characterization by Woo et al. ( l) ,  pen- 
tostatin (2’-deoxycoformycin) (I), the tight-binding in- 
hibitor of adenosine deaminase, has been shown to possess 
both antilymphocytic (2) and immunosuppressive activity 
(3) in several animal test systems. The ability of I to oppose 
or block the enzymatic deamination of several adenosine 
analogues to inactive forms (4) prompted clinical interest 
and utilization of the drug in the treatment of human 
chronic and acute lymphocytic leukemia. Recent studies 
have shown that I is of particular use in the treatment of 
acute lymphoblastic leukemia (5), as well as for chronic 
T-cell lymphocytic leukemia (6). Of special interest has 
been combination of I with the antiviral and antitumor 
agent vidarabine (7). 

Other studies have revealed the existence of a correlation 
between the cytotoxicity of I and the accumulation of 
deoxyadenosine-5’-triphosphate in acute lymphocytic 
leukemia (8,9), as well as the ratio of deoxyadenosine-5’- 
triphosphate to adenosine-5’-triphosphate in red blood 
cells. Another adenosine nucleoside analogue N6-(A2- 
isopenteny1)adenosine (II), used in the present investi- 
gation, has also been shown previously to possess 
growth-inhibitory effects on sarcoma-180 cells as well as 
some cytostatic action in treating human myeloblastic 
leukemia (10). Its immunosuppressive activity (11) has 
been linked to its ability to block the transport of pre- 
formed nucleosides a t  the level of transmembrane trans- 
location in several mammalian species (11,12). Moreover, 
i t  has been possible to prepare a serologically specific 
antibody to I1 (13). 

Despite their potential for treating human leukemias, 
use of II and other adenosine antimetabolites has been 
limited due to  their susceptibility to enzymatic degrada- 
tion and subsequent inactivation by an enzyme system 
related to adenosine deaminase [W-( A2-isopenteny1)- 
adenosine-minohydrolase (14)]. This difficulty has been 

overcome, in great measure, by release of I1 at a control- 
lable and predictable rate from a silicone rubber mono- 
lithic polymer matrix (15-17). This represented a suc- 
cessful attempt to match the rate of release of I1 against 
the aminohydrolase activity in tumor cells. The present 
study using I was begun to establish a means of preventing 
the degradation of 11, thereby potentiating and prolonging 
its effectiveness against L-1210 leukemia cells. 

EXPERIMENTAL 
Drug AgenteThe  preparation of N6-(A2-isopentenyl)adenosine (II) 

was conducted as described elsewhere (11,12,16). Pentostatin [(R)-3- 
(2-deoxy-/3- D- erythro-pentofuranosyl) - 3,6,7,8- tetrahydroimidazo- 
[4,5-d] [1,3]diazepin-8-ol; I] was supplied’. Both agents were stored at  
-20’ over silica gel. 

Culturing of L-1210 Cells and Determination of Cell Number- 
Mouse lymphocytic leukemia cells (L-1210) were routinely cultured under 
sterile conditions in a 5% carbon dioxide atmosphere at 37O, with transfer 
during the mid-log phase of growth into 5 ml of fresh medium2 (RPMI 
1640 supplemented with L-glutamine plus 10% fetal calf serum) as de- 
scribed elsewhere (16), using wide-mouth culture flasks3 to accommodate 
silicone polymeric membranes when used. Total cell number and viability 
values were determined using Turk’s solution and trypan blue exclusion, 
respectively (16). Aliquots of each cell suspension, to which I1 and/or I 
was added at time zero, were aseptically removed for the determination 
of cell number and for centrifugation-filtration4 to yield cell-free filtrates 
for high-performance liquid chromatographic (HPLC) determina- 
tions. 

Analysis of I and I1 Content in Cell Growth Medium-High per- 
formance liquid chromatography using two reverse-phase columns5 
eluted with varying methanolic solutions, as described in part previously 
(15, 16), was used to determine the stability and metabolism of both 
nucleoside drug agents in the cell culture medium at  various intervals. 
This was accomplished during continuous incubation conditions by re- 
moval of aliquots (0.05-0.20 ml) for centrifugation-filtration (16). 

Determination of the Cytotoxicity of I and 11-Solutions of I or I1 
were freshly prepared by dissolving the drugs in RPMI 1640 without 
serum, with sterile-filtration followed by aseptic addition at  time zero.6 
At appropriate times thereafter, aliquots of each cell suspension were 
removed for determination of cell number, viability, and/or required 
analytical studies (16). 

RESULTS AND DISCUSSION 

Adenosine deaminase and a related aminohydrolase for I1 not only have 
important roles in normal catabolic pathways for adenine nucleosides, 
but are capable of deaminating N6-(A2-isopentenyl)adenosine (11) (14). 
Deamination of I1 to inosine greatly reduces its ability to interfere with 
nucleic precursor transport and synthesis (11,12) and its immunosup- 
pressive activity (11,13), thereby diminishing its chemotherapeutic po- 
tential as an anticancer agent (10). The present investigation demon- 
strates that a natural product, the potent adenosine deaminase inhibitor 
pentostatin (1-9), can potentiate and prolong the antileukemic effect of 

~ ~~ 
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Table I-Effects of Pentostatin and NG-(Az-Isopentenyl)adenosine on the  Proliferation of L-1210 Leukemia Cells in Culture ,I 
Compound Added * 

None I I1 I plus I1 
Inhibition, Inhibition, Inhibition, 

Time, hrc Cells/ml X 10-5 Cells/ml X10-5 % Cells/ml x % Cells/& x 10-5 % 

24 3 f 0.5d 3 f 0.5 
48 14.5 f 1.0 14 f 0.8 
72 34 f 1.0 33.5 f 1.0 

0 
3.2 
1.5 

0.8 f 0 
4.5 f 0.5 

11.1 f 1.0 

73 
69 
68 

0.5 f 0 83 
2.8 f 0.5 81 
4.5 f 0.5 86 

96 42 f 1.5 41 f 2.0 2.4 14.2 f 1.0 66 9 f 1.0 79 
144 50 f 1.5 48 f 2.0 4.0 22 f 1.0 56 7.5 f 1.0 85 

0 Each T-flask initially contained 2 X 106 L-1210 mouse leukemia cells per milliliter (100% viability by trypan blue exclusion) in 5 ml of growth medium (RPMI 1640 
plus 1040 fetal calf serum). Experiments were conducted using 2 or 3 replicates for each type of determination. Additions (0.1-0.3 ml) of each agent dissolved in RPMI 
1640 medium followed by sterile fdtration were made at time zero to yield f d  concentrations of I (2 pg/ml) and/or I1 (25 pglml). Aliquots (0.1-0.2 ml) of each cell suspension 
were removed aseptically at various time intervals for the following determinations: total cell count using Turk’s solution, cell viability (trypan blue exclusion), and HPLC 
(15.16). d Mean f SD. 

I1 against cultured L-1210 cells (Table I). Although I alone (IlOpglml) 
does not interfere with L-1210 cellular proliferation, it is capable of en- 
hancing the antileukemic effects of I1 (25 pg/ml). At an optimal con- 
centration of 5-10 pg/ml, I in combination with I1 results in almost total 
cell death (96%) within 24 hr. The few remaining cells have viability 
values of 4&50?h. The most impressive effect of I (2 pglml) is its ability 
to prevent the cytotoxic capacity of I1 from declining at  longer intervals 
of incubation time, when L-1210 leukemia cells are in the stationary phase 
of growth. This effect is discernible a t  concentrations of as low as 0.2 
pg/m17. These results suggest that inhibition of N6-(A*-isopentenyl)- 
adenosine-aminohydrolase prevents the inactivation of 11, thereby en- 
hancing and prolonging its effectiveness as an antitumor drug agent. In 
other recent studies (15-17), it has been demonstrated that the usefulness 
of I1 against L-1210 cells may also be potentiated by controlled release 
of this nucleoside from a polymeric silicone matrix. 
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Abstract Two novel series of arylidenepyruvic acid thiosemicarbazone 
and thiazoline derivatives were synthesized and evaluated as potential 
antimicrobial agents. These substances did not exhibit any significant 
antibacterial effects when tested against a variety of microorganisms. 

Keyphrases 0 Antimicrobial agents, potential-arylidenepyruvic acid 
thiosemicarbazone and thiazoline derivatives, synthesis, evaluation for 
antibacterial activity Arylidenepyruvic acids-thiosemicarbazones 
and thiazolines derivatives, synthesis, antimicrobial effects. 

The introduction of a thiosemicarbazone moiety to alter 
the pharmacological activity of a variety of biologically 
active compounds has been demonstrated recently in 
several studies from this laboratory (1-5). Continuing such 

studies, the thiosemicarbazones (11-XIV) derived from 
various arylidenepyruvic acids and the corresponding 
thiazolines (XV-XXVII, Scheme I) were synthesized and 
tested for antimicrobial activity. 

RESULTS AND DISCUSSION 

Chemistry-The thio compounds (11-XXVII) were prepared as shown 
in Scheme I. A mixture of pyruvic acid or the properly substituted aryl- 
idenepyruvic acid (I), prepared through Claisen condensation of pyruvic 
acid and various aryl aldehydes (61, and an equivalent amount of 4-sub- 
stituted 3-thiosemicarbazide was heated under reflux in aqueous acetic 
acid. The products (11-XIV) which separated on concentrating and 
cooling the mixtures, were crystallized from ethanol. The reaction of these 
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Table I-Effects of Pentostatin and NG-(Az-Isopentenyl)adenosine on the  Proliferation of L-1210 Leukemia Cells in Culture ,I 
Compound Added * 

None I I1 I plus I1 
Inhibition, Inhibition, Inhibition, 

Time, hrc Cells/ml X 10-5 Cells/ml X10-5 % Cells/ml x % Cells/& x 10-5 % 

24 3 f 0.5d 3 f 0.5 
48 14.5 f 1.0 14 f 0.8 
72 34 f 1.0 33.5 f 1.0 

0 
3.2 
1.5 

0.8 f 0 
4.5 f 0.5 

11.1 f 1.0 

73 
69 
68 

0.5 f 0 83 
2.8 f 0.5 81 
4.5 f 0.5 86 

96 42 f 1.5 41 f 2.0 2.4 14.2 f 1.0 66 9 f 1.0 79 
144 50 f 1.5 48 f 2.0 4.0 22 f 1.0 56 7.5 f 1.0 85 

0 Each T-flask initially contained 2 X 106 L-1210 mouse leukemia cells per milliliter (100% viability by trypan blue exclusion) in 5 ml of growth medium (RPMI 1640 
plus 1040 fetal calf serum). Experiments were conducted using 2 or 3 replicates for each type of determination. Additions (0.1-0.3 ml) of each agent dissolved in RPMI 
1640 medium followed by sterile fdtration were made at time zero to yield f d  concentrations of I (2 pg/ml) and/or I1 (25 pglml). Aliquots (0.1-0.2 ml) of each cell suspension 
were removed aseptically at various time intervals for the following determinations: total cell count using Turk’s solution, cell viability (trypan blue exclusion), and HPLC 
(15.16). d Mean f SD. 

I1 against cultured L-1210 cells (Table I). Although I alone (IlOpglml) 
does not interfere with L-1210 cellular proliferation, it is capable of en- 
hancing the antileukemic effects of I1 (25 pg/ml). At an optimal con- 
centration of 5-10 pg/ml, I in combination with I1 results in almost total 
cell death (96%) within 24 hr. The few remaining cells have viability 
values of 4&50?h. The most impressive effect of I (2 pglml) is its ability 
to prevent the cytotoxic capacity of I1 from declining at  longer intervals 
of incubation time, when L-1210 leukemia cells are in the stationary phase 
of growth. This effect is discernible a t  concentrations of as low as 0.2 
pg/m17. These results suggest that inhibition of N6-(A*-isopentenyl)- 
adenosine-aminohydrolase prevents the inactivation of 11, thereby en- 
hancing and prolonging its effectiveness as an antitumor drug agent. In 
other recent studies (15-17), it has been demonstrated that the usefulness 
of I1 against L-1210 cells may also be potentiated by controlled release 
of this nucleoside from a polymeric silicone matrix. 

REFERENCES 

(1) P. W. K. Woo, H. W. Dion, S. M. Lange, L. F. Dahl, and L. J. 

(2) C .  E. Cass and H. Au Yeung, Cancer Res., 36,1486 (1976). 
(3) M. M. Chassin, M. A. Chirigos, D. G. Johns, and R. Adamson, N. 

B. Hacker, unpublished results. 

Durham, J. Heterocycl. Chem., 11,641 (1974). 

Engl. J .  Med.,  296,1232 (1977). 
(4) J. F. Smyth, R. M. Paine, and A. L. Jackman, Cancer Chenother. 

Pharmacol., 5,93 (1980). 
(5) D. G. Poplack, S. E. Sallan, G. Rivera, J. Holcenberg, S. B. Mur- 

phy, J. Blatt, J. M. Lipton, P. Venner, D. L. Glaubiger, R. Ungerleider, 
and D. Johns, Cancer Res., 41,3343 (1981). 

(6) A. Yu, B. Bakay, S. Matsumoto, W. Nyhan, M. Green, and I. 
Royston, Proc. Am. Assoc. Cancer Res., 22,226 (1981). 

(7) G. A. LePage, L. S. Worth, and A. P. Kimball, Cancer Res., 36, 
1481 (1976). 

(8) C. A. Koller and B. S. Mitchell, Proc. Am. Assoc. Cancer Res., 22, 
221 (1981). 

(9) R. L. Wortmann, J. Holcenberg, and D. C. Poplack, Cancer Treat. 
Rep., 66,387 (1982). 

(10) J. T. Grace, M. T. Hakala, R. H. Hall, and J. Blakeslee, Proc. Am. 
Assoc. Cancer Res., 8,23 (1967). 

(11) B.Hacker and T. L. Feldbush, Cancer, 27,1384 (1971). 
(12) D. Hare and B. Hacker, Physiol. Chem. Phys., 4,275 (1972). 
(13) B. Hacker, H. Van Vunakis, and L. Levine, J. Irnrnunol., 108,1726 

(14) R. H. Hall and G. Mintsioulis, J .  Biochem., 73,739 (1973). 
(15) B. Hacker and Y. Chang, Proc. Am. Pharrn. Assoc. Acad. Pharm. 

(16) Y. Chang and B. Hacker, J. Pharm. Sci., 71,328 (1982). 
(17) B. Hacker and Y. Chang, J. Pharm. Sci.,  72,902 (1983). 

(1972). 

Sci., 11,136 (1981). 

Arylidenepyruvic Acid Thiosemicarbazone and Thiazoline 
Derivatives As Potential Antimicrobial Agents 

A.-MOHSEN M. E. OMAR *=, IBRAHIM M. LABOUTA *, 
M. GABR KASEM *, and J. BOURDAIS * 
Received May 25,1982, from the ‘Pharmaceutical Chemistry Department, Faculty of Pharmacy, Uniuersity of Alexandria, Egypt and 
tLaboratoire de Chirnie des H6t6rocycles d’lnt6r6t Biologique, Unioersit6 d’Aix-Marseille I I ,  Facult6 de Medecine Nard, 13326 Marseille, 
Cedex 15, France. Accepted for publication August 16,1982. 

Abstract Two novel series of arylidenepyruvic acid thiosemicarbazone 
and thiazoline derivatives were synthesized and evaluated as potential 
antimicrobial agents. These substances did not exhibit any significant 
antibacterial effects when tested against a variety of microorganisms. 
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The introduction of a thiosemicarbazone moiety to alter 
the pharmacological activity of a variety of biologically 
active compounds has been demonstrated recently in 
several studies from this laboratory (1-5). Continuing such 

studies, the thiosemicarbazones (11-XIV) derived from 
various arylidenepyruvic acids and the corresponding 
thiazolines (XV-XXVII, Scheme I) were synthesized and 
tested for antimicrobial activity. 

RESULTS AND DISCUSSION 

Chemistry-The thio compounds (11-XXVII) were prepared as shown 
in Scheme I. A mixture of pyruvic acid or the properly substituted aryl- 
idenepyruvic acid (I), prepared through Claisen condensation of pyruvic 
acid and various aryl aldehydes (61, and an equivalent amount of 4-sub- 
stituted 3-thiosemicarbazide was heated under reflux in aqueous acetic 
acid. The products (11-XIV) which separated on concentrating and 
cooling the mixtures, were crystallized from ethanol. The reaction of these 
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S 

R1-C-cmH Ethanol ' "'; 'COOH I 

9 N  NH d-N ? H R2 p NH '' NHR2 8 

xv : cy 
XVI : A 
XVll : A 

XVU : A 
XIX : A 
X X :  A 
X X I :  A 

1X: B 
X: B 

XI : c 
XI1 : c 
Xlll : c 
XIV : c 

Scheme I 

thiosemicarbazones with phenacyl bromide or the appropriately sub- 
stituted phenacyl bromide and sodium acetate under reflux in ethanol 
yielded the arylidenepyruvic acid thiazoline derivatives (XV-XXVII). 

The structure of the products was confirmed by IR and, for some 
representative examples, by 'H-NMR spectral data. The IR spectra of 
the thiosemicarbazones (11-XIV) showed the bands characterizing the 
OH, NH, C 4 ,  C=N, and NCS groups. Compounds XV-XXVII, on the 
other hand, lacked the NH absorption while showing absorption for C 4  
and C=N groups. The 'H-NMR spectrum of 111 showed the CH3 protons 
as a singlet at 2.21, the aromatic protons as a multiplet between 7.1 and 
7.9, and the two NH and COOH protons as two singlets at 10.92 and 11.24 
ppm, respectively. The spectrum of V showed the aromatic and the un- 
saturated side-chain protons as a multiplet between 7.0 and 8.1, while 
the protons of the COOH and the two NH functions appeared as singlets 
(disappearing on deuteration) a t  10.92,12.15, and 12.8 ppm, respectively. 
The spectra of the thiazolines XV and XXIV lacked the NH protons and 
showed the triazoline proton at 6.79 ppm. 

The mass spectrum of 111, as a representative example, showed the 
molecular ion peak at rn lz  217 (Scheme 11). This indicated that the 
molecule had undergone cleavage of a methyl group from the pyruvic acid 
portion to give ion A at  rnlz 202, (pathway 1). Ion A eliminated a butyl 

group forming the triazole ion B ,  at mlz 145, which eliminated carbon 
dioxide to give ion C at  mlz 101. In an alternate way, ion A was found to 
eliminate carbon dioxide and a cyanide function to form the butylthiourea 
ion D, at  mlz 132, which lost hydrogen sulfide to yield the carbodiimide 
ion E at  rnlz 98. In pathway 2, the molecule lost water to produce the 
triazine ion F, a t  mlz 199, while in pathway 3, the successive loss of pro- 
pane and carbon dioxide gave ions G and H at  mlz 175 and 131, respec- 
tively. The loss of a carboxylic function from the main product I11 
(pathway 4) gave ion I, as the base peak, at mlz 172. This ion on losing 
propane gave ion J, at mlz 128, which on elimination of methylene and 
acceptance of hydrogen gave the triazine ion K at mlz 115. The loss of 
hydrogen from ion J followed by cleavage of the methyl group produced 
ions L and M at mlz 127 and 112, respectively. 

Antimicrobial Screening-Using the serial dilution method in nu- 
trient agar', all the products in concentrations of 100,10, and 1 wg/ml were 
found to be inactive against Escherichia coli (NCTC 10418), Klebsiella 
aerogenes A,  Pseudomonas aeruginosa (NCTC l0662), .Serratia mar- 

1 The tests were performed in accordance *ith the protocol of antimicrobial 
screening of the Chemotherapeutic Research Centre, Beecham Pharmaceuticals, 
Brockham Park, Betchworth, Surrey, RH3 7AJ, United Kingdom. 
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Table I-Synthesized Thiosemicarbazones (11-XIV) and 
Thiazolines (XV-XXVII) 

Com- Yield, Melting Molecular Analysis, Toa 
pound % Point Formula C H N  

I1 

111 

IV 

V 

VI 

VII 

VIII 

M 

X 

XI 

XI1 

XI11 

XIV 

xv 
XVI 

XVII 

XVIII 

XIX 

xx 
XXI 

XXII 

XXIII 

XXIV 

xxv 
XXVI 

XXVII 

92 

93 

93 

91 

95 

91 

94 

93 

95 

91 

93 

92 

95 

75 

68 

68 

68 

68 

64 

72 

70 

69 

72 

65 

70 

70 

197' 

191-192' 

173-174' 

185186' 

194' 
(dec.) 
131-132' 

183-184' 

254-255' 

2 17-2 18' 

198' 
(dec.) 
168-1690 

187-188' 

204' 

148-149' 

179-181' 

197' 

251-253' 

193-195' 

179-180' 

207-209' 

181-183' 

220' 

1 18-120' 

212-214' 

i 9 8 - i w  

195-196' 

44.23 6.96 19.35 
43.87 7.21 19.63 
50.63 4.67 17.72 
50.74 4.77 17.93 
53.02 5.30 12.37 
53.30 5.40 12.72 
56.74 3.89 11.68 
57.05 4.02 11.87 
57.83 4.28 11.24 
57.73 4.34 11.47 
56.42 5.37 13.16 
56.69 5.53 13.01 
60.84 4.82 11.83 
60.64 4.62 11.56 
61.78 5.19 11.38 
62.10 5.40 11.28 
61.78 5.19 11.38 
61.72 5.48 11.62 
64.95 4.88 11.96 
65.19 4.81 11.38 
65.74 5.24 11.50 
65.38 5.47 11.65 
65.74 5.24 11.50 
65.38 5.10 11.69 
65.74 5.24 11.59 
65.61 5.31 11.63 
58.24 3.50 11.33 
58.12 3.87 11.28 
57.64 3.71 9.17 
57.44 4.10 9.19 
60.72 3.44 8.50 
60.51 3.78 8.85 
56.47 3.43 7.60 
56.53 3.57 7.89 
61.41 3.74 8.26 
61.23 3.71 8.11 
60.17 3.60 10.80 
60.46 3.93 10.56 
61.41 3.74 8.26 
61.20 3.83 8.05 
64.34 4.36 8.34 
64.12 4.54 8.19 
66.73 4.12 8.56 
66.57 4.38 8.54 
70.29 5.90 8.48 
70.53 5.72 8.64 
65.87 4.34 10.98 
64.68 4.37 10.67 
61.76 4.04 7.72 
61.43 4.36 7.33 
67.26 4.40 8.41 
67.17 4.62 8.65 

a Calc. over found. 

cescene (US32), Staphylococcus aureus Oxford, and Candida albicans 
(W97). Such inactivity, despite the antifungal and antimicrobial prop- 
erties reported for arylidenepyruvic acid (7) and a variety of thiosemi- 
carbazones (8-13), has been attributed to the bulk of the thiosemicar- 
bazone moieties and the electronic changes caused by the presence of 
these groups on the a-carbon of the various arylidenepyruvic acids used. 
In the thiazoline derivatives (XV-XXVII), in which the 3- and 4-sub- 
stituenta were selected to fulfill the maximum requirement for hydro- 
phobic T ,  electronic 6, and steric E .  factors in accordance with Topliss 
(14), the inactivity was assumed to be due to the bulky arylidenepyruvic 
acid hydrazone chains which, through intramolecular association with 
the remainder of the molecule, have hindered the permeability of tested 
compounds. 

EXPERIMENTALz 
Substituted Thiosemicarbazone Arylidenepyruvic Acid Deriv- 

atives (11-X1V)-Equimolar amounts of pyruvic acid or the appro- 
priately substituted arylidenepyruvic acid (I) (6) and the selected sub- 
stituted thiosemicarbazides were heated under reflux in 80% aqueous 
acetic acid for 15-20 min. The mixtures were partially concentrated in 
uacuo, cooled, and the separated products recrystallized from ethanol. 
The yield and physical data of the products are recorded in Table I. IR 
(mineral oil): 3520-3420 (OH), 3360-3200 (NH), 1750-1690 (C=O), 
1660-1580 (C=N and C=C), 1550-1515, 1315-1240, 1175-1157, and 
970-930 cm-' (NCS amide I, 11,111, and IV bands, respectively). 'H-NMR 
(111, DMSO-d6): 6 2.21 (s, 3, CH3), 7.1-7.9 (m, 5, Ar-H), and 10.92 and 
11.24 ppm (29, broad, 3,2 X NH + COOH, disappearing on deuteration). 
lH-NMR (V, DMSO-dG): 6 7.0-7.3 (m, 2, ethylene-H), 7.68 (s,5, Ar-H), 
7.5-8.1 (m, 4, Ar-H), and 10.9, 12.15, and 12.8 ppm (3s, 3, 2 X NH + 
COOH, disappearing on deuteration). Mass spectrum for I11 rnlz (rela- 
tive abundance %) M+ at  217 (65), 202 (4), 199 (4), 174 (22), 172 (loo), 
171 (4), 145 (4), 144 (5). 132 (5), 131 (121,130 (20), 129 (4), 128 (4), 127 
(4), 117 (4), 116 (59), 115 (9), 112 (4), 101 (7), 100 (24), 98 (14), 96 (31), 
89 (13), 88 (59),75 (19), 74 ( l l ) ,  73 (14), 72 (611, and 70 (13). 

Arylidenepyruvic Acid (3,l-Disubstituted 4-Thiazolin-2-yli- 
dene)hydrazones (XV-XXVI1)-An equimolar amount of the thio- 
semicarbazone derivatives (ILXIV) and phenacyl bromide or substituted 
phenacyl bromide and sodium acetate was heated under reflux in ethanol 
for 2-4 hr. The mixture was cooled, diluted with water, and the product 
removed by filtration. Recrystallization from ethanol or 90% aqueous 
ethanol gave XV-XXVII. The yields and physical constants of the syn- 
thesized thiazolines are recorded in Table I. IR (mineral oil): 3400-3200 
(OH, associated), 1740-1660 (C=O), and 1620-1570 cm-' (C=N and 
C=C). 
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COMMUNICATIONS 

Models of Hepatic Drug Elimination 
~~ ~~ 

Keyphrases 0 Hepatic drug clearance-saturation kinetics, sinusoidal 
perfusion model, venous equilibrium model Heterogeneity of organ 
extraction-intrahepatic shunts 

To the Editor: 
In a recent communication (1) Morgan and Raymond 

identify observable quantities which would help to dis- 
criminate between two models of drug uptake by the intact 
liver: the venous equilibration model (2) and the undis- 
tributed sinusoidal perfusion model (3, 4). Several com- 
ments are necessary in light of recent results. 

In the case of hepatic elimination of galactose, the two 
models have already been refuted experimentally: the first 
a t  0.01 (5) and the second at 0.002 (6,7) levels of statistical 
significance. To be so decisive, these experiments involved 
substrate concentrations across the entire Michaelis- 
Menten range, whereas Morgan and Raymond (1) confine 
their considerations to the limiting forms of the models a t  
substrate concentrations so low that the hepatic uptake 
kinetics become linear (first order). 

The quantitative results which refute the undistributed 
sinusoidal perfusion model give strong support to the 
distributed sinusoidal perfusion model (7,8) not discussed 
by Morgan and Raymond (1). Michaelis-Menten uptake 
by a single perfused sinusoid is treated the same in the 
undistributed (4) and distributed (8) models, but the 
distributed model drops the biologically incredible as- 
sumption that all sinusoids extract equally: it incorporates 
and quantifies functional heterogeneity of sinusoids and 
its effect on organ uptake. 

Envisage an intact liver with hepatic blood flow rate F 
and, for some enzyme-substrate combination, the Mi- 
chaelis constants, V,, and K, (intrinsic hepatic clearance 
Vm,/Km), resulting in a steady uptake rate: 

V = F(Ci - C,) 0%. 1) 
when the substrate concentration is Ci a t  the inlet and C, 
at the outlet of the liver. For N sinusoids acting in parallel, 
the undistributed model asserts that the corresponding 
quantities for each sinusoid are: 

f = F/N = 7, u,,, = Vrn,,/N = Urn,,, u = V/N = U 
(Eq. 2) 

By contrast, the distributed model works with statistical 
dispersions of urnax and f (about their means U,, and f )  
over the assembly of sinusoids comprising a liver. It is, in 
fact, the dispersion of the ratio umaxlf that controls de- 
viations from the undistributed model in the context of 
uptake (7). 

Now, let an arbitrary distribution of u,,/f over the 
sinusoids of an intact liver have the variance a2. A re- 
markable feature of Michaelis-Menten kinetics [and of 
more general saturation kinetics (7,9)] is that when it is 
put in the hepatic setting, the rate of uptake by an undis- 

tributed liver, V(a2 = 0), is always greater than the rate of 
uptake by a distributed liver, V(a2) ,  which has the same 
values of the macroscopic parameters F, V,,,, K,. The 
rate V(a2 = 0) is thus an upper limit of the rate V(a2); it 
is remarkably close in some cases (7,101. There is also a 
lower limit of V(a2)  valid for any shape of the um,/f dis- 
tribution (7). For Michaelis-Menten kinetics: 

V(a2 = 0)  2 V($)  2 V(a2 = 0)  - 2Fa2/(27K,) 
(Eq. 3) 

This exact result will suffice to indicate how functional 
heterogeneity of the intact liver can be studied in terms of 
the distributed model. A clinically interesting problem of 
this kind is the quantification of intrahepatic shunts (8), 
since such shunts are kinetically equivalent to a fraction 
of sinusoids with Um, = 0, f # 0. 

The study by Keiding and Chiarantini (5) went beyond 
merely refuting the venous equilibration model: i t  set a 
calculable upper limit on the possible values of a2 in the 
rat liver (10). An altogether different attempt a t  discrim- 
inating between the venous equilibration model and the 
undistributed perfusion model has been made by Pang and 
Gillette using the hepatic conversion of a substrate into a 
metabolite, which is in turn conjugated in liver cells (11). 
When suitably interpreted, the results of the experiment 
neither refute nor confirm the sinusoidal perfusion model, 
but rather give information about functional heterogeneity 
of the liver along the blood flow [zones of liver function (12 
and references therein)]. 

The aforementioned comments emphasize the fruit- 
fulness of the controversy touched upon recently (l), which 
is surely a sufficient consolation for the refutation of both 
the contending models. 
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Models of Hepatic Drug Elimination: (SD = 0.0267), a change of barely 1%: again not conclu- 
A Response 

Keyphrases 0 Hepatic drug clearance-sinusoidal perfusion model, 
venous equilibrium model 

To the Editor: 

Although the distributed sinusoidal perfusion model of 
hepatic elimination described by Bass (1) appears more 
physiologically realistic than the two previous models, the 
statement that these latter models have been refuted ex- 
perimentally should be challenged. First, the data on which 
this statement is based arise from only two studies (2 ,3)  
and are not as conclusive as implied (1). The study design 
used in one of these studies (2) has already been ac- 
knowledged as not very useful for discriminating among 
the models in an earlier publication (4). In the other study 
(3) hepatic venous outflow concentrations of galactose were 
examined in the perfused rat liver under the influence of 
two perfusate flow rates (11 ml/min for 50 min, followed 
by 7 ml/min for 40 min, followed by 11 ml/min for 40 min). 
The sinusoidal models predict a lowering of the outflow 
substrate concentration at  the lower flow rate, while the 
venous equilibrium model predicts no change in the out- 
flow substrate concentration. A significant drop in outflow 
concentration was reported (3), but this was largely de- 
termined by averaging the data from the two periods of 
higher flow even though in about half the 10 experiments 
the outflow concentration during the second period was 
considerably greater than the outflow concentration during 
the first period. 

One of the reviewers of this report has highlighted this 
fact by showing that a paired t test of outflow concentra- 
tion during the two Il-ml/min flow periods, which were 
separated by 40 min of perfusion at  7 ml/min (or a constant 
flow of 11 mllmin in the three control studies), yields a 
statistically significant difference at the p < 0.05 level ( t  
= 2.19 DF = 12). Similarly, when inflow concentration 
from these two time periods with a flow at  11 ml/min are 
tested, a statistically significant difference p < 0.05 ( t  = 
2.24, DF = 12) is observed. One assumption necessary to 
ensure the legitimacy of all of the calculations performed 
by Bass is that the liver preparation is physiologically 
stable over the course of the experiment. Specifically, if a 
liver is infused with substrate at a constant rate, inflow and 
outflow concentrations should depend only on hepatic 
blood flow rate ( i e .  V,,, and K ,  should not vary as a 
function of time). 

Comparing the first two flow periods only (11 ml/min 
and 7 ml/min), during which the preparation is more re- 
liable, the outflow of galactose concentrations actually 
increased in three experiments, decreased by no more than 
that of control livers (about 10%) in two livers, and de- 
creased more substantially in the other five. Thus, the data 
could be viewed as inconclusive. Bass has also used the 
data from the earlier study (3) to support the distributed 
sinusoidal model (4) which predicts an increase in the 
logarithmic average of perfusate inflow and outflow con- 
centrations of substrate with decreasing flow. The loga- 
rithmic average concentration, however, increased in only 
5 of the 10 experiments, the mean change being 0.0oO9 mM 

sive. 
The other point that should be made is that the pub- 

lished data on lidocaine (5) supporting the venous equi- 
librium model have never been refuted by further experi- 
mentation with that drug. The studies with galactose 
cannot be assumed to automatically hold for all other 
substrates because the experiments were carried out under 
Michaelis-Menten conditions, galactose is an endogenous 
substance, and the zone of the liver in which a substance 
is eliminated (6) may dictate which model applies. For 
example, a substance, such as galactose, that is eliminated 
in the periportal region may be expected to follow the 
distributed sinusoidal model, whereas the venous equi- 
librium model may be appropriate for drugs that are 
eliminated in the centrilobular region where the enzymes 
for drug biotransformation are predominant (6). There- 
fore, in view of the functional hepatocellular heterogeneity 
it is naive to assume that all observed phenomena can be 
explained in terms of a single model as suggested (1). 
Models will, however, have served their function if they 
provide inspiration for further experimentation, as sug- 
gested previously (7), that ultimately results in more re- 
fined and physiologically meaningful models. 
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Hepatic Extraction of Free Fat ty  Acids in 
Pregnant and Nonpregnant Female Rats 

Keyphrases 0 Free fatty acids-hepatic extraction 0 Plasma protein 
binding-role of free fatty acids 0 Hepatic drug clearance, intrinsic-role 
of drug protein binding and influence of free fatty acids 

To the Editor: 
Plasma protein binding can have important effects on 

the metabolic and excretory clearance of drugs (1,2). Free 
fatty acids, whose concentrations in plasma can vary ap- 
preciably due to stress, diet, and other physiological vari- 
ables (3), can competitively inhibit the plasma protein 
binding of many drugs (4,5). Wiegand and Levy (6) have 
pointed out previously that extensive hepatic extraction 
of a protein binding inhibitor could cause an increase in 
the steady-state plasma concentration of unbound drug, 
with little or no effect on the concentration of total (free 
plus bound) drug, if the plasma protein binding of the drug 
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Models of Hepatic Drug Elimination: (SD = 0.0267), a change of barely 1%: again not conclu- 
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Keyphrases 0 Hepatic drug clearance-sinusoidal perfusion model, 
venous equilibrium model 

To the Editor: 

Although the distributed sinusoidal perfusion model of 
hepatic elimination described by Bass (1) appears more 
physiologically realistic than the two previous models, the 
statement that these latter models have been refuted ex- 
perimentally should be challenged. First, the data on which 
this statement is based arise from only two studies (2 ,3)  
and are not as conclusive as implied (1). The study design 
used in one of these studies (2) has already been ac- 
knowledged as not very useful for discriminating among 
the models in an earlier publication (4). In the other study 
(3) hepatic venous outflow concentrations of galactose were 
examined in the perfused rat liver under the influence of 
two perfusate flow rates (11 ml/min for 50 min, followed 
by 7 ml/min for 40 min, followed by 11 ml/min for 40 min). 
The sinusoidal models predict a lowering of the outflow 
substrate concentration at  the lower flow rate, while the 
venous equilibrium model predicts no change in the out- 
flow substrate concentration. A significant drop in outflow 
concentration was reported (3), but this was largely de- 
termined by averaging the data from the two periods of 
higher flow even though in about half the 10 experiments 
the outflow concentration during the second period was 
considerably greater than the outflow concentration during 
the first period. 

One of the reviewers of this report has highlighted this 
fact by showing that a paired t test of outflow concentra- 
tion during the two Il-ml/min flow periods, which were 
separated by 40 min of perfusion at  7 ml/min (or a constant 
flow of 11 mllmin in the three control studies), yields a 
statistically significant difference at the p < 0.05 level ( t  
= 2.19 DF = 12). Similarly, when inflow concentration 
from these two time periods with a flow at  11 ml/min are 
tested, a statistically significant difference p < 0.05 ( t  = 
2.24, DF = 12) is observed. One assumption necessary to 
ensure the legitimacy of all of the calculations performed 
by Bass is that the liver preparation is physiologically 
stable over the course of the experiment. Specifically, if a 
liver is infused with substrate at a constant rate, inflow and 
outflow concentrations should depend only on hepatic 
blood flow rate ( i e .  V,,, and K ,  should not vary as a 
function of time). 

Comparing the first two flow periods only (11 ml/min 
and 7 ml/min), during which the preparation is more re- 
liable, the outflow of galactose concentrations actually 
increased in three experiments, decreased by no more than 
that of control livers (about 10%) in two livers, and de- 
creased more substantially in the other five. Thus, the data 
could be viewed as inconclusive. Bass has also used the 
data from the earlier study (3) to support the distributed 
sinusoidal model (4) which predicts an increase in the 
logarithmic average of perfusate inflow and outflow con- 
centrations of substrate with decreasing flow. The loga- 
rithmic average concentration, however, increased in only 
5 of the 10 experiments, the mean change being 0.0oO9 mM 

sive. 
The other point that should be made is that the pub- 

lished data on lidocaine (5) supporting the venous equi- 
librium model have never been refuted by further experi- 
mentation with that drug. The studies with galactose 
cannot be assumed to automatically hold for all other 
substrates because the experiments were carried out under 
Michaelis-Menten conditions, galactose is an endogenous 
substance, and the zone of the liver in which a substance 
is eliminated (6) may dictate which model applies. For 
example, a substance, such as galactose, that is eliminated 
in the periportal region may be expected to follow the 
distributed sinusoidal model, whereas the venous equi- 
librium model may be appropriate for drugs that are 
eliminated in the centrilobular region where the enzymes 
for drug biotransformation are predominant (6). There- 
fore, in view of the functional hepatocellular heterogeneity 
it is naive to assume that all observed phenomena can be 
explained in terms of a single model as suggested (1). 
Models will, however, have served their function if they 
provide inspiration for further experimentation, as sug- 
gested previously (7), that ultimately results in more re- 
fined and physiologically meaningful models. 
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To the Editor: 
Plasma protein binding can have important effects on 

the metabolic and excretory clearance of drugs (1,2). Free 
fatty acids, whose concentrations in plasma can vary ap- 
preciably due to stress, diet, and other physiological vari- 
ables (3), can competitively inhibit the plasma protein 
binding of many drugs (4,5). Wiegand and Levy (6) have 
pointed out previously that extensive hepatic extraction 
of a protein binding inhibitor could cause an increase in 
the steady-state plasma concentration of unbound drug, 
with little or no effect on the concentration of total (free 
plus bound) drug, if the plasma protein binding of the drug 
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Table I-Hepatic Extraction of Free Fatty Acids in Pregnant and Nonpregnant Female Rats a 

149 f 28 

177 f 43 

0.347 f 0.087 Palmitic 87.1 f 16.4 144 f 28 0.391 f 0.068 96.1 f 12.4 
Stearic 36.2 f 7.8 51.4 f 11.5 0.293 f 0.078 44.9 f 2.gb 54.1 f 4.6 0.164 f 0.102 

0.391 f 0.122 Oleic 95.1 f 14.6 170 f 30 0.434 f 0.081 105 f 17 
Linoleic 56.8 f 10.7 113 f 21 0.484 f 0.113 76.2 f 20.0 157 f 51 0.504 f 0.070 

a Results are reported as mean f SD, n = 5. Significantly different from corresponding value in pregnant rats ( p  < 0.05). 

is decreased with increasing inhibitor concentration. Such 
a change in drug concentration, apart from its pharmaco- 
dynamic implications (6), could be interpreted as a de- 
crease in the drug’s intrinsic clearance. Based on these 
considerations, we have determined the hepatic extraction 
of the four major endogenous free fatty acids in rats. Since 
the hepatic extraction of compounds is affected by their 
plasma protein binding and intrinsic hepatic clearance, 
studies were conducted also on pregnant rats, because 
pregnancy is associated with decreased plasma albumin 
concentration and decreased activity of certain oxidative 
metabolic processes (7,8). 

Female Sprague-Dawley rats (same age), both non- 
pregnant (= 200 g) and 20-days pregnant, had a cannula 
inserted in the femoral vein under ether anesthesia. The 
liver was then exposed through a midline abdominal 
incision. The liver lobules were reflected with wet gauze 
and the hepatic vein was clamped near its junction with 
the vena cava to avoid mixing blood from the liver with 
blood from the general circulation. Either 1 or 2 ml of blood 
was obtained from the hepatic vein by direct insertion of 
a 22-gauge hypodermic needle pointing toward the liver 
(9). Simultaneously, a blood sample from the femoral vein 
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was collected in plastic syringes containing EDTA (-2 
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after blood collection, and the concentrations of the free 
fatty acids (as their methyl esters) were determined by GC 
by the method of Brunk and Swanson (lo), but using 
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concentrations of the four major endogenous free fatty 
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the combined effects of metabolic inhibition and a change 
in plasma protein binding in the blood as it passes through 
the liver. 
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Albumin Binding and Hepatic Uptake: T h e  
Importance of Model Selection 

Keyphrases 0 Albumin-effect on removal of taurocholate by the liver 
0 Taurocholate-removal by liver, albumin 

To the Editor: 
Dr. Colburn’s letter to the Journal in March 1982 (1 )  

purports to invalidate a conclusion we published earlier 
in the Journal of Clinical Investigation (2 )  concerning the 
role of albumin binding on the removal of taurocholate by 
the perfused rat liver. Having just learned of Colburn’s 
communication we offer the following rebuttal. Better late 
than never! 

The observations we reported (which are not in con- 
tention) show that the extraction fraction of taurocholate 
declines only slightly when the perfusate albumin con- 
centration is increased, even though this maneuver reduces 
the free (unbound) fraction of taurocholate by a factor of 
five. The table shows the data for rat livers perfused at  the 
same flow rate and with the same total concentration of 
taurocholate (18 pM). 

Albumin Free Fraction Taurocholate 

(g/dl) in Perfusate Fraction 
0.5 0.57 0.97 
5.0 0.11 0.86 

The objective of the experiment was to learn what these 
numbers imply about the apparent rate constant for he- 
patic uptake, given that the low concentration of tauro- 
cholate ensures that both the binding reaction in extra- 
cellular fluid and the removal process are operating far 
removed from saturation and that the binding reaction is 
fast enough compared with the removal rate to be con- 
sidered a t  equilibrium. These stipulations are also not in 
contention. Instead the controversy focuses on the choice 
of an appropriate model with which to interpret the 
data. 

Colburn prefers to model the extracellular fluid as a 
single homogeneous compartment in which each liver cell 
is exposed to the same taurocholate concentration-the 
so-called “lumped” or “venous equilibrium model.” In this 
case the steady-state conservation equation is: 

Concentration of Taurocholate Extraction 

FUO = rc/VKu, + Fu, (Eq. 1)  

in which rc/ is the free fraction, F is perfusate flow, K is the 
rate constant for removal of free taurocholate, and V is the 
extracellular volume. The terms, uo and u,, in Eq. 1 are the 
inflow and outflow concentrations of total taurocholate, 
respectively. Rearranging Eq. 1 yields: 

K = FE/[+V( l  - E ) ]  (Eq. 2) 

in which the extraction fraction, E ,  is (UO - u,)/uo. 
Equation 2 is the one suggested by Wilkinson and Shand 
(3) to whom Colburn appeals for support. 

We have preferred to use a so-called “distributed” model 
accounting for the decline in taurocholate concentration 
that occurs along each sinusoid. The conservation relation 
for a single sinusoid is in this case: 

(Eq. 3) 
du 
dx 

F - = -J/yKu 

where x is the sinusoidal volume running from x = 0 at  the 
portal inlet to x = V at the hepatic venous outlet and y is 
the ratio of the sinusoidal volume to the volume of the 
Disse space divided by the sinusoidal volume. The solution 
to Eq. 3 is: 

(Eq. 4) 

If one now computes the ratio of the K values from the 
observations made with high and low concentrations of 
albumin, the results are strikingly different depending on 
the choice of the model. 

K = -Fln(l - E ) / J / y V  

Lumped Distributed 
K at  high albumin Model 
K at  low albumin 0.98 

Model 
2.9 

The interest in these calculations derives from the fact 
that both models are constructed on the conventional 
teaching that only free taurocholate is available for re- 
moval. If we accept Colburn’s model this assumption ap- 
pears confirmed because the calculations yield the ex- 
pected identity of the rate constants. If we accept the 
distributed model, however, the data contradict the con- 
ventional teaching because in this case the rate constants 
differ by nearly a factor of three. The direction of the dis- 
crepancy is such that liver cells appear to enjoy some 
special mechanism for enhancing the dissociation of the 
albumin-ligand complex-in effect making more free 
taurocholate available to liver cells than the conventional 
teaching would predict. There is, in fact, a growing body 
of additional evidence to support this conclusion (4-71, but 
our concern here is with the question of which model to 
accept. 

Those who choose the Colburn model will have to decide 
where the change from ug to u ,  occurs. Plainly it cannot 
be attributed to the removal of taurocholate by hepato- 
cytes because the model requires that all liver cells be ex- 
posed to the same concentration. Alternative choices that 
the drop in concentration occurs in the presinusoidal portal 
circulation or in the postsinusoidal hepatic veins would not 
only be anatomic nonsense but would imply that the cal- 
culated rate constant has nothing whatever to do with the 
transport function of liver cells. On this basis we conclude 
that although Colburn’s analysis of the data appears to 
confirm a widely held preconception, it is physiologically 
irrelevant. His model simply does not describe a real 
liver. 
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Dr. Colburn’s letter to the Journal in March 1982 (1 )  

purports to invalidate a conclusion we published earlier 
in the Journal of Clinical Investigation (2 )  concerning the 
role of albumin binding on the removal of taurocholate by 
the perfused rat liver. Having just learned of Colburn’s 
communication we offer the following rebuttal. Better late 
than never! 

The observations we reported (which are not in con- 
tention) show that the extraction fraction of taurocholate 
declines only slightly when the perfusate albumin con- 
centration is increased, even though this maneuver reduces 
the free (unbound) fraction of taurocholate by a factor of 
five. The table shows the data for rat livers perfused at  the 
same flow rate and with the same total concentration of 
taurocholate (18 pM). 

Albumin Free Fraction Taurocholate 

(g/dl) in Perfusate Fraction 
0.5 0.57 0.97 
5.0 0.11 0.86 

The objective of the experiment was to learn what these 
numbers imply about the apparent rate constant for he- 
patic uptake, given that the low concentration of tauro- 
cholate ensures that both the binding reaction in extra- 
cellular fluid and the removal process are operating far 
removed from saturation and that the binding reaction is 
fast enough compared with the removal rate to be con- 
sidered a t  equilibrium. These stipulations are also not in 
contention. Instead the controversy focuses on the choice 
of an appropriate model with which to interpret the 
data. 

Colburn prefers to model the extracellular fluid as a 
single homogeneous compartment in which each liver cell 
is exposed to the same taurocholate concentration-the 
so-called “lumped” or “venous equilibrium model.” In this 
case the steady-state conservation equation is: 

Concentration of Taurocholate Extraction 

FUO = rc/VKu, + Fu, (Eq. 1)  

in which rc/ is the free fraction, F is perfusate flow, K is the 
rate constant for removal of free taurocholate, and V is the 
extracellular volume. The terms, uo and u,, in Eq. 1 are the 
inflow and outflow concentrations of total taurocholate, 
respectively. Rearranging Eq. 1 yields: 

K = FE/[+V( l  - E ) ]  (Eq. 2) 

in which the extraction fraction, E ,  is (UO - u,)/uo. 
Equation 2 is the one suggested by Wilkinson and Shand 
(3) to whom Colburn appeals for support. 

We have preferred to use a so-called “distributed” model 
accounting for the decline in taurocholate concentration 
that occurs along each sinusoid. The conservation relation 
for a single sinusoid is in this case: 

(Eq. 3) 
du 
dx 

F - = -J/yKu 

where x is the sinusoidal volume running from x = 0 at  the 
portal inlet to x = V at the hepatic venous outlet and y is 
the ratio of the sinusoidal volume to the volume of the 
Disse space divided by the sinusoidal volume. The solution 
to Eq. 3 is: 

(Eq. 4) 

If one now computes the ratio of the K values from the 
observations made with high and low concentrations of 
albumin, the results are strikingly different depending on 
the choice of the model. 

K = -Fln(l - E ) / J / y V  

Lumped Distributed 
K at  high albumin Model 
K at  low albumin 0.98 

Model 
2.9 

The interest in these calculations derives from the fact 
that both models are constructed on the conventional 
teaching that only free taurocholate is available for re- 
moval. If we accept Colburn’s model this assumption ap- 
pears confirmed because the calculations yield the ex- 
pected identity of the rate constants. If we accept the 
distributed model, however, the data contradict the con- 
ventional teaching because in this case the rate constants 
differ by nearly a factor of three. The direction of the dis- 
crepancy is such that liver cells appear to enjoy some 
special mechanism for enhancing the dissociation of the 
albumin-ligand complex-in effect making more free 
taurocholate available to liver cells than the conventional 
teaching would predict. There is, in fact, a growing body 
of additional evidence to support this conclusion (4-71, but 
our concern here is with the question of which model to 
accept. 

Those who choose the Colburn model will have to decide 
where the change from ug to u ,  occurs. Plainly it cannot 
be attributed to the removal of taurocholate by hepato- 
cytes because the model requires that all liver cells be ex- 
posed to the same concentration. Alternative choices that 
the drop in concentration occurs in the presinusoidal portal 
circulation or in the postsinusoidal hepatic veins would not 
only be anatomic nonsense but would imply that the cal- 
culated rate constant has nothing whatever to do with the 
transport function of liver cells. On this basis we conclude 
that although Colburn’s analysis of the data appears to 
confirm a widely held preconception, it is physiologically 
irrelevant. His model simply does not describe a real 
liver. 
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The distributed model, though possibly oversimplified 
as well, is certainly a much better representation of the 
physiological facts. It may even be correct, because on 
closer inspection (2,4) the distributed model turns out to 
be free of restrictive assumptions that the sinusoids are of 
uniform bore or that each liver cell has the same transport 
capacity. The interpretation moreover is virtually inde- 
pendent of variations in the distribution of flow to a large 
population of sinusoids. 

Compartmental analysis is a powerful tool for gaining 
new physiological insights. Its utility, however, depends 
critically on the validity of the underlying assumptions. 
If these are wrong so will be the results. The worst of this 
is that model-dependent interpretations of the data can 
rarely, if ever, be used to validate the preconceptions on 
which the model was constructed. We suggest that Colburn 
may wish to reconsider the simplistic assumptions on 
which his model rests before taking too seriously the con- 
clusions that flow from it. 
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To the Editor: 
Forker and Luxon have written an interesting rebuttal 

to my earlier communication (1). However, it only serves 
to confuse the issue even more. 

Forker and Luxon presented data in their original re- 
port, which they interpreted using the parallel tube or 
“distributed” model (2). They concluded that albumin 
helps mediate the removal of taurocholate from a perfused 
liver preparation. Using the same data, I presented an al- 
ternate interpretation using the widely used and accepted 
well-stirred, venous equilibrium or “lumped” model. I 
concluded that albumin does not mediate taurocholate 
removal. 

In their rebuttal (3) Forker and Luxon attempt to lend 
physiological credence to the parallel tube model at the 
expense of the well-stirred model. Neither model is phys- 
iologically realistic in that the liver is neither a well-stirred 
beaker nor is it a series of parallel tubes. 

The theoretical basis for each of these two models has 
been developed and discussed in depth (46). Although the 
well-stirred model has been shown to be more predictive 
than the parallel tube model, in some cases (7-8) it would 
seem that neither model holds a universally distinct ad- 
vantage over the other and that attributing physiological 
meaning to parallel tube model-based conclusions, which 
contradict previous work in the area, would seem unjus- 
tified without further substantiation. Unless the data are 
unequivocal, parsimony should rule, and if a model must 
be chosen the one that is time proven (7-9) should pre- 
vail. 
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physiological facts. It may even be correct, because on 
closer inspection (2,4) the distributed model turns out to 
be free of restrictive assumptions that the sinusoids are of 
uniform bore or that each liver cell has the same transport 
capacity. The interpretation moreover is virtually inde- 
pendent of variations in the distribution of flow to a large 
population of sinusoids. 
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is that model-dependent interpretations of the data can 
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BOOKS 

REVIEWS 

Proceedings of the First International Symposium on Cyclodex- 
drins. (Budapest, Hungary, 30 September-2 October 1981). Edited 
by J. SZEJTLI. D. Reidel Publishing Co., 1300AA Dordrecht, Holland. 
(US .  Distributor, Kluwer Boston, Inc., 190 Old Derby St., Hingham, 
MA 02043.) 1982.544 pp. 17 X 24 cm. Price $84.50. 
The cyclodextrins (cycloamyloses) are cyclic oligomers of D-glucose 

produced by the action of cyclodextrin glycosyltransferases on starch. 
The products consisting of 6,7, and 8 glucose units are called a-, b-, and 
y-cyclodextrins, respectively; these substances are commercially avail- 
able, and have attracted the interest of many researchers because the 
cyclodextrin molecule possesses a cavity of molecular dimensions and 
is capable of forming an inclusion complex, by acting as the “host,” with 
“guest” species small enough to enter the cavity. In the autumn of 1981, 
a conference was held in Budapest, Hungary a t  which workers in the 
cyclodextrin field presented their results; this book is the proceedings 
of the conference. 

The symposium, and the book, was organized into six parts: Chemistry 
and Production of Cyclodextrins (7 papers); Enzymology, Toxicology, 
and Metabolism (10); Cyclodextrin Complexes (16); Cyclodextrin De- 
rivatives (8); Cyclodextrins in Pharmaceuticals (13); and Applications 
of Cyclodextrins in Foods, Agriculture, and Other Industries (9). Most 
of the commercial production and applications research is being carried 
out in Hungary and Japan, and these countries were well represented a t  
the symposium. Only two US.  laboratories presented papers, so the book 
does not give a balanced view of the world-wide activity in the field. 

Many of the papers will interest pharmaceutical researchers, because 
the cyclodextrins’ capability of forming inclusion complexes can alter 
the effective properties of a guest drug molecule. This “molecular en- 
capsulation” can affect drug solubility, volatility, dissolution rate, 
chemical reactivity, and even biological activity. Although cyclodextrins 
are unlikely ever to become widely used formulation ingredients, it is 
probable that they will merit occasional specialized application, and 
laboratories working with drug delivery systems will find this book a 
useful introduction to current ideas, literature, and workers in the 
field. 

Reviewed by Kenneth A. Connors 
School of Pharmacy 
University of Wisconsin 
Madison, WI ,53706 

Formulation of Veterinary Dosage Forms. Edited by JACK BLO- 
DINGER. Marcel Dekker, New York, NY 10016. 1983. 316 pp. 15 X 
23 cm. Price $48.50 (20% higher outside the U.S. and Canada). 
This book is a member of a continuing set, which until now collectively 

comprises 17 volumes of text books and monographs entitled “Drugs and 
Pharmaceutical Sciences.” As stated in the preface of this volume, the 
book describes the types of drug formulations administered to animals, 
the art and science used in their development, and the techniques needed 
to administer them so as to ensure optimum efficacy. 

The first five chapters of this volume cover the details of all phases of 
veterinary dosage formulation from initial development to final stability 
testing. They are “The Basis For Selection Of The Dosage Form,” 
“Specialized Dose Dispensing Equipment,” “Formulation of Drug Dosage 
Forms For Animals,” “Formulation of Drugs For Administration Via 
Feed Or Drinking Water,” and “Stability Studies Of Veterinary For- 
mulation.” The sixth chapter, “Regulatory Clearance,” is well placed at  
the end and covers the requirements for registration of animal health 
products in the United States, Australia, Brazil, the European Economic 
Community, and Japan. 

Each chapter is written by an expert on the subject in a crisp, author- 
itative, and comprehensive manner. Useful details on the development 
of drug forms for animals which differ from those known in the human 
field are presented in a logical and succinct manner. Each chapter is well 
referenced through 1980. The index is extensive and good, providing the 

reader with cross-referencing to both specific and broad general cate- 
gories. 

This book fills a previous void, and anyone actively involved in for- 
mulation of veterinary dosage forms will find it to be of great value. 

Reviewed by Samir A. Hanna 
Analytical Research and Deuelopment 
Bristol Laboratories 
Syracuse, N Y  13201 

Radioimmunoassay and  Related Procedures in Medicine-1982. 
Proceedings series; International Atomic Energy Agency. 1983. 823 
pp. 15 X 24 cm. 
This volume resulted from an international symposium on radioim- 

munoassay and related procedures in medicine held in Vienna, Austria 
in June 1982. The symposium was organized and the book edited by the 
International Atomic Energy Agency. The volume consists of 9 review 
papers, abstracts of 65 presentations, 23 poster presentations, and edited 
summaries of the discussions. Areas that were reviewed and had original 
research presentations include: reagents and separation procedures, 
assays for free hormones, receptors, biological substances, and drugs. 
Other areas covered include data processing, intralaboratory control, 
automation, external surveillance of assay performance, assay services 
in developing countries, public health, and clinical applications and al- 
ternatives to radioassays. 

The review papers in this volume are relatively complete discussions 
of specialized topics in radioimmunoassay technology. The scientific and 
poster presentations are sufficiently detailed that meaningful scientific 
information on methods, results, and discussion can be extracted. Because 
of the large cross section of radioimmunoassay concepts and technology 
that are covered in this volume, potential readers should carefully ex- 
amine the specific topics of review or original research to be certain that 
individual areas of interest are present prior to purchasing or reading this 
book. 

Reviewed by Donald R. Stanski 
Department of Clinical Pharmacology 
Stanford University School of Medicine 
Stanford, C A  94305 

Central  Analgetics. Edited by DANIEL LEDNICER. Wiley-Inter- 
science, New York, N.Y., 1982.219 pp. 15 X 23 cm. Price $47.50. 
Central Analgetics is the inaugural volume in the Chemistry and 

Pharmacology of Drugs series under the editorship of Daniel Lednicer. 
This book provides for the first time a comprehensive collection of reviews 
of the physiology, pharmacology, and chemistry involved in the trans- 
mission of pain, as well as its alleviation by drug therapy. 

The book is divided into four chapters, each contributed by an author 
active in the forefront of the field chosen for critical review. In the first 
chapter, by J .  S. Mohrland, basic physiology of pain is outlined; this in- 
cludes the complex network of neural pathways, transmitters, and 
modulators which interact prior to the sensation of pain. Of special in- 
terest are discussions pertaining to the interplay between pain stimuli 
and other central nervous system functions. The second chapter, by P. 
F. Von Voigtlander, is a compilation of animal models, both i n  uivo and 
in t t t ro ,  which have proven usefulness in predicting clinically effective 
analgetics. In examining the various test methods for abuse potential, 
dysphoria, and other side effects, the author also presents an overview 
of current concepts of opioid receptors, thus adding new dimensions and 
greater depth to his discussions. Chapter 3, by J .  S. Morley, deals with 
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one of the most interesting aspects of analgesic research: the endogenous, 
pain-regulating peptides and their synthetic analogues. This chapter 
should be of prime interest to those who seek the new challenges (and 
opportunities) of designing enkephalin releasers, metabolic inhibitors, 
as well as antagonists for substance Pas analgetics of the future. The book 
concludes with a chapter by D. Lednicer on the evolution and SAR of 
major synthetic analgetics based on morphine. Although a good portion 
of the material treated in this chapter is historical in nature, it nonetheless 
serves as a useful guide to medicinal chemists and pharmacologists who 
are embarking on analgesic research. One minor blemish in this otherwise 
comprehensive coverage lies in the omission of some recently disclosed 
tricyclic analgetics, which deviate considerably from the partial morphine 
derivatives, both in structure and in activity profile. 

Overall, the quality of production of this volume is excellent; figures 
and structures are clearly drawn and errors are minimal. It is a fine ref- 
erence book which fulfills its purpose. 

Reviewed by Helen H. Ong 
Chemical Research Department 
Hoechst-Roussel Pharmaceuticals Inc. 
Someruille, N J  08876 

Chromatography of Alkaloids, Part A: Thin-Layer Chromatogra- 
phy. (Journal of Chromatography, Vol. 23A). By A. BAERHEIM 
SVENDSEN and R. VERPOORTE. Elsevier Science Publishing Co., 
New York, NY 10017. 1982.533 pp, 16 X 24 cm. Price $104.25 (Dfl. 
245). 
Although this is the twenty-third volume in a continuing series which 

began in 1973 with the publication of “Chromatography of Antibiotics” 
(Volume l ) ,  this is the first volume that is exclusively devoted to the 
discussion of the chromatography of alkaloids. Because of the large 
amount of information available, it was decided to publish this volume 
in two parts: Part A (thin-layer chromatography) and Part B (gas-liquid 
and high-performance liquid chromatography). 

The book is divided into two major portions entitled a “General Part” 
and a “Special Part.” The “General Part,” consists of four chapters 
covering about 60 pages. Chapter 1 includes a discussion of adsorbents, 
solvent systems, development techniques, sample application, and several 
tables describing solvent classification and selectivity. Chapter 2 presents 
a discussion of the various methods of detection, including reagents, ta- 
bles with color reactions, and a consideration of nonalkaloidal compo- 
nents capable of eliciting false-positive reactions with Dragendorff Re- 
agent. Chapter 3 consists of a general consideration of thin-layer chro- 
matographic separation and identification of alkaloids. This chapter also 
discusses the use of various reagents, solvent systems, fluorescence, 
ion-pair adsorption, and ion-exchange thin-layer chromatography. Fi- 
nally, Chapter 4 includes a discussion of isolation methods and artifact 
formation resulting from different isolation techniques. 

The “Special Part” of the book consists of 17 chapters, about 420 pages, 
which are devoted to the following classes of alkaloids: pyrrolidine, pyr- 
rolizidine, pyridine, piperidine, quinolizidine, tropane, quinoline, 
phenethylamine and isoquinoline-derived, indole, steroidal, and mis- 
cellaneous. Each chapter consists of an extensive discussion of adsorbents, 
developing solvents, R, values, detecting reagents, and references and 
is richly endowed with tables. 

The Appendix alphabetically lists the 106 different reagents that have 
been discussed throughout the hook and includes detailed instructions 
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OPEN FORUM 

Improving the Reliability of  Clinical 
Investigators 

[Editor’s note: The May 1983 editorial triggered an exchange of letters 
between former FDA Commissioner Jere E. Goyan and the author of 
the editorial, Edward G. Feldmann. In the interest of stimulating 
further thought on the important subject dealt with in the editorial, 
they have agreed to  publication of their correspondence which follows 
herewith.] 

Goyan letter to Feldmann, dated June 2,1983: 
Just  a note to let you know that I read your editorial’ entitled “The 

‘Weak Link’ in Drug Research.” I was somewhat astonished a t  your 
analysis and conclusions but understand your concerns. Indeed, one of 
the biggest shocks of my life was the opportunity to review some of 
the proposed disciplinary actions against clinical investigators. I t  is 
distressing to learn that many of the people in the “white hats” are a t  
least somewhat gray, if not black. However, I am a little hard pressed 
to understand what alternatives we might have in this regard. I t  seems 
to me that we are going to have to make use of clinical investigators in 
academic settings, but unfortunately we may have to devote more 
resources to their policing. In any case, it was as usual a very 
provocative and worthwhile editorial. 

Jere E. Goyan 
Dean, School of Pharmacy 
University of California 
San Francisco, CA 94143 

Received June 6,1983. 

E. G.  Feldmann, J. Pharm., Sci. ,  72,463 (1983). 

Feldmann letter to Goyan, dated June 7 ,  1983: 
Last week I attended an FDA retirement dinner and reception and 

had an opportunity to chat with various FDA staff members from new 
drug officers to enforcement/compliance people to legal staff, and I 
was frankly surprised at how many of them apparently had read the 
editorial, brought it up in conversation with me, and expressed their 
personal concerns regarding the reliability of clinical investigators and 
their data submitted in support of NDAs. I t  was quite apparent to me 
that I had hit a responsive chord among the FDA staff. 

I fully understand your comments as to the difficulty in identifying 
alternatives to our present system. I am not sure that I have any 
magical answers either, and for that  reason did not attempt to include 
any in the editorial. 

However, i t  would seem to me that arrangements could be worked 
out which would involve individuals (clinical investigators) who are 
employees of drug firms being based physically a t  hospitals or in 
academic settings which would enable them to conduct investigations 
in much the same environment and with the same basic modus 
operandi that  is presently utilized-the only significant difference 
being that rather than functioning as independent contractors, they 
would actually be employed by the drug company involved. 

In a sense, it might be argued that this kind of arrangement would 
result in somewhat less “independence” or “independent authority” 
on the part of the clinical investigator. Although that argument (for 
“independence”) sounds good in theory, in practice there appear to be 
certain drawbacks: 

(a) The company, per se, is not responsible for the actions of the 
clinical investigator, and it can readily disclaim responsibility if 
there is any “hanky panky.” 
(b) A conscientious drug firm has i ts  hands tied and cannot have 
complete access to the data to the degree that it would have if the 
investigator were a paid employee; hence, it cannot fully assure 
itself of the completeness, adequacy, and suitability of the data. 
(c) Under the present system, independent investigators feel 
pressured to provide favorable reports to their sponsoring or 
contracting companies if they hope to generate future “business.” 
However, if they were on the regular payroll, they would have no 
more pressure in this regard than other comparable departments 

within the firm, such as the other divisions within the research and 
development department. 
(d) The clinical investigations could be made a much more 
intimate part of the comprehensive NDA in that they would be 
simply another part of the company’s overall research effort rather 
than a separate sort of “appendage” to the NDA, as many of them 
are currently. 
I realize that some may object to such an arrangement in that i t  

tends to reduce “academic freedom.” On the other side of the coin, 
however, it also tends to result in better cooperation and interchange 
between industry and academia-a goal or objective that we 
frequently hear and read is being currently encouraged. As I noted 
above, I am not sure this is either the preferred or even a feasible idea, 
but it is one alternative to our present system. 

Edward G. Feldmann 
American Pharmaceutical Association 
Washington, DC 20037 

Received June 8, 1983. 

Goyan letter to Feldmann, dated June 14, 1983: 

publish your thoughts, as outlined in the letter, in the Journol in the 
near future. They are both interesting and provocative and may well 
be the way of the future. In any case, you have struck a responsive 
chord in a number of us, and I, for one, would like to see some sort of 
debate initiated in this regard. 

Jere E. Goyan 
Dean, School of Pharmacy 
University of California 
San Francisco, CA 94143 

Thank you for your letter of June 7. I hope you will see fit to 

Received June 17.1983. 

Kavanagh letter to Feldman 

Your editorial “The Weak Link in New Drug Research” points to 
an old problem well known to drug makers which is now receiving 
public attention. I see no way to improve the quality of clinical testing 
and its evaluation. My reasons are the following. 

experience with two drug companies and rely on material provided to 
me by employees of other companies. In general, the opinion among 
scientists employed by drug companies is that physicians make very 
poor directors of research, a t  any level, since they have neither the 
aptitude for scientific work nor the training as scientists. My 
experience leads me to agree with this opinion. 

and Co. because it had its own clinical facilities, in operation since 
1926. This in-house clinical facility was to evaluate clinical reports 
submitted by outside physicians who were clinically evaluating Lilly 
products. The availability of this monitoring function should make 
clinical investigations more efficient. 

Francisco were treating neonates routinely with 20 mg/kg 
chloramphenicol (twice the dose recommended by Parke-Davis for 
adults), and approximately one-third of the infants died. Parke-Davis, 
of course, was blamed. Another drug company informed me they 
could use only about one-third of the results from their contracted 
clinical studies. An analyst for another company visited six clinicians 
who were studying a new antibiotic and found that only one was using 
an assay that would give meaningful data. During the study of a new 
antibiotic, an assay laboratory found interfering material in the urine 
of patients being treated with the new antibiotic. Paper 
chromatography revealed as many as seven foreign antibiotics in the 
urine samples. The physicians were amazed that the laboratory 
discovered they were using more than one drug. 

anyone in charge of clinical testing. What could be done with the 

These observations are based on approximately 28 years of 

A physician from Parke-Davis said in 1960 that he envied Eli Lilly 

Here are some specific examples. Around 1960, pediatricians in San 

I wonder how much of this kind of information ever gets back to 
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information? Obviously, this system of testing is expensive, time 
consuming, and frustrating for the drug companies, but what can they 
do as long as Rbysicians dominate clinical testing? 

The basic problem with clinical testing is the assumption that 
physicians are scientists. There is no reason to expect a physician to 
be a scientist. 

the work. The physicians who are members of a testing team should 
be selected for scientific aptitude and then given the needed training. 
The team should include a physician, a pharmacist(preferab1y 
Pharm.D.), an experienced technical writer (to help organize data and 
prepare the reports), and such other support personnel as needed for 
that  particular study. In the case of antibiotic testing, the team should 
include someone experienced in the principles and practices of using 
a microbiological assay for antibiotics (these people are rare). 

One reason I am pessimistic about the possibility of improving 
clinical testing is the difficulty in getting physicians to give up the 
power they now possess. The ego problem could be minimized by 
selecting the physician members from among those who have a Ph.D. 
degree in a related subject such as zoology or physiology. Their 
previous experience in a laboratory would assure their understanding 
the importance of scientific protocol, the awareness that correlation 
and cause are not synonymous, and the effects of genetic makeup of 
the patients on results. 

Many more examples could be given, but these are sufficient to 
indicate what some of the problems are. Obviously, no drug firm 
would dare make public these complaints. The firms doing the 
research are dependent on the good will of physicians for their 
success. 

Clinical testing will improve only when properly qualified people do 

Frederick Kavanagh 
Corvallis, Oregon 97330 

Received August 9, 1983. 

E. G. Feldmann, J .  Pharm. Sci., 72,463 (1983). 

Pharmaceutical Analysis and Control 
Award 

Members of the Pharmaceutical Analysis and Control (PAC) 
Section of the APhA Academy of Pharmacerrtical Sciences are 
concerned about the paucity of students choosing to study 
pharmaceutical analysis a t  the doctoral level. As a means of 
promoting graduate study in this discipline, the PAC Section is 
offering an undergraduate award in pharmaceutical analysis for 1984. 
Applications are currently being invited from undergraduate students 
enrolled in the last two years of baccalaureate or equivalent degree 
programs in accredited schools or colleges of pharmacy and 
departments of chemistry who have demonstrated interest and 
potential for a career in pharmaceutical analysis. The Award will 
consist of scholarship support ($1,000) for a ten-week summer period 
or equivalent (NLT 400 hrs) of laboratory research in pharmaceutical 
analysis. Applications are due in the Academy Office by December 31, 
1983. Notice of awards will be mailed by March 31, 1984. Application 
instructions and application forms are available by calling or writing: 
APhA Academy of Pharmaceutical Sciences, Undergraduate Award in 
Pharmaceutical Analysis, 2215 Constitution Avenue, N.W., 
Washington, D.C., 20037, (202) 628-4410. 

Pharmaceutical Analysis. Thank you. 
We encourage faculty and students to apply for the PAC Award in 

Robert V. Smith, Ph.D. 
Chairman Elect, 
PAC Section, APhA Academy of 
Pharmaceutical Sciences 

Received August 18,1983. 

The aggressive Ayerst Research program has resulted in ex- 
pansion in the Pharmacy Research and Development Division 
Opportunities exist for four Group Leaders in various areas For 
each position. the successful candidate should possess a PhD 
in Pharmaceutics with 0-5 years of appropriate experience de 
sirable 

LIQUIDS SECTION (2 new opportunities) 
Responsibilities include development of liauid iniectables. 

semisolids, ophthalmics. and suspensions. Succesiful candi- 
dates will have an innovative approach t o  formulation prob- 
lems and possess good communication skills. The positions in- 
volve substantial interaction with preformulation, toxicology, 
and scale-up sections. 

BIOPHARMACY SECTION 
For this position. a PhD degree majoring in pharrnacokine- 

tics is essential. Responsibilities include pharmacokinetic mod- 
eling of data f rom various preclinical and clinical studies, com- 
puter simulation of plasma levels for controlled delivery 
systems development of assay methodology for drugs in body 
fluid. 

1 Ayerskl 

TRANSDERMAL SECTION 
The successful candidate will be responsible for physicoche- 

mica1 and in vitro analysis of compounds for their applicability 
to  transdermal delivery. A PhD degree with emphasis in Phys- 
ical Pharmacy is highly desirable. Excellent oral written, and 
computer skills are necessary. Some formulation experience 
and a knowledge of pharmaceutical products are highly de- 
sirable. 

We offer a competitive salary with a full line of benefits in- 
cluding dental and prescription plans, relocatlon and interview 
expenses. 

Our facility is located in the scenic Adirondack Mountains, 
Lake Champlain region of New York State, a short distance 
from Montreal in the Lake Placid Olympic area. 

Send resume and salary history to: 
Gary D. Wagoner, Personnel Manager 

AYERST LABORATORIES, INC. 
64 Maple Street, Rouses Point, N Y  12979 
An equal opportunity employer M/F /H  
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EDITORIAL 

Keeping Current With Technology 

“Technology.” Over the years, we have all heard and 
used this term many times. But yet, during the past year 
or two, it has virtually burst onto the contemporary scene 
with a whole new dimension and depth of meaning. 

To compare the technology in our daily lives of five years 
ago uersus that of today, is almost like comparing flight by 
hot air balloon to flight by supersonic jet aircraft. Simply 
put, recent changes in technology have been that great. 

Every facet of our lives from work to play, to recreation, 
to personal living has been affected, and the developments 
have occurred with astonishing swiftness. Indeed, the rate 
of change has been as mind-boggling as the degree of 
change. 

For example, just about a year ago, video games arrived 
and mushroomed with such attraction and public accep- 
tance that investment counselors were touting the stock 
of all their manufacturers, the games were by far the 
biggest seller of the 1982 Christmas season, and video game 
parlors were popping up in almost every neighborhood 
shopping center. But now, less than a year later, we just 
heard a report that video games have peaked in popularity, 
and predictions are that the games, their franchise oper- 
ations, and their manufacturers will soon experience a 
severe decline that will be every bit as rapid and intense 
as their recent, rocketing popularity. 

One of the most innovative and revolutionary computer 
manufacturers, Osborne Computer Corporation, had a 
similar rapid ascendancy as it carved out a major share of 
the computer market of two to four years ago. But just as 
this column was being written, business and financial re- 
ports in the public press are describing the sudden demise 
of that company. It went from one of the most popular 
growth stocks to filing for bankruptcy within the short 
period of approximately six months. In explanation, a se- 
curity analyst said that “time had simply passed them by.” 
Their relatively small, portable units were a dramatic 
breakthrough compared with the large, floor model con- 
soles previously available; but, in turn, those table model 
units were made equally obsolete by the much smaller, 
lighter, and more portable units that competitors came out 
with just a few months later. 

In the pharmaceutical field, the impact of rapidly 
changing technology is almost as dramatic. 

At  a corporate level, there have been some mergers and 
acquisitions that at first seem strange, but upon reflection 
make a great deal of sense. Witness the marriage of Smith 
Kline & French Laboratories, and Beckman Instruments 
Company. Ten years ago, we could never have visualized 

any common denominator between a “Spansulk Capsule” 
and a “DU Spectrophotometer.” But today is a completely 
different story. 

And at  the level of drug dosage forms, we increasingly 
hear of “new drug delivery systems.” Time-release im- 
plants, transdermal absorption, nasal administration, 
implanted drug pumps, and various other approaches to 
in uiuo biological drug delivery are no longer either dreams, 
speculations, or theory, but are now being routinely used 
in patients. 

Again, the suddenness of this change is literally 
breathtaking. Scientists and practitioners who were up- 
to-date a few short years ago, today find themselves em- 
barrassingly obsolescent if they have not kept abreast of 
these developments. 

For this reason in particular, the American Pharma- 
ceutical Association and its subdivisions-including the 
Academy of Pharmaceutical Sciences-have chosen the 
theme of “Technology 2000” for the APhA and APS An- 
nual Meeting to be held May 5-10,1984, in Montreal, P.Q., 
Canada. 

All aspects of the meeting-from exhibitors, to general 
sessions, to special presentations-will focus on and em- 
phasize technology, its recent advances, and its impact on 
current pharmaceutical research, development, and 
practice. With respect to exhibits in particular, a special 
effort is being put forth to attract technology-oriented 
exhibitors so that the Exposition at the 1984 Annual 
Meeting will constitute a convenient, ready-made oppor- 
tunity to see first-hand the most up-to-date equipment 
being put through its paces in providing modern technol- 
gical benefits. 

All of these offerings should go far in assisting the 
meeting registrants to put this new technology into mental 
perspective and to relate it to the way that pharmacy will 
be practiced and pharmaceutical research will be con- 
ducted in the 21st century. 

We strongly urge all of our readers to plan to attend the 
1984 Annual Meeting in order that, individually, they will 
not find themselves suffering the fate of some of the re- 
cently high-flying computer manufacturers who suddenly 
found to their dismay that “time had simply passed them 
by.” 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Abstract  The disposition characteristics of @-lactam antibiotics in 
rats were investigated, and a physiologically based pharmacokinetic 
model capable of predicting the tissue distribution and elimination ki- 
netics of these drugs was developed. Protein-binding parameters in rat 
serum were determined by equilibrium dialysis. Linear binding was found 
for penicillin G, methicillin, dicloxacillin, and ampicillin; however, 
nonlinear binding was observed for penicillin V and cefazolin. After in- 
travenous bolus dosing, cefazolin was recovered almost completely in 
urine and bile, while for the penicillins, penicilloic acid was found to be 
the major metabolite. Biliary excretion of cefazolin followed Michae- 
lis-Menten kinetics, and no significant inhibition of urinary secretion 
was observed after probenecid administration. The renal clearance of 
unbound drug was 0.82 ml/min with a reabsorption ratio (R) of 0.22. 
Tubular secretion was inhibited for the penicillins by probenecid plasma 
concentrations of 50 pg/ml, resulting in an R-value of 0.32. Erythrocyte 
uptake, serum protein binding, and tissue-to-plasma partition coefficient 
(K,) were measured. Theoretical K ,  values were calculated and found 
to  be in good agreement with the K, values for three of the antibiotics. 
Plasma and tissue concentrations (lung, heart, muscle, skin, gut, bone, 
liver, and kidney) were measured as a function of time a t  various doses 
for inulin and cefazolin in rats after an intravenous bolus dose, and were 
found to be in reasonable agreement with concentrations predicted by 
the model. These correlations demonstrate that the proposed model can 
accurately describe the plasma and tissue contributions of inulin and 
cefazolin in the rat and suggest that  this model could have utility in 
predicting drug distribution in humans. 

Keyphrases P-Lactam antibiotics-protein binding and metabolism, 
rats, pharmacokinetics, physiologically based model 0 Pharmacoki- 
netics-b-lactam antibiotics, protein binding and metabolism in rats, 
physiologically based model Metabolism-@-lactam antibiotics in rats, 
pharmacokinetics, physiologically based model 

Serum or plasma levels of antibiotics are often used as 
indices of pharmacological efficacy. However, since bac- 
terial infections are generally localized in the extravascular 

0022-3549/83/1100- 1239$0 1.00/0 

space, it is important to know the antibiotic concentration 
in the interstitial fluid. Numerous pharmacokinetic studies 
on penicillins and cephalosporins have been published 
(1-6); however, few compare kinetically the levels of these 
antibiotics in plasma and tissues. Physiologically based 
pharmacokinetic models (7-12) have been developed using 
data obtained from animals such as tissue binding or tis- 
sue-to-plasma partition coefficients ( K p ) .  Some of these 
studies have been used successfully to predict both plasma 
and tissue levels in humans (7-9,ll). Recently, Greene et 
al. (13) reported that using serum protein binding and 
renal clearance data, the novel physiological pharmaco- 
kinetics of cephalosporins could be adapted to predict 
plasma concentration-time profiles after bolus intravenous 
injections in humans. 

This study describes the metabolism and tissue binding 
behavior of several 0-lactam antibiotics in rats, establishes 
a mathematical model for the interpretation of tissue 
distribution and elimination kinetics of these antibiotics, 
and describes the use of inulin as a model drug for verifi- 
cation of the present model. 

EXPERIMENTAL 

Materials-Penicillin G potassium (1595 U/mg)', methicillin sodium 
(843 pg/mg)2, penicillin v potassium (1490 U/mg)', propicillin potassium 
(888 ~ g / m g ) ~ ,  dicloxacillin sodium (884 pg/mg)l, ampicillin sodium (959 
pg/rngl3, 6-aminopenicillanic acid (97.6% pure)', cefazolin sodium (945 

1 Meiji Seika Kaisha, Tok o Japan. 
2 Banyu Pharmaceutical 80:. Tokyo, Japan. 
3 Takeda Chemical Industries, Osaka, Japan. 
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Figure 1-Cefazolin concentrations in buffer (0) and rat serum (a) 
compartments at 370 during the protein binding experiment. The initial 
concentration of cefazolin in the buffer compartment was 200 pglml. 

pglmgl4, and indocyanhe green5 were used as received. [ 14C]Cefazolin4 
with a specific activity of 2.04 &i/mg was supplied, and [14C]inulin (2.4, 
pCi/mg) was purchased from a commercial source6. Unless otherwise 
specified, the radiolabeled drug was used in conjunction with a cold 
carrier. 

Solutions of the penicilloic acids of dicloxacillin, propicillin, penicillin 
V, ampicillin, and 6-aminopenicillanic acid were prepared according to 
the method of Schwartz and Delduce (14). All other chemicals were re- 
agent grade and were used without further purification. 

Animals-Male albino Wistar rats, weighing -240 g, and a 9-kg beagle 
dog were fasted for 20 hr prior to the experiment, with free access to water. 
The rats were anesthetized with urethane (1.3 g/kg ip) -1 hr prior to 
surgery. The dog was anesthetized with sodium pentobarbita17 admin- 
istered intravenously at  a dose of 25 mg/kg. 

Intravenous Bolus Injection-The ureters and bile ducts of rats were 
catheterized with polyethylene tubing, and the drugs were injected (over 
5 sec) through the femoral vein. The j3-lactam antibiotics or inulin were 
dissolved in 0.5 ml of normal saline. For the plasma and tissue concen- 
tration studies, blood samples (-0.2 ml) were withdrawn from the jugular 
vein at  designated times after drug administration and collected in 
heparinized tubes. The blood was centrifuged a t  3000 rpm, and plasma 
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Figure 2-Protein binding profiles for P-lactam antibiotics as a func- 
tion of the postdialysis bound and unbound antibiotic concentrations 
at 37". The points represent the experimental values. and the solid lines 
were generated from Eq. 1 or Eq. 2; the binding parameters are listed 
in Table I. Key: (a) methicillin; (A) penicillin G; (0) ampicillin; (0) 
cefazolin; (A) penicillin V; (X) dicloxacillin. 

4 Fujisawa Pharmaceutical Co., Osaka, Japan. 
5 Daiichi Seiyaku Co., Tokyo, Japan. 
6 New England Nuclear Co., Boston, Mass. 

Nembutal; Dainihon Pharmaceutical Co., Osaka, Japan. 
Type PE-10; Clay Adarns, Becton Dickinson, Co., Parsippany, N.J. 
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Figure 3-Time courses of the percent of cefazolin recovered in bile (0) 
and urine (a) after a 100-mglkg iv bolus dose to rats. Each point rep- 
resents the mean of four rats, the vertical bars representing the standard 
deviations. Total recovery (a), as the intact cefazolin 6 hr  after the 
administration, was 95.7 f 13.0%. 

separated. The total blood volume taken from any rat in a single exper- 
iment was 51.6 ml. 

For tissue sampling, the rats were sacrificed, and the lung, heart, 
skeletal muscle, bone, gut (from duodenum to the cecum), liver, and 
kidney were quickly excised, rinsed with ice-cold saline, blotted dry, and 
weighed. These tissues were homogenized with a two- to fivefold excess 
of isotonic phosphate buffer (pH 7.4) in a polytef homogenizer. The entire 
skin was stripped from the rat carcass. Sections of the skin from the flank 
regions were sampled and cut into small pieces. Bone samples were taken 
from the femoral and foreleg portions and crushed. The chips of skin and 
bone were weighed and extracted with isotonic phosphate buffer (pH 7.4) 
by shaking for 4 hr. The fluids were then centrifuged at  3000 rpm for 10 
min, and the supernatant was removed for microbiological assay of 
cefazolin and for the colorimetric assay of inulin. 

In the experiments using radioactive drugs, the rats were injected with 
a 10- to 200-mg/kg dose of cefazolin or a 20-mg/kg dose of inulin, each 
of which contained radiolabeled drug. The excised tissue samples were 
rinsed with ice-cold saline and blotted dry. One-half of the dry tissue was 
used for analysis. 

Determination of Hepatic Blood Flow-The hepatic blood flow of 
rats under urethane or ether anesthesia was estimated using the method 
of Yokota et al. (15). A priming dose of indocyanine green was injected 
into the femoral vein of the rat and immediately followed by a constant 
infusiong of the dye into the opposite femoral vein at  a rate of 13-27 
pg/min, yielding a steady-state plasma level of -10 pg/ml. Three blood 
samples (0.2 ml each) were simultaneously withdrawn from the hepatic 
vein and femoral artery every 10 min starting 60 min after the initiation 
of the dye injection. The plasma was separated by centrifugation and 
stored at 4 O  until assayed. Aliquots (50-100 pl) of the plasma were diluted 
10- to 20-fold with distilled water and quantified by measurement of the 
absorbance at 800 nmlo. Hematocrits (Hct, %) were measuredll using the 
first and last arterial and hepatic venous blood samples, and averaged. 
The hepatic plasma and blood flows were calculated with the equation 
of Bradley et 01. (16). 

Determination of Tissue-to-Plasma Partition Coefficients-The 
equilibrium tissue-to-plasma concentration ratios, K p ,  of penicillin V, 
dicloxacillin, cefazolin, and [Wlinulin were obtained experimentally for 
each of the tissues used in the pharmacokinetic model. Solutions of the 
penicillins, cefazolin with or without added [14C]cefazolin, and inulifi 
containing [14C]inulin prepared with saline were infused9 at a rate of 0.5 
ml/hr through the femoral vein of rats. Based on the preliminary exper- 
imental data collected after intravenous bolus injection of each drug, a 
priming dose was administered to quickly attain a steady-state condi- 
tion. 

Blood samples were withdrawn periodically through the jugular vein. 
After 2 or 3 hr of infusion, blood samples from the femoral artery, renal 
vein, and hepatic vein were taken. The animals were sacrificed immedi- 
ately by exsanguination via the carotid artery. Tissue samples taken at  
the steady-state plasma level were prepared in the same manner as de- 
scribed above for bolus-dose experiments. 

The distribution of antibiotics into erythrocytes and bone marrow were 
studied under the conditions described above. In addition, a beagle dog 
was infused with cefazolin at a rate of 180 mg/hr, without a priming dose, 

Infusion pump model KN; Natsume Seisakusho Co., Tokyo, Japan. 
lo  Double-beam sgectrophotometer,,UV-200; Shimadzu Kyoto, Japan. 
I i  Hematocrit M 200. Hitachi Koki Co., Tokyo. Japan: 
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Table &Binding Parameters  a of &Lactam Antibiotics with 
Rat Serum Protein 

10-4 K B ~ ,  10-~ K B , ~ ~ ~ ~ ,  
j3-Lactam Antibiotic nb M-1 M-1 

Penicillin G - - 1.132 f 0.048 
Penicillin V 2.78 f 0.26 0.109 f 0.014 - 
Methicillin - - 0.656 f 0.070 
Am icillin - - 1.322 f 0.048 
Dicroxacillin - - 7.434 f 0.448 
Cefazolin 0.63 f 0.03 2.980 f 0.479 - 

0 The binding parameters were determined b the equilibrium dialysis method at 37O. An albumin concentration of 5.00 X 10- 2 M was used for calculation. * De- 
fined by Eq. 1. e Defined by Eq. 2. 

over a 10-hr period. After achievement of steady-state levels, aliquots 
of blood were withdrawn periodically through a cannula inserted into the 
saphenous vein of the dog. Bone marrow fluids were withdrawn period- 
ically from a portion of femoral bone using the usual puncture technique. 
The hematocrits of the blood samples were determined". Antibiotic 
concentrations of the whole blood and whole bone marrow were deter- 
mined after hemolysis with an equivalent volume of distilled water. The 
results were used to estimate the partition coefficients of these antibiotics 
between plasma and erythrocytes and between plasma and bone 
marrow. 

Determination of Renal  and  Hepatic Clearances-Intravenous 
infusions were performed to measure the renal and hepatic clearances 
of penicillin G or cefazolin a t  steady state in rats. In the renal clearance 
measurements, the femoral artery, femoral vein, left renal vein, and 
ureters were cannulated. Antibiotic solutions containing inulin to esti- 
mate the glomerular filtration rate (CFR) were prepared with 3% man- 
nitol and infusedg a t  a rate of 3.7 m l h r  through the femoral vein using 
a priming dose for each drug. After constant urine flow and steady-state 
levels of the antibiotic and inulin were achieved, urine was collected over 
30-min intervals and blood was withdrawn through the femoral artery 
and renal vein a t  the midpoint of the urine collection period. The renal 
excretion rate (dX, /d t )  was calculated from dX,/dt = C,UF, where Cu 
and UF indicate the urine concentration of drug and urine flow in mumin, 
respectively. 

The inhibitory effect of probenecid on the tubular secretion of peni- 
cillin G and cefazolin were examined as follows. Probenecid was dissolved 
in aqueous sodium hydroxide and then neutralized with hydrochloric 
acid. A 3% mannitol solution containing penicillin G, cefazolin, or inulin, 
and probenecid was infused at a rate of 3.7 mlh r .  In each experiment, 
the steady-state plasma concentration of probenecid was assayed. 

The procedure used to measure the hepatic clearance of cefazolin, was 
essentially the same as that described for determining hepatic plasma 
flow. At  steady state, the total plasma concentration (bound and un- 
bound) of cefazolin in the femoral artery, hepatic vein, and bile were 
determined by microbiological assay. 

Determination of Serum Protein Binding-Acrylic resin plates with 
four compartments of 5 mm depth and 25 mm diameter were used for the 
dialysis studies. Two plates were joined tightly, holding a cellulose 
membrane12 between them. An 0.8-ml aliquots of rat serum was put into 
one compartment and, unless otherwise specified, 0.8 ml of pH 7.4 iso- 
tonic phosphate buffer containing an appropriate concentration of an- 
tibiotic was put into the other compartment. The plates were incubated 
for 6 hr at 37O. After appropriate dilution of equilibrated samples with 
the isotonic phosphate buffer, the antibiotic concentrations in both 
compartments were measured by microbiological assay. The concen- 
tration of the antibiotic bound to serum protein was obtained by sub- 
tracting the concentration of unbound drug from the total drug concen- 
tration. When the effect of the buffer component on the binding ratio was 
investigated, the following solutions were used instead of isotonic phos- 
phate buffer: Tris-hydrochloride buffer (pH 7.4), 0.067 M phosphate 
buffer (pH 7.4), and protein-free rat serum obtained by ul t raf i l t ra t i~nl~ 
of pooled serum. 

Paper  Chromatography-Paper chromatography was conducted 
in a cold room according to the method of Thomas (17). The developing 
solvent was n-butyl alcohol-pyridine-water (1:l:l). A portion of the urine 
or bile sample was treated with 1 N NaOH for 20 min at room tempera- 
ture followed by neutralization with 1 N HCI, and 10 pl was spotted on 
the paperI4. Ten microliters of the untreated portion was spotted directly 

l2 VisKing; Eth 1 Corp 
13 Amicon MM6, Lexington, Mass. 
14 Toyo Roshi No. SO, 2 X 40 cm; Toyo Roshi Co., Tokyo, Japan. 

Table  11-Urinary and Biliary Recoveries (Percent of Dose) of 
Penicillin V and  Its Metabolites a f t e r  Intravenous 
Administration in Rats * 

Urine, Bile, Total, 
Compound % % % 

Penicillin V 13.8 f 6.6 29.5 f 3.1 43.3 f 7.3 
Phenoxymethylpenicilloic acid 17.1 f 2.2 18.7 f 1.0 35.8 f 2.4 
6-Aminopenicillanic acid and 6.9 f 2.8 15.1 f 2.0 22.0 f 3.4 

its pe6cilloic acid 
Total 101.1 f 8.4 

a The urine and bile collection periods were 0-9 hr and the dose was 100 mR/kg. 
Each point represents the mean of three rats f SD. 

on the paper. The chromatograms were visualized by spraying with 1% 
starch in acetic a c i d 4 1  N 1 4 %  KI (50:3:1). For detection of intact 
penicillin V, the paper was sprayed with 0.1 N NaOH and after 20 min 
sprayed with 0.1 N HCI. Standard samples of each penicillin and peni- 
cilloic acid were prepared using normal urine and bile and were chro- 
matographed similarly as a reference marker. 

Analytical Procedures-Microbiologicol Assay-Plasma, urine, bile, 
and tissue samples from rats administered @-lactam antibiotics were 
assayed (unless otherwise specified) by the microbiological paper disk 
diffusion method using Sarcina lutea Staphylococcus aureus Ifi, or 
Bacillus subtili.9'7 as the test organism. In the determination of drug 
distribution into erythrocytes, blood samples used for plasma quantifi- 
cation were hemolyzed with an equal volume of distilled water and ana- 
lyzed. Calculation of the antibiotic concentration was made from standard 
curves prepared using pooled blood, urine, bile, and the corresponding 
tissue homogenates. The accuracy of the microbiological assay was 
f5%. 

Spectrofluorometric Assay-Spectrofluorometric methods were 
utilized for simultaneous analysis of a penicillin and the penicilloic acid 
metabolite in whole blood, urine, and bile. The blood was hemolyzed with 
an equal volume of distilled water. The analytical method employed for 
samples taken after intravenous administration of penicillin V, propi- 
cillin, or dicloxacillin was based on the formation of a fluorescent 
Schiff-base resulting from the reaction between penicilloaldehyde and 
0.1% 5-dimethylaminonaphthalene- 1-sulfonylhydrazine. After acylation 
with phenoxyacetic anhydride a t  pH 9.0, 6-aminopenicillanic acid and 
i ts  cleaved j3-lactam ring product were assayed as described previously*8 
(18). The method of Miyazaki et al. (19) was used for quantification of 
ampicillin. The accuracy of the fluorometry assay was f4%. 

Radiochemical Assay-The radioactivity of [14C]cefazolin and 
['4C]inulin in plasma was determined by direct liquid scintillation 
countinglg. Triplicate 50-250-pI aliquots of plasma were added to glass 
counting vials containing 10 ml of dioxane-based scintillation fluid. 
Quenching was corrected by the external standard method. Tissue 
samples after intravenous bolus dosing or constant infusion were oxi- 
dized20 to '4CO2, and radioactivity was determined by liquid scintillation 
countinglg. 

Determination of Inulin-The method used for the determination 
of inulin in plasma, urine, and lung tissue was a modified form of the 
colorimetric assay developed by Waugh (20). Reagents and standard 
solutions of inulin were prepared as described previously (20). Samples 
of plasma (0.1 ml), 0.3 ml of distilled water, and 0.1 ml of zinc sulfate 
reagent were added to centrifuge tubes, followed by the addition (with 
continuous agitation) of 0.1 ml of 0.5 N NaOH. After centrifugation at  
3000 rpm for 10 min, the supernatant was removed for analysis. Urine 
was assayed by adding 0.5 ml of zinc sulfate reagent and 0.5 ml of 0.5 N 
NaOH to 1.0 ml of urine, yielding a protein-free supernatant. For tissue 
sample assay, the tissue was cut into small pieces. The chips were weighed 
and extracted with saline by shaking for 4 hr. The fluids were then cen- 
trifuged a t  3000 rpm for 10 min, and the supernatant was analyzed. 

Aliquots (0.2 ml) of the supernatant from plasma, urine, or tissue 
samples were placed in a test tube, 0.2 ml of 1.8 N NaOH was added, and 

Is I F 0  12708: Institute for Fermentation. Osaka. JaDan. The strain uasderived . .  ~~ ~ ~~ 

from ATCC 9341. 
16 IF0 12732; Institute for Fermentation, Osaka, Japan. The strain was derived 

from ATCC 6538P. 
17 IF0 3134; Institute for Fermentation, Osaka, Japan. The strain was derived 

from ATCC 6633. 
18 In a previous paper (18). the concentration of 5-dimethylaminonaphthalene- 

1-sulfonylhydrazine reagent was erroneously referred to as 10%. The correct con- 
centration is 0.1%. The full paper on the detailed procedure and the results are in 
pre aration. 

' f  Model LSC-671; Aloka Co., Tokyo, Japan. 
20 Sample oxidizer, Model 306; Packard Instruments, Downers Grove, Ill. 
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Table 111-Urinary and Biliary Recoveries (Percent of Dose) of Penicillins and Their Penicilloic Acids after Intravenous 
Administration in Rats a 

Penicillin 
Intact Penicillin, % 
h rine Total 

Penicilloic Acid, % 
Urine Bile Total 

16.6 f 3.1 Penicillin G b  30.0 f 13.8 25.7 f 3.6 55.7 f 14.3 3.7 f 1.0 12.9 i 2.9 
Pro icillin 19.1 f 11.1 24.2 f 2.4 43.3 f 11.4 4.4 f 1.3 21.0 f 2.0 25.4 f 2.4 

29.9 f 4.6 Dicf oxacillin 9.6 f 6.0 14.4 f 7.1 24.0 f 9.3 5.5 f 3.1 24.4 i 3.4 
Ampicillin 34.9 f 13.2 19.5 f 2.3 54.4 f 13.4 3.2 f 1.4 9.9 f 4.1 13.1 f 4.3 

0 The urine and bile collection periods were 9-3 hr; the dose was 100 mgkg.  Each point represents the mean of three rats f SD. * The urine and bile collection periods 
were 0-24 hr; the dose was 100 mgkg. Each point represents the mean of eight rats f SD. 

the mixture was heated at  100' for 10 min. The mixture was cooled and 
3 ml of 70% (v/v) H2S04 and 0.3 ml of cysteine-tryptophan reagent was 
added. After heating at  50" for 25 min, the solution was cooled to room 
temperature and the color was evaluated against a blank" at 515 nm. 

Determination of Probenecid-Concentrations of probenecid in 
plasma and urine were determined by a high-performance liquid chro- 
matographic (HPLC) assay (21). Samples were prepared as described 
previously (21), but the chromatographic conditions were modified 
slightly. A reverse-phase column21 (25 cm X 4.6-mm i.d.), packed in this 
laboratory, was used in conjunction with a chromatograph** equipped 
with a variable-wavelength detector23. The mobile phase was acetoni- 
trile-O.014 M pH 6.0 phosphate buffer (37). The column and solvent were 
kept at ambient temperature. A flow rate of 2.5 ml/min was used, yielding 
an operating pressure of 110 kg/cmZ. The spectrophotometric detector 
had an 8-pl flow cell and was operated at 254 nm; the injection volume 
was 50pl. Complete peak resolution was obtained with a retention time 
of 4 min. Peak heights were used for quantification; standard curves were 
generated by blank plasma and urine samples spiked with varying 
amounts of probenecid as described previously (21). 

Data Analysis-The data were analyzed using a digital computerz4. 
The program used for the physiologically based pharmacokinetic models 
was designed in-house by incorporating the NUMINT program, a sub- 
routine in NONLIN (22). 

RESULTS 

Serum Protein Binding-Cefazolin diffused rapidly from the buffer 
compartment into the serum compartment (Fig. 1). Equilibrium was 
established within 4 hr and was maintained for the 12-hr duration of the 
experiment. The effect of buffer components on the binding behavior 
of cefazolin was also examined. The percentage of cefazolin bound at  a 
total concentration of 70 pg/ml was determined to be 85.6 f 3.4,86.8 f 
3.6,88.3 f 1.8, and 85.1 f 3.0 in isotonic phosphate buffer (pH 7.4), 0.067 
M phosphate buffer (pH 7.4), Tris-hydrochloride buffer, and protein-free 
rat serum, respectively. These differences were not statistically signifi- 
cant. 

Figure 2 illustrates the protein binding profiles for each of the studied 

4 

a 3  a 
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PROBENECID 

CONCENTRATION 
IN PLASMA, Nglml 

Figure 4-Relationship between the excretion ratio of penicillin C and 
the plasma probenecid concentration at steady state after the constant 
and simultaneous infusion of penicillin C ,  probenecid, and inulin to rats. 
The point for the control experiment without probenecid (0)  represents 
the mean value (3.41 f 0.96) of five rats. 

*l Lichrosorb Rp-8, 10+m particle size; E. Merck AC, Darrnstadt, W. Ger- 

** Model TRIROTAR-11; Japan Spectroscopic Co., Tokyo, Japan. 
23 Model UVIDEC 100-111; Japan Spectroscopic Co., Tokyo, Japan. 
24 FACOM M-170F at the Data Processing Center. Kanazawa University, Ka- 

many. 

nazawa, Japan. 

p-lactam antibiotics as a function of the postdialysis antibiotic concen- 
tration. The protein binding behavior varied among antibiotics. Non- 
linear protein binding was observed for cefazolin and penicillin V, whereas 
apparent linear binding was found for penicillin G, methicillin, dicloxa- 
cillin, and ampicillin. Assuming that albumin is the sole binding protein 
for &lactam antibiotics, then: 

(Eq. 1) 

where CB and CF are the concentrations of antibiotic bound and unbound 
with serum protein, n is the number of binding sites on the albumin 
molecule, K B  is the affinity constant for albumin, and P is the albumin 
concentration (mol. wt. 69,000) in serum. (Measured values for P averaged 
5.0 X M.) The nonlinear least-squares regression computer program, 
NONLIN, was used to fit the data to Eq. 1. In the case of linear binding, 
simplification of Eq. 1 yields: 

(Eq. 2) 

where K B . ~ ~ ~  is the apparent affinity constant for albumin. The binding 
parameters are presented in Table I. 

Metabolic Elimination After Intravenous Bolus Injection-Paper 
chromatography of rat urine and bile samples after the intravenous ad- 
ministration of penicillin V detected penicilloic acid (Rr 0.72) and the 
8-lactam ring-cleaved product of 6-aminopenicillanic acid (Ri 0.35). 
English et a / .  (23) previously found 6-aminopenicillanic acid as well as 
penicilloic acid in urine after intravenous and oral administration of some 
penicillins in animal species. Table I1 shows that unchanged penicillin 
V (43%), penicilloic acid (36%), and the sum of 6-aminopenicillanic acid 
and the @-lactam ring-cleaved product (22%) were excreted over 9 hr both 
in urine and bile after a single dose of penicillin V. Total recovery in urine 
and bile was 101 f 8%. The penicilloic acids were found to be the major 
metabolites of penicillin G, propicillin, dicloxacillin, and ampicillin (Table 
111). Kind et a / .  (24) demonstrated that penicillin G and ampicillin were 
inactivated at different rates by isolated rat liver cells; this suggests a 
metabolic route for these compounds. 

Cafazolin, on the other hand, was recovered almost completely in the 
intact form in urine and bile after intravenous single-dose administration 
in rats (Fig. 3). Nishida et al. (25) have shown that the amount of recov- 
ered cefazolin in 24-hr urine and bile samples were 81 and 17%, respec- 
tively, after intramuscular administration to rats. These results show that 
the metabolism of cefazolin is negligible in rats, similar to other species 
including the human (5). 

Extraction of Antibiotics from the Circulation by Kidney and 

LIQ,,,,,,,, a 0 100 200 300 400 500 600 700 800 
UNBOUND PENICILLIN G CONCENTRATION 

IN PLASMA OF RENAL VEIN, pglml 

Figure 5-Relationship between the tubular secretion rate of penicillin 
G and unbound penicillin G concentrations in renal venous plasma at 
steady state after the constant and simultaneous infusion of penicillin 
C and inulin to rats. The points represent the experimental values; the 
solid line U J ~ S  generated from Eq. 5 and the Michaelis-Menten kinetic 
parameters of Vu = 530.1 pg/min and K,,,,u = 69.6 pglml. 
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UNBOUND CEFAZOLIN 
CONCENTRATION IN 

ARTERIAL PLASMA, Nglml 

Figure 6-Relationship between the urinary excretion rate of cefazolin 
and the unbound cefazolin concentration in arterial plasma at steady 
state after the constant and simultaneous infusion of cefazolin and 
inulin to rats. The renal clearance was evaluated from the slope of the 
line drawn through the experimental points. 

Liver-Renal Clearance-To clarify the renal excretion mechanism of 
p-lactam antibiotics in rats, the renal clearances of penicillin G and 
cefazolin were measured. Studies on the relationship between serum 
protein binding and the renal clearance of drugs are limited. Recently, 
Levy (26) suggested that the renal tubular secretion rate is a function of 
the concentration of free drug in the renal venous plasma except for the 
case of blood flow rate-limited secretion. Hori et al. (27) demonstrated 
that the tubular secretion of sulfathiazole is dependent on the unbound 
sulfathiazole in plasma. If the renal excretion rate of /3-lactam antibiotics 
is governed by the sum of the rates of glomerular filtration (G) [which 
is dependent on the unbound antibiotic in the arterial plasma (C,p)] and 
the capacity-limited tubular secretion (S) [which, in turn, depends on 
the unbound antibiotic concentration (CF,kd) in the rend venous plasma], 
then the rate expression for urinary excretion may be written as: 

-= d X u  (G + S)(1- R) 
dt (Eq. 3) 

G = GFR * C F , ~  

S =  

(Eq. 4) 

(Eq. 5) 

where R, Vu, and K,," represent the reabsorption fraction, the maximum 
rate of tubular secretion, and the Michaelis constant, respectively, and 
Xu is the amount of antibiotic excreted in the urine. 

It was reported that some j3-lactam antibiotics are actively secreted 
into renal tubules in rats, dogs, rabbits, and humans, and that the se- 
cretion is completely inhibited by probenecid (4-6). A preliminary ex- 
periment was performed to examine the effect of probenecid on the se- 
cretion of penicillin G in the rat kidney. The ratio of plasma renal clear- 
ance of penicillin G to inulin clearance (the conventional measure of 
overall renal excretion) was 2.19 f 0.62 ( n  = 5) during the control period, 
where penicillin G was infused at  a rate of 12.5 m g h .  The clearance ratio 
decreased dramatically (790) to 0.46 (n = 1) in the period of simultaneous 
infusion of probenecid at a rate of 2.4 mg/hr. To obtain more precise in- 
formation for the tubular secretion and reabsorption of penicillins, pro- 
benecid was simultaneously infused with penicillin G and inulin to 
achieve various steady-state probenecid levels. The plots of the steady- 
state excretion ratio, (dX, /d t  ),/G,, uersus the steady-state plasma 
concentration of probenecid (Fig. 4) show that as the plasma concen- 
tration of probenecid increased, the excretion ratio of penicillin G de- 
creased markedly. There was no significant change in the serum protein 
binding of penicillin G in the presence of probenecid. It is obvious from 
these results that penicillin G is actively secreted in rats. Since a complete 
inhibition of the tubular secretion of this antibiotic was attained at  
>50-pg/ml probenecid levels in plasma, the reabsorption fraction of 
penicillin G could be obtained from the mean of the data of (dX,/dt)&, 
at  >50-1g/ml probenecid levels. This was found to be 0.33 f 0.03 ( n  = 
4). Decreasing the urine flow by 85% did not significantly change the 
reabsorption fraction (0.32 f 0.15, n = 4) of penicillin G in rats, although 
urine flow rate is known to be one of the factors influencing the tubular 
reabsorption of drugs (27). 

The secretion rate was, therefore, calculated for the data under 
steady-state conditions and without the administration of probenecid 
using: 

VU CF.kd 

Km,u -k CF,kd 

(Eq. 6 )  

The relationship between the unbound concentration in the renal venous 

Table IV-Tissue-to-Plasma Partition Coefficients ( K p )  of 
&Lactam Antibiotics for Various Tissues of Rats 

K P O  

Tissue Penicillin V Dicloxacillin Cefazolin 

Lung 0.157 f 0.078 0.123 f 0.027 0.154 f 0.078 

Heart 0.095 f 0.024 0.074 f 0.014 0.101 f 0.022 

Muscle 0.062 f 0.017 0.051 f 0.014 0.077 f 0.029 

Bone - - 0.111 f 0.021 

Skin - - 0.303 f 0.058 

( n  = 14) ( n  = 5) ( n  = 8) 

( n  = 12) ( n  = 4) ( n  = 15) 

( n  = 18) ( n  = 10) ( n  = 4) 

( n  = 15) 

( n  = 11) 
Spleen 0.096 f 0.020 0.088 f 0.031 - 

( n  = 12) ( n  = 5) 
Gut 0.966 f 0.452 1.357 f 0.590 0.114 f 0.029 

( n  = 14) ( n  = 12) ( n  = 10) 
Liver 0.250 f 0.022 0.430 f 0.287 0.788 f 0.354 

( n  = 12) ( n  = 9Ic ( n  = 10)b 
Kidney 3.70 f 0.87 1.27 f 0.44 2.79 f 1.05 

( n  = lo)* ( n  = 14)b (n  = 10)' 

The value of K is the ratio of tissue concentration to the venous outflow plasma 
Concentration at slhady state, as defined by Eq. 8. b Corrected by using the corre- 
sponding plasma flow rate and the elimination clearance according to the technique 
described by Chen and Cross (28). Apparent value calculated from the ratio of 
tissue concentration to the arterial plasma concentration at steady state. 

plasma at steady state (CF,kd)as and the steady-state secretion rate s, 
of penicillin G (Fig. 5) clearly indicates the saturable secretion of peni- 
cillin G .  The Michaelis-Menten kinetic parameters for penicillin G tu- 
bular secretion, obtained by NONLIN, were Vu = 530.1 i 49.4 pg/min 
and K,,,, = 69.6 f 13.8 pg/ml. 

Similar experiments were also made for cefazolin. The observed ratio 
of plasma renal clearance to inulin clearance was 0.35 f 0.04 ( n  = 4)  in 
the control period. After probenecid infusion, the value was 0.31 f 0.03 
(n  = 4)  (probenecid steady-state plasma level of 88 pg/ml), with the 
differences being statistically insignificant. The results indicate a neg- 
ligible contribution of the tubular secretion of cefazolin in rats. When 
the steady-state excretion rates, (dX , /d t  ),,, were plotted versus the 
unbound cefazolin concentrations, (CF,~),. there was a linear relationship 
with a zero intercept and a slope of 0.82 ml/min (Fig. 6). By employing 
a GFR value of 1.06 f 0.15 ml/min ( n  = 4). the R-value for cefazolin was 
determined to be 0.22. These results demonstrate that cefazolin is ex- 
creted mainly by glomerular filtration and then reabsorbed in part by 
the renal tubules. 

Hepatic Clearance-Cefazolin was infused into rats with bile fistules 
to achieve various steady-state plasma levels. Since metabolism of 
cefazolin was found to be negligible (as described in a previous section), 
the steady-state biliary secretion rate, (dXbi/dt Is, may be attributed to 
the uptake of this antibiotic into hepatocytes or biliary secretion itself. 
If the hepatic uptake is not the rate-limiting step and the biliary secretion 
rate is capacity limited, the rate can be described by a Michaelis-Menten 
equation: 

(Eq. 7) 

UNBOUND-CEFAZOLIN 
CONCENTRATION IN PLASMA OF 

HEPATIC VEIN, pg/ml 

Figure 7-Relationship between the biliary excretion rate of cefazolin 
and unbound cefazolin concentrations in hepatic venous plasma at 
steady state after the constant infusion of cefazolin to rats. The points 
represent the experimental values; the solid line was generated from 
Eq. 7 and the Michaelis-Menten kinetic parameters of vbi = 238.8 
pg/min and Km,bi = 163.3 pg/ml. 
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Table V-Zn Vivo Uptake of &Lactam Antibiotics into Erythrocytes of Rats 

Rat 
0-Lactam No. of Weight, (CT.p)s s~~  (cWB)ss, Hematocrit, 
Antibiotic Experiments g Ccg/ml Pg/ml % KPC 

Penicillin G 4 255 f 5 105.9 f 13.3 48.8 f 5.0 54.8 f 2.1 0.016 
Penicillin V 3 242 f 1 29.8 f 4.2 12.0 f 3.2 51.3 f 4.6 0 
Methicillin 3 254 f 10 63.1 f 9.0 31.2 f 2.8 51.7 f 2.2 0.022 
Dicloxacillin 3 241 f 2 36.6 f 9.4 17.4 f 3.3 51.1 f 3.3 0 
A m p i c i 11 in 3 243 f 2 99.9 f 14.4 44.5 f 7.4 52.2 f 2.5 0 
Cephaloridine 4 240 f 5 52.0 f 8.4 26.3 f 3.2 51.5 f 2.8 0.040 
Cefazolin 3 238 f 2 77.5 f 12.3 32.9 f 2.9 53.2 f 3.4 0 

a Total antibiotic concentration in arterial plasma at steady state. * Total antibiotic concentration in whole blood at steady state. Mean value calculated from Eq. 
9. All negative K p  values were listed as zero. 

where vbi  and Km,bi represent the maximum rate and Michaelis constant, 
respectively, for the biliary secretion, and ( C F J ~ ) ~  represents the free 
antibiotic concentration in hepatic venous plasma at  steady state. 

Plotting the relationship between (dxb i ld t ) ,  and ( C F , ~ ~ ) ~  yielded a 
convex curvature (Fig. 7). The values of vb i  and Km,bi were 238.8 f 56.8 
pg/min and 163.3 f 65.4 pg/ml, respectively, using NONLIN according 
to E3q. 7. The magnitudes of the apparent renal clearance of 0.82 ml/min 
and the biliary secretion parameters of v b i  and predict that at high 
cefazolin free levels, urinary excretion is superior to biliary secretion, and 
at  low levels both excretions may be comparable. 

Tissue-to-Plasma Partition Coefficient-The steady-state tis- 
sue-to-plasma concentration ratios, K p ,  of penicillin V, dicloxacillin, and 
cefazoljn were measured experimentally for each rat tissue compartment 
(Table IV). The K p  for any organ is defined by: 

(Eq. 8) 

where ( C T , , ) ~  and (CF,~ + CB,~), represent the total antibiotic concen- 
tration in a whole tissue (excluding blood) and total antibiotic concen- 
tration in the tissue venous plasma, respectively, a t  steady state. For 
noneliminating organs, the steady-state arterial plasma concentration, 
( C T , ~ ) ~ ,  was used for the calculation as ( C T , ~ ) ~  = (CF., + C B . ~ ) ~  When 
an antibiotic concentration in the venous plasma of kidney or liver was 
not measured, the Kp value was corrected by using the corresponding 
plasma flow rate and clearance, as suggested by Chen and Gross (28). 

The Kp values of @-lactam antibiotics in all tissues except gut and 
kidney were found to be <l. The antibiotics studied were highly con- 
centrated in the kidney, which is the major eliminating organ. Penicillin 
V and dicloxacillin exhibited extremely higher Kp values in gut tissue 
than cefazolin. This phenomenon may be the result of an extensive 
contribution of enterohepatic recirculation of the former two antibiotics 
(12). Because of the almost negligible intestinal absorption of cefazolin 
in rats (29), cefazolin provided the true K p  value for gut tissue. 

Distribution of several 0-lactam antibiotics into erythrocytes was 
evaluated by measuring the steady-state concentrations in whole blood 
and plasma of rats. The Kp value for erythrocytes was calculated 
from: 

where ( C W B ) ~  is the whole blood concentration at steady state. The re- 
sults (Table v) indicate negligible distribution of p-lactam antibiotics 
into the rat erythrocyte compartment. Nishida et al. (30) previously 
demonstrated that distribution of penicillins into rabbit erythrocytes 
was <3% or negligible after intravenous bolus administration; their results 
are consistent with our observations. 

Development of the Physiologically Based Pharmacokinetic 
Model-Figure 8 is a diagrammatic representation of a noneliminating 

+.i %,i - - - - -  
Interstitid Fluid 

vrsj 

Figure &Diagrammatic representation of a one-organ model for a 
noneliminating organ subdivided anatomically into three fluid com- 
partments. 

organ subdivided anatomically into three fluid compartments: ( a )  the 
capillary blood volume, ( b )  the interstitial fluid, and (c) the intracellular 
space. In formulating the kinetics of 0-lactam antibiotics in these tissues 
(except the liver and kidney), the following assumptions, based on the 
experimental evidence described in the previous and subsequent sections, 
were made. 

1. Free and bound antibiotics entering with arterial plasma mix with 
the antibiotics in the tissue capillary bed. 

2. Only the mixed antibiotics in the capillary bed, which is free from 
plasma protein binding, can diffuse rapidly in the tissue (except 
bone). 

3. Entrance into the intracellular space by the antibiotic is negligible; 
therefore, the diffused antibiotic is restricted to the interstitial fluid of 
the tissue. 

4. The antibiotic diffused into the interstitial fluid can bind only with 
albumin existing in this compartment, in a similar manner as with plasma 
albumin. 

5. Bone tissue is divided into three compartments consisting of cap- 
illary bed, bone marrow, and bone cortex. The bone marrow-to-plasma 
ratio is assumed to be 1. The antibiotic binds in the bone marrow exactly 
as in the plasma, and only unbound antibiotics can diffuse into the bone 
cortex fluid space. 

6. A well-mixed state exists ip the capillary bed, interstitial fluid, and 
bone regions. 

7. Free and bound antibiotic concentrations in venous plasma leaving 
the tissues are the same as those in the capillary bed. 

From the above assumptions regarding the distribution of P-lactam 
antibiotics in noneliminating organs (except bone), a mass balance 
equation can be expressed as: 

The nomenclature for this equation and others is given in Appendix I 
(Glossary). The two terms of the left-hand side of Eq. 10 represent the 
accumulation rates of free and bound antibiotics in the capillary bed and 
interstitial fluid, respectively. Differentiation of the plasma binding 
equations (Eqs. 1 and 2) yields: 

In the case of nonlinear binding behavior: 
nPKB a' = 

(1 + KBCF,i)2 
Similarly, linear binding yields: 

ai = KeVappP 

(Eq. 11) 

(Eq. 12) 

(Eq. 13) 

Taking the tissue-to-plasma albumin concentration ratio, ARi, for i-type 
tissue and using assumption 4, Eq. 10 can be simplified to: 

[ VCB, ( 1  + a, ) + VISi (1 + a; ARi)] !!!& dt 

where pi can be defined for the nonlinear binding case as: 

(Eq. 15) 

and in the linear binding case, pi = ai. If assumption 5 is valid, the mass 
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Table VI-Hepatic Blood Flow by a Continuous Indocyanine Green Infusion Method in Anesthetized Rats a 

Body Liver 
No. of Weight, Weight, Hematocrit, Qp,ivb/lOO g body, Qp,lv*Aiver, Q1,,l~'/100 g body, Qb,lvc/liver, 

Anesthesia Experiments g g % ml/min ml/min ml/min ml/min 

Urethane 4 245 f 7 7.4 f 0.6 52.0 f 3.9 1.52 f 0.29 0.50 f 0.10 3.17 f 0.66 1.04 f 0.23 
Ether 3 246 f 2 7.3 f 0.1 46.0 f 1.0 2.24 f 1.10 0.75 f 0.36 4.15 f 2.04 1.39 f 0.67 
Etherd 5 308 f 8 11.7 f 1.7 41.0 f 5.0 1.99 f 0.46 0.53 f 0.11 3.38 f 0.73 0.90 f 0.17 
Controld 4 312 f 8 12.3 f 1.6 39.0 f 4.0 3.69 f 0.51 0.93 f 0.07 6.05 f 0.74 1.53 f 0.06 

Each point represents the mean f SD. b Hepatic plasma flow. Hepatic blood flow which was calculated from: &,,Iv = Qp.lv/(l - Hematocrit/100). Data taken 
from Yokota Pf al. (15). 

balance in the bone compartment can be written as Eq. 11-5 (Appendix 
11). 

In the mathematical description for the eliminating organs such as the 
liver and kidney, K,, values were employed to predict the tissue con- 
centrations, because uptake and accumulation of antibiotics into the 
intracellular spaces appeared to be difficult to evaluate at the present 
time. Okada et al. (31) demonstrated recently that the extent of binding 
of cefazolin, cephaloridine, cephalexin, and cloxacillin with 90% of liver 
and kidney homogenates was 2 4 5 %  for rats and beagle dogs, and that 
the tissue binding appears to be unrelated to  the binding of the drugs to  
serum albumin. /3-Lactam antibiotics are highly protein-bound with the 
water-soluble hepatic and renal intracellular protein, ligandin (32). The 
binding between the drugs and ligandin may correlate with their hepatic 
and renal uptakes from plasma. 

A full diagram of blood circulation through various tissues is repre- 
sented in Fig. 9. All pertinent tissues for which antibiotic concentrations 
are known, except for carcass (fat and others), have been included. The 
plasma flow of the liver (Table VI) and the tissue volumes of the heart, 
liver, and kidney used for the calculations were experimental values de- 
termined in this laboratory. The organ flow rates, except for the liver, and 
volumes of the other tissues were taken from published physiological 
values (8,10, 33-35), adjusted to reflect the size of the animals studied. 
Sapirstein et al. (34) determined that in rats, bronchial blood flow con- 
stituted only 3% of cardiac output. Based on this simulation study, the 
contribution of the bronchial circulation to antibiotic distribution into 
lung tissue was assumed to be negligible. The physiological parameters 
employed in this study are listed in Table VII. 

Binding to the Interstitial Protein-If assumptions 2 and 3 are valid 
for 8-lactam antibiotics in noneliminating organs (except bone), the 
following mass balance equation can be written: 

CT,i = Isi(cF,i + CB1S.i) (Eq. 16) 

where 1 s  is the interstitial space expressed by: 
VISi 

ISi = VISi + VICi (Eq. 17) 

From assumption 3, for the antibiotics showing nonlinear serum protein 
binding behavior, Eq. 1 can be written as: 

Since CF,i = Cp,, in noneliminating organ regions, except bone, a t  steady 
state, Eqs. 16 and 18 can he expressed as: 

Similarly in the case of linear binding: 

(C,r,l)Sg = ISi * (1 + ARi * P K B , ~ ~ , ) ( C F . ~ ) ~ ~  (Eq. 20) 

The interstitial space (IS;) of lung, heart, skin, bone, gut, and liver in 
rats was estimated from the distribution of inulin or [I4C]inulin. The value 
of IS; for each tissue was calculated as the ratio of tissue to  plasma con- 
centrations a t  steady state (Table VIII). The interstitial water content 
of most tissues was 10-20%. The IS value of skin, however, was 30% of the 
blood-free organ, much higher than that found in the other tissues 
studied. Our results were consistent with those reported by Higaki and 
Fujimoto (36) using data after intravenous bolus injection of [14C]inulin 
in kidney-ligated rats, hut were less than IS values evaluated (37) from 
the mannitol and thiosulfate spaces. The reason for larger spaces deter- 
mined by the latter two compounds may be due to their partial distri- 
bution into the intracellular compartment. 

Cefazolin seems to be a good model to test the validity of Eq. 19 or 20, 
because of its remarkable nonlinear binding characteristics with rat al- 
bumin. Figure 10 illustrates plots of the steady-state tissue concentration 

(CT& versus the steady-state arterial plasma free concentration (CF,,), 
obtained for heart, muscle, skin, and gut. 

When we used the ARi values of 0.5,0.6, and 0.9 reported (37) for heart, 
muscle, and gut, respectively, the curves generated from Eq. 19 using the 
binding parameters of cefazolin listed in Table I and the corresponding 
interstitial space in Table VIII were in good agreement with the experi- 
mental tissue levels of cefazolin. Katz et al. (37) demonstrated that AR 
values for muscle and skin were -0.55, but the interstitial albumin con- 
tent of skin and gut was twice that of muscle in rats. Rothschild et al. (38) 
found that most of the extravascular albumin was located in the skin in 
humans, and the concentration of albumin in the extravascular and ex- 
tracellular skin approaches that in the plasma. The high level of albumin 
in skin is likely to be related to the high interstitial space of this tissue 
(Table VIII). The observed skin levels fit well with the curves generated 
from Eq. 19 with the reasonable assumption of AR = 1. Figure 10 clearly 
indicates that the free concentration of cefazolin in plasma at  <20 pglml 
had a greater effect on the tissue levels than did cefazolin plasma con- 
centrations >50 pg/ml. This is a result of the nonlinear binding with rat 
plasma albumin and is described by Eq. 19. 

Little basic information has been reported concerning antibiotic 
concentrations in bone, especially bone marrow. Pitkin et al. (39) found 
that  cefazolin levels were detected in bone and bone marrow of normal 
rabbits dosed intramuscularly even in the absence of detectable levels 
in serum. However, the concentration ratio of bone cortex to bone marrow 
of this antibiotic was -0.05 (39). More recently, it was found (40) that 
the concentrations of cefazolin in bone marrow were equal to or exceeded 
that  in serum 60 min after the administration of 50 mg/kg iv in rabbits. 
Because bone marrow sampling was difficult in rats, we used a beagle dog 
to evaluate assumption 5. The results (Table IX) indicate that the ob- 
served cefazolin levels in whole bone marrow, although somewhat scat- 
tered, were almost equal to the whole blood levels a t  steady state. Since 
the mean whole blood levels were well described using Eq. 9 with the 
mean steady-state plasma levels and hematocrit of 41% (assuming K p  

4: 
I a 
4: 
J a 

CARCASS 

Figure 9-Physiological pharmacokinetic model fully diagramming 
the blood circulation through various tissues. 
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Table VII-Physiological Parameters for 240-g Rats 

Total Tissue Interstitial Plasma Volume Plasma Flow 
Volume (V), Fluid Volume in Capillary Bed Rate (Q), Tissue-to-Plasma Albumin 

(VCB)', ml ml/min Ratio (AR) Tissue ml (VIS)b, ml 

Venous blood pool 2.9 - 1.4d 30.0 1.0 
Arterial blood pool 1.5 - O.Bd 30.0 1.0 
Lung 1.6 0.3 0.3 30.0 0.5 
Heart. 1 .oe 0.1 0.2 0.8 0.5 
Muscle 
Skin 
Bone 
Gut 
1 h e r  

1os:o 
43.0 
26.0 
16.0 
8.0' 

~~ 

13.0 
13.0 
3.0 
1.5 
1.3 

0.7 
0.2 
1.11 
3.0 
1 .o 

3.6 
2.4 
0.8 
2.6 
3.1 

0.6 
1.0 
1.og 
0.9 
0.5 -. . -_ 

Kidney 2.0e 0.4 2.5 1.3 0.5 
Carcass (fat, others) 14.0 2.0 0.1 11.4 0.5 

a Based on the values in Refs. 8,10,33-35, and 37. Calculated from the equation: VIS = V X (Inulin space). The inulin spaces for various tissues except kidney and 
carcass are listed in Table VIII. For kidney tissue, the inulin space of 19.6% is reported in Ref. 36. For carcass, 15% inulin space was assumed. Estimated from the values 
reported in Refs. 10 and 56 under the assumption that rats, dogs. and humans have the same ratio of blood volume in capillary bed-to-tissue volume without blood. d 50% 
hematocrit was assumed. e Determined experimentally in this laboratory. Including bone marrow. g Bone marrow. 

= O), it is safe to conclude that the bone marrow-to-plasma concentration 
ratio was almost unity, consistent with previous observations in humans 
(41,42). 

The validity of Eq. 19 or 20 wm also tested by comparing the Kp values 
observed for dicloxacillin and penicillin V as well as cefazolin (Table IV) 
and those calculated by combining Eqs. 1, 8, and 19: 

or Eqs. 2,18, and 2 0  

(Eq. 22) 

For bone tissue, Eq. 21 may be rewritten using assumption 5 for the 
nonlinear binding case: 

where Ishn and S b n m  represent i n u h  space and bone marrow space, re- 
spectively, in bone tissue. The AR values of lung and S b n m  were assumed 
to be 0.5 and 0.038 (Table VII), respectively; the binding parameters were 
taken from Table I. There is a good agreement between observed (Table 
IV) and calculated K,, values in all cases (Fig. l l ) ,  indicating that as- 
sumptions 3-5 made for tissue distribution of P-lactam antibiotics are 
reasonable and applicable, at least for noneliminating organs. 

Application to Tissue Distribution Kinetics oflnulin-Prior to testing 
the validity of the physiologically based pharmacokinetic model devel- 
oped for the body distribution of /3-lactam antibiotics, the model was used 
to simulate the tissue distribution kinetics of inulin in rats. Since inulin 
is known to be excreted almost completely by glomerular filtration and 
its distribution is restricted only to plasma and tissue interstitial fluid, 
the present model has an intrinsic ability to predict the concentration- 
time profiles of inulin in any tissue. 

In the adaptation of this model to a compound having a large molecular 
size such as inulin, however, the capillary wall permeability must be 
handled somewhat differently. The capillary walls in lung, heart, muscle, 
skin, and gut are composed of an interlocking mosaic of endothelial cells 
with slits (43). Therefore, the restricted transport of inulin through the 

Table VIII--114C11nulin Space of Various Tissue of Rats 

capillary walls in these tissues does not allow the instantaneous estab- 
lishment of the equilibrium of inulin between the capillary bed and in- 
terstitial fluid. Such a restricted transport of inulin has been apparently 
described by Fick's law of diffusion (43c-45). The mass balance equations 
for lung, muscle, skin, and gut tissues are shown in Appendix 111. By using 
values of 20 ml/min/100 g of tissue for lung and heart, 10 ml/min/100 g 
of tissue for gut, and 2 ml/min/100 g of tissue for muscle and skin as the 
permeability constants Ki (44,45); 1.20 ml/min as the GFR (determined 
for 240-g rats from repeated experimental trials in our laboratory); and 
the tissue volumes and plasma flows listed in Table VII, the 16 differential 
equations were solved numerically by a digital computer. The results of 
the simulations are shown in Figs. 12 and 13. The predicted curves, except 
for muscle, are in good agreement with the mean values of the experi- 
mentally determined tissue levels of inulin after a 20-mg/kg dose and the 
plasma levels after both 20- and 2OO-mg/kg iv doses. The predicted peak 
inulin concentrations for the poorly perfused muscle and skin are reached 
relatively late, ix., 10-15 min after the bolus administration. However, 
the experimental concentration-time profiles in muscle and skin did not 
show such slow appearance of inulin. This may be the result of a more 
rapid uptake of inulin into the muscle and skin interstitial fluids from 
the capillary walls in rats than that reported for rabbits and dogs (44). 

Application to Tissue Distribution Kinetics of Cefazolin-The dif- 
ferential equations described for cefazolin in Appendix I1 were solved 
numerically by incorporating various constants listed in Tables I, IV, and 
VII. Figures 14 and 15 show the predicted and observed concentration 
profiles for plasma, lung, heart, muscle, skin, bone, liver, and kidney 
tissues after the intravenous bolus injection of cefazolin to the ure- 
thane-anesthetized rats. Figure 16 also compares the simulation results 
from the model and the experimental tissue levels of plasma, muscle, skin, 
and kidney 60 min after the administration of cefazolin at various doses. 
As seen in these figures, there was reasonable agreement between the 
model predictions and the experimental concentrations in plasma and 
in various tissues a t  any time after any dose. 

The physiological parameters in Table VII are statistical average 
values, and the plasma flow rates (except for liver) are those under un- 
anesthetized conditions. It is, therefore, necessary to test the stability 
of the present model by comparing the numerical results derived from 
standard values for all parameters with the numerical results derived 

Steady-State Concentration, pg/ml or pg/g 
Experiment Experiment Experiment 

Tissue 1 2 3 
Inulin Spacea, 

% 

Plasma 
Heart 
Muscle 
Skin 
Bone 
Gut 
Liver 

13.6 f 0.2 
1.77 
1.94 
4.07 
2.14 
1.35 
2.37 

16.4 f 0.7 
2.05 
1.46 
4.50 
2.42 
1.70 
2.87 

20.5 f 1.6 
2.36 
2.58 
6.66 
3.13 
1.65 
3.22 

100.0 
12.3 f 0.8 
11.9 f 2.8 
29.9 f 2.6 
15.2 f 0.5 
9.6 f 1.2 

16.9 f 1.0 
Experiment Experiment Experiment Experiment Experiment Experiment 

4 5 6 7 8 9 
Plasmab 220.6 256.6 288.0 383.8 463.6 499.0 100.0 
Lung 43.1 49.6 64.8 78.3 96.4 99.8 20.4 f 1.2 

a Defined by 100 X ratio of tissue-to-plasma concentration at steady state. Experiments without [I4C]inulin. Inulin concentrations in plasma and the lung tissue 
were determined by a colorimetric assay described in the text. 
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Table IX-Cefazolin Concentrations in  Plasma, Whole Blood, and Whole Bone Marrow After Constant Infusion 8 of Cefazolin in a 
9-kg Beagle Dog 

Concentration, pg/ml 

380 385 410 415 420 450 470 417 483 500 507 517 Meanf SD 
Time, min 

Plasma 61.6 - 54.5 - 53.3 74.8 82.2 - 95.6 65.3 - 60.0 69.2 f 14.5 
Whole blood - - - - 44.9 45.5 - - 41.3 - - 
Whole bone marrow - 21.9 - 51.1 - - 41.5 - - 61.5 - 41.2 f 15.5 
Hematocrit, % - - - - 

39.1 42.7 f 3.0 

41.0 41.6 - - 42.5 - - 42.1 41.8 f 0.6 
- 

Infusion was carried out at a rate of 180 mghr without a priming dose. 

from f1W0 variation of standard values for each of the parameters. Such 
variation in any body region of the tissue, capillary volumes, and plasma 
flow rates did not significantly affect the simulation results, indicating 
that the model is quite stable within f10% of the physiological parame- 
ters. 

DISCUSSION 

The binding of antimicrobial agents to plasma protein and tissues is 
considered to be an important factor in antimicrobial activity and 
pharmacokinetics. Much of the research effort has been directed toward 
determining the binding to plasma protein, uptake by erythrocytes, and 
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Figure 10-Relationship between cefazolin concentration in the heart, 
muscle, skin, and gut tissues and the unbound cefazolin concentration 
in plasma at steady state after the constant infusion of cefazolin to rats. 
The points represent the experimental values; the solid lines were 
generated from Eq. 19and the variousparameters listed in Tables I ,  VII, 
and VIII. 

the extravascular binding of B-lactam antibiotics. Nevertheless, the data 
are still incomplete in certain aspects: the published reports are some- 
times in conflict. This study investigates the full disposition character- 
istics of &lactam antibiotics in rats and describes a pharmacokinetic 
model that is capable of predicting tissue distribution and elimination 
kinetics not only in rats, but also in other species including humans. 

&Lactam antibiotics bind to serum protein, mainly albumin, in a re- 
versible manner (46). It is generally accepted that such a binding equi- 
librium occurs within microseconds. Greene et al. (47) confirmed the 
rapid binding of cefazolin to canine serum, the binding equilibrium being 
attained as fast as the sample could be ultrafiltered. There is a general 
lack of agreement in the literature regarding the extent of binding for 
P-lactam antibiotics obtained from experiments carried out by different 
methods and even by the same method. The equilibrium dialysis method 
is known to be very reliable for determining quantitative binding of stable 
drugs, but has disadvantages for unstable drugs due to the time re- 
quirement to complete the diffusion equilibrium processes. However, 
use of microdiffusion cells in this study achieved the complete diffusion 
equilibrium within 4 hr (Fig. 1). 

The serum protein binding ratio of 8-lactam antibiotics varies with 
the species of animal and the total concentration of antibiotic. Shimizu 
(48) compared the protein binding of penicillins and cephalosporins in 
the sera of different animals using centrifugal ultrafiltration techniques. 
The extent of binding of cefazolin was 290% in humans, rabbits, and rats 
(equivalent to that of dicloxacillin), but only -50% in dogs, horses, and 
bovines. The percent of cefazolin bound to human serum albumin sig- 
nificantly decreased with increases in the total antibiotic concentration 
(48). Similar results were obtained in this study using rat serum. The free 
fraction of cefazolin is 11% at  10 pg/ml, 20% at  100 pglml, and 41% at 200 
pglml. Since the free fraction more than doubled between 10 and 100 
pg/ml and increased by a factor of >4 between 10 and 200 pg/ml, the 
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Figure 11-Relationship between the observed Kp values of penicillin 
V (A), dicloxacillin (B), and cefazolin (C) for various tissues and the 
theoretical K p  values calculated from Eq. 21 or 23 and the various pa- 
rameters listed in Tables I ,  VII, and VIII. The bars represent the 
standard deviation of the experimental values and the lower and upper 
limits of the theoretical values. 
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Figure 12-Model-predicted (lines) versus observed (points) plasma 
inulin comentrationsafterm- (0) ad200-mglkg (a) intravenous bolus 
doses to rats. Each point represents the mean of H rats; bars represent 
the standard deviations. 

Figure 14-Model-predicted (lines) versus observed (points) plasma 
cefazolin concentrations after 10- (O), 20- (Q), 100- (O), and 2W-mgfkg 
(a) intravenous bolus doses to rats. Each point represents the mean 
of 3-9 rats; bars represent the standard deviations. 

distribution of cefazolin into tissue regions in rats will change radically. 
Other p-lactam antibiotics studied did not show such a remarkable 
nonlinear binding behavior. 

The binding behavior of p-lactam antibiotics could be explained by 
the nonlinear binding equation (Eq. 11, where the magnitude of the 
binding constant (KB) and the drug concentration (CF) are very impor- 
tant parameters. If K g  is sufficiently small, Eq. 1 becomes Eq. 2, which 
expresses an apparent linear binding. Nayler (49) reported that the ap- 
parent binding constant of penicillins in human serum correlated 
quantitatively with the lipophilicity of the antibiotics. The experimental 
results shown in Fig. 2 and Table I demonstrate that the extent of binding 
of the five penicillins studied in rat serum correlates qualitatively with 
their lipophilicity. Dicloxacillin, which is the most lipophilic, has the 
largest K B , ~ ~ ~  value, whereas the more hydrophilic methicillin has a 
smaller K B , ~ ~ , ,  value. 

The mechanism of hepatic elimination of 8-lactam antibiotics is not 
clearly understood. Although the penicillin derivatives studied were 
subjected to extensive metabolism to the penicilloic acids (4), cefazolin 
did not exhibit such metabolism in rats. The reason for the resistance of 
cefazolin to metabolic degradation is not clear, but similar results have 
been reported in other species including humans (5,6). 

The processes concerned with the transport of drugs into bile have been 
studied (50). Although passive diffusion may play a part in the transport 
of drug into bile, it  is generally believed that active transport is the pri- 
mary process (50). The biliary secretion of some penicillins and cepha- 
losporins in rats have been studied by Ryrfeldt (51) and Wright and Line 

I L- O 30 60 90 120 O 30 60 90120 

MINUTES 
Figure 13-Model-predicted (lines) versus observed (points) tissue 
inulin concentrations after a 20-mglkg intravenous bolus dose to rats. 
Each point represents the mean of3-5 rats; bars represent the standard 
deviations. 

(52). However, quantitative reports on the biliary excretion rate are 
limited. Previously, the biliary excretion of penicillin V was characterized 
by Michaelis-Menten kinetics (12). A similar capacity-limited excretion 
into bile was also observed for cefazolin, using Eq. 7. 

The renal excretion of 8-lactam antibiotics has been studied exten- 
sively. Using the micropuncture technique, Bergeron et al. (53) reported 
that penicillin G was excreted from plasma by glomerular filtration and 
active secretion from the proximal tubules, and that the respective con- 
tribution ratios were -35 and 65%. The present study utilizing the net 
inhibitory effect of probenecid on the renal excretion of penicillin G into 
rat urine showed 35% glomerular filtration and 65% tubular secretion, 
consistent with the result of Bergeron et al. (53). On the other hand, the 
rate of cefazolin excretion into urine was unaffected by probenecid. The 
results indicate that the renal tubular secretion of cefazolin plays a minor 
role in the renal elimination process in rats. Our conclusion obtained for 
this antibiotic does not agree with the recent finding by Yamazaki et al. 
(54), who predicted a significant contribution of tubular secretion of 
cefazolin in rats. This apparent discrepancy cannot be explained com- 
pletely by the difference in the protein binding ratio determined in both 
laboratories and needs to be investigated further. Therefore, until such 
time when a reliable urinary excretion mechanism of 8-lactam antibiotics 
is established, we adopted the apparent renal clearance value of 0.82 
mVmin (dependent on the unbound concentration in the arterial plasma) 
in this pharmacokinetic prediction for cefazolin in rats. 

The kinetic behavior of antibiotics in an infected tissue fluid is im- 
portant for antimicrobial chemotherapy. Classical approaches are usually 
based on the curve-fitting of plasma concentration data with multiex- 
ponential equations to construct the necessary compartment models. 
Sometimes, the compartments and parameters thus estimated have no 
physiological reality in the species being investigated. Therefore, it is 
difficult to use classical pharmacokinetics to interpret the differences 
between animal and human experiments. 

To overcome this difficulty, physiological pharmacokinetic models 
have been developed and adapted for some drugs by several workers 
(7-12). These models are based on experimental data regarding tissue 
binding or tissue-to-plasma (or blood) partition coefficients (K,) in 
laboratory animals, as with penicillin V (12). This approach has the po- 
tential advantages of predicting tissue drug levels and reflecting the 
variations in drug binding with different tissues of the animals investi- 
gated. However, because there are sometimes substantial differences in 
K p  values among species (11) and the property of K ,  in each tissue is 
often obscure, this approach does not always allow us to predict the tissue 
concentration-time profiles of drugs in other species, i.e., humans. 

Our present goal was to make possible a priori predictions of P-lactam 
antibiotic levels in organs of any species, based on the knowledge of pa- 
rameters easily determined for human subjects as well as experimental 
animals. This study was designed to use cefazolin, which exhibits inter- 
esting nonlinear binding with serum proteins and simpler elimination 
characteristics in rats than the other 8-lactam antibiotics. 

One of the key points in solving this problem is to clarify the exact 
nature of the K p  values of P-lactam antibiotics for various tissues. Pe- 
terson et al. (55) determined the binding of some P-lactam antibiotics 

. 
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Figure 15-Model-predicted (lines) versus 
observed (points) tissue cefazolin concen- 
trations after a 100-mglkg intravenous bolus 
dose to rats. Each point represents the mean 
of three rats; bars represent the standard 
deviations. 

MINUTES 

in dilute homogenates of canine tissues and employed the results to 
predict the apparent volume of distribution after intravenous adminis- 
tration in dogs. The question may be raised whether binding data ob- 
tained in vitro with tissue homogenates are applicable to in uivo condi- 
tions. For a drug that is unable to penetrate into the tissue intracellular 
space, binding to tissue apparently was not the sole factor responsible 
for in vivo accumulation of the drug. With p-lactam antibiotics, however, 
due to the experimental difficulty in assessing the extent of antibiotic 
penetration into cells, the conclusions obtained from the various animal 
model studies differed among investigators. By determining the 
steady-state plasma and tissue levels of cefazolin in rats, we obtained 
evidence in support of our claim that this antibiotic cannot enter eryth- 
rocytes and tissue cells of noneliminating organs, and that albumin ex- 
isting in these tissue interstitial fluids play a major role in determining 
antibiotic levels in various tissues. On this basis, the K p  values of p-lactam 
antibiotics could be successfully interpreted for not only cefazolin, but 
also penicillin V and dicloxacillin. 

Despite the use of simplifying assumptions in formulating the anti- 
biotic distribution in physiologically and anatomically complex body 
regions, there was a reasonably close fit between the simulation from the 
present model and the experimental tissue levels after intravenous bolus 
administration of cefazolin in rats. The simulations demonstrate that 
the tissue distribution of cefazolin in rats is complete within 15 min even 
in the slowly perfused muscle, skin, and bone tissues. The observed high 
cefazolin level in skin compared with the levels in the other nonelimi- 
nating tissues is due to the higher content of albumin and the larger in- 
terstitial space. The time course of cefazolin in skin was also nicely pre- 
dicted by the present pharmacokinetic model based on the assumption 
that albumin concentration in the skin interstitial fluid is equal to that 
in plasma. In addition to the examination for P-lactam antibiotics, this 
model could predict the tissue distribution profiles of inulin. The model, 
incorporating the slow diffusion of a large molecule from capillary 
membranes into the interstitial fluids of lung, heart, muscle, skin, and 
gut tissues, was able to adequately represent the concentrations of inulin 
in plasma and various tissues. As seen in Fig. 13, inulin in skin showed 
a markedly different behavior from cefazolin, and the concentration-time 
profile in skin was almost identical with those in heart, muscle, bone, and 
gut; this is the consequence of the lack of binding of inulin with albumin. 
This result supports the assumption made for the skin compartment in 
the present work. 

Although our model was able to provide a good prediction of intrave- 
nous dosing data of cefazolin and inulin in rats, there are still a number 
of deficiencies. First, it is necessary to identify the magnitude of uptake 
clearance of antibiotics into hepatocytes compared with hepatic plasma 
flow rate. Second, we need to more fully characterize the kinetics and 
mechanisms not only of active transport into tubular cells and reab- 
sorption from tubules in the kidney, but also biliary secretion and me- 
tabolism in the liver for the P-lactam antibiotics. The proposed model, 
nevertheless, is capable of predicting tissue concentrations as a function 
of time after a single bolus dose in normal animals and should be useful 
in predicting these levels in animals where renal and hepatic function, 
albumin concentration, extravascular space, and blood flow are altered 
due to disease states. 
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Figure 16-Model-predicted (lines) versus observed (points) concen- 
trations in plasma fa), skin (A), muscle (A), and kidney (0) 60 min 
after intravenous bolus injections a t  various doses to rats. 
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APPENDIX I: GLOSSARY 

AR = Tissue-to-plasma albumin ratio 
CB = Bound concentration in plasma, pg/ml 

CF = Free concentration in plasma or in tissue interstitial fluid, 

CT = Total concentration in tissue, pg/ml or pg/g 

I(t) = Dose input function, min-l 

C e ~ s  = Bound concentration in tissue interstitial fluid, pg/ml 

Pdml 

GFR = Glomerular filtration rate, ml/min 

IS = Tissue interstitial space 
K = Permeability constant from capillary wall to interstitial 

fluid, ml/min 
K,,, = Michaelis constant, pg/ml 
Kp = Tissue-to-plasma partition coefficient 

P = Albumin concentration in serum, M 
Q = Plasma flow rate, ml/min 
R = Reabsorption ratio 

V = Volume of tissue (excluding equilibrium blood), ml 
UF = Urine flow rate, ml/min 

v b i  = Maximum rate of biliary secretion, pg/min 
VCB = Plasma volume in capillary bed of tissue, ml 
VIC = Volume of tissue intracellular water, ml 
VIS = Volume of tissue interstitial fluid, ml 
a = Coefficient in the differentiation of the plasma protein 

#I = Bound-to-unbound concentration ratio 

b = blood 
p = arterial plasma 
u = urine 
bi = bile 
vp = venous plasma 
lg = lung 
lgi = lung interstitial fluid 
ht = heart 
hti = heart interstitial fluid 
ms = muscle 

msi = muscle interstitial fluid 
sk = skin 

ski = skin interstitial fluid 
bn = bone 

binding 

Subscripts 

bnm = bone marrow 
bnc = bone cortex 

&=gut  
gti = gut interstitial fluid 
cr = carcass 
lv = liver 

kd = kidney 
wb = whole blood 
ss = steady state 

Gut tissue: 
dCF gt [VCBgt(l+ a@) + VISgt(1 + a@AFQ] 7 

= Qgt[(l + rSp)C~,p - (1 + bg)C~,pt] (Eq. 11-10) 

Kidney: 
dCF kd 

dt [(I + akd)(VCBkd + VkdKp.kd)] 

= Qkd[(l + ~ P ) C F , ~  - (1 + bkd)C~,kd] - GFR(1 - R)CF,~  (Eq. 11-11) 

where the dose input function can be calculated as the function of the 
reciprocal of the injection time, X (7): 

I(t) = 30X(Xt)*(l - At)* (Eq. 11-12) 

The values of a, and 0, are defined by Eqs. 12 and 15, respectively, in the 
text. 

Total concentration in plasma and total tissue concenttation corre- 
sponding to the observed values in i-type tissue, except liver and kidney, 
can be calculated from Eqs. 11-13 and 11-14, respectively: 

CTg = (1 + bp)CF,p (Eq. 11-13) 

(Eq. 11-14) CT,~ = ISi(1 + biARi)C~,i 

Calculation of total tissue concentration in liver and kidney is made 
from: 

(Eq. 11-15) CT,~ = (1 + bi)K,iC~,, ( i  = liver, kidney) 

APPENDIX 111: MODEL EQUATIONS FOR INULIN 

Instead of Fiqs. 11-3 to 11-6 and 11-10 in Appendix 11, the following mass 
balance equations can be written for the lung, heart, muscle, skin, and 
gut regions (see text). 

Lung: 

VCBi, dCF,lg = Qlg(CF,pv - CF,lg) - Klg(CF.lg - CF.lgi) dt 
(Eq. 111-1) 
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Heart: 
dCF ht 

d t  VCBht = Bht(CF.p - CF.ht) - Kht(CF,ht - CF,hti) 

(Eq. 111-3) 

(Eq. 111-4) dCF hti 
VISht = Kht(CF,ht - CF,hti) d t  

Muscle: 

Gut: 

Elimination of inulin was negligible in the liver and occurs in the kidney 
through glomerular filtration, where negligible reabsorption (R = 0) can 
be assumed. Because there is no binding of inulin with any protein, a; 
= 0 and /3i = 0, then C T , ~  = I S ~ C F , ~  in every tissue region. 
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Abstract 0 The effects of changing the ion activity product of the 
remineralization solution a t  pH 4.5 (PKFAP 108-118) on the reminerali- 
zation behavior of demineralized bovine tooth enamel and hydroxyapatite 
pellets have been studied. Solutions containing calcium-45, phosphate, 
and fluoride in acetate buffers were used. The 45Ca/F molar ratios indi- 
cated the formation of fluoridated hydroxyapatite in the enamel or the 
pellet when the P K F A ~  values for remineralizing solutions were <112. 
When the PKFAP values were >112, the 45Ca/F ratios were found to be 
<<5. Also, when the PKFA~ values were large (>112), the remineraliition 
patterns based on the fluoride distribution in the tooth (or pellet) were 
found to be different than when the P K F A ~  values were small (<112). The 
hypothesis that a PKFAP value of 112 is the demarcation between re- 
mineralization only and simultaneous dissolution-remineralization has 
been proposed based on these results. 

Keyphrases 0 Tooth enamel-bovine, demineralization and reminer- 
alization, effect of bulk solution activity product Hydroxyapatite- 
pellets, demineralization and remineralization, effect of bulk solution 
activity product 0 Remineralization-demineralized bovine tooth 
enamel, hydroxyapatite pellets, effect of bulk solution activity 
product 

Previous studies conducted in these laboratories (1) 
indicated that both bovine tooth enamel and hydroxy- 
apatite pellets could be extensively remineralized in a 
fluoride-containing remineralizing solution after prior 
demineralization treatments for various lengths of time. 
After 3 or 6 hr of prior demineralization in a partially sat- 
urated acetate buffer at pH 4.5, fluoride uptake levels on 
the order of 1000 ppm were found after remineralization, 
a t  depths up to -50 pm from the surface. The stoichiom- 
etry of the remineralized phase was shown to be fluo- 
ridated hydroxyapatite rather than calcium fluoride based 
on the 45Ca/F ratio and determination by X-ray diffraction 
analysis. All of the remineralization studies (1) were con- 
ducted in solutions at  an ionic product (KFAP = a l0Ca-  
2+a6p043-a2F-) of -1 x 

The purpose of the present study was to investigate the 
influence of varying the KFAP value for the remineralizing 
solution. A case of special interest was where the KFAP 
values are >1O-lZo, the solubility product for fluorapatite 
(2), but the ion activity product value below which 
dissolution takes place with hydroxyapatite pellets (3). A 

question of great interest was how the concomittant dis- 
solution of hydroxyapatite, if it were to occur, would in- 
fluence the remineralization behavior in this KFAP re- 
gion. 

EXPERIMENTAL 

Materials-Bovine Teeth-Teeth from 8-week-old strictly kosher 
calves were obtained from packing houses in the Chicago area. From these 
incisors, only those without any visible surface defects and with a rea- 
sonably flat surface were used for the experiments. The labial surfaces 
of these selected teeth were then ground with rotating sandpaper (No. 
400 first, then No. 600) to remove the pellicle. 

Hydroxyapatite Pellet-Synthetic hydroxyapatite crystals prepared 
using the procedure developed by Moreno (4) were used in the prepara- 
tion of the pellets. Approximately 50 mg of hydroxyapatite, preequili- 
brated in a humidity chamber containing saturated potassium nitrate 
aqueous solution to maintain the humidity a t  -6770, was compressed in 
a 0.62-cm diameter die with a force of 4540 kg using a laboratory 
press'. 

Preparation of Buffer Solutions-As in a previous study (1) a solution 
-16% saturated (on a molar basis) with respect to the thermodynamic 
solubility of hydroxyapatite was used for demineralization. The solution 
was a 0.1 M acetate buffer containing 3.5 mM each of total calcium and 
phosphate. The pH was adjusted to 4.5 with sodium hydroxide and the 
ionic strength to 0.5 M by the addition of sodium chloride. For remin- 
eralization 0.1 M acetate buffers (pH 4.5) containing differing amounts 
of total calcium and phosphate depending on the desired bulk solution 
activity product (KFAP = alO~~z+a6p0,3-a~~-) as shown in Table I, were 
employed. These solutions also contained 10 ppm of fluoride and sodium 
chloride to adjust the ionic strength to 0.5 M. All the chemicals used for 
the preparation of buffer solutions were analytical grade. A predeter- 
mined amount of calcium-45 as 45CaC12 in water2 was added to these 
solutions. 

Demineralition-A bovine tooth was covered with dental inlay wax 
except for a 0.25-cm2 area in the labial surface. In the pellet experiments, 
a hydroxyapatite pellet was completely covered with inlay wax except 
for one exposed surface (area, 0.25 cm2). The tooth or pellet was then 
demineralized in the 16% partially saturated buffer solution for a period 
of 6 and 3 hr, respectively, after attaching a thin glass rod to each (length, 
-14 cm). The glass rod was used to ensure careful handling during de- 
mineralization and remineralization. The use of 6 and 3 hr as the de- 
mineralization times was based on previous experimental results (1) 
which clearly indicated that the demineralizing solution was not saturated 
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a hydroxyapatite pellet was completely covered with inlay wax except 
for one exposed surface (area, 0.25 cm2). The tooth or pellet was then 
demineralized in the 16% partially saturated buffer solution for a period 
of 6 and 3 hr, respectively, after attaching a thin glass rod to each (length, 
-14 cm). The glass rod was used to ensure careful handling during de- 
mineralization and remineralization. The use of 6 and 3 hr as the de- 
mineralization times was based on previous experimental results (1) 
which clearly indicated that the demineralizing solution was not saturated 

Carver Press. * New England Nuclear, Boston, Mass. 

1252 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 11, November 1983 

0022-3549/83/1100-1252$01.00/0 
@ 1983, American Pharmaceutical Association 



M - 
0 

5 

2 
w- 
Y 

n 
3 
w 

I- 

3 

0 

L 
4 
f 

I 

12 I/-+-+ 

20 40 60 

4 v 
20 40 60 20 40 60 

R EM I N ER ALl ZATl ON 
_ _  

TIME, hr 

Figure I-Effect of remineralization time on the cumulative uptake of calcium45 (*) and fluoride (0) ions in demineralized bovine tooth. Key: 
p K ~ ~ p ( A ) 1 0 8 ; ( B )  llO;~C)ll4;(D)ll8. 
with respect to hydroxyapatite during that period. During demineral- 
ization the solution was shaken gently with a wrist action shaker3 and 
kept a t  30". The volume of the buffer solution used was kept a t  10 ml. 

Remineralization-The demineralized tooth or pellet was washed 
completely with double-distilled water and dried. It was then subjected 
to the remineralization treatment for a period of 1-72 hr. During re- 
mineralization the solution was shaken gently in the wrist action shaker 
and kept a t  30" as the remineralization proceeded. 

Etching-The remineralized sample was thoroughly washed with 
double-distilled water and dried. The enamel was then etched in 1 ml of 
0.5 M perchloric acid for successive periods of 30,30,120,200, and 250 
sec; the surface was washed with 1 ml of water after each etching and the 
washings were collected with the 0.5 M perchloric acid used for etching. 
In the case of pellets, the same procedure was repeated except the etch- 
ings were done for successive periods of 30,30, 120,200, 250, and 600 
sec. 
Analytical Techniques for the Estimation of Phosphate, Fluoride, 

and Calcium-45-Phosphate concentrations of the etching solutions 
were determined by the method of Gee et al. (5) in which the phosphc- 
ammonium-molybdate complex formed was reduced by stannous chlo- 
ride. The absorbance of the resulting blue solution was determined after 
15 min at 720 nm4. Fluoride'concentrations were determined by a fluoride 
ion electrode5 using a low level total ionic strength-adjusting buffer. 
Concentrations of calcium-45 were determined using a scintillation 
countel.6. 

Calculation of Layer Depth-The depth of the etched layers of the 

Burrell Co., Pittsburgh, Pa. 
Model 25 Spectroph6tometer; Beckman Instruments, Fullerton, Calif. 
Model 94-09; Orion Co., Cambridge, Mass. 
Model 9ooo Liquid Scintillation System; Beckman Instruments, Fullerton, 

Calif. 

teeth were calculated from the amounts of phosphate removed from the 
etched layers, assuming the density of samples to be 2.95 g/ml. It was 
expected that this density value would be too large an estimate for the 
actual density near the surface; however, it is a convenient way to present 
the data and was adopted for this reason. 

RESULTS AND DISCUSSION 

Effect of Remineralization Time-To determine the effect of 
remineralization time, bovine teeth demineralized for 6 hr were remin- 

Table I-Calcium, Phosphate, and Fluoride Concentrations in 
Remineralizing Solutions Corresponding to Various p K p ~ p  
Values * 

Ion Concentration 
PKFAP Ca2+,& po43 ,& F-, ppm C a p  Ratio - 

108 12.00 
110 9.23 
112 6.87 
114 5.13 
116 3.83 
118 2.86 
114 12.17 
116 9.09 
118 6.80 
114 2.85 
116 2.12 
118 1.58 
116 16.74 
116 0.96 

12.00 
9.23 
6.87 
5.13 
3.83 
2.86 
1.22 
0.91 
0.68 

14.23 
10.59 
7.90 
0.33 

41.77 

10 1.0 
10 1.0 
10 1.0 
10 1 .o 
10 1.0 
10 1 .o 
10 10.0 
10 10.0 
10 10.0 
10 0.20 
10 0.20 
10 0.20 
10 50.00 
10 0.02 

.Z pH 4.5,0.5 f i ,  0.1 M acetate buffer. 
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Figure 2-The influence of driving force ~ K F A ~  on the fluoride uptake 
of demineralized bovine teeth (pH 4.5, p = 0.5, 0.1 M acetate buffer, 
CaIPratio = I ) .  Key:pKFAp (- - -. -) 108; (- . -) 110; (-. -) 112; 
(- - -) 114; (-) 116; (- - - -) 118. 

eralized for a period of 1-72 hr. For the purpose of remineralization, so- 
lutions with PKFAP values of 108,110,114, and 118 were used. The effect 
of remineralization time on cumulative calcium45 and fluoride uptake 
is shown in Fig. 1. These cumulative calcium-45 and fluoride uptake 
values were determined by summing the respective values obtained for 
each successive layer. Figure 1 clearly indicates that the remineralization 
is essentially complete in 24 hr except in the case where the remineralizing 
solution had a P K F A ~  value of 118. In this case there was a slight increase 
in calcium-45 and fluoride concentrations from 24 to 72 hr of reminer- 
alization. 

Effect of ~ K F A P  on Remineralization-To study the effect of the 
bulk solution activity product on remineralization, the remineralization 
studies were carried out by varying the PKFAP values from 108 to 118. 
It  was not possible to prepare a solution with a PKFAP value 4 0 8  a t  pH 
4.5 due to  spontaneous precipitation during the pH adjustment. Calcu- 
lations suggest that  this may be due to the precipitation of dicalcium 
phosphate dihydrate. 

All of the remineralization studies were carried out for a period of 24 
hr. The cumulative uptake of calcium-45 and fluoride, and the 45Ca/F 
molar ratio for each remineralized enamel layer and corresponding PKFAP 
values, are shown in Table 11. Calcium-45 uptake appeared to be constant 
a t  each PKFAP value. Fluoride levels remained relatively constant until 
a PKFAP of -114 and seemed to drop somewhat a t  116 and 118 (Table 
11). The 45Ca/F molar ratios were near or somewhat above 5, which in- 
dicated the formation of fluoridated hydroxyapatite when the reminer- 
alizing solution had a PKFAP of 108 or 110. At the larger PKFAP values, 
however, the ratios decreased, reaching a value of 2.1 a t  PKFAP 118. 

A point of primary interest in this study was to determine the remin- 
eralization behavior when the PKFAP value was >114. An attempt was 
made to determine whether the drop in the j5Ca/F ratio a t  the higher 
PKFAP values might be related to the system undergoing simultaneous 
dissolution of hydroxyapatite and remineralization (or recrystallization) 
of fluoroapatite'. The hypothesis that  the deposited material in the 
enamel surface region actually had a Ca/F ratio of 10:2 was tested by 
varying the calcium-45 specific activity in the remineralizing solution. 
This was achieved by varying the bulk solution Ca/P ratios from 50 to 

Although the conditions and the nature of the experiments were different, 
Thiradilok and Feagin (6) observed that remineralization and dissolution-rpinin- 
eralization occur under different conditions in bovine enamel experiments. For 
example, when calcium, phosphate, and fluoride were all present in the reminrr- 
alizing solutions (pH 7). remineralization was found to Occur. However, if only 
calcium and fluoride or only phosphate and fluoride were present (and therefore 
the solution was initially unsaturated with respect to hydroxyapatite) these in- 
vestigators found both dissolution and remineralization may take place. Their 
findings therefore are generally in good agreement with the present results. 

108 13.1, 13.7b 1.92,1.85 6.8,7.4 - 
110 12.5,13.2 2.2,2.6 5.7,5.1 - 
112 8.2,g.O 2.0,2.1 4.1,3.9 3.87 
114 4.5,5.4 1.9,2.0 2.4, 2.7 2.95 
116 3.4,2.8 1.6,1.5 2.2,1.9 2.24 
118 1.9. 1.8 0.90,0.85 2.1.2.1 1.69 

a At pH 4.5. C a P  = 1.0, fluoride concentration = 10 ppm. b Duplicate values. 

Table 111-Effect of Ca/P Ratio on Bovine Tooth 
Remineralization * 

Ca/P Calcium-45, Fluoride, 45Ca/F Ratio 
DKFAP Ratio umoles umoles Ob served T h  eoretical 

114 10 6.2,5.4b 1.7, 1.6 3.7.3.4 4.01 
114 0.2 2.5, 2.2 1.3,1.2 1.94, 1.88 2.48 
116 50 7.4.6.4 1.72. 1.52 4.3.4.2 4.3 
iis 10 4.014.4 1.3,1.2 3.0i3.6 3.44 
116 0.2 2.3,2.0 1.2,1.16 1.9,1.7 1.74 
116 0.02 1.0.1.1 0.64.0.66 1.6, 1.8 1.44 
118 10 2.2i2.5 0.9,l . l  2.5; 2.3 2.86 
118 0.2 1.2, 1.6 0.96, 0.95 1.2, 1.7 1.23 

0 At pH 4.5, fluoride Concentration = 10 ppm, with 0.5 p, 0.1 M acetate buffer. 
b Duplicate values. 

0.02 in the ~ K F A P  range of 116118. As can be seen from Table 111, there 
was an increase in the 45Ca/F molar ratio with an increase in bulk solution 
C a p  ratio and a decrease in the 45Ca/F ratio with a decrease in C a D  ratio 
in the remineralizing solution for the same PKFAP value. This supported 
the idea that the deposited material in the enamel surface region actually 
had a Ca/F molar ratio close to  10:2 and that a simultaneous dissolu- 
tion-remineralization process is occurring above a certain PKFAP value. 
The results obtained were tested by correcting the results for the mi- 
croenvironmental calcium45 specific activity a t  the tooth surface as 
calculated by an approximate computer model. The details of the model 
parameters are as shown in the Appendix. The results obtained by as- 
suming a surface PKFAP of 110 at appropriate bulk solution concentration 
seemed to fit very well with the experimental values obtained. The the- 
oretical values obtained from the model parameters are indicated in the 
last columns of Tables I1 and 111. 

Figure 2 gives the enamel fluoride concentration profiles for the bovine 
teeth experiments. While, as pointed out above, the cumulative uptakes 
are all of the same order of magnitude, it is seen that the remineralization 
pattern when the PKFAP values are large is different from that when the 
PKFAP values are small. At a P K F A ~  of 108, there is significantly more 
remineralization near the tooth surface (-10-15 pm) than when the 
PKFAP values of the solutions were large. These results are generally in 
agreement with a quantitative microradiographic study recently com- 
pleted in these laboratories (7). 

Hydroxyapatite pellets remineralized for 24 hr after 3 hr of deminer- 
alization were tested for calcium-45 and fluoride uptake as shown in Table 
IV. These results show that, as in the case of the bovine teeth experiments, 
calcium-45 uptake decreased with increasing PKFAP, with no notable 
decrease in the fluoride uptake. The 45Ca/F molar ratios also dropped 
below 5 with increasing PKFAP of the remineralizing solutions, as was 
obtained in the case of bovine teeth. 

Consideration of all the experimental results a t  pH 4.5 clearly indicates 
that the PKFAP value of the remineralizing solution is the most important 
variable in determining the course of remineralization, with a PKFAP of 
112 being the demarcation between remineralization only and simulta- 

Table  IV-Hydroxyapatite Pellet Remineralization 

Calcium-45, Fluoride, 45Ca/F 
PKFAP pmoles pmoles Ratio 

108 
110 
112 

7.7, 7.1b 
7.0,7.4 
5.9,5.4 

114 5.0,5.5 
116 3.9.2.6 

1.2,l.l 6.6,6.1 
1.0, 1.1 6.8, 6.6 
0.9,0.8 6.4, 6.5 
0.9,l.O 5.6, 5.4 
1.0.0.8 3.9. 3.5 

118 3.0; 3.0 1.0; 1.1 3.1; 2.7 

a At pH 4.5, fluoride concentration 10 ppm, C a P  ratio = 1. Duplicate 
v a I u e s . 
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neous dissolution-remineralization. Further experimental studies are 
in progress to determine whether the present conclusions regarding the 
“critical” P K F A ~  value applies under other conditions (e.g., a t  other pH 
values of the remineralizing solution). Also the similarities between the 
hydroxyapatite pellet experiments and bovine and human teeth studies 
are being evaluated further. 

APPENDIX 

Estimation of Calcium-45 Specific Activity at the Bovine Enamel 
Surface During Simultaneous Demineralization-Remineraliza- 
tion 

It has been shown previously (3) that a hydroxyapatite pellet dissolves 
in the presence of partially saturated buffer containing fluoride when the 
solution is unsaturated with respect to a PKFAP of -114. In this disso- 
lution situation, the solution concentration of calcium is higher in the 
pellet and at  the hydroxyapatite surface than in the bulk solution, 
whereas the fluoride gradient goes the other way, favoring uptake of 
fluoride from the solution. 

In this paper, bovine enamel was studied under similar conditions with 
the partially saturated bulk solution containing both calcium-45 and 
fluoride, and the uptake of both species was monitored. If it is assumed 
that bovine enamel behaves similarly to hydroxyapatite, then when the 
bulk solution has a P K F A ~  of >112, the calcium concentration will be 
higher at the enamel surface since its apparent solubility under these 
conditions is governed by a PKFA~ of -112. The result is that calcium-45 
coming to the surface from the bulk solution will be diluted out by the 
higher “cold” calcium supplied by hydroxyapatite demineralization. 
Thus, a t  sites where calcium and fluoride uptake occurs, it would be ex- 
pected that measuring uptake of calcium-45 would give too low a value 
for the calcium uptake as a result of the dilution of calcium-45 by “cold” 
calcium. The dilution of calcium45 has been estimated and therefore 
the expected 45Ca/F uptake ratio (assuming total Ca/F uptake is 102) 
was calculated by using a physical model incorporating the following 
assumptions: 

1. The bovine enamel is assumed to dissolve stoichiometrically. 
2. Fluoride and calcium-45 concentrations at  the enamel surface are 

assumed equal to the bulk concentrations. 
3. At the enamel surface a suitable expression for describing the 

surface solution ion activity product is: 

KFAP = 1O-ll0 or KHAp(a&O.a6po&) = 10-122 

4. The remineralization process in the enamel occurs with the ratio 
of deposited total Ca/F being 102. 

Using this model, the expected %a@ uptake ratios have been calculated 
and seem to agree quite well with the experimental results over a range 
of bulk solution K F A ~  values and for solution C a p  ratios from 1:50 to 
50: 1. 
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Abstract Adenosine 3’,5’-monophosphate (cyclic AMP), its dibutyryl 
and monobutyryl derivatives, and a number of other naturally occurring 
adenine-containing compounds were separated by isocratic ion pair 
high-performance liquid chromatography. A mobile phase consisting of 
30% methanol in 0.1 M KHzP04 (pH 4.0) containing 1 mM tetrameth- 
ylammonium hydroxide as the counterion was used to separate the 
butyryl derivatives. To sufficiently separate cyclic AMP from other ad- 
enine-containing compounds, a mobile phase containing 6% methanol 
in the same aqueous buffer plus counterion was used. Extraction of these 
cyclic nucleotides from deproteinized biological samples using disposable 
reverse-phase extraction columns is described. This not only eliminated 
lipophilic contaminants, but also served to concentrate the samples. The 
outlined procedures were used to determine the concentrations of the 

butyryl derivatives in lung tissue and perfusate following a 35-min lung 
perfusion with 100 pM N6-02‘-dibutyryl cyclic AMP. The role of this 
technique in the analysis of cyclic nucleotide derivatives as compared 
with conventional assay procedures is discussed. 

Keyphrases 0 Adenosine 3’,5’-monophosphate-dibutyryl and mo- 
nobutyryl derivatives, lung tissue and perfusate, separation by isocratic 
ion pair high-performance liquid chromatography 0 Analogues-di- 
butyryl and monobutyryl cyclic AMP, lung tissue and perfusate, sepa- 
ration by isocratic ion pair high-performance liquid chromatography 0 
High-performance liquid chromatography-ion pair, isocratic, cyclic 
AMP and its dibutyryl and monobutyryl derivatives, lung tissue and 
perfusate 

Analogues of adenosine 3’,5’-monophosphate (cyclic 
AMP) were first synthesized to selectively mimic the ef- 
fects of this cyclic nucleotide in various biological systems. 

The most extensively used analogue has been N6-02’- 
dibutyryl cyclic AMP (1). In most instances the dibutyryl 
derivative has proved to be more biologically active when 
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assumptions: 
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assumed equal to the bulk concentrations. 
3. At the enamel surface a suitable expression for describing the 

surface solution ion activity product is: 
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4. The remineralization process in the enamel occurs with the ratio 
of deposited total Ca/F being 102. 

Using this model, the expected %a@ uptake ratios have been calculated 
and seem to agree quite well with the experimental results over a range 
of bulk solution K F A ~  values and for solution C a p  ratios from 1:50 to 
50: 1. 
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Abstract Adenosine 3’,5’-monophosphate (cyclic AMP), its dibutyryl 
and monobutyryl derivatives, and a number of other naturally occurring 
adenine-containing compounds were separated by isocratic ion pair 
high-performance liquid chromatography. A mobile phase consisting of 
30% methanol in 0.1 M KHzP04 (pH 4.0) containing 1 mM tetrameth- 
ylammonium hydroxide as the counterion was used to separate the 
butyryl derivatives. To sufficiently separate cyclic AMP from other ad- 
enine-containing compounds, a mobile phase containing 6% methanol 
in the same aqueous buffer plus counterion was used. Extraction of these 
cyclic nucleotides from deproteinized biological samples using disposable 
reverse-phase extraction columns is described. This not only eliminated 
lipophilic contaminants, but also served to concentrate the samples. The 
outlined procedures were used to determine the concentrations of the 

butyryl derivatives in lung tissue and perfusate following a 35-min lung 
perfusion with 100 pM N6-02‘-dibutyryl cyclic AMP. The role of this 
technique in the analysis of cyclic nucleotide derivatives as compared 
with conventional assay procedures is discussed. 
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Analogues of adenosine 3’,5’-monophosphate (cyclic 
AMP) were first synthesized to selectively mimic the ef- 
fects of this cyclic nucleotide in various biological systems. 

The most extensively used analogue has been N6-02’- 
dibutyryl cyclic AMP (1). In most instances the dibutyryl 
derivative has proved to be more biologically active when 
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Figure 1-Chromatogram of a mixture containing reference compounds 
V (Wpmole) ,  VII (215pmole), VIII (256pmole), and IX (1ooOpnole). 
Mobile phase was 30% methanol in 0.1 M KH2PO4-1 mM (CH3)flOH. 
Other chromatographic conditions are as described under Experi- 
mental. 

administered in uiuo than the unsubstituted cyclic nu- 
cleotide, presumably due to its increased lipophilicity (2). 
It is generally agreed that the dibutyryl cyclic nucleotide 
is metabolized by most cells to its two monobutyryl de- 
rivatives, N6-monobutyryl cyclic AMP and 02’-mono- 
butyryl cyclic AMP (3). 

Although the use of these particular cyclic nucleotide 
analogues has become widespread, the predominant ana- 
lytical methods for determining the compounds still rely 
on paper chromatography and TLC (4, 5) .  These tech- 
niques are time consuming and lack the sensitivity and 
specificity necessary for highly complex mixtures such as 
biological samples. In recent years, separation by high- 
performance liquid chromatography (HPLC) has been 
described (6, 7). The systematic analysis of these com- 
pounds in biological extracts, however, has not been re- 
ported. 

This paper describes the separation of dibutyryl cyclic 
AMP, its monobutyryl derivatives, cyclic AMP, and sev- 
eral selected adenine nucleotides, nucleosides, and bases 
most likely to be present in biological samples, using an 
isocratic ion pair HPLC system. Extraction and quanti- 
Table I-Mean k’ Values for the Four Cyclic Nucleotides Using 
Three Different Mobile Phases 

k‘ 
Mobile Phase Mobile Phase M obile Phase 

Comwund A b  B“ C d  

8.05 f 0.20 0.33 f 0.01 0.24 f 0.01 
VII - 6.79 f 0.13 1.52 f 0.02 

VIII - - 3.07 f 0.03 
IX - - 14.97 f 2.00 

a k’is defined as ( t ~  - t o ) / t o  where t~ = retention time of the compound and t o  
= retention time of unretained material (solvent front). k‘ values are the mean f 
SD of five determinations representing day-to-day variation. * 6% Methanol in 0.1 
M KHzP04-l mM (CH&NOH (pH 4). c 20% Methanol in 0.1 M KH2P04-l mM 
(CH,)$JOH (pH 4). 3046 Methanol in 0.1 M KHzPO4-1 mM (CH&NOH (pH 
4). -not eluted. 
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Figure %-Chromatogram of a mixture containing reference compounds 
I (500 pmole), 11 (lo00 pmole), 111 (1200 pmole), IV (300 pmole), and 
V (285 pmole). Mobile phase was  6% methanol in 0.1 M KHSO4-l mM 
(CH3)YOH. Other chromatographic conditions are as described under 
Experimental. 

tation of these compounds from both a rat lung perfusate 
and lung tissue is also described. 

EXPERIMENTAL 

Reagents and Reference Standards-The following compounds 
were used as chromatographic standards: adenosine 5’-diphosphate so- 
dium salt (I) from equine muscle’, adenosine 5’-monophosphate sodium 
crystals’ (II), assay 99%, adenine2 (III), adenosine2 (IV), adenosine 
3’,5’-monophosphate sodium crystals’ (V), theophyllinel (VI), N6- 
monobutyryladenosine 3‘,5’-monophosphate sodium salt’ (VII), 
O‘-monobutyryladenosine 3’,5’-monophosphate sodium salt’ (VIII), and 
N6,02’-dibutyryladenosine 3’,5’-monophosphate sodium salt’ (IX). All 
compounds are numbered according to their order of elution. 

The following reagents were also used bovine albumin fraction V’ 
(96-99% pure), phosphoric acid3 (85% pure), tetramethylammonium 
hydroxide pentahydrate3, potassium phosphate3 (reagent grade), 60% 
perchloric acid4 (reagent grade), potassium hydroxides, and glass-distilled 
methanole. In-house water was fdtered, passed through a reverse osmosis 
system, glass-distilled, and then demineralized. 

Stock solutions of reference standards were prepared at 100 pg/ml in 
purified water and stored frozen. The stock solutions were diluted to 
prepare various working standards for chromatography. 

HPLC Apparatus and Procedures-The apparatus was similar to 
that described previously (8). This included an injector equipped with 
2 0 4  loop7 and a reciprocating pump8, a 5ooO-psi gauge, a 1-m pulse 
damper, a reverse-phase 250 X 4-mm column packed in our laboratory 
with RP-189 (10 pm), and a UV variable-wavelength detectorlo. 

An aqueous stock solution was prepared containing 1 M KHzPO4 and 
10 mM tetramethylammonium hydroxide adjusted to pH 4.0 with 
phosphoric acid (14.7 M). All mobile phases contained a 10-fold dilution 
of this stock solution, resulting in a final concentration in all mobile 
phases of 0.1 M KH2P04 and 1 mM tetramethylammonium hydroxide 
(pH 4.0). Three mobile phases were used isocratically in this research, 

Sigma Chemical Co., St. Louis, Mo. I: rade IX, 97% pure, lot 109C7130; 11: 
99% pure, lot 87C7170; V: 99% pure, lot 10987020; VI: lot 16C0135; VII: 97% pure, 
lot 040F7220 VIII 97% owe. lot 04037220 IX: 96% Dure. lot 100F7340. 

2 Nationd Cancer Institute, Bethesda, Md. 
3 MCB Laboratorjes, Cincinnati, Ohio. 
4 B&A Laboratories. 
5 Fisher Scientific Co. 
6 Burdick and Jackson, Muskegon, Mich. 

Model 7010; Rheodyne. 
8 Model 396, Milton-Roy. 
9 E. Merck Laboratories. 

10 Model Spectro-Monitor 111; Laboratory Data Control. 
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Table 11-Cyclic Nucleotide Extraction From 
Perfusate Using Octadecylsilane Disposable Columns * 

ComDound 
Recovery, % 

30% Methanol 75% Methanol 
b V 78 f 2 - 

VII 9 + 1  69 f 4 
VIII - 7 8 f  2 

IX - 76 f 2 

a Control perfusate waa spiked with the compounds. Following deproteinization 
with 0.6 N perchloric acid and neutralizatlon, su$matant was passed through a 
C-18 disposable extraction column (1 ml). The co umn waa eluted with 0.5 ml30% 
methanol in 0.1 M KHzPO4-1 mM (CH3)4NOH (pH 4) followed by 0.5 ml of 75% 
methanol in 0.1 M KH2P04-1 mM (CH3) NOH (pH 4). These 0.5-ml eluates were 
collected separately and analyzed by HPtC. -not detected. 

all of which varied in the methanol concentration: (A) 6% methanol, (B) 
20% methanol, and (C) 30% methanol. All mobile phases were filtered 
through a 0.22-pm membrane filter", then deaerated under vacuum prior 
to use. An aqueous buffer containing 45% methanol was used following 
chromatography of all tissue extracts to elute strongly retained con- 
taminants. The column was stored in water-methanol (91) a t  the end 
of each day. The flow rate was 1.2 ml/min., the detector was set at 254 nm 
with either 0.02 or 0.01 AUFS, and the recorder chart speed was 0.25 
cm/min. The void volume, determined by introducing pure methanol on 
the column, was 1.95 ml. 

Preparation of Biological Samples-Perfusate and tissue samples 
were obtained following perfusion of Krebs-Henseleit buffer supple- 
mented with 4.5% bovine albumin, 0.1 m M  dibutyryl derivative (IX), and 
0.2 mM theophylline (VI) through a recirculating isolated rat lung 
preparation for 35 min. After the perfusion, the lungs were immediately 
frozen in liquid nitrogen, and both the lung tissue and perfusate were 
stored at  -6OO until further preparation. 

Approximately 1 g of lung tissue was homogenized at 4' with three 
volumes of 0.6 N perchloric acid. The precipitate was removed following 
centrifugation at 12,0OOXg, and the supernatant was neutralized with 
10 N KOH. In a similar manner, aliquots of perfusate (0.5 ml) were 
deproteinized directly by addition of 50 p1 of 6 N perchloric acid, and the 
resulting supernatant fraction was neutralized with 10 N KOH. 

The total supernatant fraction was passed through 1-ml octadecylsilane 
((2-18) disposable entraction columnd2. These columns were conditioned 

S 

O.OO' AU T 

t i  5 i 4 ii 115 ;a i i  i4 i7 3'0 3'3 
MINUTES 

Figure 3-Krebs buffer supplemented with 100 pM dibutyryl cyclic 
AMP was subjected to a 35-min sham perfusion, deproteinized in 0.6 
Nperchloric acid, and extracted on a C-18 disposable column (see text). 
Mobile phase used was 30% methanol in 0.1 M KH2pOI-1 mM 
(CHdflOH. Other chromatographic conditions are as described under 
Experimental. Key: (S) solvent front. 

11 Type GS; Millipore Corp. 
'2 J. T. Baker, Phillipsburg, N.J. 
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Figure 4-Krebs buffer supplemented with 100 pM dibutyryl cyclic 
AMP and 200 pM theophylline was subjected to 35-rnin lung perfusion, 
deproteinized in 0.6 N perchloric acid, and extracted on a C-18 dis- 
posable column (see text). Mobile phase was 30% methanol in 0.1 M 
KHzP04-1 mM ( C H d f l O H .  Other chromatographic conditions are 
as described in Experimental. Key: (S) solvent front. 

by the introduction of several volumes of methanol followed by reequil- 
ibration with several volumes of the aqueous buffer, 0.1 M KH2P04-1 
mM tetramethylammonium hydroxide (pH 4.0). After sample intro- 
duction, the columns were first eluted with 0.5 ml of mobile phase C 
followed by 0.5 ml of 75% methanol in aqueous buffer. Each 0.5-ml 
fraction was separately collected for HPLC. 

RESULTS 

Chromatography of Cyclic AMP and Derivatives-Figure 1 il- 
lustrates the separation of cyclic AMP and its butyryl derivatives using 
mobile phase C (30% methanol). The dibutyryl derivative (IX), 02'- 
monobutyryl derivative (VIII), and in most cases the NG-monobutyryl 
derivative (VII) were sufficiently retained for analysis in biological 
samples. However, the unsubstituted cyclic nucleotide (V) eluted too close 
to the solvent front for adequate separation from the many other nucle- 
otides, nucleosides, and nucleobases eluting at  the solvent front and 
present in biological samples (data not shown). Figure 2 shows the sep- 
aration of V from four other adenine-containing compounds using mobile 
phase A (6% methanol). Under these chromatographic conditions, the 
order of elution is as follows: nucleotide diphosphates, nucleotide mo- 
nophosphates, nucleobases, nucleosides, and cyclic nucleotides, which 
possess the longest retention time. Nucleotide triphosphates elute before 
the diphosphates (data not shown). Since adenosine (IV) is the most re- 
tained of the common nucleosides found in biological systems using re- 
verse-phase liquid chromatography (9, lo), all other biological nucleo- 
tides, nucleosides, and bases would presumably elute prior to V. There- 
fore, this procedure theoretically should produce a method suitable for 
cyclic AMP analysis in biological samples. 

The k' values of the four cyclic nucleotide derivatives using three dif- 
ferent mobile phases are presented in Table I. Mobile phase A was chosen 
for determinations of V in biological samples. Both mobile phases B and 
C were used for the analysis of VII. Compounds VIII and IX were sepa- 
rated using mobile phase C. Standard deviations reflect variation due, 
for the most part, to different batches of mobile phases, fluctuation in 
room temperature, and the degree of column equilibration with the 
mobile phase. 

Extraction of Cyclic Nucleotides from Biological Samples-To 
purify the deproteinized biological material of lipophilic impurities that 
might shorten the useful lifetime of the chromatographic column, the 
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Figure 5-Lung tissue following 35-min perfusion with 100 pM di- 
butyryl cyclic AMP and 200 pM theophylline was homogenized, de- 
proteinized with 0.6 N perchloric acid, and extracted on a (2-18 dis- 
posable column (see text). Mobile phase was 20% methanol in 0.1 M 
KH2POd-1 mM (CH3)yOH. Other chromatographic conditions are 
as described under Experimental. Key: (S) soloent front. 

samples were passed through the C-18 disposable extraction column 
described earlier. This purification procedure has two additional features 
that make it extremely attractive. First of all, it served to concentrate 
cyclic nucleotides by as much as sixfold. Secondly, a separation of V from 
the butyryl derivatives was accomplished. 

Table I1 shows that 30% methanol in buffer will result in the elution 
of 78% of V from a lung perfusion medium, while most of VII, VIII, and 
IX are retained on the extraction column. Application of 75% methanol 
in buffer will then elute retained cyclic nucleotide analogues (69-7870). 
Initial elution using <So% methanol produces less recovery of V in the 
fiit fraction collected. Percentages of methanol <75% used in the second 
elution also results in less recovery of the butyryl derivatives. Greater 
than 75% methanol on the other hand causes increased elution of lipo- 
philic impurities. Thus, the fraction eluted with 30% methanol in buffer 
was used for the analysis of V, while the butyryl derivatives were analyzed 
using the fraction eluted with 75% methanol buffer. 
Analysis of Cyclic Nucleotides in Biological Samples-A perfusate 

containing 100 pM dibutyryl derivative (no theophylline) was circulated 
for 35 min in the perfusion apparatus in the absence of a lung. After de- 
proteinization, the perfusate was extracted by the above procedure. The 
fraction eluted from the column with 30% methanol in buffer was ana- 
lyzed by HPLC using mobile phase A and was calculated to contain 3.7 
f 1.00 pmoles of V/ml. The HPLC analysis of the 75% methanol fraction 
from the column using mobile phase C is shown in Fig. 3. It was calculated 
that each milliliter of the original sham perfusate contained 12.2 f 0.8 
pmoles of VII, 12.0 f 0.7 pmoles of VIII, and 62.5 f 2.6 pmoles of IX. 
Since only small amounts of impurities were found in the commercial 
supply of IX, these data reflect decomposition during deproteiniza- 
tion. 

Figure 4 is a representative chromatogram of a similar perfusate fol- 
lowing a 35-min perfusion through a lung. The additional presence of VI 
(k' = 1.0) should be noted. The perfusate analysis revealed that the 
concentration of the original dibutyryl derivative had fallen by 55%. 
Thirteen percent of the initial concentration of IX was recovered as VII. 
The remaining fraction had presumably entered the intracellular spaces 
of the lung and been metabolized. 

Lung tissue following the 35-min perfusion with or without the di- 
butyryl derivative was also analyzed by the aforementioned procedures. 
Chromatographic data using mobile phase C revealed very small amounts 
of M (1 nmole/g, wet weight) and VIII (0.5 nmole/g, wet weight) in tissue 

l l l l l l  
0 3 6 9 1 2 1 6  

MINUTES 

Figure 6-Lung tissue following 35-min perfusion with an unsupple- 
rnented Krebs perfusate was homogenized, deproteinized with 0.6 N 
perchloric acid, and extracted on a C-18 disposable column (see text). 
Mobile phase used was 20% methanol in 0.1 M KHpO4-1  mM 
(CH3)yOH. Other chromatographic conditions are as described under 
Experimental. 

exposed to IX. The high theophylline content relative to the amounts 
of VII interfered with the determination of VII in these tissue extracts. 
To eliminate this problem, mobile phase B was used to analyze VII in lung 
tissue. Figures 5 and 6 are chromatograms of the tissue perfused with and 
without the dibutyryl derivative. Compounds VI and VII are well sepa- 
rated under these conditions (Fig. 5). Control tissues do not contain peaks 
that interfere with either VI or VII (Fig. 6). Following perfusion with 100 
pM dibutyryl derivative, 10.55 f 4.87 nmole/g (wet weight) of the mo- 
nobutyryl derivative (VII) could be recovered from the lung tissue. 

Analysis of the unsubstituted cyclic nucleotide (V) in lung tissue ex- 
posed to the dibutyryl derivative using mobile phase A was complicated 
by the fact that control lungs produced a complex chromatogram with 
one or more peaks coeluting with V. However, extracts of the tissue 
treated with IX do not consistently differ from unexposed tissue in the 
region in which V elutes. These results suggest that perfusion with the 
dibutyryl derivative does not result in significant accumulation of the 
unsubstituted cyclic nucleotide. However, this can not be established 
unequivocally until V is separated from the coeluting material. 

DISCUSSION 

The most common assay techniques for cyclic AMP in biological 
samples are radioimmunoassay, first described by Steiner et al. (11) and 
modified by Cailla and colleagues (12), and a competitive protein binding 
assay originally described by Gilman (13) and Brown et al. (14). These 
extremely sensitive methods (<0.1 pmole) appear to be more sensitive 
than current chromatographic techniques and also eliminate the necessity 
for complex separations from other nucleotides present in most cellular 
extracts. Unfortunately, the specificity of these assay systems is no longer 
adequate when cyclic nucleotide analogues are involved. For example, 
the affinity of the N6-butyryl derivative (VII) for the cyclic AMP-de- 
pendent binding protein is -30% of that for cyclic AMP itself (15). The 
02'-butyryl and dibutyryl derivatives have an even higher affinity than 
the unsubstituted cyclic nucleotide for the cyclic AMP-specific antibody 
(12). Therefore, these assay systems are not useful for determining the 
distribution of the butyryl derivatives. 

The methods described here to separate the cyclic nucleotide deriva- 
tives do not have the problem of specificity inherent in the more con- 
ventional assay systems, since the butyryl groups caused a marked in- 
crease in lipophilicity making them easily separable from the parent 
compound and other nucleotides by HPLC. Although the chromato- 
graphic procedure as described here can only detect these compounds 
to the 0.01-0.1 nmole level, more sensitive UV detection settings, in- 
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creased amounts injected, and the use of larger extraction columns for 
trace enrichment of the samples may provide sensitivity comparable to 
that of the more conventional assays. The separation of cyclic AMP from 
other biological substances using a simple isocratic HPLC system may 
be a difficult task. However, the use of gradient elution with a reverse- 
phase column (10) or the use of ion-exchange chromatography may 
separate V from the coeluting compound(s) (16). 

It should also be pointed out that the chromatogram in Fig. 2 is a good 
example of the extra dimension offered to the chromatographic process 
by ion pairing. All compounds analyzed with mobile phase A eluted in 
the reverse order of their polarity as expected in conventional reverse- 
phase chromatography. The only exceptions were V and IV. Although 
V is slightly less hydrophobic than IV, i t  has a greater retention under 
the conditions used due to the presence of tetramethylammonium 
hydroxide. The interaction of the tetramethyammonium cation with 
the negatively charged V increases its retention. On the other hand, 
the positively charged IV is not affected by this cation (7). The result is 
that while IV and V coelute without this cation, its presence causes V to 
elute after IV so that separation of these two compounds can be 
achieved. 

By the use of the methods described here, it has been shown that the 
Wbutyryl derivative is the major product formed following the perfusion 
of rat lung with dibutyryl cyclic AMP. I t  is estimated that -24% of the 
dibutyryl derivative taken up by the lung during the perfusion period 
can be recovered as the N6-monobutyryl analogue from the perfusate and 
lung compartments. The remaining portion has most likely been further 
metabolized to the straight-chain monophosphate by the action of 
phosphodiesterase, since it is not recovered in the lung as the unmetab- 
olized dibutyryl cyclic AMP. We have also shown that 35-min perfusion 
with 100 pM dibutyryl derivative results in a sevenfold increase in the 
cyclic AMP content of the lung measured by the protein binding assay 
of Gilman (13) (data not shown). HPLC analysis reveals that 90% of this 
increased protein binding can be attributed to  the formation of the 
N6-butyryl derivative in the lung tissue. 

In light of recent findings that different cyclic nucleotide analogues 
can selectively activate different isozymes of protein kinase (17, 181, it 
has become important to know the intracellular distribution of these 
analogues following treatment with cyclic nucleotide derivatives. This 
analytical procedure provides a specific, sensitive, and simple method 
for measuring dibutyryl cyclic AMP and its metabolites in biological 
systems. This technique can potentially be applied for analysis of many 
of the other cyclic nucleotide analogues. Also, not only can it be used for 

perfusion studies, but could also be adapted to cell culture and whole 
animal experiments. 
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been achieved by several methods which include GLC- 
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creased amounts injected, and the use of larger extraction columns for 
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other biological substances using a simple isocratic HPLC system may 
be a difficult task. However, the use of gradient elution with a reverse- 
phase column (10) or the use of ion-exchange chromatography may 
separate V from the coeluting compound(s) (16). 

It should also be pointed out that the chromatogram in Fig. 2 is a good 
example of the extra dimension offered to the chromatographic process 
by ion pairing. All compounds analyzed with mobile phase A eluted in 
the reverse order of their polarity as expected in conventional reverse- 
phase chromatography. The only exceptions were V and IV. Although 
V is slightly less hydrophobic than IV, i t  has a greater retention under 
the conditions used due to the presence of tetramethylammonium 
hydroxide. The interaction of the tetramethyammonium cation with 
the negatively charged V increases its retention. On the other hand, 
the positively charged IV is not affected by this cation (7). The result is 
that while IV and V coelute without this cation, its presence causes V to 
elute after IV so that separation of these two compounds can be 
achieved. 

By the use of the methods described here, it has been shown that the 
Wbutyryl derivative is the major product formed following the perfusion 
of rat lung with dibutyryl cyclic AMP. I t  is estimated that -24% of the 
dibutyryl derivative taken up by the lung during the perfusion period 
can be recovered as the N6-monobutyryl analogue from the perfusate and 
lung compartments. The remaining portion has most likely been further 
metabolized to the straight-chain monophosphate by the action of 
phosphodiesterase, since it is not recovered in the lung as the unmetab- 
olized dibutyryl cyclic AMP. We have also shown that 35-min perfusion 
with 100 pM dibutyryl derivative results in a sevenfold increase in the 
cyclic AMP content of the lung measured by the protein binding assay 
of Gilman (13) (data not shown). HPLC analysis reveals that 90% of this 
increased protein binding can be attributed to  the formation of the 
N6-butyryl derivative in the lung tissue. 

In light of recent findings that different cyclic nucleotide analogues 
can selectively activate different isozymes of protein kinase (17, 181, it 
has become important to know the intracellular distribution of these 
analogues following treatment with cyclic nucleotide derivatives. This 
analytical procedure provides a specific, sensitive, and simple method 
for measuring dibutyryl cyclic AMP and its metabolites in biological 
systems. This technique can potentially be applied for analysis of many 
of the other cyclic nucleotide analogues. Also, not only can it be used for 

perfusion studies, but could also be adapted to cell culture and whole 
animal experiments. 
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Figure 1-Chromatograms of plasma extracted as outlined in Experi- 
mental with recorded sensitivity changes. Key: (A) blank plasma; (B) 
spiked plasma containing chlorpromazine (peak a,  0.5 ng/ml) and 
prochlorperazine (peak b, 50 nglml); (C) plasma sample 10 hr postdose 
from a volunteer (73.0 kg) who received 2 X 25-mg tablets orally of 
chlorpromazine hydrochloride. Chlorprornazine (peak a ,  1.70 ng/ml) 
and prochlorperazine (peak b, 50 nglrnl). 

ECD (9), radioassay (lo), radioimmunoassay (11, 12), 
fluorometry (13), GLC-NPD (14,15), GLC-MS (1,16,17), 
and high-performance liquid chromatography (HPLC) 
(18-21). 

HPLC methods, in general, are facile, easy to adopt, and 
are well suited for the therapeutic monitoring of drugs. 
Two of the HPLC procedures for chlorpromazine quan- 
titation employ UV detection (18,19), and the more sen- 
sitive (1 ng/ml) of these methods (18) was applicable to 
plasma level determinations in volunteers receiving 
chlorpromazine intravenously. Administration of chlor- 
promazine orally in low doses (25-50 mg), however, results 
in plasma levels that are generally in the subnanogram 
range at  the end of the plasma concentration-time curve 
(7). Therefore, more sensitive analytical methods are 
needed to study the pharmacokinetics of this drug fol- 
lowing low single oral doses. The development of such a 
method was achieved using electrochemical detection 
coupled with an improved extraction procedure that gave 
a greater recovery of the drug from plasma. Oxidative 
thin-layer amperometric detection (electrochemical de- 
tection) of chlorpromazine was investigated by Curry and 
Brown (20) and showed promise, but details of the assay 
were lacking. The procedure of Murakami et al. (21) was 
based on a reverse-phase HPLC system in which the ex- 
traction procedure was complex and plasma concentra- 
tions <1 ng/ml were not determined. The normal-phase 

Table I-HPLC Estimation of Chlorpromazine Added to  
Plasma a 

Amount Mean Peak 
Added,ng n Height Ratio X 5 SD CV* 

0.25 5 0.0348 0.0018 5.10 
0.50 5 0.0667 0.0031 4.60 
1.0 5 0.1330 0.036 2.71 
2.5 5 
5.0 5 

10.0 5 

. ~.~~ 

0.3317 
0.6853 
1.3843 

-. . - 
0.0071 2.14 
0.0292 4.26 
0.0276 1.99 

y = rnx + b ,  where rn = 0.1368 and b = 0.0027. b Mean = 3.47, r = 0.999. 

HPLC method described here is simple, sensitive, and 
requires no specially treated glassware or apparatus. The 
improvement in the recovery of chlorpromazine from 
plasma was achieved by modification of an extraction 
procedure used for trifluoperazine (22). 

EXPERIMENTAL 

Materials-All solvents used both for extraction and in the HPLC 
mobile phase were HPLC grade'. Chlorpromazine hydrochloride*, pro- 
chlorperazine mesylate3, and 25-mg chlorpromazine tablets4 were used 
as received. All other chemicals were commercial analytical grade. 

H P L C A  liquid chromatographic pump5 and valve loop injector'j with 
a 500-pl sample loop was connected to an electrochemical detector7. The 
detector was fitted with a glassy carbon electrode and set at +0.9 V in the 
oxidation mode with a fixed 10-nA feed connected to a recorde@. All 
changes in attenuation were made only with the recorder to avoid baseline 
stabilization problems. The column (250 mm X 4.6-mm i.d.) was packed 
with 10-pm Spherisorb CN9. The mobile phase consisted of 0.1 M am- 
monium acetate-acetonitrile (1:9) and was deaerated before use by fil- 
trationlO. The column was maintained at ambient temperature with a 
flow rate of 4 ml/min. 

Preparation of Stock Solutions and Standard Curves-A stock 
solution of the internal standard, prochlorperazine mesylate (100 pg/ml, 
calculated as free base), was prepared monthly in double-distilled 
deionized water. The solution was stored in the dark at 4O. Daily dilutions 
were made in double-distilled deionized water to give a 100-ng/ml working 
solution. An aqueous solution of chlorpromazine hydrochloride (100 
pg/ml, calculated as free base) was prepared monthly in double-distilled 
deionized water and stored as described for the internal standard. Daily 
dilutions of 100 ng/ml were made in 1:1 water-plasma and microliter 
amounts were added to give chlorpromazine concentrations of 0.25,0.5, 
1.0,2.5, and 10 ng/ml in plasma. 

Extraction of Samples-Plasma samples were extracted by a mod- 
ification of a GLC-MS method developed for trifluoperazine (22). To a 
test tube" were added 2 ml of plasma and 1 ml of aqueous internal 
standard (prochlorperazine, 100 ng/ml). The sample was mixed12 for 10 
sec, and 0.5 ml of saturated sodium carbonate was then added. The 
sample was again mixed, and 5 ml of 3% isopropyl alcohol in pentane was 
added. The sample was capped and mixed for 20 ~ n i n ' ~  and then centri- 
fuged14 at 1725Xg for 5 min. The upper organic layer was transferred by 
Pasteur pipet to a clean 10-ml tube, and the extraction was repeated with 
another 5 ml of 3% isopropyl alcohol in pentane. The organic extracts were 
combined and a few antibumping granules15 were added. The sample was 
evaporated to dryness a t  65OI6. To the cooled tube was added 200 pl of 
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Table 11-Recovery of Chlorpromazine and Prochlorperazine 
from Plasma 

Amount Added 
to 1 ml Mean Amount 

Drug of Plasma, ng n Recovered, ng Recovery, %" 

Chlorpromazine 5.00 10 4.31 86.12 f 2.26 
1.00 10 0.86 85.76 f 2.90 

Prochloruerazine 50.00 7 43.16 86.31 f 1.33 

a Mean f SD. 

HPLC-grade acetonitrile, the sample was mixed for 20 sec, and aliquots 
of 100 pl were injected into the chromatograph. 

Plasma Level Study-Three healthy male volunteers weighing 73.0, 
77.8, and 87.8 kg participated in the study, which was performed under 
medical supervision. Each volunteer was administered orally two 25-mg 
tablets of a commercial formulation of chlorpromazine with 250 ml of 
water. No xanthine-containing beverage was allowed during the study 
and no alcoholic beverages were allowed 24 hr before and 24 hr after the 
last blood sample. A lemon-lime beverage (200 ml) was provided 2 hr after 
dosing, and a standard lunch at  4.5 hr. Blood samples (10 ml each) were 
obtained at  0,0.5,1, 2,3,4,6,8,10,12,15, and 24 hr following ingestion 
of the drug. The samples were collected by means of venipuncture into 
heparinized evacuated tubes'' taking care to not allow the blood to come 
in contact with the rubber stopperls. After centrifugation the plasma was 
removed and stored at -20' until analysis; subsequently, thawed samples 
were stored at  4'. 

Recovery Study-For the determination of the recovery of chlor- 
promazine and the internal standard, blank plasma was spiked at 1 and 
5 ng/ml for chlorpromazine and 50 ng/ml for prochlorperazine. The 
samples were extracted as described and peak heights were compared 
with those obtained for absolute injection of the same amounts of 
chlorpromazine and prochlorperazine in acetonitrile. 

Quantitation-Standard curves were constructed by chromato- 
graphing spiked plasma standards and plotting the peak height ratio of 
the drug to the internal standard uersus the concentration of the drug. 
Unknown samples were analyzed along with calibration standards, and 
concentrations were determined by comparison of the peak height ratios 
to the standard curve obtained for that day. Patient samples above the 
stated linear range of 10 ng/ml were diluted as required with fresh blank 
control plasma and reanalyzed. 

RESULTS AND DISCUSSION 

Figure 1A shows a typical chromatogram of an extract of fresh blank 
plasma, and Fig. 1B shows a chromatogram obtained when the method 
was applied to spiked plasma containing 0.5 ng/ml of chlorpromazine and 
50 ng/ml of the internal standard. Chlorpromazine and the internal 
standard gave well-separated sharp symmetrical peaks with retention 
times of 2.4 and 4.4 min, respectively. There were no extraneous peaks 
in chromatograms obtained for blank control plasma. Figure 1C shows 
a 10-hr postdose plasma sample (2 ml) of a volunteer (73.0 kg) who re- 
ceived 50 mg of chlorpromazine hydrochloride orally; the chlorpromazine 
concentration was estimated to be 1.7 ng/ml in this sample. 
Mass spectral analysis of collected peaks from extracts of pooled 

plasma from volunteers and spiked samples were found to be identical 
and gave no evidence of possible interferences. The known metabolites 
of chlorpromazine either eluted in the same order and relative retention 
times as in the previous HPLC method using UV detection (18) or did 
not give any response with electrochemical detection. The use of a more 
concentrated ammonium acetate buffer increased the retention time of 
chlorpromazine by 2 min over that observed in the earlier study. This 
change in retention time resolved the peak due to chlorpromazine from 
components that eluted in the void volume. When the concentration of 
acetonitrile was decreased to 70%, no significant change in the retention 
time of chlorpromazine was observed; however, there was a significant 
decrease in the signal-to-noise ratio. Also, separation of chlorpromazine 
metabolites is best carried out using a 90% acetonitrile-based mobile 
phase. Linear extraction of chlorpromazine at  low concentrations was 
observed to be a problem during the development of the HPLC-UV 
procedure reported from this laboratory (18). To correct this problem 
an extraction scheme was developed that provided linearity, but resulted 

l7 Vacutainen; Becton, Dickinson & Co., Mississauge, Ontario, Canada. 
Necessary to avoid distortions in plasma chlorpromazine concentrations 

(23). 
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Figure 2-Plasma concentration-time profiles for two volunteers (A 
= 77.8 kg, B = 87.8 kg) after each received a single oral dose of chlor- 
promazine (2 X 25-mg) tablets. Key: (m) volunteer A; (0 )  volunteer 
B. 

in low recoveries: 34.5%. In the present method using 3% isopropyl alcohol 
in pentane increased the recovery to 8670, and produced reproducible 
results over the concentration range of 0.25-10.0 ng/ml. Furthermore, 
the use of the alternate detection system, electrochemical detection, al- 
lowed the quantitation of subnanogram amounts of chlorpromazine in 
plasma. In addition, no problems of occlusion, as observed in the 
HPLCUV procedure (18), were encountered since deproteinization was 
unnecessary, and loss of drug due to adsorption to glass surfaces was not 
evident. 

The electrochemical detector provides at least a 10-fold increase in 
sensitivity; this finding is in agreement with Curry and Brown (20). An 
apparent limitation of electrochemical detection is the presence of wide 
solvent fronts, which may be due to the response of endogenous materials 
coextracted from plasma. This limitation prevents operation of the de- 
tector at its lowest limits of detection. Despite this problem it is evident 
from Fig. lB, where no appreciable interferences are observed with the 
recorder operated at  5 mV, that 0.5-ng amounts of drug can be mea- 
sured. 

Table I shows a composite standard curve obtained from the quanti- 
tation of chlorpromazine in plasma. The curve is linear in the range of 
0.25-10 ng/ml. The ratio of chlorpromazine to prochlorperazine plotted 
against chlorpromazine concentration gave a straight line, which passed 
through the origin with a correlation coefficient of 0.999, a mean slope 
value of 0.1368, and an overall mean coefficient of variation of 3.47%. The 
limit of detection of this assay is 4 . 1  ng/ml in plasma, and the limit of 
accurate quantitation is 0.25 ng/ml when 2-ml plasma samples are used. 
It is adequate for following plasma concentration-time profiles in patients 
receiving low oral doses of chlorpromazine. 

The overall recoveries of chlorpromazine and the internal standard 
are shown in Table 11. Results are based on at least 10 determinations 
at the 5- and 1-ng/ml levels for chlorpromazine and 7 determinations at 
the 50-ng/ml level for the internal standard. Mean recoveries of 85.94 f 
2.58% and 86.31 f 1.33% were obtained for chlorpromazine and the in- 
ternal standard (prochlorperazine), respectively. Application of this 
method is shown in Fig. 2, where plasma concentration versus time 
profiles are shown for two healthy male v6lunteers each receiving 2 X 
25-mg tablets of chlorpromazine hydrochloride. Intersubject variability 
in plasma levels, as shown in Fig. 2, makes it clear that analysis of 
chlorpromazine should be carried out with the most sensitive procedure 
available especially when low oral doses are administered. 

The described HPLC method is simple, requiring minimum sample 
handling and time. It is sensitive enough for single- as well as multiple- 
dose pharmacokinetic or bioavailability studies of low oral doses of 
chlorpromazine. Furthermore, multiple-dose studies and therapeutic 
monitoring could be carried out with smaller plasma sample volumes than 
previously required. 
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Abstract 0 A general approach to the selection of the maintenance dose 
(D,) required to give a desired steady-state concentration of drug based 
on a single determination of concentration after a test dose (C*) is ex- 
tended to drugs with two-compartment pharmacokinetic characteristics. 
Using the equation developed, the value of the proportionality factor 
relating 1/D, to C* was found to be within 3.2% of the value calculated 
from a published nomogram for lithium. The inherent error is shown to 
be a function of the value of the hybrid rate constants a and b, as well as 
the value of an intercompartmental transfer rate constant, k e l ,  in an in- 
dividual. 
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In 1973, Cooper et al. observed a correlation (r = 0.972) 
between the serum lithium concentration obtained 24 hr 
after the administration of a 600-mg dose of lithium car- 
bonate and the eventual steady-state concentration if that 
dose were continued three times a day (1). From that ob- 
servation, they constructed a nomogram that predicted the 
maintenance dose required to achieve a therapeutic 
steady-state concentration of lithium in plasma (0.6-1.2 
meqhiter) based on the concentration determined 24 hr 
after administration of a test dose of the drug. The same 

group published a report 2 years later confirming the 
success of the method (2). 

Similar techniques have since been proposed for drugs 
with widely differing pharmacokinetic characteristics 
(3-9). Montgomery et al. (5) proposed that blood samples 
taken 24 or 48 hr after an oral test dose of nortriptyline 
could adequately predict steady-state concentrations of 
that drug using a justification similar to that used by 
Cooper et al. Koup et al. suggested that a strong correla- 
tion between steady-state levels and drug concentrations 
6 hr after administering a single dose of chloramphenicol 
or theophylline would exist based on a series of phar- 
macokinetic simulations (7), and later provided clinical 
data to support the method (8). The appropriate sampling 
times for those drugs seemed to correspond to their average 
half-life in the population. It thus became apparent that 
this approach to maintenance-dose prediction could be 
applied to many drugs, and that its successful use de- 
pended on implicit knowledge of the individual phar- 
macokinetic characteristics of a drug within the popula- 
tion. 

A theoretical framework was provided to explain and 
evaluate the empirical clinical observations. The theory 
was founded on the essential clinical observation that there 
existed an optimal time at which a blood sample could be 
obtained from an individual, in which the concentration 
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In 1973, Cooper et al. observed a correlation (r = 0.972) 
between the serum lithium concentration obtained 24 hr 
after the administration of a 600-mg dose of lithium car- 
bonate and the eventual steady-state concentration if that 
dose were continued three times a day (1). From that ob- 
servation, they constructed a nomogram that predicted the 
maintenance dose required to achieve a therapeutic 
steady-state concentration of lithium in plasma (0.6-1.2 
meqhiter) based on the concentration determined 24 hr 
after administration of a test dose of the drug. The same 

group published a report 2 years later confirming the 
success of the method (2). 

Similar techniques have since been proposed for drugs 
with widely differing pharmacokinetic characteristics 
(3-9). Montgomery et al. (5) proposed that blood samples 
taken 24 or 48 hr after an oral test dose of nortriptyline 
could adequately predict steady-state concentrations of 
that drug using a justification similar to that used by 
Cooper et al. Koup et al. suggested that a strong correla- 
tion between steady-state levels and drug concentrations 
6 hr after administering a single dose of chloramphenicol 
or theophylline would exist based on a series of phar- 
macokinetic simulations (7), and later provided clinical 
data to support the method (8). The appropriate sampling 
times for those drugs seemed to correspond to their average 
half-life in the population. It thus became apparent that 
this approach to maintenance-dose prediction could be 
applied to many drugs, and that its successful use de- 
pended on implicit knowledge of the individual phar- 
macokinetic characteristics of a drug within the popula- 
tion. 

A theoretical framework was provided to explain and 
evaluate the empirical clinical observations. The theory 
was founded on the essential clinical observation that there 
existed an optimal time at which a blood sample could be 
obtained from an individual, in which the concentration 
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of drug would be related to the eventual steady-state 
concentration by a proportionality factor that could be 
regarded as being constant throughout the population (10, 
11). The theory is consistent with the clinical observations 
made with chloramphenicol and theophylline. However, 
the theory suggested that the optimum sampling time for 
lithium would be -16 hr after administration of the first 
dose of drug. The sampling time used clinically (with great 
success) was 24 hr. Thus, it was possible that the theory did 
not account for all factors in sampling time optimization. 
The most obvious shortcoming of the theory was that it 
was developed for drugs with one-compartment phar- 
macokinetic characteristics; lithium is a two-compartment 
drug. It is apparently necessary to extend the theoretical 
analysis to drugs with biexponential plasma concentra- 
tion-time profiles, conventionally described by a two- 
compartment model. 

The purpose of this report is to expand the theory to 
drugs with two-compartment characteristics and to eval- 
uate the source and magnitude of error inherent in the 
method when it is employed under optimal conditions. We 
do not report a new dosing method. 

THEORETICAL 

The development of an expression that relates the maintenance dose 
(D,) required to give a desired average steady-state concentration (css) 
to the concentration in plasma (C*) at some time (t*) after the first dose 
(D*) for a drug with two-compartment pharmacokinetic characteristics 
is very similar to the development of the analogous expression for a 
one-compartment drug (10). Equations pertaining to the intravenous 
administration of the two-compartment drug will be used even though 
lithium itself is given orally. If, as in the case of lithium, absorption is 
rapid relative to distribution and elimination and the bioavailability does 
not vary between doses, the conclusions based on intravenous dosing will 
be valid for oral dosing as well. It is also assumed that the values of 
pharmacokinetic parameters describing the deposition of the drug do 
not change between the single dose and steady state. 

The average concentration of a drug in plasma a t  steady state c,, is 
defined as: 

0%. 1) 

where C is the concentration of drug in plasma, t is time, and T is the time 
between doses. For a drug with linear, two-compartment kinetics, Eq. 
1 can be expressed as: 

(Eq. 2) 

where V, is the volume of the central compartment, a and 8 are hybrid 
distribution- and elimination-phase rate constants, respectively, and k ~ 1  
is a first-order rate constant for transfer of drug from the peripheral to 
the central compartment (12). 

The concentration of drug following a single dose is: 

The ratio c.$C* is therefore: 

By a rearrangement of Eq. 4, the maintenance dose can be related to C* 
by a proportionality factor, J.: 

where 

Equation 6 shows that the proportionality factor $ relating mainte- 
nance dose to C* is a complex function of a, 0, and kz1 in an individual. 
a and pare  functions of the intercompartmental transfer and elimination 
rate microconstants, k u ,  kzl, and k l n  (12). Equations 5 and 6 will serve 
as an appropriate means of calculating maintenance dose for a drug with 
two-compartment behavior when $ is relatively constant throughout the 
population, i.e., when each individual's value of $ is close to the popu- 
lation's mean value of $ ($). The values of the pharmacokinetic param- 
eters k 12, kzl, and kin (and therefore a and 0)  vary among individuals, 
and one can exert no control over them. The choice of T,,, T ,  and D will 
depend on the drug used and will have no effect on the variability of $ 
between individuals. By the choice of an appropriate value for t * ,  the 
variability of $ throughout the population can be minimized (10.11). 

Choice of Optimum Sampling Time ( t*)-In selecting the optimum 
sampling time for a one-compartment drug, the expression for $ was 
recast in terms of clearance (CL)  and volume of distribution ( V ) .  The 
partial first derivatives of # with respect to these independent variables 
were set a t  zero, and the resulting expressions were simultaneously solved 
for time. $ was found to be minimally affected by interindividual varia- 
tions in CL and V when t* was IK, where ?? is the mean (or median) 
value of the elimination rate constant in the population (11). In at- 
tempting to do the same for $ in the multicompartment case (Eq. 6), an 
explicit value for t* was not found. Therefore, numerical approximation 
techniques were used to estimate a value o f t*  a t  which variability of $ 
throughout the population was minimal. This approach (described below) 
has the important benefit of allowing the examination of the behavior 
of $ as it approaches its optimum, which provides some insight into the 
error of the method. By definition, the optimum value o f t*  will be that 
value which produces the minimum variability of $ throughout the 
population. 

The optimum sampling time ( t * )  was selected using parameter values 
for lithium based on data published by Amdisen (13) and Neilson-Kudsk 
and Amdisen (14). Fourfold ranges of a and k2l centered around mean 
values of 0.888 and 0.375 hr-1, respectively, were considered. This en- 
compassed the mean f2SD for both parameters. A histogram of values 
was constructed from a published histogram of lithium half-life values 
in 226 patients. The fivefold range of 0 values was centered about a mean 
value of 0.065 hr-'; this encompassed the mean f4SD for p. The broader 
range was used for 0 because preliminary studies showed that error was 
most sensitive to changes in P; it was therefore important to cover the 
entire range of values reported. A program was written to calculate $ a t  
a given t*  for 125 combinations of a, 8, and kzl. The numerator of Eq. 
6 was plotted against its denominator for various values oft'. The slope 
of this plot is J.. The coefficient of variation of the estimate of the slope 
for the best-fit straight line was calculated for each t* plot. Plots repre- 
senting the analysis for t* = 12,16,20, and 24 hr are shown in Fig. 1. 

The t* that gives the smallest amount of variation around the regres- 
sion line, as measured by the smallest coefficient of variation of the slope' 
(or $) for the given ranges of a, p, and kzl, is the optimum sampling time. 
In this case, t* = 16 hr shows the least amount of variation (29.9%) when 
compared with t* = 12 hr (37.4%), t' = 20 hr (33.0%), and t* = 24 hr 
(43.8%). A value of 16 f 1 hr is the optimum sampling time; the other 
values were chosen for illustrative purposes. This process could be 
summarized as a plot of the coefficient of variation of the slope uersus 
time (which would actually be a plot of the relative variance of $ as a 
function of time), where the minimum would represent the optimum 
sampling time. 

Analysis of Error-The use of optimum t * will give a minimum error 
in single-point dose prediction methods, but the choice itself does not 
give an indication of the magnitude or the source of error involved. It has 
been possible in previous descriptions of one-point maintenance-dose 
estimation to graphically examine the error of the method by plotting 
#/$as a function of the variables that determine the value of $ (11,161. 
In this case, $/$would be plotted as a function of a, 0, and kz1 and would 
therefore be four-dimensional. Such an approach would be helpful, 
however, if a majority of the variability of $ among individuals was a 
function of only one or two of these parameters, allowing a two- or 
three-dimensional plot to be constructed. 

Our investigations of the lithium case have shown that the majority 
of the variability in $ through the population was a function of 0 rather 
than a or kzl. Thus, it would be possible to construct a plot of $/$uersus 
0 to more closely examine the influence of the major determinant of error. 
T o  view the whole problem, however, it is necessary to somehow incor- 

1 Percent coefficient of variation = (standard deviationhean) X 100. Mean and 
standard deviation of the slope of the regression line were calculated according to 
standard methods (15). 
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Figure 1-Optimization of sampling time (t*) for lithium. The numerator of Eq. 6 is plotted versus the denominator for values of a, /3, and kzl 
covering the range encountered through the population for lithium (13,14). The minimum relative scatter is observed for the optimum value of 
t*, 16 hr. Key: (A) t* = 12 hr; (B) t* = 16 hr; (C) t* = 20 hr; (0) t* = 24 hr. 

porate a depiction of the added error due to interindividual variation in 
a and k21. This was accomplished by random selection of 100 values of 
(Y and kz1 from a normal distribution (based on literature values of mean 
and standard deviation) for each value of /3 and calculating the value of 
#/$for each combination of a, /3, and k21. Figure 2 shows the mean values 
of #/$ for each value of p and the magnitude of error due to interindi- 
vidual variation in p alone, which is analogous to the graphical analysis 
of error for one-compartment drugs. With t* = 16 hr, the departure of 
the plot of #/$ from a value of 1 is minimal through the range of values 
of p covered in the plot. (If # did not vary through the population, #/$ 
would always equal 1 and there would be no inherent error in the method.) 
Values of t*  at 12 and 24 hr give maximum errors of 5040% at opposite 
extremes of @, and t * = 20 hr gives a maximum error of -40%. When t * 
= 16 hr, the maximum error is -25%. 

A more complete analysis of error is obtained from the plots in Fig. 3. 
The mean value of #/$ is again plotted as a function of /3, but in this case 
the mean value is bracketed by f 2  SD, as calculated from the afore- 
mentioned 100 random combinations of a and kz l  selected based on 
published values of their respective mean and standard deviation (13, 
14). The maximum error expected to be encountered, taking the vari- 
ability in # due to (Y and kz1 into account, is -40% for t* = 16 hr and 
-100% for t * = 24 hr. Both of these errors would cause an overdose in 
patients with unusually large values of 8, i.e., individuals with unusually 
short half-life values. 

This method of evaluation of error does not indicate the maximum 
error which could be encountered in the method, but it does indicate the 
maximum to be expected in -95% of the population. Unusual patients 
could encounter greater error. 

Comparison of Theory with a Published Nomogram-The sin- 
gle-point dose prediction for lithium proposed by Cooper et al. (1,2) can 
be used as a basis for determining the validity of the equations developed 
here. Their nomogram consisted of seven maintenance doses recom- 

mended for seven respective ranges of C*. Using that nomogram and Eq. 
5, a value of # was calculated for each value of D, and the mean C* for 
which that dose was recommended. The mean of these values was 6.21 
ml/meq.mg. Using Eq. 6; mean values of a, j3, and kz l ;  and values of CSs, 
t *, and D* used by Cooper et al. in constructing the nomogram, the value 
calculated for $was 6.02 ml/meq.mg. Thus, Eq. 6 and literature data 
allowed the calculation of a value of # within 3.2% of the value found in 
the clinical experiment. 

The agreement between the value of # implicitly used by Cooper et 
al. and that calculated using Eq. 6 and literature values of a, /3, and kz l  
would seem to indicate that the theory is quantitatively valid. How then 
can the discrepancy between the optimum sampling time indicated by 
the theoretical analysis (16 hr) and the sampling time used by Cooper 
et al. (24 hr) in their successful nomogram be reconciled? The choice of 
optimum sampling time as described above is based on the assumed use 
of a constant value of # throughout the population. 

The values of # corresponding to the higher ranges of C* in the no- 
mogram were quite close to one another (coefficient of variation, 11%). 
However, the value of # calculated for the lowest range of C* for which 
dosing recommendations were made (mean of this range is 0.025 meq/ 
liter) is 2.12 times the mean value for the higher ranges of concentra- 
tion. 

Patients with low values of concentration will tend to have larger values 
of /3 (shorter half-life values) than the population average. The theoretical 
analysis (Fig. 3) shows that patients with large values of j3 will tend to be 
overdosed using the population average value of + if the sample to be used 
for dose prediction purposes is obtained at 24 hr. The published nomo- 
gram corrects for this by using a larger value of # for these individuals, 
which reduces the recommended maintenance dose by approximately 
one-half of what it would be if the value of # used in other concentration 
ranges was retained. The published nomogram, therefore, corrects the 
error that would be encountered if a constant value of # were used 

1264 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 11. November 1983 



A 

I I I I I I 1 I 
0.04 0.06 0.08 0.10 

p, hr-' 

Figure 2-Relationship between $/$ and /3 for different values of 
sampling time (t*). (Y and kzl are kept constant at values of 0.888 and 
0.375 hr-l ,  respectively. Key: (A) t* = 12 hr; (B) t* = 16 hr; (C) t* = 20 
hr; (0) t* = 24 hr. 

throughout the population by empirically raising the value of $ in pa- 
tients who would otherwise tend to be overdosed. 

DISCUSSION 

The principal purpose of this paper is to examine the single-point 
maintenance-dose prediction method proposed by Cooper et al. for 
lithium. A more flexible approach has since been described by Sheiner 
and Bed (17). The single-point method and the Bayesian approach to 
maintenance-dose selection (17) introduced by Sheiner and Beal have 
in common a dependence on the knowledge of the distribution of phar- 
macokinetic parameter values within the population. The Bayesian ap- 
proach makes use of demographic and pathological information, which 
is particularly important in the selection of the first dose and in changing 
the dose as blood level data are obtained. The same sort of information 
could be incorporated into a single-point method where +, t * ,  and D* 
would be chosen with respect to disease and other factors that affect the 
relevant pharmacokinetic parameters. 

The Bayesian method has additional advantages in that it does not 
require a sample to be obtained at a particular time and it adjusts the dose 
as follow-up concentration data are obtained. This method would 
probably give a more accurate prediction of maintenance dose earlier and 
with a minimal number of blood samples if the sample was obtained at  
the time after the first dose which gave the most information about 
clearance. The optimum t* considered here and elsewhere (11) corre- 

' sponds to a blood sample which will serve as the most accurate predictor 
of maintenance dose required to achieve a desired average concentration 
at  steady state. The proportionality factor between dosing rate and 
steady-state concentration is clearance. It has been shown empirically 
and can be shown mathematically that a concentration obtained at t* 
will also contain the most information about clearance. 

The theory described here is based on the development of a relation- 
ship between 1/D, and C*, which can be described with minimum error 
by assuming a constant value of a proportionality factor ($) throughout 
the population. If this is done, the error of the method will increase as the 
extremes of parameter values are approached. A recent report described 
a case in which a patient with an unusually long half-life and unusually 
large volume of distribution of lithium was given a dose of lithium car- 
bonate for maintenance of a steady-state concentration of 0.8-1.1 meq/ 
liter which actually led to a steady-state concentration of 2.6 meq/liter 
and symptoms of toxicity (18). A complete characterization of the 
pharmacokinetics of lithium in the patient led to the readjustment of his 
dose to 1050 mg of lithium carbonate (he was given 1800 mg on the basis 
of the nomogram). Use of this dose led to the attainment of the target 
steady-state concentration. Substitution of his pharmacokinetic pa- 
rameter values calculated from the concentration-time plot presented 
in the report into Eq. 6 led to the calculation of a maintenance dose in 
close agreement to the 1050-mg dose calculated by classical means. Thus, 
the failure of the nomogram to predict the correct dose required by this 
patient was due to his unusual values of /3 as well as (Y and kz1 (all were 
unusually low). This case illustrates an important limitation of all sin- 
gle-point dose prediction methods: patients with unusual pharmacoki- 
netic parameter values will be improperly dosed. Such methods should 
therefore be used only as an aid to the selection of a dose that will allow 
the attainment of a therapeutic concentration of drug with a minimum 
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Figure 3-Relationship between $I$ and /3 for t* = 16 hr (A) and t* 
= 24 hr (B). Values of (Y and kzl were randomly selected from distri- 
butions described in the literature. Bars encompass mean (0) f 2 SD 
of the value of the ratio due to variation in the oalues of a and kZ1. 

of dosage adjustment. The appropriateness of the dose selected should 
be confirmed by the determination of concentration after the patient 
reaches steady state. 

The key to the optimization of sampling time described here is the 
assumption that a single value of $ will be used for dose prediction pur- 
poses for all individuals. The nomogram described by Cooper et al. is 
based on a sampling time WO longer than the optimum if a constant value 
of J.  is used. The nomogram is successful because the nonlinearity of the 
relationship between 1/D, and C*, when C* is determined 24 hr after 
the test dose, is accounted for by using a larger value of $ in patients with 
low values of C*. Such an approach should be possible with other drugs 
to the extent that low values of C* correlate with large values of /3, rather 
than large values of volume of distribution. If a low value of C* is mostly 
a function of a large volume of distribution, an error due to this parameter 
will be introduced, which may increase the error beyond that which would 
be encountered if a constant value of + were used. 

The theoretically optimum t * has been shown previously to be the 
reciprocal of the population mean elimination rate constant based on 
equations developed for drugs that exhibit a monoexponential decline 
in plasma concentration. With such drugs, the optimum t* is, therefore, 
equal to the harmonic mean of mean residence time (19) in the popula- 
tion. Since mean residence time is a model-independent parameter (its 
calculation assumes linear kinetics with elimination occurring from the 
central compartment), it is expected that the harmonic mean of the mean 
residence time would also be the optimum sampling time for mainte- 
nance-dose prediction or estimation of clearance for drugs that exhibit 
a biexponential decline in plasma concentration. 
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Abstract 0 Rabbit corneas were excised and mounted in a chamber to 
determine the permeability characteristics of a group of 8-blocking agents 
which varied in octanol-water partitioning over a fourfold logarithmic 
range. From the permeability rate at steady state, permeability coeffi- 
cients (pH 7.65) were determined. For each drug the distribution coef- 
ficient and pK,, were measured, permitting the partition coefficients to 
be estimated. Various correlations were determined for the log perme- 
ability coefficient as a sum of log functions of the partition (or distribu- 
tion) coefficient, molecular weight, and/or degree of ionization. The best 
fit, as judged by a high correlation coefficient ( r  = 0.9756) and lack of 
systematic deviation, was represented by: log PT = 0.623 log DC - 
0.108(10g DC)’ - 5.0268. 

Keyphrases &Blocking agents-permeability characteristics, excised 
rabbit corneas, physicochemical factors Permeability-&blocking 
agents, excised rabbit corneas, physicochemical factors 0 Ophthalmic 
drugs-&blocking agents, corneal permeability, rabbits, physicochemical 
factors 

Whenever an ophthalmic drug is applied topically to the 
eye, only a small amount (<lo%) actually penetrates the 
cornea and reaches the internal eye tissues (1-3). Precor- 
neal factors, such as rapid drainage by the nasolacrimal 
apparatus and noncorneal absorption, account for the poor 
absorption (4). As a result, optimal absorption depends on 
achieving a rapid penetration rate across the cornea to 
minimize the competing, but nonabsorptive rate factors. 
Rapid penetration either permits a lower dose to be ad- 
ministered or, in the case of an inactive drug, leads to the 
development of a clinically effective drug. 

The penetration potential of a drug with regard to its 
chemical structure can be assessed by the use of the par- 
tition coefficient of the drug. This has been shown for the 
cornea by Schoenwald and Ward (5) and by Mosher and 
Mikkelson (6). Schoenwald and Ward (5) determined the 
permeability rates across excised rabbit corneas for 11 
steroids. Permeability coefficients for each steroid were 
calculated, and their logarithms were plotted against their 
respective log octanol-water partition coefficients. A 

parabolic relationship fit the data, with optimal perme- 
ability observed at  a log partition coefficient of 2.9. Like- 
wise, Mosher and Mikkelson (6) determined the in vitro 
corneal transport of n-alkyl-p -aminobenzoate ester 
homologues. For this series a parabolic equation also fit the 
data; optimal permeability was observed at a log partition 
coefficient of 2.5-2.6 (n-propyl homologue). 

Although relative potency is a significant factor, a rapid 
penetration rate can contribute significantly to effective- 
ness. For example, prednisolone acetate (1% ophthalmic 
suspension) has been ranked as the most effective topical 
anti-inflammatory agent when the epithelium of the in- 
flamed cornea is intact (7), whereas prednisolone (equally 
potent orally) is not effective topically. The prodrug di- 
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Figure 1-Corneal holder for excised corneal preparation used in the 
permeability experiment. 
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Whenever an ophthalmic drug is applied topically to the 
eye, only a small amount (<lo%) actually penetrates the 
cornea and reaches the internal eye tissues (1-3). Precor- 
neal factors, such as rapid drainage by the nasolacrimal 
apparatus and noncorneal absorption, account for the poor 
absorption (4). As a result, optimal absorption depends on 
achieving a rapid penetration rate across the cornea to 
minimize the competing, but nonabsorptive rate factors. 
Rapid penetration either permits a lower dose to be ad- 
ministered or, in the case of an inactive drug, leads to the 
development of a clinically effective drug. 

The penetration potential of a drug with regard to its 
chemical structure can be assessed by the use of the par- 
tition coefficient of the drug. This has been shown for the 
cornea by Schoenwald and Ward (5) and by Mosher and 
Mikkelson (6). Schoenwald and Ward (5) determined the 
permeability rates across excised rabbit corneas for 11 
steroids. Permeability coefficients for each steroid were 
calculated, and their logarithms were plotted against their 
respective log octanol-water partition coefficients. A 

parabolic relationship fit the data, with optimal perme- 
ability observed at  a log partition coefficient of 2.9. Like- 
wise, Mosher and Mikkelson (6) determined the in vitro 
corneal transport of n-alkyl-p -aminobenzoate ester 
homologues. For this series a parabolic equation also fit the 
data; optimal permeability was observed at a log partition 
coefficient of 2.5-2.6 (n-propyl homologue). 

Although relative potency is a significant factor, a rapid 
penetration rate can contribute significantly to effective- 
ness. For example, prednisolone acetate (1% ophthalmic 
suspension) has been ranked as the most effective topical 
anti-inflammatory agent when the epithelium of the in- 
flamed cornea is intact (7), whereas prednisolone (equally 
potent orally) is not effective topically. The prodrug di- 
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Table I-Chemical Structures, pKn, and Partition Coefficients 
of &Blocking Agents 

Com- 
Structure pound pK, PC" 

Very lipophilic: 
OCH~-CHOH-CH~-NH-C ( c H ~ )  ' 

? 

CH 3 
OCHZ-CHOH-CH2-NH-CM (CH3) 
I 

Lipophilic: 

OCH~-CHOH-CH~-NH-C (CH3) 

0 
O-CH2-CHOH-CH2-NH-CH(CH3)2 
I 

CH2-CHOH-Cl12-NH-C (CH3) 
I 

n 0 

h-NP 
N. s /N 
OCH2-Cl10H-CH2-NH-CH (CH3) 
I 0 
CH2CH20CH3 

Hydrophilic: 

O-CH2-CHOH-C1i2-NH-CH (CH3) 

QCOCH3 NHOC-CHZCH2C11 

Penbut- 9.26 14,206.0 
0101 

Bufura- 8.97 4,460.0 
lo1 

Bevant- 8.38 
0101 

Propra- 9.23 
nolol 

Levbu- 9.32 
nolol 

Oxpren- 9.32 
0101 

Tim0101 9.21 

Metop- 9.24 
rolol 

Acebut- 9.20 
0101 

1010.0 

1640.0 

249.0 

235.0 

82.0 

76.0 

59.0 

- -  
continued 

Table I-Continued 

Com- 
Structure pound pK, PCn 

Hydrophilic: 

S0tal01 pK.1 0.24 CHOH-CH2-N11-CH (CH ) - - 3 2  
8.15 
PKan - - 
9.65 

NHS02CH 

OCH2-CHOH-CH2-NH-C (ClC3) Nadolol 9.39 8.5 a OH 

~ H ~ C O N I I ~  

Octanol-aqueous partition coefficient; the distribution coefficient was deter- 
mined a t  pH 7.4 and 35" and converted through Eq. 2 to PC. 

pivefrin is another example of a drug with improved cor- 
neal penetration when compared with the parent drug, 
epinephrine (8). A more rapid penetration rate for the 
prodrug has led to use of a reduced dosage and the obser- 
vation of less ocular side effects. 

The 0-blocking agent timolol was introduced commer- 
cially to treat glaucoma following topical instillation of eye 
drops. Propranolol(9), atenolol (lo), metoprolol (ll), and 
practolol (10) also lower intraocular pressure, whereas 
nadolol and sotalol appear not to (12), even though nadolol 
is approximately equal in potency to propranolol. The 
purpose of this study was to compare the permeability of 
a series of 0-blocking agents with a fourfold range in par- 
titioning behavior across excised rabbit corneas to deter- 
mine if optimal permeability can be identified. 

EXPERIMENTAL 

Drugs--P-Blocking agents used in the experiments included acebu- 
tolol hydrochloride', atenoloP, beventolol hydrochloride3, bufuralol 
hydrochloride4, levbunolol hydrochloride3, metoprolol tartrate5, nadolo16, 
oxyprenolol hydrochloride5, penbutolol sulfate7, propranolol hydro- 
chlorides, sotalol hydrochlorideg, and timolol maleatelo. Structures of 
each drug are shown in Table I. 

Potentiometric Titration Method for the Determination of 
pK.-A pH meter" connected to a titrator12 and equipped with a 
combination electrode13 was used. The titrator was equipped with a 
1.0-ml, syringe-type buret and was used for all titrations in the study. The 
buret was attached to a delivery tip capable of accurately metering 0.005 

May & Baker LTD Research Laboratories. 

Warner-Lambert Company, Pharmaceutical Research Division, Ann Arbor, 

Roche Products LTD, Research Department. 
CIBA Pharmaceutical Co., Division of CIBA-GEIGY Corp., Summit, N.J. 

6 E. R. Squibb & Sons, Inc., Princeton, N.J. 
Hoechst-Roussel Pharmaceuticals, Inc., Somerville, N.J. 
Ayerst Laboratories, Inc., New York, N.Y. 

9 Mead Johnson & Company, Evansville, Ind. 
lo Merck Sharp & Dohme Research Lab, Division of Merck & Co., Inc., Rahway, 

11 Model 620, Fisher Accumet pH meter. 
l2 Metrohm Multi-Dosimat E415, Herisau, Switzerland 
13 Metrohm AG 9100, Herisau, Switzerland. 

* Stuart Pharmaceuticals, Division of ICI Americas Inc., Wilmington, Del. 

Mich. 

N.J. 
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Figure 2-Modified perfusion chamber with the installation of two 
stirrers; the corneal rings and chambers are also pictured. 

ml of titrant into the titration cell. The cell had a capacity of 50 ml and 
was surrounded by a jacket through which 35" water was circulating. A 
0.29-mg/ml solution (1 mM) of a salt of each 0-blocking agent was pre- 
pared for titration. In the event that the drug species was a free base, an 
equivalent amount of hydrochloric acid was added. For some highly 
lipophilic drugs, such as penbutolol and bufuralol, a concentration as low 
as 100 pg/ml was used to prevent precipitation during drug titration. 

An aliquot (25-40 ml) of drug solution was accurately transferred to 
the titration cell, maintained at  35". Nitrogen continuously flowed over 
the sample solution to prevent carbon dioxide absorption from the sur- 
rounding air. At each titration interval, a volume of 0.005-0.02 ml of ti- 
trant was added while stirring. For the majority of &blocking agents, 
which have pKo values of 8-94 at  35', the titration usually started at  pH 
4 and ended at pH 10 or 11. A modified Gran plot was used to determine 
the K,, for each compound (13) with the exception of sotalol, which 
contained two K ,  values determined by the Speakman method (14). 

Determination of Distribution Coefficients (15)-Sorensen's 
phosphate buffer (pH 7.38) was prepared from monobasic potassium 
phosphate and dibasic sodium phosphate. The buffer and octanol were 
mutually saturated at 35" before use. The distribution coefficient a t  35' 
was determined by dissolving drug in the aqueous-buffer phase and 
shaking intermittently with octxmol at 35' for 5 hr to reach a distribution 
equilibrium. The volume ratio of octanol and buffer depended on the 
lipophilicity of the drug. The volumes of each phase were chosen so that 
drug concentration in the aqueous phase, before and after extraction, 
could be measured by high-performance liquid chromatography (HPLC). 
Centrifugation was used to separate the two phases. 

The distribution coefficient (DC) was calculated by: 

(Eq. 1) 

where cb and C, represent the concentrations in the aqueous-buffer 
phase before and after distribution, respectively; V, represents the 
volume of the aqueous phase; and V,, the volume of the octanol phase. 
The partition coefficient (PC) was calculated from the distribution 
coefficient by: 

(Eq. 2) antilog (pH - pK,) 
PC = DC (1 + 

The pH was measured from the buffered phase at 35' after distribution 
was complete. All distribution coefficients reported here were measured 
at  pH 7.4, but through the use of Eq. 2 were converted to pH 7.65, the pH 
of the excised corneal experiments. 

Excised Cornea Procedure-Male New Zealand White rabbitsI4, 
weighing 1.6-2.0 kg each, were sacrificed by injecting a bolus of air into 
the marginal ear vein. The intact eye, along with the lids and conjunctival 
sac, was then enucleated. The exposed cornea of the enucleated eye was 
carefully placed on a corneal holder, which maintained the cornea cur- 
vature and held the eye in place (5,16,17). Various tissues of the eye were 
dissected leaving the cornea, a small ring of scleral tissue, and the pal- 
pebral conjunctiva, which was tied to the corneal ring (Fig. l). 

The conjunctival and scleral tissue served as a gasket and permitted 

I' Morrison Rabbitry. West Branch, Iowa. 

Table 11-Experimental Conditions for the HPLC Assay of 
p-Blocking Agents 

Wavelength, Methanol, Flow Rate, 
Drug Columna nm %b ml/min 

Acebutolol A 254 20,38 2 
Atenolol A 254 20,7.5 2 
Bevantolol B 254 28,30 2 
Bufuralol B 254 28,30 2 
Lev b u n o 1 o 1 B 254 28,47 2 
Meto rolol A 280 35,35 2 
NndnPol A 254 20.31 2 - . - - -. - . .~ 

Oxprenolol B 280 22; 15 2.5 
Penbutolol B 254 25.62.2 2 
Propranolol B 254 28,23 2 
Sotalol A 254 42c, 30 2.5 
Timolol A 254 42c, 30 2.5 

(A) p-Bondapak C18; (B) g-Bondapak CN. Waters Associates, M/lford, Mass. 
b The two numbers represent the percentage of methanol In the moblle phsse for 
partitioning and corneal permeability determinations, respectively; the aqueous 
phase contained 1.5% acetic acid and w8s adjusted to pH 4 by sodium hydroxide. 
c The aqueous phase consisted of 58% 0.005 M heptanesulfonic acid and 1% acetic 
acid; the flow rate w&s 2.0 ml/min for these conditions. 

the cornea to be suspended within the corneal ring, which was then po- 
sitioned between rings l and 2 and placed in the center of the perfusion 
chamber. The chamber was made from acrylic plastic15 and was jacketed 
to maintain the cornea and the perfusion solution at  35' (5,16,17). 

Bicarbonated Ringer's solution was modified (17) to preserve tissue 
integrity of an excised cornea over 6 hr and used throughout the perfusion 
studies. It was prepared in two parts: Part I was composed of sodium 
chloride (12.4 ghiter), potassium chloride (0.716 gfliter), monobasic so- 
dium phosphate monohydrate (0.206 gAiter), and sodium bicarbonate 
(4.908 ghiter); part I1 was composed of calcium chloride dihydrate (0.230 
ghiter), magnesium chloride hexahydrate (0.318 ghiter), glucose (1.80 
g/liter), and oxidized glutathione16 (0.184 g/liter). Both parts were stored 
in the refrigerator and were used in -3 weeks to prevent mold growth. 
Equal volumes of parts I and I1 were mixed prior to use. 

Within 20-40 min of death, the cornea was mounted and clamped 
between two cylindrical compartments of the perfusion chamber. A 
measured volume (7.0 ml) of bicarbonated Ringer's solution was added 
first to the endothelial side as the receiving solution to prevent the cornea 
from buckling. An equal volume of solution containing a 0-blocking agent 
was then added to the epithelial side as the drug solution. The perfusion 
chamber system was designed in such a way that the height of the re- 
ceiying solution was slightly higher than that of the drug solution to en- 
sure that the cornea would not buckle during the course of the experi- 
ment. A mixture of 0 4 0 2  (955) was bubbled through the fluids in both 
chambers for 10 min to achieve a pH of 7.65 before being added to the 
perfusion chamber. Circulation of fluid inside each half chamber was 
induced immediately by bubbling the same gas mixture through at  a rate 
of three to five bubbledsec to maintain the solution at  a constant pH of 
7.65. 

Samples ranged from 0.1 to 0.5 ml depending on the assay sensitivity 
of each drug. Samples were withdrawn from the receiving chamber (i.e., 
endothelial side) over a 4-hr period. An equal volume of solution was 
immediately added to the receiving solution to  maintain a constant vol- 
ume. The first sample was withdrawn within 2 min after starting the 
permeation and served as a control to detect leakage and rapid pene- 
tration. Subsequent samples were taken approximately every 40 rnin 
through the 4-hr period. 

The sampling method for the corneal permeability experiments of 
levbunolol and nadolol varied from other drugs in that equal volumes of 
solutions (0.1 ml) were removed from both sides of cornea. In this way, 
equal volumes on both sides were maintained throughout the experi- 
ment. 

After each permeability experiment, the cornea was trimmed of excess 
scleral tissue and conjunctiva, weighed, and dried in an oven overnight 
a t  103". After each cornea was dried, i t  was reweighed so that the hy- 
dration level of the wet cornea could be determined. The normal cornea 
has a hydration level of 7680% (18). If manipulation of the cornea or if 
the drug itself led to damage of the epithelium and/or endothelium, then 
the hydration level would rise (83-92%) and the data were discarded. 

Determination of Aqueous Diffusional Layer Resistance in the 
Perfusion Chamber-Fluid circulation in the chamber was provided 

~ ~ 

Medical Research Instruments, University of Iowa, Iowa City, Iowa. 
l6 Aldrich Chemical Co., Inc., Milwaukee, Wis. 
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Figure 3-Permeability rate of propranolol(0) and atenolol(0) across 
single excised rabbit corneas including linear regression lines; the initial 
concentrations for propranolol and atenolol were 85 and 2000 pcglml, 
respectively. 

by maintaining a rate of three to five gas bubbledsec. This maintains good 
mixing within each half chamber, as can be shown by adding a drop of 
colored solution into either half of the chamber and observing the ho- 
mogeneous color that occurs in <1 min. However, to accurately determine 
the resistance of the cornea, it was necessary to detect and measure the 
magnitude of aqueous diffusional layer resistance, Raq; consequently, 
the stirring was modified for these experiments. 

The perfusion chamber was modified by installing two stirrers, one on 
each side of the cornea, with the center of each stirrer affixed 1 cm from 
the center of the corneal ring. Figure 2 depicts the modified perfusion 
chamber and rings used in mounting the cornea. In preliminary experi- 
ments it was observed that different rates of stirring induced varying 
degrees of swelling due to mechanical injury of the epithelium and en- 
dothelium. 

An important purpose of the epithelium and endothelium is to control 
the thickness of the cornea by maintaining hydration levels at N 78%. By 
completely removing the epithelium and endothelium, the remaining 
stromal layer reached a constant and maximal thickness within the first 
30 min of stirring such that subsequent changes in the stirring rate had 
no effect. The epithelium was removed by scraping with the blunt end 
of a scalpel blade. The endothelium was gently rubbed off with a cot- 
ton-tipped applicator (19). The removal of endothelium could be detected 
with the aid of a dissecting microscope. The epithelium was removed 
immediately following enucleation; the endothelium was removed just 
prior to mounting in the perfusion chamber. Atenolol(500 pg/ml) was 
chosen as the diffusing substance for these experiments. Since the 
aqueous diffusional barrier is independent of drug, these results were 
interpreted for the other P-blocking agents as well. 

Once drug was placed adjacent to the cornea, the stirring speed was 
increased in steps every 30 rnin over a 4-hr period. The apparent per- 
meability coefficients were determined for each 30-min increment. A 
sample was removed for atenolol analysis at the beginning and end of each 
30-min period; both samples were used to calculate the permeability 
coefficient for each stirring speed. To minimize biological variability, each 
cornea was used to generate five or six permeability coefficients over a 
period of 4 hr. 

Drug Assay-An HPLC method was used for analysis of each drug. 
The HPLC system included an injector17, solvent delivery system, UV- 
absorption detector17, columnls, and recorder'g. The injector was 
equipped with different-sized loops, ranging from 50 pl to 200 ml, which 
enabled the injection of an accurate volume of sample solution. A solution 
of known concentration was used as an external standard. Each sample 
solution was divided so that two injections could be made and the results 
averaged. 
-~ ~~ ~ ~ 

Model 7125 injector; Rheodyne, Cotati, CA 94928. 
M-6000 A solvent delivery system, Model 440 absorbance detector, p-Bondapak 

C18, and F-Bondapak CN Columns; Waters Associates, Milford, MA 01757. 
l9 Model 5211-1; OmniScribe; Houston Instruments, Austin, Tex. 
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Figure 4-Nonlinear regression results of the diffusional resistance 
of atenolol to stirring rate through excised rabbit stromal preparations. 
Each point is the average of 3-6 determinations; standard deviations 
were 510% of the  mean. 

The mobile phases consisted of varying ratios of methanol and 
deaerated, deionized water containing 1.5% acetic acid, adjusted to pH 
4 using sodium hydroxide. One exception was the mobile phase for sotalol 
and timolol, which utilized 0.005 M heptanesulfonic acid (to increase 
retention time) and 1% acetic acid. Table I1 lists the types of columns 
used, wavelengths a t  which UV measurements were made, methanol 
content of the mobile phase, and mobile phase flow rate. Methanol per- 
centages in the mobile phases varied depending on whether partitioning 
or permeability experiments had been conducted. Drug solutions with- 
drawn from the endothelial side following corneal permeability contain 
polar extracts from the cornea which were eluted from the column within 
1-3 min. In all experiments the retention times for the drugs were be- 
tween 4 and 12 min. Linearity existed over the concentrations employed 
for each 8-blocking agent (correlation coefficients >0.99). 

Calculation of Permeability Coefficients-The apparent perme- 
ability coefficient (Papp, cm/sec) was determined by (19): 

AQ 
At (3600)ACo Papp = (Eq. 3) 

where the term AQlAt is the permeability rate ( i e . ,  steady-state flux, 
pg/hr) of drug across each excised cornea, Co is the initial drug concen- 
tration (pg/ml), A is the corneal surface area (cm2), and 3600 is the con- 
version of hours to seconds. Corrections of CO were made to account for 
the sample volume removed over time and subsequently replaced with 
blank solution. 

The corneal thickness increases with hydration, and the permeability 
coefficient is inversely proportional to barrier thickness. Therefore, i t  
was important to determine corneal thicknesses. For a 2-kg rabbit, the 
corneal thickness ( h )  can be determined by: 

0.42 t H h (cm) =- 
100 (Eq. 4) 

where H is the mg of water/mg of dry tissue (20). When stromal thick- 
nesses were swollen due to epithelial and endothelial removal, the stroma 
resistances, Rstrawl. that were used to assess the aqueous diffusional 
barrier were corrected to the normal stromal thickness as existing in intact 
cornea ( i e . ,  Rstr,int) by: 

hint 
Rstr.int = Rstr,swl (GJ (Eq. 5) 

where subscripts int and swl represent intact cornea and swollen stroma, 
respectively. 

RESULTS AND DISCUSSION 

The pK. and partition coefficients of each P-blocking agent are listed 
in Table I. Although the aromatic substituents varied substantially for 
the series, these were too far removed from the amino group to exert much 
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of an effect on the pK, values. Therefore, most pK, values were within 
a narrow range (8.97-9.65). The pK, of bevantolol was slightly lower 
(8.38) because of the electron-withdrawing effect of the ethoxybenzyl 
substituent. Sotalol has two pK, values, 8.15 and 9.72, which are close 
to one another and compare reasonably well to the values of 8.30 and 9.80 
published by Garrett and Schnelle (21) using the potentiometric titration 
method at 25O. The anilino group in sotalol acts as a weak acid as a result 
of the electron-withdrawing effect of the neighboring sulfonyl group. 
Ionization of the anilino group accounts for spectral shifts (21) and cor- 
relates with the pK, of 8.15. The second pK,, 9.72, was then assigned to 
the protonated amine group in the alkyl side chain of sotalol. 

The distribution coefficients obtained from the extraction method 
using octanol and Sorenson's buffer varied over a fourfold log range. The 
range in partitioning behavior of the series is a consequence of the dif- 
ferences in aromatic substitution. The partitioning results permitted the 
compounds to be grouped as very lipophilic, lipophilic, or hydrophilic, 
classifications which were predictable from structural considerations. 
In addition to the amino group, the hydrophilic compounds also con- 
tained relatively polar substituents on the aromatic ring. Therefore, 
hydrogen bonding interactions with water are greater for atenolol and 
acebutolol, which contain amido groups, for nadolol, which contains a 
dihydroxy function and for sotalol, which contains a sulfonamido moiety. 
The very lipophilic compounds, on the other hand, contain hydrophobic 
substituents. The cyclopentyl group on the benzene ring gives penbutolol 
a high distribution and partition coefficient, whereas the furanyl group 
imparts lipophilicity to bufuralol. The ethoxybenzyl substituent in be- 
vantolol not only lowers its pK,, but also increases its lipophilicity. The 
high partition coefficient of propranolol is a result of the high lipophilic 
contribution of naphthalene. Based on the partitioning results of the very 
lipophilic and hydrophilic compounds, the remaining compounds 
(levbunolol, oxyprenolol, timolol, and metoprolol) appear to contain 
substituents of an intermediate nature as far as polarity. 

Corneal Permeability-The permeability coefficients of each 
P-blocking agent were obtained by linear regression of the steady-state 
flux. Figure 3 shows a plot of Q uersus t for propranolol and atenolol 
across excised rabbit corneas. The data points closely fit the least-square 
regression line once steady state has been reached. The lag time, defined 
by the linear intercept on the time axis, is related to the time required 
to reach steady-state permeation; more specifically, it is inversely related 
to the permeability coefficient. Consequently, the more rapidly pene- 
trating compounds will have a shorter lag time and a greater steady-state 
flux. The slope of the straight line (AQ/At), was substituted into Eq. 3 
to obtain the apparent permeability coefficient. The apparent perme- 
ability coefficient also contains any aqueous diffusional layers that may 
exist on each side of the cornea. 

Mathematical Model Relating St i r r ing Rate  to Aqueous Dif- 
fusional Layer Resistance-The total diffusional resistance, Rap,, 
through a multilayered barrier is represented by (22): 

where i represents each homogeneous barrier in series, n represents the 
total number of barriers, h represents barrier thickness, A represents 
surface area, D represents the diffusion coefficient, and PC represents 
the partition coefficient (22). With regard to significant diffusional layers, 
the rabbit cornea possesses two main tissue types: the lipophilic epithe- 
lium and endothelium, and the hydrophilic stroma. Assuming the exis- 
tence of an aqueous diffusional barrier, the apparent resistance of the 
cornea can be considered as layers in series (23,24) or: 

or 

Rapp = RT + Raq (Eq. 8) 

where Raq represents the sum of aqueous diffusional resistances on each 
side of the cornea and RT represents the sum of the resistances of the 
corneal layers (epithelium, stroma, and endothelium). 

According to the Nernst theory (25), there is a thin layer of static liquid 
of thickness ha, immediately adjacent to a solid body. Outside of the 
static liquid layer is the well-stirred bulk solution. Experimental deter- 
minations have shown that the aqueous diffusional layer thickness, haq, 
can be expressed as: 

on the experimental conditions ranging from n = 0.33 to 11. The thick- 
ness measurements representing the diffusional layer are apparent and 
not real. For example, experimental measurements have shown that the 
liquid retains its mobility down to a distance from the solid surface 
smaller than h,. Despite the fact that the Nernst theory may not exactly 
represent the diffusional behavior at the interface of liquid and solid, it 
can be used empirically to calculate Raq (25). 

In determining the resistance of the &blocking agents across excised 
rabbit corneas within the stirred perfusion chamber, the following 
equation, which combines Eqs. 6-9, was considered: 

haql haqz Rapp = Rstr + - + - 
DA(PC) DA(PC) (Eq. 10) 

where haql and haqz are the aqueous diffusional layer thicknesses on each 
side of the mounted cornea a t  a given stirring rate, and Rstr represents 
the membrane resistance for the stroma. Rap, is measured experimentally 
a t  a specific stirring rate, i .e. ,  l/Papp 

By assigning ha, = haql + haqz and substituting V-" for h,, then Eq. 
10 can be expressed as: 

V-" 
DA(PC) Rapp = Rstr + - (Eq. 11) 

In the modified perfusion chamber, the stirrer is a t  the center of a circle 
1 cm in diameter which contacts tangentially with the membrane and the 
perfusion chamber wall. Assuming that the liquid velocity tangential t o  
the membrane, V, is proportional t o  the angular velocity of stirring, u, 
then Eq. 9 becomes: 

(Eq. 12) 

where m is a proportionality factor between the liquid velocity (cm/sec) 
and the angular velocity (rad/secIm. To perform the nonlinear regression 
analysis the diffusion coefficient (D) was approximated by 1 X 
cm2/sec, an appropriate estimate for compounds of 200-300 molecular 
weight (22); PC was assigned a value of 1 for the aqueous system, and A 
was assigned a value 1.087 cm2, which represented the surface area of the 
cornea used throughout the study. The remaining unknown parameter 
values (RT, rn, and n )  were determined from the nonlinear regression 
analysis*l. Figure 4 shows the results for atenolol permeation through 
excised stromal preparations with stirring rates varying from 425 to  1050 
rpm. The computer-generated parameter values substituted into Eq. 10 
become: 

Rapp = 26.8 X lo3 + 100,000 (0.1006~)-~.~' (Eq. 13) 

where 26.8 X 103 sec/cm represents the intrinsic stromal resistance, Raw 
The apparent stromal resistance to atenolol permeation was 30.5 X 18 
sec/cm. This latter value represents the experimental conditions for the 
perfusion chamber when stirred with the bubbling action of O&Oz. The 
difference between the two resistances (Rapp - Rstr) is 3.7 X lo3  sec/cm 
and represents the aqueous diffusional layer resistance, Raq. This value 
was used in determining the intrinsic membrane resistances for the other 
@-blocking agents. 

Permeabili ty versus Partitioning Correlations-Figure 5 shows 
a plot of log PT 22 against log PC; Table I11 contains the calculated pa- 
rameter values. The data, although somewhat scattered, shows a plateau 
region for the very lipophilic compounds (propranolol, bufuralol, bevan- 
tolol, and penbutolol). The rate-determining factor responsible for the 
plateau region is not a result of the aqueous diffusion layer, since its 
contribution was subtracted from the experimentally determined per- 
meability coefficients. The permeability rate is probably controlled by 
the hydrophilic stroma for these very lipophilic compounds. The rela- 
tively poor permeability shown for the hydrophilic compounds nadolol 
and sotalol possibly explains their poor potential for lowering intraocular 
pressure. 

Multiple regression analysesz3 (26) were performed on the data to find 
the best set of parameters to describe the change in log PT with a change 
in either log PC or log DC. Although the ranges in molecular weight and 
pK, were relatively narrow for the P-blocking agents selected for study, 

~ ~~ 

rpm was converted to rad/sec by: rad/sec = rprn(2a)/60. 
21 Nonlinear regression was performed using the BMDP3R programs on an 

IBM370, at the University of Iowa Computer Center, University of Iowa, Iowa City, 
IA 52242. ~~~ 

22 PT represents the permeability coefficient across the intact excised rabbit 

Multiple linear regression was performed using the BMDPlR, BMDPPR, and 
h aq = v - n  (Eq. 9) cornea; PT = I/RT. 

where V is the velocity of the moving liquid. The exponent n depends BMDPSR regression programs on an IBM370 computer. 
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Figure 5-Log-log plot of permeability coefficient (pH 7.65) and dis- 
tribution coefficient (pH 7.65). The regression curue is represented by: 
log PT = 0.623 log DC - 0.108 (log DC) ’ - 5.0268, where r = 0.9756 and 
n = 11; acebutolol (H) is included in the figure, but not in the regression 
curoe. 

a log MW term and a log DP4 term were included in the analysis. Mo- 
lecular weight (MW) is inversely related to diffusion and has been shown 
to improve correlations of this type (27,281. Because of the plateau region 
(Fig. 5), a (log PC)’ or (log DC)* term was also included. All possible 
subsets were analyzed, beginning with the intercept plus one parameter, 
then the intercept plus two parameters, etc., up to the single set repre- 
senting the intercept plus the maximum of four parameters. The corre- 
lation coefficient ( r )  and systematic deviation were used as the criteria 
to judge the best fit. The best fit for log PT was represented as a function 
of all the parameters: 

log PT = 1.01 log PC - 0.115(10g PC)’ - 5.64 log MW 
- 10.4 log DI + 7.27 (Eq. 14) 

r = 0.9272 p = 0.0041 n = 12 
Both molecular weight and degree of ionization showed the expected 
inverse relationship to permeability. However, with either the molecular 
weight or degree of ionization term omitted from the regression analysis, 
the correlation coefficient was reduced only minimally to 0.8989 or 0.8678, 
respectively. With both molecular weight and degree of ionization re- 
moved, the correlation coefficient was 0.8560. With only the log PC term 
and the intercept, the regression analysis yielded a correlation coefficient 
of 0.8523. This latter linear regression line, however, shows systematic 
deviation at the plateau region and was not considered an acceptable fit 
to the data. 

When DC was substituted for PC the multiple regression analyses 
produced an equally good fit: 

log PT = 0.681 log DC - 0.123(10g DC)2 - 5.04 log MW 
- 2.64 log DI + 7.22 (Eq. 15) 

r = 0.9282 p = 0.0040 n = 12 

When the degree of ionization was removed from consideration in Eq. 
15, the correlation. coefficient was reduced slightly to 0.9223. The lack 
of improvement from considering the degree of ionization is under- 
standable, since the distribution and permeability coefficients represent 
the data at the same pH. By excluding the molecular weight term and (log 
DC)*, the correlation coefficient was 0.8908 illustrating the small, but 
necessary, contribution of the squared term when systematic deviation 
is considered. 

The hydrophilic acebutolol deviated the most from any regression line. 
By considering acebutolol as an outlier and excluding it from the re- 
gression analysis, the correlation coefficients increased. For example, the 
best regression lines yielded 

log PT = 0.972 log PC - 0.112(10g PC)’ - 2.71 log MW 
- 9.26 log DI + 0.219 (Eq. 16) 

DI represents degree of ionization and was calculated from: DI = 1/11 + antilGg 
(PH - pK)l .  

Table 111-Permeability Coefficients and Physical Constants of 
&Blocking Agentsa 

log PT, 
Drug cm/sec logDC logPC logMW logDI 

Penbutolol -4.22 2.53 4.15 2.46 -0.0106 
Bufuralol -4.14 2.31 3.65 2.44 -0.0200 
Bevantolol -4.17 2.19 3.00 2.50 -0.0740 
Propranolol -4.24 1.62 3.21 2.41 -0.0114 
Levbunolol -4.76 0.72 2.40 2.51 -0.0092 

2.42 -0.0092 Oxprenolol -4.56 0.69 2.37 
-4.91 0.34 1.91 2.49 -0.0119 Timolol 

Metoprolol -4.62 0.28 1.88 2.50 -0.0110 
Acebutolol -6.07 0.20 1.77 2.52 -0.0119 
Nadolol -5.99 -0.82 0.93 2.49 -0.0079 

-5.79 -1.25 -0.62 2.43 -0.0040 
Atenolol -6.17 -1.52 0.16 2.42 -0.0092 
Sotalol 

PT re resents the permeability coefficient across the intact excised rabbit 
cornea; D8 represents distribution coefficient; PC represents partition coefficient; 
MW represents molecular weight; DI represents degree of ionization. 

r = 0.9696 p = 0.0008 n = 11 

log PT = 0.623 log DC - 0.108(10g DC)’ - 5.0268 (Eq. 17) 
r = 0.9756 p < O.oooO9 n = 11 

Equation 17 predicts an optimum log DC value of 2.88, determined by 
setting d log PT/d log DC equal to zero and solving for log DC. However, 
there is no experimental evidence that a parabola would best describe 
the data. Compounds of greater lipophilicity than penbutolol could not 
be obtained to test this phenomenon. 

Although correlations of this type are helpful in predicting useful 
molecular modifications, extrapolation to in uioo ophthalmic bioavail- 
ability must take into consideration solubility, the short residence time 
of instilled drops in the eye, and rapid metabolism or poor distribution 
to the target tissue. For example, a drug may have ideal partitioning 
behavior, but if it is not soluble, its concentration in tears will be too low 
to achieve an adequate penetration rate since the penetration rate is equal 
to the permeability coefficient multiplied by tear concentration. If a 
suspension is formulated because of the poor drug solubility, expulsion 
of the particles by the eye may take place before solubilization occurs, 
resulting in lower bioavailability. 
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Abstract  o.Rabbit corneas were excised and mounted in a chamber to 
determine the permeability characteristics of a group of /3-blocking 
agents. By measuring the permeability rate of each drug across intact 
cornea, stroma alone, epithelium-stroma, and stroma-endothelium, it 
was possible to determine the resistance to penetration for each corneal 
layer. The reciprocal of the sum of resistances for the epithelium, stroma, 
and endothelium equaled the experimentally determined permeability 
coefficient for the intact cornea (104 f 6.0%). Thus, the penetration of 
/%blocking agents through the excised rabbit cornea could be treated as 
three barriers in series. For hydrophilic compounds, the epithelium was 
the rate-determining barrier. The endothelium offered less resistance, 
whereas the stroma offered only very minimal resistance. The lipophilic 
compounds penetrated the excised cornea more rapidly. However, the 
stroma became rate-determining for the most lipophilic compounds 
(penbutolol, bufuralol, bevantolol, and propranolol). Although the octa- 
nol-buffer (pH 7.65) distribution coefficient of these compounds varied 
over a fourfold logarithmic range, the permeability coefficient was con- 
sidered nearly constant [3.4 X (f0.34) cm/sec] for stroma. Also, the 
ratios of tortuosity to porosity for the stromal layer were 1.58 f 0.15. 
These results suggest that drug diffuses through an aqueous media of 
gel-like mucopolysaccharide interspersed by a matrix of collagen fibrils. 
From further analyses intra- and intercellular pathways for epithelium 
and endothelium were added to the model resulting in a sigmoidal rep- 
resentation of permeability coefficient uersus distribution coefficient. 
However, the intercellular (pore) pathway could not be adequately 
quantified because of the variation in the data for very hydrophilic 
compounds. 
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To optimize the penetration rate of drugs across bio- 
logical membranes, quantitative multiple regression 
analyses are conducted to relate permeability to various 
physicochemical factors (1-3). These factors are often 
related through a sum of log terms, including partition 
coefficient, molecular weight, and degree of ionization. 
With the use of a digital computer and the appropriate 
algorithms, the regression analysis can be performed by 
a stepwise addition or deletion of each term or by com- 
paring all possible subsets of the terms (4). In this way the 

significance of each term can be ascertained. Once all rel- 
evant physiochemical properties have been defined, an 
optimal chemical structure can be proposed. This semi- 
empirical approach, however, does not characterize the 
biological limitations imposed by the membrane, such as 
the significance of parallel aqueous pore pathways or 
limiting diffusional layers. 

The permeability coefficients (PT) of 12 P-blocking 
agents through excised rabbit corneas mounted in a per- 
fusion chamber a t  pH 7.65 were determined in the previous 
paper ( 5 ) .  Through multiple regression analyses (excluding 
one outlier), log PT could be related to partitioning factors 
by: 

log PT = 0.6228 log DC - 0.1081(10g DC)2 - 5.03 
r = 0.9756 p < 0.00009 n = 11 (Eq. 1) 

where DC represents the octanol-buffer (pH 7.65) distri- 
bution coefficient. Neither a log molecular weight term nor 
a log degree of ionization term significantly improved the 
correlation. The parabolic equation represented in Eq. 1 
predicted optimal penetrability at a log DC value of 2.88, 
the apex of the parabola. However, the experimental data 
(log PT uersus log DC) was curvilinear, leveling off to a 
plateau such that the asymptotic transport model of Ho 
et a1. (6) could be applied. It is the purpose of this study 
to  determine the limiting biological factors governing the 
steady-state flux of &blocking agents across the multi- 
layered excised rabbit cornea. 

EXPERIMENTAL 

Drugs-b-Blocking agents used in the experiments were acebutolol 
hydrochloride’, atenolol*, bevantolol hydrochloride3, bufuralol hydro- 
chloride4, levbunolol hydrochloride?, metoprolol tartrate5, nadolo16, 
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Abstract  o.Rabbit corneas were excised and mounted in a chamber to 
determine the permeability characteristics of a group of /3-blocking 
agents. By measuring the permeability rate of each drug across intact 
cornea, stroma alone, epithelium-stroma, and stroma-endothelium, it 
was possible to determine the resistance to penetration for each corneal 
layer. The reciprocal of the sum of resistances for the epithelium, stroma, 
and endothelium equaled the experimentally determined permeability 
coefficient for the intact cornea (104 f 6.0%). Thus, the penetration of 
/%blocking agents through the excised rabbit cornea could be treated as 
three barriers in series. For hydrophilic compounds, the epithelium was 
the rate-determining barrier. The endothelium offered less resistance, 
whereas the stroma offered only very minimal resistance. The lipophilic 
compounds penetrated the excised cornea more rapidly. However, the 
stroma became rate-determining for the most lipophilic compounds 
(penbutolol, bufuralol, bevantolol, and propranolol). Although the octa- 
nol-buffer (pH 7.65) distribution coefficient of these compounds varied 
over a fourfold logarithmic range, the permeability coefficient was con- 
sidered nearly constant [3.4 X (f0.34) cm/sec] for stroma. Also, the 
ratios of tortuosity to porosity for the stromal layer were 1.58 f 0.15. 
These results suggest that drug diffuses through an aqueous media of 
gel-like mucopolysaccharide interspersed by a matrix of collagen fibrils. 
From further analyses intra- and intercellular pathways for epithelium 
and endothelium were added to the model resulting in a sigmoidal rep- 
resentation of permeability coefficient uersus distribution coefficient. 
However, the intercellular (pore) pathway could not be adequately 
quantified because of the variation in the data for very hydrophilic 
compounds. 

Keyphrases 0 (%Blocking agents-permeability characteristics, excised 
rabbit corneas, barrier contributions Permeability- p-blocking agents, 
excised rabbit corneas, barrier contributions 0 Ophthalmic drugs- 
fi-blocking agents, corneal permeability, rabbits, barrier contributions 

To optimize the penetration rate of drugs across bio- 
logical membranes, quantitative multiple regression 
analyses are conducted to relate permeability to various 
physicochemical factors (1-3). These factors are often 
related through a sum of log terms, including partition 
coefficient, molecular weight, and degree of ionization. 
With the use of a digital computer and the appropriate 
algorithms, the regression analysis can be performed by 
a stepwise addition or deletion of each term or by com- 
paring all possible subsets of the terms (4). In this way the 

significance of each term can be ascertained. Once all rel- 
evant physiochemical properties have been defined, an 
optimal chemical structure can be proposed. This semi- 
empirical approach, however, does not characterize the 
biological limitations imposed by the membrane, such as 
the significance of parallel aqueous pore pathways or 
limiting diffusional layers. 

The permeability coefficients (PT) of 12 P-blocking 
agents through excised rabbit corneas mounted in a per- 
fusion chamber a t  pH 7.65 were determined in the previous 
paper ( 5 ) .  Through multiple regression analyses (excluding 
one outlier), log PT could be related to partitioning factors 
by: 

log PT = 0.6228 log DC - 0.1081(10g DC)2 - 5.03 
r = 0.9756 p < 0.00009 n = 11 (Eq. 1) 

where DC represents the octanol-buffer (pH 7.65) distri- 
bution coefficient. Neither a log molecular weight term nor 
a log degree of ionization term significantly improved the 
correlation. The parabolic equation represented in Eq. 1 
predicted optimal penetrability at a log DC value of 2.88, 
the apex of the parabola. However, the experimental data 
(log PT uersus log DC) was curvilinear, leveling off to a 
plateau such that the asymptotic transport model of Ho 
et a1. (6) could be applied. It is the purpose of this study 
to  determine the limiting biological factors governing the 
steady-state flux of &blocking agents across the multi- 
layered excised rabbit cornea. 

EXPERIMENTAL 

Drugs-b-Blocking agents used in the experiments were acebutolol 
hydrochloride’, atenolol*, bevantolol hydrochloride3, bufuralol hydro- 
chloride4, levbunolol hydrochloride?, metoprolol tartrate5, nadolo16, 
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Table I-Permeability Coefficients and Hydration Levels for the Permeation of &Blocking Agents Across Excised Corneal 
PreDarations a 

~ 

Stromal and Epithelial and 
/3-Blocking Intact Cornea Endothelial Layers Stromal Layers Stroma Only 

Penbutolol 44.9(5.1) 80.3( 1.4) 29.4(5.4) 90.4(0.5) - 

b Agent Paw HLC Paw HLC P a w  HL P a w b  H L c  

Bufuralol 57.0(6.8) 79.7(1.1) 40.2(1.7) 90.5(0.3) 48.1(0.3) 89.5(0.7) 39.5(1.7) 92.5(1.0) 
Bevantolol 53.9(5.0) 79.4(0.7) 34.0(2.7) gO.l(O.4) 45.1(4.6) 90.2(0.5) 34.3(2.3) 93.0(0.4) 
Pro ranolol 47.6(1.7) 79.5(0.4) 31.2(1.2) 89.4(0.7) 39.3(5.1) 90.3(0.3) 35.1(1.6) 91.7(0.3) 

Oxprenolol 25.1(1.2) 79.6(1.1) 31.0(1.1) SS.S(O.2) 26.1 (1.6) 89.9(0.2) 36.7(4.0) gl.g(O.2) 

Metoprolol 22.0(1.6) 79.0(0.7) 28.2(2.5) 87.5(0.3) 23.G0.9) 89.0(0.3) 33.7(1.0) 91.9(0.5) 
Acebutolol 0.85(0.06) 76.3(0.90) 9.33(0.91) 86.1(2.5) 0.97(0.060) 89.9(0.5) 30.0(2.1) 92.6(0.3) 

Atenolol 0.67(0.10) 77.0( 1.7) 15.7(1.1) 91.7(0.4) 0.64(0.27) 87.6(0.5) 32.8(2.0) 92.0(0.2) 

- - - 

- - Levgunolol 16.4(1.4) 81.5(1.3) 25.3( 1.7) 90.3(0.9) - - 

Timolol I1.7( 1.3) 77.4(2.9) 25.6U.3) 87.8(0.6) - - - 

Sotalol 1.60(0.40) 77.5( 1.5) 18.3(1.8) 90.9(0.8) - - 
Nadolol 1.03(0.12) 77.1(0.7) 15.0(0.7) 91.3( 1.4) - 

- - 
- - - 

Standard deviation in parentheses. Apparent permeability coefficient (10-6 cm/sec); n = 4-8 for each determination. Hydration level (percent of water in excised 
cornea following permeation experiment). 

oxyprenolol hydrochloride5, penbutolol sulfate', propranolol hydro- 
chlorides, sotalol hydrochlorideg, and timolol maleate"? The distribution 
coefficients used in this study, as well as the general procedure for de- 
termining the coefficients, were described in the previous paper (5). 

Excised Cornea Procedure-Male New Zealand White rabbits", 
weighing 1.6-2.0 kg each, were sacrificed by injecting a bolus of air into 
the marginal ear vein. The experimental procedure for excising and 
mounting the corneas in the perfusion chamber were described previously 
(5). Four different corneal preparations were used in the permeability 
experiments: the intact cornea, stroma, epithelium-stroma, and endo- 
thelium-stroma. 

The epithelium and/or endothelium was removed before mounting 
in the perfusion chamber. The entire epithelium was removed immedi- 
ately after enucleation by scraping with the blunt end of a scalpel blade. 
The endothelium was removed after excising the cornea and attaching 
it to the corneal ring, but just prior to mounting in the perfusion chamber. 
It was removed by carefully and gently rubbing the endothelial surface 
with a cotton-tipped applicator (7,8). The removal of endothelium could 
be detected with the aid of a dissecting microscope. Whenever a particular 
corneal layer was removed, the remaining layers were left undisturbed. 
Solutions used during the permeability experiments as well as sampling 
procedure, assay methodology, and permeability coefficient calculations 
were described in the previous paper (5). 

Corneal Thickness-Following each permeability experiment, the 
corneal preparations were weighed and dried in an oven at  103' for b 1 2  
hr. The dried corneal mass was weighed so that the hydration level of the 
cornea during steady state could be determined. For a 2-kg rabbit the 
thickness of the cornea can be determined by: 

0.42 + H q(cm) = - 
100 

where H represents mg of water/mg of dry tissue (9). 
The rabbit cornea can be divided into three distinct diffusional layers. 

The outer (epithelium), consisting of 6-10 cellular layers, is the most 
lipophilic. The inner layer, which is also lipophilic, consists of a single 
layer of endothelial cells. The middle layer (stroma) is a hydrophilic layer 
which accounts for 90% of the corneal thickness. The epithelium and 
endothelium control hydration and therefore normal thickness; however, 
when the cornea swells it is the stromal layer only which collects fluid and 
swells. Consequently, for a 2-kg rabbit the epithelial and endothelial 
thicknesses remain constant at 0.00385 and 0.0005 cm, respectively (10). 
From these values and from the experimentally determined hydration 
levels, Eq. 2 was used to correct for differences in stromal thickness for 
all corneal preparations. One particular result of stromal swelling is that 
its thickness but not its diameter increases, which is the reason for the 
linear form of Eq. 2. 

Calculation of Corneal Layer Resistances-The total diffusional 
resistance, Rapp, through the multilayered cornea is represented by 
(11): 

(Eq. 3) ' 

Hoechst-Roussel Pharmaceuticals, Inc., Somerville, N.J. * Averst Laboratories. Inc.. New York. N.Y. 
Mead Johnson & Company, Evansviile, Ind. 

lo Merck Sharp & Dohme Research Lab, Division of Merck & Co., Inc., Rahway, 

l 1  Morrison Rabbitry, West Branch, Iowa. 
N.J. 

where Papp is the experimentally measured permeability coefficient, i 
is the designation for each homogeneous barrier in a series of n barriers, 
h is the barrier thickness, A its surface area, D represents the effective 
diffusion coefficient, and PC represents the effective partition coefficient 
between the barrier and its adjacent phase. 

The calculated permeability coefficients were converted to their re- 
ciprocals and expressed as resistances. Including the aqueous diffusional 
barrier, the apparent resistance of the excised cornea can be represented 
as a sum of barriers in a series: 

Rapp = RT + R,, (Eq. 4) 

and 

RT = Repi -I- Rstr + Rendo (Eq. 5) 

where R,, is the sum of the aqueous diffusional resistances on each side 
of the cornea in the perfusion chamber and RT is the sum of resistances 
of the significant layers of the cornea (epithelium, stroma, and endo- 
thelium). 

The resistance of the aqueous diffusional layer in the perfusion 
chamber was 3.7 X l@ sec/cm using 0+202 gas (5:95) to induce stirring. 
Raq was determined for atenolol by comparing the permeability coeffi- 
cient of the drug at different stirring rates using a modified perfusion 
chamber equipped with a stainless steel stirrer (5); R,, was then deducted 
from the apparent resistances to obtain the intrinsic resistance for intact 
cornea, stroma, epithelium-stroma, and stroma-endothelium for all 
compounds . 

The thicknesses varied for each corneal preparation depending on 
whether the cornea was intact or the epithelium and/or endothelium was 
removed. To apply Eq. 5, resistances were corrected for experimentally 
induced differences in thicknesses. Since resistance is directly propor- 
tional to barrier thickness, the resistances could be corrected to the 
normal stromal thickness as existing in the intact cornea (Rstr,int) by: 

Table 11-Calculated Log Distribution Coefficients and Log 
Permeability Coefficients for Epithelium, Stroma, 
Endothelium, and Intact Cornea 

&Blocking Agent Log P,,i Log P,,, Log Pendo Log P T ~  Log DCr 
Penbutolol 
Bufuralol 
Bevantolol 
Propranolol 
Levbunolol 
Oxprenolol 
Tim o 1 o 1 
Metoprolol 
Acebutolol 
Nadolol 
Sotalol 
Atenolol 

-2.23 
-3.39 
-3.05 
-3.11 
-4.52 
-4.22 
-4.74 
-4.34 
-6.00 
-5.95 
-5.77 
-6.22 

-3.84 
-3.80 
-3.84 
-3.91 
-3.89 
-3.87 
-3.90 
-3.92 
-3.93 
-3.93 
-3.95 
-3.93 

-3.94 
-3.64 
-3.90 
-3.97 
-4.19 
-4.10 
-4.27 
-4.19 
-4.95 
-4.58 
-4.38 
-4.53 

-4.22 
-4.14 
-4.17 
-4.24 
-4.76 
-4.56 
-4.91 
-4.62 
-6.07 
-5.99 
-5.79 
-6.17 

2.53 
2.31 
2.19 
1.62 
0.72 
0.69 
0.34 
0.28 
0.20 

-0.82 
-1.25 
-1.52 

a Permeability coefficients have the dimensions of cm/sec (n = 4-8 for each de- 
termination. b PT represents the permeability coefficient for the excised intact 
cornea (n = 4-8); R ,  has been subtracted. DC represents the distribution coef- 
ficient between wtanol and Sorensen's buffer at pH 7.65. 
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Table 111-Comparison of the Excised Intact Corneal Resistance 
to the Total Resistance of the Three Corneal Composite Layers 
Obtained Separately From Various Corneal Preparations 

R T ~  
Repi + Rstr + (Intact 

P-Blocking Rendon. Cornea), (Repi + Rstr + Rendo)/ 
Agent 103 sec/cm 103 sec/cm RT, % 

Bufuralol 13.6 13.8 98.6 
Bevantolol 16.4 14.9 110.0 
Propranolol 19.1 17.3 110.0 
Oxprenolol 37.2 36.1 103.0 
Metoprolol 45.5 41.8 109.0 
Acebutolol 1104.5 1177.3 93.8 
Atenolol 1584.6 1491.3 106.0 

Average 104 f 6% 

Determined from epithelium-stroma, stroma-endothelium, and stroma corneal 
preparations (n = H). b Determined from intact corneas (n = 4-81, 

where h is the stromal thickness and the subscripts int and swl represent 
intact cornea and swollen stroma, respectively. Equation 6 was also used 
for another purpose: Repi could be. calculated by subtracting RStr,,l from 
Repilstr Although the stroma was swollen in both preparations, their 
thicknesses were not exactly equal; therefore, the R,,,,,I value was first 
adjusted to the same stromal thickness as occurred for Repilstr. This was 
done using the hydration levels and Eqs. 2 and 6. By the same procedure 
Rendo was calculated from the resistance value experimentally determined 
for the stroma-endothelium corneal preparation. 

RESULTS AND DISCUSSION 

The permeability coefficients were obtained by linear regression of the 
quantity of drug penetrating the corneal preparation over time after 
steady state had been reached. Table I lists the averaged permeability 
coefficient of each 0-blocking agent for intact cornea, stroma, epithe- 
lium-stroma, and stroma-endothelium; Table I also lists the hydration 
levels obtained for each corneal preparation. Excised intact cornea 
maintained its transparency and rarely exceeded a hydration level of 8O?h 
after 4 hr of permeation. If the drug concentration was above a certain 
level (which varied for each drug), swelling occurred and consequently 
the hydration level increased. This was a result of cationic drug interac- 
tion with the cornea. For each drug a concentration was used that did not 
induce intact corneal swelling. For stroma, epithelium-stroma, and 
stroma-endothelium, swelling could not be avoided since the removal 
of the epithelium and/or endothelium caused the swelling and not the 
drug. It was determined in preliminary experiments that swelling, and 
hence stromal thickness, gradually increased over time reaching 95% of 
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Figure 2-Arrangement of collagen fibrils geometrically interspersed 
in the stroma as proposed to calculate the ratio of tortuosity to porosity 
(= 1.56) from stromal diffusion. The curved arrow between the fibrils 
represents the diffusional pathway of least resistance. 

maximum in 0.45, 1.0, and 0.30 hr for stroma, epithelium-stroma, and 
stroma-endothelium corneal preparations, respectively. 

Table I1 lists the calculated log values of Rstr. Repi, and Rendo. Rstr was 
determined from Rstr,swl by correcting for thickness differences (Eq. 6) 
to the resistance expected in a normal cornea with a hydration level of 
78.7%, the average obtained for all determinations of intact cornea ( n  = 
43). Table 111 shows a comparison between the resistances of excised 
intact corneas, each determined from separate experiments, and that of 
the sum of three composite layers (Eq. 5) estimated from the various 
corneal preparations. Good agreement (106 f 4%) exists for the seven 
j3-blocking agents for which complete data were generated. These results 
indicate that the penetration of 0-blocking agents through the excised 
rabbit cornea could be treated as three barriers in series. 

Stromal Diffusion-Figure 1 represents a plot of log Pstr versus log 
DC for the seven drugs for which complete permeability data were cal- 
culated. The plot shows a good linear relationship with a slope near zero 
(slope = 0.0292, intercept = 3.91, r = 0.778) indicating Petr is generally 
independent of DC. This is not surprising since the stroma contains 
76-8O?ho water. The remainder is composed mostly of collagen fibers and 
mucopolysaccharide, the latter of which is hydrophilic and responsible 
for the high water content of the stroma (10). Considering the large range 
of lipophilichydrophilic character covered by the seven drugs (over four 
log units), the results strongly suggest that drug is diffusing through the 
aqueous mucopolysaccharide medium of the stroma which is interspersed 
by a matrix of collagen fibers. The collagen fibrils, 300 A in diameter, are 
arranged nearly parallel to one another with a fairly regular open spacing 
of -300 A between fibrils (10). The fibrils probably provide a high re- 
sistance to penetration and increase the diffusional path length as op- 
posed to free diffusion through the aqueous stromal medium. Mathe- 
matically, resistance through the stroma can be defined by1? 

(Eq. 7) 
hstr 

Rstr = - DstAPC) 
where D,,,, the effective diffusion coefficient in the stroma, can be ex- 
panded to ( 11 ): 

In this equation, c is the porosity (dimensionless) or volume fraction of 
the stroma, Daq is the aqueous diffusion coefficient, and 7 is the tortuosity 
(dimensionless) imposed by the geometrical arrangement of the stromal 
matrix. By combining Eqs. 7 and 8 and assuming PC as unity, stromal 
resistance can be defined by: 

LOG DISTRIBUTION COEFFICIENT 
(OCTANOL-BU F FER) 

Figure 1-Log-log plot of permeability coefficient through stroma (PStr) 
corrected to  intact corneal thickness versus distribution coefficient 
(octanol-Sorenson's buffer, p H  7.65) for seven @-blocking agents. Linear 
regression: slope = 0.0292, intercept = -3.9098, and r = 0.8062. 

~~ 

'2 Equation 7 does not contain the A term in the denominator as shown in Eq. 
3 because it is incorporated into the calculation of Rsrr; A = 1.087 cm2 for 2-kg 
rabbits. 
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Figure 3-Log-log plot of permeability coefficient through epithelium 
(Pepi) versus distribution coefficient (octanol-Sorensen’s buffer, p H  
7.65) for 11 &blocking agents. Key: (0) determined from various corneal 
preparations, (m) calculated by difference using Eq. 5, regression results 
from Fig. 1 ,  and permeability coefficient for intact cornea (penbutolol 
not shown). Linear regression: slope = 0.8505, intercept = -5.033 and 
r = 0.9207. 

The collagen structure of the stroma can be depicted as in Fig. 2. As- 
suming that the average diffusional path of least resistance is midway 
between the geometrically arranged collagen fibrils, the porosity and 
tortuosity can be estimated as 0.773 and 1.21, respectively, resulting in 
a 7/t ratio of 1.56. 

In Eq. 9 both Rstr and hstr are known from the experimental data. The 
averaged resistance for a normal stromal thickness of 0.03725 cm (78.7% 
hydration) is 7.83 X lo3 sechm. To estimate D., for Eq. 9, the Suther- 
land-Einstein equation’3 and the well-established aqueous diffusion 
coefficient for benzoic acid (MW = 1221,l.l X lo5 cm2/sec a t  25’ (Il), 
were used. After correcting for molecular weight, the /3-blocking agents 
yielded an average diffusion coefficient of 7.5 X cm2/sec in water. 
Temperature and viscosity differences between water and stromal me- 
dium were not included in the correction, although they should com- 
pensate for one another. These estimations yielded a 7/t value of 1.58 for 
normal stroma. Therefore, good agreement exists between the 7/t value 
for stroma predicted from geometrical considerations of collagen in Fig. 
2, neglecting the mucopolysaccharide contribution to viscosity or struc- 
ture. 

Maurice (12) described a factor referred to as an obstruction of the 
stroma to diffusion or more specifically, as “how many times diffusion 
in tissue is slower than diffusion in saline at  the same temperature.” This 
factor is similar to the 7/t ratio in Eqs. 7-9. Values for 134Cs, 82Br, and 
24Na ranged from 1.9 to 2.7, which agree fairly well with our value of 1.58 
considering that the molecules studied and the methods used are quite 
different. 

‘3 The Sutherland-Einstein equation is: 
D=-I-) RT 4N i f 3  

6TqN 3Mu 
where D is the diffusion coefficient, R is the gas constant, T is the temperature, N 
is Avogadro’s number, M is the molecular weight, u is the partials ecific volume, 
and q is viscosity of the solvent. Assumin D is proportional to (1h4)1/3 and that 
all other parameters remain unchanged, &en the value D., for &blocking agents 
with an average molecular weight of 288 is: D, = (1.1 X 10-5)(122/288)’’3 = 7.5 X 
10-6 cm2Jsec. 
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Figure 4-Log-log plot of permeability coefficient through endothelium 
(Pendo) versus distribution coefficient (octanol-Sorensen’s buffer, p H  
7.65) for I 1  P-blocking agents. Key: (a) determined from various corneal 
preparations (acebutolol not shown), (m) calculated by difference using 
Fig. 1 and permeability coefficient for intact cornea. Linear regression: 
slope = 0.1843, intercept = -4.2724, and r = 0.9283. 

Epithelial Diffusion-Figure 3 represents a linear plot of log Pep, 
uersus log DC. Five drugs (penbutolol, levbunolol, timolol, nadolol, and 
sotalol) lack the permeability data for stroma and epithelium-stroma 
preparations so that individual resistances could not be directly calcu- 
lated for all layers. However, because of the excellent fit between per- 
meability and partitioning for seven of the drugs shown in Fig. 1, pre- 
dictions for Rstr could be obtained from the known DC value. Using the 
experimentally determined permeability data for intact cornea, RT was 
calculated. Consequently Repi could be determined from Eq. 5 by dif- 
ference for the five drugs lacking the appropriate experimental data. The 
Repi value for penbutolol was over one log unit from the least-squares 
fitted line (slope = 0.8505, intercept = -5.033, and r = 0.9207). Its de- 
viation could be a consequence of the very small percentage contribution 
of the Pepj value estimated for penbutolol and, therefore, the large po- 
tential for error when taking its reciprocal. It is interesting to note that 
the slope in Fig. 3 is only slightly (1, suggesting that the lipophilic 
character of the epithelium is only slightly lower than octanol (a slope 
of 1 would indicate identical partitioning behavior). 

Endothelial Diffusion-Figure 4 represents a plot of log Pendo versus 
log DC for all of the drugs except acebutolol, which had an outlying value. 
The Rendo value of acebutolol was small compared to Rep, and may have 
been subject to a relatively large error. The linear regression analysis 

Table  IV-Percent Contribution of t he  Resistance of Individual 
Corneal Layers to the Total  Corneal Resistance 

Penbutolol 1.0 46.0 
Bufuralol 18.0 50.0 
Bevan tolol 7.0 44.0 
Propranolol 7.0 45.0 
Levbunolol 58.0 15.0 
Oxprenolol 45.0 21.0 
Timolol 68.0 9.0 
Me toprolol 48.0 18.0 
Acebutolol 91.0 1.0 
Nadolol 95.0 1.0 
Sotalol 95.0 1.0 
Atenolol 97.5 0.5 

a The distribution coefficient is between octanol and Sorensen’s buffer at pH 
7.65, which is also the pH of the permeability experiments. 
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Figure 5-Log-log plot of theoretical curve fi t ted to experimentally 
determined permeability coefficients through intact cornea (0) versus 
distribution coefficient (octanol-Sorensens buffer, pH 7.65) for 12 
0-blocking agents; computer-generated curve represents the sum of 
three composite corneal layers according to Eg .  20. 

produced a line with a slope and intercept intermediate between epithelial 
and stromal data (slope = 0.1843, intercept = -4.272, and r = 0.9282). 

The intercepts from the linear regression in Figs. 2 4  represent the log 
PT value for a compound with a log DC of zero. The permeability coef- 
ficients, in units of cmhec, are 9.27,53.46, and 123.03, respectively, 
for epithelium, endothelium, and stroma for a compound whose DC 
equals 1. For a compound with this partitioning behavior, the epithelium 
is the rate-determining barrier. A &blocking agent must be considerably 
more lipophilic before another layer becomes rate determining. 

Relative Layer  Contributions-Table IV shows the percent con- 
tribution of the resistances from each corneal layer to the total corneal 
resistance according to Eq. 5. The percent contribution of epithelial re- 
sistance increases as the drug lipophilicity decreases. Conversely, resis- 
tance decreases for stroma and endothelium as the lipophilicity of the 
drug decreases. Stroma is hydrophilic and expected to behave in this 
manner. However, the endothelium is considered lipophilic due to its 
cellular composition. Because the endothelium is only one cell thick and 
therefore does not present the tortuosity of the multilayered epithelium, 
it is possible that intercellular (pore) transport becomes significant for 
the more hydrophilic compounds. 

For the most lipophilic compounds (penbutolol, bufuralol, bevantolol 
and propranolol), the stroma and endothelium offer the greater resis- 
tance. For the other more hydrophilic compounds, the epithelium is the 
most significant barrier to penetration. 

Diffusional Model Relating DC to  P y T h e  total diffusional re- 
sistance, RT, through the three-layer corneal membrane was generalized 
in Eq. 3, hut can be expanded according to Eq. 5 to: 

where all terms have been previously defined; for simplicity, the nu- 
merical subscripts 1, 2, and 3 are used for the epithelial, stromal, and 
endothelial layers, respectively. An attempt was made to determine if 
each corneal layer, with its own effective partition coefficient (PC), could 
be related to the distribution coefficient of an octanol-buffer (pH 7.65) 
system according to: 

(PC), = y, ( D O "  (Eq. 11) 
where y is a proportionality constant and a represents a measure of the 
sensitivity of the biological partition coefficient (PC) of layer i to the in 
uitro distribution coefficient (DC). 
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Figure 6-Computer-generated log-log plots of permeability coefficient 
for intact cornea and three separate corneal layers versus distribution 
coefficient foctanol-Soremen's buffer, pH 7.65). Key: (- - -) epithelium, 
(. ..) stroma, f---) endothelium, (-) intact corneagenerated from Eq. 
20. 

The basis for use of Eq. 11 comes from the work of Collander (13), who 
studied the partition of organic compounds between higher alcohols and 
water. He found that there was a linear relationship among the log par- 
tition coefficients in two different solvent systems: 

log PCsz = a . log (PCsl) + b (Eq. 12) 

where S1 and S2 represent two different solvent systems each containing 
water as the polar phase, but with different nonpolar phases. The octa- 
nol-water system has been used as a reference system for correlation to 
in vivo responses (14,15). When other systems are used, conversion to 
the octanol-water system can be achieved through Eq. 12. Equation 11 
can be converted to a form identical to Eq. 12, where S1 in Eq. 11 repre- 
sents octanol-buffer (pH 7.65) and S2 represents a membrane-water 
system. Equation 11 can be substituted into Eq. 10 to give: 

(Eq. 13) 1 PT = 
hz + h3 + 

Diyl(DC)"I Dzyz(DC)"* D : ~ Y ~ ( D C ) " ~  
Combining fractions and rearranging gives: 

(Diyilh I)(DC)'~ 
1 + (hpDiYi/h I D ~ Y ~ ) ( D C ) ~ ~ - " ~  + (h,Uniyi/hiD3~3)(DC)"'-~3 P T  = 

(Eq. 14) 

and combining constants leads to: 
dx 

1 + fx" + i x j  
PT = (Eq. 15) 

wherex = D C , d  = D 1 y l / h l , e = a l , f = h 2 D 1 y i / h l D ~ y ~ , g = a 1 - a 2 , i  
= h:JIlyl/h1D:3y:j, and; = a l  - a3. For asingle epithelial layer, hZ = h3 
= 0 and Eq. 13 becomes: 

Similarly: 

(Eq. 16) 

(Eq. 17) 
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Table V-Nonlinear Least-Squares Best Fit of the Relationship Between Permeability Coefficient and Distribution Coefficient 
(Octanol-Buffer) a 

f h p h  
Corneal Laver 10-6 cm/sec a Weight RMS * re  DFd 

Endothelium 15.19 21.380 0.3298 (1lP)O.S 32.7 -0.275 9 
10.60 31.410 0.2709 (l/P)0.50 138.2 -0.431 9 

Epithelium 0.60e 9.346 0.7885 (llP)O.S5 243.2 0.225 9 
0.60e 25.290 0.6152 (l/P)O.% 2007.7 0.101 9 

a Results apply to three barriers in series with parallel pathways assigned toe ithelium and endothelium on1 see Eq. 23 for an explanation of the symbols. Residual 
mean square calculated by dividing residual sum of squares by degrees of freegm. Correlation coefficient. ]Degrees of freedom. p A fixed value for computer fitting 
represents the permeability coefficient from the most hydrophilic drug, atenolol. 

and 

Equations 16-18 can be linearly rearranged to yield: 
DiYi log Pi = ai log (DC) + log- 

ni 

(Eq. 18) 

(Eq. 19) 

Equation 19 indicates that for a single corneal layer, the plot of log P, 
uersus log DC will show a linear relationship with a slope a, and an in- 
tercept equal to log D, y,lh,. This requires that all drugs used in the plot 
have the same diffusion coefficient within layer i .  

By substituting the intercepts and slopes from the log Pi versus log DC 
plots of the three corneal layers into Eq. 15, the following equation was 
obtained: 

(Eq. 20) 

Equation 20 is exactly the same form as Eq. 15. Figure 5 shows that the 
experimental data corresponding to the log PT versus log DC plot for 
intact corneal permeability fits the curve represented by Eq. 20. The 
excellent fit further justifies our theoretical basis regarding corneal 
penetration through three composite layers acting as a sum of barriers 
in series. 

Figure 6 is a combination of all the log P, versus log DC curves for 
permeation through intact cornea, epithelium, stroma, and endothelium. 
It clearly shows that the permeabilities are rate determined by the epi- 
thelium for the four hydrophilic compounds (atenolol, sotalol, nadolol, 
and acebutolol). There are four intermediate lipophilic compounds (i .e. ,  
metoprolol, timolol, oxyprenolol, and levbunolol) whose permeabilities 
are controlled by epithelium, endothelium, and stroma, in that order. The 
most lipophilic compounds fall on the plateau range, with their per- 
meabilities controlled by endothelium and stroma; these compounds 
include propranolol, bufuralol, bevantolol, and penbutolol. It is inter- 
esting to note that linear processes (Fig. 6) can be added to produce 
curvilinear results. This occurs because of the small slope values (a in Eq. 
19) of stroma and endothelium; therefore, a plateau is reached for the 
most lipophilic compounds. 

The only outlier in Fig. 5 is acebutolol, for which the experimental 
permeability coefficient falls significantly below the theoretical curve 
represented by Eq. 20. By applying the Sutherland-Einstein equation 
to correct for the difference in molecular weight between acebutolol 
(336.4) and the remaining 11 @-blocking agents (289.6), the diffusion 
coefficient of acebutolol was found to be only 5% lower than the average. 
When the 5% correction is applied, the permeability coefficient is still 
significantly below the computer-generated line of best fit. Figures 3 and 
4 indicate that log Pepi and log Pendo for acebutolol deviate from the ob- 
served trend, shown by their respective plots against log DC. This suggests 
that the decreased permeability coefficients of acebutolol through epi- 
thelium and endothelium, and not the stroma, account for the deviation 
of the experimental data from the curve. It was thought that acebutolol 
might cause a physiological or structural change in the epithelial or en- 
dothelial layers such that the permeation decreases. However, the ex- 
perimental hydration level obtained following intact corneal permeability 
was within the normal range, suggesting that the corneal layers had not 
been altered in permeability. Still another possibility for the deviation 
for acebutolol may lie in its partitioning behavior. From a structural point 
of view, acebutolol may show exceptional hydrogen bonding ability 
compared to the other 11 @-blocking agents. The fact that the acebutolol 
structure contains acetyl, amide, and tertiary mine  groups indicates that 
significantly more hydrogen bonding could occur compared with the other 
compounds, possibly leading to the deviation of acebutolol in Fig. 5. 

Intercellular (or Aqueous Pore) Pathways in the Epithelial and 

(9.27 x 10-6)(~~)0.8505 PT = 
1 + 0.0753(DC)0.8216 + 0.1734(DC)0.fi662 

Endothelial Layers-When two or more independent diffusional 
pathways exist in a given diffusional medium, the total permeability 
coefficient a t  steady state is (11): 

PT = flPl+ f2P2 + . . . + fnPn (Eq. 21) 

where f l ,  f z ,  . . . fn define the fractional areas of each route and P I ,  Pz, . . . 
P,, are the individual permeability coefficients through each pathway. 
I t  has been suggested that there are two parallel pathways occurring for 
the diffusion of drugs across biological membranes (6,161. One pathway 
is represented by hydrophilic channels that consist of pores or intercel- 
lular spaces, whereas the other pathway is represented by lipophilic 
transport across lipoid-like cell membranes. Hydrophilic molecules with 
low lipophilic partitioning behavior (low DC) are logically thought to 
diffuse through the hydrophilic channels, the path of least resistance. 
Applying these concepts to either the epithelium or endothelium, Eq. 
21 becomes: 

pi = f h p h  + flpl 0%. 22) 

where subscripts h and 1 refer to hydrophilic and lipophilic transport, 
respectively. Since the hydrophilic channels are mostly filled with water, 
the diffusion coefficients for the @-blocking agents should approximate 
the diffusion coefficient in water for an average molecular weight of 288. 
The DC value for each drug can be assumed equal to 1. Ph becomes a 
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Figure 7-Log-log plot of permeability coefficient versus distribution 
coefficient (octanol-Sorensen's buffer, pH 7.65). The theoretical curve 
represents the model with three barriers in series as well as intra- and 
intercellular parallel pathways for epithelium and endothelium. Key: 
(e) intact corneal permeability data, (-) computer-generated sig- 
moidal curve representing parallel pathways according to Eq. 24. 

14 Nonlinear regression 
IBM370 computer. 

waa performed using the BMDPBR on an 
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Figure 8-Computer-generated log-log plots of permea bility coefficient 
for intact cornea and three separate corneal layers versus distribution 
coefficient using (octanol-Sorensen’s buffer, pH 7.65). The model in- 
cludes intra- and intercellular pathways for epithelium and endothe- 
liurn. Key: (- - -) epithelium, (. . .) stroma, (-.-) endothelium, (-) in- 
tact cornea generated from Eq. 24. 

constant, but PI is dependent on DC; thus, by combining Eqs. 3,11, and 
22 for either epithelial or endothelial transport: 

(Eq. 23) 
flDyi(DC)”a 

hi 
pi = fhPh + 

Equation 23 can be fit by nonlinear regression14 to either Pepj or Pendo 
versus DC to obtain estimates of fhPh and flDy,/hi. 

Parallel Endothelial Pathways-Electron micrographs show that 
the boundries of adjoining endothelial cells are separated by -200 A (10). 
Based on an average endothelial thickness of 4.5 pm, as well as an ex- 
perimentally determined Pendo of 2 X cm/sec and a diffusion coef- 
ficient of 1.7 X cm2/sec for 24Na, Maurice (10, 17) estimated fh in 
the endothelium to be 1/1720. Setting P h  equal to D(PC)/h and assuming 
that PC = 1, h = 4.5 pm, and D = 7.5 X cm2/secI3, P h  becomes 1.7 
x 10-2 cm/sec and f& becomes 9.7 x 
cm/sec was used as an initial estimate for the nonlinear fit to Eq. 23 for 
f e n d o  versus DC. Since f l  is nearly unity, the initial estimates for Dylh 
and a were obtained from the linear fit of log Pendo versus log DC (Fig. 
4). 

Weighting factors were used in the nonlinear fitting procedure since 
fhPh is more likely determined by the hydrophilic compounds, which have 
much lower permeability and distribution coefficients than those of the 
lipophilic compounds. Table V shows the results of the computer fit for 
the endothelium. Using the weights of (l/P3)0.85 or (l/P3)0.5 the final 
estimates off&, are reasonably close to the theoretically derived initial 
estimate. However, if the endothelial permeability coefficient for ace- 
butolol, which is extremely low, is again taken as an outlier and discarded 
for the computer fitting, then f& decreases to 4. Consequently, a strict 
interpretation of the results is tenuous based on the variability of the data. 
The intercellular pathway for the endothelium cannot be confirmed from 
our nonlinear regression analysis unless a greater number of data points 
in the hydrophilic range are used. 

Parallel Epithelial Pathways-Since the epithelium has 5-10 cel- 
lular layers, its intercellular pathway should have a large tortuosity and 
small area fraction. The epithelial permeability coefficient for the most 
hydrophilic drug, atenolol, is only 0.6 X cm/sec. Assuming atenolol 
traversed the epithelium predominately through pores, the value of 0.6 
x 10-6 cm/sec was assigned as an initial estimate for fhPh for the non- 

cm/sec. Therefore, 9.7 x 

linear regression of epithelial permeation. The initial estimates for Dylh 
and a were obtained from the linear fit of log Pepi versus log DC (Fig. 
3). 

Despite the uncertainty defining the intercellular pathway, the com- 
puter fitting using Eq. 23 provides useful information for both epithelial 
and endothelial layers. As pointed out previously, the a-value indicates 
the sensitivity of the respective corneal layer to the change in the lipo- 
philicityhydrophilicity character of the penetrating drug. As shown in 
Table V, the slope values (a)  are <0.35 for the endothelium. In contrast, 
the epithelium has a-values 2 times as high as that calculated for the 
endothelium. The results indicate that compared with endothelium, the 
epithelium is more sensitive to the lipophilicity of permeating com- 
pounds. These conclusions are consistent with the results of the linear 
regression fits of log Pi versus log DC. 

The hydrophilic stroma contains very low cell counts and, therefore, 
the intercellular pathway model did not apply. The log Pstr versus log 
DC data was fitted by linear regression. The parameter values from the 
line of best fit as well as those from the Pi versus DC nonlinear curve- 
fitting procedure were used to construct the following: 

PT = 
1 

106 
15.19 + 21.38 * (DC)0.3298 

+ 106 
123.03. (DC)0.0289 

+ 106 
0.6 + 9.346 * (DC)0.7ss5 

(Eq. 24) 

where the three terms in the denominator on the right-hand side repre- 
sent the permeability coefficient through epithelium, stroma, and en- 
dothelium, respectively. According to Eq. 24, the computer-generated 
curve of log PT versus log DC (Fig. 7) describes the experimental per- 
meability coefficients through intact cornea. The lower limit of the curve 
represents the intercellular pathway while the plateau is controlled by 
the endothelium and stroma, overall resulting in a sigmoidal curve. Figure 
8 shows the computer-fitted curves for stroma, endothelium, epithelium, 
and intact cornea. Unlike the linear log Pst, versus log DC plot for stroma, 
the curves for epithelium and endothelium in Fig. 8 approach a minimum 
in the hydrophilic range. 

Because of the variability in the log Pi values for the hydrophilic 
compounds, Figs. 7 and 8 do not describe the data any better than Figs. 
5 and 6. Nevertheless, the sigmoidal curve obtained in Figs. 7 and 8 re- 
semble the intestinal absorption profile proposed by Ho e t  al. (6) for 
similar data. These authors showed that a sigmoidal relationship existed 
between the rates of absorption and lipophilicity. Diffusion through the 
aqueous pore pathway in the intestine accounted for the lower limiting 
value represented by the most hydrophilic compounds, whereas a t  high 
lipophilicity, the absorption rate reached a plateau controlled by the 
aqueous boundary layer adjacent to the intestinal absorptive cell mem- 
brane. Corneal penetration rate, on the other hand, is limited for lipo- 
philic fl-blocking agents by the stroma, which is primarily an aqueous 
barrier on the cornea; however, the hydrophilic stromal barrier is a 
physiologically real and permanent barrier located within the cornea. 
Both Figs. 5 and 7 show that stroma and endothelium control the corneal 
permeation of lipophilic compounds in the absence of an aqueous dif- 
fusional (or boundary) layer. 
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Abstract 0 Aqueous humor levels were determined over time after the 
topical administration to rabbit eyes of 1% isotonic buffered (pH 7.3) 
solutions of three B-blocking agents, acebutolol hydrochloride, timolol 
maleate, and bufuralol hydrochloride (arranged in order of increasing 
lipophilicity). Corneal permeability coefficients, determined from a 
previous in oitro study, were inversely related to the observed time to 
peak for the three drugs, as expected. Two of the drugs, bufuralol and 
timolol, did not give the expected rank order for C,,, and AUC, which 
could result from differences in distribution and/or elimination processes. 
Aqueous boundary layers were postulated for in uioo corneal permeability 
which suggested that bufuralol and timolol may have nearly identical 
effective permeability coefficients in uiuo. 

Keyphrases Permeability-acebutolol, timolol, bufuralol, excised 
rabbit corneas, pharmacokinetics, in oitro-in uiuo correlations Ace- 
butolol-corneal permeability in rabbits, pharmacokinetics, in uitro-in 
uioo correlations Timolol-corneal permeability in rabbits, pharma- 
cokinetics, in uitro-in oiuo correlations 0 BufuralolLcorneal perme- 
ability in rabbits, pharmacokinetics, in uitro-in uioo correlations 

In a previous report (1) the penetration behavior of 12 
@-blocking agents measured across excised rabbit corneas 
was correlated with partitioning, which varied over a 
fourfold logarithmic range. Optimal penetration (log 
permeability coefficient) reached a maximum at  a log 
distribution coefficient (octanol-buffer, pH 7.65) of -2-3. 
Subsequent results (2) showed that a plateau was reached 
because the stroma, and to a lesser extent the endothelium, 
became the rate-controlling barrier for the most lipophilic 
compounds, while the epithelium acted as a rate-deter- 
mining barrier for the hydrophilic compounds. 

The purpose of this study was to determine if the corneal 
permeability coefficients of three compounds ranging 
widely in lipophilici ty could be correlated with parameters 
obtained from the aaueous humor-time urofile. The three 

drochloride were prepared separately’. The reagents used for aqueous 
humor extraction and subsequent high-performance liquid chromato- 
graphic (HPL) assay were reagent- or UV spectrophotometry-grade 
chemicals. New Zealand White rabbits, 2 months of age and of either sex, 
weighing 1.6-2.0 kg were used for the experiments. 

Topical Administration and Aqueous Humor Sampling-The 
rabbits were administered drug with their heads in an upright position 
while resting in a restraining box. The rabbits were returned to their cages 
when the sampling interval was >1 hr. A 50-pl volume was instilled onto 
the cornea of each eye while the lower lid was gently pulled away from 
the eye globe to form a pocket. The lower eyelid was held against the 
upper lid for 20 sec after instillation. Second and third instillations were 
given 2 and 4 min after the first application. The multiple-dose regimen 
was designed to give aqueous humor concentrations above the sensitivity 
of the assay. This especially applies to acebutolol hydrochloride, since 
its permeability was found to be the lowest. 

At various postinstillation times, rabbits were sacrificed by a rapid 
injection of -25 ml of air into the marginal ear vein. Each cornea was then 
quickly rinsed with 1 ml of normal saline solution to get rid of residual 
drug. The aqueous humor samples were withdrawn by puncture with a 
26-gauge 0.95-cm needle attached to a 0.5-ml disposable syringe2 through 
the corneal-scleral junction into the anterior chamber. The same syringe 
was used for the opposite eye of each rabbit in order to pool the aqueous 
humor of both eyes. 

The sampling times for each drug are listed in Table I; each value 
represents an average of 4-12 rabbit eyes. The aqueous humor samples 
were left in the syringes and were assayed within a few hours. Although 
rabbit aqueous humor sample volumes varied from animal to animal 
(ranging from 0.25 to 0.35 ml), a constant volume of sample was used in 
the assay for each drug. 

Extraction and Analyses--A mixe9 was used to facilitate the mixing 
and extraction. In 10-ml, glass centrifuge tubes, aqueous humor samples 
of 0.25 ml were mixed with 0.1 ml of 0.5 N NaOH, extracted with 2.0 ml 
of methylene chloride, and centrifuged. After discarding the aqueous 
layer, the organic phase was extracted with 1.0 ml of 0.05 N sulfuric acid. 
The acidic aqueous phase was used for HPLC assay of acebutolol. 

A 0.30-ml volume of aqueous humor sample was mixed with 0.1 ml of 
1 N NaOH and extracted with 5 ml of heptane containing 4% isoamyl 
alcohol in a 10-ml glass centrifuge tube. No centrifugation was necessary 

drugs (in descending lipophilic order: bufuralol, timolol, 

(pH 7.3) solutions. 

- I 

1% Acebutolol (as hydrochloride salt) contained the following vehicle ingredi- 
ents: 0.184 g of NaH2POpH20.0.758 g of Na2HP04, and 0.288 g of NaC1/100 ml 
of solution. 1% Timolol (as maleate salt) contained the following vehicle ingredients: 
0.947 g of Na2HP04.0.265 g of NaOH, and 0.332 of NaC1/100 ml of solution. 1% 
Bufuralol (as hydrochloride salt) contained the fofiowing vehicle ingredients: 0.184 5 of NaH2POpH20.0.758 g of Na2HP04, and 0.242 g of NaCl(1.0 g bufuralol hy- 

Glaspack B-D, sterile disposable glass syringe; Becton, Dickinson, and Co., 
Rutherford, N.J. 

and acebutolol) were administered as ’% isotonic, buffered 

rochloride)/100 ml of solution. EXPERIMENTAL 

Reagents and Materials-Isotonic, buffered (pH 7.3), 1% w/v soh- 
tions of acebutolol hydrochloride, timolol maleate, and bufuralol hy- 3 Vortex genie mixer, S8223; Scientific Products. 

0022-3549/83/ 1100- 1279$0 1.00/0 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences / 1279 
Vol. 72. No. 11. November 1983 



1978, pp. 92-188. 
(11) G. L. Flynn, S. H. Yalkowsky, andT. J. Roseman, J. Phorrn. Sci., 

(12) D. M. Maurice, in “The Structure of the Eye,” G. K. Smelser, Ed., 

(13) R. Collander, Acta Chem. Scand., 5,774 (1951). 
(14) R. N. Smith, C. Hansch, and M. M. Ames, J. Pharm. Sci., 64,599 

(15) A. Leo, C. Hansch, and D. Elkins, Chem. Reu., 71,525 (1971). 
(16) W. D. Stein, “Theoretical and Experimental Biology,” Vol. 6, 

63,479 (1974). 

Academic, New York and London, 1960, pp. 381-391. 

(1975). 

Academic, New York and London, 1967, pp. 73-74,106-125. 

Academic, New York, N.Y., 1969, pp. 6-8,534-557. 
(17) D. M. Maurice in “The Eye,” Vol. 1,2nd ed., H. Davson, Ed., 

ACKNOWLEDGMENTS 
This work was abstracted from a doctoral dissertation submitted by 

H. S. Huang and was supported in part by Allergan Pharmaceuticals, 
Irvine, Calif. 

The authors express their sincere thanks to Associate Professor 
Douglas Flanagan for his suggestions. 

Corneal Penetration Behavior of P-Blocking Agents 111: 
In Vitro-In Vivo Correlations 

HONG-SHIAN HUANG *, RONALD D. SCHOENWALD x, and 
JOHN L. LACH 
Received July 26,1982, from the Pharmaceutics Diuision, College of Pharmacy, University of Iowa, Iowa City, IA 52242. 
publication September 4,1982. 

Accepted for 
*Present address: National Defense Medical Center, P.O. Box 8244-14, Taipei, Taiwan 107, ROC. 

Abstract 0 Aqueous humor levels were determined over time after the 
topical administration to rabbit eyes of 1% isotonic buffered (pH 7.3) 
solutions of three B-blocking agents, acebutolol hydrochloride, timolol 
maleate, and bufuralol hydrochloride (arranged in order of increasing 
lipophilicity). Corneal permeability coefficients, determined from a 
previous in oitro study, were inversely related to the observed time to 
peak for the three drugs, as expected. Two of the drugs, bufuralol and 
timolol, did not give the expected rank order for C,,, and AUC, which 
could result from differences in distribution and/or elimination processes. 
Aqueous boundary layers were postulated for in uioo corneal permeability 
which suggested that bufuralol and timolol may have nearly identical 
effective permeability coefficients in uiuo. 

Keyphrases Permeability-acebutolol, timolol, bufuralol, excised 
rabbit corneas, pharmacokinetics, in oitro-in uiuo correlations Ace- 
butolol-corneal permeability in rabbits, pharmacokinetics, in uitro-in 
uioo correlations Timolol-corneal permeability in rabbits, pharma- 
cokinetics, in uitro-in oiuo correlations 0 BufuralolLcorneal perme- 
ability in rabbits, pharmacokinetics, in uitro-in uioo correlations 

In a previous report (1) the penetration behavior of 12 
@-blocking agents measured across excised rabbit corneas 
was correlated with partitioning, which varied over a 
fourfold logarithmic range. Optimal penetration (log 
permeability coefficient) reached a maximum at  a log 
distribution coefficient (octanol-buffer, pH 7.65) of -2-3. 
Subsequent results (2) showed that a plateau was reached 
because the stroma, and to a lesser extent the endothelium, 
became the rate-controlling barrier for the most lipophilic 
compounds, while the epithelium acted as a rate-deter- 
mining barrier for the hydrophilic compounds. 

The purpose of this study was to determine if the corneal 
permeability coefficients of three compounds ranging 
widely in lipophilici ty could be correlated with parameters 
obtained from the aaueous humor-time urofile. The three 

drochloride were prepared separately’. The reagents used for aqueous 
humor extraction and subsequent high-performance liquid chromato- 
graphic (HPL) assay were reagent- or UV spectrophotometry-grade 
chemicals. New Zealand White rabbits, 2 months of age and of either sex, 
weighing 1.6-2.0 kg were used for the experiments. 

Topical Administration and Aqueous Humor Sampling-The 
rabbits were administered drug with their heads in an upright position 
while resting in a restraining box. The rabbits were returned to their cages 
when the sampling interval was >1 hr. A 50-pl volume was instilled onto 
the cornea of each eye while the lower lid was gently pulled away from 
the eye globe to form a pocket. The lower eyelid was held against the 
upper lid for 20 sec after instillation. Second and third instillations were 
given 2 and 4 min after the first application. The multiple-dose regimen 
was designed to give aqueous humor concentrations above the sensitivity 
of the assay. This especially applies to acebutolol hydrochloride, since 
its permeability was found to be the lowest. 

At various postinstillation times, rabbits were sacrificed by a rapid 
injection of -25 ml of air into the marginal ear vein. Each cornea was then 
quickly rinsed with 1 ml of normal saline solution to get rid of residual 
drug. The aqueous humor samples were withdrawn by puncture with a 
26-gauge 0.95-cm needle attached to a 0.5-ml disposable syringe2 through 
the corneal-scleral junction into the anterior chamber. The same syringe 
was used for the opposite eye of each rabbit in order to pool the aqueous 
humor of both eyes. 

The sampling times for each drug are listed in Table I; each value 
represents an average of 4-12 rabbit eyes. The aqueous humor samples 
were left in the syringes and were assayed within a few hours. Although 
rabbit aqueous humor sample volumes varied from animal to animal 
(ranging from 0.25 to 0.35 ml), a constant volume of sample was used in 
the assay for each drug. 

Extraction and Analyses--A mixe9 was used to facilitate the mixing 
and extraction. In 10-ml, glass centrifuge tubes, aqueous humor samples 
of 0.25 ml were mixed with 0.1 ml of 0.5 N NaOH, extracted with 2.0 ml 
of methylene chloride, and centrifuged. After discarding the aqueous 
layer, the organic phase was extracted with 1.0 ml of 0.05 N sulfuric acid. 
The acidic aqueous phase was used for HPLC assay of acebutolol. 

A 0.30-ml volume of aqueous humor sample was mixed with 0.1 ml of 
1 N NaOH and extracted with 5 ml of heptane containing 4% isoamyl 
alcohol in a 10-ml glass centrifuge tube. No centrifugation was necessary 

drugs (in descending lipophilic order: bufuralol, timolol, 

(pH 7.3) solutions. 

- I 

1% Acebutolol (as hydrochloride salt) contained the following vehicle ingredi- 
ents: 0.184 g of NaH2POpH20.0.758 g of Na2HP04, and 0.288 g of NaC1/100 ml 
of solution. 1% Timolol (as maleate salt) contained the following vehicle ingredients: 
0.947 g of Na2HP04.0.265 g of NaOH, and 0.332 of NaC1/100 ml of solution. 1% 
Bufuralol (as hydrochloride salt) contained the fofiowing vehicle ingredients: 0.184 5 of NaH2POpH20.0.758 g of Na2HP04, and 0.242 g of NaCl(1.0 g bufuralol hy- 

Glaspack B-D, sterile disposable glass syringe; Becton, Dickinson, and Co., 
Rutherford, N.J. 

and acebutolol) were administered as ’% isotonic, buffered 

rochloride)/100 ml of solution. EXPERIMENTAL 
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Table I-Aqueous Humor Concentrations of Acebutolol, 
Timolol, and Bufuralol after Multiple Instillations in Rabbit 
Eyes of 50 pl of an Isotonic, Buffered (pH 7.3), 1% Solution at 0, 
2, and 4 min a 
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Aqueous Humor Concentration, pg/ml 
Time, min Acebutolol Timolol Bufuralol 

- 

- 

7 - 20.6 (3.35) 
0.023 (0.015) 11.3 (0.46) 22.9 (4.22) 

- 18.3 (2.71) 
10 

0.270 (0.014) 20 
25 30.7 (3.31) 

0.380<.053) - 7.39 (3.96) 
- 16.2 (6.26) 4.15 (1.25) 

30 
40 
55 0.910 (0.203) 1.15 (0.57) 
60 - 8.6G1.02) 
85 1.260 (0.280) 0.33 0 . 1 1 )  

120 1.120 (0.180) 4.061.08) 0.084 (0.028) 
180 0.590 (0.150) 1.66 (1.06) 0.063 (0.014) 

- 

0 Values in parentheses represent one standard deviation. 

as the two layers separated completely. A 4-ml volume of the heptane 
layer was transferred to 1.0 ml of 0.1 N HCl in another 10-ml glass tube 
and mixed. The acidic aqueous layer was then assayed for timolol by 
HPLC. 

Aqueous humor samples of 0.25 ml from bufuralol-treated rabbits were 
placed into a 10-ml glass centrifuge tube, alkalinized with 0.1 ml of 0.5 
N NaOH, and extracted with 0.5 ml of heptane containing 1.5% isoamyl 
alcohol. After centrifugation, 0.4 ml of the heptane layer was transferred 
to a 4-ml glass vial, extracted with 0.5 ml of 0.1 N HCl; and then assayed 
by HPLC for bufuralol concentration. 

Aqueous humor blanks obtained from control rabbits were spiked with 
various quantities of each drug and extracted by the methods described 
above. The slopes of the calibration curves were used for calculation of 
drug concentrations in the unknown aqueous humor samples. 

The HPLC system4 was equipped with an injectoP consisting of dif- 
ferent-sized loops ranging from 50 to 200 pl, which enabled the injection 
of an accurate sample volume. Each sample was divided so that two in- 
jections could be made and the results averaged. The mobile phase for 

35t- 

I 

z- 25 I- I \  

0 50 1 00 150 200 
MINUTES 

Figure I-Aqueous humor concentration-time profiles for three 
p-blocking agents following multiple instillations in rabbit eyes of 50 
pl of an  isotonic, buffered (pH 7.3), 1 % solution a t  0,2, and 4 min. Key: 
(0) timolol; (0)  bufuralol; (0) acebutolol. 

M-6000A solvent delivery system, Model 440 absorbance detector, p-Bondapak 
C18 (acebutolol and timolol) and p-Bondapak CN (bufuralol) columns, Waters 
Associates, Milford, MA 01575; Omniscrihe Model 5211-1 recorder, Houston In- 
struments, Austin, Tex. 

Model 7125 injector; Rheodyne, Cotati, CA 94928. 

Table 11-Aqueous Humor Concentration in Comparison with 
the Excised Corneal Permeability Coefficient and Distribution 
Coefficient a 

Log DCe 
tpp, Cmarb, AUC', P T ~ ,  (octanol- 

Drug min pg/ml min.pg/ml cmhec buffer) 

Bufuralol 10 22.86 603 57.00 2.31 
Timolol 25 30.65 1525 11.70 0.34 
Acebutolol 85 1.26 176 0.85 0.20 

0 50 pl of a l%, isotonic, buffered (p 7.3) solution was topically administered to 
rabbit eyes at 0,2, and 4 min. Time to peak ( t , )  and peak concentration (C,,,=). 

Area under the curve up to last sampling point (180 min). Intrinsic corneal 
permeability coefficient obtained from in uitro permeability experiments (1, 2). 

Log distribution coefficient between octanol and buffer (pH 7.65) (1,2). 

acebutolol and bufuralol consisted of methanol and 1.5% acetic acid in 
deaerated, deionized water adjusted to pH 4 with sodium hydroxide (3:7 
and 7:18, respectively). For timolol the mobile phase contained 42% 
methanol and 58% 0.005 M heptanesulfonic acid in 1% acetic acid solution 
adjusted to pH 4. For all three drugs the flow rate was 2.0 ml/min (I). The 
assay sensitivity for acebutolol and bufuralol was 25 ng/ml; the assay 
sensitivity for timolol was 50 ng/ml. 

Permeability and Distribution Coefficients-The procedures for 
determining these coefficients, as well as the reported values for each drug 
used in this study, were reported in the previous papers (1, 2). Both 
coefficients were determined at  pH 7.65. 

RESULTS AND DISCUSSION 

Following the topical administration of 50 pl of isotonic, buffered (pH 
7.3) 1% drug solutions to rabbit eyes at 0,2, and 4 min; the aqueous humor 
concentrations at various times were measured. Table I and Fig. 1 list the 
results obtained for acebutolol, timolol, and bufuralol. 

Table I1 lists the peak concentration (C,,,), time to peak (t,), the area 
under the aqueous humor-time curve through 180 min (AUC), excised 
corneal permeability coefficient (PT), and the log distribution coefficient 
(log DC). A correlation exists between t ,  and PT (and DC). Excluding 
elimination considerations, the more slowly the drug penetrates, the 
greater t ,  becomes; theoretically, this will occur as the lipophilicity of 

-4.01 

-6.51 ' I I I I 1 
-2.0 -1.0 0.0 1 .o 2.0 3.0 

LOG DlSTR I BUTION COEFFICIENT 
(OCTANOL-BU F F ER 1 

Figure 2-Simulated curves for the  log-log plot of  permeability coef- 
ficient versus distribution coefficient (octanol-buffer, pH 7.65) for intact 
cornea in the presence of various postulated thicknesses of aqueous 
humor diffusional layers. Key: (A) none, (B) 0.15 cm, (C) 0.45 cm; (0) 
bufuralol; (0) timolol. 
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the drug decreases. Acebutolol has the lowest cornea permeability coef- 
ficient and, thus, has the longest t ,  (85 min). Bufuralol has the shortest 
t ,  (10 min), whereas timolol has an intermediate t ,  of 25 min. Acebutolol 
has the lowest C,, and AUC; these results are expected for a hydrophilic 
drug which does not rapidly penetrate the cornea. Although bufuralol 
is much more lipophilic than timolol, its C,, and AUC are actually less 
than the values reported for timolol (Table 11). 

These drugs differ structurally and therefore could vary not only in 
penetration, but also in distribution, metabolism, and excretion processes. 
Consequently, C,,, t,, and AUC may not necessarily correlate perfectly 
to the permeability coefficient. The t ,  value is perhaps the parameter 
most likely to show a perfect correlation. This is reasoned from the work 
of Makoid and Robinson (3), who determined the ophthalmic pharma- 
cokinetics of pilocarpine topically applied to the rabbit eye. From their 
work an equation was developed for t,: 

kio In - 
(Eq. 1) k 2 3  t ,  = - 

k l O - k 2 3  

where klo is the precorneal loss rate constant and k23 is the loss rate 
constant from cornea to aqueous humor. The permeability coefficient 
would be directly related to  k 2 3 .  Equation 1 assumes that klo is much 
larger than uptake into the epithelium of the cornea from the precorneal 
area. This assumption applies to most, if not all, ophthalmic drugs, since 
k l o  is a function of scleral absorption as well as drainage rate, the latter 
being relatively large for aqueous solutions. The drainage rate would be 
expected to be the same for each /3-blocking agent at  the same pH and 
osmolarity. 

Both C,, and AUC are a function of distribution to corneal tissue and 
elimination from the eye in addition to penetration. A smaller AUC or 
C,, may result from a larger volume of distribution within the eye and/or 
from a more rapid elimination from the aqueous humor. For drugs with 
large differences in PT, such that this factor predominates, perfect cor- 
relations between PT and C,,, or AUC may be more likely. However, if 
aqueous boundary layers are significant this may not be true. Aqueous 
boundary layers have been shown to play an important role in intestinal 
absorption. For high lipophilic compounds, the absorption rate assumes 
a plateau with a maximal rate; intestinal absorption is limited by the rate 
of diffusion through the aqueous diffusional barrier adjacent to the 
mucous membrane. 

Aside from disposition considerations, drug permeation across the 
cornea in oioo may be significantly hindered by the diffusional layers on 
both sides of the cornea. The aqueous boundary layer adjacent to the 
endothelium and within the anterior chamber may be large. The physi- 
ological aqueous volume of the rabbit is 287 pl with a turnover rate of 
-l%/min (4,5). It is difficult to estimate the effective diffusional layer 
thickness in aqueous humor that would exist in the presence of this 
turnover rate. It is possible that a turnover rate of 1% would have a neg- 
ligible mixing effect on the aqueous humor compared with the stirring 
in the modified perfusion chamber. For example purposes let us assume 
that the entire anterior chamber volume is a barrier. Since the aqueous 
diffusional layer represents the entire sampling volume for drug analysis, 

only half of the aqueous humor thickness can be used as the diffusional 
layer. As a result, the diffusional layer is estimated to be -0.15 cm6. 

cm) 
could also serve as an aqueous boundary layer (6). Although blinking of 
the eyelid mixes the drug with the tear film, it may also reduce the size 
of an aqueous boundary layer to below the thickness of the tear film. 
Regardless, it is probably small and not significant in size compared with 
the potential aqueous barrier in the anterior chamber. 

To show the effect of a postulated in viuo aqueous boundary layer in 
addition to corneal layer resistances, curves were simulated for the log-log 
plot of permeability coefficient versus distribution coefficient. These 
curves7 are shown in Fig. 2 for intact cornea in the presence of postulated 
aqueous boundary layers of 0,0.15, and 0.45 cm. As the aqueous boundary 
layer increases, the plateau region in curves B and C occur a t  a lower 
distribution coefficient. Also, the maximum log permeability coefficient 
is greatly reduced. Therefore, if we consider these additional boundary 
resistances, which may exist in uivo, i t  is likely that the log P T ~  versus 
log DC curve would form a plateau a t  lower log DC values than calculated 
from the in oitro experiments (1,2). This suggests that timolol and bu- 
furalol may have nearly identical effective permeability coefficients in 
oioo. Although the results shown in Fig. 2 may not explain the lack of a 
perfect correlation between the in uitro permeability and distribution 
coefficients for two of the drugs, it should be realized that another prodrug 
more lipophilic than timolol may not increase the penetration rate. 

In the precorneal region the thickness of the tear film (&7 X 
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6 The anterior chamber can be assumed crudely to represent a cylinder with a 
radius r .  a heieht h. and a volume V eaual to 287 ul or -0.3 cm3. Since V = d h .  
h is calculatedto be 0.15 cm. 

7 The curves in Fig. 2 were generated from Eq. 20 in Ref. 2 with the additional 
consideration of an R, = 0.15 and 0.45. Equation 20 in Ref. 2 equates the perme- 
ability coefficient to the sum of the reciprocal of the resistances of each boundary 
layer. 

8 PT represents the intrinsic permeability coefficient for excised corneas for which 
the in uitro R., was substracted. 
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Abstract A series of quassinoids were obse~ed to be potent inhibitors 
of induced inflammation and arthritis in rodents. Brusatol afforded the 
most potent activity followed by brucein-D. A 3-hydroxy-A3-2-0x0 moiety 
in brusatol or a l-hydroxy-A3-2-0~0 moiety in brucein-D, as well as a C-15 
ester-bearing b-lactone ring in brusatol and C-11 and C-12 free hydroxyl 
groups are required in both quassinoids for potent anti-inflammatory 
activity. Preliminary studies indicate that one of the modes of action of 
quassinoids as anti-inflammatory agents is to stabilize lysosomal mem- 
branes, reducing the release of hydrolytic enzymes that cause damage ' 
to surrounding tissues. 

Keyphrases 0 Anti-inflammatory agents-potential, brusatol and re- 
lated quassinoids, structure-activity relationships Brusatol-related 
quassinoids, anti-inflammatory potential, strudure-activity relationships 

Structure-activity relationships-brusatol and related quassinoids, 
anti-inflammatory potential 

Previously, a series of pseudoguaianolides and germa- 
cranolides were reported to possess potent anti-inflam- 
matory and antiarthritic activity in rodents (1,2). Common 
to all of these compounds is the inclusion within their 
structure of an a-methylene-y-lactone moiety which is a 
y -1actone enone system. Those compounds containing an 
a-methylene-y -1actone were -2-4 times more potent than 
indomethacin in rodent screens. Since quassinoids contain 
a cyclohexanone enone system within their structure in 

PR3 

(bruceant i n )  

I l l  : R1-R2-R,-R4-H (bruceo l ide )  

IV : R .R -R .COM,. d (brusato l  tr iacetate)  
1 2 3 R4- 

( b i s b r u s a t o l y l  malonate) 

V I  : "-2. R- C d ( b i s b r u a a t o l y l  suecinatc) 

VII : "-1, R- (b i sbruccant iny l  na lanate )  

VIII : "-2. a- C d  (birbruceancinyl succlnace) 

addition to a h-lactone ring, a study was undertaken to 
investigate a series of quassinoids and their ester deriva- 
tives for anti-inflammatory activity. Furthermore, bru- 
satol-producing Brucea javanica and other quassinoid- 
producing species, such as Simaba cedron, have been ob- 
served to have anti-inflammatory activity (3,4). 

Bruceantin is an antineoplastic agent used in clinical 
trials in humans. Previous studies have shown that bru- 
satol (I) and bruceantin (11) suppress oxidative phos- 
phorylation of P-388 lymphocytic leukemia cells ( 5 )  and 
inhibit lysosomal hydrolytic enzymatic activities, e.g., 
cathepsin and ribonuclease (6). Aspirin-type anti-in- 
flammatory agents uncouple oxidative phosphorylation, 
and corticosteroids stabilize lysosomal membranes. Thus, 
both modes of action are important to anti-inflammatory 
activity. 

EXPERIMENTAL 

Source of Compounds-Bruceoside-A (X), brucein-D (XIII), and 
brucein-E (XIV) were originally isolated from B. jauanica (7). Brusatol 
(I) was obtained either by treating bruceoside-A (X) with 3 N HzS04- 
methanol (1:l) to hydrolyze the glycosidic linkage (7,8) or directly from 
the chloroform extract of B. jauanica. Bruceantin (11) and bruceolide (111) 
were obtained from bruceoside-A by a synthetic procedure (9). The 
chemical synthesis, purification, and physical characteristics of a series 

?H 

H 

I X  : Tetrahydrobrusatol 
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X : R1-H. R2- C d ,  (brueeoside-A) 
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Table I-Anti-inflammatory Activity of Quassinoids in Male 
Rats a 

Percent of Control 
1 mg/kg, 

0.25 mg/kg, Administered 
Compound Administered Twice Twice 

I Brusatol 33 f 4 b  18 f 3b 
I1 Bruceantin 51 f 6b 25 f 4b 

I11 Bruceolide 71 f 6b  60 f 5b 
IV Brusatol triacetate 81 f 7b 70 f 8b 
V Bisbrusatolyl malonate 62 f 5b 60 f 4b 

VI Bisbrusatolyl succinate 72 f 8b 70 f 8b 
VII Bisbruceantinyl 72 f gb 62 f gb 

VIII Bisbruceantinyl 69 f 8b 60 f 7b 
malonate 

succinate 
IX Tetrahydrobrusatol 69 f 5b 54 f 6b 
X Bruceoside-A 83 f 8 68 f 7b 

XI Bruceantinoside-A 98 f 10 72 f g b  
XI1 Bruceoside-A- 73 f 6b 65 f 5b 

hexacetate 
XI11 Brucein-D 
XIV Brucein-E 

64 f 5b 
78 f 4b 

37 f 56 
66 f 6b 

Indomethacin (10 mg/kg, - 27 f 6b 
administered twice) 

administered twice) 

80) 
0 Mean f SD; six animals per group. 

Phenylbutazone (50 mg/kg, - 53 f 56 

Control (0.05% polysorbate 100 f 10 100 f 9 

Significant, p 5 0.001. 

of brusatolyl and bisbrusatolyl esters (IV-VI) (lo), two bisbruceantinyl 
esters (VII and VIII) (11) and tetrahydrobrusatol (IX) (10) have been 
reported previously by this laboratory. Bruceantinoside-A (XI) was 
isolated from Brucea antidysenterica by a published procedure (12), and 
bruceoside-A hexaacetate (XII) was synthesized from bruceoside-A 
(8). 

Anti-inflammatory Screen-Sprague-Dawley male rats (-160 g) 
were administered test compounds at  0.25 and 1.0 mg/kg in 0.05% poly- 
sorbate 80-water at 3 hr and again at 30 min prior to injection of 0.2 ml 
of 1% carrageenan in saline into the plantar surface of the right hindfoot. 
Isotonic saline was injected into the left hindfoot, which served as a 
baseline. After 3 hr, both feet were excised at  the tibiotarsal (ankle) joint 
according to a modified method (13), resulting in an average net weight 
increase of 0.655 g for the control animals. Indomethacin and phenyl- 
butazone were used as standards. 

Antiarthritic Screen-Male Sprague-Dawley rats (-160 g) were 
injected at the base of the tail with 0.2 ml of light mineral oil containing 
1 mg of dried Mycobacteriurn butyricurn and 0.4 mg of digitonin. The 
test drugs were administered on days 3-20 at 0.25 and 0.50 mghg/day 
ip. Animals were sacrificed on day 21, and the feet were excised and 
weighed (14). The control animals achieved an average net weight in- 
crease of 0.830 g. 

- - 

Writhing Reflex-The writhing reflex also was utilized as an analgesic 
test. Mice &ere administered theiest drugs at  0.25,0.5, and 1.0 m&g 
ip 20 min prior to the administration of 0.5 ml of 0.6% acetic acid (15). 
After 5 min, the number of stretches, characterized by repeated con- 
tractures, was counted for 10 min. The control mice averaged 78 stretch 
reflexes/lO min. 

Cell Preparation-Metabolic studies were conducted on CF1 male 
mouse (-30 g) liver homogenates. Homogenates (10%) were prepared 
using a pestle in 0.25 M sucrose and 0.001 M EDTA (ethylenediami- 
netetraacetic acid) a t  pH 7.2. 

Oxidative Phosphorylation Studies-Basal and adenosine di- 
phosphate-stimulated respirations of the 10% liver homogenates of CF1 
male mice were measured using succinate or a-ketoglutarate as the 
substrate (16). The reaction vessel contained sucrose (55 pmoles), po- 
tassium chloride (22 pmoles), dibasic potassium phosphate (22 pmoles), 
sodium succinate (90 pmoles) or a-ketoglutarate (60 pmoles), and the 
test compounds (brusatol, bruceantin, and bruceoside-A) at 25,50, and 
100 pM in 0.05% polysorbate 80-water in a total volume of 1.8 ml. 

Oxygen consumption was measured using a Clark electrode connected 
to an oxygraph. After the basal metabolism (state 4) level was obtained, 
0.257 &mole of adenosine diphosphate was added to obtain the adenosine 
diphosphate-stimulated respiration rate (state 3). The respiration rate 
was calculated in microliters of oxygen consumed per hour per milligram 
of wet weight of CF, mouse liver homogenate. In uiuo oxidative phos- 
phorylation studies were conducted on male mice and rats treated with 

Table 11-Effects of Quassinoids on the  Writhing Reflex of Male 
Mice a 

Compound Dose, mg/kg Percent of Control 

I Brusatol 0.3 61 f 5b 
0.6 42 f 4 b  
1.2 71 f 6b 

I1 Bruceantin 0.6 63 f Ib 
X Bruceoside-A 0.6 65 f 8b 
Indomethacin 10 43 f 7b 
Control (0.05% polysorbate 80) - 100 f 6 

Mean f SD; six animals per group. Significant, p 5 0.001 

brusatol at 0.25 mg/kg/day for 3 days. Animals were sacrificed on day 4, 
and liver homogenates were prepared for the respiration studies. 

Lysosomal Hydrolytic Enzymatic Activities-Free and total acid 
phosphatase activities were studied using 0.1 M P-glycerol phosphate 
in pH 5.0,O.l M acetate buffer incubated with CF1 mouse liver homog- 
enates for 30 min (17). The test drugs were incubated in uitro at  25,50, 
and 100 p M  in 0.05% polysorbate %water. The total enzymatic activity 
was obtained by treating the liver homogenates with 0.02% alkylphe- 
noxypolyethoxyethano1100 to release the bound hydrolytic enzymes from 
the lysosomal membrane. The reaction was terminated with 10% tri- 
chloroacetic acid, and the mixture was centrifuged. Inorganic phosphate 
was determined by the method of Chen et 01. (18). Free, total, and percent 
released acid phosphatase activities were calculated after correcting for 
the blank values. 

Free and total cathepsin activities were determined in an analogous 
manner on mouse liver homogenates with 2% azocasein as the substrate 
in pH 5.0,O.l M acetate buffer (19). The supernatant was assayed for 
acid-soluble peptide fragments at 366 nm. Free, total, and percent re- 
leased cathepsin activities were calculated after correcting for the blank 
values. 

Prostaglandin Synthetase Activity-The incubation medium of 
Tomlinson et al. (20) was used to determine the [3H]prostaglandin for- 
mation from [3H]arachidonic acid (86.2 Ci/mmole) and 10 mg of purified 
commercial prostaglandin synthetase from bovine seminal vesicles. After 
1 hr a t  37'. the reaction was terminated with 1 N HCl, and the mixture 
was extracted with ether and evaporated. The residue was dissolved in 
ethyl acetate and spotted on silica gel TLC plates, which were eluted with 
chloroform-methanol-water-acetic acid (90:81:0.8) (21). The plates were 
dried and developed in iodine vapor; with the use of prostaglandin 
standards, the appropriate areas were scraped and counted for tritium 
content. Indomethacin was used as an internal standard at  lo-* and 
M .  Quassinoids were tested at 25, 50, and 100 p M  final concentra- 
tions. 

RESULTS AND DISCUSSION 

In Tables I-VI the values are presented as percent of control f the 
standard deviation. The number of animals in each group was six. 

The quassinoids demonstrated significant anti-inflammatory activity 
a t  0.25 and I mg/kg in Sprague-Dawley rats (Table I). When tested at  
1 mg/kg, all of the quassinoids showed at least 30% reduction of inflam- 
mation. Brusatol (I) was the most potent compound, demonstrating 
higher activity at 1 mghg than indomethacin at 10 mg/kg. The hydroxy 
enone ring-A system (as seen in I, 11, and XIII) and an ester group at- 
tached to C-15 of the 6-lactone ring of I and I1 are required for potent 
anti-inflammatory activity, as either reduction of the ring-A enone ole- 
finic bond or removal of the C-15 ester group (as in IX and 111, respec- 
tively) led to decreased activity. Esterification of the hydroxyl groups 
at  C-3, C-11, and C-12 or glucosidation of the hydroxyl group at C-2 gave 
rise to less active compounds (e.g., IV, V-VIII, and X-XII). In addition, 
a reduction of the ring-A enone carbonyl group of XI11 to an a-glycol 
(XIV) also caused a diminution in activity. Thus, the structural re- 
quirement for the potent anti-inflammatory activity of the foregoing 
brusatol-related quassinoids may include either a 3-hydroxy-A3-2-oxo 

Table 111-Effects of Quassinoids on Chronic Adjuvant-Induced 
Arthritis in Male Ratsa 

Compound Dose, mg/kg Percent of Control 

I Brusatol 0.25 51 * f i b  
0.50 49 f 6 b  

Indomethacin 10 55 f 5b 
Control (0.05% polysorbate 80) - 100 f 9 

a Mean f SD, six animals per group. * Significant p 5 0.001 
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Table IV-Effects of Quassinoids on the  Oxidative Phosphorylation Process of Male Mouse Liver Homogenates 

Percent of Control 
Succinate a-Ketoglutarate 

Compound state 4 State 3 State 4 State 3 

In vitro 
I Brusatol, 100 pM 
I1 Bruceantin, 100 pM 
X Bruceoside-A, 100 pM 
Control (0.05% polysorbate 80) 

101 f 8 93 f 8 96 f 7 95 f 9 
97 f 7 
95 f 4 
100 f 12b 

95 f 6 
96 f 7 
100 f 12c 

93 f 4 
89 f 7 
100 f 9d 

97 f 6 
93 i 6 
100 i 11e - -  

In viuo 
I Brusatol, 0.25 mg/kg/day 95 f 5 98 f 6 97 f 5 92 f 8 

Control (0.05% polysorbate 80) 100 f 126 100 f 8‘ 100 f lld 100 f 13‘ 

a Mean f SD; six animals per group. 5.92 plO2 consumedhdmg of wet tissue. 11.31 plO2 consumed/hr/mg of wet tissue. 
5.21 pI 0 2  consumed/hr/mg of wet tissue. 

3.51 p102 consumed/hr/mg of wet tissue. 

moiety in ring-A for I or a 1-hydroxy-A3-2-0x0 moiety in ring-A of XIII, 
a C-15 ester bearing &lactone ring-D of I, and the free hydroxyl groups 
at C-11 and C-12. 

Brusatol a t  0.6 mg/kg appeared to be as potent as indomethacin at  10 
mg/kg in reducing the writhing reflex in mice, which is a test for irritant 
or inflammation pain (Table 11). After 3 weeks administration, brusatol 
effectively reduced induced chronic arthritis in rats a t  0.25 and 0.50 
mg/kg/day, which was comparable to the activity of indomethacin at 10 
mg/kg/day (Table 111). 

.Although an in-depth mode of action study was not carried out, pre- 
liminary data (Table IV) indicates that brusatol and bruceantin did not 
uncouple oxidative phosphorylation of liver mitochondria with succinate 
as substrate (which is a flavin adenine dinucleotide dehydrogenase) or 
with a-ketoglutarate (a nicotinic adenine dinucleotide-linked dehydro- 
genase) in both the in uitro and in viuo studies. It has been noted before 
that quassinoids uncouple oxidative phosphorylation of P-388 lympho- 
cytic leukemia cells, but not liver cells (3). The quassinoids tested did not 
inhibit prostaglandin synthesis using an isolated enzyme system (Table 
V); however, indomethacin did effectively inhibit prostaglandin synthesis 
in this system. Brusatol and bruceantin reduced the release of hydrolytic 
enzymes from lysosomes of the liver (Table VI). Both acid phosphatase 
and cathepsin release was inhibited significantly. Brusatol and bruceantin 
inhibited acid phosphatase release 49 and 60%. respectively, a t  100 pM. 
Cathepsin activity was inhibited 78% by brusatol a t  25 pM and 30% by 
bruceantin a t  100 pM. Elevated cathepsin activity has previously been 
related to the inflammation process, and suppression of the enzymatic 
activity has been linked to anti-inflammatory action (22). The margin 
of inhibition of free lysosomal enzyme release by the quassinoid is suf- 

Table V-Zn Vitro Effects of Quassinoids on Prostaglandin 
Synthetase Activity. 

dpm of Prostaglandin Percent of 
Compound Formed/hr Control 

I Brusatol 
25 pM 61377 f 3387 102 f 6 
50 pM 63278 f 3511 104 f 6 
100 pM 63114 f 3109 108 f 5 

I1 Bruceantin, 100 pM 64392 f 3686 107 f 6 
Indomethacin 36482 f 2033 6 0 ~ k 3 ~  
Control (0.05% 60389 f 3453 100f6 

polysorbate 80) 
a Mean f SD; six animals per group. Conversion from 13H]arachidonic acid to 

prostaglandins = 69.9%. * Significant, p I 0.001. 

Table VI-Zn Vitro Effects of Quassinoids on Male Mouse Liver 
Lysosomal Hydrolytic Enzymes 

Percent of Control 
Free Acid Phosphatase Free Cathemin 

Compound Activit; Activit; 

I Brusatol 
25 uM 72 f f id  

65 f 6d 
51 f 5d 

11 Bruceantin, 100 pM 40 f 4d 
Control (0.05% 100 f 8* 

50 LM 
100 pM 

22 f 3d 
66 f 7d 
73 f 6d 
64 f 5d 
100 f 6c 

polysorbate 80) . 

a Mean f SD; six animals p e r  group. * 0.753 mg of phosphate releasedhr/g wet 
Significant, p 5 tissue. 

0.001. 
2688 mg of amino acids releasedhdg wet tissue. 

ficient to account for the anti-inflammatory activity observed. Quassi- 
noids have been observed to inhibit other lysosomal enzymes in P-388 
cells (4). 

Other studies have established that the antineoplastic activity of qu- 
assinoids is linked directly to their ability to suppress the elongation step 
of protein by blocking the peptidyl synthetase reaction of P-388 cells. The 
inhibition of protein synthesis may be important in the rapid proliferation 
of lymphocytes and polymorphonuclear neutrophils during the inflam- 
mation process. Therefore, this mode of action cannot be excluded as a 
mode for the anti-inflammatory action of quassinoids. 
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Abstract 0 Two antileukemic daphnane esters, Pimelea factor P2 (I) 
and the new compound dircin (II), were isolated from the twigs and 
flowers of Dirca occidentalis A. Gray (Thymelaeaceae). Three lignans, 
(-)-medioresinol (III), (+I-syringaresinol (IV), and (-)-lariciresinol (V), 
as well as the coumarin daphnoretin (VI), were found to be additional 
cytotoxic constitents of this taxon. 

Keyphrases Dirca occidentalis (Thyme1aeaceae)-isolation of an- 
tileukemic and cytotoxic constituents, daphnane esters and lignans, 
identification 0 Daphnane esters-isolation from Dirca occidentalis 
(Thymelaeaceae), identification, antileukemic and cytotoxic potential 

Lignans-isolation from Dirca occidentalis (Thymelaeaceae), iden- 
tification, antileukemic and cytotoxic potential Antileukemic 
agents-potential, daphnane esters and lignans isolated from Dirca oc- 
cidentalis (Thymelaeaceae), cytotoxicity 

Dirca occidentalis, one of two species representing a 
small genus in the family Thymelaeaceae indigenous to 
North America (l), is native to the Pacific States, where 
it is known by the colloquial name of western leatherwood 
(2). Although no laboratory studies appear to have been 
performed on either D. occidentalis or Dirca palustris L., 
the bark of D. palustris is highly vesicant to the skin and 
produces severe vomiting and purgation when ingested (3, 
4). 

In a continuing search for anticancer agents of plant 
origin1, our attention turned to D. occidentalis after a 
chloroform extract of a combined sample of the twigs and 
flowers was found to display significant in uiuo and in uitro 
activity against the P-388 lymphocytic leukemia system2 
when tested according to standard protocols (6). In this 
paper, we report the isolation and identification of two 
antileukemic daphnane ester principles from this plant, 
Pimelea factor P2 (I) and the novel compound dircin (11). 
In addition, four other cytotoxic constituents were isolated, 
namely, the lignans (-)-medioresinol (III), (+)-syringa- 
resinol (IV), and (-)-lariciresinol (V) and the coumarin 
daphnoretin (VI). 

DISCUSSION 

The molecular mass of dircin (11) was determined as 696 daltons by 
field-desorption mass spectrometry, a value consistent with a molecular 
formula of C39H52011. Comparison of the spectroscopic data (UV, IR, 
lH-NMR, MS) obtained for this isolate with those of Pimelea factor PZ 
(I) and other la-alkyldaphnane derivatives (7-91, suggested that I1 is 
an acetoxy derivative of Pimelea factor PB (I). Thus, observations of 

* For the previous article in this series, see Ref. 5. * Plant extracts, fractions, and isolates were tested under the auspices of the 
Drug Research and Development Program of the National Cancer Institute. A 
compound is considered active in uiuo if it exhibits a prolongation of life in excess 
of 125% and is regarded as cytotoxic if the ED60 IS 5 4  pg/ml. In in uiuo testing, 
samples were administered intraperitoneally to six CD2Fl male tumor-bearing mice 
over a 10-day period. Evaluation was carried out by comparison of survival times 
with control tumor-bearing animal groups. 

-CHI 
(7 

OH 

I R = H  111: R = H 
11: R = OCOCH3 IV: R = OCH3 

V VI 

similar chemical shifts in the 'H-NMR spectra of I and I1 permitted the 
assignment in the latter compound of methyl groups attached to C-2, 
C-11, and C-21; an isopropenyl group at  C-13; a C-Ga,C-7a-epoxide 
bridge; a C-9a,C-13a,C-14a-orthoester function; a la-alkyl chain; and 
a benzoate ester substituent at C-3. The remaining sites for possible es- 
terification by an acetate group are at hydroxy groups attached to C-4, 
C-5, C-20, or at. some other site in the molecule. The first of these alter- 
natives was ruled out because esterification of this tertiary hydroxy group 
is unlikely, and no C-4-esterified tigliane or daphnane esters have been 
found as natural products to date (10). In addition, no resonance shifts 
in the 'H-NMR spectrum of I1 relative to that of I for the protons adja- 
cent to C-4 suggested such ester substitution. Likewise, a lack of esteri- 
fication at  either C-5 or C-20 in I1 was evident from the observation of 
resonances at 6 4.05 and 3.81 ppm, respectively (7-9). Since no signal 
assignable for a C-12 methine proton was present in the 'H-NMR spec- 
trum of I1 at -6 5.00 ppm (11,12), such as that observed at 6 4.93 ppm 
in the 'H-NMR spectrum of the positional isomer of 11, linifolin a 
(12/3-acetoxy-Pimelea factor P2) (8), by a process of elimination the ac- 
etate group was placed in the alkyl chain of 11. Similarities in the 'H- 
NMR resonances assigned for the C-16 methylene protons in II(6 4.88, 
5.07 ppm) with those in the 29fl-hydroxylated la-alkyldaphnane ester 
gnidimacrin (6 4.85,5.09) [a structure established by X-ray crystallog- 
raphy (9)] suggested the presence of a 298-acetoxy function in 11. In 
support of this the C-16 methylene protons in Pimelea factor P2 (I), with 
no electronegative group substitution at C-29 on the alkyl chain, were 
found to resonate in a slightly upfield position a t  6 4.85 and 4.96 ppm. 
The observation of the C-29 methine proton chemical shift at b 5.28 ppm 
as a doublet in the 'H-NMR spectrum of I1 suggested that coupling was 
apparent with only the cis-oriented C-28 methylene proton. 

The structural assignment proposed here for dircin (11) is tentative, 
since the limited amounts of this isolate obtained in this investigation 
did not permit selective hydrolysis experiments to be performed to 
confirm the relative positions of ester substitution. However, support 
for our assignment of dircin as I1 may be gathered from the fact that all 
3-esterified la-alkyldaphnane esters isolated to date from plants of the 
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Table I-Antileukemic and  Cytotoxic Activity of Dirca 
occiden talis Isolates a 

P-388 Screen 
NSC In Vivo In Vitro 

Compound Number Dose, pg/kg % T/C EDN, pg/ml 

Pimelea factor P2 (1) 334694 400 
200 
100 
50 

Dircin (11) 

.. 

25 
334696 125 

62.5 
31.3 

(-)-Medioresinol 329245 N T  

2000 
(111) 

(+)-Syringaresinol 329246 
(IV) 1000 

500 
250 

(-1 -Lariciresinol (V) 329247 N T  
Daphnoretin (VI) 291852 2000 

1000 
500 
250 

147 0.0000012 
127 
110 
116 
110 
156 0.00000025 
147 
125 

0.33 

100 0.41 
108 
107 
96 

107 3.5 
100 
95 
100 

0.23 

~. . 

a Tested according to standard protocols (6). * NT = not tested. 

Thymelaeaceae have been found to possess a benzoate group at  C-3 
(7-10). Dircin (11) is thus assigned as 290-acetoxy-Pimelea factor Pp, 
being the 29B-acetate ester of the parent structure 1,2,6,7-tetrahydro- 
5,29-dihy&o~y-21 -methyl-&,7a-epoxy- la - nonylresiniferonol - 30 - oic acid 
(10). 

Daphnane esters (8-14), lignans (15,16), and coumarins (5,15) have 
all been found previously as antileukemic and/or cytotoxic constituents 
of plants in the family Thymelaeaceae. It is pertinent to point out that 
while Pimelea factor P? (linifolin b) was determined in an earlier inves- 
tigation to be devoid of activity against the P-388 lymphocytic leukemia 
system in uiuo (8), this compound was shown to be active against this test 
system a t  the higher dose levels used in this study (Table I). Dircin (II), 
the most potent of the compounds isolated from D. occidentalis (Table 
I), exhibits somewhat less intense activity in the P-388 test system than 
demonstrated by the la-alkyldaphnane esters gnidimacrin and gnidi- 
macrin 20-palmitate, which were isolated from Gnidia subcordata Meisn 
(9). However, the previously demonstrated skin-irritant and mouse skin 
tumor-promoting activities of Pimelea factor P2 (I) and other daphnane 
esters (10) may very well act to restrict the development of I and I1 as 
clinically useful anticancer agents. 

EXPERIMENTAL3 

, Plant  Material-The twigs and flowers of D. occidentalis A. Gray 
(Thymelaeaceae) were collected in California in August 19774. 

Extraction and Fractionation-The air-dried, milled plant material 
(12.5 kg) was defatted with petroleum ether (bp 60-80°), with the marc 
being extracted with methanol. On removal of solvent in uacuo, the res- 
idue was partitioned between water and chloroform. Biological activity 
was concentrated in both the petroleum ether extract, which was not 
examined further, and the chloroform extract, which was active against 
the P-388 lymphocytic leukemia test system both in uiuo (T/C 144% at  
1.87 mg/kg) and in uitro (ED% 0.21 pg/ml). 

A portion (90 g) of the dried chloroform extract was chromatographed 
on silica gel5 (2 kg), with 2-liter fractions being collected and pooled on 
the basis of similar TLC profiles. Fraction F037 (17 g), obtained by elution 
with chloroform-methanol (91) ,  exhibited an E D 9  of 0.07 pg/ml in the 
P-388 cell culture system, while combined fractions F040-F042 (2.2 g), 

Melting points were determined by means of a Kofler hot-plate apparatus and 
are uncorrected. Specific rotations were measured on a Perkin-Elmer 241 polar- 
imeter. The UV spectra were obtained with a Beckman DB-G spectrophotometer 
and IR spectra on a Beckman model 18-A spectrophotometer, with polystyrene 
calibration at 1601 cm-I. 'H-NMR spectra were recorded in CDC13 with a Varian 
T-60A instrument operating at 60 MHz, equipped with a Nicolet Model TT-7 at- 
tachment. Tetramethylsilane was used as an internal standard, and chemical shifts 
are reported in 6 (ppm). Low-resolution mass spectra were obtained with a Varian 
MAT-112s double-focusin spectrometer, operating at 70 eV. 

Plant material was colfected and identified by staff of the Economic Botany 
Laboratory, BARC-East, U.S.D.A., Science and Education Administration, 
Beltsville. Md. A voucher specimen representing this collection has been deposited 
in the Herharium of the National Arboretum, Washington, D.C. 

E. Merck, Darmstadt, W. Germany. 

eluted with chloroform-methanol (19:l and 17:3), were also found to be 
cytotoxic (P-388, ED50 0.043,0.18,0.14 pg/ml, respectively). 

Fraction F037 was rechromatographed on silica gel5 (820 g), and eluted 
with chloroform and chloroform-methanol mixtures of increasing po- 
larity, to afford 50 fractions (500 ml each). Crystals of daphnoretin (VI, 
50 mg, 0.000092%), (-)-medioresinol (111, 6 mg, 0.000011%) and (+I -  
syringaresinol (IV, 18 mg, O.ooOo33%) were successively obtained during 
this separation on elution with chloroform-methanol (99:l). However, 
the more polar fractions F060-FO64 (1.2 g) were highly cytotoxic (P-388, 
EDm 1.9 X 10-44.8 X pg/ml), and were rechromatographed on silica 
gel5 (40 9). Fractions eluted with chloroform-methanol (91) were pooled 
(0.9 g) and subjected to low-pressure column chromatography on 
octylsilyl silica gel contained in a prepacked column6, using solvent sys- 
tems composed of water-acetonitrile-methanol mixtures of decreasing 
polarity. Two daphnane esters were obtained as a result of this separation 
and were purified by preparative TLC on silica gel G plates5, developed 
with benzene-ethyl acetate-hexane-ether (3:3:1:1), as follows: Pimelea 
factor P2 (I, Rf  0.49, 3 mg, 0.000005%) and dircin (11, R/ 0.36, 4 mg). 
Further quantities of I1 were obtained by workup of other active fractions 
from the chloroform extract of D. occidentalis, in a manner similar to that 
described above, to produce a total of 32 mg (0.000059%) of this com- 
pound. 

Fractions F040-F042 were similarly chromatographed on silica gel5 
eluted with chloroform-methanol mixtures. (-)-Lariciresinol (V, 10 mg, 
O.ooOo18%) was eluted with chloroform-methanol (191) and was purified 
by recrystallization from acetone-hexane (1:l). 

Characterization of Biologically Active Isolates-The resinous 
Pimelea factor Pz (I) exhibited the following spectral data. IR u,,, 
(CHC13): 3500,1740,1580, 1420,1365, and 1235 cm-l; UV A,,, (MeOH) 
(log c): 229 (3.85) and 279 (3.10) nm; 'H-NMR (60 MHz): 8 0.83 (d, 3, J 
= 6.4 Hz, 18-CH3), 1.04 (d, 3 , J  = 6.5 Hz, 19-CH3), 1.47 (d, 3, J = 3.5 Hz, 
22-CH3),1.73 (bs, 3,17-CH3), 2.90 (d, l , J  = 2.7 Hz, 8-H), 3.11 (d, l , J  = 
11.0 Hz, 10-H), 3.34 (s, 1, 7-H), 3.85 (bs, 2, 20-H2), 4.10 (s, 1, H-5),4.27 
(d, 1, J = 2.7 Hz, 14-H), 4.85 and 4.96 (two bs, 1 each, l6-H2), 5.09 (d, 1, 
J = 4.0 Hz, 3-H), and 7.458.05 ppm (m, 5, aromatic H); MS (20 eV): mD 
638 (M+, 12%), 607 (ll), 595 (24), 480 ( l l ) ,  475 (13), 467 (16), 327 ( l l ) ,  
309 (lo), 279 (131,269 (15), 265 (lo), 203 ( l l ) ,  176 (19), 163 (161,161 (41), 
149 (22), 121 (16), and 105 (100). These data are in agreement with those 
reported for Pimelea factor PZ (Daphnopsis factor RJ (7) and linifolin 
b (8). Identity was established as Pimelea factor P p  by direct comparison 
with an authentic sample7 ('H-NMR, MS, co-TLC). 

The resinous isolate dircin (II), [a]fj5 + 9.0' ( c  0.07, CHC131, exhibited 
the following spectral data. IR u,,, (CHC13): 3500, 1700,1450,1360, and 
1270 cm-I; UV A,,, (MeOH) (log 6): 228 (3.91) and 278 (3.10) nm; 'H- 
NMR (400 MHz): 6 0.98 (d, 3, J = 7.5 Hz, 18-CH3), 1.08 (d, 3, J = 7 Hz, 
19-CH3), 1.32 (d, 3, J = 7.5 Hz, 22-CH3), 1.77 (bs, 3, 17-CH3), 2.04 (s, 3, 
-OCOCH3), 2.95 (d, l , J  = 12 Hz, 10-H), 2.96 (d, 1, J = 3 Hz, 8-H), 3.32 
(s, 1,7-H), 3.81 (ABq, 2, JAB = 12 Hz, 20-H2), 4.05 (s, 1, H-5), 4.19 (d, 1, 
J = 3 Hz, 14-H), 4.88 (d, 1, J = 6 Hz, H-3), 4.88 and 5.07 (two bs, 1 each, 
16-H2), 5.28 (d, 1, J = 8 Hz, 29-H), 7.50 (t, 2, J = 8 Hz, 3'- and 5'-H), 7.63 
(t ,  1, J = 7.5 Hz, 4'-H), and 8.06 ppm (dd, 2, J = 1.5 and 7.5 Hz, 2'- and 
6-H);  MS (20 eV): m/z 696 (M+, 2%), 678 (21,647 (21,592 (11,561 (2), 556 
(3), 533 (3), 467 (4), 403 (41,368 (3), 363 (3), 345 (4), 327 (6), 309 (6), 299 
(3), 297 (3), 281 (91,205 (12), 203 (5), 189 (91, 188 (9), 177 (91,176 (16), 
161 (19), 148 (15), 147 (13), 133 (101,123 ( l l ) ,  122 (20), and 105 (100); 
field-desorption MS: MH+ observed at  m/z 697. 

(-)-Medioresinol (1111, mp 155-160°, [a]g-17.0° (c  0.14, CHC13) [lit. 
(17) (+)-medioresinol, mp 175-176', (CY]D +57.4' (CHCls)], exhibited 
the following spectral data. IR v,,, (KBr): 3450,3090,1600,1505,1445, 
1415,1355,1270,1235,1190,1145,1095,1045,945, and 780 cm-'; UV A,,, 
(95% EtOH) (log c): 220 sh (4.58), 232 (4.13), and 280 (3.58) nm; 'H-NMR 
(60 MHz): 6 3.01-3.16 (m, 2, 8- and 8'-H), 3.88 (s, 9, 3 X -OCH3), 
3.76-3.98 and 4.13-4.30 (m,4,9- and 9'-H2), 4.73 (dm, 2, J = 4.0 Hz, 7- 
and 7'-H), 5.48 (s ,  1, phenolic OH), 5.59 (s, 1, phenolic OH), 6.58 (s, 2,2- 
and 6-H),and 6.86ppm (m,3,2'-,5'-, and6'-H);MS: m h  388 (M+,lWo),  
358 (8), 235 (8), 210 (171,206 (19), 193 (23), 182 (38), 181 (48), 180 (21), 
167 (33,163 (21), 161 (19), 154 (17), 151 (48), 137 (35), 124 (lo), and 123 
(10). These spectral data are in agreement with those published for 
(+)-medioresinol (17), and 111 exhibited identical TLC migration data 
to an authentic sample of (+)-medioresinoP. (-)-Medioresinol has not 
been isolated from a plant source previously. 

6 Lobar, size B, containing LiChoprep RP-8 (40-63 Fm); manufactured by E. 

7 An authentic sample of Pimelea factor P2 and a copy of its 'H-NMR spectrum 

8 Authentic samples of (+)-medioresinol and (*)-syringaresinol were kindly 

Merck. Darmstadt, W. Germany. 

were kindly supplied by Professor E. Hecker. 

provided by Dr. H. Fujimoto. 
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(t)-Syringaresinol (IV), mp 173-175”, [a]g+12.8O (c 0.05, CHC13) [lit. 
(17) mp 171-173O, [ a ] ~  t19.0” (CHCl3)], exhibited the following spectral 
data. IR v,, (KBr): 3450,3080,1600,1510,1445,1415,1370,1190,1100, 
980,840, and 730 crn-’; UV Amax (95% EtOH) (log c ) :  220 sh (4.16), 239 
(4.05), and 273 (3.27) nm; 1H-NMR (60 MHz): 6 3.07 (m, 2,8- and 8’-H), 
3.89 (s, 12,4 X -OCH3), 3.80-3.99 and 4.1f3-4.42 (m, 4,9- and 9’-Hz), 4.73 
(d,2, J = 4.0 Hz, 7- and 7’-H), 5.54 (s,2,4- and 4‘-H), and 6.58 ppm (s,4, 
2-, 6-, 2‘-, and 6’-H); MS: m/z  418 (M+, loo%), 403 (3), 358 (3), 280 (4), 
251 (5), 235 (ll),  210 (16), 193 (25), 182 (41), 181 (65), 167 (56), 161 (18), 
154 (17), and 151 (19). These spectral data are in agreement with those 
reported for (+)- and (f)-syringaresinol(l7,18), and the identification 
of IV as (+)-syringaresinol was confirmed by direct comparison (MS, 
co-TLC) with an authentic sample of (&)-syringaresinol. 

(-)-Lariciresinol (V), mp 160-162”, [a]ff-17.8O (c 1.4, acetone), ex- 
hibited the following spectral properties. IR Y- (KBr): 3320,3090,1510, 
1460,1420,1230,1035, and 845 cm-l; UV A, (MeOH) (log 6) :  232 (4.17) 
and 283 (4.02) nm; ‘H-NMR (60 MHz):  6 2.2-3.0 (m, 4,7-Hz, 8- and 8’-H), 
3.5-4.1 (m, 4,9- and 9’-Hz), 3.70 (s,3, -oCH3), 3.82 (s,3, -oCH3), 4.78 
(d, 1, J = 6.2 Hz, 7‘-H), 5.61 (m, 2, phenolic OH), and6.70-6.83 ppm (m, 
6, aromatic H); MS: m/z 360 (M+, 62%), 345 (4), 329 ( l ) ,  252 (a), 236 (ll), 
194 (22), 180 (12), 175 (lo), 167 (11). 153 (31), 151 (47), 137 (loo), and 122 
(17). These spectral data are similar to those expressed previously for 
(+)-lariciresinol (19), and V was closely comparable to an authentic 
sample3 of (+)-lariciresinol (MS, co-TLC). The (-benantiomer of this 
lignan does not appear to have been obtained previously from a plant 
source. 

Daphnoretin (VI), mp 243-244”, exhibited the following spectral data. 
IR vm, (KBr): 3400,3080,1722,1715,1618,1585,1565,1280,1245,1085, 
840, and 757 cm-1; UV Amax (MeOH) (log c): 230 (4.13), 267 (3.80),325 
(4.17),and 343 (4.22) nm;lH-NMR (60 MHz,DMSO-d& 6 3.83 (s, 3, 
-OCH3), 6.35 (d, 1, J = 9.5 Hz, 3’-H), 7.03-7.78 (m, 5, aromatic H), 7.85 
(s, 1,4-H), and 8.01 (d, 1, J = 9.5 Hz, 4’-H); MS: m/z  352 (M+, loo%), 337 
(4), 324 (5), 309 ( l l ) ,  262 (5), 179 (25), 167 (20), and 89 (18). Compound 
VI was identified as daphnoretin on the basis of consistency of the above 
data with published spectral data for this compound (15,20-22), and 
confirmation of this identity was made by direct comparison with an 
authentic samplelo. 

Biological Activity of the Isolates-The activities of isolates I-VI 
from D. occidentalis against the P-388 lymphocytic leukemia test system, 
in uiuo and in uitro, are shown in Table I. 
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Abstract The ability of a number of aerobic and anaerobic bacteria 
to N-demethylate imipramine (I) to desipramine (11) has been investi- 
gated. Of the bacteria investigated, almost half were known inhabitants 
of the human GI tract. More than half of the enteric bacteria studied were 
capable of N-demethylating imipramine (I) to desipramine (11) to some 
extent in at least one medium. It was found that the medium in which 
the organism was grown had a significant effect on the N-demethylase 
activity observed. 

Keyphrases 0 Imipramine-N-demethylation to desipramine, micro- 
bial transformation, enteric bacteria 0 Microbial transformation- 
imipramine, N-demethylation to desipramine, enteric bacteria Desi- 
pramine-microbial N-demethylation of imipramine, enteric bacteria 

Imipramine (I) is a widely used tricyclic antidepressant 
whose metabolism, distribution, and excretion has been 
studied in detail (1-5). Desipramine (11) is a biologically 
active metabolite of imipramine which is formed by he- 
patic as well as by extrahepatic metabolism (6). A major 
site of extrahepatic metabolism has been shown to be the 
GI contents (6). It has also been shown that demethylation 
of I does not occur during passage across the intestinal wall 
(7). The role of the GI microflora in drug metabolism has 
been reviewed and has been shown to be a significant factor 
with many drugs (8-11). The microbial metabolism of 
imipramine using a number of fungi has also been shown 
to parallel the mammalian metabolism of imipramine (12). 
This study examined the metabolism of imipramine by 
bacteria, many of which are known to be inhabitants of the 
human GI tract. 

EXPERIMENTAL 

Imipramine hydrochloride (1)' was shown to be free of desipramine 
(11) and iminodibenzyl (III), known contaminants of some commercial 
samples of imipramine (13), by high-performance liquid chromatographic 
(HPLC) and TLC analyses. Desipramine hydrochloride was also shown 
to be pure by HPLC and TLC analyses. All solvents used for HPLC 
analysis were reagent grade quality. 

I 
R 

I: R = (CH2)3N(CH3)2 
1I:R = (CH2)3NHCH3 

111: R = H 
Fermentation Screening Procedures for Aerobic Bacteria- 

Aerobic bacterial stock cultures were maintained on nutrient agar2 and 
eugon agar3 at  4O and transferred every 4-6 months. Screening for the 
demethylation of imipramine to desipramine was carried out in four 
different media. Three of the media used were complex media; the fourth 
was a defined medium. The media used were: eugon broth3 (medium A); 
5 g of dextrose, 2 g of corn steep liquor, 5 g of yeast extract, 1 g of peptone, 
and 1 liter of distilled water (medium B); 20 g of dextrose, 5 g of peptone, 
5 g of tryptone, 2.5 g of CaC03, and 1 liter of distilled water (medium C); 

Sigma Chemical Co. 
a Difco Laboratories, Detroit, Mich. 
3 BBL Microbiology Systems, Cockeysville, Md. 

and 780 ml of basal salts solution (14) [containing 1.5 g of KH2P04, 7.0 
g of (NH4)2HP04,0.5 g of MgS0~7H20,0.3 g of CaCly2H20,0.04 g of 
MnS04.4Hz0,0.025 g of FeS04-7Hz0,0.002 g of ammonium molybdate, 
and 1 liter of distilled water], 100 ml of amino acid solution (containing 
0.38 g of DL-alanine, 0.89 g of DL-aspartic acid, 0.30 g of L-arginine hy- 
drochloride, 0.02 g of L-cystine, 0.140 g of L-glutamic acid, 0.17 g of gly- 
cine, 0.24 g of L-histidine hydrochloride, 0.76 g of DL-isoleucine, 0.57 g 
of L-leucine, 0.24 g of L-lysine hydrochloride, 0.06 g of DL-methionine, 
0.11 g of L-proline, 0.12 g of DL-serine, 0.10 g of DL-threonine, 0.06 g of 
L-tyrosine, 0.15 g of DL-valine, and 100 ml of distilled water), 20 ml of 
vitamin solution (15) (containing 5.0 pg of biotin, 10.0 pg of folic acid, 
0.5 mg of riboflavin, 2.5 mg of thiamine hydrochloride, 2.5 mg of pyridoxal 
hydrochloride, 2.5 mg of calcium pantothenate, 2.5 mg of nicotinic acid, 
and 100 ml of distilled water), and 100 ml of glucose solution (3070, w/v) 
(medium D). 

A two-stage fermentation procedure was utilized as previously de- 
scribed (12). For screening in media A-C, the cultures were grown in 25 
ml of medium held in 125-ml Erlenmeyer flasks. The cultures were in- 
cubated at 37' and 250 rpm. Imipramine hydrochloride was added to 
24-hr-old stage I1 cultures as a 5% solution in dimethylformamide to give 
a final concentration of 200 pg/ml of medium. The cultures were incu- 
bated for 6 days and assayed for desipramine formation at  3 and 6 days 
after substrate addition. The samples were adjusted to pH 8 and ex- 
tracted with three equal volumes of chloroform. The combined chloro- 
form layers were dried and evaporated, and the residues were analyzed 
by TLC and HPLC. 

For screening in medium D, the cultures were grown in 10 ml of me- 
dium held in 50-ml Erlenmeyer flasks, incubated at 250 rpm and 37'. 
Imipramine hydrochloride was added to sterile medium D prior to in- 
oculation of stage I1 cultures. The substrate was added as a 1% dimeth- 
ylformamide solution to give a final concentration of 100 pg/ml of me- 
dium. The stage I1 cultures, containing substrate, were incubated for 48 
hr. Each whole culture was adjusted to pH 8 and extracted with an equal 
volume of dichloromethane, and the dichloromethane extracts were 
evaporated and analyzed by TLC and HPLC. 

Fermentation Screening Procedures for  Anaerobic Bacteria- 
Stock cultures of anaerobic bacteria were maintained in appropriate agar 
or broth media in disposable anaerobic systems4. Screening for desi- 
pramine production was carried out in 10 ml of either brain heart infusion 
broth3 or medium E which consisted of 20 g of peptone, 10 g of yeast ex- 
tract, 5 g of glucose, 5 g of maltose, 0.5 g of cysteine, 40 ml of salts solution, 
and 4 ml of a 0.025% aqueous solution of resazurin per liter of distilled 
water. The salts solution consisted of 0.1 g of K2HPO4,O.l g of KH2P04, 
1.0 g of NaHC03, 0.2 g of NaCl, 0.02 g of CaC12,0.02 g of MgS04, trace 
amounts of ammonium molyhdate and CoC1~6H20, and 0.3 ml of 50% 
H2S04 per 200 ml of distilled water. Each medium was dispersed into 16 
X 125-mm screw-cap test tubes (10 ml/tube) and sterilized by autoclaving 
a t  121' and 15 psi for 20 min. After sterilization each medium was sup- 
plemented with 100 pg of imipramine hydrochloride/ml of medium. 

The sterile medium containing imipramine was inoculated from stock 
cultures of anaerobic bacteria (0.05 ml broth culture/lO ml sterile me- 
dium). The cultures were incubated at 37' under anaerobic conditions4 
for 7 days, a t  which time the whole cultures were extracted and analyzed 
as described for aerobic cultures grown in medium D. 

Control Studies-Culture controls consisted of fermentation blanks 
in which each organism was grown under identical conditions as bio- 
transformation cultures, but without substrate. The cultures were ex- 
tracted and analyzed as described for the biotransformation cultures. 

Substrate controls were necessary to establish the stability of the 
substrate to the fermentation conditions used. Therefore, substrate 
controls were obtained for each set of medium and incubation conditions 
used. Substrate controls for aerobic cultures grown in media A-C were 

4 GasPak Disposable Anaerobic System; BBL Microbiology Systems, Cockeys- 
ville, Md. 
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obtained by growing stage I1 cultures of two representative organisms 
(Escherichia coli 10536 and Bacillus cereus v. fluorescens 13024) in each 
medium for 7 days (250 rpm, 37'). The cultures were then sterilized by 
autoclaving. Imipramine hydrochloride (200 pg/ml of medium) was added 
to the sterilized cultures, which were incubated an additional 6 days a t  
37' and 250 rpm. The sterilized substrate control cultures were then 
extracted and analyzed as described for aerobic cultures grown in media 
A-C. Five cultures of E.  coli 10536 and two cultures of B. cereus v. fluo- 
rescens 13824 were used to determine medium A control values. For 
medium B control values, five cultures of E. coli 10536 and three cultures 
of A. cereus v. fluorescens 13824 were used. For medium C five cultures 
of each organism were used. Three cultures of B. cereus v. fluorescens 
grown in medium A and two cultures grown in medium B became con- 
taminated after sterilization and addition of imipramine, and therefore 
could not be used in calculating control values. In addition, substrate 
controls consisting of sterile media (A-C) containing imipramine (200 
pg/ml) were prepared and incubated at  250 rpm and 37' for 6 days (five 
determinations/medium). Each substrate control was extracted and 
analyzed as described for growing cultures. In addition, substrate controls 
consisting of sterile medium D containing imipramine (100 pglml of 
medium) were prepared and incubated at  250 rpm and 37' for 48 hr (five 
determinations). Each substrate control was extracted and analyzed as 
described for aerobic cultures grown in medium D. 

Substrate controls for anaerobic media were obtained by growing each 
of the seven anaerobic bacteria in media without imipramine for 7 days. 
The cultures were then sterilized by autoclaving. After cooling, imipra- 
mine hydrochloride was added (100 pg/ml of medium) and incubation 
under anaerobic conditions4 (37') was continued an additional 7 days. 
The substrate control cultures were then extracted and analyzed as de- 
scribed for aerobic cultures grown in medium D. 

TLC Analyses-Culture extracts were redissolved in 100 p1 of chlo- 
roform or dichloromethane, and 6-pl aliquots of the solutions were 
spotted on precoated silica gel G TLC plates5. The plates were developed 
in ethyl acetate-methanol-ammonium hydroxide (81:154) and visualized 
by UV light and by spraying with diazotized p-nitroaniline followed by 
spraying with concentrated hydrochloric acid. The RI values and colors 
for imipramine and desipramine are 0.57 (blue) and 0.29 (blue), respec- 
tively. 

HPLC Analyses-Quantitative analyses of the culture extracts were 
accomplished on a silica column6 using an HPLC pump', a microsy- 
ringe-loaded loop injectors, and a UV detectors. The mobile phase con- 
sisted of methanol-2 N ammonia-1 N ammonium nitrate (27:2:1) and 
was used at  a flow rate of 1.0 ml/min. Culture extracts were redissolved 
in 400 pl of methanol, and 5-pl aliquots of the solutions were injected for 
HPLC. Quantitation of desipramine in culture extracts was accomplished 
by comparison of the peak heights in culture extracts with the peak 
heights of standard samples of desipramine a t  known concentrations. 

For aerobic cultures grown in complex media (A-C), desipramine levels 
were considered significant if the level exceeded the sterilized control 
value plus four times the standard deviation for that medium. Thus, for 
medium A, levels <0.56% were not considered significant and for media 
B and C, levels <0.59% and 0.64%, respectively, were not considered 
significant. For aerobic cultures grown in medium D, a sterilized control 
value was established for each organism. In these cases, yields of desi- 
pramine that exceeded 3 times the control value were considered sig- 
nificant. The same criterion was used for determining significant N -  
demethylase activity among anaerobic bacteria. 

RESULTS AND DISCUSSION 

Imipramine (I) was subjected to biotransformation screening using 
29 aerobic and 7 anaerobic bacteria. Of the aerobic bacteria, nine are 
known to be inhabitants of the human GI tract; these organisms were 
screened in three complex media (media A-C) and one defined medium 
(D). The remaining 20 aerobic bacteria were screened in the three com- 
plex media (A-C). All seven anaerobic bacteria were screened for their 
ability to N-demethylate imipramine in two complex media: brain heart 
infusion broth and medium E. Cultures grown in the presence of im- 
ipramine were extracted with either dichloromethane or chloroform, and 
the extracts were analyzed by TLC and HPLC. The results of these 
studies are summarized in Tables 1-111. 

Brinkmann Instruments, Inc., Westbury, N.Y. 
pPorasil; Waters Associates, Milford, Mass. 
Model M-6M)O. Waters Associates, Milford, Mass. 
Model U6-K; Waters Associates, Milford, Mass. 

9 Model 440; Waters Associates, Milford Mass. 

Table I-Yields of Desipramine by Aerobic Bacteria in Complex 
Media a 

Bacterium Medium Medium Medium 
(ATCC number) A B C 

Arthrobacter species (19140) 
Arthrobacter species (21237) 
Bacillus cereus v. fluorescens 

(13824) 
Bacillus megaterium (9885) 
Bacillus subtilis (6633) 
Corynebacterium species 

(14887) 
Enterobacter aerogenes 

Escherichia coli (27165)d 
E. coli (10536) 
Flauobacterium orydans 

Klebsiella neumoniae 

K. pneumoniae (29016)d 
Mycobacterium cuneatum 

Mycobacterium smegmatis 

M. smegmatis (14468) 
Nocardia corallina (19070) 
N. corallina (19071) 
N. corallina (19148) 
Nocardia minima (19150) 

( 13048) 

(1245) 
(27889) B 

(21498) 

(607) 

Nocardia petroleophila ' 

Proteus vulgaris (27973)d 
(15777) 

Pseudomonas aeruginosa 
( 14205) 

P. aeruginosa (15442) 
Pseudomonas desmolytica 

( 15005) 
Pseudomonas species 

(19286) 
Staphylococcus aureus 

(6538) 
S. aureus (14458)d 
Streptococcus faecalis 

(6569)d 
Streptococcus faecium 

(6056) 
Control (sterilized)e 
Controlf 

0.29 
0.906 
0.95 

1.106 
0.20 

- C 

0.17 

0.34 
1.58b 
0.52 

0.10 

0.706 
- c 

- c 

0.05 
0.70 
0.62 
0.606 
0.46 
0.55 

0.50 
0.80 

0.35 
- c 

0.7gb 

0.7gb 

0.46 
0.50 

1.126 

0.15 
0.706 
1.206 

0.20 
0.05 

- c 

0.08 

0.11 
0.22 
0.40 

0.79 

0.29 
- c 

- C 

0.10 
0.05 
0.50 
0.40 
0.71 
0.706 

0.30 
0.40 

0.35 
- C 

0.61 

0.50 

0.20 
0.50 

0.13 

0.16 
0.70b 
1.80b 

1.106 
0.40 
- c 

0.31 

0.23 
1.786 
0.60 

0.35 

0.21 
- c 

- c 

0.20 
0.05 
0.25 
0.20 
0.30 
0.67 

0.40 
0.30 

0.23 
- c 

0.10 

(0.10 

0.34 
0.71 

0.36 

0.32 f 0.06 0.31 f 0.07 0.28 f 0.09 
0.26 f 0.08 0.10 f 0.03 0.07 f 0.02 

Yields are expressed as percent yield on a mole basis. Considered as significant 
N-demethylase activity, based on a minimum value of the sterilized control value 
plus 4 times the standard deviation. These cultures were not analyzed by HPLC 
since TLC analysis showed no desipramine. Known inhabitants of the gut. 
e Sterilized control values are expressed as the average ( i S D )  of 7-10 determina- 
tions using sterilized cultures of two representative organisms, E.  coli 10536 and 
R. cereus v. fluorescens 13824, grown in each of the three media. Simple control 
values are expressed as the average ( i S D )  of five determinations in which im- 
ipramine was incubated in each of the sterile media for 6 days. 

The quantitative results obtained from HPLC analyses of aerobic 
bacteria grown in complex media (A-C) containing imipramine are shown 
in Table I. The results obtained from HPLC analyses of aerobic gut 
bacteria grown in the defined medium (D) containing imipramine are 
shown in Table 11. Twelve of the twenty-nine organisms screened were 
capable of N-demethylation in medium A. In media B and C, six of the 
bacteria screened could N-demethylate imipramine (Table I). In total, 
16 of the 29 aerobic bacteria screened, including 5 of the 9 gut bacteria, 
were capable of N-demethylating imipramine to some extent in at  least 
one of the complex media (Table I). 

Two additional gut bacteria, which were incapable of N-methylation 
in the complex media, were shown to N-demethylate imipramine when 
grown in medium D (Table 11). One organism, Streptococcus faecalis 
6569 would not grow in medium D. Only two aerobic gut bacteria, 
Klebsiella pneumoniae 29016 and Streptococcus faecium 6056, were 
capable of N-demethylation in both complex (A) and defined media 
(D). 

A number of anaerobic bacteria were also screened for their ability to 
N-demethylate imipramine (I). A total of seven anaerobes known to in- 
habit the GI tract of the human were screened for N-demethylase activity 
in two complex media. The results of these studies are shown in Table 
111. Only one anaerobe, Fusobacterium fusiforme 23726 showed signifi- 
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Table 11-Yields of Desipramine by Aerobic Gut Bacteria in 
Defined Medium a 

Yields of Desipramine 
Bacterium Growing Control 

(ATCC number) Cultures Culturesb 
~ ~~ 

Enterobacter aerogenes (13048) 0.72 0.60 
Escherichia coli (27165) 2.02c 0.67 
Klebsiella pneumonrae (27889) 2.19 1.23 

Proteus vulgaris (27973) 1.77c 0.52 
Pseudomonas aeruginosa (14205) 2.20 1.58 

StreDtococcus faeciurn (6056) 1.6OC 0.52 

K. pneumoniae (29016) 1.12c 0.22 

Staphylococcus aureus (14458) 0.55, 0.19, 
Streptococcus faecalis (6569) - - 

~ ~~ ~ ~~~~ ~ 

Yields are expressed as percent yield on a mole basis. Simple substrate controls 
consisting of sterile medium containing imipramine showed an average percent yield 
of desipramine of 0.17 f 0.05 after 48 hr of incubation. Considered as significant 
N-demethylase activity, based on a minimum value of 3 times the control value. 

cant N-demethylase activity in medium E. However, in brain heart 
infusion medium, four of the seven anaerobes (Bacteroides eggerthii 
27754, Bifidobacterium longum 15707, Clostridium paraperfringens 
27640, and Lactobacillus catenaforme 25644) were capable of N-de- 
methylation. It is interesting to note that F. fusiforme 23726 did not show 
N-demethylase activity in brain heart infusion medium. Therefore, as 
with the aerobic bacteria, it appears that the choice of medium is im- 
portant in demonstrating N-demethylase activity in anaerobic bac- 
teria. 

Table 111-Yields of Desipramine from Anaerobic Bacteria in 
Complex Media a 

No growth in this medium. 

Yield of Desipramine 
Control 

Growing Cultures 
Cultures in 

Growing Control in Brain 
Cultures Cultures Brain Heart Heart 

Bacterium in in Infusion Infusion 
(ATCC number) Medium E Medium E Medium Medium 

Bacteroides 0.58 0.55 1.28b 0.31 

Bifidobacterium 0.80 0.65 0.53 0.26 

Bifidobacterium 0.66 0.34 0.68 0.47 

Bifidobacterium 0.48 0.26 1.73b 0.45 

Clostridium 0.52 0.42 0.78b 0.22 

eggerthii (27754) 

adolescentis 
(15703) 

bjfidum (15696) 

longum (15707) 

paraperfringens 
(27640) ~~.-.. ,  

Fusobacterium 0.78b 0.21 0.39 0.24 

Lactobacillus 0.60 0.42 0.81b 0.21 
fusiforme (23726) 

0 Yields are expressed as percent yield on a mole basis. Considered as significant 
N-demethylase activity, based on a minimum value of 3 times the control value. 

Based on these studies, it appears that N-demethylase activity was 
common among bacteria. Of particular interest were the enteric bacteria, 
both aerobic and anaerobic. A high percentage of the gut bacteria 
screened were capable of N-demethylation of imipramine to desipramine. 
Among the anaerobic bacteria, five of seven were capable of N-demeth- 
ylating imipramine to desipramine as were seven of nine aerobic gut 
bacteria. The medium in which the organism was grown appeared to have 
a significant influence on the N-demethylase activity. Since it. is known 
that considerable variability exists in response to imipramine therapy, 
the variable N-demethylation of imipramine may be an important con- 
sideration (16). A similar situation occurs with digoxin in which the gut 
flora metabolizes the drug to biologically inactive metabolites in some 
patients, lowering their plasma levels of digoxin (17). 
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Abstract Bouvardin is a cyclic hexapeptide antitumor agent which 
undergoes two major microbial transformation reactions. Screening with 
220 cultures revealed 17 different strains capable of producing 0- 
desmethylbouvardin in good yield. 0-Desmethylbouvardin was isolated 
and characterized from preparative scale incubations with Streptomyces 
rutgersensis NRRL B-1256. Four aspergilli and one streptomycete 
formed bouvardin catechol when 0-desmethylbouvardin was used as 
substrate. Bouvardin catechol was isolated and characterized from a 
preparative scale incubation with Aspergillus ochraceous UI 398. 

Keyphrases Bouvardin-conversion to  0-desmethylbouvardin and 
bouvardin catechol, microbial transformation, Streptomyces rutgers- 
ensis, Aspergillus ochraceous Microbial transformation-bouvardin 
to 0-desmethylbouvardin and bouvardin catechol, Streptomyces rut- 
gersensis, Aspergillus ochraceous Metabolites-bouvardin, microbial 
transformation to 0-desmethylbouvardin and bouvardin catechol, 
Streptomyces rutgersensis, Aspergillus ochraceous 

Bouvardin (I), a novel cyclic hexapeptide antitumor 
agent isolated from the plant Bouuardia ternifolia (Ru- 
biaceae) (l), has demonstrated antitumor activity against 
the P-388 lymphocytic leukemia test system and against 
B-16 melanoma (1). Modification of bouvardin by syn- 
thetic methods appeared to be difficult; thus, this material 
was deemed an excellent candidate for microbiological 
modification (2). This report describes microbial trans- 
formation experiments of bouvardin which afforded two 
major metabolites, 0-desmethylbouvardin (11) and bou- 
vardin catechol(II1). 

0 

EXPERIMENTAL 

Melting points were determined in open-ended capillary tubes and are 
corrected. UV spectral were measured in ethanol solutions, and IR 
spectra2 were determined in potassium bromide pellets. 'H-NMR 
spectra3 were obtained in CDC13 using tetramethylsilane as an internal 
standard. 13C-NMR spectra were obtained in DMSO-ds at  90 MHz with 
an instrument operating at  22.635 MHz. Assignments for appropriate 
carbon signals were confirmed by use of off-resonance noise decoupling 
and delayed decoupling techniques to indicate multiplicities of carbons 
due to carbon-proton splittings. Low-resolution mass spectra4 were ob- 
tained using a direct-inlet probe, and high-resolution and field-desorption 
mass spectra were provided through the mass spectral facility of the 
Massachusetts Institute of Technology, Cambridge, Mass. 

Chromatography-TLC was performed on buffered 0.25-mm layers 
of silica gel GFZM on glass plates. Plates were prepared by spreading a 
slurry of 25 g of silica gel G F ~ M  in 50 ml of 4% aqueous KH2P04. After 
air drying, plates were uniformly deactivated by predevelopment with 
methyl ethyl ketone saturated with water. Plates were developed with 
methylene chloride-methanol-water (90100.5 or 85:100.5), and de- 

. veloped chromatograms were visualized by fluorescence quenching under 
254-nm UV light, or by spraying with Dragendorff's reagent (3) or with 
ceric ammonium sulfate reagent [1% Ce(NH4)4(S04)4 in 50% H3P04] and 
warming the sprayed plates with a heat gun. 

Bouvardin (I)-Bouvardin was obtained5 as a crystalline compound 
which possessed the following physical properties: mp 240-241'; UV 
(EtOH): 278 ( 6  3780) and 284 nm (3370); IR: 3620 (OH phenolic), 1680 
(amide C=O), and 1245 cm-' (C-0-C); 'H-NMR: see Table I; mass 
spectrum (field-desorption): m/z  772 for C4&I4&010; high-resolution 
mass spectral fragments obtained by electron-impact spectroscopy: see 
Table II.13C-NMR spectral data was obtained on a D M s 0 - d ~  solution 
of bouvardin and was identical to that reported by Bates et al. (4). 

Fermentation Procedure-All cultures are maintained in the Uni- 
versity of Iowa, College of Pharmacy culture collection. Cultures were 
grown according to the usual two-stage fermentation procedure used in 
these laboratories (5) in a soybean meal-glucose medium of the following 
composition: 5 g of soybean meal; 20 g of glucose, 5 g of yeast extract, 5 
g of sodium chloride, 5 g of dibasic potassium phosphate, and lo00 ml of 
distilled water; the pH was adjusted to 7.0 with 6 N HCl. Nutrient broth6 
was employed in the cultivation of bacterial strains. Media were sterilized 
in an autoclave at  121' for 15 min prior to use. 

Fermentations were conducted on rotary shakers7 operating at 250 rpm 
and describing a 2.5-cm orbital stroke a t  27' in steel-capped Delong 
culture flasks containing one-fifth of their volumes of culture medium. 
Fermentations were initiated by suspending the surface growth from 
slants in 5 ml of sterile medium and by using the resulting suspension to 
inoculate stage I cultures. Thick 72-hr stage I cultures were used to in- 
oculate stage I1 fermentations; the inoculum volume consisted of lWo of 
the volume of medium held in the stage I1 culture flasks. Bouvardin was 
added as substrate to 24-hr stage I1 cultures in a dimethylformamide 
solution, and the progress of microbial transformation reactions was 
monitored by TLC. For this, 4-ml samples were withdrawn at  various 
time intervals, adjusted to pH 6.5 by the addition of 1 ml of 2 M pH 6.3 

' Model SP1800, Pye Unicam Ltd., Cambridge, England. * Perkin-Elmer Model 267, Norwalk, Conn. 

4 Model 3200; Finnigan Corp., Sunnyvale Calif. 
6 National Cancer Institute, DTP, DCT, Silver Spring, MD 20910. 

Bruker Model WM250 or Bruker F X W ,  USA Bruker Instruments, 
lerica, MA 01821. 

Difco Laboratories. Detroit. Mich. 

Inc., Bil- 

Model G-25; New Brunswick Scientific Co., Edison. N.J. 

0022-3549183/ 1100-1291$01.0010 
@ 1983, American Pharmaceutical Association 
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Table I-'H-NMR a Chemical Shifts (6) and Coupling Constants (Hz) for Bouvardin (I), 0-Desmethylbouvardin (11). and Bouvardin 
Catechol(II1) in CDClz 

I I1 111 
Ala-48 
Ala-18 
Ala-28 
Tyr-6-N-Me 
Tyr-3-N-Me 
Tyr-68. 
nr-6f lb  
Tyr-5-N-Me 
Tyr-38 
Tyr-3a 
Tyr-3-0-Me 
Tyr-66b 

Ala-la 
Ala-La 
Ala-4a 

Tyr-5a 

Ala-1-NH 
Ala-4-NH 
Tyrd-OH 

Tyr-6a 

Tyr-58a 

Tyr8-OH 

X--!-%H 
T y r - 3 ~  
T y r - 6 ~  
Tyr-5Cb 
Tvr-36 
Th-5t. 
Tyr-56b 
Tyr-56. 
Tv-3-OH 

1.08d (6.6) 
1.30d (7.0) 
1.m i6.9) 

2.74s 
2.87s 

2.91dd (18.8,3) 
3.12dd (18.8. 10.8) 

3.33s 
3.35m 

3.62dd (9.2, 5.9) 
3.809 

4.35d (1.8) 
4.37m 

4.38 - p (7) 
4.76 - p (7) 

5.08dd (10.2.1.8) 
4.90 - p (7) 

5.36d (1.8) 
5.58s 

6.00d (7.1) 
6.44d (7.7) 

6.50d (10.2) 
6.51dd (8.1, 1.8) 

6.65d (7.9) 
6.81 - d (8.7) 

6.84d (8.1) 
6.95dd (8.7, 2.2) 

7.05 - d (8.5) 
7.23dd (8.5, 2.2) 
7.38dd (8.5, 2.2) 
7.50dd (8.7, 2.2) 

1.10 
1.30 
1.37 
2.74 
2.88 
2.90 
3.11 
3.33 
3.35m 
3.61 

4.35 
4.33 
4.37 
4.77 
4.89 
5.07 
5.36 
5.61 
6.05 
6.44 
6.51 
6.53 
6.66 
6.78 
6.84 
6.97 
7.01 
7.25 
7.39 
7.51 
4.88s 

- 

1.09 
1.31 
1.37 
2.74 
2.91 
2.90 
3.12 
3.33 

-3.31m 
3.62 
- 

4.36 
4.34 
4.38 
4.77 
4.89 
5.07 
5.37 
5.79 
6.16 
6.47 
6.52 
6.54 
6.68 

6.81d (7.4) 
6.84 
6.97 

a 250 MHz. 

Table 11-High-Resolution Electron-Impact Mass Spectral Fragments Obtained With Bouvardin (I), 0-Desmethylbouvardin (11), and 
Bouvardin Catechol(II1) 

Observed Mass (Percent Relative Abundance) 
Empirical Formula Calculated Mass I I1 111 

CSH60 94.041 86 94.04336 (11.91) 94.04286 (87.83) 94.04137(51.29) 
107.04969 107.04907 (17.44) 107.04833 (100) 107.04845 (56.71) 

CBH602 110.03678 110.03544 (16.61) 110.03977 (80.49) 
C7H70 

112.06366 112.06352 (21.23) 112.06363 (55.39) 112.06323 (61.88) 
123.04460 - 123.04436 (5.86) 123.04994 (100) 

C s H d z 0  
C7H702 

138.07931 138.07939 (27.92) 138.07909 (66.82) 138.08114 (78.14) C?Hl$rl20 
121.06534 121.06343 (100) 121.06391 (45.05) 
213.09155 213.09087 (1.0) 213.09246 (73.50) 213.09072 (1.4) 

CeH90 
CuHinO? 

- 

- 

phosphate buffer, and extracted with 1 ml of ethyl acetate. Approximately 
30 pl of the extracts were spotted onto TLC plates for analysis. 

Small-scale fermentations were used to screen 220 microorganisms for 
their abilities to metabolize bouvardin. Screening experiments were 
conducted in 125-ml steel-capped Delong flasks in 25 ml of medium, and 
10 mg of bouvardin was added to each culture. Initial screening results 
were confmed in a second experiment with control cultures containing 
no substrate and with autoclaved cultures incubated with bouvardin. 

Preparation of 0-Desmethylbouvardin (11) from Bouvardin by 
Streptomyces rutgersensis (NRRL) B-l256)--S. rutgersensis was 
grown in 500- or 1000-ml culture flasks, and a total of 3.36 g of I in 22.4 
ml of dimethylformamide was evenly dispensed to a final concentration 
of 0.6 mg of bouvardin/ml of culture medium in the 24-hr stage I1 cultures. 
Conversions of bouvardin to one major metabolite commenced within 
24 hr and neared completion after 12 days of incubation (TLC). Cells were 
separated from the fermentation beer by filtration, and the combined 
fdtrates were adjusted to pH 6.5 with 10% aqueous KOH. The filtrate (5.5 
liters) was extracted exhaustively with ethyl acetate (2 X 2.5 liters) and 
then with ethyl acetate-2-propanol(9:1,2 X 2 liters). The extracts were 
combined, dried over anhydrous sodium sulfate, filtered, and evaporated 
to a thick oily residue. This residue was triturated with water to remove 
the dimethylformamide, and the resulting suspension was filtered 
through a sintered glass funnel to collect the bouvardin-containing solids. 
The crude product (4.57 g) was purified by column chromatography on 
silica gel* (90 g, 3 X 35 cm) using a solvent system of methylene chlo- 

* Baker 3405; J. T. Baker Chemical Co., Phillipsburg, N.J. 

ride-methanol-water (90:10:0.5) a t  a flow rate of 0.7 ml/min; 20-ml 
fractions were collected. Fractions 17-24 contained bouvardin (0.49 g), 
while fractions 25-42 provided 0-desmethylbouvardin (11) (2.53 g, 79% 
yield). Recrystallization of the metabolite from ethyl acetate yielded the 
analytical sample (1.91 9): mp 2245227.0'; U V  239.5 (6850), 278 (3540), 
and 280 nm (3560); I R  3380 (OH phenolic), 1680 (amide C==O), and 1245 
cm-' (C--0-C); IH-NMR; see Table I; mass spectrum (field-desorp- 
tion): m/z 797 (M t K+), 781 (M t Na+), 758 (M+ for C39H46N6010), and 
740 (M - HzO); electron-impact mass spectral data: see Table 11. 

Preparation of Bouvardin Catechol (111) from O-Desmethyl- 
bouvardin (11) by Aspergillus ocbraceous-A. ochraceous ( U I  398) 
was grown in 12, I-liter Delong culture flasks for the stage I1 incubation. 
A total of 960 mg of I1 was dissolved in 9.6 ml of dimethylformamide and 
dispensed evenly among the cultures to give a final O-desmethylbou- 
vardin concentration of 0.4 mg/ml in culture medium. Ascorbic acid (500 
mg in 4 ml of H20) was added to each flask at  48 hr after addition of 0- 
desmethylbouvardin, when TLC analyses first indicated the presence 
of I11 (6). After 96 hr, TLC estimation indicated an 80% conversion of I1 
to 111, and the fermentation was harvested. 

Cells were separated from the medium by filtration through cheese- 
cloth, and the cells were extracted with ethyl acetate (200 ml). This ex- 
tract was later combined with culture filtrate extracts. The filtrate (2000 
ml) was extracted with ethyl acetate (3 X I liter) and then with ethyl 
acetate-2-propanoI(91,1 liter). After drying the combined extracts over 
anhydrous sodium sulfate, evaporation yielded an oily residue (800 mg), 
which was dissolved in methylene chloride-methanol-water (9010:0.5, 
5 ml) and applied to silica gel column (90 g, 3 X 35 cm). The column was 
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eluted at  a flow rate of 0.7 ml/min while 20-ml fractions were collected. 
After 50 fractions, the solvent was changed to methylene chloride- 
methanol-water (90:20:0.5) for an additional 30 fractions. Fractions 14-24 
contained unreacted 0-desmethylbouvardin (11) (164 mg), fractions 25 
and 26 contained a mixture of I1 and I11 (49 mg), and fractions 27-55 
contained bouvardin catechol(II1) (280 mg, 34.5% yield based on sub- 
strate utilized). The crude bouvardin catechol was dissolved in methyl 
ethyl ketone (10 ml), and 50 ml of hexane was added to precipitate 262 
mg of the catechol (111) from solution. This material was collected by 
filtration and gave the following physical data: mp 221-223’; UV: 284 
nm (2740); I R  3350 (broad, OH phenolic), 1650 (amide C 4 ) ,  and 1270 
cm-I (C-0-C); ‘H-NMR see Table I; mass spectrum (field-desorp- 
tion): m/z 797 (M + Na+) and 774 (M+ for C3&4&0!1); e!ectron-impact 
spectrum: see Table 11. The Arnow’s test was positive, indicative of a 
catechol moiety in the structure of the metabolite (7). 

RESULTS AND DISCUSSION 

Compounds such as bouvardin whose structural complexity render 
total synthesis or chemical modification difficult are excellent substrates 
for microbiological modification (2). The present study was designed to 
provide metabolites of bouvardin in sufficient quantity for biological 
evaluation to extend the structure-activity relationships of the antitumor 
peptide. Small-scale screening experiments with 220 cultures resulted 
in the identification of 17 microorganisms which accumulated the same 
major metabolite (Table 111). The metabolite was produced in consis- 
tently high yield (TLC) by S. rutgersensis (NRRL B-1256), and this 
organism was selected for preparative-scale fermentation to obtain suf- 
ficient amounts of the metabolite for structure elucidation and biological 
testing. The metabolite was obtained in 790 yield in the preparative-scale 
incubation, and ‘H-NMR and mass spectral measurements supported 
its structure as 0-desmethylbouvardin (11). 

The ‘H-NMR spectrum of the metabolite was identical to that of 
bouvardin, except for the absence of the signal for the methoxyl group 
protons of the tyrosine-3 residue (Table I) and the presence of a new 
hydroxyl signal at 4.48 ppm. Similarly, the signal for the methoxyl carbon 
atom of bouvardin, which resonates at 55.494 ppm, was absent in the 
I3C-NMR spectrum of the metabolite. Field-desorption mass spectral 
measurement provided a molecular ion of m/z 758 for the metabolite 
uersus mlz 772 for bouvardin. While the electron-impact mass spectrum 
failed to provide ions at higher mass, the base peak of the metabolite 
spectrum was at m/z 107.04833 for C7H70 (Table 11). This peak is derived 
from the N-methyltyrosine-3 residue of the metabolite. In bouvardin, 
the base peak exists at m/z 121.06343 for C&O, the methoxylated ar- 
omatic ring derived from the tyrosine-3 amino acid residue. These data 
strongly support the structure of the major bouvardin metabolite as 
0-desmethylbouvardin (11). 

Since I1 could be efficiently produced by microbial transformation of 
bouvardin, this metabolite was also utilized as a substrate in microbial 
transformation experiments. 0-Desmethylbouvardin (11) was screened 
with 10 cultures known to accomplish aromatic hydroxylation. Of the 
cultures examined, Aspergillus alliaceus (NRRL 315), A. ochraceous 
(UI 398). A. ochraceous (NRRL 1008), and Streptomyces griseus (UI 
1158) provided the same more polar (TLC) metabolite of 11. A. ochra- 
ceous UI 398 gave the highest and most consistent yields of the new 
metabolite, and it was used in a preparative-scale incubation. In the 
preparative-scale fermentation, ascorbic acid was employed to prevent 
possible degradation of the phenolic starting material and the presumed 
catechol metabolite that was being formed. A similar approach was uti- 
lized in the microbial oxidation of N-blocked tyrosine residues to form 
N-blocked levodopa derivatives (6). Following solvent extraction and 
chromatography, the metabolite was obtained in 34.5% yield and was 
identified as bouvardin catechol by spectral and chemical methods. 

A positive Arnow’s test suggested that the metabolite possessed a 
catechol moiety in its structure (7). While the metabolite gave a positive 
test, 0-desmethylbouvardin and bouvardin were negative. Field-de- 
sorption mass spectrometry indicated a molecular weight of 774 for the 
metabolite, consistent with the addition of a single oxygen atom to 0- 
desmethylbouvardin. The base peak in the electron-impact spectrum 
(Table 11) of the metabolite was a t  m/z 123.04461 for C7H702, which 
would be expected if an oxygen atom had been introduced into the ty- 
rosine-3 residue of 0-desmethylbouvardin. This fragment is supported 
by the presence of a characteristic catechol fragment a t  m/z 110.03977 
for C6H602, which was intense in the spectrum of the metabolite but 
relatively insignificant in the spectrum of 0-desmethylbouvardin or 
bouvardin (Table 11). 

A detailed analysis of the ‘H- and I3C-NMR spectral properties of 

Table 111-Cultures * Producing 0-Desmethylbouvardin (11) 
from Bouvardin (I). 
Corynebacterium mediolarum (ATCC 14004) 
Cyathus striatus (UI 356) 
Gelasinospora autosteria (UIGA) 
Hansenula species (UI-HCY) 
Helicostylum piriforme (QM 6944) 
Lentodium squamulosum (UI 1566) 
Mycobacterium fortuitum (UI 53378) 
Nannizzia cajetana (-) (UI 1128) 
Phanerochaete chrysosporium (UI 446) 
Poria monticola (UI 332) 
Pseudomonas utida (ATCC 17453) 
Sepedonium c&ysosperrnum (ATCC 13378) 
Sordaria bomboidee (UI 183) 
Streptomyces rimosus (NRRL 2234) 
S. rimosus (ATCC 14673) 
Stre tomyces rutgersensis (NRRL B-1256) 
UniLntified Yeast (UI 1477) 

a ATCC, American Type Culture Collection, Rockville, Md.; NRRL, Northern 
Regional Research Laboratories, Peoria, Ill. UI, University of Iowa, College of 
Pharmacy Culture Collection, Iowa City, Iowa; QM Quartermaster Culture Col- 
lection, U S .  Army Laboratories, Natick, Mass. 

bouvardin has been made (4); this provided a useful tool in establishing 
the structure of the new bouvardin metabolite. The 250-MHz ‘H-NMR 
spectrum of the metabolite strongly supported its proposed structure 
as bouvardin catechol(II1). All of the resonances of the metabolite were 
virtually identical for I, 11, and I11 except for signals attributed to the 
aromatic protons of the tyrosine-3 moiety and for OH and NH absorp- 
tions which moved farther downfield in the spectrum of I11 due to con- 
centration differences. The tyrosine-3 absorption changed in the expected 
ways for 111. The aromatic absorption pattern for this metabolite re- 
sembled that of &methyl catechol (8) as a typical ABX system with 
protons for the Tyr-36 [6.53 ppm (dd, J = 7.4 and 2.0 Hz) and 6.70 ppm 
(d, J = 2.0 Hz)] and Tyr-3c [6.81 ppm (d, J = 7.4 Hz)] possessing the 
appropriate coupling constants. These data confirm the structure of the 
metabolite as that of bouvardin catechol(II1). 

Additional attempts were made to modify bouvardin by employing 
cultures known to form peptide antibiotics containing a,P-unsaturation 
or dehydro-amino acid moieties in their structural backbones. It was 
reasoned that formation of the dehydro-moieties could occur as late 
biosynthetic reactions in the formation of antibiotics such as mikamycin 
(9), subtilin (lo), dehydro-N-benzyloxycarbonyl-L-tryptophan (11), 
glycocinnamoyl-spermidines (12), antibiotic A32390A (13), telomycin 
(14), stendomycin (151, trichostatin C (16), and ostreogrycin (17), and 
that the introduction of this type of functionality into bouvardin could 
result in enhanced or novel antitumor activity. Cultures were grown in 
nutrient broth with and without supplements of phenylalanine, alanine, 
or tyrosine as possible inducers of enzymes capable of dehydrogenating 
amino acids (11). None of the antibiotic-producing cultures formed novel 
derivatives of bouvardin. In these experiments, Nocardia species (NRRL 
56461, Streptomyces hygroscopicus (ATCC 32431), and Actinoplanes 
philippinensis (NRRL 5462) formed 0-desmethylbouvardin from 
bouvardin, albeit in lower yields than S. rutgersensis. 

Bouvardin and its metabolites, 0-desmethylbouvardin (11) and bou- 
vardin catechol(II1) were submitted to the National Cancer Institute for 
biological testing uersus the P-388 leukemia test system. None of the 
metabolites were active, thus indicating that the 0-desmethylation and 
further hydroxylation reactions are bioinactivation processes. 
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Abstract The hydrolysis kinetics of several oxazolidines derived from 
(-)-ephedrine and various aldehydes and ketones were studied to assess 
their suitability as prodrug forms for @-amino alcohols and/or car- 
bonyl-containing compounds. The oxazolidines were found to undergo 
a facile and complete hydrolysis in the pH range of 1-11 at  37". The hy- 
drolysis rates were subject to general acid-base catalysis by buffer sub- 
stances and depended strongly on pH. Most oxazolidines showed sig- 
moidal pH-rate profiles with maximum rates at pH > 7-7.5. A t  pH 7.40 
and 37O the following half-lives of hydrolysis for the various ephedrine 
oxazolidines were found 5 sec (formaldehyde), 18 sec (propionaldehyde), 
5 min (benzaldehyde), 5 sec (salicylaldehyde), 30 min (pivalaldehyde), 
4 min (acetone), and 6 min (cyclohexanone). The reaction rates in neutral 
and basic solutions were shown to decrease with increasing steric effects 
of the substituents derived from the carbonyl component and to decrease 
with increasing basicity of the oxazolidines. The oxazolidines are weaker 
bases (pK, 5.2-6.9) than the parent @-amino alcohol and more lipophilic 
at physiological pH. It is suggested that oxazolidines can be considered 
as potentially useful prodrug candidates for drugs containing a &amino 
alcohol moiety or carbonyl groups. 

Keyphrases Ephedrine-oxazolidine derivatives, potential prodrugs 
for @-amino alcohols and carbonyl-containing compounds Oxazoli- 
dines-potential prodrugs for @-amino alcohols and carbonyl-containing 
compounds, ephedrine Prodrugs-potential, oxazolidine derivatives, 
for P-amino alcohols and carbonyl-containing compounds, ephedrine 

Bioreversible derivatization of drug substances to pro- 
duce prodrugs with altered physicochemical properties can 
improve substantially both drug efficacy and safety (1-3). 
As a part of current studies involving new chemical ap- 
proaches (4,5), an investigation was carried out to obtain 
prodrug candidates for the P-amino alcohol moiety andlor 
carbonyl groups (aldehydes and ketones). There are several 
drugs containing a @-amino alcohol moiety (e.g. ,  various 
sympathomimetic amines and @-blockers) which may 
exhibit delivery problems, e .g . ,  due to unfavorable solu- 
bility or lipophilicity characteristics. For this moiety no 
prodrug types have apparently been described, and like- 
wise, only few bioreversible derivatives of carbonyl-con- 
taining drugs have been explored (6,7).  We recently sug- 
gested (8) that oxazolidines should be considered as po- 
tentially useful prodrug candidates for 0-amino alcohols 

or drugs containing carbonyl groups. Oxazolidines (I1 and 
111) derived from (-)-ephedrine (I) and benzaldehyde or 
salicylaldehyde were found to undergo a facile and quan- 
titative hydrolysis in the pH range of 1-11, the half-lives 
of hydrolysis at pH 7.4 and 37' being 5 min (11) and 5 sec 
(111). To further explore the potential of oxazolidines as 
prodrug types and to delineate some structure-activity 
relationships, this study has been extended to include 
oxazolidines derived from (-)-ephedrine and the ketones 
acetone and cyclohexanone, as well as the aliphatic al- 
dehydes formaldehyde, propionaldehyde, and pivalal- 
dehyde. In the present paper the kinetics of hydrolysis of 
these oxazolidines (IV-VIII) are described along with data 
for the lipophilicity of the compounds. 

EXPERIMENTAL 

Chemicals-The oxazolidines IV-VIII were prepared by treating 
(-)-ephedrine' with the appropriate aldehyde or ketone, according to 
previously described procedures (9-1 l), and these materials were purified 
by distillation in uacuo. The boiling or melting points observed agreed 
with those previously reported (9-111, and satisfactory elemental analysis 
data (C, H, and N) were obtained. Buffer substances and all chemicals 
or solvents were of reagent grade. 

Kinetic Studies-All rate studies were performed in aqueous buffer 
solutions at 37.0 f 0.2O. The buffers used were hydrochloric acid, formate, 
acetate, phosphate, borate, and carbonate solutions. A constant ionic 
strength ( p )  of 0.5 was maintained for each buffer by adding a calculated 
amount of potassium chloride. The rates of hydrolysis were followed by 
one or more of three methods depending on the reaction rate. 

Direct UV spectrophotometry-In this method the progress of de- 
composition of the oxazolidines was followed spectrophotometrically2 
by recording the decrease in absorbance at 220 nm. A t  this wavelength 
the absorption of substrate and products differed maximally. Reactions 
were performed in 2.5-ml aliquot portions of buffer solutions in a ther- 
mastated quartz cell and were initiated by adding 20 pl of a stock solution 
of the oxazolidines in acetonitrile to give a final concentration of -5 X 
loM4 M. Rate constants were calculated from the slopes of linear plots 
of log (At - A,) against time, where At and A, are the absorbance 

1 AG Fluka, Switzerland. 
2 Zeiss PMQ I1 equipped with a thermostated cell compartment, 
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Abstract The hydrolysis kinetics of several oxazolidines derived from 
(-)-ephedrine and various aldehydes and ketones were studied to assess 
their suitability as prodrug forms for @-amino alcohols and/or car- 
bonyl-containing compounds. The oxazolidines were found to undergo 
a facile and complete hydrolysis in the pH range of 1-11 at  37". The hy- 
drolysis rates were subject to general acid-base catalysis by buffer sub- 
stances and depended strongly on pH. Most oxazolidines showed sig- 
moidal pH-rate profiles with maximum rates at pH > 7-7.5. A t  pH 7.40 
and 37O the following half-lives of hydrolysis for the various ephedrine 
oxazolidines were found 5 sec (formaldehyde), 18 sec (propionaldehyde), 
5 min (benzaldehyde), 5 sec (salicylaldehyde), 30 min (pivalaldehyde), 
4 min (acetone), and 6 min (cyclohexanone). The reaction rates in neutral 
and basic solutions were shown to decrease with increasing steric effects 
of the substituents derived from the carbonyl component and to decrease 
with increasing basicity of the oxazolidines. The oxazolidines are weaker 
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Bioreversible derivatization of drug substances to pro- 
duce prodrugs with altered physicochemical properties can 
improve substantially both drug efficacy and safety (1-3). 
As a part of current studies involving new chemical ap- 
proaches (4,5), an investigation was carried out to obtain 
prodrug candidates for the P-amino alcohol moiety andlor 
carbonyl groups (aldehydes and ketones). There are several 
drugs containing a @-amino alcohol moiety (e.g. ,  various 
sympathomimetic amines and @-blockers) which may 
exhibit delivery problems, e .g . ,  due to unfavorable solu- 
bility or lipophilicity characteristics. For this moiety no 
prodrug types have apparently been described, and like- 
wise, only few bioreversible derivatives of carbonyl-con- 
taining drugs have been explored (6,7).  We recently sug- 
gested (8) that oxazolidines should be considered as po- 
tentially useful prodrug candidates for 0-amino alcohols 

or drugs containing carbonyl groups. Oxazolidines (I1 and 
111) derived from (-)-ephedrine (I) and benzaldehyde or 
salicylaldehyde were found to undergo a facile and quan- 
titative hydrolysis in the pH range of 1-11, the half-lives 
of hydrolysis at pH 7.4 and 37' being 5 min (11) and 5 sec 
(111). To further explore the potential of oxazolidines as 
prodrug types and to delineate some structure-activity 
relationships, this study has been extended to include 
oxazolidines derived from (-)-ephedrine and the ketones 
acetone and cyclohexanone, as well as the aliphatic al- 
dehydes formaldehyde, propionaldehyde, and pivalal- 
dehyde. In the present paper the kinetics of hydrolysis of 
these oxazolidines (IV-VIII) are described along with data 
for the lipophilicity of the compounds. 

EXPERIMENTAL 

Chemicals-The oxazolidines IV-VIII were prepared by treating 
(-)-ephedrine' with the appropriate aldehyde or ketone, according to 
previously described procedures (9-1 l), and these materials were purified 
by distillation in uacuo. The boiling or melting points observed agreed 
with those previously reported (9-111, and satisfactory elemental analysis 
data (C, H, and N) were obtained. Buffer substances and all chemicals 
or solvents were of reagent grade. 

Kinetic Studies-All rate studies were performed in aqueous buffer 
solutions at 37.0 f 0.2O. The buffers used were hydrochloric acid, formate, 
acetate, phosphate, borate, and carbonate solutions. A constant ionic 
strength ( p )  of 0.5 was maintained for each buffer by adding a calculated 
amount of potassium chloride. The rates of hydrolysis were followed by 
one or more of three methods depending on the reaction rate. 

Direct UV spectrophotometry-In this method the progress of de- 
composition of the oxazolidines was followed spectrophotometrically2 
by recording the decrease in absorbance at 220 nm. A t  this wavelength 
the absorption of substrate and products differed maximally. Reactions 
were performed in 2.5-ml aliquot portions of buffer solutions in a ther- 
mastated quartz cell and were initiated by adding 20 pl of a stock solution 
of the oxazolidines in acetonitrile to give a final concentration of -5 X 
loM4 M. Rate constants were calculated from the slopes of linear plots 
of log (At - A,) against time, where At and A, are the absorbance 
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readings at time t and at infinity (i.e.,  when no further changes in ab- 
sorbance occurred), respectively. 

Trapping of Carbonyl Product-The rates of hydrolysis of IV and VII 
were measured at same pH values (pH %6) by trapping the formaldehyde 
or cyclohexanone formed with semicarbazide and following the increase 
in absorbance of the semicarbazone at 235 nm (12,13). Semicarbazide 
hydrochloride was included in the buffer solutions at  a concentration of 
5 X M. The concentration of the trapping reagent (and pH range) 
was such that there was no induction period in the observed pseudo 
fit-order rate plots, i e . ,  trapping of carbonyl compound was fast relative 
to its formation. The semicarbazide had no significant influence on the 
reaction rate in the concentration used; at higher concentrations a slight 
catalytic effect was noted. The initial oxazolidine concentration was -2 
X M, and the reactions were performed either directly in a ther- 
mostated cuvette or in flasks kept in a water bath. Pseudo first-order rate 
constants were determined from plots of log (A, - A , )  against time; in 
all cases stable end points (A,) were observed. 

High-Performance Liquid Chromatography (HPLC)-Slower reac- 
tions were usually followed using an HPLC method. The apparatus3 used 
was equipped with a variable-wavelength UV detector (8-p1, I-cm flow 
cells), a 10-pl loop injection valve, and a reverse-phase column4 (4.0 mm 
X 25 cm). The mobile phase consisted of methanol-0.04 M potassium 
dihydrogen phosphate (7:3 v/v). The flow rate was 1.6 ml/min, and the 
column effluent was monitored at 215 or 220 nm. Under these conditions 
the oxazolidines were separated from ephedrine and both could readily 
be determined (Fig. 1). Quantitation of the compounds was done from 
measurement of the peak heights in relation to those of standards chro- 
matographed under the same conditions. In the kinetic runs, buffer so- 
htions containing the oxazolidines at initial concentrations of -0.5 m g / d  
were kept a t  37O, and aliquots were removed at  suitable intervals and 
chromatographed. First-order rate constants for the hydrolysis were 
determined from the slopes of linear plots of the logarithm of residual 
oxazolidine against time. 

Measurement of Partition Coefficients-The partition coefficients 
of the oxazolidine derivatives VI, VII, and VIII were determined in an 
octanol-phosphate buffer (0.05 M, pH 7.40) system as previously de- 
scribed (8). The solute concentration in the octanol phase was determined 
by the aforementioned HPLC method before and after partition, the 
equilibrium being obtained after mixing the two phases for only 3 min 
at  20" (for stability reasons). For each compound, determinations were 
carried out in triplicate, and the log P values thereby obtained were re- 
producible to within *6%. 

RESULTS AND DISCUSSION 

Kinetics of Hydrolysis-The kinetics of decomposition of the oxa- 
zolidines IV-VII were studied in aqueous solution at 37" over the pH 

Spectra Physics Model 3500B. 
LiChrmorb RP-8 reverse-phase column; E. Merck, Darmstadt, West Ger- 

many. 

0 2 4 
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Figure 1-Chromatogram of a partially degraded aqueous solution of 
VI. Key: (1) solvent front; (2) (-)-ephedrine; (3) VI. 

Table I-Pseudo First-Order Rate Constants (kob, min-l) for 
the Hydrolysis of Various Oxazolidines * as Determined by 
Different Methods 

Compound Buffer 
Methodb 

A B C 

V 0.05 M formate (pH 3.15) 0.10 - 0.11 
VI 0.05 M phosphate (pH 7.40) 0.21 - 0.22 

VII 0.1 M acetate (pH 5.55) 0.016 0.017 0.015 

p = 0.5; 37'. (A) Direct UV spectrophotometry; (B) trapping of carbonyl 
product with semicarbazide; (C) HPLC of oxazolidine. 

range of 0.5-11. At constant pH and temperature the hydrolysis displayed 
strict first-order kinetim for >3 half-lives, and in all kinetic runs followed 
by HPLC, ephedrine was found to be liberated in stoichiometric amounts. 
As described above, different experimental methods were used to follow 
the reactions. In several cases the rate of hydrolysis of oxazolidines at a 
given pH was determined using more than one of the methods and, as 
seen from the examples given in Table I, the values of the pseudo first- 
order rate constants (ko&) derived were in favorable agreement. 

The hydrolysis of the oxazolidines was found to be subject to significant 
buffer catalysis, as has previously been observed for I1 (8). The hydrolysis 
rates showed in all cases a linear dependence on buffer concentration, 
as illustrated in Fig. 2 for the degradation of oxazolidine VI in phosphate 
buffers. 

The influence of pH on the hydrolysis rate is shown in Fig. 3, where 
the logarithms of the hob values at zero buffer concentration (ko, obtained 
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Figure 2-Effect of phosphate buffer concentration on the pseudo 
first-order rate constant for the hydrolysis of VI ( p  = 0.5; 37"). 
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Figure 3-The pH-rate profiles for the hydrolysis of the oxazolidines IV-Vlll  at 37" ( p  = 0.5). 

by extrapolation of plots such as those in Fig. 2 to zero buffer concen- 
tration) are plotted against pH. The ko values at pH < 2.2 were obtained 
directly from runs in hydrochloric acid solution. 

Previous studies (14-16) have shown that the hydrolysis occurs in two 
separate reaction stages: reversible ring opening to give a cationic Schiff 
base species followed by hydrolysis of this intermediate to give the 
p-amino alcohol and the carbonyl component (Scheme I). These studies 
involving various 2-(substituted phenyl)-3-ethyloxazolidines, 2-[4- 
(dimethylamino)styryl] -3-phenyloxazolidine, and 2-(4-methylphenyl)- 
2,3-dimethyloxazolidine led to the proposed reaction scheme in which 
the ring opening proceeding with C-0 bond breaking is subject to hy- 
drogen ion catalysis as well as a possible unimolecular C-0 bond 
breaking or a water-catalyzed ring opening. The cationic Schiff base in- 
termediate formed is in equilibrium with the oxazolidine and undergoes 
both spontaneous and hydroxide-ion-catalyzed hydrolysis. 

A similar mechanism may be involved in the hydrolysis of the oxazo- 
lidines IV-VIII. For these derivatives, however, no build up of a Schiff 
base intermediate occurs. Using UV spectrophotometry no such inter- 
mediate could be detected in the pH range studied, and furthermore, no 
lag time was observed in the rate of appearance of ephedrine as deter- 
mined by HPLC. Thus, if formed, the Schiff base intermediate must be 
present in small steady-state concentrations. A similar conclusion was 
also reached in case of hydrolysis of the benzaldehyde derivative I1 (8). 
The sigmoidal pH-rate profiles obtained for the oxazolidines studied 
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indicate, on the other hand, that such an intermediate may be involved 
in the reaction pathway and that a change of the rate-determining step 
in the overall reaction with pH is taking place. In weakly acid to basic 
solution (pH > 5 . 5 4 ,  the rate-determining step in the overall hydrolysis 
of the oxazolidines is suggested to involve a unimolecular or water-cat- 
alyzed breakdown of the free base form of the oxazolidines. Letting k 1 
be the apparent first-order rate constant for this process and Ka the 
apparent ionization constant of the protonated oxazolidines, the ex- 
pression for ko would be: 

(Eq. 1) 

where aH is the hydrogen ion activity. In Fig. 3 the lines at pH > 5.5-6 
were constructed from Eq. 1 and the rate constants and pK, values given 
in Table I. It is seen that the experimental data obtained in this pH region 
fit very satisfactorily to Eq. 1. Further support for this interpretation of 
the kinetic data is provided by the identical pKa values obtained kinet- 
ically and by potentiometric titration for the oxazolidines VI and VII 
(Table 11). Due to their facile hydrolysis the pKa values of IV and V could 
not be determined titrimetrically. It should be added, however, that other 
kinetically equivalent reactions, e.g., hydroxide-ion-catalyzed hydrolysis 
of protonated oxazolidine, can equally account for the observed k r p H  
relationship in neutral and alkaline solutions. 

As seen from Fig. 4 the oxazolidine derived from benzaldehyde (11) 
behaves quite differently from those from the aliphatic aldehydes (IV 
and V). The hydrolysis of this oxazolidine shows a bell-shaped pH-rate 
profile as previously reported (8). In contrast the pH-rate profile for the 
corresponding oxazolidine from salicylaldehyde (111) (8) is sigmoidal, as 
are those for IV, V, and VIII. The rate data for 111 at pH > 4 were analyzed 
in terms of Eq. 1, and the k l  and pKn values derived are included in Table 
I. 

Table 11-Rate Data for the Hydrolysis of Various Oxazolidines 
and pKa Valuesa 

k 1Ka k o = -  + Ka 

Oxazolidine k 1, min-' PKn * 
I1 

111 
IV 
V 

VI 
VII 

VIII 

- 
9.1 
9.1 
2.4 
0.21 
0.13 
0.023 

- (5.6)c 
5.2 
6.0 
5.9 
6.9 (6.9)c 
6.9 (6.9)c 
5.9 

p = 0.5; 37". Kinetically determined values; the values listed in parentheses 
were determined titrimetrically. Values taken from Ref. 17. 



Table 111-Half-lives of Hydrolysis of Various Oxazolidines a t  
pH 1 and 7.4 

t l i 2 ,  min 
Oxazolidine PH 1 pH 7.4 t i 

I I 1 I I I I 

PH 
2 4 6 8 1 0 1 2  

Figure 4-The pH-rate profiles for the hydrolysis of the oxazolidines 
I I  (0) and I I I  (@) at 3 7 O  (p = 0.5). (Taken from Ref. 8.) 

The pK, values derived for the oxazolidines are substantially smaller 
than the pK, value (9.6) for ephedrine. The difference can most likely 
be attributed to the presence of the electronegative ring oxygen atom in 
the oxazolidines, cf . ,  the difference in the pK, values for piperidine (11.1) 
and morpholine (8.3). 

Lipophilicity of the Oxazolidines-The apparent partition coeffi- 
cients (P = Coctanol/Caqueous) for the oxazolidines VI-VIII were measured 
using an octanol-aqueous buffer system, using 0.05 M phosphate buffer, 
pH 7.40. The values found for log P were 0.92 (VI), 1.83 (VII), and 1.68 
(VIII). The log P values for the free base forms of the compounds can be 
calculated from these values when correction is made for the degree of 
ionization at pH 7.4; the values thus obtained are 1.04 (VI), 1.94 (VII), 
and 1.69 (VIII). The log P value for the benzaldehyde derivative (11) was 
previously reported to be 1.58 at pH > 7. The log P value for ephedrine 
(pK, 9.6) in a similar octanol-phosphate buffer (pH 7.4) system has been 
reported to be -1.35, with a log P value of 1.02 for the free base form (18). 
These results show that the oxazolidines prepared from acetone, cyclo- 
hexanone, or benzaldehyde are more lipophilic than the parent ephedrine, 
especially at physiological pH where the oxazolidines are largely in the 
free base form and ephedrine is largely protonated. Due to stability 
reasons the log P values for the oxazolidines 111-V could not be experi- 
mentally determined, but could be estimated on the basis of hydrophobic 
substituent constants (19) and the values for derivatives described 
above. 

Structural Effects on Reaction Rate-The rate data obtained show 
that the structure of the carbonyl component has a pronounced effect 
on the rate of oxazolidine hydrolysis in both acidic, neutral, and alkaline 

i/ -2 

\ 

0.5 1 .o 1.5 
V 

Figure 5-Plot of log kl against the steric substituent parameter v for 
various oxazolidines. The correlation plot was made for IV, V,  and VIII 
possessing the same pK, ualues. The v values used refer to the moiety 
of the oxazolidines derived from the carbonyl compounds including the 
ring carbon atom in the oxazolidines, e.g., for W a n d  VI the v values are 
those for methyl and isopropyl, respectively. 

IIb 7 5.0 
IIIb 8 0.08 
IV 96 0.08 
V 70 0.3 

VI 220 4.0 
VII 230 5.9 

VIII - 30 

p = 0.5; 37’. The rate data are from a previous study (8). 

solutions. Considering the rate constant k 1 and accordingly, the hy- 
drolysis rate in weakly acidic to basic aqueous solutions, the structural 
effects appear to involve both electrical and steric effects. The oxazoli- 
dines derived from the three aliphatic aldehydes (IV, V, and VIII) possess 
almost the same pK, values (Table 111, and the variation of the rates of 
hydrolysis of these derivatives can be accounted for in terms of different 
steric properties of the aldehyde part. As seen in Fig. 5, an excellent linear 
correlation exists between log kl and the steric substituent parameter 
v (20). The regression equation between log kl  and v for these oxazolidines 
is given by: 

log k l  = -3 .2~  + 2.6 (kl in min-’; 37O) (Eq. 2) 

This result implies that the reactivity of oxazolidines in neutral and basic 
solutions decreases with increasing steric effects within the carbonyl 
moiety. As seen from Fig. 5 such a correlation also appears to hold for 
oxazolidines derived from ketones, although only rate data for two de- 
rivatives have been obtained. The decreased reactivity of the ketone- 
oxazolidines as compared to the aldehyde-oxazolidines (Fig. 5) may most 
likely be due to differences in the pK, values of the oxazolidines, i .e.,  
increased pK, results in decreased reactivity. As previously suggested 
(8) the considerably greater reactivity of I11 compared with I1 may be 
attributed to some kind of intramolecular catalysis by the ortho-situated 
hydroxyl group in 111. It is obvious, however, that the present data are 
insufficient to delineate the structural factors (steric and electrical), both 
within the aldehyde or ketone part and the amino alcohol moiety, that 
may influence the stability of oxazolidines. 

Consideration of Oxazolidines as Prodrug Types-The results 
obtained extend the previous suggestion (8) that oxazolidines may have 
potential as prodrug forms for &amino alcohols or carbonyl-containing 
compounds. The derivatives undergo a quantitative conversion to the 
parent compounds in aqueous solution with rates highly dependent on 
pH. As shown in Table I11 the decomposition of the oxazolidines at pH 
7.4 and 37’ is quite rapid, whereas a greater stability is achieved in acid 
solutions. These rates might not be expected to change much in uiuo. The 
oxazolidines are much weaker bases than the parent P-amino alcohol, 
and this results in higher lipophilicity at physiological pH. Such increased 
lipophilicity may become advantageous in situations where delivery 
problems for @-amino alcohol-type drugs are due to low lipophilicity. 
Thus, by appropriate selection of the carbonyl moiety of oxazolidines it 
may be feasible to obtain prodrugs of P-amino alcohols with varying 
physicochemical properties, such as lipophilicity and rate of drug release, 
and hence to control and modify the delivery and overall activity char- 
acteristics of the parent drugs. In considering oxazolidines as prodrug 
candidates for carbonyl-containing substances, their weakly basic 
character may also be advantageous in that the transformation of such 
substances into oxazolidines introduces a readily ionizable moiety, which 
may allow the preparation of derivatives with increased aqueous solu- 
bilities a t  acidic pH values. For example, a potentially useful purpose of 
transforming a carbonyl-containing drug substance into a bioreversible 
oxazolidine derivative could be to enhance its dissolution behavior in an 
effort to improve the oral bioavailability. 
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Abstract II Four male unanesthetized dogs each weighing 22.0-29.0 kg 
received 0.250 mg/kg iv of bumetanide before (treatment I) and after 
(treatment 11) indomethacin pretreatment. Lactated Ringer’s solution 
was administered intravenously throughout both treatments at a flow 
rate of 2 ml/min to avoid fluid and electrolyte depletion. Unchanged 
bumetanide and indomethacin concentrations were analyzed using 
high-performance liquid chromatography. Sodium was measured by 
flame photometry and creatinine by colorimetry. Indomethacin pre- 
treatment did not significantly change the pharmacokinetics of bume- 
tanide, affecting neither the total amount of drug nor time course of drug 
delivered into the urine. In contrast, indomethacin pretreatment resulted 
in a dramatic reduction in the 4-hr sodium excretion and urine volume. 
Therefore, a pharmacokinetic interaction may be eliminated as a possible 
mechanism for the attenuation, by indomethacin, of the natriuretic and 
diuretic response of bumetanide. Instead, it appears that indomethacin 
diminishes the response to bumetanide via prostaglandin inhibition. 

Keyphrases 0 Bumetanide-pharmacokinetics, sodium excretion, dogs, 
effect of indomethacin pretreatment 0 Indomethacin-pretreatment, 
effect on sodium excretion, pharmacokinetics of bumetanide, dogs 0 
Pharmacokinetics-bumetanide, sodium excretion, pharmacokinetics 
in the dog, effect of indomethacin pretreatment 

Bumetanide [3-(butylamino)-4-phenoxy-5-sulfamoyl- 
benzoic acid] is a high-ceiling diuretic with pharmacolog- 
ical action similar to that of furosemide (1-3). The diuretic 
appears to act primarily a t  the medullary portion of the 
ascending limb of the loop of Henle, where it inhibits solute 
reabsorption, although inhibition of sodium transport in 
the proximal nephron also occurs (4-7). In addition, 
bumetanide induces intrarenal hemodynamic changes 
(8-12). Since bumetanide is highly bound to plasma pro- 
teins (13, 14), the drug gains access to  the kidney lumen 
predominantly at the pars recta of the proximal tubule uia 
the nonspecific organic acid secretory pathway (1,131. 

Indomethacin has been shown recently to attenuate the 
natriuretic and diuretic response to bumetanide in ex- 
perimental animals (12), healthy volunteers (15,161, and 
patients (17). These authors proposed that indomethacin, 

a potent inhibitor of prostaglandin synthetase, interferes 
with the prostaglandin-mediated effect of bumetanide. 
However, it is also possible that indomethacin may com- 
pete with bumetanide (both drugs are weak organic acids) 
for active secretion into the lumen of the kidney tubule, 
thereby modifying either the total amount of diuretic de- 
livered to its active site or the time course of drug delivery. 
Since previous investigators (12,15-17) did not measure 
concentrations and/or amounts of bumetanide in the 
plasma and urine, this alternative hypothesis (phar- 
macokinetic interaction) cannot be eliminated. Therefore, 
the present investigation was undertaken to clarify the 
mechanism by which indomethacin diminishes the phar- 
macodynamic response to bumetanide. 

EXPERIMENTAL 

Materials-An aqueous solution dosage form of bumetanidel was 
prepared using 0.4 N NaOH immediately prior to use. Indomethacin 
capsules2 were obtained commercially. Indomethacin powdes was used 
as received. All other chemicals and solvents were reagent grade or better, 
as previously reported (18). 

Methods-Four male, mongrel, conditioned, unanesthetized dogs 
weighing 22.0-29.0 kg received 0.250 mg/kg of bumetanide before 
(treatment I) and after (treatment 11) pretreatment with indomethacin. 
Each dog was fasted the night before and throughout the entire study 
period. Bumetanide was administered intravenously over a 3-min infu- 
sion‘ period, with the beginning of the infusion being considered as time 
zero. A 100-mg dose of indomethacin (two 50-mg capsules) was ingested 
the night before (11:OO to 11:30 p.m.) and on the study day (60 min prior 
to bumetanide administration). An interval of a t  least 1 week elapsed 
between studies, and identical lots for each drug were used 
throughout. 

Heparinized scalp vein needles6 were placed in the forelegs of each dog: 

1 Lot A-29; Hoffmann-La Roche, Inc., Nutley, N.J. 
Lot D2520; Merck Sharp and Dohme, West Point, Pa. 
Merck Sharp and Dohme, Rahway, N.J. ‘ Harvard Compact Infusion Pump; Harvard Apparatus Co., Inc., South Natick, 

E-2 Set-PRN Intermittent Infusion Set; The Deseret Co., Sandy, Utah. 
Mass. 
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Abstract II Four male unanesthetized dogs each weighing 22.0-29.0 kg 
received 0.250 mg/kg iv of bumetanide before (treatment I) and after 
(treatment 11) indomethacin pretreatment. Lactated Ringer’s solution 
was administered intravenously throughout both treatments at a flow 
rate of 2 ml/min to avoid fluid and electrolyte depletion. Unchanged 
bumetanide and indomethacin concentrations were analyzed using 
high-performance liquid chromatography. Sodium was measured by 
flame photometry and creatinine by colorimetry. Indomethacin pre- 
treatment did not significantly change the pharmacokinetics of bume- 
tanide, affecting neither the total amount of drug nor time course of drug 
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benzoic acid] is a high-ceiling diuretic with pharmacolog- 
ical action similar to that of furosemide (1-3). The diuretic 
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ascending limb of the loop of Henle, where it inhibits solute 
reabsorption, although inhibition of sodium transport in 
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(8-12). Since bumetanide is highly bound to plasma pro- 
teins (13, 14), the drug gains access to  the kidney lumen 
predominantly at the pars recta of the proximal tubule uia 
the nonspecific organic acid secretory pathway (1,131. 

Indomethacin has been shown recently to attenuate the 
natriuretic and diuretic response to bumetanide in ex- 
perimental animals (12), healthy volunteers (15,161, and 
patients (17). These authors proposed that indomethacin, 

a potent inhibitor of prostaglandin synthetase, interferes 
with the prostaglandin-mediated effect of bumetanide. 
However, it is also possible that indomethacin may com- 
pete with bumetanide (both drugs are weak organic acids) 
for active secretion into the lumen of the kidney tubule, 
thereby modifying either the total amount of diuretic de- 
livered to its active site or the time course of drug delivery. 
Since previous investigators (12,15-17) did not measure 
concentrations and/or amounts of bumetanide in the 
plasma and urine, this alternative hypothesis (phar- 
macokinetic interaction) cannot be eliminated. Therefore, 
the present investigation was undertaken to clarify the 
mechanism by which indomethacin diminishes the phar- 
macodynamic response to bumetanide. 
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Materials-An aqueous solution dosage form of bumetanidel was 
prepared using 0.4 N NaOH immediately prior to use. Indomethacin 
capsules2 were obtained commercially. Indomethacin powdes was used 
as received. All other chemicals and solvents were reagent grade or better, 
as previously reported (18). 

Methods-Four male, mongrel, conditioned, unanesthetized dogs 
weighing 22.0-29.0 kg received 0.250 mg/kg of bumetanide before 
(treatment I) and after (treatment 11) pretreatment with indomethacin. 
Each dog was fasted the night before and throughout the entire study 
period. Bumetanide was administered intravenously over a 3-min infu- 
sion‘ period, with the beginning of the infusion being considered as time 
zero. A 100-mg dose of indomethacin (two 50-mg capsules) was ingested 
the night before (11:OO to 11:30 p.m.) and on the study day (60 min prior 
to bumetanide administration). An interval of a t  least 1 week elapsed 
between studies, and identical lots for each drug were used 
throughout. 
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one was used for administration of bumetanide and replacement fluids, 
the other for obtaining blood samples. Blood samples (3 ml) were col- 
lected just prior to bumetanide dose (blank) and at 3,5,10,20,30,45,60, 
80,100,120,150, 180,210, and 240 min. Voided urine was collected via 
an indwelling bladder catheter6 just prior to bumetanide dosing (blank) 
and at  20,40,80,120,180, and 240 min. The bladder was flushed with 2 
X 5 ml of air at the end of each urine collection to ensure a complete catch. 
Lactated Ringer's solution ws administered intravenously throughout 
the entire study period of both treatments a t  a flow rate of 2 mllmin to  
avoid fluid and electrolyte depletion. All 4-hr plasma samples showed 
normal sodium concentrations. 

Assays-Plasma and urine samples containing bumetanide, with and 
without indomethacin pretreatment, were analyzed by a high-perfor- 
mance liquid chromatographic (HPLC) method as described previously 
(18). Plasma samples (0.20 ml) containing indomethacin were prepared 
and analyzed in a similar fashion to that of bumetanide. A 50- pl aliquot 
of acetophenone (0.025 mglml) was used as the internal standard, and 
the solvent system (50% acetonitrile in 0.015 M phosphoric acid aqueous 
solution, adjusted to pH 5.0 with 4 N NaOH) was pumped isocratically 
at  a flow rate of 2.0 mllmin a t  ambient temperature. Both indomethacin 
and acetophenone were measured using UV detection at 254 nm (0.01 
AUFS). The voltage spans on the dual-pen recorder were set a t  10 mV 
for indomethacin and a t  50 mV for acetophenone. Using the mobile phase 
described above, indomethacin and acetophenone had retention times 
in plasma of 9.0 and 4.5 min, respectively (Fig. 1). A representative 
standard curve of indomethacin-acetophenone peak height ratio over 
the indomethacin plasma concentration range (0.255.00 pglml) resulted 
in the following linear least-squares regression equation: y = 0.232~ - 
0.003; r2 = 0.999. 

Plasma and urine samples were measured for sodium with a flame 
photometer7. Creatinine was determined colorimetrically using a com- 
mercial kits. 

CalculationsPlasma concentration-time curves of bumetanide were 
fitted (equally weighted) to the general polyexponential equation for post 
constant-rate infusion data (19): 

where C ,  represents the plasma concentration a t  time t ,  Yi is the coef- 
ficient of the i th exponential term for post constant-rate intravenous 
infusion data, and X i  is the exponent of the ith exponential term. The 
values of the coefficients and exponential terms in Eq. 1 were obtained 
using a nonlinear least-squares regression program9 and a microcom- 
puter10. Initial estimates were obtained using the RSTRIP  program. The 
number of exponents ( n )  needed for each data set were determined by 
the application of Akaike's information criterion (20). 

Since: 
n 

i = l  
Yi = (1 - e AiT)CiI(- XiT) (Eq. 2) 

and T is the constant-rate infusion time and Ci is the coefficient of the 
ith exponential term for bolus.intravenous data, Eq. 1 can be rearranged 
(19) to: 

n 

i = l  
C, = (I - e AiT) Ci e -  A i t / ( -  XiT) (Eq. 3) 

Once the values of the coefficients and exponential terms in Eq. 1 are 
determined by computer fitting, the values of Ci in Eq. 3 can be calcu- 
lated. 

The following pharmacokinetic parameters were calculated using 
standard equations (19,21): 

V1 = D l f  Ci (Eq. 4) 

0%. 5) 

i = l  

Vd,, = D 5 Ci/ Xi21 
i= l  

Vd,,,, = D l  X1 5 Cil X i  ( i = l  ) (Eq. 6) 

6 Swan-Ganz Flow-Directed Monitorine Catheter. Model 93-1 11-7F American 
Edwards Laboratories, Santa Ana, Calif. 

7 Mode\ 455; Corning Medical and Scientific, Medfield, Mass. 
Sigma Chemical Co., St. Louis, Mo. 
Personal communication, Dr. J. L. Fox, College of Pharmacy, The University 

Apple I1 Plus Computer; Apple Computer Inc., Cupertino, Calif. 
of Michigan, Ann Arbor, Mich. 
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Figure 1-Chromatograms for plasma spiked with indomethacin (A) 
and the internal standard (B), acetophenone, using UV detection (254 
nm). Voltage spans on the dual-pen recorder were I0 mV (-) and 50 
mV (- - - - - -). 

CL, = D/ 2 Cil Xi  (Eq. 7) 

CL, = A e - /  f Ci/ X i  (Eq. 8) 

CL,, = CL,  - CL, (Eq. 9) 

t 1/2 = 0.6931 X i  (Eq. 10) 

Kio = CLp/Vi (Eq. 11) 

f e  = Ae"/D (Eq. 12) 

In Eqs. 4-12, V1 is the volume of the central compartment; Vd,. is the 
volume of distribution at  steady state; Vd,, is that volume which, when 
multiplied by C, in the log-linear phase is equal to the amount of drug 
in the body; D is the intravenous dose (equal to the product of the zero- 
order infusion rate and the length of infusion); C1 and X I  are the coeffi- 
cient and exponent, respectively, such that X 1  is the smallest of the Xi 
values of the polyexponential equation; CL, is the total plasma clearance; 
CL, is the renal clearance; CL,, is the nonrenal clearance; Ae" is the 
amount of unchanged drug recovered in the urine a t  time infinity; t112 
is the biological half-life; Klo is the first-order elimination rate constant 
from the central compartment; and f e  is the fraction of the available dose 
excreted unchanged in the urine. Creatinine clearance (CL,,) was cal- 
culated by dividing the urinary excretion rate of creatinine by its plasma 
concentration a t  the midpoint of the urine collection period. 

Data throughout the study are expressed as mean f SD, unless oth- 
erwise indicated. Statistical differences were determined by a paired t 
test. A p value of <0.05 was considered to be significant. 

i=l 

i = l  

RESULTS 

Plasma concentrations of bumetanide over 4 hr were fitted to a biex- 
ponential equation for six data sets and to a triexponential equation for 
two data sets (Table I). The goodness of the fit, as determined by R2 and 
the correlation, was 20.991. 

The pharmacokinetics of bumetanide before (treatment I) and after 
(treatment 11) indomethacin pretreatment are presented in Table 11. 
None of the pharmacokinetic parameters evaluated were statistically 
different between treatments. This is demonstrated by the virtually su- 
perimposable plasma concentration-time profiles (Fig. 2) and the urinary 
excretion rate-time profiles (Fig. 3) observed between treatments I and 
11. Mean plasma concentrations of indomethacin ranged from 0.62 to 4.36 
pglml during the study period, well above the plasma concentrations 
of bumetanide (Fig. 2). 

The effects of indomethacin on bumetanide-induced diuresis and 
natriuresis are presented in Table 111. Pharmacodynamic data are re- 
ported as electrolyte excretion rate and cumulative excretion (as opposed 
to  fractional excretion), since sodium concentrations and creatinine 
clearances did not differ between treatments (CL,, = 2.49 f 0.24 mll 
min-kg for treatment I uersus 2.33 f 0.32 mllminekg for treatment 11; p 
> 0.50). Indomethacin pretreatment results in a dramatic reduction in 
urine volume (1060 f 77 m114 hr for treatment I versus 543 f 115 m1/4 
hr for treatment 11; p < 0.005) as well as sodium excretion (121 f 17 
meq/4 hr for treatment I uersus 62.4 f 21.3 meql4 hr for treatment 11; 
p < 0.005). Analyses of the sodium excretion rate over time show that the 
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Table I-Coefficients and ExDonential Terms of Bumetanide Obtained Using Biexwnential and TriexDonential Eauations 

Biexponential Equation 
c1, c29 A19 xz, 

Dog Treatment" ng/ml ng/ml min-' min-1 R2 CorrelationC 

1 I 
2 I 
3 I 

I1 
4 I 

I1 

120 
119 
125 
173 
164 
110 

1855 0.0095 0.1150 0.991 0.994 
1634 
1978 
2289 

. ~_.. 

0.0102 0.1016 0.997 
0.0125 0.1166 0.996 
0.0169 0.1028 0.992 

_.__ - 
0.998 
0.997 
0.995 

1187 0.0134 0.1265 0.995 0.996 
1188 0.0122 0.1130 0.996 0.997 

Triexponential Equation 
c1, cz, c3,. A1, Az, As, 

Dog Treatment ng/ml ng/ml ng/ml min-1 min-1 min-1 R 2  Correlationc 

1 I1 49.5 529 1355 0.0081 0.0414 0.1604 0.999 0.999 
2 I1 106 647 1839 0.0102 0.0578 0.2020 0.999 0.999 

(I) bumetanide before indomethacin pretreatment; (11) bumetanide after indomethacin pretreatment. R2 = [Z(Ob@ - Z(De~)~]/Z(0bs)*. Correlation between 
the cnlculated and observed plasma concentrations. 

Table 11-Pharmacokinetics of Bumetanide Before and After Indomethacin Pretreatment 

Treat- Weight CL,,ml/ V1, Vdm Vd-9 tl!2, Klo, CL,, ml/ CL,,, ml/ 
Doe: mento kg mimka ml/ka m l h  mlhe  min min-1 min-ke min-ke f e  

24.0 
27.0 
22.0 
23.5 
22.5 
24.0 
27.0 
29.0 

8.70 127 443 913 72.7 0.0685 3.81 4.89 
9.13 129 375 1134 86.0 0.0708 2.98 6.15 
9.03 143 421 881 67.6 0.0631 4.12 4.91 
8.13 96 335 800 68.2 0.0847 3.55 4.58 
9.28 119 324 741 55.3 0.0780 4.45 4.83 
7.69 102 195 455 41.0 0.0754 3.03 4.66 
11.6 185 528 866 51.7 0.0627 5.82 5.78 
12.8 193 547 1053 57.0 0.0663 2.96 9.86 

Mean I 23.9 9.65 144 429 850 61.8 0.0681 4.55 5.10 
(SD) (2.2) (1.32) (29) (84) (75) (9.9) (0.0071) (0.89) (0.45) 

Mean I1 25.9 9.44 130 363 860 63.0 0.0743 3.13 6.31 
(SD) (2.6) (2.32) (44) (145) (305) (18.9) (0.0079) (0.28) (2.47) 

Level of S NS NS NS NS NS NS NS NS 
Significanceb (p < 0.02) (p < 0.50) (p > 0.20) (p > 0.10) 0, > 0.50) ( p  > 0.50) ( p  > 0.20) ( p  > 0.05) (P > 0.20) 

(I) bumetanide before indomethacin pretreatment; (11) bumetanide after indomethacin pretreatment. ( S )  significant; (NS) not significant. 

Table 111-Effects of Indomethacin on Bumetanide Diuresis and 
Natriuresis 

Urine Volume, Sodium Excretion, 
Dog Treatmenta m1/4 hr meql4 hr 

1 I 1131 123 

2 I 1028 116 

3 I 967 103 

4 I 1115 143 

Mean I 1060 121 
(77) (17) 

Mean 

Level of S S 

I1 467 48.6 

I1 625 78.0 

I1 424 40.0 

I1 657 83.1 

I1 543 62.4 
(SD) 
(SO) (115) (21.3) 

Significanceb 

(I) bumetanide before indomethacin pretreatment; (11) bumetanide after in- 

( p  < 0.005) ( p  < 0.005) 

domethacin pretreatment. b ( S )  significant. 

inhibiting effect of indomethacin was most pronounced during the initial 
40-60 min (Fig. 4). 

DISCUSSION 

Several studies have shown that indomethacin decreases the cumu- 
lative response to bumetanide in experimental animals (12). healthy 
volunteers, (15,16), and patients (17). Mechanisms consistent with this 
attenuated response include the inhibition, by indomethacin, of pros- 
taglandin-induced changes in renal hemodynamics and direct tubular 
effects, as well as competition between bumetanide and indomethacin 
for active tubular transport into the kidney lumen. Previous investigators 

2 
2 
a I- 

LT 
I- 
Z 
w 
V 
2 
8 
H 
4 
a 

a 

400,- 
! 

200 

100- 
80 - 
60 - 
40 - 

20 - 

10- 
8 -  
6 -  

4-  

- 

0.438 
0.327 
0.456 
0.437 
0.480 
0.394 
0.504 
0.232 
0.470 

(0.029) 
0.348 

(0.089) 
NS 

(p > 0.10) 

2-0 
MINUTES 

Figure 2-Plasma concentration versus time plots of bumetanide alone 
(a), bumetanide after indomethacin pretreatment (O), and indo- 
methacin (0). Data are expressed as the mean f SEM (n = 4). Asterisks 
denote statistical differences between the treatments. 

(12,15-17) only considered the mechanism involving prostaglandin in- 
hibition, since concentrations and/or amounts of bumetanide in the 
plasma and urine were not determined. 
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Figure 3-Urinary excretion rate versus midpoint time plots of 
bumetanide alone (0) and bumetanide after indomethacin pretreat- 
ment (0). Data are expressed as the mean f SEM (n = 4). Asterisks 
denote statistical differences between the treatments. 

In the present investigation, indomethacin pretreatment did not sig- 
nificantly change the pharmacokinetics of bumetanide (Table II), af- 
fecting neither the total amount of drug nor time course of drug delivered 
into the urine. Although f e  was reduced -25% in the presence of indo- 
methacin, the extent of this change was minimal compared with the 
marked effect of indomethacin on bumetanide-induced natriuresis and 
diuresis (-5Wo reduction). 

Figures 5 and 6 demonstrate the effect of indomethacin on the dose- 
response curves of bumetanide. Indomethacin decreased the maximal 
response (sodium excretion rate) to bumetanide when the dose was ex- 
pressed as either plasma concentration (Fig. 5) or urinary excretion rate 
(Fig. 6). These effects are consistent with those of a noncompetitive in- 
hibition, presumably that of prostaglandin synthesis. The effect of in- 
domethacin on bumetanide-induced natriuresis and diuresis could not 
be explained by normalizing the response to creatinine clearance. This 
finding is in agreement with previous studies by Brater et 01. (15) and 
Olsen (12). Brater et al. (15) reported that unlike furosemide, indo- 
methacin decreased the increment in fractional sodium excretion due 
to bumetanide in healthy volunteers. Olsen (12) observed that absolute 

k 1.2- 
a 
2 1.0- 
0 
a 

a 

0.8 

u 
x 0.6- 
UI 

- 

5 0.4 

g ? 0.2 

I 1 I ,  1 ,  I 1 ,  

MINUTES 
20 40 60 80 100 120 140 160 180 200 220 

Figure 4-Sodium excretion rate versus midpoint time plots of 
burnetanide alone (0) and bumetanide after indomethacin pretreat- 
ment (0). Data are expressed as the mean i SEM (n = 4). Asterisks 
denote statistical differences between the treatments. 

go.6/ W I I , /;---;...;.-, , , , 
=+ P 0.4 
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Figure 5-Sodium excretion rate versus plasma concentration plots 
of bumetanide done (0) and bumetanide after indomethacin pre- 
treatment (0). Data are expressed as the mean f SEM (n = 4). 
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Figure 6-Sodium excretion rate versus urinary excretion rate plots 
of bumetanide alone (0) and bumetanide after indomethacin pre- 
treatment (0). Data are expressed as the mean f SEM (n = 4). 

and fractional sodium excretions after bumetanide were significantly 
lower in indomethacin-pretreated dogs compared with nonpretreated 
dogs at a time when neither renal blood flow nor glomerular fdtration rate 
were significantly different. 

The present study and that of previous investigators (12,151 suggest 
that indomethacin affects the pharmadynamic response to bumetanide 
by a mechanism other than prostaglandin-mediated changes in renal 
hemodynamics. Although speculative, renal prostaglandins may be in- 
volved in the regulation of medullary tonicity and solute excretion at a 
tubular level. This hypothesis is supported by an in uitro study in the 
isolated, perfused segments of rabbit nephrons (22), which demonstrated 
that dinoprostone inhibits net chloride transport across the medullary 
thick ascending limb of the loop of Henle, but had no effect on the cortical 

ent. This is consistent with the mechanism of action of bumetanide, 
z c h  is inhibition of active chloride reabsorption in the ascending limb 
of the loop of Henle. 

The present study demonstrated that indomethacin had no significant 
effect on the disposition of bumetanide. Therefore, a pharmacokinetic 
interaction may be eliminated as a possible mechanism for the attenua- 
tion, by indomethacin, of the natriuretic and diuretic response of 
bumetanide. Instead, it appears that indomethacin diminishes the re- 
sponse to bumetanide uia prostaglandin inhibition, although the precise 
nature of this interaction remains unclear. 
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Abstract  0 An impurity, discovered in a sample of digoxin injectable 
solution commercially packaged in a syringe for single-dose delivery, was 
found to originate from the rubber closure of the syringe and was iden- 
tified as 2-mercaptobenzothiazole, a common accelerator for rubber 
vulcanization. Several similarly packaged injectable solutions of a variety 
of drugs from various manufacturers were examined and over half con- 
tained 2-mercaptobenzothiazole. The compound was identified by UV 
spectrophotometry (including a pH-dependent shift in its absorbance 
maximum), by mass spectrometry, and by comparison with standard 
2-mercaptobenzothiazole using silica gel and reverse-phase high-per- 
formance liquid chromatography (HPLC). The presence of this impurity 
in injectable solutions may have implications with regard to toxicity and 
may interfere with the assay of digoxin injectable solution by HPLC. 

Keyphrases Injectable formulations-contamination by 2-mercap- 
tobenzothiazole leached from rubber closures, single-dose syringes, sy- 
ringe cartridges 2-Mercaptobenzothiazole-contaminant of injectable 
solutions, leached from rubber closures, single-dose syringes, syringe 
cartridges Drug packaging-injectable solutions, single-dose syringes, 
and syringe cartridges, contamination by 2-mercaptobenzothiazole 
leached from rubber closures 

During the assay for digoxin in injectable solutions by 
reverse-phase high-performance liquid chromatography 
(HPLC) conducted according to the USP method (l), an 
impurity was discovered in a sample commercially pack- 
aged in a syringe for a single-dose delivery. The small 
variation in mobile phase compositions permitted by the 
method produced considerable differences in resolution 
of digoxin from its contaminant and differences in the 
digoxin assays. When the mobile phase composition was 
varied, a significant difference was observed between the 
change in retention time of digoxin and that of the impu- 
rity, which implied that the impurity was structurally 
unrelated to digoxin. The origin, identification, and sig- 
nificance of this impurity are discussed in this report. 

EXPERIMENTAL 

Reverse-Phase HPLC-For the analysis of digoxin injectable solu- 
tions, the HPLC system consisted of a liquid chromatograph’, a vari- 
able-wavelength detector2 set a t  218 nm and 0.2 AUFS, a recorder-in- 
tegratos with a chart speed of 0.5 cm/min, and an automatic injector4 
set to inject 20 pl. A reverse-phase C18 column5 and a mobile phase of 
30% aqueous acetonitrile6 were used; the flow rate was 2.0 ml/min. The 
digoxin injectable solution samples were used undiluted (0.25 mg/ml). 
T o  determine if the contaminant in the digoxin injectable solution was 
a cardiac glycoside related to digoxin, samples of digoxigenin mono- and 
bisdigito~oside~, digoxigenin7, and diginatin7 were chromatographed 
twice, with 26 and 30% acetonitrile as mobile phases, and were compared 
by retention time to the impurity. 

Concomitant Use of HPLC a n d  UV Spectrophotometry-To ob- 
tain a full UV spectrum of chromatographically pure compound, the 
column effluent was passed first through a detectofi, fixed a t  254 nm and 
connected to a recorderg to produce a chromatogram and then through 
a 10-mm flow cell positioned in a rapid-scanning spectrophotometerlo 
to produce the spectrum. As the mobile phase passed thrclugh the flow 
cell, UV spectra were recorded every 2 sec until the intensity of the signal 
reached a maximum, a t  which time the solvent flow from the column was 
diverted, locking the sample in the flow cell. This permitted repetitive 
scanning of the sample and produced a smooth spectrum of the com- 

* Model 204 liquid chromatograph; Waters Associates, Millipore Corp., Milford, 
MA 017,57. 

Model 450 variable-wavelength detector; Waters Associates. 
Data Module; Waters Associates. 

pBondapak C-18, 10-pm particle size, 300 mm (length) X 3.9 mm (i.d.); Waters 
Associates. 

For the chromatographic column used in this work, 30% acetonitrile was pre- 
ferred over 26% acetonitrile (the concentration recommended by the USP) because 
elution time was shortened without chromatographic interference from related 
cardiac glycosides. With 30% acetonitrile, the system suitability requirements of 
thenLISP (1) were met. 

4 WISP 710B; Waters Associates. 

‘ Burroughs Wellcome Co., Inc., Research Triangle Park, NC 27709. 
a Model 440 absorbance detector; Waters Associates. 

*” Model 8450A UV/visible spectrophotometer; Hewlett-Packard Co. 

Model 3390A Reporting Integrator; Hewlett-Packard Co., Palo Alto, CA 
94304. 
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Abstract  0 An impurity, discovered in a sample of digoxin injectable 
solution commercially packaged in a syringe for single-dose delivery, was 
found to originate from the rubber closure of the syringe and was iden- 
tified as 2-mercaptobenzothiazole, a common accelerator for rubber 
vulcanization. Several similarly packaged injectable solutions of a variety 
of drugs from various manufacturers were examined and over half con- 
tained 2-mercaptobenzothiazole. The compound was identified by UV 
spectrophotometry (including a pH-dependent shift in its absorbance 
maximum), by mass spectrometry, and by comparison with standard 
2-mercaptobenzothiazole using silica gel and reverse-phase high-per- 
formance liquid chromatography (HPLC). The presence of this impurity 
in injectable solutions may have implications with regard to toxicity and 
may interfere with the assay of digoxin injectable solution by HPLC. 

Keyphrases Injectable formulations-contamination by 2-mercap- 
tobenzothiazole leached from rubber closures, single-dose syringes, sy- 
ringe cartridges 2-Mercaptobenzothiazole-contaminant of injectable 
solutions, leached from rubber closures, single-dose syringes, syringe 
cartridges Drug packaging-injectable solutions, single-dose syringes, 
and syringe cartridges, contamination by 2-mercaptobenzothiazole 
leached from rubber closures 

During the assay for digoxin in injectable solutions by 
reverse-phase high-performance liquid chromatography 
(HPLC) conducted according to the USP method (l), an 
impurity was discovered in a sample commercially pack- 
aged in a syringe for a single-dose delivery. The small 
variation in mobile phase compositions permitted by the 
method produced considerable differences in resolution 
of digoxin from its contaminant and differences in the 
digoxin assays. When the mobile phase composition was 
varied, a significant difference was observed between the 
change in retention time of digoxin and that of the impu- 
rity, which implied that the impurity was structurally 
unrelated to digoxin. The origin, identification, and sig- 
nificance of this impurity are discussed in this report. 

EXPERIMENTAL 

Reverse-Phase HPLC-For the analysis of digoxin injectable solu- 
tions, the HPLC system consisted of a liquid chromatograph’, a vari- 
able-wavelength detector2 set a t  218 nm and 0.2 AUFS, a recorder-in- 
tegratos with a chart speed of 0.5 cm/min, and an automatic injector4 
set to inject 20 pl. A reverse-phase C18 column5 and a mobile phase of 
30% aqueous acetonitrile6 were used; the flow rate was 2.0 ml/min. The 
digoxin injectable solution samples were used undiluted (0.25 mg/ml). 
T o  determine if the contaminant in the digoxin injectable solution was 
a cardiac glycoside related to digoxin, samples of digoxigenin mono- and 
bisdigito~oside~, digoxigenin7, and diginatin7 were chromatographed 
twice, with 26 and 30% acetonitrile as mobile phases, and were compared 
by retention time to the impurity. 

Concomitant Use of HPLC a n d  UV Spectrophotometry-To ob- 
tain a full UV spectrum of chromatographically pure compound, the 
column effluent was passed first through a detectofi, fixed a t  254 nm and 
connected to a recorderg to produce a chromatogram and then through 
a 10-mm flow cell positioned in a rapid-scanning spectrophotometerlo 
to produce the spectrum. As the mobile phase passed thrclugh the flow 
cell, UV spectra were recorded every 2 sec until the intensity of the signal 
reached a maximum, a t  which time the solvent flow from the column was 
diverted, locking the sample in the flow cell. This permitted repetitive 
scanning of the sample and produced a smooth spectrum of the com- 

* Model 204 liquid chromatograph; Waters Associates, Millipore Corp., Milford, 
MA 017,57. 

Model 450 variable-wavelength detector; Waters Associates. 
Data Module; Waters Associates. 

pBondapak C-18, 10-pm particle size, 300 mm (length) X 3.9 mm (i.d.); Waters 
Associates. 

For the chromatographic column used in this work, 30% acetonitrile was pre- 
ferred over 26% acetonitrile (the concentration recommended by the USP) because 
elution time was shortened without chromatographic interference from related 
cardiac glycosides. With 30% acetonitrile, the system suitability requirements of 
thenLISP (1) were met. 

4 WISP 710B; Waters Associates. 

‘ Burroughs Wellcome Co., Inc., Research Triangle Park, NC 27709. 
a Model 440 absorbance detector; Waters Associates. 

*” Model 8450A UV/visible spectrophotometer; Hewlett-Packard Co. 

Model 3390A Reporting Integrator; Hewlett-Packard Co., Palo Alto, CA 
94304. 
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pound even at  extremely low concentrationsll. In this manner, a full 
spectrum of any or all compounds in a chromatogram could be generated. 
Samples were injected rnanuallyl2. 

The UV spectrum of the impurity was obtained in this manner by in- 
jecting the digoxin injectable solution. Small variations seen in the ab- 
sorbance maximum of the impurity seemed to coincide with slight vari- 
ations in the mobile phase composition. To determine if this variation 
in the absorbance maximum was due to small changes in pH, a fraction 
of eluant containing the impurity was collected from the column into a 
microcell and treated with small aliquots of 2 N NaOH, 1 N HCl, and pH 
8 buffer solution. The absorbance maximum was measured at various 
pH values. 

Extraction of Digoxin Injectable Solution-The contents of one 
2-ml syringe of digoxin injectable solution was mixed with 2 ml of 1 N 
HCl and extracted with two 5-ml portions of chloroform. The aqueous 
acidic solution was made strongly basic with 2 N NaOH and extracted 
with two additional 5-ml portions of chloroform A 400-pl aliquot from 
each of the four chloroform extracts was evaporated to dryness under a 
nitrogen stream; the residue from each was dissolved in 100 pl of 30% 
aqueous acetonitrile and analyzed by HPLC and UV spectroscopy using 
the method described above. Only the first chloroform extract contained 
the impurity. This solution was then extracted with 10 ml of 1 N NaOH. 
The aqueous solution was acidified with 2 N HCl to pH 1 and extracted 
with 5 ml of chloroform. The impurity was found only in this final chlo- 
roform extract. 

Extraction of Container Parts-An empty digoxin injection con- 
tainer was separated into three parts: the rubber sheath which covered 
the needle, the glass barrel with its attached needle, and the rubber clo- 
sure. Each part was submerged in a mixture of propylene glycol-etha- 
nol-water (40:1050), the solvent mixture used for the injection medium, 
and heated in an oil bath maintained at  60' for 2 weeks13. Extracts were 
examined for the presence of the impurity by HPLC. 

Mass Spectroscopy-Since larger quantities of contaminant were 
available from the rubber parts of the injection container than from the 
injectable solution, the rubber sheath was s e l d  as a source of a sample 
of the compound for mass spectroscopy. To avoid contamination of the 
compound with propylene glycol, one of the three solvents in the mixture 
originally used to extract the compound from the rubber sheath, other 
extraction solvents were sought: dilute NaOH solution was found to be 
suitable. 

A 4-mm section of the rubber sheath was placed in 2 ml of 1 N NaOH 
in a tightly capped reaction vial and heated for 3 days in an oil bath 
maintained at 65'. The aqueous solution was extracted with two 3-ml 
portions of dichloromethane, acidified with 2 N HCI, and extracted with 
two 2.5-1111 portions of dichloromethane. The latter two extracts were 
combined, and a 100-pl aliquot was analyzed by the aforementioned 
combination of HPLC and UV spectrophotometry. The solution con- 
tained a compound which appeared to be reasonably pure by HPLC and 
had a UV spectrum characteristic of the impurity. The dichloromethane 
solution was evaporated to dryness under a stream of dry nitrogen. 
Electron-impact mass spectra for this compound and for O-mercapto- 
benz~thiazole~~ (I), a compound suspected to be the impurity based on 
the prevailing evidence, were obtained by direct probe on a mass spec- 
trometer15. 

Comparison of the Impurity to Standard I by HPLC and UV 
Spectrophotometry-A slice of rubber closure (55 mg) was placed in 
5 ml of 0.5 N NaOH in a tightly stoppered container and heated at 50' 
for 24 hr. The solution was diluted with a mixture of CH~CN-H~CHOAC 
(5047:3), which produced a solution of pH 7, and injected onto the re- 
verse-phase column. The rubber sheath (125 mg) was treated similarly. 
The extracted compound was compared to standard I by retention time 
and by the UV spectrum measured using the technique described above. 

a ; > s H  

f 

A mobile phase consisting of CH~CN-H~O-HOAC (260740:0.03) pro- 
vided an amount of acetic acid that was sufficiently high (the mobile 
phase was pH 4) to suppress ionization of the compound, but sufficiently 
low to prevent its interference in the UV spectrum of the compound. 

A 100-pl portion of the digoxin injectable solution sample was mixed 
with 120 pl of the mobile phase, and a 200-4 aliquot was chromato- 
graphed. The impurity, which was separated from digoxin, was collected 
from the column and examined in both acid and base by UV spectro- 
photometry. Standard I was treated similarly, and its spectra were 
compared to those of the impurity. 

Silica Gel HPLC and UV Spectrophotometry-Four different di- 
goxin (0.25 mg/ml) and two sodium phenobarbital (65 and 130 mg/ml) 
injectable solution samples were extracted with organic solvents by the 
method described below to provide samples for silica gel chromatography. 
Because of its high concentration relative to the contarninant in the in- 
jectable solutions, it was necessary to eliminate most of the phenobarbital 
to avoid column overload and to allow resolution of the impurity from 
phenobarbital. Both phenobarbital and I are weakly acidic compounds, 
which eliminated simple base extraction as a means of separation. 1- 
Chlorobutane had the lowest reported distribution coefficient (K  = 0.4) 
for phenobarbital (2), and therefore it was the solvent of choice for 
eliminat,ion of phenobarbital. Water (4 ml; 8 ml for sodium phenobarbital 
a t  130 mg/ml), 1-chlorobutane (5 ml), the injectable solution (1-1.5 ml), 
and 0.5 N HCl(1 ml) were shaken in a 30-ml separatory funnel. The upper 
(chlorobutane) layer was separated, washed with four 5-ml portions of 
0.5 N HCI, and evaporated to dryness. The residue was partitioned be- 
tween 3 ml of 0.1 N NaOH and 3 ml of heptane. The aqueous base was 
acidified with 1 N HCl and extracted with 4 ml of CHZC12. The organic 
solvent was evaporated; the residue was dissolved in 200 pl of mobile 
solvent, and the entire amount was chromatographed. The contaminant 
was separated on a silica gel columd6 with a mobile phase consisting of 
heptane-isopropyl alcohol containing 1% water-acetic acid (9W100.3). 
The column effluent was passed through a rapid-scanning spectropho- 
tometer, as previously described. 

Examination of Various Injectable Drug Solutions-Samples from 
several manufacturers of injectable solutions of digoxin, sodium pheno- 
barbital, epinephrine, lidocaine hydrochloride, mepivacaine hydro- 
chloride, pilocarpine hydrochloride, and dexamethasone sodium phos- 
phate, each packaged in a single-dose delivery syringe or syringe cartridge 
where the solution was in contact with a rubber closure, were examined 
for the presence of I by reverse-phase HPLC with a mobile phase of 
CH~CN-H~O-HOAC (2607400.3). Each injectable solution (200 pl), 
except for sodium phenobarbital, was used undiluted. With phenobarbital 
injectable solutions, I was not resolved from the drug during HPLC; 
therefore, it was necessary to perform a preliminary extraction by the 
procedure described above. 

As each injectable solution was chromatographed, the fraction of eluate 
containing a compound with a retention time equal to that of standard 
I was collected in a microcell. The UV spectrum was recorded at pH 4 (the 
mobile phase pH) and again at  pH 11 or 12 after the addition of 10-20 
pl of 1 N NaOH. Spectra were normalized a t  their absorbance maxima 
(323 or 322 nm in acid; 311 or 310 nm in base) for direct comparison to 
the spectra of the standard. 

Quantitation-Each of the various injectable drug solutions was 
quantitatively analyzed for I. The HPLC system was the same as that 
used in the analysis of digoxin injectable solution, except that the vari- 
able-wavelength detector was set to 323 nm and 0.04 AUFS and the 
mobile phase consisted of 30% acetonifrile and 1% acetic acid in water. 
Injectable solution samples were used directly without dilution. The 
standard solution was prepared by dissolving I in 50% ethanol to give a 
concentration of 4 or 8 pg/ml. The injection volume for samples and 
standard was 40 pl. Linearity for I was established. Repeatability was 
examined by making seven successive injections of I standard solution 
and measuring peak area. The relative standard deviation was 0.25%. 

Interference with Digoxin Assay-Three samples of digoxin in- 
jectable solution known to contain I were assayed for digoxin by the 
HPLC method specified in the USP (1) with 31% CHJCN, a mobile phase 
in which I coeluted with digoxin, and with 29% CHnCN, a mobile ohase 
in which I was separated from digoxin. The percent i f  the label claim was 
determined in each case. 

RESULTS 

A 

11 Good spectra were obtained at absorbance readings as low as 0.01 AUFS. At 
higher concentrations, smooth spectra were obtained with continuous flow through 
the flowcell. 

l2 U6K in'ector; Waters Associates. 
13 Undouitedly, this was far in excess of the time required for extraction. The 

extraction process was simply left unattended. 
l4 Aldrich Chemical Co., Milwaukee, WI 53233. 
l5 LKB 9OOO mass spectrometer; LKB Instruments, Inc., Rockville, MD 

20852. 

Origin and Identity of the Contaminant-The chromatogram of 
digoxin injectable solution is shown in Fig. 1; the mobile 

l6 LiChrosorb Si60, 10-pm particle size, 250 mm (length) X 4.6 mm (id,):  EM 

the 

Laboratories, Inc., Elmsford, NY 10523. 
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Figure 1-Chromatogram of a commercial sample of digoxin injectable 
solution showing the contaminant, 2-mercaptobenzothiazole (A), and 
digoxin (B). The mobile phase was 295 acetonitrile; the detector was 
set at 218 nm. 

phase was 29% acetonitrile. When a mobile phase of 26% acetonitrile was 
used to obtain the chromatograms of cardiac glycosides related to digoxin, 
the impurity had a retention time within 0.1 min of that  of diginatin. 
However, in 30% acetonitrile, diginatin and the impurity were well sep- 
arated with retention times of 5.30 and 7.70 min, respectively. 

The UV spectrum of chromatographically purified contaminant had 
a A,, that varied from 320 to 316 nm, corresponding to slight variations 
in the mobile phase composition. This implied that the impurity was 
devoid of an unsaturated butyrolactone chromophore and was unrelated 

Tab le  I-Qualitative a n d  Quantitative Analysis of 2- 
Mercaptobenzothiazole (I) in Various Injectable D r u g  
Solutions a 

Amount Found, 
Manufacturer A,,, of Contaminant. nm (pH)* pg/mlc 

- 

A 
B 
B 

A 
A 
A 
A 

A 
A 
A 

C' 
C 
D 
E e  

C 
D 
D 

F 
F 

A 

A 
G 

Standard I 

323 or 322 (4); 311 or 310 (12) - 

Dexamethasone Sodium Phosphate (4 mg/ml) 

323 (4); 307 (12Id 
323 (4); 311 (12) 

Digoxin (0.25 mg/ml) 

323 (4); 311 (11) 
323 (4); 311 (12) 
323 (4); 311 (12) 
323 (4); 311 (12) 

Epinephrine (1:lOOO) 

323 (4); 311 (12) 
323 (4); 311 (12) 
323 (4); 311 (12) 

Lidocaine Hydrochloride (2%) 

- 

323 (4); 311 (12)d 
323 (4); 310 (12) 
- 

Mepivacaine Hydrochloride (2%) 

323 (4); 310 (12) 
323 (4); 310 (12) 

Pilocarpine Hydrochloride (4%) 

323 (4); 310 (12)d 
323 (4); 307 (12)d 

Sodium Phenobarbital (60 mg/ml) 

323 (4); 311 (11) 
Sodium Phenobarbital (130 mg/ml) 

323 (4); 311 (12) 
323 (4); 311 (12) 

0 
1.1 
7.9 

8.2 
4.6,7.5, 8.6 
2.9,6.5,6.2 

6.6 

9.7 
11.1 
11.6 

0 
1.0, 0,o 

2.8 
0 

0 
1.5 

3.5, 3.1, 3.5 

1.0 
0.7 

3.2 

3.4 -~ 
5.1 

Figure 2-UV spectra of 2-mercaptobenzothiazole in acetonitrile- 
water at pH 4 (-) and at pH 12 f- - - - -). 

I 

a Each injectable solution listed represents a different lot. Some samples were 
past their expiration date. b Unless otherwise noted, normalized spectra were 
practically superimposahle with those of standard I. Multiple values represent 
individual analyses of injectable solutions of the same lot but from different con- 
tainers. d UV spectrum was distorted especially at shorter wavelengths due to in- 
terfering substances. 

to digoxin. When measured as a function of pH, the absorbance maximum 
shifted from 311 nm in base to 323 nm in acid, with the greatest shift 
occurring a t  pH -6-7, indicating that the compound was ionic or ioniz- 
able. The impurity was partitioned from dilute hydrochloric acid into 
chloroform and from chloroform into aqueous base. This partitioning 
behavior. in conjunction with the observed pH profile, showed that the 
impurity was an acidic compound with an estimated pK, of 6-7. 

The rubber sheath and rubber closure extracts contained a compound 
with a retention time and a UV spectrum that matched those of the im- 
purity in the digoxin injectable solution; the glass barrel extract did not. 
Thus, the impurity originated from the rubber parts of the syringe, and 
since the injection medium had limited, if any, contact with the rubber 
sheath which covered the needle, the contaminant was undoubtedly 
leached from the rubber closure. 

2-Mercaptobenzothiazole (I), a compound commonly used as an ac- 
celerator in the vulcanization of rubber, contains a weakly acidic aromatic 
thiol group" and has an absorbance maximum a t  320 nm (4), making it 
a prime candidate for the structure of the contaminant. The electron- 
impact mass spectrum for standard I and for the compound extracted 
from the rubber sheath matched very closely, each with a very strong 
molecular ion a t  m/z 167 (base peak). The impurity in the digoxin in- 

Three lots from this manufacturer were free of I. 

l7 The acidic dissociation constant 0 1  I has heen determined spectrophotomet- 
rically to he 6.93 in 40% aqueous ethanol at 27' (3). 
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Table 11-Assay of Digoxin Injectable Formulation Samples by 
HPLC With and Without Interference from 
2-Mercaptobenzothiazole (I) 

Mobile Phase 
29% CH3CN 31% CH3CN 

Retention Retention 
Sample Time, mina Assayb Time, mine Assayb Differenceb 

1 7.55 - 
8.75 95.3 5.90 106.4 11.1 

8.75 96.1 5.95 116.5 20.4 
2 7.30 - 
3 7.15 - 

8.70 95.7 5.95 ‘106.3 10.6 

The first peak was due to the impurity (I); drift in retention time was due to 
incomplete column erilibration. The qompound of longer retention time was di- 
goxin. 

jectable solution and the compounds extracted from the rubber sheath 
and rubber closure had the same retention time and the same UV spec- 
trum as standard I. The UV spectra of the standard had absorbance 
maxima at 323 and 311 nm at pH 4 and pH 12, respectively (Fig. 2). These 
maxima were also oberved for the impurity when treated similarly. 

Examination of Other Drug Injectable Solution Sampl-Efforts 
to establish the source and identity of the impurity had been conducted 
on one digoxin injectable solution sample. Since the contaminant was 
found to originate from the rubber closure of the injection syringe, one 
would expect other drug samples packaged in this or a similar type of 
container to contain the contaminant also. Results of the qualitative and 
quantitative analysis of all drug injectable formulation samples examined 
are given in Table I. Fortunately, in most of the drug samples that were 
examined qualitatively by HPLC and by UV spectrophotometry, the 
injection ingredients did not interfere with the identification of I. 

In some instances, the contaminant peak was not completely resolved 
from the tail or leading edge of the drug or excipient peaks, and some 
distortion was evident in the UV spectrum of the collected sample. This 
distortion occurred only in a few samples containing low levels of I (Table 
I) and, even in these cases, the distortion occurred generally in the shorter 
wavelengths of the spectrum; the peak at  323 nm (in acid) was unaffected, 
and the peak normally at 310 nm (in base) was sometimes shifted slightly 
toward shorter wavelengths. When there was no chromatographic in- 
terference, spectra of the isolated contaminant normalized at their ab- 
sorbance maxima (323 nm in acid, 311 nm in base) were practically su- 
perimposable with those of the standard. In the case of sodium pheno- 
barbital, I was completely submerged under one large phenobarbital 
absorption peak, necessitating removal of the drug by a preliminary ex- 
traction. 

During quantitative analysis of the various drug samples when the 
detector was set to 323 nm, the only peak observed in the chromatogram, 
other than peaks occasionally seen at or near the solvent front, was the 
peak corresponding to I. 2-Mercaptobenzothiazole (I) was found in over 
half of the injectable solutions examined. 

Silica Gel HPLC-Silica gel HPLC was performed on four digoxin 
and two sodium phenobarbital injectable solutions to complement the 
evidence provided by reverse-phase HPLC. Each sample contained a 
compound with a retention time between 6.10 and 6.22 min, which 
compared well with retention times of 6.09 and 6.19 min for duplicate 
injections of standard I. The spectrum of each sample and standard had 
an absorbance maximum at 327 nm, although the spectra of the impurity 
from phenobarbital samples were distorted by the presence of interfering 
compounds that were poorly resolved by HPLC. 

Interference with Digoxin Assay-In reverse-phase HPLC, I was 
influenced less significantly by changes in the mobile phase than digoxin. 
Thus, in 29% CH3CN I eluted before digoxin, in 31% CH3CN the com- 
pounds coeluted, and in 34% CH3CN digoxin eluted before I. Coelution 
of these two compounds during digoxin assay would give erroneously high 
assay values. Table I1 shows that the true assay results were raised by 10.6, 
11.1, and 20.4% for three digoxin samples due to interference from I. 

Percent of la el claim. e Digoxin and I eluted together as a single peak. 

DISCUSSION 

After the contaminant in the digoxin injectable formulation was 
identified, it was thought that this compound, being acidic, would be 
found at higher concentrations in injectable solutions of high pH, such 
as sodium phenobarbital; this proved not to be the case. The digoxin 

injectable solution medium consisted of 40% propylene glycol, 10% al- 
cohol, and 50% water a t  neutral pH; sodium phenobarbital and dexa- 
methasone sodium phosphate injectable solutions were weakly basic 
aqueous solutions; and epinephrine, lidocaine hydrochloride, and mep- 
ivacaine hydrochloride were weakly acidic aqueous solutions. A com- 
parison of the amounts of I found in the injectable solutions (Table I) 
showed that the concentration of the impurity had no apparent depen- 
dence on the composition or pH of the solution medium and undoubtedly 
was more dependent on the level of the compound in the rubber closure. 
The concentration of I varied from lot to lot of a particular drug solution, 
and even from one container to the next within the same lot. 

There are literature reports describing the extraction of I and related 
compounds from rubber materials. Various types of rubber were ex- 
tracted with solvents simulating those found in food products, and all 
but chloroprene were found to contain I, its zinc salt, or 2,2-dithiobis- 
(benzothiazole), all apparently assayed as I by GC (5). The compound 
has also been extracted into water from rubber articles that come in 
contact with foods (6, 7). Two compounds related to I, 2-(methylmer- 
capto) benzothiazole (8) and 2-(2-hydroxyethylmercapto) benzothiazole 
(9), have been extracted into aqueous media from the rubber closures of 
disposable syringes. The latter compound reportedly arose from a reac- 
tion between I and ethylene oxide, a compound used during the steril- 
ization of the disposable syringes. 

The official method of analysis for digoxin injectable solution (1) 
specifies reverse-phase HPLC with acetonitrile-water as the mobile 
phase. Unfortunately, if I were present in the digoxin solution, it might 
elute from the column together with digoxin and raise the apparent an- 
alytical result. 

A literature survey was conducted for known toxicological properties 
of I. The compound was shown to be an allergen in rubber-induced skin 
sensitivity (10,ll). Mutagenic activity of I was observed in fruit flies (12), 
and slight mutagenic activity was produced in cultured cells from Chinese 
hamsters by a rubber extract containing I and other vulcanizing accel- 
erators (7). One study revealed that the compound may produce neo- 
plasms in mice (13), although the results of that study were inconclusive, 
and the amounts of the compound used in that study were much greater 
than the amounts found in the injectable solutions. 

In conclusion, it appears that I is a common contaminant for a variety 
of injectable drug solutions packaged in single-dose injection syringes 
or syringe cartridges with rubber closures. It may pose problems as an 
analytical or toxicological contaminant. 
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Abstract An assay for the separation and quantification of folinic acid 
in serum was developed using high-performance liquid chromatography 
with electrochemical detection. Folinic acid was extracted from serum 
using a C18 minicolumn treated with dibasic ammonium phosphate. The 
drug was eluted from this column with methanol, which was evaporated 
under a nitrogen stream at  50'. The mobile phase, pH 3.5 ammonium 
phosphate buffer-methanol-acetonitrile (93431, was pumped at  a flow 
rate of 3.0 mumin. The recovery of folinic acid added to human serum 
was 101.11 f 8.5% (mean f SD). A plot of folinic acid peak height as a 
function of concentration was linear over the range of 2.5 X lo-" to 2.5 
X 10" M. Neither methotrexate nor other reduced folates interfered with 
the analysis of folinic acid. Sample preparation and analysis can be 
completed within 2 min of sample collection. 

Keyphrases Folinic acid-analysis by high-performance liquid 
chromatography, amperometric detection, human serum High-per- 
formance liquid chromatography-amperometric detection, folinic acid 
and other folates, human serum 

Folinic acid, N - [ p - [  [ (2-amino-5-formyl-5,6,7,8-tetra- 
hydro-4-hydroxy-6-pteridinyl) -methyl]amino] benzoyl] - 
L-glutamic acid, is a reduced folate used to prevent or re- 
duce the toxicity associated with high-dose methotrexate 
therapy for the treatment of neoplastic disease (1). The 
optimization of folinic acid dosage regimens necessitates 
an understanding of its disposition; however, studies 
characterizing the pharmacokinetics of this compound 
have been hampered by the lack of a rapid, sensitive, and 
specific assay method. Previously reported methods for 
folinic acid quantification include microbiological assay 
(2), radiochemical assay (3), radioimmunology (4), and 
spectrophotometry (5). The application of these tech- 
niques to pharmacokinetic studies is somewhat limited 
since spectrophotometric methods are not sufficiently 
sensitive, differential microbiological assays are generally 
not precise, and radiochemical and radioimmunologic 
techniques may suffer from a lack of specificity. 

A high-performance liquid chromatographic (HPLC) 
assay employing electrochemical detection, suitable for the 
routine analysis of folinic acid, has been designed and is 
free from interference from folic acid, dihydrofolic acid, 
5-methyl tetrahydrofolic acid, and methotrexate. This 
assay has been applied to the quantification of folinic acid 
in human serum. 

EXPERIMENTAL 

Reagents-Folinic acid', 5-methyltetrahydrofolic acid2, dibasic am- 
monium phosphate3. methanol4, a~etonitrile~, EDTA5 (discdium ethylene- 
diaminetetraacetic acid), and phosphoric acid3 were used as received. 

Lederle Laboratories, Pearl River, N.Y. 
Sigma Chemical, St. Louis, Mo. 
Fisher Scientific, Fair Lawn, N.J. 
Waters Associates, Milford, Mass. 
Allied Chemical, Morristown, N.J. 

HPLC System-A liquid chromatograph consisting of a solvent de- 
livery system6, a fixed-loop injector7 with a IOO-jd loop, a microparticulate 
radially compressed reverse-phase columns, an electronic noise filbrg, 
and an electrochemical detector with a 5-mm diameter glassy carbon 
electrodelo was used. The temperature of the column was adjusted by 
placing the column in a constant-temperature ovenll. Data were collected 
and analyzed using an electronic integrator/recorder12. 

The mobile phase consisted of 0.5 M ammonium phosphate buffer- 
methanol-acetonitrile (9343) with pH adjusted to either 3.5 or 5.5. The 
pH of the mobile phase used for characterization of the system was 5.5; 
the pH was decreased to 3.5 when serum samples were analyzed, to in- 
crease resolution. EDTA (10 mM) was added to decrease background 
electrical noise. The mobile phase was prepared daily, filtered, and 
deaerated before use. Double-distilled, deionized water was used for the 
preparation of all solutions. 

Etectrochemical Characteristics of the Folate Analogues-The 
oxidation characteristics of folinic acid were evaluated using the mobile 
phase at a pH of 5.5 and a flow rate of 3.0 ml/min. The concentration of 
folinic acid was 1.0 X M. Applied potentials were adjusted between 
+0.3 and +0.9 V. A 30-min equilibration period was necessary following 
each change in applied potential to reestablish a suitable baseline. 

Extraction-Ascorbic acid (1 mg/ml) was added to all serum samples 
immediately after collection to prevent drug degradation. Folinic acid 
was extracted from serum using reverse-phase C18 disposable car- 
t r i d g e ~ ~ ~ .  The cartridges were activated using 10 ml of methanol followed 
by 10 ml of 5 m M  ammonium phosphate buffer, pH 5.5. One milliliter 
of serum was then pushed through the cartridge followed by 3 ml of 5 mM 
ammonium phosphate buffer, pH 5.5. The effluent was discarded. The 
outlet end of the cartridge was then connected to a vacuum and the car- 
tridge was dried for 5 min, after which time the drug was eluted with 2 
ml of methanol. The eluant was collected and evaporated at 50' under 
a nitrogen stream in a sample c~ncentratorl~. The evaporated samples 
were stored at -4'; samples were reconstituted in 500 pl of mobile phase 
before being assayed. 

Recovery Studies-The recovery of folinic acid in serum was deter- 
mined by comparison of peak heights of drug prepared in mobile phase 
to peak heights obtained after extraction from serum. A standard curve 
was constructed by plotting peak height as a function of concentration 
for extracted serum samples containing known amounts of folinic acid 
over the range of 2.5 X M. The data were analyzed using 
a linear regression program on a programmable calculator. Concentra- 
tions of all samples were calculated using the resulting regression coef- 
ficients. 

to 2.5 X 

RESULTS AND DISCUSSION 

Figure 1 is a plot of detector response (log peak height) as a function 
of applied potential for folinic acid. The threshold for the oxidation of 
this compound was +0.4 V. An increase in applied potential resulted in 
an increase in generated current until a plateau was reached at  +0.7 V. 
It was not possible to characterize response at  >+0.9 V due to an ex- 
tremely high background current, presumably caused by the oxidation 
of components in the mobile phase. 

6 Model 6000A Waters Associates, Milford, Mass. 

8 RCSS C18 Column: Waters Associates. Milford. Mass. 
Model 7120; Rheodyne Inc., Cotati, Calif. 

9 Model SC102; Foxhro  Instruments, New Haven, Conn. 
lo Model LC-2A; BioAnalytical Systems, West Lafayette, Ind. 
11 Model 15; Thelco, Inc., New York. N.Y. 
l2 Model 720; Waters Associates, Milford, Mass. 
l3 CIS SEP-PAK Waters Associates, Milford, Mass. 
14 Model 190, Fisher Scientific, Fair Lawn, N.J. 
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Figure 1-Detector response as a function of applied potential for 
folinic acid. 

High electrolyte concentrations are necessary in mobile phases when 
electrochemical detection is used in order to reduce resistance and in- 
crease the current at the electrode surface. Varying concentrations of 
electrolyte may also affect the diffusion coefficient of the electroactive 
species, limiting the current a t  the electrode. The effect of varying am- 
monium phosphate concentrations, a t  a constant pH of 5.5, on detector 
response (Fig. 2) was determined for folinic acid. There was a constant 
increase in response with increasing salt concentration until a plateau 
was reached a t  0.01 M. 

The effect of buffer concentration on the retention of folinic acid was 
also characterized. Figure 3 describes the retention time for folinic acid 
as a function of ammonium phosphate concentration (pH 5.5). It is evi- 
dent that as buffer concentration increases, there is a corresponding in- 
crease in retention time. 

The general effect of mobile phase velocity on the diffusion layer 
thickness within the electrochemical cell and the resulting effect on 
current yield has been reported (6). The optimal flow rate, in terms of 
detector response, was determined by plotting response (measured as 
peak height) as a function of flow rate (Fig. 4) for folinic acid. It is ap- 
parent that the peak height decreases with increasing flow rate between 
1.0 and 7.0 ml/min. 

Investigation of the effect of flow rate on retention (Fig. 5) showed that 
significant deviations from linearity occur as flow rate increases. Both 
the capacity and selectivity of the radially compressed column decreased 
with increases in flow rate. A log-log transformation (Fig. 5 inset) of the 
data, however, was linear. These findings are in general agreement with 
studies of flow control in HPLC reported by Schrinker (7). 
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Figure 2-Detector response as a function of mobile phase 'salt con- 
centration (pH 5.5). 
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Figure 3-Effect of buffer concentration on folinic acid retention. 

It has been reported by Gilpin and Sisco (8) that both normal and 
bonded phases may be affected by temperature, and that variations in 
capacity >25% have been reported with temperature changes of -<lo. 
Because of the high efficiency and reactivity associated with radially 
compressed columns, the effect of temperature on the retention time of 
folinic acid was investigated. Table I reports the retention times for folinic 
acid over a range of temperatures between 20' and 50'. A decrease in 
retention time (capacity) with increasing temperature was observed; 
however, the resolution of the system actually improved at higher tem- 
peratures. This can best be explained by the decrease in folinic acid peak 
width. 
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Figure 4-Detector response to folinic acid as a function of mobile 
phase flow rate. 
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Figure !%-Retention time as a function of flow rate for folinic acid. The 
inset is the log-log transformation of the graph. 

Temperature fluctuations were found to affect daily chromatographic 
results. Ambient temperatures varied as much as 10" during the course 
of the day, causing as much as 2090 changes in observed retention times 
for folate compounds using the same mobile phase. The installation of 
a constant-temperature oven circumvented the effect of temperature 
changes on the system. Column temperatures were held constant at 40", 
and the retention time was found to be reproducible within the 5% limits 
of the system. 

Figure 6 is a plot of the retention of folinic acid as a function of pH. The 
mobile phase flow rate was 3.0 ml/min, and the ammonium phosphate 
concentration was 0.5 M. It was evident from examination of this figure 
that pH has a significant effect on folinic acid retention. 

The extraction and recovery of folinic acid added to pooled human 
serum was virtually complete. The recovery of drug over the concentra- 
tion range of 2.5 X M ranged from 94 to 117% with a 
mean value of 101%. Folinic acid-spiked serum samples were found to 
be stable for 2 months when stored at  -4". However, after extraction, 
samples were only stable for 2 days. A plot of calculated folinic acid 
concentration as a function of actual concentration in spiked serum 

Table I-Effect of Temperature on Folinic Acid Retention 

to 2.5 X 

Retention Time, 
Temperature min 

20" 
30" 
40" 
50" 

4.60 
4.13 
3.50 
2.68 

I I 1 1 I 1 
2.5 3.5 4.5 5.5 6.5 7.5 

MOB1 LE PHASE pH 
Figure 6-Retention time as a function of mobile phase pH.  
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Figure 7-Chromatograms from subject K B  using chromatographic 
conditions described in the text. Numbers above peaks represent re- 
tention time in minutes. Key: (A) serum blank; (B) serum sample col- 
lected 5 rnin after intravenous injection of 10 mg of folinic acid; (FA) 
folinic acid (Concentration 7.3 X 10-6 M). 

samples was linear ( r  = 0.99; slope = 1.02). The slope was not significantly 
different from 1.0 (Student's t test, p > 0.05) and the intercept was not 
significantly different from 0 (Student's t test, p > 0.05). To improve the 
resolution between folinic acid and other eluting components of the 
sample matrix, it was necessary to decrease the pH of the mobile phase 
from 5.5 to 3.5. The retention time for folinic acid under these conditions 
was 8.05 min. The compound was completely resolved from neighboring 
peaks at 6.53 and 10.50 min in aU samples. The column capacity for folinic 
acid was 7.13; the efficiency of the column was calculated to be 530 plates. 
Figure 7A is a representative chromatogram of a drug-free serum sample; 
Fig. 7B shows a chromatogram obtained from a serum sample collected 
5 min after the injection of 10 mg iv of folinic acid to the same 80-kg 
human volunteer. 

Folic acid, dihydrofolic acid, and 5-methyltetrahydrofolic acid analyzed 
under these conditions had retention times of 4-6 min; therefore, these 
compounds did not interfere with folinic acid. Detection of methotrexate 
under these chromatographic conditions requires an applied potential 
of >+0.9 V. Therefore, the presence of methotrexate in serum samples 
obtained from patients receiving high-dose methotrexate therapy should 
not interfere with the analysis of folinic acid. 

Figure 8 is a semilogarithmic plot of the data obtained following rapid 
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Figure 8-Folinic acid concentration as a function of time following 
the intraoenous administration of 10 mg of drug. 
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intravenous administration of a 10-mg dose of folinic acid to a healthy 
57-kg volunteer. These data are similar to those reported by Rothenberg 
et al. (3) following the administration of folinic acid to two healthy 
subjects. The disposition of folinic acid was characterized by a two- 
compartment open model. The peak plasma concentration was 3.5 X 10+ 
M. The distribution and elimination half-lives were 0.27 and 3.7 hr, re- 
spectively. These half-lives are different from those obtained by Mehta 
et al. (2) using a microbiological assay, probably because the HPLC assay 
reported here and the assay of Rothenberg et  al. (3) do not differentiate 
the stereoisomers, whereas the microbiological assay measures only the 
1 isomer. 
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Abstract Etofibrate (I), the ethylene glycol diester of clofibric and 
nicotinic acids, degrades almost equally through both half-esters with 
half-lives of -10 and 1 min in fresh dog and human plasma, respectively. 
The nicotinate V degrades with half-lives of -12 hr and 50 min in fresh 
dog and human plasma, respectively. Ester I11 and clofibrate VI degrade 
by saturable Michaelis-Menten kinetics in fresh human plasma, with 
similar maximum initial rates and respective terminal first-order half- 
lives of 12 and 26 min. Tetraethyl pyrophosphate at 100 pglml inhibited 
human plasma and red blood cell esterases permitting plasma protein 
binding and red blood cell partitioning studies. The red blood cell-plasma 
water partition coefficient was 5.4 for 0.2-80 pg/ml of I. Clofibrate (VI) 
showed a saturable erythrocyte partitioning that decreased from 7.8 (10 
pglml) to 1 (50 pg/ml). The strong binding of I and VI to ultrafiltration 
membranes necessitated the determination of their plasma protein 
binding by the method of variable plasma concentrations of erythrocyte 
suspensions to give 96.6% (0.2-80 pg/ml) and 98.2% (13.6-108.4 pglml) 
binding, respectively. Methods for the determination of the parameters 
of saturable and nonsaturable plasma protein binding for unstable and 
membrane-binding drugs by the method of variable plasma concentra- 
tions in partitioning erythrocyte suspensions are presented. 

Keyphrases Etofibrate-degradation products, plasmolysis, red blood 
cell partitioning, plasma protein binding Clofibrate-degradation 
products, plasmolysis, red blood cell partitioning, plasma protein binding 

Plasmolysis-etofibrate, clofibrate, degradation products 0 Red blood 
cell partitioning-etofibrate, clofibrate, degradation products 0 Plasma 
protein binding-etofibrate, clofibrate, degradation products 

Clofibric acid derivatives and nicotinic acid are well 
established therapeutic agents for the treatment of hy- 
perlipidemia, a major risk factor in coronary artery disease 
(1, 2). Etofibrate [2-nicotinoyloxyethyl 2-(4-chlorophe- 
noxy)-2-methylpropionate, (I)], the ethylene glycol diester 
of clofibric and nicotinic acids, is effective in lowering 
triglycerides and cholesterol in controlled clinical trials (3, 
4). The greater lipid-lowering effect of etofibrate in rats 
than simultaneously administered equimolar amounts of 
clofibric and nicotinic acids permitted the postulation that 
both etofibrate and/or its derived half-esters may have 
pharmacological activity (5). It was reported (6j that both 

0022-354918311700-1309$0 7.0010 

half-esters were detectable after incubation of rat micro- 
somes with etofibrate and that they appeared to be more 
stable in biological fluids than their etofibrate pre- 
cursor. 

The solution stabilities of etofibrate (I), clofibrate (VI), 
and derived monoesters were reported previously (7). The 
possible solvolytic routes are given in Schemes I and 11. 
Conditions were established for optimal extractions and 
log k-pH profiles for solution solvolyses were constructed 
for various temperatures using specific high-performance 
liquid chromatographic (HPLC) assays. Preliminary 
studies in fresh dog plasma (7) indicated that a consider- 
able fraction of etofibrate rapidly hydrolyzed in dog 
plasma to produce the ethylene glycol ester of clofibric acid 
(111), which also hydrolyzed rapidly. This is in contrast to 
other reported studies in diluted human blood (8). 

This paper reports on the human red blood cell-plasma 
partitioning and human plasma protein binding of etofi- 
brate (I), clofibrate (VI), and their degradation products 
using the esterase inhibitor, tetraethyl pyrophosphate. 
Improved HPLC assays of higher sensitivity were applied 
to complete studies of the human and dog plasmolytic 
routes and degradation rates. In addition, complete 
methods for the determination of the parameters of satu- 
rable and nonsaturable plasma protein binding for un- 
stable and membrane-bound drugs by the method of 
variable plasma concentrations in partitioning erythrocyte 
suspensions are presented. 

EXPERIMENTAL 

Methods-Acetic acid’, sodium acetate’, dibasic sodium phosphate’, 
monobasic potassium phosphate’, tert -butyl alcohol2, sodium chloride2, 

1 Mallinckrodt Inc., Parris, KY 40361. 
2 Fisher Scientific Co., Fair Lawn. NJ 07410. 
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subjects. The disposition of folinic acid was characterized by a two- 
compartment open model. The peak plasma concentration was 3.5 X 10+ 
M. The distribution and elimination half-lives were 0.27 and 3.7 hr, re- 
spectively. These half-lives are different from those obtained by Mehta 
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Scheme I-Pathways of etofibrate hydrolysis. (*) 14C atom of radiolabeled etofibrate. 
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Scheme II-Pathway of clofibrate hydrolysis. 

tetrabutylammonium phosphate3, and volumetric concentrations of 
hydrochloric acid4 were analytical grade. Chloroform2, ethyl acetate', 
methanol2, and acetonitrile2 were HPLC or UV grade. The following also 
were used: sodium chloride injection USP5, sodium heparin injection 
USPG, and disposable syringes7. Tetraethyl pyrophosphate8 was used 
as enzyme inhibitor. Thymo12 and phenylurea4 were internal standards 
for the HPLC systems. Etofibrateg (I), clofibric acidg (II),2-hydroxyethyl 
2-(4-ch1orophenoxy)-2-methylpr~pionate~ (1111, nicotinic acidg (IV), 
2-hydroxyethyl nicotinateg (V), and clofibrateg (VI) were used as received. 
For protein-binding studies, ultrafiltration coneslO, cone supports" and 
tubesL0, molecular filters'l, and a sample filtration assemblyll were 
used. 

Specifically I4C-labeled etofibrateg (Scheme I) was used for plasma 
protein binding and red blood cell partition studies. A toluene-based 
scintillation12 cocktail was used in the radioactive assay. 

Apparatus-The HPLC system consisted of single pump13, a radial 
compression moduleL4 equipped with a CS or CIS column13 (8 mm i.d.), 

3 Eastman Kodak Co., Rochester NY 14650. 
4 Ricca Chemical Co., Arlington, TX 76012. 

McCaw Laboratories, Irvine, CA 92514. 
The Upjohn Co., Kalamazoo, MI 49001. 

7 Monoject, Division of Sherwood Medical, A Brunswick Co.. St. Louis, MO 

Chemical Procurement Laboratories, College Point, N.Y. 
Merz & Co., Frankfurt am Main, West Germany. 

Types PTGC and PSAC; Millipore Corp., Bedford, MA 01730. 

63103. 

lo Type 2100 CF-50; Amicon Corp., Lexington, MA 02173. 

l2 ScintiVerse; Fisher Scientific Co., Fair Lawn, NJ 07410. 
l3 Model M 6000A; Waters Associates, Milford, MA 01751. 
14 Waters Associates, Milford, MA 01751. 

and an automatic inje~tor'~. The variable-wavelength UV detectorle was 
set a t  225 or 254 nm, with a strip chart recorder17. Radioactivity was as- 
sayed with a liquid scintillation counter's. A laboratory centrifuge was 
usedlg. 

HPLC Procedures-Three HPLC systems were used: System A for 
I, 11, and 111; System B for IV and V; and System C for VI. 

System A-Prepared solutions of 0.05 M sodium acetate were adjusted 
to  a measured pH 3.75 with 0.05 M acetic acid. The mobile phase was a 
mixture of this buffer and acetonitrile (5050). The flow rate of 2 ml/min 
gave almost no back pressure (0-500 psi) on the C8 column. The wave- 
length of the UV detector was 225 nm. 

System B-The mobile phase was a mixture of an aqueous solution 
of 0.008 M tetrabutylammonium phosphate and methanol (25:75). The 
flow rate of 2 ml/min produced a back pressure of 400-700 psi with the 
CIS column. The wavelength of the UV detection was 254 nm. 

System C-The mobile phase was a mixture of 0.05 M acetate buffer 
(pH 3.75) and acetonitrile (37:63). The flow rate of 2.2 ml/min gave a 
back-pressure of 1100 psi on the CIS column. The wavelength of the UV 
detector was 225 nm. 

HPLC Analytical Methods in Plasma for I, 11, and 111-Extraction 
Procedure (Method a)-Aliquots (0.2 or 0.5 ml) of fresh, heparinized dog 
or human plasma were adjusted to pH 2.5 with 25 or 62.5 p1 of 1 N HC1 
and extracted with 2 or 5 ml of chloroform for 10 min with slow shaking. 
Aliquots (1.6 or 4 ml) of the organic phase were evaporated to dryness 
under a nitrogen stream. The residue was reconstituted with mobile phase 
containing the internal standard (thymol), and 50 p1 was injected into 
HPLC system A. 

Acetonitrile Deproteinization (Method b)-An equal volume of ace- 
tonitrile containing the internal standard (thymol) was added to a plasma 
sample, vortexed at high speed for 30 sec, and centrifuged at  3000 rpm 
for 10 min. A 50-pl aliquot of the supernatant was injected into HPLC 
system A. 

HPLC Analytical Methods in Plasma for IV and V-Extraction 
Procedure (Method c)-Fresh plasma (0.5 ml) was adjusted to pH 2 with 
65 pl of 1 N HCl and extracted with 2 ml of an ethyl acetate-tert-butyl 
alcohol mixture (5050) for 10 min with slow shaking. After centrifugation 
for 10 min at 3000 rpm, 1.8 ml of the organic phase was evaporated under 
a nitrogen stream. The residue was reconstituted with mobile phase 
containing phenylurea as an internal standard, and 50 pl was injected 
into HPLC system B. 

Acetonitrile Deproteinization (Method d)-Acetonitrile (2 or 2.5 ml) 
was added to plasma (0.2 or 0.5 ml). The mixture was vortexed for 30 sec 
and centrifuged for 10 min at 3000 rpm. Aliquots of the clear supernatant 

l5 Model Wisp 710A; Waters Associates, Milford, MA 01751. 
l6 LC 75 Spectrophotometer; Perkin-Elmer, Norwalk CT 06856. 
l7 Fisher recordall series 5000, Fisher Scientific Co., Pittsburgh, PA 15219. 

Tricarb 460 C D  Packard Instrument Co. Inc., Downers Grove IL 60515. 
l9 International Equipment Co., Needham Heights, MA 02194. 
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(1 or 2.5 ml) were evaporated to dryness under a nitrogen stream. The 
residue was reconstituted with mobile phase containing phenylurea as 
internal standard, and 50 pl was injected into HPLC system B. 

HPLC Analytical Methods in  Plasma for VI (Method e)-Ap- 
propriate volumes of acetonitrile containing the internal standard (eto- 
fibrate) were added to 0.2 or 0.5 ml of plasma. The mixture was vortexed 
and centrifuged at 3000 rpm for 10 min. Aliquots of the clear supernatant 
were injected into HPLC system C. 

Purification of Radiolabeled Etofibrate-14C-Labeled etofibrate 
(0.03 mg), of presumed specific activity 1.47 X 108 dpndmg, was dissolved 
in 1 ml of acetonitrile. A 1OO-pl aliquot, mixed with 10 ml of scintillation 
fluid1* was dark-adapted for 12 hr before liquid scintillation counting. 
The 14C-labeled etofibrate in acetonitrile solution (100 pl) was injected 
into HPLC system A, monitored by the UV detector, and the eluant was 
collected in 30-sec intervals for 20 min. Scintillation fluid (10 ml) was 
added to each collection before counting. Approximately 20% of the 
counts of the injected sample lay outside the etofibrate fraction (retention 
time range: b 1 3  min) identified by its UV peak. The 14C-labeled etofi- 
brate was purified by combining the collected etofibrate fractions ob- 
tained by repetitive injections of 100-pl aliquots into the chromatograph 
and extracting twice with chloroform. An aliquot (500 pl)  of the aqueous 
phase was counted and showed no significant radioactivity (39 cpm), 
indicating complete extraction. The chloroform extract was evaporated 
under a nitrogen stream and the residue reconstituted in acetonitrile. A 
5O-pl aliquot of this purified W-labeled etofibrate solution was injected 
into the chromatograph, and the 30-sec fractions of eluant (up to 20 min) 
were counted; 94.4% of the total injected radioactivity was in the etofi- 
brate collection. The amount of etofibrate in the assayed sample was 
determined against a calibration curve prepared from unlabeled drug 
in the same system. Thus, the specific activity of the purified [14C]etof- 
ibrate could be calculated (1.253 X 105 dpm/pg). 

Plasmolysis Studies of I, 111, V, and VI-Fresh human and dog 
plasma were used. The blood was centrifuged for 15 rnin at 3000 rpm 
immediately after blood withdrawal into a heparinized syringe. The 
plasma stability studies were performed in a water bath at 37.5' for 
human and 38.5' for dog plasma. The plasma was spiked with a known 
amount of 111 or V in phosphate buffer (pH 7.4) for the respective studies 
of their degradation. Since clofibrate (VI) had poor aqueous solubility, 
it was added to plasma in methanol solution (1-20 p1 in 3 ml of plasma). 
Etofibrate in 0.05 M HCI was added to plasma. Aliquots (0.2 or 0.5 ml) 
of plasma were removed at intervals and added to tubes containing ace- 
tonitrile (methods b, d, and e) or extraction solvents (methods a and c) 
and immediately vortexed or shaken before assay. 

The kinetics of plasmolysis were studied with and without the enzyme 
inhibitor tetraethyl pyrophosphate (usually 90-117 pg/ml of plasma or 
blood). The stability of etofibrate and clofibrate was also studied in fresh 
human whole blood inhibited by tetraethyl pyrophosphate. The solutions 
of tetraethyl pyrophosphate in phosphate buffer (pH 7.4) had to be 
prepared freshly before each study because of its instability. The plasma 
of spiked blood was assayed after separation from erythrocytes by cen- 
trifugation for 4 min at 5000 rpm. 

Red Blood Cell-Buffer Partition Studies-Fresh human hepari- 
nized blood was centrifuged for 15 min at 3000 rpm and the plasma re- 
moved. Isoosmotic phosphate buffer (pH 7.4) was added to the packed 
red blood cells with gentle mixing. The slurry was centrifuged for 10 rnin 
at 2000 rpm, and the separated buffer was discarded; this procedure was 
repeated three times. A phosphate-buffered solution of tetraethyl py- 
rophosphate (11.7 mg/pl) was added to the packed red blood cells to give - 90 pg/ml of the inhibitor. Aliquots of this red blood cell suspension were 
added to previously assayed spiked phosphate buffer. The mixture was 
mixed carefully and allowed to equilibrate for 25 min. A hematocrit was 
taken, and the tube was centrifuged for 10 min at  2000 rpm. An aliquot 
(200 or 500 pl) of the supernatant buffer was removed for analysis. The 
red blood cell-phosphate buffer partition coefficients were determined 
as a function of drug concentration and time. 

Binding to Ultrafiltration Membranes-The binding of I, VI, and 
their degradation products to three commonly used ultrafiltration 
membranes was studiedlOJ1. Solutions of isoosmotic phosphate buffer 
(pH 7.4) were prepared with 10 pg/ml of I, VI, and their degradation 
products, separately and in mixture. An aliquot was taken for analysis, 
and 5 ml was filtered through the ultrafiltration assembly in 500-pI 
amounts. Aliquots (200 pl) of each sequential filtration were analyzed 
for drug. 

Plasma Protein Binding-Compounds 11-V by the Ultrafiltration 
Method-Appropriate volumes of stock solutions of 11-V in acetonitrile 
were evaporated under a nitrogen stream to dryness. A phosphate buffer 
solution of tetraethyl pyrophosphate was added to 22 ml of fresh human 

heparinized plasma to give 95.7 pg/ml, and 8 ml of plasma was used to 
redissolve the compounds. Additional plasma was added to give five 
different drug concentrations, and the plasma samples were assayed. 
These plasma samples (4 ml) were filtered through pretreated ultrafil- 
tration cones for 3 rnin at  3000 rpm. The first 0.8 ml of ultrafiltrate was 
discarded, and the next 0.5 ml was assayed. The filtration cones were 
pretreated by filtering 2 ml of phosphate buffer containing concentrations 
of drugs similar to those of the subsequently filtered plasma, i.e., 5,10, 
20,50, and 100 pg/ml with subsequent filtering of 4.0 ml of plain buffer 
on the premise that this latter fdtration would remove the nonirreversibly 
bound material that would introduce error into the binding study. 

Etofibrate ( I )  and Clofibrate (VZ) by the Method of Variable Plasma 
Concentrations-Fresh heparinized human blood was centrifuged for 
15 rnin at  3000 rpm. The plasma was transferred to a stoppered tube. The 
red blood cells were washed three times with isoosmotic phosphate buffer 
(pH 7.41, and the buffer phases were discarded. 

The desired mixtures of acetonitrile and 14C-labeled and unlabeled 
etofibrate in acetonitrile in a centrifuge tube were dried under a nitrogen 
stream. The residues were reconstituted in 40 pl of isotonic ethanol- 
buffer (5050). Appropriate amounts of plasma (inhibited by 100 pglrnl 
of tetraethyl pyrophosphate) and isotonic phosphate buffer (pH 7.4) were 
mixed to give from 0 to 100% of etofibrate in each pseudoplasma. The 
pseudoplasma samples (1.0 ml of each) were added to the amounts of 
dried I needed to give concentrations of 0.2,2.0,8.0,16.0,40.0, and 80.0 
pglml. An aliquot (200 pl) was mixed with 10 ml of scintillation fluid and 
counted. An aliquot (0.5 ml) of a red blood cell suspension containing 100 
pg/ml of tetraethyl pyrophosphate was added to each pseudoplasma and 
gently mixed. Hematocrits were taken and the pseudoblood was allowed 
to equilibrate for 20 min. The pseudoblood samples were centrifuged for 
10 min at  3000 rpm, and 200 p1 of the pseudoplasma, mixed with 10 ml 
of a scintillation fluid, were counted by liquid scintillation. 

The clofibrate protein binding was studied similarly with 20 pl of a 
methanolic solution containing 15, 30, 60, and 120 pg of VI added to 
separate 1.0-ml pseudoplasma samples before the addition of the red 
blood cells. The samples were analyzed by HPLC method e using mobile 
phase C. 

RESULTS AND DISCUSSION 

Reverse-Phase HPLC Assays-Compounds I, II, and Ill-HPLC 
system A with analytical method a using chloroform extraction, evapo- 
ration, and reconstitution provided a chromatogram (Fig. 1A) for analyses 
of I (retention time, 10.8 min), 111 (4.7 rnin), and I1 (3.4 min) in mixtures. 
The internal standard, thymol, had a retention time of 7.3 min. The av- 
erage of the standard errors of estimate (65-185 ng/ml, n = 8), of the 
concentration of I was 99 ng/ml of plasma for the 0.4- to 20-pg/ml assay 
range. The average of standard errors of estimate for 111 (46126 ng/ml, 
n = 5) was 102 ng/ml of plasma for the 0.4- to lO-pg/ml assay range. The 
average of standard errors of estimate for I1 (27-121 ng/ml, n = 5) was 
72 ng/ml of plasma for the 0.4- to 10-pg/ml assay range. This HPLC 
system had advantages over those reported previously (1) in that mixtures 
of I, 11, and 111 in plasma could be assayed simultaneously. 

Compounds IV and V-The ion-pair methodology of HPLC system 
B with analytical method c using ethyl acetate-tert-butyl alcohol ex- 
traction, evaporation, and reconstitution provided chromatographic 
separation of V (retention time, 6.3 min) from IV (10 min) and from 
plasma interferences. The internal standard, phenylurea, had a retention 
time of 7.5 min (Fig. 1B). The average of standard errors of estimate for 
V (40-92 ng/ml, n = 5) was 67 ng/ml of plasma for the 0.4- to lO-pg/ml 
assay range, and for IV (49-172 ng/ml, n = 5) the average was 102 ng/ml 
of plasma for the same assay range. Specific assays for IV and V from 
plasma were not given previously (7), since plasma components interfered 
with their detection in the prior evaluated HPLC procedures. 

Compound VI-HPLC system C with plasma deproteinization by 
analytical method e provided 225-nm UV detection of VI with a retention 
time of 6.1 min; the internal standard, IS. ,  had a retention time of 4.5 min 
(Fig. 1C). The standard error of estimate of VI in the 0.4- to 4-pg/ml 
plasma range was 51 ng/ml. 

Plasmolysis of Etofibrate and Its Intermediate Solvolytic Prod- 
ucts in Fresh Dog Plasma-Preliminary studies of the stability of 
etofibrate in fresh dog plasma (7) indicated apparent half-lives of 4.4-6.9 
rnin at 37.5': 4.4 rnin at an initial concentration of 3.6 X loe5 M, 6.9 rnin 
at  5.9 X M. A repeat study in fresh dog 
plasma at 5.4 X 10-5 M (19.5 pg/ml) and 38.5' using the aforementioned 
HPLC assays showed a half-life of 10.6 min (Fig. 2A). 

Another study (Fig. 2B) in fresh dog plasma at  3.6 X 10-5 M (13.3 
pg/ml) showed a biphasic degradation of etofibrate at 38.5' that could 

M, and 5.7 min at  1.19 X 
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Figure l-Reverse-phase chromatograms of clofibric acid esters and 
their solvolytic products. Key: (A) Detection at 225 nm of plasma blank 
and plasma containing 2 pglml each of I ,  I I ,  and III ,  extracted with 
chloroform (method a, system A). The  injection volume was 50 pl; the 
internal standard was thymol (I.S.). (B) Detection at 254 nm of plasma 
blank and plasma containing 4.1 pglml of IV and V (method d ,  system 
B). The  internal standard was phenylurea ( IS . ) ;  the  injection volume 
was 50 p l .  (C) Detection at 225 nm o f  plasma blank containing phe- 
nylurea as internal standard and plasma containing 0.8 pglml of VI  
(method c, system C) with 50 p l  injected. 

be fitted to loSp = 14.5 e-0.1438f t 20.5 e-O.OS1 wherep is in molesfliter 
and t is in min. The terminal half-life was 11.9 min; the apparent half-life 
of the first phase was 4.8 min, in the range of the half-life estimated 
previously (7) using assays of lower sensitivity. 

The ester 111 previously showed apparent terminal half-lives of 11.2 
min (initial etofibrate concentration of 5.9 X M) and 5.8 min (initial 
etofibrate concentration of 1.19 X lo-' M). Ester 111, spiked at 4.23 X 

M in fresh dog plasma had an apparent half-life of 11.5 min in the 
preliminary studies at 37.5O (7) and, in a present study at 8.08 X M, 
of 5.6 rnin at 38.5' (curve A, Fig. 2C). This latter study used the greater 
analytical sensitivities given in this paper; the terminal phase was ob- 
served below 2.5 X M ,  whereas in the preliminary study (7) the 
half-life was estimated from concentrations down to this value. The 
plasmolysis of 111 appears to be a saturable process (Fig. 2C). The ter- 
minal phase of the generated I11 in these present studies with 5.4 X lod5 
M (Fig. 2A) and 3.6 X M (Fig. 2B and C )  etofibrate in fresh dog 
plasma at 38.5' showed respective half-lives of 9.9, and 9.6 min. These 
values were well in excess of the aqueous solvolyses of these compounds, 
which were -6 and 12 days at  pH 7.4 and 40' for I and 111, respec- 
tively. 

The terminal half-lives (9.6-9.9 min) of I11 generated from etofibrate 

Figure 2-(A) Semilogarithmic plots against time for 5.4 X 10-5 M 
(19.5 pglml) etofibrate (I)  and its soluolytic products, II ,  I II ,  IV, and 
V, in dogplasma at 38.5O. The  apparent half-lives of I and III were 10.6 
and 9.9 min, respectively. (B) Cartesian plots against time for 3.6 X 10-5 
M I and its  degradation products in dog plasma at 38.5O. The lines 
represent the predicted concentrations according to Eqs. 1 (I), 4 (V), 
5 (III), 6 (IV), and 7 (II).  The  values used for the parameters were: f = 
0.55, ks = 0.16616 min-', k4 = 0.00096 min-', k = 0.07558 min-', and 
[I10 = 3.3 X M .  (C) Semilogarithmic plot against time of the III 
data resulting from I soluolysis i n  dog plasma (Fig. 2B). Curve B was 
calculated according to Eq. 5 with f = 0.55, k3 = 0.166 min-', k = 0.0756 
min-1, [I10 = 3.3 X M. Curve A shows a terminal half-life of 5.6 
rnin for 8.08 X M III  in the same plasma. The  appearing rate 
constant for III was calculated from the slope of the  feathered line 
(curve C); the half-life of this process is 4.2 min. The  appearing half-life 
of IV (12 min) was calculated from the slope of the sigma minus plot 
(curve D) of log (DVl60 - DV])  where [IV]rn was the concentration 
of IV at 60 min. 

exceeded the terminal half-life of 5.6 min for spiked 8.08 X M Ill 
in fresh dog plasma (Fig. 2C) and were close to the 10.6-11.9-min terminal 
half-lives for etofibrate. When the curve for I11 generated from etofibrate 
degradation was feathered, the resulting half-life for the appearance of 
I11 was determined as 4.2 rnin (curve C,  Fig. 2C), close to the half-life for 
the loss of spiked I11 in plasma, indicating a probable "flip-flop." 

The intermediary nicotinate (V) ,  was more stable in fresh dog plasma 
than I and I1 (compare Figs. 2 and 3). The apparent half-life was 12.0 hr 
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Figure 3-Semilogarithmic plots of the peak height ratios (HPLC) of 
V with respect to phenylurea (internal standard) against time for the 
degradation in fresh dog plasma at 38.5’. Key: (A) CO = 99 pglml, t l j 2  
= 12.1 hr; fB)  CO = 49.5 pg/ml, t1j2 = 12.0 hr; fC) CO = 12.4 pglml, t l j 2  
= 11.9 hr. 

a t  38.5O and was independent of the initial concentration (between 12.4 
and 99 pg/ml). 

The “flip-flop” phenomenon should not be, and was not, evident here, 
since the rate of generation of the nicotinate V is very much faster than 
its degradation. The slope of the semilogarithmic plot of amount of nic- 
otinic acid not-yet-formed against time (sigma minus plot) gave an ap- 
parent half-life of -12 min, equivalent to that for the disappearance of 
etofibrate and the assigned half-life for the appearance of ester 111 (es- 
timated from the feathered curve of 111 against time). 

To fit the solvolysis of etofibrate in plasma according to the model given 
in Scheme 111, the concentration-time data from the plasmolysis of I 
could be reasonably approximated by a monoexponential function of the 
form: 

If the products of etofibrate solvolysis were only V and 11, and if no I11 
were generated, the concentration of V could be calculated from the ex- 
pression (9): 

k 
[V’] = [I10 [e-kf - e - k J ]  (Eq. 2) 

where 1110 is the initial concentration, [V’] is the nicotinic acid mono- 
glycolate concentration on the presumption that I is only degrading 
through the V route, k is the first-order elimination rate constant for I 
degradation, and kq is the first-order rate constant for the plasmolysis 
of V. The ratio of experimentally observed [V] to calculated [V’] is: 

which was 0.55 for the studies given in Fig. 2B and C, and f is the fraction 
of I going through the V route. Thus the fraction of I going through the 
111 route is 1 - f = 0.45. 

If the degradation of 111 can be approximated by a first-order rate 
constant k s ,  the following set of equations describes the time course of 

I I I + N  v + I I  

k3i 1 k4 
II Iv 

Scheme 111-Model of etofibrate plasmolysis. 
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Figure 4-Semilogarithmic plot (A) of the degradation of 18.09 pg/ml 
o f I  in heparinized humun plasma at 37.5’ which conforms to C (pg/ml) 
= 10.5 e-1.69t t 7.5 e-o.141t where t is in minutes, and feathered curve 
(B) to characterize the first exponential. 

all possible solvolysis products as a function of the initial etofibrate 
concentration [Ilo: 

(Eq. 4) f k  

kt l  (Eq. 5) (1 - f ) k 3  [III] = [I10 -- [e-k3t - e -  
k - k 3  

[V] = [I10 - - [e-kt - e - k r t ]  
k4 - k 

[IV] = [I10 - (1 -/)(I - e -k f )  

lIld[l - (ke-k4t - k4e-kt)] (Eq. 6 )  

[11] = [I10 - / (I  - e -k t )  t [I10 - (1 - f )  
X 1 - - 1 (k3e-kf - ke-k3f)] (Eq. 7) I k 3 - k  

The l i e s  through the experimental values in Fig. 2B and C were drawn 
on the basis of concentrations calculated from Eqs. 4-7 using the pa- 
rameters given in the legend of the figures. The good agreement of the 
experimental data and calculated curves supports Scheme 111 and con- 
firms the “flip-flop” phenomenon for the 111 curve. 

Etofibrate Solvolysis in Human Plasma-A typical curve for the 
degradation of etofibrate in fresh heparinized human plasma is shown 
in Fig. 4 for 18.8 pglml and showed even more pronounced biphasic 
character than was observed in fresh dog plasma. The terminal half-life 
was 1.54 min at  37.5’; the half-life of the earlier phase, obtained by 
feathering, was 0.44 min. The nonlinearity of such semilogarithmic plots 
occurred with various other initial concentrations (8,16, and 40 pg/ml) 
with similar terminal half-lives of 1.7 min at 38.5’. This indicated no dose 
dependency. An additional study at 18.7 pg of etofibrate/ml at 13’ 
showed a biphasic curve also, with a terminal half-life of 7.7 min. The 
initial phase had a half-life of 0.4 min, and 105p = 1.31 e-1.67t + 3.71 
e-O.mf where p is in molesfliter and t is in min. 

Since a possible explanation of this unexpected biphasic phenomenon 
could be the inhibition of an enzymatic process by formed solvolytic 
products, the solvolyses of 21.5 pg/ml of etofibrate were repeated in the 
same fresh human plasma in the absence and presence of 23.8 pg/ml of 
11,111, IV, or V added 20 sec before the addition of etofibrate. There were 
no significant differences in the etofibrate degradations, with terminal 
half-lives of 1.7 rnin in the same plasma with or without any of these 
added compounds. Thus, product inhibition or slowing of an enzymic 
process could not be concluded. 

An alternative explanation could be the decay of enzymic activity with 
time or its irreversible inactivation by the substrate. If these were true, 
reinoculation of plasma with fresh substrate would give decreasing rates 
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Figure 5-Semilogarithmic plots of concentrations of I ,  11, and I l l  with 
time. Ten minutes after the degradation of 19.77 pglml of I in the fresh 
human p l a s m  at 37.5' (O), 20.1 7 pgcglml of I (0) was added and its time 
course monitored. 

or possibly eliminate the biphasic nature. Ten minutes after 19.77 pglml 
of etofibrate was added to fresh human plasma and subsequently de- 
graded at 37.5', 20.17 pglml of etofibrate was again added and i ts  time 
course monitored (Fig. 5). There was no significant difference between 
the time courses of the sequential studies of etofibrate degradation in 
the same human plasma. Both showed terminal half-lives of 1.5 min in 
this plasma. 

Etofibrate showed significantly shorter terminal half-lives of degra- 
dation (1.5-1.7 min) in fresh human plasma than in fresh dog plasma 
(5-10 min). In the several human plasma studies, 50 f 5% of the de- 
grading etofibrate produced the more stable nicotinate V and the re- 
mainder went through the route involving ester 111. 

2-Hydroxyethyl Nicotinate (V) Stability in Human Plasma-The 
eater, V, showed apparent fmt-order degradation in fresh human plasma 
with half-lives of 45-55 min, which were not significantly affected by 
concentration in the 2- to21-pgIml range (Fig. 6). These half-lives were 
more shorter than the 12-hr half-life observed in dog plasma (Fig. 3). 
%-Hydroxyethyl2-(4-chlorophenoxy)-2-methylpropionate (111) 

Stability in Human Plasma-The ester, 111, did not degrade by first- 
order processes a t  all concentrations in fresh human plasma. Semiloga- 
rithmic plots of concentrations with time were not linear; they showed 
the decreasing convex curve typical of saturable processes (10). 

Such saturable processes can be described by: 

(Eq. 8) 

where preliminary estimates of vmaX can be made from the initial slope 
at high concentrations of linear plots of concentration against time (Fig. 
7) and the u,, and K, values can be estimated from the terminal slopes 

30 t 
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0 40 80 120 160 

Figure 6-Semilogarithmic plots for the degradation of V in fresh 
human plasma at 37.5' against time. Key: (A) CO = 21.3 pglml, tl/z = 
54.5 min; (B) CO = 13.4 pglml, t1/2 = 50.9 min; (C) CO = 2.1 pglml, ti12 
= 45.4 min. 

MINUTES 

MINUTES 

Figure 'I-Plots of concentrations of 111 with time in fresh human 
p l a s m  at 37.5' fitted to the Michaelis-Menten equation -dCldt = 
v,,C/(K, + C) with v,,,,,, = 0.77 pglmllmin and K, = 8 pglml. The 
initial concentrations of I l l  were 35.2 (A), 17.5 (B), and 8.5 pglml 
(C). 

of In C against time. The times for various concentrations (C) can be 
calculated from the integrated form of the Michaelis-Menten equation 
(Eq. 8): 

- ( K m  In CICo + C - CO)/urnax = t 0%. 9) 

where Co is the initial concentration and C the concentration at any time, 
t .  All of the experimentally observed time courses for 8.5-, 17.5-, and 
35.2-pglml initial concentrations of 111 in human plasma could be fitted 
by Eq. 9 with K ,  = 8 pglml and urnax = 0.77 pglmllmin (Fig. 7) to dem- 
onstrate the validity of this equation and the postulation of saturable 
enzymic solvolysis for these initial concentrations. The apparent terminal 
half-life of 111 can be calculated from 0.693/(urnaxlK,) = 0.693/(0.77/8) 
= 7.2 min and was close to the half-life for the solvolysis of 111 in fresh 
dog plasma. 

Clofibrate (VI) Stability in Human Plasma-Clofibrate demon- 
strated solvolysis in human plasma by a similar saturable enzymic process 
(Fig. 8), which agreed with the previously indicated saturable kinetics 
in dog plasma (7). The values of the parameters of Eqs. 8 and 9, urn, = 
0.77 pg/ml/min, K ,  = 28 pglml, tl/2 = 0.693K,/um, = 25.2 min, fitted 
the data for plasma level-time studies for initial clofibrate concentrations 
in human plasma of 125,55.5, 12, and 6.1 pglml (Fig. 8). The identical 
urnax of 0.77 pglmllmin for clofibrate and ester I11 with the different K ,  
values could indicate solvolyses of these compounds by the same enzyme 
system, but with different affinities. 

126ho. 100 

01 
0 30 60 90 120 150 

MINUTES 

Figure 8-Plots of VI concentrations with time in fresh human plasma 
at 37.5' fitted to the Michaelis-Menten equation -dC/dt = vm,C/(K, + C) with v,, = 0.77 pglmllmin and K, = 28 pglml. The initial con- 
centrations were 125 (A), 55.5 (B). 12 (C), and 6.1 pg/ml(D).  The ap- 
parent half-life of the apparent first-order terminal phase of curue C 
was 25.9 min. 
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Table I-Red Blood Cell-Buffer Partitioning of Etofibrate (I), Clofibric Acid (11), 2-Hydroxyethyl2-(4-Chlorophenoxy)-2-methyl- 
DroDionate (111). Nicotinic Acid (IV). and 2-Hsdroxsethsl Nicotinate (V) 

Tetraethyl 
Pyrophosphate 

Assay Concentration, Drug Concentration 
Compound Procedures" pglml Range, pg/mlc 

D 
(Average f SD) n 

I 
Id 

I11 
IIId 
I1 
I1 
IId 

IV 
IV 
IVd 
V 
Vd 

LSC' 
Aa 
Aa 
Aa 
Aa 
Aa 
Aa 
Bd 
Bd 
Bd 
Bd 
Bd 

89.5 
117 
117 
117 
117 

0 
117 

0 
117 
117 
117 
117 

0.2-80 
1.15-1.265 
1.25-22.86 
1.36-23.30 

1.55 f 35.22 
1.57-35.38 

1.56 -29.98 

1.66-47.34 
2.24-49.09 

2.10-50.48 

2.53-35.05 
1.39-35.13 

6 5.46 f 0.30 
5 6.03 f 0.36 
5 3.23 f 0.22 
5 3.06 f 0.34 
4 1.98 f 0.19 
5 2.21 f 0.23 
5 2.30 & 0.20 
5 0.97 f 0.21 
5 1.25 I O . 4 4  
5 1.00 f 0.13 
4 1.09 f 0.41 
5 1.07 f 0.29 

0 Capital letter desi nates the HPLC system; small letter designates the method of preparation for analysis as given in Experimental. * Concentration of tetraethyl 
pyrophosphate in the kBC suspension. c Drug concentration in buffer after equilibration with red blood cells. d Studies effected by simultaneous spiking with I, 11,111, 
IV, and V. e Radiolabeled etofibrate was studied and assayed by liquid scintillation counting (LSC). 

Inhibition of Clofibric Acid Ester Plasmolysis-The plasmolysis 
of heroin had been inhibited by the addition of 100 pglml of tetraethyl 
pyrophosphate, a compound that did not hemolyze red blood cells when 
added to blood nor denature proteins (11). This enzyme inhibitor was 
also used to inhibit the hydrolysis of clofibric acid esters in human blood 
and plasma (Fig. 9). The plasmolyses of etofibrate (I), (curves A and B), 
ester 111, (curve C), and clofibrate (VI) (curves D and E) were suppressed 
for at least 1 hr by adding tetraethyl pyrophosphate to blood or plasma, 
in contrast with the ready solvolyses of these compounds in uninhibited 
human plasma (I, curve H; 111, curve F; VI, curve G) .  The use of tetraethyl 
pyrophosphate as a plasmolysis inhibitor thus provided a method to as- 
certain the red blood cell partitioning and plasma protein binding of these 
highly unstable clofibric acid esters in human plasma. 

Tetraethyl pyrophosphate showed different patterns in dog and human 
plasma. Tetraethyl pyrophosphate (137.5 pglml) in fresh dog plasma 

t \ 

\ 
60 

0 -  

V O  20 40 
0.4- 1 I 

MINUTES 

Figure 9-Effect of tetraethyl pyrophosphate on concentrations of 
clofibric acid esters with time in plasma after spiking clofibric acid esters 
in fresh human blood or plasma. Key: (A) fresh human whole blood 
containing 102.4 pglml of  tetraethyl pyrophosphate spiked with 18.24 
pglml of I; (B) fresh human p h m a  containing 102.4 pglml of tetraethyl 
pyrophosphate spiked with 18.24 pglml of I ;  (C) fresh human plasma 
containing 47.2 pglml of tetraethyl pyrophosphate spiked with 19.84 
pglml o f  HI;  (D) fresh human whole blood containing 99.5 pglml of  te- 
traethyl pyrophosphate spiked with 12.65 pglml of VI; (E) fresh human 
plasma containing 101.4 pglml tetraethyl pyrophosphate spiked with 
9.9 pglml of VI; (F) I I I  degradation (CO = 16.5 pglml) in uninhibited 
human plasma; (G) VI degradation (CO = 4.5 pglml) i n  uninhibited 
human plasma; (H) I degradation (CO = 18.24 pglml) in uninhibited 
human plasma. 

suppressed the solvolysis of I for only 10-12 min (Fig. 10, curves A, B, and 
E), in contrast with the inhibition in fresh human plasma for at least 130 
min (Fig. 10, curve D). Increased (7.5X) tetraethyl pyrophosphate con- 
centrations (963.3 pglml) did not even double the time of complete 
plasmolysis inhibition (Fig. 10, curve C). The solvolysis after 22 min in- 
creased to an apparent half-life of 58.2 min, similar to the half-life ob- 
served with 128.9 pglml of tetraethyl pyrophosphate. 

Red Blood Cell-Buffer Partitioning-Etofibrate and its Soluolytic 
Products-The red blood cell-plasma partition coefficient of a drug ( D ) ,  
on the presumption that only unbound drug in the plasma can diffuse 
into the red blood cells, can be defined (12) as: 
D = [ARBc]/[A:] = { [ A B ] / [ A : ] ( ~  - H) - [A:]/[A:] - 1) (1 - H ) / H  

(Eq. 10) 

/s 

10 4 
21 
0 40 80 120 

MINUTES 
Figure 10-Effect of  tetraethyl pyrophosphate on the solvolysis of  I .  
Key: (A) One-day-old dog plasma spiked with 30.3 pgglml of I a t  room 
temperatuare. After 18 rnin (arrow) 128.9 pglml of tetraethyl pyro- 
phosphate was added. (B) Fresh dog plasma spiked with 20.2 pglml of 
I at 38.5O. After 18 rnin (arrow) 128.9 pglml of tetraethyl pyrophosphate 
was added, and the test tube was kept at room temperature. (C) Iden- 
tical to B, except 963.3 pglml of  tetraethyl pyrophosphate was added. 
(0) Fresh human plasma containing 137.5 pglml of tetraethyl pyro- 
phosphate spiked with 20 pglml of  I. (E) Identical to D,  except dog 
plasma was used. 
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Table 11-Human Plasma Protein Binding of Clofibric Acid (II), the  2-Hydroxyethyl Ester (111), Nicotinic Acid (IV), and the 2- 
Hydroxyethyl Ester 8 (V) by the Ultrafiltration Method 

ComDound C,. ua/mlb C,, ue/mlc 
Percent 
Bound 

Average 
Percent Bound 
f SD ( S E M )  

I1 19.71 
45.18 

0.30 
1.38 

98.48 
96.95 97.20 f 1.18 (0.68) . ,  

101.97 3.92 96.16 

I11 4.96 
10.24 
20.21 

0.91 
1.59 
2.97 

8 1.65 
84.47 
85.30 83.17 f 1.65 (0.74) . .  

48.28 8.33 82.75 
105.16 19.25 81.69 

v 4.66 3.98 14.59 
9.20 9.08 1.30 

18.86 17.55 6.95 6.0 f 6.3 (3.2) 
47.29 46.75 1.14 

rv 6.42 
13.57 
30.84 

5.93 
11.13 
26.72 

7.63 
17.98 
13.36 12.6 f 4.3 (2.2) . ,  

79.32 70.30 11.37 

0 Tetraethyl pyrophosphate (95.7 pg/ml) was added to plasma before spiking with drug. * Drug concentration in plasma before filtration. Drug concentration in ul- 
trafiltrate (plasma water). 

where [ARBC] is the total drug concentration in the red blood cells, [A,], 
[A",, and [A:] are the respective drug concentrations in plasma, plasma 
water (i.e.,  unbound to plasma proteins), and bound to plasma proteins; 
[AB] is the total concentration of a drug in whole blood or red blood cell 
suspension; and H is the hematocrit. The value of [A:] is zero in red blood 
cell-buffer suspensions. 

Etofibrate, clofibrate, and its solvolytic products showed rapid equil- 
ibration between buffer and human red blood cells. The apparent par- 
tition coefficients, D ,  did not change with time after the 3 min needed 
for mixing and subsequent centrifugation. There was no significant 
concentration dependency of the partition coefficient in the studied 
concentration ranges (Table I). There was no significant difference be- 
tween the partition coefficients for the nonsolvolyzable clofibric and 
nicotinic acids with or without the presence of the enzyme inhibitor te- 
traethyl pyrophosphate, indicating the noninterference of this compound 
with the partitioning. The partition coefficients for etofibrate, clofibric 
acid, and ester 111 were much greater than unity (Table I), demonstrating 
specific binding to erythrocytes, greatly in excess of that which would 
be anticipated from simple volume partitioning. 

Clofibrate-The red blood cell-buffer partition coefficient, D ,  for 

lot 

01 I I 
0 10 20 30 40 50 

[ARB=] 
Figure 11-Modified Scatchard plot for the presumed saturable 
binding or partitioning fD) of clofibrate to red blood cells from the buffer 
suspension against the clofibrate concentration in the buffer removed 
by binding to the red blood cells, [ARRc]. The fi t ted line was calculated 
by least-square regression: D = 9.185 - 1.92 X lo4 [ARB(']. 

clofibrate was concentration dependent. It decreased with increasing 
clofibrate concentration, indicating saturable partitioning into the red 
blood cells, from 7.8 at 10 pg/ml to 1 at  50 pglml. 

The interaction between a ligand and a class of receptors can be for- 
mulated as (12): 

(Eq. 11) 

where [A;] is the concentration of free or unbound drug in the buffer 
phase of the suspension, [ARBC] = [A,] - [A:] is the concentration of 
bound ligand to the receptor (erythrocyte) where [A,] would be the 
concentration of drug in the buffer phase if there were no binding to the 
receptor, K is the association constant for the binding of a molecule of 
drug to one of the equivalent n binding sites of the receptor, and [R] is 
the concentration of the receptors. 

The modified Scatchard equation can be derived on the premise of only 
one class of n equivalent binding sites (13): 

(Eq. 12) 

and shows that plots of the apparent partition coefficient (D) against the 
drug concentration in the continuous phase that had been removed to 
bind the receptors should be linear if there were only one class of n 
equivalent binding sites per receptor (red blood cell) so that saturable 
binding was manifested. Such a plot is given in Fig. 11 for a hematocrit 
of 0.24 at room temperature. The negative of the slope is K = 1.92 X 104 
M - I .  The intercept, nK[R], is 9.185; the number of binding sites n[R] 
on the postulation of a volume of a red blood cell of 90 pm3 and 1.11 X 
1010 celldm1 of packed red blood cells permits the calculation of the 
number of binding sites per red blood cell as 4.3 X lo-'' moles/single red 
blood cell. 

Plasma Protein Binding by Ultrafiltration-When isotonic 
phosphate buffer, pH 7.4, containing 10 pg/ml of etofibrate, clofibrate, 
or their potential solvolytic products was ultrafiltered, nicotinate V and 
the clofibric and nicotinic acids showed no significant binding to the filter 
membranes. The concentration in the first and successive 0.5 ml of filtrate 
was the same as the initial concentration in the buffer to be filtered (Fig. 
12). Etofibrate bound strongly to the membrane. Although the concen- 
tration in successive 0.5 ml filtrates of the 5-ml aliquot showed increasing 
concentrations, a maximum of only 39.8% of the filtered concentration 
could be recovered in the last 0.5 ml of ultrafiltrate (Fig. 12A). Although 
the ultrafiltrate showed increased concentrations of etofibrate if the 
membrane prefiltered 3 ml of 100 pg/ml etofibrate, the concentration 
recovery was still incomplete (Fig. 12B). Further attempts were made 
to saturate the membrane with prefiltration of larger concentrations and 
volumes of etofibrate solutions. However, the variability among successive 
filtrates and filtrations was too great. The cone filterlo was chosen rather 
than the molecular filtersll for the ultrafiltration studies because it 
showed the lowest binding for the investigated compounds, particularly 
for the ester 111. 

The percentages of drug bound to human plasma proteins by this ul- 
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Figure 12-Percent recovery of ultrafiltrate concentrations of I (O), 
I1 (O),  III (O), I V  (A), and V (0) in 5 ml of pH 7.4 isotonic phosphate 
buffer in each successive 0.5-ml filtrate. Key: (A) Each drug was filtered 
separately without membrane pretreatment. (B) The membranes were 
pretreated by prefiltering 2 ml of buffer containing 100 pglml of com- 
pound. The excess was rinsed with isotonic buffer. 

trafiltration technique for those compounds that do not show excessive 
binding to the ultrafiltration membranes are given in Table 11. There was 
no apparent concentration dependence for the protein binding of clofibric 
acid (11) and ester 111, with 97.2 f 1.2 and 83.2 f 1.7%, respectively. The 
results from protein binding studies of nicotinic acid (IV) and the nico- 
tinate V had greater variability, 6.0 f 6.3 and 12.6 f 4.3%, respectively. 
If the study at the lower concentration of 5.9 pglml were omitted, the ester 

40 t 

=? 20 xp 

0 

=? 20 xp 

0 

m 

Figure 13-The ratio of the fraction of drug bound (fb) to human 
p l a s m  proteins to the fraction unbound (fJ as a function of the fraction 
(m) of normal plasma in pseudoplasma. The intercepts are zero. The 
slopes are 30for I at 0.2 pgIml(0)  and 80 pg lml (0 )  and 60 for VI at 
13.9 pglml (m) and 108.4 pg lml (0 ) .  

Table 111-Percent Plasma Protein Binding (1000 of Etofibrate 
and Clofibrate by the Method of Erythrocyte Suspension in 
Variable Plasma Concentrations. H = 0.25 

Percent 
Bound 

pg/ml' s f SEM$ (loof) f SEM' 

Etofibrated 0.212 30.03 f 1.04 96.78 f 0.11 
2.19 30.52 f 1.14 96.83 * 0.12 . - - - - . - - 
8.12 32.56 IO.97 97.03 f 0.09 

15.8 30.60 f 1.70 96.84 f 0.17 
39.2 32.04 f 1.48 96.97 f 0.14 
79.7 30.9 f 2.73 96.87 f 0.27 

96.89 f 0.09 Average f S D  
Clofibratee 13.6 57.32 f 5.20 98.29 f 0.16 

13.9 58.87 f 3.42 98.33 f 0.10 
27.1 53.51 f 1.19 98.16 f 0.04 
54.2 48.13 f 1.86 97.96 f 0.08 

108.4 62.1 f 11.6 98.42 f 0.03 
98.23 f 0.18 

Total plasma concentration of drug before partitionin into red blood cells. 
Slope of the plot of f/Cl- f )  uersus m. f = S/(1+ S) ;  SEh of l00f is 100 I[(S + 

SEMs)/(l+ S + SEMs)] - [(S - SEMs) / ( l  + S 7 +'EMs)]l/2. Radioactivity of 
labeled compound was assayed m red blood cell-equilibrated plasma. The tetraethyl 
pyrophosphate concentration was 89.5 pg/ml in the red blood cell suspension and 
99.45 pglml in the plasma. HPLC assay C-d of red blood cell-equilibrated plasma 
was used. The tetraethyl pyrophosphate concentration was 117 pg/ml in the red 
blood cell suspension and 115.84 pglml in the plasma. 

Average f SD 

V showed a possible concentration ratio dependence of protein 
binding. 

Human Plasma Protein Binding of Etofibrate and Clofibrate by 
the  Method of Variable Plasma Concentrations in Erythrocyte 
Suspensions-The high binding of etofibrate and clofibrate to ultra- 
filtration membranes prevented their use in the determination of plasma 
-protein binding. The instability of these compounds in plasma 1 hr after 
enzyme inhibition of plasma with tetraethyl pyrophosphate prevented 
the use of such traditional methods as ultracentrifugation and equilib- 
rium dialysis to determine plasma protein binding. Tetraethyl pyro- 
phosphate undergoes degradation by solvolysis with time. 

A method that uses the partitioning of plasma-unbound drug into 
erythrocytes with varying plasma concentrations to determine plasma 
protein binding was developed previously by Garrett and Hunt (14) and 
applied to the nonsaturable protein binding of tetrahydrocannabinol. 
The method was also applied to the determination of the plasma protein 
binding of papaverine (15) and methadone (16). In the latter case it was 
clearly shown that protein binding determined by this technique gave 
the same results (66% plasma protein binding) as the more conventional 
ultracentrifugation method. Synthetic blood samples are prepared with 
known hematocrit, varying fractions of plasma and plasma water (or pH 
7.4 phosphate buffer), and known concentrations of drug. The drug- 
equilibrated erythrocytes are separated from the pseudoblood samples 
by centrifugation and the pseudoplasma samples are analyzed for their 
concentrations. 

The total amount of drug, Abt, added to pseudoplasma was confirmed 
by assay and washed red blood cells were added to give an hematocrit of 
H. From the assayed pseudoplasma concentrations [Ap] of volume Vp 
= Vbt (1 - H), centrifugally separated from a pseudoblood of hematocrit 
H and volume V,,, the amount of drug partitioned into the red blood 
cells, ARBC, was calculated: 

ARBC = Abt - Vp[ApI (Eq. 13) 

where [ARBC) = ARBC/VRBC and VRBC = HVt,t. Thus, the fraction ( f )  
of drug in plasma that is unbound to plasma proteins can be calculated 
from the assayed, separated plasma concentration of drug, [Ap], by: 

where D is the partition coefficient for red blood cell-plasma water (or 
buffer) (Eq. 10). In the special case for clofibrate this partition coefficient 
was a function of the red blood cell concentration: 

D = 9.185 - 1.92 X [ARBC] (Eq. 15) 

The method is extremely sensitive and particularly useful when both the 
plasma protein binding and red blood cell-plasma water partition coef- 
ficient are high. 

In the cases of both etofibrate and clofibrate, plots of the fraction of 
drug bound to plasma protein, against the fraction of plasma, m, in 
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pseudoplasma were superimposable for all plasma and unbound drug 
in plasma concentrations [A:]. Plots (Fig. 13) of f / ( l  - f )  against m are 
linear for all [A:] and pass through the origin with slopes of S. The frac- 
tion of drug bound to 100% plasma when m = 1 can then be calculated 
(Table 111). The human plasma protein binding of etofibrate is 96.89 f 
0.09% (SD) for plasma concentrations in the 0.2- to 80-pg/ml range. The 
human plasma protein binding of clofibrate is 98.23 f 0.18% ( S D )  for 
plasma concentrations in the 14- to 108-pg/ml range. 
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Abstract 0 A five-compartment open model was used to simulate the 
blood concentration profiles of diazepam and its metabolite, desmeth- 
yldiazepam, following single- and multiple-dose administrations of di- 
azepam. The parameter estimates for diazepam were previously reported 
literature values. The parameter estimates for the metabolite were cal- 
culated from literature values of blood concentrations of desmethyldia- 
zepam following the administration of clorazepate. The five-compartment 
open model suggests that -50% of the administered diazepam is bio- 
transformed to desmethyldiazepam, and that the elimination profile of 
the metabolite is not altered by the presence of the drug. The model may 
also be readily adapted to predict the concentrations of diazepam and 
desmethyldiazepam in cerebrospinal fluid following the administration 
of diazepam by simply correcting the blood or plasma concentrations of 
the drug and metabolite for the degree of plasma protein binding. 

Keyphrases 0 Diazepam-desmethyldiazepam, pharmacokinetics, 
single- and multiple-dose administrations, five-compartment open model, 
blood, CSF 0 Desmethyldiazepam4iazepam, pharmacokinetics, single- 
and multiple-dose administrations, five-compartment open model, blood, 
CSF 0 Pharmacokinetics-diazepam, desmethyldiazepam, single- and 
multiple-dose administrations, five-compartment open model, blood, 
CSF 

Diazepam (7-chloro-1,3-dihydro-l-methyl-5-phenyl- 
2H-1,4-benzodiazepin-2-one) is effective in the symp- 
tomatic relief of tension and anxiety, as well as for the relief 
of skeletal muscle spasms (1-5). Desmethyldiazepam, the 
major metabolite of diazepam, is the pharmacologically 
active metabolite of the prodrugs clorazepate and pra- 
zepam, which are also used as anxiolytic agents (6-8). 

Diazepam pharmacokinetics have been described pre- 
viously by a three-compartment model by Kaplan et al. (6) 
and Moolenaar et al. (9). Several investigators have de- 

scribed the pharmacokinetic profile of desmethyldiazepam 
following oral administration of the prodrug clorazepate 
in terms of a two-compartment open model (8,lO-12). The 
present report combines the three-compartment open 
model for diazepam and the two-compartment open model 
for desmethyldiazepam to define the pharmacokinetic 
profiles of diazepam and its metabolite following single- 
and multiple-dose administrations of the drug. 

EXPERIMENTAL 

Clinical Protocol-The data used in this study were previously re- 
ported by Kaplan et al. (study A) (6). Briefly, four healthy male volun- 
teers, ages 25-43, each received single 10-mg doses of diazepam admin- 
istered intravenously and orally 1 week apart. Commencing 1 week 
thereafter, each subject received a 10-mg oral dose of the drug every 24 
hr for 15 days. The subjects were fasted for 7 hr prior to receiving the 
single-dose administrations, and food was withheld for 1 hr postadmin- 
istration. 

Blood specimens were obtained 1,2.5,5,10,20,30, and 45 min and a t  
1, 1.5, 2, 3, 4, 6, 8, 12, 24, 30, and 48 hr following intravenous adminis- 
tration, and a t  0.25,0.5,0.75,1,1.5,2,3,4,6,8,12,24,30, and 48 hr fol- 
lowing the single-dose oral administration. Following chronic adminis- 
tration, blood samples were obtained 0 (predose), 0.5,1,2,4, and 24 hr 
postadministration on day 1; 1,2, and 24 hr postadministration on days 
2-11; 1 and 2 hr postadministration on day 12 and at  0 (predose), 1,2,4, 
6,8,12,24,30,36,48,72,96,120,144,168,192, and 216 hr postadminis- 
tration on day 15. 

Analytical Method-Blood specimens were analyzed for diazepam 
and desmethyldiazepam by the electron-capture GLC procedure of de 
Silva and Puglisi (131, with a sensitivity of 10 and 20 ng/ml, respectively, 
for each component using a 1-ml specimen. 

Pharrnacokinetic Model-The five-compartment open model used 
to  describe the pharmacokinetic profiles of diazepam and its major me- 
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pseudoplasma were superimposable for all plasma and unbound drug 
in plasma concentrations [A:]. Plots (Fig. 13) of f / ( l  - f )  against m are 
linear for all [A:] and pass through the origin with slopes of S. The frac- 
tion of drug bound to 100% plasma when m = 1 can then be calculated 
(Table 111). The human plasma protein binding of etofibrate is 96.89 f 
0.09% (SD) for plasma concentrations in the 0.2- to 80-pg/ml range. The 
human plasma protein binding of clofibrate is 98.23 f 0.18% ( S D )  for 
plasma concentrations in the 14- to 108-pg/ml range. 
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Abstract 0 A five-compartment open model was used to simulate the 
blood concentration profiles of diazepam and its metabolite, desmeth- 
yldiazepam, following single- and multiple-dose administrations of di- 
azepam. The parameter estimates for diazepam were previously reported 
literature values. The parameter estimates for the metabolite were cal- 
culated from literature values of blood concentrations of desmethyldia- 
zepam following the administration of clorazepate. The five-compartment 
open model suggests that -50% of the administered diazepam is bio- 
transformed to desmethyldiazepam, and that the elimination profile of 
the metabolite is not altered by the presence of the drug. The model may 
also be readily adapted to predict the concentrations of diazepam and 
desmethyldiazepam in cerebrospinal fluid following the administration 
of diazepam by simply correcting the blood or plasma concentrations of 
the drug and metabolite for the degree of plasma protein binding. 

Keyphrases 0 Diazepam-desmethyldiazepam, pharmacokinetics, 
single- and multiple-dose administrations, five-compartment open model, 
blood, CSF 0 Desmethyldiazepam4iazepam, pharmacokinetics, single- 
and multiple-dose administrations, five-compartment open model, blood, 
CSF 0 Pharmacokinetics-diazepam, desmethyldiazepam, single- and 
multiple-dose administrations, five-compartment open model, blood, 
CSF 

Diazepam (7-chloro-1,3-dihydro-l-methyl-5-phenyl- 
2H-1,4-benzodiazepin-2-one) is effective in the symp- 
tomatic relief of tension and anxiety, as well as for the relief 
of skeletal muscle spasms (1-5). Desmethyldiazepam, the 
major metabolite of diazepam, is the pharmacologically 
active metabolite of the prodrugs clorazepate and pra- 
zepam, which are also used as anxiolytic agents (6-8). 

Diazepam pharmacokinetics have been described pre- 
viously by a three-compartment model by Kaplan et al. (6) 
and Moolenaar et al. (9). Several investigators have de- 

scribed the pharmacokinetic profile of desmethyldiazepam 
following oral administration of the prodrug clorazepate 
in terms of a two-compartment open model (8,lO-12). The 
present report combines the three-compartment open 
model for diazepam and the two-compartment open model 
for desmethyldiazepam to define the pharmacokinetic 
profiles of diazepam and its metabolite following single- 
and multiple-dose administrations of the drug. 

EXPERIMENTAL 

Clinical Protocol-The data used in this study were previously re- 
ported by Kaplan et al. (study A) (6). Briefly, four healthy male volun- 
teers, ages 25-43, each received single 10-mg doses of diazepam admin- 
istered intravenously and orally 1 week apart. Commencing 1 week 
thereafter, each subject received a 10-mg oral dose of the drug every 24 
hr for 15 days. The subjects were fasted for 7 hr prior to receiving the 
single-dose administrations, and food was withheld for 1 hr postadmin- 
istration. 

Blood specimens were obtained 1,2.5,5,10,20,30, and 45 min and a t  
1, 1.5, 2, 3, 4, 6, 8, 12, 24, 30, and 48 hr following intravenous adminis- 
tration, and a t  0.25,0.5,0.75,1,1.5,2,3,4,6,8,12,24,30, and 48 hr fol- 
lowing the single-dose oral administration. Following chronic adminis- 
tration, blood samples were obtained 0 (predose), 0.5,1,2,4, and 24 hr 
postadministration on day 1; 1,2, and 24 hr postadministration on days 
2-11; 1 and 2 hr postadministration on day 12 and at  0 (predose), 1,2,4, 
6,8,12,24,30,36,48,72,96,120,144,168,192, and 216 hr postadminis- 
tration on day 15. 

Analytical Method-Blood specimens were analyzed for diazepam 
and desmethyldiazepam by the electron-capture GLC procedure of de 
Silva and Puglisi (131, with a sensitivity of 10 and 20 ng/ml, respectively, 
for each component using a 1-ml specimen. 

Pharrnacokinetic Model-The five-compartment open model used 
to  describe the pharmacokinetic profiles of diazepam and its major me- 
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Table I-Pharmacokinetic Parameters Obtained Following the Single-Dose Administration of 15 mg of Clorazepate Dipotassium to 
Six Normal Subjects 

Parameter 
Study Ba 

1 2 3 4 
Study C 

1 2 Mean f SDc 

A ,  ng/ml 177.9 446.7 236.1 962.8 800.8 130.1 459.1 f 349 
a, hr-l 1.13 0.56 1.32 1.42 1.11 0.60 1.02 f 0.36 
B, ng/ml 85.0 79.2 116.7 92.6 65.3 72.4 85.2 f 181 
B. hr-l 0.017 0.010 0.017 0.016 0.013 0.014 0.015 * 0.03 . .~~ . . -. - . . . - 

3.4 0.71 3.6 1.84 1.58 3.43 2.43 f 1.21 
48.7 58.6 37.3 40.8 33.1 55.3 45.6 f 10.2 
0.628 0.287 0.710 0.952 0.819 0.333 0.622 f 0.265 
0.480 0.259 0.583 0.430 0.250 0.251 0.376 f 0.143 

KMel, hr-' 0.041 0.023 0.039 0.054 0.056 0.033 0.041 f 0.013 
Taken from Ref. 7. b Taken from Ref. 15. C Mean values used as estimates in the pharmacokinetic model. 

tabolite, desmethyldiazepam, is presented in Fig. 1. Equations for the 
blood concentration-time profiles of drug and metabolite were derived 
by the method of Kaplan et al. (14). The pharmacokinetic parameters 
previously reported in study A were used as the estimates for diazepam 
(6). Desmethyldiazepam blood concentration-time data following ad- 
ministration of clorazepate, previously reported by Abruzzo et al. (study 
B) (7) and Brooks et al. (study C) (15) were fitted using NONLIN (16) 
to obtain parameter estimates for the metabolite disposition (Table I). 
The parameters K2l and Kl2 in Table I are identical to K54 and K45 in 
the present model. 

Parameter estimates for K14, the rate of formation of the metabolite 
following diazepam administration, had not been previously reported 
in the literature. Initial estimates of K14 were obtained based on the 
fraction urn) of diazepam metabolized to desmethyldiazepam calculated 
both following single-dose and chronic-dose administrations of the drug. 
To estimate the amount of diazepam biotransformed to desmethyldia- 
zepam following single-dose intravenous and oral administrations, the 
mean area under the blood concentration-time curve from time 0 to in- 
finity (AUCe.. for desmethyldiazepam in four subjects (Study A) were 
calculated (Table 11). The AUC were determined using the trapezoidal- 
rule for the blood concentration-time curve from 0 to 48 hr postadmin- 
istration. The area from 48 hr to infinity was then calculated by dividing 
the last observed blood concentrations of the metabolite by the overall 
elimination rate constant (p)  for desmethyldiazepam, which was deter- 
mined following chronic administration of diazepam in the same subjects 
(6). The mean AUCo-.. for desmethyldiazepam following single-dose 
oral administration of 15 mg of clorazepate (studies B and C), which was 

m . 
Figure 1-Five-compartment open pharmacokinetic model used to 
describe the physiological disposition characteristics of diazepam and 
its metabolite, desmethyldiatepam. C1, C2, and C3 are the concentra- 
tions of diazepam in the respective compartments; C4 and Cg are the 
concentrations of desmethyldiazepam in the respective compartments. 
K. is the first-order absorption rate constant of diazepam; K12, K21, K13, 
K31, K45, and K a  are the transfer coefficients between compartments; 
KTOT is the total elimination rate of diazepam; K14 is the rate of me- 
tabolism of diazepam to desmethyldiazepam; Knael is the elimination 
rate of desmethyldiazepam; and K D ~ ~  is the rate of elimination of di- 
azepam via pathways other than metabolism to desmethyldiazepam, 
KTOT = (Kl4 4- K D J .  

used as a standard area representing 10 mg of systemically available 
metabolite are presented in Table 11. The ratio of the desmethyldiazepam 
AUCo-- for each subject in study A, divided by the mean AUC+- for 
the six subjects in studies B and C were used to estimate the fraction urn) 
of diazepam metabolized to desmethyldiazepam in study A. K14 is then 
calculated by multiplying the total elimination rate (KTOT) of the drug 
by the estimated fraction urn) metabolized. K m  was previously reported 
as K,1 in study A (6). Kl4 and the fraction urn) of diazepam metabolized 
to desmethyldiazepam for the four subjects in study A based on the sin- 
gle-dose administration of the drug are reported in Table 11. 

The pharmacokinetic parameters for diazepam and its metabolite at 
steady state may also be used to estimate K14 and the fraction (fm) of the 
drug metabolized to  desmethyldiazepam. The differential equations 
describing the rate of change of desmethyldiazepam concentrations in 
the central (C4) and peripheral (C5) compartments, respectively, fol- 
lowing the administration of diazepam based on Fig. 1 may be expressed 
as: 

-- dC5 - c4K45 - C&M 
dt 

At steady state, both dC4fdt and dC5ldt equal zero and, based on Eq. 2, 
C4K45 is equal to C&M. Substituting for C&% in Eq. 1, C1K14 is then 
equal to ~ ~ K M , I  a t  steady state. The conversion of steady-state con- 
centrations of diazepam and desmethyldiazepam to amounts is obtained 
by multiplying the concentrations by the volume of their respective 
compartments. Therefore, K14 may be expressed as: 

where V c ~  and V c ~ ~  are the volumes of compartments 1 and 4, and cy 
and cp are the steady-state concentrations in compartments 1 and 4 
respectively. V c ~  was previously reported for each subject in study A, and 
the mean V,DD and K M ~ ~  for desmethyldiazepam (Table I) were used in 
Eq. 3. The average of the mean steady-state blood concentration (cy) 
and cr from study A (for the drug and metabolite, respectively) following 
once daily chronic administration of diazepam are reported in Table 111. 
The blood concentrations on days 8-12 and 15 were used to calculate the 
average of the mean cT for diazepam, and blood concentrations on days 
11,12, and 15 were used to determine the average of the mean cy for 

Table 11-Area (AUCh-) Under the Blood Concentration-Time 
Curves of Desmethyldiazepam Following the Administration of 
10 mg of Diazepam * or  15 mg of Clorazepate Dipotassium to 
Normal Subjects 

Studies 
Subject A B and C 

Mean 6003 
fSD f 1003 

Study A; taken from Ref. 6. * Studies B and C; taken from Refs. 7 and 15, re- 
spectively. f m  = AUCe,  (study I)/AUCe, (mean). * K14 = K m f m ;  K m  IS 
reported for each subject in Ref. 6. 

Journal of Pharmaceutical Sciences I 1319 
Vol. 72, No. 11, November 1983 



1 1 1 1  I l l  1 1 1 1 I  I J  
0 5 10 15 20 25 30 ,35 40 45 60 0 5 10 15 20 25 30 35 40 45 50 

HOURS 

Figure 2-Blood concentration-time profiles of diazepam (0) and desmethyldiazepam (X) following 10-mg intravenous (A) and oral (B) admin- 
istrations of diazepam to a normal subject (solid lines represent simulated diazepam and desmethyldiazepam blood concentration-time pro- 
files). 

desmethyldiazepam. The resulting Kl4 values calculated using Eq. 3 are 
reported in Table 111. The fraction (f,) is then calculated by: 

(Eq. 4) 

where KTOT was previously reported as K.1 in study A (6). 
The mean K14 values from Tables I1 and 111 for each subject were used 

as initial parameter estimates for the pharmacokinetic model in Fig. 1. 
The blood concentration-time data for diazepam and desmethyldia- 
zepam following single-dose intravenous and oral, and chronic oral ad- 
ministrations were then simulated using the initial parameter estimates 
previously described. 

K 14 
f m  = - KTOT 

RESULTS AND DISCUSSION 

Model for Blood Concentration-Time Data-The simulated and 
experimental blood concentration-time profiles of diazepam and 
desmethyldiazepam following single intravenous and oral doses in one 
subject are presented in Fig. 2. The corresponding simulated and ex- 
perimental drug and metabolite blood concentrations following the 
chronic oral administration of diazepam are presented for the same 
subject in Fig. 3. 

Support for the proposed model required coincidence of simulated and 
experimental blood concentration-time profiles for diazepam and its 
metabolite following single-dose intravenous and oral, and chronic oral 
administrations of the drug to normal subjects. Good agreement was 

observed between experimental data points and the simulated blood 
concentration of diazepam in the four subjects from study A. The 
desmethyldiazepam blood concentrations following chronic dosing were 
in good agreement with the simulated blood concentrations as shown in 
Fig. 3B. The simulated blood concentrations of the metabolite following 
single-dose administration of diazepam are lower than the observed blood 
concentrations. Such findings may reflect intersubject variability and/or 
residual amounts of desmethyldiazepam from a previous dose due to the 
1-week washout period between doses and the half-life of the metabolite. 
These findings indicate that the five-compartment open model for di- 
azepam and desmethyldiazepam adequately describe the pharmacoki- 
netic profiles of the drug and its  metabolite following diazepam admin- 
istration. Since the same parameter estimates sufficiently described both 
the single-dose and chronic-dose blood-concentration time profiles of 
diazepam and desmethyldiazepam, it may be concluded that there was 
no enzyme induction or inhibition of the drug in this study. 

The pharmacokinetic profiles of diazepam and its metabolite following 
administration of diazepam and profiles of desmethyldiazepam following 
administration of its prodrugs have been reported by numerous inves- 
tigators. However, there are no studies in the literature comparing the 
pharmacokinetic profiles of desmethyldiazepam when formed as a me- 
tabolite of diazepam or as a metabolite of clorazepate in the same subjects. 
In determining the pharmacokinetic profile of the metabolite following 
clorazepate administration, it was assumed that clorazepate, at normal 
GI pH, is completely hydrolyzed to desmethyldiazepam, and that the 
resulting desmethyldiazepam was completely absorbed (10). Therefore, 

Table 111-Pharmacokinetic Parameters Resulting from the Five-Compartment Model in Four Subjects From Study A a 

1 0.17 0.15 29.8 45.6 0.041 0.06 0.50 
2 0.14 0.11 17.4 45.6 0.041 0.08 0.37 
3 0.17 0.12 32.6 45.6 0.041 0.04 0.41 
4 0.16 0.12 20.0 45.6 0.041 0.07 0.51 

Study A is from Ref. 6, Headings refer to the mean steady-state concentrations of diazepam (q) and desmethyldiazepam (rr), volumes of compartments 1 ( V E ~ )  
and 4 (V D), elimination rate of desmethyldiazepam (Kuel, mean values from Table I), formation rate of desmethyldiazepam (KI4, calculated using Eq. 3), and the fraction 
(Im, K 1 f i m )  of diazepam metabolized to desmethyldiazepam. 
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Figure 3-Blood concentration-time profile of diazepam (A) and desmethyldiazepam (B) following once daily oral administration of 10 mg of 
diazepam for 15 days to a normal subject (solid lines represent simulated diazepam and desmethyldiazepam blood concentration-time pro- 
files). 

the mean values of the desmethyldiazepam pharmacokinetic parameters 
following the administration of clorazepate to a normal subject population 
were used as parameter estimates. 

Based on the initial estimates of the metabolite pharmacokinetic pa- 
rameters, following clorazepate administration, the fraction (f,) of di- 
azepam metabolized to desmethyldiazepam was estimated to be -0.5 by 
two different methods. Similar results were reported by Dasberg (17) 
following the chronic administration of 5 mg of diazepam and desmeth- 
yldiazepam to the same subjects in a double-blind, cross-over study. 
Similar results were also obtained in the cat following single-dose ad- 
ministration of both the drug and metabolite (18). 

Model Adapted for Cerebrospinal Fluid Concentration-Time 
Data-This five-compartment open model may be readily adapted to 
predict the concentrations of diazepam and desmethyldiazepam in ce- 
rebrospinal fluid (CSF) following the administration of diazepam. 
Greenblatt et al. (19), Hallstrom et al. (20), Kanto et al. (21), and Hendel 
(22) have shown that the concentrations of the drug and its metabolite 
in CSF are in equilibrium with the unbound plasma concentrations of 
these compounds for the time course of the plasma concentration profde. 
Therefore by correcting the plasma concentrations of diazepam for 

protein binding, the CSF concentrations, which are presumed to reflect 
drug concentrations a t  the site of action, may be predicted. 

Following single-dose administration, the concentrations of diazepam 
and desmethyldiazepam in CSF were simulated and are shown in Fig. 
4. The model indicates that the concentration of the drug is greater than 
the concentration of the metabolite in CSF for the first 24 hr postad- 
ministration, suggesting that the clinical effects observed following a 
single-dose administration of diazepam must be attributed primarily to 

Table IV-Observed and Calculated CSF Concentrations 
(ng/ml) of Diazepam and Desmethyldiazepam in Five Patients 
Following Long-Term Diazepam Therapy 

Observed Calculated 
Subject Diazepam Desmethyldiazepam Desmethyldiazepam 

1 22 
2 30 
3 14 
4 21 
5 28 

56 
49 
39 
42 
68 

55 
75 
35 
50 
70 
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Figure 4-Simulated CSF concentration-time profiles of diazepam (a) and desmethyldiazepam (X) following single-dose 10-mg intravenous 
(A) and oral (B) administrations of diazepam to a normal subject. 

diazepam and not desmethyldiazepam. Following chronic administration, 
the concentration of the metabolite in CSF at  steady state will be 
equivalent to or greater than the concentration of the drug in CSF (Fig. 
5). Therefore, at steady state the desmethyldiazepam will contribute 
significantly to the pharmacological activity observed following chronic 
administration of diazepam. 

Hendel has reported that desmethyldiazepam accumulates in the CSF 
of patients treated with diazepam for several months (22). However, the 
metabolite CSF concentrations were calculated using the five-com- 
partment model with the reported drug CSF concentrations in these 
patients corrected by the factor 2.52 (Table IV). This factor is the result 
of the product of 1.26 and 2; 1.26 is the relative accumulation factor for 
desmethyldiazepam with respect to diazepam in plasma at  steady state 
as reported by Greenblatt et al. (23), and 2 is the difference in 
desmethyldiazepam free fraction compared with diazepam free fraction 
(24). The calculated CSF concentrations of metabolite a t  steady state 
are in good agreement with the observed CSF concentrations, suggesting 

that accumulation of this metabolite following chronic administration 
of diazepam is predictable. 

CONCLUSION 

A five-compartment open model describing the pharmacokinetic 
profile of diazepam and its metabolite, desmethyldiazepam, following 
the administration of diazepam has been developed. The pharmacoki- 
netic parameters for desmethyldiazepam obtained following the oral 
administration of clorazepate adequately described the pharmacokinetics 
of this metabolite following diazepam administration. The parameter 
estimates and model simulations suggest that -50% of the administered 
diazepam dose is metabolized to desmethyldiazepam. This finding 
suggests that the formation rate for the metabolite is approximately 
one-half of the total elimination rate for the drug; i.e., K U  = 0.06 hr-' 
whereas KTOT = 0.12 hr-1. Overall, the single-dose pharmacokinetic 
parameters of diazepam following its administration and the single-dose 
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Figure SSimulnted CSF concentration-time profiles of diazepam (@) and desmethyldiazepam (X) following once daily chronic oral administration 
of 10 mg of diazepam for 15 days to a normal subject. 
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pharmacokinetics of desmethyldiazepam following the administration 
of clorazepate can be used to describe the blood concentration-time 
profiles of diazepam and desmethyldiazepam following both single-dose 
and chronic administration of the drug, suggesting that there is no enzyme 
induction or inhibition of diazepam metabolism following multiple-dose 
administration. This model has also been adapted to predict the con- 
centrations of diazepam and desmethyldiazepam in CSF following the 
administration of diazepam. 
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Abstract The in uiuo release of norethindrone from a biodegradable 
steroid-polymer conjugate was studied in rats. The drug-polymer con- 
jugate, consisting of [3H]norethindrone coupled uia a 17-carbonate bond 
to poly-N5-(3-hydroxypropyl)-~-glutamine was administered to female 
rats by subcutaneous injection. The in uiuo release of steroid, determined 
by measuring the daily radioactivity output in urine and feces, was fairly 
constant though it showed a gradual decrease during the 9-month study 
period. The data indicate that this biodegradable norethindrone-polymer 
conjugate is a potential candidate for the controlled delivery of noreth- 
indrone to effect long-term contraception. 
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Although controlled release of drugs at  uniform pre- 
dictable rates from various drug dosage forms has been an 
object of considerable research for many years, the use of 
synthetic polymeric materials in the design of con- 
trolled-release devices is of recent origin. Of major interest 
has been the incorporation of contraceptive progestins into 
various polymers to form controlled, sustained-release 
drug delivery systems. The use of monolithic devices of 
poly(dimethylsi1oxane) with progestins has been the 
subject of numerous reports (1-8). These devices, however, 

have the disadvantage of requiring implantation and re- 
moval. Furthermore, significant foreign-body reactions 
were observed in tissues surrounding these implants, which 
may be the cause of difficulty in achieving prolonged, 
constant release of progestins from these devices. Alter- 
natively, the “Uterine Progesterone System” has been the 
subject of several studies (9-11). The safety and effec- 
tiveness of this device has been well established (9,10,12). 
Hydrogel polymers, e.g., poly(hydroxyethy1 methacrylate), 
have also been used to prepare sustained-release devices 
for progestins (13,14) with favorable results. 

Recently, biodegradable polymers as carriers for con- 
trolled, sustained release of various drugs have been 
evaluated. These polymers are synthesized from monomers 
which are composed of normal body constituents or which 
exhibit good compatibility with the body physiology. 
Various biodegradable polymers have been prepared for 
the controlled release of contraceptive steroids (15-19). 
The materials employed for these studies are poly(1actic 
acid) (15,16), glutamic acid-leucine copolymer (17), and 
polyesters of homo- or copolymers of glycolide, DL-lactide, 
ecaprolactone, or DL-c-decalactone (18). Studies on the 
in vitro and in vivo hydrolysis of homopolymers of 
6-benzyl-L-glutamate have been reported (20, 21). The 
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pharmacokinetics of desmethyldiazepam following the administration 
of clorazepate can be used to describe the blood concentration-time 
profiles of diazepam and desmethyldiazepam following both single-dose 
and chronic administration of the drug, suggesting that there is no enzyme 
induction or inhibition of diazepam metabolism following multiple-dose 
administration. This model has also been adapted to predict the con- 
centrations of diazepam and desmethyldiazepam in CSF following the 
administration of diazepam. 

REFERENCES 
(1) L. 0. Randall, G. A. Heise, W. Schallek, R. E. Bagdon, R. Ban- 

ziger, A. Boris, R. A. Moe, and W. B. Abrams, Curr. Ther. Res. Clin. Exp., 
3,405 (1961). 

(2) F. P. Pignataro, Curr. Ther. Res. Clin. Exp., 4,389 (1963). 
(3) A. Di Francesco, Am. J. Psychiat., 119,989 (1963). 
(4) H. M. Beerman, Am. J. Psychiat., 120,870 (1964). 
(5) R. A. Katz, J. H. Aldes, and M. Rector, J. Neuropsychiat., SuDPl. _ _  - -  

3, S91 (1962). 
(6) S. A. Kaulan. M. L. Jack. K. Alexander. and R. E. Weinfeld. J. 

Phank. Sci., 62,-1789 (1973). ’ 

A. Kaplan, J. Pharmacokinet. Biopharm., 5,377 (1977). 
(7) C. W. Abruzzo, T. Macasieb, R. E. Weinfeld, J. A. Rider, and S. 

(8) D. J. Greenblatt, J. Pharm. Sci., 67,427 (1978). 
(9) F. Moolenaar, S. Bakker, J. Visser, and T. Huizinga, Znt. J. 

(10) A. J. Wilensky, R. H. Levy, A. S. Troupin, L. Noretti-Ojemann, 
Pharm., 5,127 (1980). 

and P. Friel, Clin. Pharmacol. Ther., 24.22 (1978). 

(11) P. J. Carrigan, G. C. Chao, W. M. Barker, D. J. Hoffman, and A. 
H. C. Chun,J. Clin. Pharmacol., 17,18 (1977). 
(12) A. H. C. Chun, P. J. Carrigan, D. J. Hoffman, R. P. Kershner, and 

J. D. Stuart, Clin. Pharmacol. Ther., 22,329 (1977). 
(13) J. A. F. de Silva and C. V. Puglisi, Annal. Chem., 42, 1725 

(1970). 
(14) S. A. Kaplan, M. Lewis, M. A. Schwartz, E. Postma, S. Cotler, C. 

W. Abruzzo, T. L. Lee, and R. E. Weinfeld, J. Pharm. Sci., 59, 1569 
(1970). 
(15) M. A. Brooks, M. R. Hackman, R. E. Weinfeld, and T. Macasieb, 

J. Chromatogr., 135,123 (1977). 
(16) C. M. Metzler, G. L. Elfring, and A. J. Mc Ewen, Biometries, 30, 

562 (1974). 
(17) H. M. Dasberg, Psychopharmacologin, 43,191 (1975). 
(18) S. Cotler, J. Gustafson, and W. A. Colburn, J. Pharm. Sci., in 

(19) D. J. Greenblatt, H. R. Ochs, and B. L. Llovd, Ps.ychophar- 
press. 

- .  

macology, 70.89 (1980). 
(20) C. Hallstrom. M. H. Lader. and S. H. Currv. Br. J. Clin. Phar- 

- I  

rnacoi., 9,333 (1980): 

36,328 (1975). 
(21) J. Kanto, L. Kangas, and T. Siirtola, Acta. Pharmacol. Toxicol., 

(22) J. Hendel, Acta Pharmacol. Toxicol., 37,17 (1975). 
(23) D. J. Greenblatt, T. P. Laughren, M. D. Allen, J. S. Harmatz, and 

(24) M. D. Allen and D. J. Greenblatt, J. Clin. Pharmacol., 20,639 
R. I. Shader, Br. J. Clin. Pharmacol., 11,35 (1981). 

(1980). 

In Viuo Release of Norethindrone Coupled to  a 
Biodegradable Poly (a-amino acid) Drug Delivery System 

M. A. ZUPON*, S. M. FANGX, J. M. CHRISTENSEN*, and 
R. V. PETERSEN 
Received November 23,1981, from the Department of Pharmaceutics, College of Pharmacy, University of Utah, Salt Lake City, UT 
841 12. 
Bloomfield, NJ 07003 and *School of Pharmacy, Oregon State University, Corvallis, OR 97331. 

Accepted for publication October 5,1982. Present addresses: *Division of Product Development, Schering-Plough Corp., 

Abstract The in uiuo release of norethindrone from a biodegradable 
steroid-polymer conjugate was studied in rats. The drug-polymer con- 
jugate, consisting of [3H]norethindrone coupled uia a 17-carbonate bond 
to poly-N5-(3-hydroxypropyl)-~-glutamine was administered to female 
rats by subcutaneous injection. The in uiuo release of steroid, determined 
by measuring the daily radioactivity output in urine and feces, was fairly 
constant though it showed a gradual decrease during the 9-month study 
period. The data indicate that this biodegradable norethindrone-polymer 
conjugate is a potential candidate for the controlled delivery of noreth- 
indrone to effect long-term contraception. 
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Although controlled release of drugs at  uniform pre- 
dictable rates from various drug dosage forms has been an 
object of considerable research for many years, the use of 
synthetic polymeric materials in the design of con- 
trolled-release devices is of recent origin. Of major interest 
has been the incorporation of contraceptive progestins into 
various polymers to form controlled, sustained-release 
drug delivery systems. The use of monolithic devices of 
poly(dimethylsi1oxane) with progestins has been the 
subject of numerous reports (1-8). These devices, however, 

have the disadvantage of requiring implantation and re- 
moval. Furthermore, significant foreign-body reactions 
were observed in tissues surrounding these implants, which 
may be the cause of difficulty in achieving prolonged, 
constant release of progestins from these devices. Alter- 
natively, the “Uterine Progesterone System” has been the 
subject of several studies (9-11). The safety and effec- 
tiveness of this device has been well established (9,10,12). 
Hydrogel polymers, e.g., poly(hydroxyethy1 methacrylate), 
have also been used to prepare sustained-release devices 
for progestins (13,14) with favorable results. 

Recently, biodegradable polymers as carriers for con- 
trolled, sustained release of various drugs have been 
evaluated. These polymers are synthesized from monomers 
which are composed of normal body constituents or which 
exhibit good compatibility with the body physiology. 
Various biodegradable polymers have been prepared for 
the controlled release of contraceptive steroids (15-19). 
The materials employed for these studies are poly(1actic 
acid) (15,16), glutamic acid-leucine copolymer (17), and 
polyesters of homo- or copolymers of glycolide, DL-lactide, 
ecaprolactone, or DL-c-decalactone (18). Studies on the 
in vitro and in vivo hydrolysis of homopolymers of 
6-benzyl-L-glutamate have been reported (20, 21). The 
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Table I-Characteristics of Norethindrone-Polymer Conjugate 

Batch A Batch B 

Degree of Norethindrone Coupling 39% 60% 
Particle Size N.D." 100 f 80 pm 
Molecular Weightb N.D." 230,000 

0 Not Determined. * The molecular weight of oly N5-(3-hydroxypropyl)-L- 
glutamine. The norethindrone-polymer conjugate fms not have enough solubility 
to render a determination of the molecular weight. 

results indicated they could be favorable materials for the 
sustained release of contraceptive steroids. 

In this laboratory, a drug delivery system consisting of 
norethindrone covalently coupled to poly-N5- (3-hydrox- 
ypropy1)-L-glutamine was recently prepared (22). This 
drug delivery system should be ideally suited for the con- 
trolled release of norethindrone. The polymeric device is 
biogradable leaving no empty shell for removal at the end 
of the drug therapy. The hydrolytic product, L-glutamic 
acid, is a normal body constituent and should show com- 
patibility with the body tissues. Furthermore, the steroid, 
which is covalently bonded to the biodegradable polymer 
by a labile bond, may be released in concert with the 
gradual erosion of the polymer backbone around the sur- 
face of the polymer particle. A sustained release of steroid 
may thus be achieved without the involvement of any 
diffusion process. 

EXPERIMENTAL 

Reagents-Tritium-labeled norethindrone and [14C]testosterone 
obtained for a commercial source1 were purified by TLC before use. The 
stability of the tritium atoms in [3H]n~rethindr~ne was evaluated by 
repetitively placing the labeled drug in an ethanol-water (1:l) solution 
at  25' for 24 hr followed by vacuum distillation of the solution. The extent 
of exchange between the tritium atoms of the steroid and the hydrogen 
atoms of the medium was assessed by measuring the radioactivity asso- 
ciated with the distillates. The tritium atoms in [3H]norethindrone were 
found to be quite stable. Only a negligible amount of radioactivity was 
found in the distillates: 0.15 and 0.012% in the first and second distillates, 
respectively. 

Polymeric Drug Delivery System-The norethindrone-polymer 
conjugate consists of norethindrone covalently coupled to poly-N5-(3- 
hydroxypropy1)-L-glutamine through the 17-carbonate bond (22): 

0 
II 

fNH--CH--C j 
I 
I 

CHz 
I 

0 

0 A A J  
Two batches of the compound (A and B) were obtained (Table I). Batch 
A was administered to two rats (A1 and A2) at doses of 4.9 and 10 mg, 
respectively, while 10 mg of batch B was administered to each of five 
rats. 

Biological Half-Life of Norethindrone in Rats-Female Spr- 
ague-Dawley rats (200-240 g) were anesthetized with sodium pento- 
barbital (0.3 mg/g of body weight). An -3-cm incision was made on the 
abdominal wall to expose the inferior vena cava. A catheter was placed 
into the inferior vena cava to inject and withdraw samples. Tritium- 
labeled norethindrone solution (1.88 pg/25 pCi/O.l ml Ringer's solution) 

New England Nuclear Corp., Boston, Mass. 

was injected into the vein, and 0.3 ml of blood was withdrawn at  30-min 
intervals with a syringe previously rinsed with heparin. Each 0.3-ml blood 
sample was replaced with 0.3 ml of Ringer's solution to restore blood 
volume. A portion (0.1 ml) of each 0.3-ml blood sample was pipetted into 
a conical centrifuge tube containing 5 p1 each of nonlabeled norethindrone 
(1 X M) and a known amount of 
[14C]testosterone, which served as the internal standard. The blood 
sample was centrifuged, and the plasma was transferred to another tube. 
The cellular fraction was extracted four times with 0.3-ml portions of 
Ringer's solution, which was then combined with the plasma fraction. 
The above procedures were carried out quickly at  0 - 4 O  to prevent any 
metabolism of the internal standard. The combined plasma fraction was 
immediately extracted four times with 2-ml aliquots of methylene chlo- 
ride. The methylene chloride fractions were pooled and evaporated to 
dryness under a nitrogen stream. The residue, after being dissolved in 
100 pl of methanol, was spotted on a silica gel TLC plate. The plate was 
eluted with a benzene-ethyl acetate solution (41), and the spots corre- 
sponding to the parent drug and internal standard were isolated and 
placed into scintillation vials. To each fraction was added 12 ml of a 
scintillation fluor cocktail2, and the radioactivity was measured in a 
scintillation counter3. The efficiency of recovery for norethindrone was 
normalized according to the amount of recovery of the internal standard, 
[14C]testosterone, from the TLC plate. 

The biological half-life of the total radioactivity, which represents the 
parent drug and all metabolites, was determined by measuring the ra- 
dioactivity in 0.1-ml aliquots of the blood sample after treatment with 
2 ml of a tissue solubilizer4 and 0.5 ml of benzoyl peroxide solution (12% 
in toluene). 
lo Vivo Steroid Release Rate Determination-The tritiated nor- 

ethindrone-polymer conjugate (10 mg as a fine powder) was placed in 
5 ml of sterile Ringer's solution and let stand overnight. The next day, 
the supernatant was decanted off, and the precipitate was rinsed several 
times with sterile Ringer's solution. A small amount of the resulting 
suspension was plated onto sheep's blood and trypticase soy-base agar 
plates and incubated for 48 hr at 37' for sterility testing. No colonies were 
found on the agar plates. 

Mature female Sprague-Dawley rats, weighing 210-225 g, were each 
injected subcutaneously with 0.5 ml of the suspension into the dorsal side 
just below the neck. The rats were then placed in individual metabolism 
cages, and their feces and urine were collected at 24-hr intervals for a t  
least 14 days following implantation. Thereafter, the biological samples 
were collected three times a week, 2 days apart. 

The total volume of urine was measured, and a 1-ml aliquot of urine 
was sampled. To the urine sample, 0.6 ml of water and 1 2  ml of a scintil- 
lation fluor cocktail were added, and the radioactivity in each sample was 
counted in a scintillation counter. The total amount of fecal matter col- 
lected from each metabolism cage was weighed and put in an oven at 60' 
for -12 hr until dry. The dry mass was then weighed and pulverized to 
an homogenous mixture of fine powders in a blender. Two aliquots of the 
dried fecal matter (0.2 g/sample) were accurately weighed and placed in 
separate glass scintillation vials. To each vial was added 0.3 ml of 70% 
perchloric acid and 0.6 ml of 30% hydrogen peroxide to effect complete 
digestion. The vials were then tightly sealed and incubated for 12 hr a t  
60' in a shaking water bath until all the fecal matter was completely 
solubilized. After the digestion, the vials were cooled for 30 min a t  room 
temperature before adding 12 ml of a scintillation fluor cocktail5. The 
vials were then kept in a dark place for a t  least 24 hr before they were 
counted in a scintillation counter. This procedure effectively minimized 
chemiluminescence. With this digestion procedure, no appreciable loss 
of radioactivity due to the processing was observed. These data were used 
to calculate the daily and cumulative output of radioactivity in the urine 
and feces. 

M )  and testosterone (1 X 

RESULTS AND DISCUSSION 

' If the release of [3H]norethindrone from the steroid-polymer conjugate 
approximates a zero-order kinetic process, the amount of total radioac- 
tivity in the body would gradually build up to an eventual steady-state 
value as shown in the following equation: 

Q b  = (ko/k,i)(l - (Eq. 1) 

where Qb is the amount of the total radioactivity in the body, ko  is the 

Formula 950A; New England Nuclear Corp., Boston, Mass. 

Protosol; New England Nuclear Corp., Boston, Mass. 
Biofluor; New England Nuclear Corp., Boston, Mans. 

3 Model LS9oOO. Beckman Instruments, Inc., Irvine, Calif. 

1324 f Journal of pharmaceutical Sciences 
Vol. 72, No. 7 1 ,  November 1983 



13. 

13. 

k 
0 
A 

> 12 k 
E 
2 
0 
a a 
D 12. 

- 
C - 

11. 

11. 

A 

I l l I 1 ,  

60 120 180 
MINUTES 

Figure 1-Semilogarithmic plot of the elimination of total radioactivity (A) or PHlnorethindrone (B) in female Sprague-Dawley rats. Values 
were determined after intravenous injection of L3H]norethindrone (mean f SD, n = 6). 

steroid release rate from the steroid-polymer conjugate, and k.1 is the 
elimination rate of the total radioactivity. Since the amount of the total 
radioactivity excreted in the urine and feces (Qex) equals ke&, then: 

it is necessary to know exactly when steady state is achieved in female 
rats. From Eq. 1, it can be shown that the time required to reach 95% of 
steady state is: 

Qer = ko(1 - e-kelt) (Eq. 2) t0.95 = 4.3 x tll2 0%. 4) 

and at  steady state ( t  -+ m): 

Qex = ko (Eq. 3) 

Equation 3 states that at steady state the amount of the total radioactivity 
excreted from the body is the same as that of the total radioactivity re- 
leased from the steroid-polymer conjugate. The rate of the daily output 
of radioactivity in urine and feces a t  steady state is, therefore, a valid 
indication of the daily release rate of steroid from the biodegradable drug 
delivery system. 

Since the above argument is valid only under steady-state conditions, 

The biological half-life of norethindrone in female rats was found to 
be 44 min (Fig. lB), which agrees with that reported earlier by Back et 
al. (23). The elimination of the total radioactivity from rats after the 
intravenous injection of [3H]norethindrone, however, was slower than 
that for parent [3H]norethindrone. The half-life for the total radioactivity 
elimination was 161 min (Fig. 1A). This means that if the norethin- 
drone-polymer conjugate releases norethindrone at  a constant zero-order 
rate after its injection, it will take -12 hr before the in viuo release rate 
in the urine and feces would reach a constant steady-state value. 

Following intravenous and subcutaneous injection of [3H]norethin- 

5 -  - 5  

128 144 160 176 192 208 224 240 256 
DAY 

Figure 2-Daily excretion of radioactivity in urine and feces. Norethindrone-polymer conjugate, batch B (10 mg), containing [3H]norethindrone 
was injected subcutaneously into female Sprague-Dawley rats. The radioactivity excreted in the urine and feces was measured at various times 
after the administration (mean f SD, n = 5). 
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after the rldministration is presented (mean,-n = 5). 

drone to female Sprague-Dawley rats, it was observed that -5040% of 
the total radioactivity was excreted in the feces. A similar pattern was 
observed in rats administered the norethindrone-polymer conjugate. 

Figures 2 and 3 show the in vivo steroid release rate profile for batch 
B similar results were observed with batch A. In all animals administered 
[3H]n~rethindr~ne-po1ymer conjugate (either batch A or B), the release 
rate profile was characterized by a slight burst of radioactivity release 
immediately after the injection, followed by a fairly constant release rate 
for a period up to 10 months. However, a gradual decrease in the rate of 
steroid release over this long period was evident. 

The average in vivo release rate of steroid for batch B from day 17 
through day 253 was 0.37 jtg of norethindrone/mg of norethindrone- 
polymer conjugate/day. For batch A, the in vivo steroid release rate from 
day 22 through day 292, expressed as pg of norethindronelmg of nor- 
ethindrone-polymer conjugate/day, was 0.27 and 0.26 for rats A1 and A*, 
respectively. The daily steroid release from these two animals adminis- 
tered batch A at two different doses were essentially equivalent. The daily 
steroid release rates from the five animals administered batch B were also 
very similar, as evidenced from the relatively small standard deviation 
(Fig. 2). Additionally, both batches A and B appeared to show similar 
long-term steroid release profiles throughout the study period. 

The work measured the in vioo release of norethindrone which was 
covalently coupled to a biodegradable polyglutamate polymer. The sys- 
tem showed a fairly constant release of steroid for a time period in excess 
of 9 months. A slight decrease in the amount of norethindrone release 
was evident, however, over this long period. 

The data showed that the norethindrone-polymer conjugate is a po- 
tential candidate for the controlled delivery of norethindrone to effect 
long-term contraception. Variation of parameters (e.g., molecular weight, 
particle size, degree of norethindrone coupling, and the length of spacer 
group of the steroid-polymer conjugate) may result in products capable 
of achieving a specified in vivo duration and rate of steroid release. 

REFERENCES 

(1) L. L. Dogle and T. H. Clew, Am. J .  Obstet. Gynecol., 101, 564 

(2) G. Benaginano, M. Ermini, C. C. Chang, K. Sundaram, and F. A. 

(3) A. Scommegna, A. Theresita, M. Luna, R. Rao, and W. P. 

(4) G. Benaginao, M. Ermini, L. Carenza, and G. Rotfini, Acta En- 

(5) S.  El-Mahgoub, Am. J. Obstet. Cynecol., 123,133 (1975). 
(6) C. G. Nilsson and T. Luukkainen, Contraception, 15, 295 

(1968). 

Kincl, Acta Endocrinol., 63,29 (1970). 

Dmowski, Obstet. Gynecol., 43,769 (1974). 

docrinol., 73,335 (1973). 

(1977). 

(7) D. R. Mishell, D. E. Moore, S. Roy, P. F. Brenner, and M. A. Page, 

(8) F. G. Burton, W. E. Skiens, N. R. Gordon, J. T. Veal, D. R. 

(9) A. Rosado, J. J. Hicks, R. Aznar, and E. Mercado, Contraception, 

Am. J .  Obstet. Gynecol., 130,55 (1978). 

Kalkwarf, and G. W. Duncan, Contraception, 17,221 (1978). 

9,39 (1974). 
(LO) J. Martinez-Manautou, J .  Steroid Biochem., 6,889 (1975). 
(11) K. Hagenfeldt and B. M. Landgren, J. Steroid Biochem., 6,895 

(12) P. F. Brenner, D. L. Cooper, and D. R. Mishell, Am. J.  Obstet. 
(1975). 

Gynecol., 121,704 (1975). 
(131 Y. W. Chein and E. P. K. Lau. J.  Pharm. Sci.. 65.488 (1976). 
(14) S. Z. Song, J. R. Cardinal, S. H. Kim, and S. W. K i m , i  P h a h .  

Sci.,  70,216 (1981). 
(15) T. M. Jackanicz, H. A. Nash, D. L. Wise, and J. B. Gregory, 

Contraception, 8,227 (1973). 
(16) C. G. Nilsson, F. D. B. Johansson, T. M. Jackanicz, and T. 

Luukkainen, Am. J.  Obstet. Gynecol., 122,90 (1975). 
(17) K. R. Sidman, W. D. Steber, and A. W. Burg, in “Drug Delivery 

Systems,” H. L. Gabelnick, Ed., U S .  Department of Health, Education 
and Welfare, National Institutes of Health, Bethesda, Md., 1976, pp. 

(18) C. Pitt, D. Christensen, R. Jeffcoat, G. L. Kimnol, A. Schindler, 
M. E. Wall, and R. A. Zweidinger, in “Drug Delivery Systems,” H. L. 
Gabelnick, Ed., US. Department of Health, Education and Welfare, 
National Institutes of Health, Bethesda, Md., 1976, pp. 141-193. 

(19) H. Gabelnick, “Annual Report Summary,” NICHD Contract 
Summary, US. Department of Health, Education and Welfare, National 
Institutes of Health, Bethesda, Md., 1977. 

(20) J. M. Anderson, A. Hiltner, K. Schodt, and R. Woods, J. Biomed. 
Mater. Res. Symp.,  3.25 (1972). 

(21) J. M. Anderson, D. F. Gibbons, R. L. Martin, A. Hiltner, and R. 
Woods, J. Riomed. Mater. Res. Symp.,  5,197 (1974). 

(22) J. Feijen, D. Gregonis. C. Anderson, R. V. Petersen, and J. An- 
derson, J. Pharm. Sci., 69,871 (1980). 

(23) J. D. Back, A. M. Breckinridge, F. E. Crawford, M. L. Orme, P. 
H. Rowe, and E. Smith, J. Pharmacol. Exp. Ther., 207,555 (1978). 

120-141. 

ACKNOWLEDGMENTS 
This study was supported by NICHD-Contract No. NOl-HD-7- 

2823. 
The authors gratefully acknowledge Dr. D. E. Gregonis, Dr. J. Feijen, 

Dr. S. W. Kim, and Dr. J. M. Anderson for providing the compounds used 
in this study and their helpful discussion in the preparation of this 
manuscript. The authors also acknoweldge the technical assistance of 
Mr. Steve Himebaugh. 

1326 1 Journal of pharmaceutical Sciences 
Vol. 72, No. 11. November 1983 



Comparative Study of Topological and Linear Free 
Energy-Related Parameters for the Prediction of 
GC Retention Indices 

L. BUYDENS *, D. COOMANS *, M. VANBELLE *, 
D. L. MASSART *=, and R. VANDEN DRIESSCHE * 
Received November 12,1981, from the *Farmaceutisch Instituut and the fLaboratorium uan Farmakologie, Vrije Uniuersiteit Brussel, 
Laarbeeklaan 103, B-1090 Brussels, Belgium. Accepted for publication October 5,1982. 

Abstract 0 The different molecular connectivity indices were consid- 
ered as to their capacity for describing GC retention indices of a data set 
consisting of molecules of different chemical families. ‘x describes best 
the chromatographic behavior on nonpolar stationary phases, whereas 
3xp in combination with an electronic parameter (u) yields the best results 
when using the polar stationary phases. 

Keyphrases Molecular connectivity-correlation to GC retention 
indices, polar and nonpolar stationary phases, topological and linear 
free-energy parameters GC retention indices-correlation to molecular 
connectivity, polar and nonpolar stationary phases, topological and linear 
free-energy parameters Topologydorrelation of GC retention indices 
and molecular connectivity, linear free energy parameters, polar and 
nonpolar stationary phases 

The pharmacological action of drugs results from the 
interaction of the molecules with receptor sites. These 
interactions are often described in terms of structural 
parameters (1-3). GC retention indices, which result from 
the interaction of the molecules with the stationary phase, 
have been shown (4-8) to be related to the various struc- 
tural parameters used to describe drug-receptor interac- 
tions. Therefore, the GC behavior of the molecules can be 
used as a simple model for methodological studies of 
structure-activity relationships. 

Relating GC behavior to structural parameters such as 
the molecular connectivity (‘x) or the combination of lx 
with physicochemical parameters such as Q and ?r (5,7),  
leads to satisfactory results when one studies molecules of 
a single chemical family such as the alcohols, alkanes, or 
the methyl esters of fatty acids (5, 7). For molecules of 
different families, especially using more polar stationary 
phases, the results show that the parameters used do not 
satisfactorily describe the GC behavior (5) .  Therefore, use 
of additional parameters that describe the variance 
unexplained by the other variables is necessary. 

This paper investigates to what extent the additional 
higher-order terms of the molecular connectivity permit 
better results. For this purpose the higher-order terms are 
included in a statistical treatment together with the pre- 
viously used structural parameters (5). 

THEORETICAL 

The parameters used are the valence molecular connectivity indices 
(hereafter called connectivity indices) the Wiener number (W), Hosoya’s 
index (Z), Hansch‘s constant (T ) ,  and Hammett’s constant (a). The full 
definitions and calculations for these parameters can be found elsewhere 
(1-3,9, 10). 

To calculate the connectivity parameters the molecule is displayed in 
skeletal form. To each of the i atoms a value, 6 i ,  is assigned according to 
the difference between the number of valence electrons and the number 
of hydrogen atoms suppressed. An example using 2-methyl-1-butanol 
(I) is given in Fig. 1. 

The respective connectivity indices are calculated by means of the 

(Eq. 1) 

where 6,  represent the 6-values of the i atoms. For the 2-methyl-I-butanol 
example, Ox = (2/fi) + (2/&) + (l/&) + (l/fi) = 4.439. For the 
first-order term ( 1 ~ ) :  

‘x = ( 6 i 6 j ) - ” 2  (Eq. 2) 

where 6i . j  are the 6-values of the adiacent atoms i and i .  and N is 

following equations. For the zero-order term (Ox): 
ox = (&)- ‘I2  

1 

N 

I 

the number of bonds in the molecule.Using 2-methyl-l-b&nol, ‘x = 
( U r n )  (2/&23) + (l/dTT3) t (l/m) = 2.417. For the 
second-order term (2x): 

M 
‘x = x ( 6 i 6 j 6 k ) - ’ / 2  (Eq. 3) 

where 6 i  j , k  are the 6-values of the atoms of two adjacent bonds, and M 
is the number of adjacent bonds pairs in the molecule. For the 2- 
meth I-1-butanol exam le - ( l / d m )  + ( l / d m )  + 
( l / J ! )  + (l//&) + ( l / d m )  = 1.696. For the 
third-order path term (3xp): 

3xp = f ( 6 i 6 j 6 k 6 1 ) - ’ / 2  (Eq. 4) 

where 6 i  j , k J  are the 6-values for the atoms of three adjacent bonds 
forming the butane skeleton (C-C-C-C) and p is the number of three 
adjacent bonds forming the butane skeleton in the molecule. Using 2- 
meth I-I-butanol, 3xp = (1/41 X 2 X 3 x 1) + (l/d1 X 2 X 3 x 2) + 
( l / / m )  + (l/d1 X 3 X 2 X 5) = 1.009. For the third-order 
cluster term ( 3 ~ ~ ) :  

3xc = E ( 6 i 6 j 6 k 6 i ) - ’ / 2  (Eq. 5) 

where d i j , k , /  are the 6-values for the atoms of three adjacent bonds 
forming the isobutane skeleton, and Q is the number of isobutane oups 
in the molecule. For 2-methyl-1-butanol: 3xc = (1/d&) 
= 0.289. 

The Wiener number (W) and Hosoya’s index (Z) are also topological 
parameters. Formulas for their calculation can be found elsewhere (3, 
11). Because the molecules considered herein are all aliphatic molecules 
the u scale, derived from the hydrolysis of aliphatic acid esters was used 
(1,2,10). 

EXPERIMENTAL 

The different parameters were calculated for -100 compounds’ be- 
longing to different families (alkanes, alkenes, alcohols, aldehydes, ke- 
tones, and esters). Retention indices (12) on four stationary phases of 
different polarity were used: squalane and SE-30 were used as the non- 
polar phases, while ethylene glycol was of intermediate polarity and di- 

1 2 3 2 5  
c-c-c-c-0 

I 
Cl 

Figure 1-&-Values for the atoms of 2-methyl-I-butanol (I ) .  6- Values 
of the respective atoms are given aboue (beside) the atoms. 
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Table I-Correlation Coefficients Between Parameters 

0-  

5- 

OX ' X  2X W Z ?r Q 3Xe  3 x P  

1.OOO 
0.956 1.OOO 

OX 
'X 
2Y 0.812 0.688 1.OOO 
I. 

3Y, 0.757 0.786 0.650 LOO0 . ... ~ . . ~  

0.348 0.134 0.789 0.250 1.OOO 
0.869 0.861 0.559 0.525 0.064 1 .OOO 

3;: 
W 
Z 0.802 0.831 0.457 0.528 -0.040 0.950 1 .Ooo 
A 0.685 0.721 0.545 0.474 0.179 0.617 0.536 1.000 
I7 -0.335 -0.345 -0.309 -0.362 -0.410 -0.102 -0.029 -0.742 1.000 

ethylene glycol succinate was used as the polar phase. The molecular 
connectivity indices were calculated with a microcomputer2 using a 
program developed in-house. 

Multiple regressions were calculated following a stepwise regression 
procedure using the SPSS program (13). The independent variables were 
introduced in the multiple regression equation only if they met certain 
statistical criteria. The variable that accounts for the largest amount of 
variance in the dependent variable (with the highest correlation coeffi- 
cient) was used first in the regression equation. The variable that explains 
the greatest amount of variance not accounted for by the variables already 

5 0 5 

I 
(Y 

JX, Y 

xm 
X I T  

S E - 3 0  
SQUALANE 

I X ,  x x  = 
W X  

O X  

x 

x n  

in the equation entered the regression equation in the following step. 
Correlation studies between the different connectivity indices were also 
carried out using the SPSS program (13). 

RESULTS AND DISCUSSION 

To find the relationship between the different connectivity indices, 
correlation coefficients between these indices were calculated. The dif- 
ferent structural features necessary to calculate all the connectivity in- 
dices are not present in all molecules. Therefore, some of the indices are 
not different from zero for all the molecules of the basic set. The corre- 
lation coefficients are calculated only for the molecules with a non-zero 
value for the indices. A subset was chosen to compare the different indices 
such that the indices compared are all different from zero for all the 
molecules of the subset. The resulting correlation matrix is shown in 
Table I. 

The results show that the parameters W and Z correlate best with the 
zero- and first-order terms of the molecular connectivity. The parameter 
u, as expected, is completely different from the other variables, since its 
correlation coefficient with the other variables is nearly zero. The cor- 
relation between the connectivity indices decreases for the higher-order 
terms. 3xc does not correlate with the path connectivity term. These re- 
sults, in agreement with those of Kier and Hall (3), suggest that the 
higher-order terms of the molecular connectivity contain different in- 
formation which can indeed improve the regression equation. 

Regression equations were calculated for the retention indices on the 
four stationary phases using these parameters. The equations are of the 
general form: 

(RI), = a + bxl ,  + cx2, + dx3, + . . . . + e, (Eq. 6) 

where RI is the retention index and X I , , .  . . , xg,  are the values for the 
different structural parameters for compound i. The results are given 
in Table 11; the multiple correlation (MR) and the simple correlation (SR) 
coefficients are given. The multiple correlation coefficient is the corre- 
lation coefficient of the regression equation with all variables entered up 
to the considered step. 

Table 11-Correlation Coefficients of the Stepwise Regression 
Equations for the Total Data Set 

A Fact or 1 
I 

5 0 5 

Stationary Multiple Simple 
Phase Parameter Correlation Correlation 

x u  

i 0 5 

Figure %-Factor analysis of the different structural parameters and 
the GC retention indices. 

2 Apple I1 computer. 

Nonpolar 
Squalane 

SE-30 

Polar 
T e t h y l e n e  glycol 

succinate 

'X 0.91 0.91 
T 0.94 0.47 
' X  0.84 0.84 
T 0.92 0.37 

Q 0.50 0.50 
0.68 0.25 
0.71 0.07 Z 

0.74 0.04 
0.85 0.03 

Q 0.37 0.37 
0.64 0.35 
0.67 0.07 
0.70 0.19 
0.72 0.138 
0.83 0.125 

3 x P  

'X 0.72 0.10 
OX 
2X 

Polyethylene glycol 

3 
' X  
2X 
OX 
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Table 111-Correlation Coefficients of the Stepwise Regression 
Equation for the Data Set Without Outliers 

Stationary Multiple Simple 
Phase Parameter Correlation Correlation 

Nonpolar 
SqualaneO 

SE-30* 

Polar 
=ethylene glycol 

succinatec 

1Y 0.94 0.94 
I .  

lr 
U 
Z 

0.97 0.50 
0.97 0.14 
0.98 0.77 
0.91 0.91 
0.96 0.42 

‘X 
7r 

U 
Z 

. .. 

0.98 
0.98 

~ ~~ 

0.11 
0.76 

U 0.45 0.45 

0.76 0.41 
0.82 0.09 Z 

1Y 0.87 0.26 

3 x P  

I. 

7r 0.89 -0.34 
OX 
2X 

0.90 0.21 
0.97 0.18 

Polyethylene glycol‘ 3 XP 0.52 0.52 
fJ 0.73 0.28 
Z 0.78 0.14 
‘X 0.83 0.36 
7r 0.85 -0.20 

OX 0.86 0.30 
2X 0.95 0.29 

a N = 48. N = 4 5 . c  N = 44. 

For the nonpolar stationary phases, the topological parameter x de- 
scribes best the behavior; this is in agreement with earlier results (5). For 
the more polar stationary phases, the most important parameter in the 
earlier study was u, describing electronic effects (5). In the present study 
u also appeared first (Table 11). This is not surprising, since the inter- 
action with the more polar stationary phases are much more specific. The 
second most important parameter was the 3xp term. This means that once 
the electronic effects are filtered out of the total variance, 3xp describes 
best the residual steric influences on the chromatographic behavior of 
the more polar stationary phases. 

As stated above, the higher-order terms of the molecular connectivity 
parameters cannot be computed for all 100 substances in the original data 
set. To derive the effect of the inclusion of 3xp in the set variables, the 
multiple regression was carried out with and without 3xp [ i e . ,  with the 
variables of our earlier study (5)]. It is clear that 3xp does indeed improve 
the correlation coefficient, since the correlation coefficient obtained with 
the two first variables introduced in the regression equation increased 
from 0.57 (without 3xp) to 0.68 (with 3xp) for diethylene glycol succinate. 
The results for the polar phases are improved by including the higher- 
order term 3xp. They are, however, still worse than those for the nonpolar 
stationary phases. 

To see which effects are not explained by the parameters included in 
the regression equation, the molecules whose chromatographic behavior 
is not well described with the regression equation, i e . ,  the molecules 
which have a large residual ( e  in Eq. 6). can be examined. The greatest 
residuals are found for molecules that contain more than one functional 
group, such as an hydroxyl and a keto group or two keto groups. The re- 
sults of the regression equations without these outliers are shown in Table 
111. For the nonpolar stationary phases, the results are satisfactory. For 
the most polar stationary phase (diethylene glycol succinate), the most 
important parameter is still the electronic parameter u, followed by 3xp. 
For the mediumly polar polyethylene glycol, the first parameter entered 
is now 3xp, followed by u. In both cases the results are improved by 
omitting the outliers. 
1x is entered as the first topological parameter in the regression 

equation for the apolar stationary phases, while 3xp is used for the polar 
stationary phases. More information about the intercorrelation between 
the parameters and the retention indices can be obtained by factor 
analysis. Factor analysis reduces the total amount of variables to a few 
fundamental variables (factors or latent variables) which are a linear 
combination of the original variables. These new variables are chosen so 
that as much of the total variance as possible is explained. Up to this 
point, the retention indices were considered as dependent variables and 
?r, u, and the topological parameters as independent variables. This 
means that the retention indices were predicted or explained by means 

of the structural parameters. However, both the retention indices and 
the structural parameters can be thought of as variables containing in- 
formation about the structural aspects and, therefore, about possible 
interactions of the molecules. Factor analysis can show which variables 
(structural parameters and retention indices) contain analogous infor- 
mation ( i e . ,  are related to each other). 

Factor analysis of the data set, without the outliers, resulted in the 
extraction of three important factors, explaining respectively 55,20, and 
13% of the total variance. Figure 2A shows that the topological parameters 
form a cluster near the cluster of the nonpolar stationary phases in the 
two-dimensional space of the first two factors. This cluster is rather 
distant from the cluster of the two polar stationary phases. The only 
parameter in the neighborhood of the polar phases is u. These results are 
analogous to those of an earlier study (5). The topological parameters best 
describe the chromatographic behavior on the nonpolar Stationary phases. 
In the plane of the f i t  and third factor (Fig. 2B), however, the topological 
parameter 3xp is situated near the polar phases, which means that in the 
three-dimensional space the parameters u and 3xp are most closely re- 
lated to the polar stationary phases. The other topological parameters 
are still best related to the nonpolar phases. This shows that the steric 
effects determining the GC behavior are different for polar and nonpolar 
stationary phases. For the nonpolar phases, the lower-order connectivity 
terms are sufficient to account for these effects. For the more polar sta- 
tionary phases, a better description of the molecules is necessary to de- 
scribe the chromatographic behavior; this can be provided by means of 
the higher-order term 3xp. It is, however, not the 3xc term that improves 
the regression equation. A reason for this could be the fact that 3xc de- 
scribes only part of the molecule, while 3xp gives a more general idea of 
the whole molecule. 

From these results it can be concluded that the GC behavior of mole- 
cules from different chemical families can be described satisfactorily by 
means of a general topological parameter on nonpolar stationary phases, 
since these interactions are quite nonspecific. For the more polar phases 
a higher-order term of the molecular connectivity, 3xp, and an electronic 
parameter, u, are required, since these interactions are quite specific 
(dipole-dipole interactions, hydrogen bonding, etc. ). It should, however, 
be pointed out that these results are obtained for molecules containing 
only one functional group. The interpretation of the chromatographic 
behavior of molecules with more than one functional group is more dif- 
ficult. A reason for this could be that the resultant electronic effect of two 
functional groups is not described sufficiently by u. Electronic parame- 
ters, such as the dipole moment, could possibly improve these results. 
It is also known that two functional groups influence the partition coef- 
ficient of the molecules in a different way than each functional group 
separately (2,141. 
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Abstract A stability-indicating high-performance liquid chromato- 
graphic (HPLC) assay for oxazepam in capsules and tablets was devel- 
oped. The material was extracted with 2% aqueous methanol and chro- 
matographed on a C18 reverse-phase column, which was eluted with 
methanol-water-acetic acid (60:401). A wavelength of 254 was used for 
detection. This assay separated oxazepam from all degradation producta 
mentioned in the literature or observed in stress-degraded samples. 
Degradation products could be detected a t  the 0.1% level. Degradation 
of oxazepam to 6-chloro-4-phenyl-2-quinazolinecarboxaldehyde and 
2-amino-5-chlorobenzophenone was observed after either acid or base 
treatment. Acidic conditions also afforded 2'-benzoyl-4'-chloroglyox- 
anilide and 6-chloro-4-phenyl-2( 1H)-quinazolinone. 

Keyphrases CI Oxazepam-analysis, high-performance liquid chro- 
matography, stability, tablets, capsules High-performance liquid 
chromatography-oxazepam capsules and tablets, stability-indicating 
analysis 0 Sedatives-oxazepam, high-performance liquid chromato- 
graphic analysis, tablets, capsules, stability indicating 

Various methods have been described for the determi- 
nation of oxazepam (I), a 1,4-benzodiazepine tranquilizer. 
The current official method (1) employs UV spectropho- 
tometric determination after extraction with ethanol. In- 
creased selectivity was observed using polarographic de- 
tection (2,3), which is dependent on reduction of the intact 
4,5-azomethine bond. During GLC analysis, oxazepam 
decomposes to 6-chloro-4-phenyl-2-quinazolinecarbox- 
aldehyde, I1 (4, 5). GLC methods, therefore, have been 
based on measurement of either I1 or 2-amino-5-chloro- 
benzophenone (III), which is formed by prior hydrolysis 
of oxazepam (6). High-performance liquid chromato- 
graphic (HPLC) methods have been described for detec- 
tion and quantitation of I in biological fluids (7-11) and 
in mixtures of benzodiazepines (12-15). However, a se- 
lective chromatographic method for dosage forms in the 
presence of degradation products has not been published. 
This report describes the development of a specific and 
precise HPLC method for oxazepam tablets and capsules. 
Degradation products were isolated and identified to 
validate method specificity. 

The hydrolysis of I to a benzophenone (III) was reported 
in 1964 (16). Formation of the aldehyde (11) after heat 
treatment (4,5) and under acidic conditions (17) has been 
described, along with proposed mechanisms. Han et al. 
(18) reported the tentative identification of two interme- 
diates of oxazepam hydrolysis. The interpretation of ki- 
netic data obtained by UV measurements was, in part, 
substantiated by the isolation of these components. One, 
a prominent acid degradation product (IV) was designated 
as the initial product of 4,5-azomethine hydrolysis. The 
other (V) was predominant in base, but formed also in acid, 
and was designated as the product of 1,2-amide bond hy- 
drolysis. However, neither degradation product when 
isolated, gave a mass spectral parent peak that corre- 
sponded to the mass of the assigned structure. 

Two potential degradation products, 7-chloro-5-phe- 

I @ 

11: R = CHO 
X: R = CHZOH 

VII 

Y 

IX @ 
111: RI = H 

IV: Rl = COCHOH-NHi 

Ri = 0 
VIII: RI = COCHO Ri = 0 

Ra = 0 
V: RI H Ri N X H O H 4 O i H  

nyl-4,5-dihydro-W-benzodiazepine-2,3-( 1H)-dione (VI) 
and 6-chloro-3,4-dihydro-4-phenyl-2-quinazolinecar- 
boxylic acid (VII), were prepared from I by treatment with 
strong base (19). Two other potential degradation prod- 
ucts, 2'-benzoyl-4'-chloroglyoxanilide (VIII) and 6- 
chloro-4-phenyl-2( 1H)-quinazolinone (IX), have been 
reported as metabolites (20). 

EXPERIMENTAL 

Materials-The following reference compounds were synthesized 
according to literature procedures: II(17); VI and VII (19); and (IX) (21). 
Compounds VIII' and X2 were obtained in-house. The mass spectra for 
X gave the predicted monochlorinated ptirent peaks at  m/z 270 and 272, 
and the melting point was the same as reported (22). The melting point 
and IR spectra for VIII corresponded to reported data (23). Compounds 
I3 and 1114 were obtained commercially. 

* C. 0. Tio, Drug Dispition Section, Wyeth Laboratories, Inc. 

' Aldrich Chemical Co., Milwaukee, Wis. 

C. L. Robinson, Chemical Development Section, Wyeth Laboratories, Inc. 
Wyeth Laboratories, Inc., Philadelphia, Pa. 
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Table I-Chromatographic Separation of Impurities and 
Degradation Products 

HPLC" Retention TLC 
Compound Time, min Rf 

VI (Dione) 
VII (Carboxylic Acid) 

I (Oxazepam) 
IX (Quinazolinone) 

VIII (Glyoxanilide) 
I1 (Aldehyde) 
X (Alcohol) 

111 (BenzoDhenone) 

3.6 
4.5 
5.6 
8.2 

11.2 
11.8 
12.4 
18.4 

0.20 
0 
0.22 
O.5lc 
0.54 
0.76 
0.68c 
0.83d 

Assay system, Chromegabond C18, E. S. Industries. * Chloroform-toluene- 
methanol (52457); silica gel GF, visualization by shortwave UV. C Distinguished 
by blue fluorescence under long wavelength UV. d Distinguished by yellow spot 
with visible light. 

Oxazepam Degradation-Hydrolysis conditions and TLC proce- 
dures were similar to those reported previously (18). The following 0.1 
M buffers at 80" were used hydrochloric acid, pH 5.5 phosphate, pH 3.2 
acetate, and sodium hydroxide. Aliquots of hydrolyzed solutions were 
also withdrawn and analyzed directly by HPLC. TLC spots were ex- 
tracted with methanol and were analyzed by HPLC and mass spectra for 
further identification. 

Assay-The chromatograph5 was equipped with a UV detector6 set 
a t  254 nm. A fixed-loop septumless injector7 with a 10-pl loop was used 
in conjunction with 10-pm microparticulate reverse-phase columns*, 
25-30 cm X 4.6-mm i.d. The mobile phase consisted of methanol- 
water-acetic acid (60:401) with a 2-ml/min flow rate. An electronic in- 
tegratofl was used for area determinations; peak heights were determined 
manually. 

The system suitability was tested by dissolving -10 mg of oxazepam 
and 15 mg of I1 in 250 ml of methanol; 10 pl of this solution was chro- 
matographed using the assay conditions. The resolution factor (24) be- 
tween oxazepam and I1 is 25.0. Unsuitable resolution can often be im- 
proved by a slight reduction of the mobile phase methanol concentra- 
tion. 

The standard was prepared by dissolving a quantity of oxazepam 
standard10 in methanol-water (49:l) to give a known concentration of 
-0.1 mg/ml. Samples were prepared by emptying 120  capsules and de- 
termining the average weight, or by weighing 220 finely powdered tablets. 
An accurately weighed portion of the powder containing -25 mg of ox- 
azepam was transferred to a 250-ml volumetric flask, 5 ml of water was 
added, and the flask was swirled to wet the powder. Approximately 200 
ml of methanol was added, the solution was sonicated" for 5 min, stirred 
for 30 min, and diluted to volume with methanol. A portion was centri- 
fuged to provide a clear solution for injection into the chromatograph. 

Degradation Determination-Degradation was determined in the 
dosage forms with a 0.1% limit of detection. Methanol (10 ml) was added 
to a portion of capsule or tablet powder containing -25 mg of oxazepam. 
The suspension was sonicated for 10 min and then centrifuged. Using the 
above HPLC conditions, 10 pl of the supernatant was injected into the 
chromatograph within 30 min after preparation. (After 1 hr, 0.1% of 11, 
due to degradation of I in the methanol solution, may be detected.) The 
detector sensitivity was adjusted to give standard peak heights of 210 
mm. Standards were prepared in methanol a t  a concentration of -5 
pg/ml. 

RESULTS AND DISCUSSION 

Oxazepam Degradation-With the use of similar hydrolysis and TLC 
conditions, three degradation products, comparable to those originally 
reported by Han et al. (18), were observed. The pH conditions necessary 
for their formation and the TLC Rf  values matched the original data. As 
reported, the ultimate hydrolysis product, the benzophenone (1111, was 
observed after either acid or base treatment. Consistent with the original 
results, a second degradation product, which formed with ease in acid, 
had a mass spectral parent peak at m/z  287. However, this substance was 

Constametric 11, Laboratory Data Control. 
Suectroflow Monitor SF-770. Schoeffel. 

7 Rheodyne 70-10. 
8 Chromegabond C18, E. S. Industries; p-Bondapak C18, Waters Associates; 

lo USP Reference Standards, Rockville, MD 20852. 
l1  Branson Ultrasonic Bath, Branson Cleaning Equipment Co., Shelton, 

Zorbax ODS (15 cm X 4.6 mm), DuPont; and Partisil ODS-3, Whatman. 
SP4100, Spectraphysics. 

Conn. 

Table 11-Method Reproducibility and Recovery 

Oxazepam 
Product Precision" 

10-mg Capsule 

30-mg Capsule 

15-mg Tablet 

98 f 0.9 (height) 
98 f 1.3 (area) 
97 f 1.9 (height) 
97 f 1.9 (area) 
99 f 0.72 (height) 
99 f 0.35 (area) 

Recovery, % 
Composition* 10 parts oxazepam 30 Darts oxazeDam 

A 
B 
C 

99 
99 

101 

101 
101 
99 

Average percent of label claim f RSD; n = 5. * A: lactose-Ac Di Sol-stearic 
acid-methylcellulose (300:6360) and oxazepam (10 or 30); B dicalcium phosphate 
dihydrate-polacrilin potassium-starch-magnesium stearate (300:6:63) and oxa- 
zepam (10 or 30); C: Avicel-alginic acid-sodium starch glycolate-talc (300:663) 
and oxazepam (10 or 30). 

identified by TLC Rf as the glyoxanilide (VIII) and not as the initial 
hydrolysis product, IV, as originally stated. When eluted from the TLC 
plate, this acid degradation product also had the same HPLC retention 
time as VIII reference material (Table I), and its mass spectrum was the 
same as a metabolite previously identified (20) as VIII. The third deg- 
radation product, predominant in base, was identified as the aldehyde 
(11) by comparison of mass spectra and chromatographic retention with . 
reference material (Table I). No degradation products were observed that 
could be identified as IV or V. 

A yellow TLC band at Rf 0.93, identified as the Schiff-base dimer of 
I1 and 111, was also observed in chloroform extracts of both acidic and 
basic hydrolyses solutions. A mass spectrum of the extracted TLC band 
gave peaks at m/z 231,268, and 481, corresponding to parent peaks for 

0.02 

v) 

z 
3 
W 
0 

c 

2 0.01- 

a 
$ m a 

I 

4 8 12 16 20 
MINUTES 

Figure 1-Chromatogram of a synthetic mixture of oxazeparn and 
degradation products. 

Journal of Pharmaceutical Sciences I 1331 
Vol. 72, No. 11, November 1983 



OXAZEPAM 
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0 4 8 12 

MINUTES 

Figure 2-Typical assay chromatogram. 

the benzophenone (III), the aldehyde (II), and the Schiff-base, respec- 
tively. Rechromatography of the extracted band gave, in addition to a 
spot at  Rf 0.93, spots corresponding to II and III indicating that the h e r  
was not stable. HPLC gave only peaks corresponding to I1 and 111. Fur- 
ther evidence for Schiff-base formation was the fact that the band at Ri 
0.93 was obtained from chloroform standard solutions containing both 
I1 and 111, but not from solutions containing I1 or 111 alone. 

The quinazoline alcohol (X), the dione (VI), and the quinazolinecar- 
boxylic acid (VII) were observed as relatively minor base-degradation 
products. The quinazolinone (IX) formed under either acidic or basic 
conditions. During method development, extraction of product com- 
posites with 0.1 N HCI-methanol (2:98) yielded low assays with rapid 
formation of IX. 

The aldehyde, 11, was the most prominent degradation product under 
stress conditions in the dosage forms. However, <0.5% was present in 
samples stored at  room temperature for 5 years or at 45O for 6 months. 

Assay-Precision data, obtained by replicate assays of commercial 
samples, and recovery data for synthetic mixtures of I and three combi- 
nations of commonly used excipients are reported in Table 11. Placebo 
interference due to each mixture was <0.1% for the method. Linearity 
was checked by assaying solutions in the 0.06- to 0.12-mg/ml range. The 
chromatographic response was linear to the highest concentration 
hted.  

The HPLC system separated I from all of the degradation products 
reported in the literature or observed in decomposed solutions (Table 
I). A separation of oxazepam from degradation products a t  levels of 4 . 5 %  

is shown in Fig. 1. Similar separations were achieved on the four different 
commercial columns tested, with the differences being minor variations 
in the resolution of individual impurities from each other. The columns 
tested passed the system suitability test. A typical assay chromatogram 
is shown in Fig. 2. 
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Abstract Stability constants for complex formation between a-cy- 
clodextrin and the conjugate acid and base forms of nine phenols were 
measured in aqueous solution at 25”. The potentiometric method, in 
which the apparent acid dissociation constant of the phenol is measured 
as a function of cyclodextrin concentration, was supplemented by a 
modified version of a competitive spectrophotometric methyl orange 
method. For all phenols, the 1:l stability constant for the conjugate base 
form (Kllb) was larger than Kilo for the conjugate acid form. Finite KlZb 
values were found for phenols whose 4-substituents could tolerate a 
positive charge by electron delocalization. Complex stability, as measured 
by Kll, and Kllb, increases with electron density and polarizability a t  
the 4-substituent. It is concluded that the 4-substituent is the sole or 
predominant site of binding for both the conjugate acid and base forms 
of the phenols. The general result that K l l b  is greater than K11. for any 
phenol is accounted for by relative delocalization of charge in the anion 
and neutral species. 

Keyphrases a-Cyclodextrin-complex formation with 4-substituted 
phenols, stability constants, potentiometric and competitive spectro- 
photometric methods 0 4-Substituted phenols-mmplex formation with 
a-cyclodextrin, stability constants, potentiometric and competitive 
spectrophotometric methods Competitive spectrophotometry-with 
methyl orange, a-cyclodextrin-4-substituted phenol complexation, 
stability constants, comparison with potentiometric methods 

In an earlier paper (l), the potentiometric method for 
studying cyclodextrin complexes was applied to a series 
of 4-substituted benzoic acids. This method has now been 
used to investigate the complexing of a-cyclodextrin with 
4-substituted phenols. 

THEORETICAL 
Potentiometric Method-The theory of the method was described 

earlier (1); only a summary of the points pertinent to the present appli- 
cation is given here. The symbolism is identical with that used in the prior 
treatment (1). 

The procedure is to measure the apparent dissociation constant (pK,’) 
of the phenol (substrate) at total concentration St in the presence of a 
total concentration Lt of a-cyclodextrin (the ligand), Lt being varied from 
zero up to nearly its solubility limit. The quantity ApK,‘ is defined 
by: 

ApK,,‘ = pK,’ - pK, (Eq. 1) 
where pK, is the dissociation constant when Lt = 0. The theory of the 
method ( l ) ,  for a system that may contain 1:l  (SL) and 1:2 (SL2) com- 
plexes of both the conjugate acid and base forms of the substrate, shows 
that ApK,’ is related to the complex stability constants by: 

where Kllor  KIZ, , ,  Kllb, and Kl2b are stepwise complex stability con- 
stants, the numerical subscripts indicating stoichiometry and the letters 
the conjugate acid-base form, and [L] is the equilibrium (unbound) 
concentration of ligand. For carboxylic acids it appears to be a general 
result that ApK,‘ is a positive quantity (1-3); hence, C is greater than 
unity. For phenols, however, ApK,‘ is negative, so C is smaller than one, 
and it becomes more convenient to work with its reciprocal C‘. The basic 
relationship is then: 

All of the systems here can be described as special cases of Eq. 3. The 
particular case to which a system belongs is diagnosed by plotting C’ 
against Lt; then, an appropriate linearized plotting form is applied to 
extract stability constant estimates. Since Lt # [L], the free concentra- 
tion [L] is calculated, and iterations are made until the stability constant 
estimates converge. The four special cases of Eq. 3, the linear plotting 
forms, and the equations for the calculation of [L] are: 
Case I: 

st 
x + l  [L] = Lt - - 

where: 
X =  (C’ + 1)(R’ - C’) 

(C’ - 1)(R’ + C’) 

C’ = 1 + Kllb[L] 
(C‘ - 1) 

2C’ [L] = Lt - - St 

Case III: 

2C’(Lt - S t )  + 2st 
[L1 = 2C’ - StKllb 

Case I V 

- kt - st(‘;,- ‘’1 = 0 (Eq. 15) 

To make the case IV h e a r  plot according to Eq. 14, Kilo must be known. 
For case IV systems, Kilo was determined by a competitive spectro- 
photometric method as described in the following section. 

Competitive Indicator Method-In 1953 Broser (4) showed that 
methyl orange and a-cyclodextrin form a complex in acidic solution, the 
complexed form of the indicator absorbing light much less intensely than 
the free form. If a third solute, capable of forming a cyclodextrin complex, 
is added to the solution, some of the complexed indicator will be com- 
petitively displaced, with a corresponding increase in the absorption 
intensity. This is the basis of the competitive methyl orange spectro- 
photometric method, which was used by Lautsch et al. (5) to study 
adrenalin-a-cyclodextrin complex formation. Casu and Ravi applied 
this method to measure K11. values for many substituted benzoic acid 
substrates (6). The stability constants reported by these workers were, 
however, not in good agreement with those found potentiometrically in 
this laboratory (1). For this reason, the methyl orange method has been 
reexamined and modified as follows. 

00223549/83/ 1 700- 1333$0 1.00/0 
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Let S represent the substrate of interest, L the cyclodextrin, and I the 
indicator. The'competitive complexation equilibrium is shown in Scheme 
I: 

IL t s 2 SL t I 
Scheme I 

Mass balance equations on the substrate, ligand, and indicator are: 

s, = IS] t [SL] 

Lt = [L] t [SL] + [IL] 

It = [I] t [IL] 

(Eq. 16) 

(Eq. 17) 

(Eq. 18) 

(It is, in general, not permissible to neglect the [IL] term in Eq. 17.) 
Stability constants for the complexes SL and IL are defined, where 1:l 
stoichiometry is assumed, as: 

In the systems of present interest, where the substrate is the conjugate 
acid form of a phenol, Klls is equivalent to K11,. 

Eqs. 16-21 are combined to give: 

Defining the indicator ratio Q = [I]/[IL] allows Eq. 21 to be written as 
K l l ~  = l/Q[L], which, substituted into Eq. 22, gives: 

The quantity P is defined as: 

Therefore, Eq. 23 may be written: 

or 

The indicator ratio Q can be measured by means of: 

Q - - 'IL 
€1 - € 

(Eq. 24) 

(Eq. 25) 

(Eq. 26) 

where tl and CIL are the molar absorptivities of free and complexed in- 
dicator, respectively, and c is the apparent molar absorptivity in any 
solvent containing both forms. If the total indicator concentration is 
constant in all solutions, the absorptivities can be replaced by absorb- 
ances. 

K111 can be obtained by independent measurements on solutions of 
indicator and ligand by the conventional spectrophotometric method. 
Eq. 25 therefore provides a graphical approach to determining Klls by 
plotting St/P against Q, where P is obtained using Eq. 24. 

The possible formation of a substrate-indicator complex (SI) has been 
analyzed (7) for its effect on the determination of Klls. It was found that 
such an effect can be minimized if St and [I] are small; [I] is small when 
Q is small, when It is small, or when Lr is large. Another complicating 
factor is self-association of the indicator. DeVylder and DeKeukeleire 
(8) observed self-association of methyl orange in pH 2.2 aqueous solutions 
at indicator concentrations M. In the present work It was 1.67 X 

According to Elq. 25, the best estimate of Klls should be possible if Kl11 
is approximately equal to Klls, for then the slope will be approximately 
one. The method may therefore be useful for a wide range of substrates 
if indicators are identified with appropriate Kllr values. 

M; hence, self-association could be neglected. 

EXPERIMENTAL 

Materials-a-Cyclodextrin' was dried at  95O for 48 hr. Methyl orange2 
was recrystallized from water, then washed with ethanol followed by ether 

Sigma Chemical Co. (Lot 29C-04253. 
Eastman Organic Chemicals. 

(9); its molar absorptivity in 0.08 M HCI at  508 nm was 4.82 X lo4. Solid 
phenols3 were recrystallized until their melting points agreed with lit- 
erature values. 4-Methoxyphenol was distilled under reduced pressure; 
bp 11l0/2 mm Hg, mp 55". Water was redistilled from alkaline per- 
manganate. 

Potentiometric S t u d i e s A  stock solution of the phenol was prepared 
such that its final diluted total concentration ( S t )  would be 0.003-0.004 
M, and the phenol was half-neutralized with 0.10 M NaOH. The solution 
was brought to the mark with 0.10 M NaC1. 

a-Cyclodextrin was weighed into 5-ml volumetric flasks in amounts 
that covered its full solubility range. Portions (4.0 ml) of the phenol stock 
solution were pipetted into each flask, and the solutions were brought 
to volume with 0.10 M NaCI. They were equilibrated at 25.0; to ensure 
adequate mixing, a 10-mm stirring bar was added and was driven by a 
submerged water-driven magnetic stirrer. The solution was transferred 
to a 5-ml test tube, and the combination pH electrode was lowered into 
the solution, which was protected from contact with the atmosphere. The 
pH was measured4, and pK,' was calculated using: 

(Eq. 27) 
b + [H+] - [OH-] pK,' = pH - log St - ( b  + [H+] - [OH-]) 

where b is the added concentration of sodium hydroxide; in these studies 
b = St/2. Reproducibility on duplicate solutions was 0.003 pH unit or 
better. All studies were at  25.0' and ionic strength 0.10 M. 

Competitive Methyl Orange Spectrophotometric Method- 
Portions (4.0 ml) of a stock solution containing 4.185 X M methyl 
orange in 0.20 M HCI were pipetted into 10.0-ml volumetric flasks con- 
taining 2.0 ml of 0.01 M a-cyclodextrin aqueous solution. Substrate 
(phenol) solutions at variable concentrations such that the final substrate 
concentrations (S,) were from 2.0 X M were added 
to the flasks, and the solutions were brought to volume. The reference 
solution was prepared with the same concentration of a-cyclodextrin in 
0.08 M HCI. The final solutions were equilibrated at  25.0°, and absorb- 
ances were read5 at 508 nm in 1-cm cells. For calculating Q by Eq. 26, the 
molar absorptivities were measured in 0.08 M HCI a t  508 nm, giving €1 
= 4.82 X lo4 and € 1 ~  = 8.72 X lo2. The stability constant K l l ~  for the 1:l 
complex of methyl orange with a-cyclodextrin at 25.0" in 0.08 M HC1 was 
determined by the conventional Benesi-Hildebrand spectrophotometric 
method (10); K111 was found to be 672.9 M-l (standard deviation 5.0 
M-1). 

M to 1.38 X 

RESULTS 

Nine phenols were studied by the potentiometric method. 4-Cyano- 
phenol and 4-nitrophenol could be described as case I systems; Fig. 1 
shows the plot of C' against Lt for the 4-cyanophenol-a-cyclodextrin 
system, and Fig. 2 is the corresponding plot according to Eq. 5. Phenol, 
4-methylphenol, and 4-fluorophenol were case I1 systems, as indicated 
for 4-methylphenol in Fig. 3. The C' versus L, plot for 4-methoxyphenol 
(Fig. 4) shows that it is a case 111 system; Fig. 5 is the linearized plot ac- 
cording to Eq. 11 for this system. 4-Iodophenol, 4-bromophenol, and 
4-chlorophenol showed case IV behavior, as seen in Fig. 6 for 4-chloro- 
phenol. 

For case IV systems, an independent study is necessary to determine 
Klla  for use in Eq. 14. The UV absorption spectra of these compounds 
were not significantly altered by the presence of a-cyclodextrin, so simple 
UV spectrophotometry did not provide a method for measuring Kilo. 
The competitive methyl orange spectrophotometric method was therefore 
used. Since the potentiometric data showed that these were case IV 
systems, evidently K12,, = 0, and only 1:l stoichiometry need he consid- 
ered for the conjugate acid forms of the substrates. The studies were made 
at  constant Lt and varying St. Figure 7 is the plot according to Eq. 25 for 
the 4-chlorophenol-methyl orange-a-cyclodextrin system. Figure 8 shows 
the linear plot of Eq. 14 for 4-chlorophenol, in which the Kilo value de- 
termined from Fig. 7 has been used to construct the ordinate values. 

The validity of the assignments of case I systems was tested by treating 
them according to case IV equation (Eq. 14), which should give a slope 
of zero for a case I system. Similarly, case I1 assignments were tested by 
plotting according to the case 111 equation. The stability constants are 
listed in Table I. The K l Z b  values for the methoxy, iodo, bromo, and 
chloro compounds are clearly significant; these are the case 111 and IV 
systems. The K 1 z b  values evaluated for the case I and I1 systems are not 
significantly different from zero, except for phenol. However, the corre- 

Aldrich Chemical Co. These compounds were purified by A. B. Wong. 
4 Orion 701A pH meter equipped with a Sargent-Welch S30072-15 electrode. 
5 On Cary Model 14 or Perkin-Elmer Model 559 spectrophotometers. 
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0.03 0.06 0.09 0.12 

[Ltl /(MI 
Figure 1-Plot of C' against Lt for 4-cyanophenol-c~-cyclodertrin, a 
case I system. 

lation coefficient was 0.998 for the case I1 linear plot, whereas it was 0.553 
for treatment as a case I11 system; hence, phenol is better described as 
a case I1 system, with K12b equal to zero. 

DISCUSSION 

Competitive Indicator Method-To test the competitive methyl 
orange spectrophotometric method, it was applied to the determination 
of Kilo for 4-nitrophenol, which can be measured by several techniques. 
Table 11 lists stability constants for the 4-nitrophenol-c~-cyclodextrin 

0- 
2.0 2.6 3.2 3.8 

C' 
Figure 2-Plot of Eq. 5 for the 4-cyanophenol system. 

2.5 

2.0 

b 

1.5 

1 .o 

Figure %-Plot of Eq. 8 for the 4-methylphenol system. 

system determined in this work and as reported by other investigators. 
It is clear that the methyl orange method gives a result consistent with 
other methods. The methyl orange method was also applied to the benzoic 
acid-a-cyclodextrin system, yielding Kilo = 810 M - l .  This is signifi- 
cantly lower than the value 1050 M-' reported by Casu and RavS (6) for 
this system studied by their version of the competitive methyl orange 
method (which neglects the [IL] term in Eq. 17), but is consistent with 
recent values determined by other methods (1). 

The method as described, using methyl orange as the indicator, is ap- 
plicable only in an acidic solution, but with other indicators it may be 
useful under other conditions. The plot according to Eq. 25 should yield 
an intercept of unity, and this was verified in the present applications. 
When Kllr is approximately equal to Kl l s ,  competition to displace the 

2.c 

1 .s 

1.6 

L 

1.4 

1.2 

1 .a 

I 

[LtlI(M) 
Figure 4-Plot of C' against Lt for  4methonypheno1, a case III 
system. 
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I I I I 
0.03 0.06 0.09 0.12 

[LlI(M) 
Figure 5-plot of Eq. 1 1  for the 4-methoxyphenol system. 

indicator requires that Lt and St be,of comparable magnitude, although 
Lt can be much larger than I t .  If K l l s  is much larger than K111, a smaller 
concentration of substrate would suffice to displace the indicator from 
its complex. Equation 25 can accommodate changes in both St and Lt 
in an experiment, but it was found convenient to hold Lt constant and 
to vary S t .  

Binding Sites and Complex Stability-These phenolic compounds 
can be viewed as substrates having two possible binding sites, namely the 
hydroxyl group and the 4-substituted moiety, that can interact with the 
cavity of the a-cyclodextrin. A model for such a system was described 
earlier (1,18). For a two-binding site substrate that forms only 1:l and 
1:2 complexes, the experimental stability constants K11 and K12 are re- 
lated to the binding site stability constants by: 

K11= K x  + K y  (Eq. 28) 

2.! 

2. 

L 

1. 

1 .  I I I I 
0.03 0.06 0.09 0.12 

[Lt l / (M)  
Figure 6-plot of C' against L t  for 4-chlorophenol, a case IVsystem. 

/ 
/ 

/ 
' /  
/ 

/ 

P 

3 

Figure 7-Plot of Eq. 25 for the 4-chlorophenol-methyl orange-a-cy- 
clodextrin system. 

0%. 29) a K x K y  K12 = - 
K i i  

In these relationships K x  and K y  are 1:l stability constants for binding 
to sites X and Y, and a is a parameter that measures interaction between 
the two sites in a 1:2 complex. Such a two-site substrate is therefore ca- 
pable of forming two isomeric 1:l complexes and one 1:2 complex. This 
model leads to interpretations in terms of binding sites. The derivation 

6.5 

6.0 - 
I s - . - 

m - 
g 
Q 

- 5.E 
+ 
J 
I . c 

l 
0 - I " 
z 

5.0 

4. E I I I 
0.03 0.06 0.09 

[L I / (M)  
Figure 8-Plot of Eq. 14 for the 4-chlorophenol system. 
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Table I-Stability Constants for a-Cyclodextrin Complexes of 
4-Substituted Phenols at 25” a 

4-Substituent Kllb, M-l K126, M-’ K I M ,  M-’ 
OCH3 2.7 (0.10) 13.3 (0.68) 0 
CH.1 13.9 (0.34) -0.08 (0.36) 0 

10.9 io.igi 0.46 (0.21) 0 H coo- b 
F 15.6 (0.70) -1.00 (0.95) 0 
I 3955 (26.3) 2.4 (0.09) 2316 (65.5) 
C1 487.9 (1.6) 3.1 (0.06) 272 (9.9) 
Br 1221 (7.4) 4.7 (0.09) 704 (31.8) 
COOH - - 1130 (7.7) 
CN 662 (9.0) 0.09 (0.08) 158.3 (2.7) 
NOz 2408 (87.6) -0.14 (0.16) 245 (10.2) 

- - 16.6 (0.23) 

Standard deviations in parentheses. b Taken from Ref. 1. 

of Eq. 29 is given elsewhere (l), and the significance of a has also been 
discussed previously (1). 

Whether a cyclodextrin interacts with a binding site is largely depen- 
dent on the size and shape of the site; but if the site can enter the cyclo- 
dextrin cavity to form an inclusion complex, the strength of the complex 
will be controlled mainly by the electron density, the polarizability, and 
the polarity of the binding site. Increases in site electron density and 
polarizability will tend to increase complex stability, whereas high po- 
larity will decrease complex stability (in a polar solvent). In a series of 
closely related substrates, the trend of complex stabilities with these 
factors may therefore give information about the binding sites. In this 
way Hammett plots of Kll,  and Kllb for 4-substituted benzoic acids (1) 
led to the conclusion that Kll,  describes mainly binding to the carboxylic 
acid site, whereas Kllb describes binding solely at the 4-substituent 
site. 

This approach will be used to discuss the data in Table I. It is postu- 
lated that complex stability in a series is primarily determined by site 
electron density, modified by polarizability and polarity. The substrates 
in Table I are arranged in order of increasing Hammett substituent 
constant u for the 4-substituent; u is a measure of the electron-attracting 
ability of the substituent. For both Kilo and Kllb the same rough trend 
is seen, namely an increase in complex stability with increasing electron 
density a t  the 4-substituent. These data therefore suggest that the pri- 
mary binding site, for both the conjugate acid and the conjugate base 
forms of the substrates, is the 4-substituent end of the molecule. 

The correlations of Kll ,  and Kllb  with u are obviously not closely 
followed, the halogens I and Br having complex-strengthening effects 
not accounted for by their u values. But these substituents have high 
polarizabilities, which will tend to increase complex stability; Kll ,  and 
Kllb can be well correlated by: 

log Kiln = -0.96 + 0.12RD - o.lO/.l (Eq. 30) 

log Kllb = -1.41 + 5.33U + 0.15R~ - 0 . 8 1 ~  (Eq. 31) 

where R D  is the molar refraction of X-CsH5 and p is the dipole moment 
of X-c6H4-oH6. These correlations have no theoretical significance, 
but they suggest that this interpretation is reasonable. 

If Kllb and Kll ,  describe binding at the 4-substituent, then K12b and 
Kl% describe binding at the hydroxyl site, because the 1:2 complex is 
formed by adding a second cyclodextrin to the 1:l complex. But K12, is 
zero for all systems, leading to the conclusion that no significant binding 
occurs a t  the phenolic hydroxyl site; this conclusion applies also to those 
phenolate substrates for which KlZb is zero. There exist, however, some 
finite K12b values, and it is notable that in each of these substrates (the 
methoxy, iodo, chloro, and bromo compounds) the 4-substituent can 
tolerate a positive charge by electron release through resonance delo- 
calization; this may sufficiently counter the electron release of the phe- 
nolate site to allow significant binding at that site. 

Kll ,  for the phenol -oOC-C,j&-oH is evidently the same quantity 
as Kllb  for the benzoic acid anion HO-c6H4-cOO-. When this was 
discussed as a benzoate (l), it was concluded that the carboxylate site 
binding was negligible, leaving binding at the phenolic site to account 
for the observed binding. On the other hand, it has been concluded here 
that binding at the hydroxyl site in phenols is probably negligible. This 
inconsistency suggests that i t  may not always be permissible to make a 
common assignment of binding mode to all of the members of a series. 
In this case, the negative charge on the carboxylate may oppose the usual 

The correlation coefficients are 0.99 for both equations. The standard deviations 
are 0.06 in log K11. and 0.13 in log K l l b .  

Table 11-Comparison of Stability Constants for the 4- 
Nitrophenol-a-Cyclodextrin System ,I 

Spectrophotometry 
Thermometry 
Potentiometry 
Spectrophotometry 
Polarography 
Potentiometry 
Spectrophotometry 
Potentiometry 
Potentiometry 

2230 
- 

2200 
2512 
2439 
2143 
2720 
2382 
2408 

Spectrophotometry - 
Competitive spectrophotometry‘ - 

290 11 
126 12 
200 2 
190 13 

14 
211 15 
250 16 
270 17 
245 Thiswork 
249 Thiswork 
249 Thiswork 

- 

a At 25O; ionic strengths differ. Studied at 317 nm. Methyl orange method 
described herein. 

electron release by the hydroxyl group, leaving the hydroxyl site sus- 
ceptible to binding. 

Effect of Phenol Ionization on Complex Stability-It is a general 
result that Kl1b is greater than Kll ,  for the cyclodextrin complexes of 
phenols (Table I); that is, the anionic form of the substrate “partitions” 
into the relatively nonpolar cyclodextrin cavity more favorably than does 
the un-ionized form. This unexpected behavior (which is the reverse of 
the situation seen with carboxylic acid substrates) has been discussed 
for the particular case of 4-nitrophenol by several authors. Dunn and 
Bernhard (19) accounted for the greater stability of the I-nitrophenox- 
ide-a-cyclodextrin complex in terms of a stronger dispersion force field 
between the included nitrophenoxide and the interior of the cavity. These 
authors assumed that the nitro end of the substrate was inserted into the 
cavity. Bergeron and Channing (20) have shown that this is in fact the 
geometry of the complex. Benzoic acid, on the other hand, complexes with 
the carboxylic acid end of the molecule penetrating the cavity (1,15,21). 
Bergeron et al. (21) have called attention to this difference in sub- 
strate-ligand orientation and have related it to the corresponding dif- 
ference in relative stabilities of the neutral and charged complexes. Their 
argument is that, if induced dipoledipole interaction is primarily re- 
sponsible for binding, the nitrophenolate will be more strongly bound 
than is the neutral phenol. 

It is not necessary to specify the types of forces responsible for binding 
to account generally for the result that Kllb > K11,. This result is sur- 
prising only if an ion is regarded as a point charge. But a phenolate ion 
is decidedly not a point charge on the molecular scale. The concept de- 
scribed in the preceding section, namely that complex stability is deter- 
mined by binding site electron density, polarizability, and polarity, will 
be applied to the phenol and phenolate complexes with cyclodextrin. 

Neutral phenols are highly dipolar species, especially those with 
electron-withdrawing 4-substituents, as revealed by their dipole mo- 
ments, which can be accounted for by electron delocalization as shown 
in Scheme 11. 

x+ - -x+ - 
Scheme II 

Electron density is increased at the 4-substituent and is decreased at the 
hydroxyl group; moreover the polarizability of the hydroxyl group is 
decreased. Thus, complexing with the cyclodextrin cavity should occur 
a t  the 4-substituent site rather than at the hydroxyl site, and this is 
consistent with the trend of Kll, values as discussed above. 

On ionization of the hydroxyl group, delocalizat,ion disperses the excess 
electronic charge as in Scheme 111. 

x+- - - -x* - 

Scheme III 
The electron density a t  the 4-substituent is greater in the anion than in 
the neutral form, hence the complex stability at this binding site is greater 
in the anion. As shown above, Kll, represents solely binding a t  the 4- 
substituent, and Kllb represents predominantly 4-substituent binding. 
(Those substrates with finite KlZb values include, in Kllb,  a small con- 
tribution from binding at  the hydroxyl site, according to Eq. 28.) 
Therefore, Kllb will be larger than K11,. Moreover, the increased charge 
density on the oxygen in the phenolate species actually may lead to some 
binding at this site, which in the current context is actually less polar than 
the hydroxyl group in the neutral substrate. Localized negative charge 
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(as in carboxylic acid anions) may be destabilizing, positive charge (as 
in protonated amines) will always be destabilizing, but delocalized neg- 
ative charge (as in phenol anions) may be stabilizing. 

REFERENCES 

(1) K. A. Connors, S.-F. Lin, and A. B. Wong, J.  Pharm. Sci., 71,217 

(2) K. A. Connors and J. M. Lipari, J.  Pharm. Sci., 65,379 (1976). 
(3) K. A. Connors and T. W. Rosanske, J .  Pharm. Sci., 69, 173 

(4) W. Broser, 2. Naturforsch., 8B, 722 (1953). 
(5) V. W. Lautsch, W. Bandel, and W. Broser, 2. Naturforsch., 11B, 

(6) B. Casu and L. Rav& Ric. Sci., 36,733 (1966). 
(7) S.-F. Lin, Ph.D. Thesis, University of Wisconsin-Madison, 

(1982). 

(1980). 

282 (1956). 

1981. 
(8) M. DeVylder and D. DeKeukeleire, Bull. SOC. Chim. Belg., 87, 

9,497 (1978). 
(9) D. D. Perrin, W. L. F. Armarego, and D. R. Perrin, “Purification 

(10) H. A. Benesi and J. H. Hildebrand, J.  Am. Chem. Soc., 71,2703 

(11) F. Cramer, W. Saenger, and H.-Ch. Spatz, J.  Am. Chem. Soc., 89, 

(12) E. A. Lewis and L. D. Hansen, J.  Chem. Soc., Perkin Trans. I I ,  

of Laboratory Chemicals,” Pergamon, Long Island City, N.Y., 1966. 

(1949). 

14 (1967). 

1973,2081. 

J .  Am. Chem. Soc.. 99.5146 (1977). 
(13) R. J. Bergeron, M. A. Channing, G. J. Gibeily, and D. M. Pillor, 

(14) T. Osa, T.’ Matsue, and M. Fujihara, Heterocycles, 6, 1833 
(1977). 
(15) R. I. Gelb, L. M. Schwartz, R. F. Johnson, and D. A. Laufer, J. Am. 

Chem. sac., 101,1869 (1979). 
(16) T. W. Rosanske, Ph.D. Thesis, University of Wisconsin-Madison, 

1979. 
(17) A. B. Wong, Ph.D. Thesis, University of Wisconsin-Madison, 

1980. 
(18) T. W. Rosanske and K. A. Connors, J.  Pharm. Sci., 69, 564 

(1980). 
(19) M. F. Dunn and S. A. Bernhard, in “Investigation of Rates and 

Mechanisms of Reactions,” Part I, (Vol. VI of “Techniques of Chemis- 
try”), E. S. Lewis, Ed., Wiley, New York, N.Y., 1974, p. 624. 
(20) R. J. Bergeron and M. A. Channing, J.  Am. Chem. SOC., 101,2511 

(1979). 
(21) R. J. Bergeron, M. A. Channing, and K. A. McGovern, J.  Am. 

Chem. SOC., 100,2878 (1978). 

ACKNOWLEDGMENTS 

This study was supported in part by a grant from The Upjohn Com- 
pany. Preliminary studies by Dr. Albert B. Wong are gratefully ac- 
knowledged. 

Improvement of the Oral Bioavailability of Digitalis 
Glycosides by Cyclodextrin Complexation 

KANETO UEKAMA *., TOSHIO FUJINAGA *, FUMITOSHI HIRAYAMA *, 
MASAKI OTAGIRI *, MASAKI YAMASAKI *, HAKARU SEO 5 ,  
TSUYOSHI HASHIMOTO 5 ,  and MICHIO TSURUOKA 5 

Received January 6,1982, from the *Faculty of Pharmaceutical Sciences, Kumamoto university, 5-1,Oe-honmachi, Kumamoto 862, Japan, 
%Department of Biochemistry, Medical School, Kumamoto University, 2-2-1, Honjo, Kumamoto 860, Japan, and $Department of Pharmacy, 
Miyazaki Medical College Hospital, 5200 Kiyotake-cho, Miyazaki-gun, Miyazaki 889-16, Japan. Accepted for publication September 1, 
1982. 

Abstract 0 Inclusion complexes of the digitalis glycosides digitoxin, 
digoxin, and methyl digoxin with three cyclodextrins (a-, 0-, y-ho- 
mologues) in water and in the solid state were studied by a solubility 
method, IR and ‘H-NMR spectroscopy, and X-ray diffractometry. Solid 
complexes (in a molar ratio of 1:4) of the digitalis glycosides with y-cy- 
clodextrin were prepared and their in viuo absorption examined. The 
rapidly dissolving form of the y-cycladextrin complex significantly in- 
creased plasma levels of digoxin (-5.4-fold) after oral administration to 
dogs. 

Keyphrases Bioavailability-oral, digoxin, digitoxin, methyl digoxin, 
complexation with cyclodextrins 0 Digoxin-complexation with cyclo- 
dextrins, oral bioavailability, digitoxin, methyl digoxin 0 Cyclodex- 
trins-complexation with digitalis glycosides, oral bioavailability, digoxin, 
digitoxin, methyl digoxin 

The bioavailability of the digitalis glycosides from 
commercial tablets varies significantly (1-3). The main 
cause of this variability appears to be related to such fac- 
tors as low water solubility (4-6) and chemical instability 
in acidic media (7-9). Cyclodextrins have been used ex- 
tensively to improve various physicochemical properties 
of drug molecules (10-12) by forming inclusion complexes 
in which the drug molecules are included in the relatively 
hydrophobic cavity of the cyclodextrins (13). 

The present study describes the inclusion complexes of 

the digitalis glycosides digitoxin, digoxin, and methyl di- 
goxin with the three cyclodextrins (a-, p-, y-homologues). 
Complex formation in water and in the solid state was 
studied by a solubility method, IR and IH-NMR spec- 
troscopy, and X-ray diffractometry. Plasma levels of di- 
goxin were determined after the oral administration of the 
digoxin-y -cyclodextrin complex to dogs. 
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The bioavailability of the digitalis glycosides from 
commercial tablets varies significantly (1-3). The main 
cause of this variability appears to be related to such fac- 
tors as low water solubility (4-6) and chemical instability 
in acidic media (7-9). Cyclodextrins have been used ex- 
tensively to improve various physicochemical properties 
of drug molecules (10-12) by forming inclusion complexes 
in which the drug molecules are included in the relatively 
hydrophobic cavity of the cyclodextrins (13). 

The present study describes the inclusion complexes of 

the digitalis glycosides digitoxin, digoxin, and methyl di- 
goxin with the three cyclodextrins (a-, p-, y-homologues). 
Complex formation in water and in the solid state was 
studied by a solubility method, IR and IH-NMR spec- 
troscopy, and X-ray diffractometry. Plasma levels of di- 
goxin were determined after the oral administration of the 
digoxin-y -cyclodextrin complex to dogs. 
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CONCENTRATION OF CYCLODEXTRINS, X 10'M 
Figure I-Phase solubility diagrams of the digoxin-cyclodextrin sys- 
t e m  in water a t  25". Key: (0) a-cyclodextrin; (a) /3-cyclodextrin; and 
(A) y-cyclodextrin. The arrow indicates the experimental conditions 
for the preparation of solid y-cyclodextrin complexes (see text). 

EXPERIMENTAL 

Materials-Digitoxin', digoxinz, methyl digoxin2, and the a-,  P-, and 
y-cy~lodextrins~ were used as supplied. All other materials and solvents 
were analytical reagent grade. Deionized double-distilled water was 
used. 

Solubility Studies-Solubility measurements were carried out ac- 
cording to Higuchi and Lach (14). Excess amounts of digitalis glycosides 
were added to an aqueous solution containing various concentrations of 
cyclodextrins and were shaken a t  25 f 0.5'. After equilibrium was 
reached (-7 days), an aliquot was centrifuged and pipetted through a 
cotton filter. A 0.5-ml aliquot was diluted with ethanol-water (l : l ,  v/v) 
and analyzed spectrophotometrically4. An apparent stability constant, 
K', was calculated from the initial linear portion of the phase solubility 
diagram according to the following (15): 

slope 
intercept - (1 - slope) 

K' = 

Preparat ion of Solid Complexes-The solid complexes were pre- 
pared by mixing appropriate amounts of the cyclodextrin and digitalis 
glycoside in water. Appropriate mixtures were chosen by examining the 
descending curvature of the B,-type phase solubility diagram (see Fig. 
1). For example, 3.25 g of digoxin and 14.3 g of y-cyclodextrin were added 
to 250 ml of water, and the mixture was stirred at 25' for 7 days. The 
complex, which precipitated as a microcrystalline powder, was removed 
by filtration and dried under vacuum a t  60" for 48 hr. This powder cor- 
responded to a 1:4 digoxin-y-cyclodextrin complex, which had a mo- 
lecular weight of 5965. 

Spectroscopic Studies-The IR spectra5 were measured as potassium 
bromide pellets. 'H-NMR spectra6 were measured in DzO using Fourier 
transform methodology (16). An average of 6000 accumulations with 8192 
data points were made a t  a sweep width of 2000 Hz. The 1H-chemical 
shifts were assigned values based on the external standard 3-(trimeth- 
ylsily1)propanesulfonic acid sodium salt with an accuracy of f0.0012 ppm. 
The powder X-ray diffraction spectra7 were obtained by scanning a t  
1°/min in terms of 28 angle. 

Dissolution Studies-The digoxin powder (150 mg, 100 mesh) was 
compressed into a cylindrical tablet (diameter 10 mm) a t  a pressure of 
-200 kg/cm2. The release of drug was measured using a rotating disk 
apparatus (17) in 0.05 M KCl-HCl solution (pH 1.52) a t  37". A t  appro- 
priate intervals, 1-ml samples were removed, extracted with chloroform, 
and assayed by high-performance liquid chromatography (HPLC). The 
dissolution behavior of 1:4 digitalis glycoside-y -cyclodextrin complexes 
(150 mg, 100 mesh) was examined in a similar manner. 

HPLC Analysis-The chromatograph8 was operated a t  a flow rate 

' Shionogi Pharmaceutical Co. Ltd., Osaka, Japan. 
Mitsubishi Yuka Pharmaceutical Co. Ltd., Ibaraki, Japan. 
Nippon Shokuhin Kako Ltd., Tokyo, Japan. 
Hitachi 5568; Hitachi Ltd., Tokyo, Japan. 
JEOL JIR-40. JEOL Ltd., Tok 0, Japan. 
JEOL JNM-<X 200; JEOL Ltdl, Tokyo, Japan. 
Rigaku Denki Geiger Flex 2012; Rigaku Denki Co. Ltd., Tokyo, Japan. 

8 ATTO HSLC-013-4; A'TTO Co., Tokyo, Japan. 

Table I-Apparent Stability Constants ( M - ' )  of Digitalis 
Glycoside-Cyclodextrin Complexes Determined by the  
Solubility Method in Water  at 25" 

Digitalis Cyclodextrin 
Glycoside a P Y 

Digoxin 
Digi toxin 
Methyl digoxin 

180 
290 
400 

11200 12200 
17000 63600 
11400 13600 

of 0.7 ml/min. The separation utilized a columng (40 mm X 25 cm) with 
methanol-water (58:42) as a mobile phase, and the eluant was monitored 
spectrophotometrically a t  220 nm. Components were quantitated by 
measuring peak heights and comparing the height with an internal 
standard containing a known amount of prednisolone'. 
In Vivo Absorption S t u d i e g S i x  female beagle dogs, with an average 

weight of 11 kg, were used. A tablet was administered orally with 20 ml 
of water after an overnight fast a t  intervals of a t  least 1 week. The ad- 
ministration sequence was based on a crossover matrix designed to 
minimize any residual or cumulative effects of the preceding dose. The 
formulations of the tablets were as follows: 9%99% (w/w) lactose as a 
diluent, 1.0% (w/w) magnesium stearate as a lubricant, and 0.1% (w/w) 
digoxin or 0.76% (w/w) digoxin-y-cyclodextrin complex. Plasma samples 
were obtained at timed intervals, and digoxin concentrations were de- 
termined by enzyme immunoassay1° (18). 

RESULTS AND DISCUSSION 

Solubility Study-The complexing behavior of digitalis glycosides 
with cyclodextrins in water was studied by a solubility method. The phase 
solubility diagrams obtained for digoxin with three cyclodextrins in water 
are shown in Fig. 1. In the case of a-cyclodextrin, the solubility of digoxin 
increased slightly in a linear fashion as a function of the n-cyclodextrin 
concentration, and the resulting solubility curve can be classified as type 
AL (15). The solubility plot for the P-cyclodextrin system is qualitatively 
similar to that for a-cyclodextrin, where a large increase in digoxin sol- 
ubility was obtained within the solubility limit of /3-cyclodextrin (-1.6 
X M). On the other hand, y-cyclodextrin showed a typical Bs-type 
solubility curve (15), where the initial ascending portion is followed by 
a plateau region and then a decrease in total digoxin solubility accom- 
panied by precipitation of a microcrystalline complex. Although the shape 
of solubility curves in Fig. 1 cannot be completely explained in terms of 
a stoichiometric relationship (19), an apparent stability constant ( K ' ) ,  
as a tentative measure of inclusion complexation, was estimated from 
the equation based on the assumption that a 1:l complex is initially 
formed. Table I summarizes the K' values for digitalis glycoside-cyclo- 
dextrin systems calculated from the initial ascending portion of solubility 
diagrams. The cavity size dependencies of the present systems were 
clearly noted from the magnitude of K' values (7- > P- > n-cyclodex- 
trin). 

Since the digitalis glycoside molecule is too large to be included within 
the cyclodextrin cavity, it is reasonable to assume that at  least one com- 
plex with a stoichiometric host-to-guest molecular ratio greater than one 
may be formed, in particular for the higher concentrations of cyclodextrin. 
T o  gain insight into the stoichiometry of the y-cyclodextrin system, the 
solid material that precipitated beyond the plateau region was analyzed 
(19). The analysis of the digoxin-y-cyclodextrin system gave the following 
results for 102Lt (the total concentration of y-cyclodextrin) and X ,  (the 
mole fraction of digoxin in the solid): 3.6,0.20; 4.0,0.20; 4.2,0.20; 4.4,0.20; 
4.8,0.20; and 5.0,0.20. These data indicate that 1:4 complex formation 
of digoxin with y-cyclodextrin predominate beyond the plateau region, 
while the lower-order complexes (k, la,' 1:2, and 1:3) may be formed 
around the initial increasing portion of the solubility diagram (Fig. 1). 
Similar results were obtained for y-cyclodextrin with digitoxin and 
methyl digoxin. Since only the 1:4 solid complex was isolated from the 
descending curvature of the Bs-type solubility diagram (probably because 
of limited solubility), this form was used for further study. 

NMR Study--'H-NMR techniques (200 MHz) were employed to 
examine the inclusion mode in aqueous solution. Table I1 summarizes 
a typical example of the effects of cyclodextrins on some 'H-chemical 
shifts (18-methyl and 19-methyl) of digoxin (20). Unfortunately, the other 
proton signals were too weak to be quantitatively analyzed under the 
experimental conditions used. In the presence of cyclodextrins, both 

LiChrosorb RP-18 (5 pm); E. Merck, Darmstadt. West Germany. 
1" Digoxin hatch assay Emit cad.; Syva Co., U.S.A. 
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Table 11-Effects of Cyclodextrins on '€I-Chemical Shifts of 
Some Digoxin Protons in Deuterium Oxide a 

lH Incrementc with 
Without Cyclodextrins, ppm 

Protonsb Cyclodextrins a b Y 

18-Methyl 0.772 0.038 0.055 0.040 
19-Methvl 0.932 0.017 0.198 0.081 

~~ ~~ ~~~~ 

Concentrations of digoxin and cyclodextrins were 1.0 X 10-4 M and 4.0 X 10-4 
M, res ectively. Assigned according to Ref. 20. The values are positive if any 
ypfieljshift of the resonance occurs. 

signals moved downfield probably due to the steric perturbation through 
inclusion complexation (21). Interestingly, the downfield shift of the 
19-methyl signal was apparently greater than that of the 18-methyl signal, 
particularly for j3-cyclodextrin. This suggests that the A-ring moiety of 
the digoxin molecule may strongly interact with 8-cyclodextrin. The 
magnitude of the downfield shifts of both methyl protons decreased in 
the order of 8- > y- > a-cyclodextrin. The effect of digoxin on 'H- 
chemical shifts of cyclodextrins was also examined. All cyclodextrin 
protons located within or near the cavity (e.g., H-3, H-5, or H-6) experi- 
enced a shielding effect, where the magnitude of the upfield shift de- 
creased in the order of b- > y- > a-cyclodextrin. These NMR data in- 
dicate that the digoxin molecule is located at  the entrance of the a-cy- 
clodextrin cavity, could penetrate further into the 8-cyclodextrin cavity, 
and is loosely bound to y-cyclodextrin. 

Since b-cyclodextrin induced a chemical shift change that was the 
largest among the three cyclodextrins (Table II), 'H-chemical shift dis- 
placements (Ad) of the 19-methyl signal of digoxin on addition of 8-cy- 
clodextrin were quantitatively examined. Figure 2 shows the plots of 
molar ratio of 8-cyclodextrin-digoxin uersus change in chemical shift 
(6) of the 19-methyl signal. Above a molar ratio of 4 for 8-cyclodextrin- 
digoxin, no further substantial changes of the chemical shifts occur. This 
suggests that the stoichiometric equivalence point is reached to form 1:4 
complexes of digoxin with P-cyclodextrin. A similar stoichiometric re- 
lationship was expected for digoxin-y-cyclodextrin, which is consistent 
with the result of the solubility study. Inspection of a space-filling mo- 
lecular model'l shows that four molecules of b- or y-cyclodextrin are 
available for the complete inclusion of the digoxin; digoxin fits tightly 
into j3-cyclodextrin channels and more loosely into the larger interior 
space of y-cyclodextrin channels. 

Evidences of Complex Formation in Solid State-To confirm the 
complexation of cyclodextrins with digitalis glycosides in the solid state, 
X-ray diffractometry and IR spectroscopy were employed and compared 
with the corresponding physical mixtures in the same molar ratio. Figure 
3 shows the powder X-ray diffraction patterns of the digoxin-y-cyclo- 
dextrin complex and their physical mixture. The diffraction pattern of 
the physical mixture was simply the superposition of each component, 
while that of y-cyclodextrin complex was apparently different from each 
constituent and constituted a new solid phase. The y-cyclodextrin 
complex gave a somewhat diffuse diffraction pattern, suggesting that i t  
is less crystalline than the physical mixture. Figure 4 shows the IR spectra 
of the digoxin-y-cyclodextrin complex in the carbonyl-stretching region 
of the C-23 carbonyl group in digoxin (22). In the case of the y-cyclo- 
dextrin complex, the 1720 cm-l band was found to shift to 1743 cm-', 

I- 

l5L 1 r 0 0.9 J I 

0 0  5 10 
MOLAR RATIO (fl-CYCLODEXTRIN/DlGOXIN) 

Figure 2-1H-chemical shift displacements of the IBmethyl signal of 
digoxin on addition of 8-cyclodextrin in deuterium oxide. 

11 Corey-Pauling-Koltun molecular model. 

5 O  1 oo 1 5 O  zoo 25' 
29 

Figure 3-Powder X-ray  diffraction patterns of the digoxin-y-cyclo- 
dextrin system. Key: (A) 1:4 complex of digoxin with y-cyclodextrin; 
(B) physical mixture of  digoxin and y-cyclodextrin in 1:4 molar 
ratio. 
suggesting the dissociation of the intermolecular hydrogen bonds of di- 
goxin through inclusion complexation. Similar results were obtained for 
other glycoside-y-cyclodextrin systems. These data clearly indicate that 
the digitalis glycoside-y-cyclodextrin complexes exist in the solid 
state. 

Dissolution Behavior of Inclusion Complex-Figure 5 shows a 
typical example of the dissolution profiles of digoxin and 1:4 digoxin- 
y-cycldextrin complex from the rotating disk with constant surface area 
in acidic medium (pH 1.52) at 37O, where intact digoxin was quantita- 
tively determined by HPLC. It is evident that the complexed form of 
digoxin dissolved much more rapidly (-100-fold) than digoxin itself. 
Similar results were obtained for other digitalis glycaside-y-cyclodextrin 
systems. The observed increase in rate may be due to an increase in sol- 
ubility and/or a decrease in crystallinity of the drug by inclusion com- 
plexation (23). It is interesting to note that the dissolution profile of the 
complex showed a negative curvature with time. This dissolution data 
may provide evidence for a complicated system, i .e.,  decrease in con- 
centration of intact digoxin due to acid hydrolysis or change in the tablet 
surface of the complexed digoxin during the dissolution process. This 
preliminary study revealed that y-cyclodextrin significantly retarded 
the hydrolysis of digoxin in an acidic medium, which is described in detail 
in a separate paper (24). It seems most likely that the digoxin is precipi- 
tating on the surface of the tablet as it dissociates resulting in negative 
curvature of the dissolution curve, since the NMR data in Table I1 sug- 
gested that the inclusion of digoxin into the y-cyclodextrin cavity is not 
tight. Although the complex appears to dissociate rather quickly after 
dissolution, the initial decrease in dissolution rate together with improved 
chemical stability in acidic medium suggests that the y-cyclodextrin 
complexes of digitalis glycosides may have good oral bioavailability. 

I I 

1800 1700 1600 
WAVE NUMBER, cm-' 

Figure 4-IR spectra of the digoscin-y-cyclodextrin system, measured 
by the potassium bromide disk method. Key: (- - - -) 1:4 complex of di- 
goxin with y-cyclodextrin; (-) physical mixture of digoxin and y-cy- 
clodextrin in 1:4 molar ratio. 
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Figure 5-Dissolution curves of digoxin and its y-cyclodextrin complex 
in acidic medium (pH 1.52) at 37O, measured by the rotating disk 
method. Key: (0) digoxin; (e) 1:4 complex of digoxin with y-cyclo- 
dextrin. 

Bioavailability of Digoxin-y-Cyclodextrh Complex-The in vivo 
absorption study was undertaken to find out if the in vitro dissolution 
enhancement of digoxin from its y-cyclodextrin complex increases the 
GI absorption of the drug. Finely powdered digoxin and its y-cyclodextrin 
complex were compressed to tablets (average weight 50 mg) to give a final 
digoxin content of 0.1 or 0.05%. Figure 6 shows the mean plasma levels 
of digoxin following the oral administration of tablets to dogs, where the 
concentration of digoxin in the plasma sample was determined by enzyme 
immunoassay (18). When equivalent doses of digoxin (100 pg) were ad- 
ministered to dogs, the y-cyclodextrin complex attained maximum 
plasma levels of 0.90 f 0.14 mghiter a t  45 min, which was -3 times higher 
than that of digoxin alone (25). The area under the plasma concentra- 
tion-time curve (AUC) of the complex up to 24 hr was found to be 5.4 

.5 

0 
HOURS 

Figure 6-Plasma levels of digoxin following the oral administrations 
of tablets containing digoxin or 1:4 digoxin-y-cyclodextrin complex to 
dogs. Each point represents the mean *SE of six dogs. Key: (0) 100-pg 
digoxin tablet; (e) y-cyclodextrin complex tablet containing 100 pg 
of digoxin; (A) y-cyclodextrin complex tablet containing 50 pg of di- 
goxin; (*) p < 0.01, (e) versus (0). 

times as much as that of digoxin alone. Furthermore, the AUC of the 
y-cyclodextrin complex containing 50 pg of digoxin was also found to be 
superior to that of 100 pg of digoxin alone. Therefore, the enhanced 
bioavailability of digoxin by y-cyclodextrin complexation suggests that 
the complex offers a decrease in dose and fewer side effects in oral digitalis 
glycoside therapy. It should be noted also that the 1:4 complexation of 
digitalis glycosides with y-cyclodextrin results in an -8-fold increase in 
the molecular weight of the drug, which may facilitate the pharmaceutical 
preparation, particularly the content uniformity test. 
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Abstract 0 Capillary gas chromatography using an open tubular fused 
silica column and NP-FID was applied to the simultaneous analysis of 
the antihistamine, carbinoxamine, and the antitussive, hydrocodone, in 
human serum. Carbinoxamine and hydrocodone were extracted into 
methylene chloride-2-propanol(9:1) under alkaline conditions along with 
their respective internal standards, brompheniramine and N-ethylhy- 
drocodone. The basic drugs were back-extracted into 0.1 N sulfuric acid 
and reextracted into benzene after making the aqueous phase alkaline 
with potassium hydroxide. The benzene extracts were evaporated to 
dryness and the residues were reconstituted with 40 pl of n-nonyl alco- 
hol-methanol (191). Samples (1-2 pl) were injected onto the capillary 
column in the splitless mode (solvent effect) at 185' and the temperature 
programmed to 250'. Calibration curves using spiked serum standards 
were linear to at least 20 ng/ml for both drugs. Coefficients of variation 
averaged f6.1% for carbinoxamine and f5.0% for hydrocodone in the 
2-15 ng/ml range. Sensitivity was estimated to be 4 . 2  ng/ml for a 2-ml 
serum sample. Serum levels of carbinoxamine and hydrocodone were 
determined in a human volunteer administered these drugs. 

Keyphrases GLC assay-carbinoxamine and hydrocodone in human 
serum, nitrogen sensitive detection Carbinoxamine-GLC assay, ni- 
trogen sensitive detection 0 Hydrocodone-GLC assay, nitrogen sen- 
sitive detection Nitrogen sensitive detection-GLC assay for carbi- 
noxamine and hydrocodone in human serum 

Carbinoxamine, 2-((4-chlorophenyl)-2-pyridinyl- 
methoxyl-NJV-dimethylethanamine, is an antihistamine 
structurally related to chlorpheniramine. Quantitative 
methods for determining carbinoxamine in biological 
fluids have not been published. However, several methods 
have been published for chlorpheniramine. These methods 
include GLC-MS (1,2), GLC-electron-capture detection 
(3), GLC-nitrogen-sensitive detection (4, 5 )  and high- 
performance liquid chromatography (HPLC) (6,7). 

Hydrocodone, 4,5a-epoxy-3-methoxy-17-methylmor- 
phinan-6-one, is a widely used antitussive agent. A method 
to determine hydrocodone in serum using GLC-elec- 

CARBINOXAMINE BROMPHENIRAMINE 
(INTERNAL STANDARD) 

R= -CH , HYDROCODONE 
R: -C2HI N-ETHYLHYDROCODONE (INTSTD.) 

tron-capture detection has been described by Barnhart 
and Caldwell (8) using the pentafluorophenylhydrazone 
derivative. The purpose of this investigation was to develop 
a specific and sensitive capillary GLC method for the si- 
multaneous determination of carbinoxamine and hydro- 
codone in human serum. 

EXPERIMENTAL 

Chemicals-Carhinoxamine maleate, hydrocodone hitartrate, and 
hrompheniramine maleate were USP reference standards. Reagent grade 
potassium hydroxide, sulfuric acid, hydrochloric acid, and 2-propanol 
were used without further purification'. Methylene chloride, benzene, 
and methanol were glass distilledz. n-Nonyl alcohol3 was distilled in glass 
and the fraction boiling between 214'-215' was used. 

Instrumentation-The GLC analyses were performed on a gas 
chromatograph4 equipped with a capillary injection system5 and a ni- 
trogen-sensitive detector. Separations were performed on a 10-12 m x 
0.25-mm i.d. fused silica open tubular column wall-coated with SE-306. 
The film thickness was 0.25 pm. The flow rate of the helium carrier gas 
was adjusted to give partition ratios ( k )  of -4.6 and 8 for carbinoxamine 
and hydrocodone, respectively, under the chromatographic conditions 
described below. Linear flow rates were in the 30-40-cm/sec range. The 
initial oven temperature was 185'. After 1.1 min at 185' it was pro- 
grammed to increase at 25"/min for 0.9 min and then at 10°/min until 
it reached 250' where it was held for 1 min. The temperature of the ni- 
trogen-specific detector was 300', with hydrogen and air flow rates of 3.0 
and 50 ml/min, respectively. The injection port temperature was 260O. 
A 8 cm X 2-mm i.d. fused silica splitless liner was used with a purge ac- 
tivation time of 0.9 min. The computing integrator had a slope sensitivity 
of 0.1 and an attenuation of Z3 or 22. 

Preparation of the Hydrocodone Internal Standard-The internal 
standard for hydrocodone, 4,5-epoxy-3-methoxy-17-ethylmorphinan- 
6-one, herein referred to as N-ethylhydrocodone, was synthesized from 
dihydronorcodeinone by the method of Clark and Woodbridge (9). 
Dihydronorcodeinone was synthesized from hydrocodone using the cy- 
anogen bromide method of Clark et al. (10). 

Preparation of Serum Standards-About 35 mg of carbinoxamine 
maleate and 37.5 mg of hydrocodone bitartrate reference standards were 
accurately weighed into a 50-ml volumetric flask and dissolved in water. 
A secondary aqueous standard was made in water to a final concentration 
of -10 pg/ml as the free base. Working serum standards at 15,10,5, and 
2 ng/ml were prepared by adding 75,50,25, and 10 p1 of the secondary 
standard to a 50-ml volumetric flask and adjusting to volume with 
drug-free serum. The serum should be checked by the analytical proce- 
dure for interferences, since antihistamines are available in common 
nonprescription cold preparations. Internal standards, brompheniramine 
and N-ethylhydrocodone, were prepared in the same solution of 0.01 N 
HCl at  40 ng/ml. 

Extraction Procedure-To a screw-cap test tube was added 2 ml of 
serum sample or standard, 1 ml of internal standard solution, 1 ml of 2 
N KOH, and 6 ml of methylene chloride-2-propanol(9:1). The test tube 

Mallinckrodt reagent grade. 
Burdick and Jackson. 
Eastman Chemical Co. 
Hewlett-Packard Model 5840A. 
Hewlett-Packard Model 18835B. 
J & W Scientific, Inc. 
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Table I-Analytical Precision of the Determination of 
Carbinoxamine and Hydrocodone in Suiked Human Serum 

A .  

0 

9 

B. 

C. 

i 

L 

c 
i 

A t 

II 
d 

U 

Figure 1-Chromatograms of serum extracts. Key: (A) Serum standard 
containing 10 nglml of carbinoxamine and hydrocodone; (B) Serum 
sample of human volunteer prior to drug administration; (C) Serum 
sample of human volunteer 4.5 hr postdose with 5 mg of hydrocodone 
bitartrate and 4 mg of carbinoxamine maleate; (a) carbinoxamine; (b) 
brompheniramine; (c) hydrocodone; (d) N-ethylhydrocodone. Arrow 
denotes attenuation change from 23 to 22. 

Concentra- Peak Area Calculated 
tion, Ration Concentration, 

ng/ml (n = 4) ng/mlo RSD 

Carbinoxamine 
0 
2 
5 

10 
15 

Hydrocodone 
n 
2 
5 

10 
15 

0 
0.122 2 0.012 
0.302 f 0.019 
0.651 f 0.030 
0.940 f 0.038 

0 
0.221 f 0.16 

0.530 f 0.032 
1.11 f 0.038 
1.62 f 0.050 

0.5 
1.97 f 0.19 
4.81 f 0.29 

10.3 f 0.48 
14.9 f 0.61 

-0.006 
2.03 f 0.15 
4.87 f 0.29 

10.2 f 0.36 
14.9 f 0.46 

- 
9.6 
6.1 
4.7 
4.1 

- 
7.4 
6.0 
3.5 
3.1 - 

a Mean f SD. 

was capped and shaken at a moderate rate (150 cpm) on a reciprocal 
shaker7 for 10 min. After centrifugations at  2500 rpm for 5 min at 2-5O, 
the upper aqueous phase was discarded by aspiration. The organic phase 
was decanted into a clean test tube containing 2 ml of 0.1 N sulfuric acid 
and capped. After shaking and centrifuging the upper aqueous layer was 
transferred to a test tube containing 0.3 m12 N KOH and 2 ml of benzene. 
The sample was vigorously mixedg for 10 sec and centrifuged. Avoiding 
any aqueous phase, the benzene layer was transferred with a pipet freshly 
rinsed with absolute ethanol to a conical screw-cap test tube. The sample 
was evaporated to dryness at 35040° with a gentle stream of dry, filtered 
air. The residue was constituted with 40 pl of 5% methanol in n-nonyl 
alcohol and the entire test tube wall was rinsed with the solvent and 
centrifuged. A 2-3 pl aliquot was injected into the GLC using the splitless 
injection technique. 

Injection Technique-Since injections were made in the splitless 
mode, using the solvent effect ( l l ) ,  the injection process was slow. The 
sample was loaded into a 10-pl syringe followed by air to the 1-pl mark. 
The purge flow was eliminated and the septum was pierced by the syringe 
needle. The needle was heated for 5-10 sec in the injection port and the 
sample injected at a rate of -1 pllsec. The syringe needle was left in the 
injection port for 5 sec after sample introduction. 

Calculations-Calibration curves of peak area ratios (carbinoxam- 
ine-brompheniramine and hydrocodone-N-ethylhydrocodone) versus 
serum carbinoxamine or hydrocodone concentrations were linear to a t  
least 20 ng/ml. Unknowns were calculated from a least-squares linear 
regression fit to known carbinoxamine and hydrocodone serum stan- 
dards. 

RESULTS AND DISCUSSION 

Capillary GLC is inherently more sensitive than conventional CLC 
because of the higher amount of detectable substance passing through 
the detector per unit of time. Sensitivity is of particular importance in 
the analysis of drugs such as carbinoxamine and hydrocodone where peak 
serum concentrations are typically in the 5-15-ng/ml range. 

Chromatographic peaks of carbinoxamine and hydrocodone were 
symmetrical and well resolved from serum coextractives, as shown in Fig. 
1. It was necessary to use two internal standards because of the different 
extraction and chromatographic properties of carbinoxamine and hy- 
drocodone. Brompheniramine was chosen as the internal standard for 
carbinoxamine because it eluted in a clean chromatographic region and 
was completely resolved from carbinoxamine. Chlorpheniramine, which 
elutes just prior to carbinoxamine, was not used because of its more 
common presence in pharmaceutical antihistamine preparations. This 
method could be used to determine serum chlorpheniramine levels. Either 
carbinoxamine or brompheniramine would suffice as an internal standard 
for a chlorpheniramine assay. 

The precision of both assays is shown in Table I. In the concentration 
range of 2-15 ng/ml the coefficients of variation ranged from 4.1 to 9.6% 
for carbinoxamine and from 3.1 to 7.4% for hydrocodone. Extraction ef- 
ficiencies averaged 71.2 f 2.8% and 78.4 f 2.5% for carbinoxamine and 
hydrocodone, respectively, a t  10 ng/ml. 

7 Eberbach Corp. 
8 Sorvall RC-BB, DuPont, Inc. 
9 Maxi Mix Model M-16715, Thermolyne, Sybron Corp. 
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Table 11-Analysis of Spiked Serum Samples of Carbinoxamine 
and Hydrocodone at Low Concentration 

Concentration, Peak Area Ratios" 
ndml Carbinoxamine/IS HydrocodoneDS 

0.2 0.0065 f .0018 (28.2%)* 0.0088 f .002 (25.m) 
0.5 0.0206 f .0042 (20.3%) 0.0423 f .0061 (14.4%) 
1.0 0.0736 f .0075 (10.2%) 0.091 f .GO79 (8.7%) 

0 Mean f SD; n = 4. b Coefficient of variation (%). 

Calibration curves of peak area ratios versus concentration in serum 
were linear up to at least 20 ng/ml. Assay sensitivity or the minimum 
quantifiable concentration was evaluated by determining the assay 
precision in the 0.2-l.O-ng/ml range. By defining the sensitivity as that 
concentration of drug that has a f25% CV, the sensitivity for both car- 
binoxamine and hydrocodone is 4 . 2  ng/ml using a 2-ml sample volume 
(Table 11). 

To asses the validity of this analytical procedure, serum samples from 
a human volunteer were assayed. The serum carbinoxamine and hydro- 

Table III-Serum Carbinoxamine and Hydrocodone 
Concentrations after Oral Administration of 4 mg of 
Carbinoxamine Maleate and 5 mg of Hydrocodone Bitartrate to  
a Human Volunteer 

Time Serum Concentration, ng/ml 
Postdose. hr Carbinoxamine Hydrocodone 

0 
0.5 
1 
1.5 
2 
3 
4.5 
6 
9 

12 
24 
36 

0 
1.1 
3.8 
4.6 
8.0 
7.5 
6.3 
5.5 
3.2 
1.7 
1.1 
0.7 

0 
4.6 
9.1 

10.7 
10.4 
7.5 
4.3 
4.2 
1.7 
0.6 
0 
0 

codone concentrations from a human volunteer orally administered, 
under fasted conditions, a solution containing 4 mg of carbinoxamine 
maleate and 5 mg of hydrocodone bitartrate are shown in Table 111. 
Typical chromatograms from a human volunteer are also shown in Fig. 
1. This assay provides the precision and sensitivity to conduct phar- 
macokinetic and bioavailability studies in humans receiving a single oral 
dose of carbinoxamine maleate and hydrocodone bitartrate. 
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Abstract 0 A further investigation of N-substituted derivatives of 
phthalimide for hypolipidemic activity has revealed that the chain length, 
as well as the type of substitution on the N-alkyl chain of phthalimide 
is critical for biological activity. In these studies the hypolipidemic ac- 
tivity was not improved by extending the chain length beyond five carbon 
atoms in the alkyl and alkanoic acid series. Imido nitrogen substituents, 
other than alkanoic acids, methyl ketones, and alkyl groups, caused a 
reduction in hypolipidemic activity, e.g., hydroxy, amino, hydroxymethyl, 
or carbethoxy. Reduction of the keto group in the side chain to an alcohol, 
as well as forming derivatives of the keto group, did not improve the 
hypolipidemic activity with the exception of 1-N-phthalimidobutan- 
%one semicarbazone. This compound demonstrated improved hypo- 

cholesterolemic activity over phthalimide and 1-N-phthalimidobutan- 
%one. Substitution of the 3-position of the aromatic moiety of phthali- 
mide with an amino or nitro group, as well as substituting a pyridine or 
cyclohexyl ring for the phenyl ring, led to the loss of hypolipidemic ac- 
tivity. 
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Previously, it was shown that phthalimide (I) is a potent 
hypolipidemic agent in rodents. Serum cholesterol levels 
were reduced 43% in mice after administration for 16 days 

a t  20 mg/kg/day. Serum triglyceride levels were also re- 
duced 56% after 14 days of administration in mice at the 
same dose. The phthalimide derivatives were more potent 
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Table 11-Analysis of Spiked Serum Samples of Carbinoxamine 
and Hydrocodone at Low Concentration 

Concentration, Peak Area Ratios" 
ndml Carbinoxamine/IS HydrocodoneDS 

0.2 0.0065 f .0018 (28.2%)* 0.0088 f .002 (25.m) 
0.5 0.0206 f .0042 (20.3%) 0.0423 f .0061 (14.4%) 
1.0 0.0736 f .0075 (10.2%) 0.091 f .GO79 (8.7%) 

0 Mean f SD; n = 4. b Coefficient of variation (%). 

Calibration curves of peak area ratios versus concentration in serum 
were linear up to at least 20 ng/ml. Assay sensitivity or the minimum 
quantifiable concentration was evaluated by determining the assay 
precision in the 0.2-l.O-ng/ml range. By defining the sensitivity as that 
concentration of drug that has a f25% CV, the sensitivity for both car- 
binoxamine and hydrocodone is 4 . 2  ng/ml using a 2-ml sample volume 
(Table 11). 

To asses the validity of this analytical procedure, serum samples from 
a human volunteer were assayed. The serum carbinoxamine and hydro- 

Table III-Serum Carbinoxamine and Hydrocodone 
Concentrations after Oral Administration of 4 mg of 
Carbinoxamine Maleate and 5 mg of Hydrocodone Bitartrate to  
a Human Volunteer 

Time Serum Concentration, ng/ml 
Postdose. hr Carbinoxamine Hydrocodone 

0 
0.5 
1 
1.5 
2 
3 
4.5 
6 
9 

12 
24 
36 

0 
1.1 
3.8 
4.6 
8.0 
7.5 
6.3 
5.5 
3.2 
1.7 
1.1 
0.7 

0 
4.6 
9.1 

10.7 
10.4 
7.5 
4.3 
4.2 
1.7 
0.6 
0 
0 

codone concentrations from a human volunteer orally administered, 
under fasted conditions, a solution containing 4 mg of carbinoxamine 
maleate and 5 mg of hydrocodone bitartrate are shown in Table 111. 
Typical chromatograms from a human volunteer are also shown in Fig. 
1. This assay provides the precision and sensitivity to conduct phar- 
macokinetic and bioavailability studies in humans receiving a single oral 
dose of carbinoxamine maleate and hydrocodone bitartrate. 
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phthalimide for hypolipidemic activity has revealed that the chain length, 
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is critical for biological activity. In these studies the hypolipidemic ac- 
tivity was not improved by extending the chain length beyond five carbon 
atoms in the alkyl and alkanoic acid series. Imido nitrogen substituents, 
other than alkanoic acids, methyl ketones, and alkyl groups, caused a 
reduction in hypolipidemic activity, e.g., hydroxy, amino, hydroxymethyl, 
or carbethoxy. Reduction of the keto group in the side chain to an alcohol, 
as well as forming derivatives of the keto group, did not improve the 
hypolipidemic activity with the exception of 1-N-phthalimidobutan- 
%one semicarbazone. This compound demonstrated improved hypo- 

cholesterolemic activity over phthalimide and 1-N-phthalimidobutan- 
%one. Substitution of the 3-position of the aromatic moiety of phthali- 
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Table I-Hypolipidemic Activity of Miscellaneous N-Substituted Cyclic Imides in Male Mice at 20 mg/kg/day ip 

Percent of Controla 
Day 14 Day 9 Day 16 
Serum Serum Serum 

Compound Triglyceride Cholesterol Cholesterol 

I 
I1 
I11 
IV 

Phthalimide 
N-Hydroxyphthalimide 
N-Hydroxymethylphthalimide 
N -  AminoDhthalimide 

44 f 8b 
66 f 
54 f 1 6  
81 f 6b 

V 1-N-Phthalimidopropan-2-one 48 f 10 

VII 1-N-Phthalimidolutan-Z-ine 69 f 12b 
VIII 1-N-Phthalimidobutan-2-01 64 f 4 
IX 1-N-Phthalimidobutan-3-one 58 f l b  
X 1-N-Phthalimidobutan-3-01 98 f 12 
XI 1-N-Phthalimidobutan-3-ketoxime 84 f gb 
XI1 1-N-Phthalimidobutan-3-ketoxime acetate 91 f 11 
XI11 1-N-Phthalimidobutan-3-semicarbazone 15 f 6b 
XIV N-n-Butylphthalimide 82 f 16c 

XVI N-n-Butyl-3-nitrophthalimide 88 f gC 
XVII N-n- Butyl-pyridyl-2,3-dicarboximide 86 f 5b  
XVIII N-n- Butyl-cis- 1,2-cyclohexyldicarboximide 81 f 8b 
XIX 8-N-Phthalimidooctanoic acid 81 f 4b xx 12-N-Phthalimidodecanoic acid 89 f 4b 

XXII a-(N-Phtha1imido)ethylphenyl ketone 98 f 5 
XXIII N-Carbethoxyphthalimide 113 f 9 
XXIV N-n- Octadecylphthalimide 92 f 6 

XXVI Isatin 92 f I 
1% Carboxymethylcellulose 1 0 0 f 6  

VI 1-N-Phthalimido ropan 2 01 55 f 5 6  

xv N-n-Butyl-3-aminophthalimide 12 f 10 

XXI l-N-Phthalimido-3-phenyl-2-propene I1 f 16 

xxv N-(Phthalimidomethy1)acetamide 59 f 6b 

a Mean f SD; n = 6. p 5 0.001. p 5 0.010. Control value 132 f 7 mg?h. Control value 128 dlhiter. 

63 f 8b 
100 f 11 
I 9  96 
94 f 10 
80 f 16c 
69 f 8b 
64 f l b  
8 8 f 4  
61 f.llb 
96 f 5 
89 f 6e 
81 f l b  
57 f 6b 
1 2  f l o b  
85 f l b  

1 0 0 f 9  
99 f 6 
98 f I 
18 f 8b 
95 f 9 
89 f gC 
8 4 f 5 b  
80 f 6b 
96 f 12 
61 f 3b 
81 f 8c 

100 f 5d 

than clofibrate, and preliminary experiments suggested 
they were nontoxic. Further investigation of SAR re- 
quirements for hypolipidemic activity of phthalimides was 
undertaken by substituting the nitrogen of the imide ring 
with a series of alkyl, methyl ketone, carboxylic acid, and 
acetate ester substituents of varying chain lengths (1). 

The previous study revealed that alkyl substitutions of 
four carbon atoms or an oxygen atom substituted for one 
carbon atom afforded the best hypolipidemic activity in 
mice. Consequently, a number of other chemical modifi- 
cations of phthalimides were undertaken. Many of these 
compounds were chemical probes to investigate the po- 
tential hypolipidemic activity and do not represent a full 
series of compounds for complete SAR analysis. 

RESULTS AND DISCUSSION 
Substitution of the phthalimido nitrogen with a hydroxyl group (II), 

a hydroxymethyl group (III), or an amino group (IV) resulted in com- 
pounds with decreased hypolipidemic activity compared with the parent 
molecule, phthalimide, in both the serum cholesterol and triglyceride 
screens. It may be noted that N-hydroxyphthalimide (11) reduced serum 
triglyceride levels 36%, whereas phthalimide reduced triglyceride levels 
56%. Reduction of N-phthalimidopropan-2-one (V) and N-phthalimi- 
dobutan-2-one (VII) to the corresponding alkanols (VI and VIII) resulted 
in compounds which showed essentially no difference in hypolipidemic 
activity. However, reduction of 1-N-phthalimidobutan-3-one (IX) to 
1-N-phthalimidobutan-3-01 (X) resulted in 106s of hypolipidemic activity. 
Derivatization of the carbonyl group of the ketone moiety in 1-N- 
phthalimidobutan-3-one (IX) as in the ketoxime (XI), the ketoxime ac- 
etate (XII), and the semicarbazone of the ketone produced varied results 
in hypolipidemic activity. Compounds XI and XI1 did not significantly 
lower serum cholesterol and triglyceride levels in mice, but the semicar- 
bazone (XIII) reduced serum cholesterol levels 47% and serum triglyc- 
eride levels 25%. This magnitude of reduction of serum cholesterol levels 
by the semicarbazone demonstrated that i t  was one of the more potent 
imide derivatives in the hypocholesterolemic screen in mice. 

Substitution of an amino (XV) or nitro group (XVI) at the 3-position 
of the phenyl ring of N-n-butylphthalimide or substitution of the aro- 
matic moiety of phthalimide by a pyridine (XVII) or cyclohexyl (XVIII) 
moiety resulted in no change in hypotriglyceridemic activity; however, 

51 f 7b 
70 f 6b 
75 f 96 
89 f 9 
67 f 12b 
62 f 4b 
65 f 5 b  
12 f I 
63 f lb  
88 f 7 
73 f 5 b  
96 f 5 
43 f 46 
54 f 6b 
82 f 6b 
81 3 ~ 4 ~  
15 f 
83 f 8b 
65 f 2b 
15 f l b  
14 f 3b 
73 f 6b 
80 f 6b 
91 f 9  
7 0 h  7 b  
71 f lb  

100 f 8e 

there was a marked reduction in biological activity in the cholesterol 
screen. Elongation of the N-alkyl substitution on the imido nitrogen in 
the N-phthalimido alkanoic acid series led to a decrease in hypolipidemic 
activity. Previously, we have shown that N-substituted alkanoic acid 
series, from acetic to caproic, were potent as hypolipidemic agents in mice. 
Interestingly, the pharmacological data for these compounds demon- 
strated that the shorter the side chain, the higher the hypotriglyceridemic 
activity and the longer the side chain, the higher the hypocholesterolemic 

, activity. However, the two acids tested in this present study were less 
active in both screens compared with those in the original series. 

Random substitution of the side chain, e.g., 1-N-phthalimido-3-phe- 
nyl-2-propene (XXI) and a-(N-phthalimid0)ethylphenyl ketone (XXII), 
resulted in compounds which retained moderate (>25%) hypocholest- 
erolemic activity, but only XXI demonstrated any hypotriglyceridemic 
activity (-23%). N-Carbethoxyphthalimide was essentially inactive in 
both screens. 

We have previously synthesized a homologous series of N-n-alkyl- 
phthalimides, including the methyl through octyl derivatives. The butyl 
analogue showed the most potent activity with decreasing activity dis- 
played by the pentyl through octyl derivatives. Further chain elongation, 
e.g., N-n-octadecylphthalimide (XXIV), afforded a compound essentially 
devoid of hypolipidemic activity. 

Substitution of a nitrogen for a methylene group of 1-N-phthalimi- 
dobutan-3-one (IX) resulted in XXV, which was active as a hypolipidemic 
agent lowering serum triglyceride levels 41% and serum cholesterol levels 
30%. Isatin (XXVI), an isomer of phthalimide, demonstrated no hypo- 
triglyceridemic activity and only moderate hypocholesterolemic activity 
(-23%). 

Whereas the compounds presented here were generally no more potent 
than the ones previously reported in this series (l), they do demonstrate 
chemical modifications that will probably not result in the development 
of a potent hypolipidemic imide. 

EXPERIMENTAL 

Chemistry-Melting points were determined using a melting point 
apparatus' and are uncorrected. NMR data were obtained utilizing a 
60-MHz spectrometer2. Compounds I, 11, IV, XXIII, and XXVI were 
obtained from a commercial source3 and were tested without further 

Me1 Temp. 
JEOL C 60 HL. 
Aldrich Chemical Co., Milwaukee, Wis. 
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purification. Syntheses of I, III, V, IX, and XIV were reported previously 
(1). 

Compounds VI, XVI-XX, and XXIV-Equimolar amounts 
(0.006-0.15 mole) of the appropriate anhydride and amine were refluxed 
overnight in 75-200 ml of toluene, collecting the water of reaction by 
azeotropic distillation. The toluene was removed in uacuo, and the residue 
was distilled or recrystallized. 

I-N-Phthalimidopropan-2-oI (V1)-The amount obtained was 26.7 
g (72% yield) (ethanol-ligroine); mp 89-91.5' [lit. (2) mp 88-90']. 
N-n-Butyl-3-nitrophthalimide (XVZ)-The amount obtained was 

19.0 g (62% crude yield) (ethanol); mp 69-70' [lit. (3) mp 71-72']. 
Anal.-Calc. for C12H~Nz04: C, 58.06; H, 4.87. Found: C, 58.21; H, 

4.82. 
N-n-Butylpyridyl-2,3-dicarboximide (XVII)-The amount obtained 

was 0.52 g (8% yield) (ethanol-HZO); mp 84-85'. 'H-NMR (CDCl3): 
7.72-9.19 (m, 3, aromatic), 3.81 (t, 2, N-CH2), and 0.75-2.02 pPm (m. . _  
7, -CHzCHzCH3). 

5.95. 
Anal.-Calc. for CllH12N202: C, 64.69; H, 5.92. Found: C, 64.59; H, 

N-n-Butyl-cis-1 2-cyclohexyldicarboximide (X VIII)-The amount 
obtained was 12.9 g (62% yield); bp 119-123'/0.27-0.68 mm Hg [lit. (4) 
bp 115-118'/2 mm Hg]. 

Anal.-Calc. for ClzH1gN02 C, 68.87; H, 9.15. Found: C, 68.96; H, 
9.32. 

8-N-Phthalimidooctanoic Acid (X1X)-The amount obtained was 
1.0 g (55% yield) (hexane); mp 89-90'; 'H-NMR (CDCl3): 7.63-8.07 (m, 
4, aromatic), 3.77 (t, 2, N-CHz), 2.45 (t, 2, CH2C02). and 1.1S2.01 ppm 
[m, 10, (CHZ)~CHZCOZI. 

Anal.-Calc. for C1&9N04: C,66.42; H, 6.62; N, 4.84. Found C,66.24; 
H, 6.42, N, 4.83. 
12-N-Phthalimidodecanoic Acid (XX)-The amount obtained was 

2.5 g (36% yield) (hexane); mp 87-88'; 'H-NMR (CDC13): 7.50-7.96 (m, 
4, aromatic), 3.68 (t, 2, N-CHz), 2.20 (t, 2, CH*C02), and 1.161.88 ppm 
[m, 18, (CHZ)~CHZCO~I. 

Anal.-Calc. for C d n N 0 4 :  C, 69.54, H, 7.88, N, 4.06. Found: C, 69.61; 
H, 8.12; N, 3.94. 
N-n-Octadecylphthalimide (XXIV)-The amount obtained was 28.1 

g (70% yield) (ethanol); mp 7a79' [lit. (5) mp 80-S1°]. 
Anal.-Calc. for C ~ ~ H ~ ~ N O Z :  C, 78.15; H, 10.34. Found: C, 78.10; H, 

10.61. 
1-N-Phthalimidobutan-2-one (VII) and 1-N-Phthalimidobu- 

tan-2-01 (VIII)-l-Amino-2-butol(3.95 g, 0.044 mole), prepared from 
1,2-epoxybutane by the procedure of de Montmollin and Achermann (6), 
was dissolved in 100 ml of toluene, and 6.5 g (0.044 mole) of phthalic 
anhydride was added. The mixture was refluxed for 2 hr, collecting the 
water formed in the reaction by azeotropic distillation. The toluene was 
removed in uacuo, and the residue was recrystallized from isopropyl al- 
cohol to afford 4.0 g (41%) of l-N-phthalimidobutan-2-01 (VIII), mp 
71-71.5'. 'H-NMR (CDC13): 7.72-8.10 (m, 4, aromatic), 3.76-4.00 (m, 
3, CHzCH(0Hb-h 2.32-2.54 (br s,1, OH), 1.38-1.88 (m, 2, -CHzCH3), 

Anal. Calc. for C12H13N03: C, 66.35; H, 5.10. Found: C, 66.58; H, 
5.11. 
I-N-Phthalimidobutan-2-01 (2.02 g, 0.009 mole) in 18 ml of CH2C12 

was added to 2.98 g (0.014 mole) of pyridinium chlorochromate suspended 
in 20 ml of CH2C12. The mixture was stirred 2.5 hr, 50 ml of ether was 
added, and the supernatant was decanted and filtered. Evaporation of 
the filtrate and repeated recrystallization from water gave 0.27 g (14%) 
of 1-N-phthalimidobutan-2-one (VII), mp 107-108' [lit. (7) mp 107- 
108'1. 

Anal.-Calc. for C13H12N03: C, 66.74; H, 5.98. Found: C, 65.70; H, 
5.98. 
1-N-Phthalimidobutan-3-01 (X)-l-N-Phthalimidobutan-3-one 

(9.78 g, 0.045 mole) was added to a mixture of 32.31 g (0.158 mole) alu- 
minum isopropoxide in 300 ml of isopropyl alcohol. The mixture was 
refluxed for 6 hr (at this time it gave a negative test for acetone with 
2,4-dinitrophenylhydrazine). The isopropyl alcohol was removed in 
uacuo, 450 ml of 0.16 N HCl was added, and the mixture extracted with 
ethyl acetate. Evaporation of the organic phase in uacuo yielded a yellow 
oil which on distillation gave 5.6 g (49%) of 1-N-phthalimidobutan-3-01, 
mp 58-60' [lit. (8) mp 48'1. 

Anal.-Calc. for C12H13NOa: C, 65.74; H, 5.98. Found: C, 66.00; H, 
5.92. 
1-N-Phthalimidobutan-3-ketoxime (XI)-1-N-Phthalmidobu- 

tan-%one (5.0 g, 0.023 mole) was suspended in 25 ml of ethanol, and 5.0 
g of hydroxylamine hydrochloride was added, followed by 25 ml of pyri- 
dine. The mixture was refluxed 3 hr. the volatile material removed in 

and 1.05 (t, 3, CH3). 

uacuo, and the residue was recrystallized from ethanol to yield 0.62 g 
(12%) of l-N-phthalimidobutan-3-ketoxime, mp 179' [lit. (9) mp 
178'1. 

Anal.-Calc. for C12HlzN203: C, 62.06; H, 5.20. Found: C, 62.31; H, 
4.94. 
1-N-Phthalimidobutan-3-ketoxime Acetate (XU)-1-N-Phthal- 

imidobutan-3-ketoxime (1.0 g, 0.013 mole) was refluxed for 4 hr in 90 ml 
of acetic anhydride. The volatile material was removed in uacuo, and the 
residue was recrystallized from water to give 0.22 g (18%) of 1-N- 
phthalimidobutan-3-ketoxime acetate, mp 110-112'; 'H-NMR (ace- 
tone-d6): 7.98 (s,4, aromatic), 4.02 (t, 2, N-CHz), 2.73 (t, 2, CH&=N), 
2.10 (s, 3, CH3), and 2.02 ppm (s,3, CH3). 

Anal.-Calc. for C14H14N204: C, 61.31; H, 5.15. Found: C, 61.50; H, 
4.98. 
I-N-Phthalimidobutan-3-semicarbazone (XII1)-1-N-Phthali- 

midobutan-3-one (4.0 g, 0.018 mole) was added to a solution of 4.0 g (0.035 
mole) of semicarbazide hydrochloride and 6.0 g of sodium acetate in 40 
ml of ethanol and 22 ml of water. The mixture was warmed until it became 
milky white and was then allowed to stand for 3 hr; 40 ml of water was 
added, and the precipitate was collected and recrystallized from methanol 
to give 1.98 g (40%) of l-N-phthalimidobutan-3-semicarbazone, mp 
221-223' [lit. (10) mp 202-203OI. 

Anal.-Calc. for C13H14N403: C, 56.93; H, 5.15. Found C, 57.13; H, 
5.07. 
N-o-Butyl-3-aminophthalimide (XV)-N-n-Butyl-3-nitro- 

phthalimide (XVI) (12.4 g, 0.5 mole) was dissolved in 300 ml of ethanol, 
added to 4 g of 10% Pd-C, and shaken for 10 min under hydrogen in a 
low-pressure apparatus4 (60 psig). The catalyst was removed by filtration, 
the solvent was evaporated in uacuo, and the residue was recrystallized 
from ethanol-water to give 8.05 g (73%) of N-n-butyl-3-aminophthali- 
mide, mp 67-70'; 'H-NMR (CDC13): 6.83-7.62 (m, 3, aromatic), 5.38 (8 ,  
2, NHz), 3.67 (t, 2, N-CHZ), and 0.75-1.95 ppm (m, 7, CH2CH2CH3). 

Anal.-Calc. for C12H14N202: C, 66.04; H. 6.47. Found: C, 66.00; H, 
6.40. 
l-N-Phthalimido-3-phenyl-2-propene (XX1)-This compound 

was prepared by refluxing equimolar amounts of potassium phthalimide 
and cinnamyl bromide in absolute ethanol for 12 hr. The solvent was 
removed under reduced pressure, and the residue was washed with water. 
The residual water-insoluble product was collected by filtration and then 
recrystallized from toluene to give XXI, in 65% yield, mp 160-161'. 

Anal.-Calc. for C17H13N02: C, 77.55; H, 4.98; N, 5.32. Found C, 77.78; 
H, 5.09; N, 5.39. 
a-( N-Phtha1imido)ethylphenyl Ketone (XXI1)-An equimolar 

amount of potassium phthalimide and a-bromopropiophenone in ethyl 
alcohol were refluxed for 5 hr. The solvent was removed under reduced 
pressure, and the residue was washed with water and then recrystallized 
from toluene-petroleum ether to give XXII in 60% yield, mp 8%89'. 

Anal.-Calc. for C17H13N03: C, 73.11; H, 4.69; N, 5.02. Found C, 73.27; 
H, 4.72; N, 5.00. 
N-(Phthalimidomethy1)acetamide (XXV-Utilizing the procedure 

of Buc (11), 8.85 g (0.05 mole) of N-hydroxymethylphthalimide and 3.5 
ml(O.066 mole) of acetonitrile were added to 50 ml of concentrated sul- 
furic acid. The mixture was stirred for 22 hr, 250 ml of ice was added, and 
the precipitate was collected and recrystallized from ethanol to give 3.5 
g (33%) of XXV, mp 224-227' [lit. (11) mp 213-214.5'1. 

Anal.-Calc. for CllH10N203: C, 60.57; H, 4.59. Found: C, 60.58; H, 
4.59. 

Biological Studies-All compounds were tested at 20 mg/kg/day and 
administered intraperitoneally to male mice at  11:OO a.m. On days 9 and 
16, the blood was collected via the tail vein. The blood samples were 
collected between 800 and 930 a.m. in alkali-free nonheparinized mi- 
crocapillary tubes, which were centrifuged for 3 min to obtain the serum 
(12). Duplicate 25-pl samples of nonhemolyzed serum were used to de- 
termine the milligram percent serum cholesterol levels by a modification 
of the Liebermann-Burchard reaction. Using a separate group of mice, 
which were bled on day 14, serum triglyceride levels (in dlhiter) were 
measured using duplicate samples of 50 p15. 
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Abstract  0 A high-performance liquid chromatographic (HPLC) 
analysis for tetrahydrozoline and naphazoline in ophthalmic solutions 
is presented. The analysis allows a more reproducible, direct stability- 
indicating assay than the colorimetric methods generally employed. The 
HPLC system is so designed that a variety of ophthalmic solutions con- 
taining either naphazoline or tetrahydrozoline can be analyzed con- 
comitantly. 
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Tetrahydrozoline (I) and naphazoline (11) are sympa- 
thomimetic agents used in the majority of commercially 
available occular decongestants. The current analytical 
methodologies are either colorimetric or ultraviolet. Tet- 
rahydrozoline analysis involves color development with 
either sodium nitroprusside (1,2) or bromophenol blue (2). 
Naphazoline is presently assayed by either UV-absorption 
spectroscopy (3) or colorimetry (1). 

I 

2-( 1,2,3,4-Tetrahydro-l-naphthyl)- 
2-imidazoline, monohydrochloride 

I1 

2( l-Naphthylmethyl)-2-imi- 
dazoline, monohydrochloride 

These methods generally involve isolation steps as well as 
color development times and are subject to interferences. 
The high-performance liquid chromatographic (HPLC) 
procedure developed in our laboratory is a direct stabil- 
ity-indicating assay for tetrahydrozoline and naphazoline 
in ophthalmic solutions. 

EXPERIMENTAL 

Materials-Methanol1, citric acid2, sodium citrate3, and perchloric 
acid4 were used as received. Tetrahydrozoline and naphazoline were USP 
reference standards. A high-performance liquid chromatograph5 and a 
UV visible spectrophotometer6 were used. A microparticulate octade- 
cylsilane column7 was used. The temperature was ambient and the flow 
rate 2.0 ml/min. The analytical wavelength was 265 nm. Injection volume 
was 20 pl. 

Mobile Phase-Six grams of sodium citrate dihydrate and 4 g of an- 
hydrous citric acid were added to 700 ml of water and mixed until dis- 
solved; 7 ml of perchloric acid was added and the pH determined. The 
pH was adjusted to 2.2 f 0.2 by further addition of perchloric acid. A 
300-ml volume of methanol was added, the solution mixed thoroughly, 
filtered through a 0.45-pm filter, and deaerated for -10 min. 

Tetrahydrozoline Internal Standard Solution-A solution con- 
taining -150 mg of tetrahydrozoline hydrochloride was prepared by 
dissolving and diluting to volume with distilled water to 100 ml (-1.5 
mg/ml). 

Naphazoline Internal Standard Solution-A preparation of -40 
mg of naphazoline in 100 ml of water was prepared and diluted 1/10 with 
water for use as the internal standard solution (-0.04 mg/ml). 

Naphazoline Standard-Approximately 120 mg of naphazoline hy- 
drochloride was weighed accurately into a 100-ml volumetric flask and 
dissolved and diluted to volume with distilled water. A 5.0-ml volume 
of this solution was pipetted into a 50-ml volumetric flask and diluted 
to volume with distilled water ( 4 . 1 2  mg/ml); 5.0 ml of this solution was 
pipetted into a 10-ml volumetric flask and diluted to volume with tet- 
rahydrozoline internal standard solution. 

Methanol, Burdick and Jackson or equivalent spectrophotometric grade. 
Citric acid anhydrous AR Grade. 
Sodium citrate dihydrate AR Grade. 
Perchloric acid ( W o ) ,  Fisher Scientific. 
Waters Model 6000A Liquid Chromatography Pump; Rheodyne Model 7120 

Injector with 204 loop; DuPont variable-wavelength detector; Hewlett-Packard 
3385A Recording Integrator. 

Varian/Cary 219 UV Spectro hotometer. 
Waters pBondapak CIS liquizchromatographic column. 
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Tetrahydrozoline (I) and naphazoline (11) are sympa- 
thomimetic agents used in the majority of commercially 
available occular decongestants. The current analytical 
methodologies are either colorimetric or ultraviolet. Tet- 
rahydrozoline analysis involves color development with 
either sodium nitroprusside (1,2) or bromophenol blue (2). 
Naphazoline is presently assayed by either UV-absorption 
spectroscopy (3) or colorimetry (1). 
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2-( 1,2,3,4-Tetrahydro-l-naphthyl)- 
2-imidazoline, monohydrochloride 

I1 

2( l-Naphthylmethyl)-2-imi- 
dazoline, monohydrochloride 

These methods generally involve isolation steps as well as 
color development times and are subject to interferences. 
The high-performance liquid chromatographic (HPLC) 
procedure developed in our laboratory is a direct stabil- 
ity-indicating assay for tetrahydrozoline and naphazoline 
in ophthalmic solutions. 

EXPERIMENTAL 

Materials-Methanol1, citric acid2, sodium citrate3, and perchloric 
acid4 were used as received. Tetrahydrozoline and naphazoline were USP 
reference standards. A high-performance liquid chromatograph5 and a 
UV visible spectrophotometer6 were used. A microparticulate octade- 
cylsilane column7 was used. The temperature was ambient and the flow 
rate 2.0 ml/min. The analytical wavelength was 265 nm. Injection volume 
was 20 pl. 

Mobile Phase-Six grams of sodium citrate dihydrate and 4 g of an- 
hydrous citric acid were added to 700 ml of water and mixed until dis- 
solved; 7 ml of perchloric acid was added and the pH determined. The 
pH was adjusted to 2.2 f 0.2 by further addition of perchloric acid. A 
300-ml volume of methanol was added, the solution mixed thoroughly, 
filtered through a 0.45-pm filter, and deaerated for -10 min. 

Tetrahydrozoline Internal Standard Solution-A solution con- 
taining -150 mg of tetrahydrozoline hydrochloride was prepared by 
dissolving and diluting to volume with distilled water to 100 ml (-1.5 
mg/ml). 

Naphazoline Internal Standard Solution-A preparation of -40 
mg of naphazoline in 100 ml of water was prepared and diluted 1/10 with 
water for use as the internal standard solution (-0.04 mg/ml). 

Naphazoline Standard-Approximately 120 mg of naphazoline hy- 
drochloride was weighed accurately into a 100-ml volumetric flask and 
dissolved and diluted to volume with distilled water. A 5.0-ml volume 
of this solution was pipetted into a 50-ml volumetric flask and diluted 
to volume with distilled water ( 4 . 1 2  mg/ml); 5.0 ml of this solution was 
pipetted into a 10-ml volumetric flask and diluted to volume with tet- 
rahydrozoline internal standard solution. 
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Table I-Comparison of Tetrahydrozoline Assays 

HPLC Colorimetric Analysis 
Sample No. Run No. Analysis (Sodium Nitroprusside) 

1 99.5 
2 99.0 

99.5 
96.7 
99.5 
99.9 
99.5 
101.3 
97.5 
98.1 

1 97.4 
2 97.6 I I  1 98.4 
2 99.0 
1 97.3 
2 97.7 rn 

I 
~~ 

Table 11-Comparison of Naphazoline Assays 
~ 

HPLC Colorimetric Analysis 
Sample No. Run No. Analysis (Sodium Nitroprusside) 

1 1 100.8 106.8 
2 100. 1 97.8 

2 

3 

1 103.8 
a 2  103.4 

1 98.2 

102.3 
107.8 
104.5 
104.5 2 99.9 

4 1 102.4 106.1 
2 102.5 105.2 

Table 111-Precision of Naphazoline and Tetrahydrozoline 
Analyses 

Figure 2-Separation of degradation products of (A) naphazoline 
preparation and (B) tetrahydrozoline preparation. Key: ( I )  tetrahy- 
drozoline, (2) naphazoline, (3) N-(2-aminoethyl)-1,2,3,4-tetrahydro- 
1-naphthylamine, and (4) N-(2-aminoethyl)-I-(I-naphthyl)acet- 
amide. 

Sample Procedure-A 5.0-ml volume of the sample was pipetted into 
a 10-ml volumetric flask and diluted to volume with the appropriate in- 
ternal standard solution. 

Naphazoline, Tetrahydrozoline, 
m g h l  Found mg/ml Found 

0.1210 
0.1210 
0.1200 
0.1180 
0.1204 
0.1228 
0.1218 
0.1228 
0.1225 

0.524 
0.524 
0.508 
0.518 
0.508 
0.515 
0.515 
0.510 
0.513 RESULTS AND DISCUSSION 

The HPLC analysis is, in the majority of cases, more reproducible than 
the sodium nitroprusside colorimetric methods for tetrahydrozoline and 
naphazoline (Tables I and 11). In addition the use of naphazoline as the 
internal standard for tetrahydrozoline and tetrahydrozoline as the in- 
ternal standard for naphamline allows direct analysis of a variety of oph- 
thalmic solutions using a single eluant system. 

The precision data for the HPLC analysis (Table 111) and the com- 
parative study (Tables I and 11) demonstrate that the HPLC analysis is 
better than the colorimetric techniques, which in our laboratories gave 
standard deviations of 1.5% for naphazoline and 2.8% for tetrahydrozo- 
line. 

A typical chormatogram is shown in Fig. 1. Both tetrahydrozoline and 
naphamline can be separated from their respective degradation products, 
N-(2-aminoethyl)-1,2,3,4-tetrahydro-l-napthylamine (111) and N-(2- 
aminoethy1)-1-(1-napthy1)acetamide (IV) (Fig. 2). These components 
can be quantitated separately if desired, although appropriate corrections 
for extinction coefficient differences must be used. 

0 
II 

CH~-C-NH~-CH~CH~NHz 
I 

Mean 
SD 
RSD 

0.1228 rn 
f0.0016 
f1.3390 

0.506 m 
f0.006 
f1.2% 

Tetrahydrozoline Standard-Approximately 100 mg of tetrahy- 
drozoline was accurately weighed into a 100-ml volumetric flask, dis- 
solved, and diluted to volume with distilled water. A 25.0-ml volume of 
this solution was pipetted into a 50-ml volumetric flask and diluted to 
volume with distilled water (-0.5 mg/ml); 5.0 ml of this solution was pi- 
petted into a 10-ml volumetric flask and diluted to volume with napha- 
zoline internal standard solution. 

1 

111 IV 
Both compounds 111 and IV have been isolated from the HPLC system 
and identified spectroscopically. The response for both tetrahydrozoline 
and naphazoline is linear. The naphazoline response from 0.02 to 0.1 
mg/ml gave a correlation coefficient of 0.9999, n = 1.0019 (4). Tetrahy- 
drozoline response gave a correlation coefficient of 0.9999 between 0.1 
and 0.5 mg/ml, n = 1.0029. The analysis is applicable to a variety of oph- 
thalmic solutions*. 

The HPLC assay presented constitutes a direct, stability-indicating 

Clear Eyes, Naphcon. 20/20, Murine Plus, Visine, Visine AC, Soothe. 
Figure 1-Typical chromatogram of ( I )  naphazoline and (2) tetrahy- 
drozoline. 
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analysis for either of the two major sympathomimetic agents in use in 
topical occular decongestants. The technique is more reproducible than 
the present colorimetric assay and does not suffer from the time restraints 
and interferences possible in colorimetric assays. The HPLC method 
presented can be easily automated and allows analysis of a variety of 
ophthalmic solutions on a single HPLC system. 
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Abstract A reverse-phase high-performance liquid chromatographic 
(HPLC) method for determining sodium levothyroxine in tablet for- 
mulations is described. The sodium levothyroxine was extracted from 
tablets using a mobile phase consisting of 60% acetonitrile and 40% 
aqueous buffer. After centrifugation 200 pl of the solution was chroma- 
tographed on a 10-pm CIS column. The method gave accurate results 
when tested against the USP method, by the standard additions method, 
and by the spiked-placebo method. The method can also be used to de- 
termine content uniformity and dissolution of sodium levothyroxine 
tablets. 
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Sodium levothyroxine (I) tablets are widely prescribed 
in thyroid replacement therapy, with a wide range of doses 
available (25-300 pghablet). The USP XX method of 
assay consists of a lengthy ignition and oxidation to iodate 
followed by titration of the liberated iodine (1). The 
method is neither stability indicating nor sensitive enough 
to be used for content uniformity and dissolution deter- 
minations. 

A number of other assay procedures based on liquid 
chromatography have appeared in the literature (2-13). 
This report describes a new reverse-phase liquid chro- 
matographic (HPLC) assay method that adequately sep- 
arates I from degradation products and can be used for the 
identification, content uniformity analysis, and dissolution 
testing of I in tablets. 

EXPERIMENTAL 

Reagents and Materials-Sodium levothyroxine’ (I) was assayed 
by the USP X x  procedure (14); sodium liothyroninel and 3,5-diiodo- 
L-thyronine2 were used as received. Reagents used were analytical reagent 

Sanabo Gesellschaft, Kundle, Austria. 
*Sigma Chemical Co., St. Louis, Mo. 

grade. The levothyroxine sodium tablets (USP) were obtained com- 
mercially from four sources-. 

Apparatus-The high-performance liquid chromatograph7 was 
equipped with a variable-wavelength UV detectors, a strip-chart re- 
corderg, an electronic integratorlo* and a 200-4 loop-type injector”. 
Commercial 10-pm CIS columns12 (30 cm X 4 mm i.d.) were used at am- 
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* 
$40-  
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RETENTION TIME, min 
Figure 1-Chromatogram of sodium levothyroxine (I ,  20 pgglml) with 
added sodium liothyronine (T3,lO pgfml), and 3,5-diiodo-~-thyronine 
(Tz,lO pgfml). 

3 Armour Pharmaceutical Co., Phoenix, Ariz. 

5 Lederle Laboratories, Pearl River, N.Y. 

’ Model 5020, Varian Associates, Palo Alto, Calif. * Model UV-50, Varian Associates, Palo Alto, Calif. 
9 Model 1005, Beckman Instruments, Fullerton, Calif. 

lo Model CDS-111L, Varian Associates, Palo Alto, Calif. 

l2 Model MCH-10, Varian k i a t s s ,  Palo Alto, Calif.; pBondapak C18, Waters 

Flint, Division of Baxter-Travenol, Morton Grove, Ill. 

Pharmaceutical Basics, Inc., Denver, Co. 

Model CV-6-UHPa-N60, Vale0 Instruments Co., Houston, Tex. 

Associates, Milford, Mass. 

0022-3549l83/1100- 1349$01.00/0 
@ 1983, American Pharmaceutlcal Association 

Journal of Pharmceutical Sciences I 1348 
Vol. 72, No. 11,  November 1983 



analysis for either of the two major sympathomimetic agents in use in 
topical occular decongestants. The technique is more reproducible than 
the present colorimetric assay and does not suffer from the time restraints 
and interferences possible in colorimetric assays. The HPLC method 
presented can be easily automated and allows analysis of a variety of 
ophthalmic solutions on a single HPLC system. 
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60 - 

* 
$40-  
2 

v) 
UI 
U 30- 

2 

e a u 
UI 
D 

2 0 -  

10 - 

RETENTION TIME, min 
Figure 1-Chromatogram of sodium levothyroxine (I ,  20 pgglml) with 
added sodium liothyronine (T3,lO pgfml), and 3,5-diiodo-~-thyronine 
(Tz,lO pgfml). 

3 Armour Pharmaceutical Co., Phoenix, Ariz. 

5 Lederle Laboratories, Pearl River, N.Y. 

’ Model 5020, Varian Associates, Palo Alto, Calif. * Model UV-50, Varian Associates, Palo Alto, Calif. 
9 Model 1005, Beckman Instruments, Fullerton, Calif. 

lo Model CDS-111L, Varian Associates, Palo Alto, Calif. 

l2 Model MCH-10, Varian k i a t s s ,  Palo Alto, Calif.; pBondapak C18, Waters 

Flint, Division of Baxter-Travenol, Morton Grove, Ill. 

Pharmaceutical Basics, Inc., Denver, Co. 

Model CV-6-UHPa-N60, Vale0 Instruments Co., Houston, Tex. 

Associates, Milford, Mass. 

0022-3549l83/1100- 1349$01.00/0 
@ 1983, American Pharmaceutlcal Association 

Journal of Pharmceutical Sciences I 1348 
Vol. 72, No. 11,  November 1983 



Table I-Comparison of the USP XX and HPLC Assay for a 100- 
pg Tablet 

Table 11-Comparison of the USP XX and HPLC Assays for  I in 
Tablets Stored at Elevated Temperatures 

USP xx HPLC 

Number of 8 8 
Determinations 
Mean, % 101.3 100.7 
Range, % 104.5-98.8 101 Lb99.1 
Percent RSD 2.21 0.85 

bient temperature. A stainless steel column (4 cm X 4 mm i.d.) packed 
with a 40-pm CIS pellicular material13 was used both as a guard column 
and in place of the injection loop for dissolution studies. Dissolutions were 
performed on a commercial dissolution apparatus14 using the USP-ro- 
tating-paddle method. 

Chromatographic Conditions-The mobile phase was a mixture of 
60% acetonitrile and 40% pH 3.0 aqueous buffer containing 0.005 M 1- 
octanesulfonic acid and 0.005 M tetramethylammonium chloride. The 
acetohitrile was reduced to 50% for columns with less retentive packing 
rnaterialI3. Flow rate was 2 ml/min, and the detector was at  230 nm and 
0.08 AUFS. 

Standard Preparation-The levothyroxine reference standardI5 
(19.5 mg) or I (20 mg) was dissolved in 100.0 ml of mobile phase. The stock 
solution could be stored for several months in darkness a t  4". Working 
standards were prepared daily from the stock solution by dilution with 
the mobile phase. 

Sample Preparation-Twenty tablets were weighed and finely 
powdered. A portion of powder equivalent to 200 pg of I was transferred 
to a glass-stoppered centrifuge tube. Mobile phase (10.0 ml) was added, 
and the mixture was sonicated for 5 min and then centrifuged. The su- 
pernatant was then filtered through a 0.45-pm membrane filter16 if it was 
not free of particulate matter. For content uniformity analyses, one tablet 
was placed in a centrifuge tube and enough mobile phase was added to 
make the final concentration 20 pg/ml (except 25- and 50-pg tablets, 5- 
and IO-pg/ml were acceptable). The tablet was sonicated until completely 
disintegrated, and the solution was analyzed using the composite assay, 
reducing the standard concentration where applicable. 

I 
I 

Figure 2-Typical chromatograms for the assay of sodium leoothy- 
roxine. The mobile phase is 60% acetonitrile and 40% pH 3.0 buffer. 
Key: injection I :  200-pg tablet from manufacturer B; injection 2: 100-pg 
tablet from manufacturer A (I1 is an excipient peak); and injection 3: 
standard, 20 pglml. 

~~ 

l3 Vydac RP ZOlSC, Varian Associates, Palo Alto, Calif. 
Model 725115, Hanson Research, Northridge, Calif. 
United States Pharmacopeial Convention, Rockville, Md. 

Is Acrodisc CR, 25mm, Gelman Sciences, Ann Arbor, Mich. 

Manufac- Potency, Storage Tempera- USP XX, HPLC, 
turer UE Davs ture (1.' % % 

A 100 21 60 101.3 70.9 
A 300 21 60 100.0 74.0 

101.0 74.3 A 100 91 40 
B 100 21 60 104.8 41.1 ~. ..- ~~ 

B 300 21 60 102.4 48.0 
B 100 91 40 105.2 34.3 
C 100 1 80 108.3 13.4 
D 100 21 60 100.0 67.0 
D 300 91 40 100.7 67.1 

All samples stored at ambient humidity. 

Assay Procedure-Standard and sample. preparations (200 pl) were 
injected into the liquid chromatograph. Either peak areas or peak heights 
were measured. Compound I was quantitated by comparing the peak 
response of the sample to that of the standard. 

Dissolution Procedure-Phosphate buffer (500 ml, pH 7.5,0.05 M) 
at  37 f 0.5" was used with the USP rotating-paddle method at  50 rpm. 
A 20-ml aliquot of the mixture was withdrawn after 30 min and filtered 
through a 0.45-pm membrane filter. A portion of the filtrate equivalent 
to 1 pg of I (0.25 pg for 25-pg tablets) was passed through a 4 cm X 4-mm 
guard column with CIS packing attached to the sampling valve. The 
column was rinsed with 1 ml of water and injected onto the liquid chro- 
matograph under the same conditions specified for the assay. Similarly, 
1.0 ml of a standard (1 pg/ml of I) in dissolution medium (0.25 pg/ml for 
25-pg tablets) was injected. The amount of I dissolved was quantitated 
by comparing the peak areas obtained for the standard and sample 
chromatograms. 

RESULTS AND DISCUSSION 

Chromatography and Specificity-Various mobile phases were 
investigated; however, the equimolar combination of I-octanesulfonate 
and tetramethylammonium chloride with acetonitrile was found to give 
the sharpest peak for I, as well as providing adequate separation of I from 
degradation products and tablet excipients. Figure 1 shows a typical 
chromatographic separation of I from liothyronine (TB) and 3,S-diiodo- 
L-thyronine (Tz). Figure 2 shows typical chromatograms obtained in the 
assay of two brands of tablets and a standard. Extraction of I by the 
mobile phase was quantitative, as evidenced by recovery experiments 
using whole tablets and I in combination with individual tablet excipients. 
Incomplete extraction of I in the presence of magnesium stearate was 
observed using several other extracting solvents (100% acetonitrile, 
ammoniacal methanol, and 60:40 acetonitrile-water). It is possible that 
I forms an insoluble ion-pair complex with the stearate which is inhibited 
in the presence of 1-octanesulfonate and tetramethylammonium chloride 
but not other extracting solvents. 

The specificity of the method was further tested by degrading samples 
of I (20-200 pg/ml) by irradiation, hydrolysis, oxidation, and heat and 
assaying the resulting solutions by the proposed method. Short-wave- 
length UV (24 hr) caused 100% degradation, while refluxing with 0.1 N 
HCl or 0.1 N NaOH (16 hr) caused 41.1 and 43.4% degradation, respec- 
tively. Oxidation with 0.01 M H202 and 0.01 M Fez+ (16 hr) caused 97% 
degradation. Thermal degradation of I at 80° combined with tablet ex- 
cipients was 1747% in 24 hr depending on the formulation. In every case 
the unidentified degradation products eluted before the I peak and did 
not interfere with the analysis of I. 

Comparison to  the USP Method and Reproducibility-A new lot 
(<1 month since manufacture) of 100-pg tablets of I was assayed re- 

Table 111-Recovery of Sodium Levothyroxine (I) Added to 
Tablet Formulations 

Stated Amt. of I Amt. of I 
Manu- Potency, Unspiked Added, Measured, Recoverya, 

facturer pg I/Tablet pg CCg % 

A 25 24.0 12.5 35.6 97.5 
A 300 281.0 150.1 429.4 99.6 
B 25 22.2 12.5 33.6 96.9 
B 200 195.7 100.9 297.9 100.4 
C 100 89.5 50.4 140.8 100.6 
D 200 196.7 100.9 297.6 100.0 

0 Percent Recovery = [measured IAunspiked I + added I)] X 100. 
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peatedly by the USP XX method and by the proposed method. The re- 
sults (Table I) indicate that the two methods are in close agreement for 
this lot and that reproducibility is good (RSD = 0.85%). However, samples 
stored at elevated temperatures (Table 11) for even short periods of time 
gave higher assay results by the USP XX method than by HPLC due to 
degradation of I in the tablet formulations. 

Recovery of I Added to Spiked Placebo Mixtures and Linear- 
ity-The effectiveness of the extraction step and accuracy of the method 
was tested by adding I in an amount corresponding to 50-125% of the 
label claim to several powdered placebo mixtures (25-, loo-, 200-, and 
300-pg tablets). A plot of the amount of I added uersus the amount re- 
covered indicates that the slopes are unity within experimental error 
(LOO0 f 0.008), that the intercepts are near zero (0.40 f 0.76), and that 
the correlation coefficients are unity (1.OOO). Recoveries for the 20 spiked 
samples tested (five for each potency) ranged from 98.1 to 100.6% (av- 
erage: 100.m RSD = 0.53). In each case a placebo blank was also run 
which showed no interfering peaks. These data indicate that the method 
is linear and accurate between 50 and 125% for the tablet formulations 
tested. Both peak area and peak height gave equally accurate results. 

The method was also tested by spiking several different commercially 
available tablets with additional I. Tablet potencies ranged from 25 to 
300 pg, and in each case 50% of the label amount of I was added. The re- 
sults (Table 111) indicate that complete recovery was obtained for all 
formulations tested. 

The linearity of the method was further tested by chromatographing 
a series of seven standard solutions ranging in concentration from 5 to 
35 pg/ml. Plots of both peak area and peak height uersus concentration 
were linear (correlation coefficients = 0.9999) and showed no bias (in- 
tercepts were 0.0 f 0.75%). These results indicate that an external stan- 
dard (equivalent to 20 pg/ml of I) can be used to analyze samples varying 
in concentration over a sevenfold range. 

Content Uniformity and Dissolution Studies-The applicability 
of the method for content uniformity determinations was tested by 
assaying 10 individual 25-pg tablets from manufacturer A. The mean 
value of 95.9% agreed well with a composite assay for this lot of 96.0%, 
and the variation (2.60% high to 2.61% low) was close to the weight vari- 
ation for the same 10 tablets (2.04-1.86%). 

The accuracy of the dissolution method was tested by determining the 
recovery of varying amount of I added to dissolution medium (0.05 M 
phosphate buffer, pH 7.5) plus tablet excipients. The results (Table IV) 
indicate that recovery is quantitative in the range of 30-100% (0.3-1.0 
pg); reprdducibility using peak area was also good (RSD = 1.3%, n = 8). 
Retention of I on the guard column was complete, since washing with 10 
times the normal amount of dissolution medium did not reduce the 
amount of I recovered (although the peak was broadened). Results using 
commercially available tablets (100 pg) varied from 36.2 to 68.4% dis- 
solved using the method depending on manufacturer and were signifi- 
cantly lower with water (-39%) and 0.1 N HCl (-28%) as the dissolution 
media. 

Several studies have shown differences in the potency and/or bio- 
availability of sodium levothyroxine preparations (15-17). Reported 
differences in bioavailability may be due to the use of subpotent tablets 
in the study, since several of the lots tested by the proposed HPLC 
method from more than one manufacturer were found to be well below 
the USP minimum of 90.0% of label claim. Since the stability of I in dif- 
ferent formulations varies considerably, it is possible that the differences 
in potencies occur not at the time of manufacture but on aging. Unfor- 
tunately the USP method, which measures only total iodine, does not 

Table I V S o d i u m  Levothyroxine (I) Dissolution-Recovery 
Study 

Amount of Amount of 
I added, I measured, Recovery, 

Sample Pg pga % 

30 30.0 30.3 101.0 
50 50.0 50.0 100.0 
70 70.0 69.2 98.9 

100 100.0 98.6 98.6 

500 d of dipsolution medium was used and 5.0 ml passed through guard column 
prior to injection (0.3-1.0 Fg injected). 

provide a specific or meaningful method for the determination of the 
stability of I in dosage forms. The proposed method is accurate, repro- 
ducible, and specific for I and adequately quantitates I in the presence 
of degradation products. In addition the method can be applied to 
identification, content uniformity, and dissolution of I in tablets. Official 
adoption of an HPLC method for the assay of sodium levothyroxine 
tablets will go a long way toward providing a better standardized and 
uniform product with a well-established shelf life. 
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Abstract 0 The dose-dependent nonlinearity of the clearance of cin- 
romide, a medium extraction ratio drug, has been established in two 
monkeys. Special problems encountered in evaluation of nonlinearity 
of such drugs were resolved by the experimental design: cinromide was 
infused to steady state oia the portal vein. A linearized form of the Mi- 
chaelis-Menten equation was used to determine u, and K,. In addi- 
tion, cinromide was administered to one of the monkeys via a femoral 
vein to verify the overestimation of K ,  by administration at a peripheral 
venous site. 
Keyphrases 0 Cinromide-in uivo evaluation of Michaelis-Menten 
constant, medium extraction ratio drug, application to the rhesus monkey 
0 Michaelis-Menten constant-in viuo evaluation, medium extraction 
ratio drug, application to cinromide in the rhesus monkey 0 Medium 
extraction ratio drug-in viuo evaluation of Michaelis-Menten constant, 
application to cinromide in the rhesus monkey 

The accurate determination of in uiuo Michaelis- 
Menten parameters is dependent on a number of consid- 
erations. For any drug it is a function of the compartmental 
model to which the data are fitted (1). For drugs with 
medium or high extraction ratios, the relationship between 
site of administration and site of elimination is important 
(2). For example, it has been pointed out that an overes- 
timation of the Michaelis-Menten constant ( K m )  is the- 
oretically expected for drugs with high hepatic extraction 
ratios administered by a peripheral venous site (3). Oral 
administration presents the advantage of an estimation 
of intrinsic clearance, but it allows no control over the rate 
of absorption. Furthermore, it requires an independent 

I A  
-- 

0 5 l o  
I4 

B +--. 
/ 

./' 

- 
Figure 1-Blood concentrations of cinromide during zero-order portal 
vein infusions. Key: (A) Monkey 306 dosed at  (*) 11.5, (0) 34.0, (H) 
70.0, and (0) 93.3 mglhr; (B) monkey 307 dosed at  (*) 12.3, (0)  30.6, 
fm j  69.9, and (0) 85.6 mglhr. 
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determination of fraction absorbed. A review of the liter- 
ature indicates that the problems associated with the in 
viuo determination of Michaelis-Menten parameters for 
a medium or high extraction ratio drug have not yet been 
resolved. 

An investigation of the pharmacokinetic characteristics 
of cinromide in the rhesus monkey established that this 
drug has a medium extraction ratio (4). Administration of 
this drug by intravenous (femoral vein) infusion at three 
zero-order rates for 5 hr suggested the presence of non- 
linearity. At the highest infusion rate (-100 m g h )  steady 
state was achieved within 5 hr (half-life = 0.92 f 0.23 hr) 
in only two of the five monkeys, and the postinfusion 
half-life of cinromide was significantly longer after the 
highest infusion rate (4). The object of the present study 
was to establish the nonlinearity of cinromide and to at- 
tempt an in uiuo determination of Michaelis-Menten pa- 
rameters. The experimental design was based on the fol- 
lowing considerations: (a )  the problems of extraction ratio, 
site of administration, and fraction absorbed were resolved 
by placement of a catheter in the hepatoportal vein; (b )  the 
bias of compartmental models was avoided, and the rate 
of presentation of the drug to the liver was controlled by 
selection of a steady-state approach. 

I 
5 10 15 

HOURS 
Figure 2-Blood concentrations of cinromide duringzero-order femoral 
vein infusions to monkey 307. Key: (*) 15.2 mgfhr; (0)  32.8 mglhr; (H) 
76.6 mglhr; (0) 90.2 mglhr. 
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Figure 3-Graphic eualuation of Michaelis-Menten constants for 
cinromide administered via the portal vein. 

EXPERIMENTAL 

Two male rhesus monkeys [306 (5.7 kg) and 307 (7.9 kg)] were condi- 
tioned in primate chairs prior to the beginning of this study. Two cath- 
eters were surgically implanted in each monkey; one in the portal vein 
and one in the jugular vein. Patency of catheters was assured by infusion 
of saline (1 mlhr). The monkevs were maintained on fresh fruit and 
monkey food. 

Cinromide' was administered in 60% polyethylene glycol 400 solution 
bv constant-rate infusion a t  4 mlhr  via the portal vein. Four different 
concentrations of cinromide were infused togive dosage rates of -lo-, 
30-, 70-, and 90-mghr. Infusions were aimed at achieving steady state 
and were maintained for at least 7 hr for the lo-, 30-, and 70-mgh doses, 
and at least 10 hr for the 90-mghr dose rate. Eleven blood samples were 
collected uia the jugular vein catheter during each infusion. Blood sam- 
ples were analyzed by high-performance liquid chromatography (HPLC) 
as previously described (4). To verify the effect of administration route 
on determination of the Michaelis-Menten constant, cinromide was 
administered to one monkey (307) uia a femoral vein at  the same four 
infusion rates. 

RESULTS AND DISCUSSION 

The concentrations achieved by four portal vein infusions to two 
monkeys are shown in Fig. 1. In every case, steady state appears to have 
been achieved. In both monkeys, the increase in steady-state concen- 
tration was more than proportional to the increase in infusion rate, il- 
lustrating the decrease in intrinsic clearance with increase in dose rate. 
A sevenfold increase in dosing rate corresponded to a 30-fold increase 
in steady-state concentration. The concentrations achieved by infusion 
of cinromide at  the same rates uia a femoral vein into monkey 307 are 
shown in Fig. 2. A sixfold increase in dosing rate corresponded to a 15-fold 
increase in steady-state concentration. Thus, the nonlinearity of cin- 
romide was less pronounced when administered uia the femoral vein than 
when administered uia the portal vein. These results demonstrate the 
buffering effect of blood flow on systemic clearance. 

Determination of parameters from the data of Figs. 1 and 2 was based 
on the following theoretical considerations. For a low extraction ratio 
drug, the dose-dependent clearance (CL)  may be expressed as: 

Supplied by Burroughs Wellcome Co., Research Triangle Park, N.C. 

20 1 \., 
\ 
1 

5 10 15 
CLEARANCE, liter/hr 

Figure 4-Graphic eualuation of Michaelis-Menten constants for 
cinromide administered via a femoral vein (nonportal route) to monkey 
307. 

(Eq. 1) 

where C* is the steady-state total drug concentration, Ro is the drug 
infusion rate, urn= is the maximum velocity of the reaction for the ith 
enzyme, and Kmi is the Michaelis constant for the ith enzyme, uncor- 
rected for blood protein binding. It is also assumed that the free fraction 
in blood is constant. 

Most commonly a single urn, and K ,  are evaluated as if a single en- 
zyme is responsible for the elimination of the drug. If the drug is elimi- 
nated by more than one enzyme having similar values of K ,  , they cannot 
be distinguished by this approach (5). A useful linear transformation of 
this relationship (Eq. 1) has been applied to phenytoin (6) and other 
drugs: 

(Eq. 2) 

For a medium to high extraction ratio drug eliminated only in the liver, 
it is appropriate to apply the above equations when drug is administered 
by a portal route. When drug is administered uia a peripheral vein and 
the well-stirred model of the liver is assumed, the clearance is related to 
the Michaelis-Menten parameters by: 

where QH is the liver blood flow. If drug is eliminated by a single enzyme, 
Eq. 3 may be rearranged to give: 

(Es. 4) 

Comparison of Eqs. 2 and 4 demonstrates that the evaluation of K ,  
is dependent on administration route, while the determination of urnax 
is independent. When drug is administered by a peripheral venous site, 
K, is overestimated by the value of u r n a X / Q ~ ,  as suggested by other au- 
thors (3). 

The data from the portal vein infusions were plotted according to the 

Journal of Pharmaceutical Sciences I 1353 
Vol. 72, No. 1 7 ,  November 1983 



linearized form of the Michaelis-Menten equation (Eq. 2). These data 
appeared to be nonlinear for both monkeys (Fig. 3). This nonlinearity 
is of the type observed in cases involving two saturable pathways with 
different values of K, (5). Nonlinear least-squares fitting of data to ac- 
quire the best estimates of parameters requires a t  least one more datum 
point than the number of parameters to be estimated. In this case, there 
are only four data points to estimate four parameters; therefore, no es- 
timates of the parameters for the pathway having the lower K ,  were 
attempted. The urnax and K ,  for the higher capacity pathway could be 
approximated by fitting the data from the three higher infusion rates to 
a straight line. The values of u,, and K ,  were 120 mghr and 3.35 
mghiter for monkey 306 and 114 mg/hr and 4.43 mghiter for monkey 307. 
A plot of data from the femoral vein infusions according to the linearized 
form of the Michaelis-Menten equation shows nonlinearity similar to 
that of the portal vein data (Fig. 4). The estimated values of urnax and K, 
are 170 mghr  and 15.6 mghiter, respectively. 

These values of urnax and K, for femoral vein administration may be 
compared with those obtained for the same monkey dosed uia the portal 
vein. The observed difference in u, was not expected. It may be a result 
of the metabolism of cinromide by more than one enzyme, as indicated 
by the nonlinearity of the data from all four infusions. Also, the clearance 
values obtained from the three higher infusion rates into the femoral vein 
span a narrow range (5.1 to 9.3 literhr), which can result in uncertainty 
in the intercept. According to theory (Eqs. 2 and 4) the value of K ,  ob- 
tained by femoral vein administration (15.6 mghiter) should exceed that 
obtained by portal vein administration (4.4 mghiter) by the ratio urnax/ 
QH. This ratio can be roughly estimated if the hepatic blood flow in 
monkey 307 is calculated using the portal and femoral infusion data and 
the equation of Wilkinson and Shand (7). Although this equation was 
developed for a dose-independent intrinsic clearance, it can be applied 
in the dose-dependent case, provided that the steady-state concentration 
of drug at  the enzyme is equal for the two routes of administration. This 
is accomplished by the administration of drug by the femoral and portal 
routes a t  equal rates. The average value obtained from the four pairs of 
infusions was 21.0 f 2.8 literhr. Division of the two values of urn, from 
monkey 307 by this value of blood flow yields 5.4 and 8.4 mgfliter, within 
567% of the difference between the two values of K ,  (11.2 mghiter). 
This calculation is compatible with the theoretical prediction. Equality 

between these two estimates of the difference in K ,  arising from route 
of administration is not expected, since the determination of K,, urnex, 
and QH involve error. In fact, the degree of compatibility suggests that 
the well-stirred model of the liver can be used to explain the effects of 
administration route on the disposition of cinromide. 

The dose-dependent nonlinearity of cinromide, a medium extraction 
ratio drug, has been demonstrated. Catheterization of the portal vein for 
chronic drug administration provided a means of evaluating the intrinsic 
clearance of cinromide independently of hepatic blood flow and, thereby, 
a means of examining the dose dependence of cinromide. Comparison 
of values obtained for the whole body Michaelis-Menten constant for 
the peripheral and portal routes of administration confirmed the theo- 
retically predicted effects of flow limitation on clearance. 
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Abstract 0 Several N-substituted azacyclopentanones and azacyclo- 
pentenones were synthesized and evaluated as repellents for the brown 
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Tick-borne diseases still represent a problem and the 
need for a safe means of controlling ticks exists. Com- 
pounds useful for repelling mosquitoes are not necessarily 
those that are the most effective for ticks. Screening of 
repellents for ticks required the development of a rapid, 
simple assay system, which has been completed in our 
laboratories. This method, which was described previously 
(l), involved the use of a plastic vial containing the ticks 

with a filter paper cap impregnated with the test sub- 
stance. The common behavior of ticks to travel upward is 
used to compare the control behavior with that in a vial 
treated at  the top with repellent. 

Most repellents reported for ticks have been amides or 
esters (2). We decided to explore azacyclopentanones and 
azacyclopentenones as a group of cyclic amides for their 
ability to repel the brown dog tick, Rhipicephalus san- 
guineus. 

Compounds reported in Tables 1-111 were prepared by 
the methods described in Experimental for selected 
compounds. 

EXPERIMENTAL’ 

Preparation of 1-Decyl-azacyclopentane-2-one (1b)-A mixture 
of 22.1 g of 1-bromodecane (0.1 mole), 8.5 g (0.1 mole) of 2-pyrrolidone, 

Elemental analyses were performed by the Microanalytical Laboratory, De- 
partment of Chemistry, Stanford University, Stanford, Calif. 
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linearized form of the Michaelis-Menten equation (Eq. 2). These data 
appeared to be nonlinear for both monkeys (Fig. 3). This nonlinearity 
is of the type observed in cases involving two saturable pathways with 
different values of K, (5). Nonlinear least-squares fitting of data to ac- 
quire the best estimates of parameters requires a t  least one more datum 
point than the number of parameters to be estimated. In this case, there 
are only four data points to estimate four parameters; therefore, no es- 
timates of the parameters for the pathway having the lower K ,  were 
attempted. The urnax and K ,  for the higher capacity pathway could be 
approximated by fitting the data from the three higher infusion rates to 
a straight line. The values of u,, and K ,  were 120 mghr and 3.35 
mghiter for monkey 306 and 114 mg/hr and 4.43 mghiter for monkey 307. 
A plot of data from the femoral vein infusions according to the linearized 
form of the Michaelis-Menten equation shows nonlinearity similar to 
that of the portal vein data (Fig. 4). The estimated values of urnax and K, 
are 170 mghr  and 15.6 mghiter, respectively. 

These values of urnax and K, for femoral vein administration may be 
compared with those obtained for the same monkey dosed uia the portal 
vein. The observed difference in u, was not expected. It may be a result 
of the metabolism of cinromide by more than one enzyme, as indicated 
by the nonlinearity of the data from all four infusions. Also, the clearance 
values obtained from the three higher infusion rates into the femoral vein 
span a narrow range (5.1 to 9.3 literhr), which can result in uncertainty 
in the intercept. According to theory (Eqs. 2 and 4) the value of K ,  ob- 
tained by femoral vein administration (15.6 mghiter) should exceed that 
obtained by portal vein administration (4.4 mghiter) by the ratio urnax/ 
QH. This ratio can be roughly estimated if the hepatic blood flow in 
monkey 307 is calculated using the portal and femoral infusion data and 
the equation of Wilkinson and Shand (7). Although this equation was 
developed for a dose-independent intrinsic clearance, it can be applied 
in the dose-dependent case, provided that the steady-state concentration 
of drug at  the enzyme is equal for the two routes of administration. This 
is accomplished by the administration of drug by the femoral and portal 
routes a t  equal rates. The average value obtained from the four pairs of 
infusions was 21.0 f 2.8 literhr. Division of the two values of urn, from 
monkey 307 by this value of blood flow yields 5.4 and 8.4 mgfliter, within 
567% of the difference between the two values of K ,  (11.2 mghiter). 
This calculation is compatible with the theoretical prediction. Equality 

between these two estimates of the difference in K ,  arising from route 
of administration is not expected, since the determination of K,, urnex, 
and QH involve error. In fact, the degree of compatibility suggests that 
the well-stirred model of the liver can be used to explain the effects of 
administration route on the disposition of cinromide. 

The dose-dependent nonlinearity of cinromide, a medium extraction 
ratio drug, has been demonstrated. Catheterization of the portal vein for 
chronic drug administration provided a means of evaluating the intrinsic 
clearance of cinromide independently of hepatic blood flow and, thereby, 
a means of examining the dose dependence of cinromide. Comparison 
of values obtained for the whole body Michaelis-Menten constant for 
the peripheral and portal routes of administration confirmed the theo- 
retically predicted effects of flow limitation on clearance. 
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Table I-1-Alkyl-azacyclopentane-2-ones 

TR 0 

Boiling Point/ I.R. (C=O), Analysis, % Tick Repellency 
Compound R 0.5 mm Hga Yield, % cm-1 Formula Calc. Found at 0.44 mg/cm2, % 

Ia 

Ib 

N 6.21 6.21 
Ic C12H15 150' 91 1690 C16H31NO C 75.83 75.96 20 

H 12.33 12.59 
N 5.53 5.46 

N.N-diethvl-rn-toluamide 32 
Butopyranbxyl 48 
Solvent control 7% 
Nontreated control 9% 

,I Boiling points normalized to 0.5 mm Hg for direct comparison. * 25% at 0.29 mg/cm2 and 20% at 0.19 mg/cmz. 

and 11.2 g (0.1 mole) of potassium tert-butoxide was stirred in 100 ml of 
anhydrous dimethyl sulfoxide for 1 hr. The dimethyl sulfoxide was re- 
moved under reduced pressure, the residue dissolved in 100 ml of ether, 
and washed with water (2 times). After drying the organic phase with 
anhydrous magnesium sulfate and removing the solvent under reduced 
pressure, the oily residue was distilled in uacuo. The first fraction, (bp 
140-147O/1.2 mm Hg), was discarded. The second fraction gave 17.4 g 
of product, bp 148Oh.2 mm Hg. 
l-Ethyl-5-octyl-azacyclopent-4-ene-2-one (He)-A solution of 

octylmagnesium bromide was prepared by adding in a dropwise manner, 
34.2 g (0.177 mole) of 1-bromooctane in 10 ml of ether to 6.5 g (0.268 g- 
atom) of magnesium in 10 ml of ether and then heating at  reflux for 3 hr. 
The Grignard reagent was added over a 2-hr period to a solution of 15 g 
(0.118 mole) of N-ethyl-succinimide in 50 ml of anhydrous tetrahydro- 
furan. The mixture was allowed to stand at  room temperature for 2 days, 
and then was poured into a mixture of ice and 10% sulfuric acid. After 
separation of the organic layer, the aqueous phase was extracted twice 
with 50 ml of ether. The combined organic phases were washed with 
saturated sodium hydrogen carbonate and dried over anhydrous sodium 
sulfate. The solvent was removed under reduced pressure, and the residue 
was evaporatively distilled to give 10 g of a yellow oil, 120' air bath 
temperature/0.9 mm Hg. A second fractional distillation using a Vigreux 
column yielded 6.6 g of product, bp 130°/1.0 mm Hg. 
l-Ethyl-5-octyl-azacyclopentane-2-one (IIIb)-l-Ethyl-5-octyl- 

azacyclopent-4-ene-2-one, (5.3 g, 0.0238 mole) in 25 ml of ethanol was 
hydrogenated under atmospheric pressure with 0.5 g of 10% Pd-C. After 

Table II-l-Ethyl-5-alkyl-azacyclopent-4-ene-2-one 
R 

the uptake of hydrogen was completed, the catalyst was removed by fil- 
tration, the solvent evaporated, and the residue distilled to give 5 g of 
product, bp 130'/0.9 mm Hg. 

The tick repellency assay was as previously described (1). 

RESULTS AND DISCUSSION 

A comparison of the tick repellency of the azacyclopentanones with 
NJ-diethyl-m-toluamide and butopyranoxyl at 0.44 mg/cm2 shows that 
a number of these substances are considerably more repellent than the 
standard compounds (Tables 1-111). In the 1-alkyl-azacyclopentane-2-one 
series, the n-octyl derivative is outstanding. The boiling point of 110°/0.5 
mm Hg corresponds closely to that of NJV-diethyl-rn-toluamide, whereas 
the n-decyl and dodecyl compounds are considerably higher boiling de- 
rivatives and are probably too nonvolatile for optimum repellency. 

In the l-ethyl-5-alkyl-azacyclopentane-4-ene-2-one series, the n- 
pentyl, -hexyl, -heptyl, -octyl, and -decyl derivatives are all outstanding 
as tick repellents. The maximum activity is reached with the n-hexyl 
derivative (bp 110'/0.5 mm Hg). However, a comparison of the n-hexyl 
derivative with the n-octyl derivative in the l-alkyl-azacyclopentane- 
2-one series, where the boiling points are identical, reveals that the un- 
saturation in the ring leads to enhanced repellency. 

In the last series explored, l-ethyl-5-alkyl-azacyclopentane-2-ones, 
the n-octyl and n-decyl derivatives have improved repellency over 
N,N-diethyl-m-toluamide with the n-octyl derivative, boiling point of 
120°/0.5 mm Hg, being the best. Comparison of this series with the aza- 

Boiling Point/ I.R., Analysis, % Tick Repellency 
Compound R 0.5 mm Hg Yield, % cm-1 Formula Calc. Found at 0.44 mg/cm2, ?h 

IIa C4H9 86' 36.5 (C=0)1720 CioH17NO C 71.81 C 71.42 25 

IIb C5Hll 94' 39.0 (C=0)1720 CiiHlgNO C 72.89 C 73.15 60 

(C=C) 1670 H 10.25 H 10.16 
N 8.37 N 8.38 

(C=C) 1670 H 10.56 H 10.74 
N 7.73 N 7.43 

(C=C) 1670 H 10.84 H 10.69 
N 7.17 N 7.14 

(C=C) 1670 H 11.07 H 11.04 

IIC C6H13 1100 31.0 (C=O) 1720 Ci2H2iNO C 73.80 C 73.66 1000 

IId C7H15 118' 36.0 (C=O) 1720 C13H23NO C 74.59 C 74.41 95 

N 6.69 N 6.68 

(C=C) 1670 H 11.28 H 11.33 
N 6.27 N 6.18 

(C=C) 1620 H 11.63 H 11.42 
N 5.57 N 5.29 

IIe CsHi7 125O 25.0 (CEO) 1720 C14HzsNO C 75.28 C 75.34 98 

IIf CioH21 142' 20.0 (c=o) 1720 Ci&gNO c 76.44 C 76.25 98c 

a 93% at 0.29 mg/cm2 and 63% at 0.19 mg/cm2. * 82% at 0.29 mg/cmZ and 47% at 0.19 mg/cm2. 77% at 0.29 rng/cm2 and 20% at 0.19 mg/cm2. 
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Table 111- l-Ethyl-5-alkyl-azacyclopentane-2-ones 
R 
I 

Boiling Point/ I.R. (C=O), Analysis, TO Tick Repellency 
Compound R 0.5 mm Hg Yield, I cm-1 Formula Calc. Found at 0.44 mg/cm2, 90 

IIIa CSH13 1 loo 89 1690 CizH23NO C 73.04 C 73.26 25 
H 11.75 H 11.97 
N 7.10 N 6.99 

H 12.08 H 12.09 
N 6.21 N 6.11 

H 12.33 H 12.44 
N 5.33 N 5.41 

IIIb C8H17 1200 94 1690 Ci4H27NO C 74.61 C 74.94 75“ 

IIIC ClOH21 154’ 90 1690 CitjH31NO C 75.83 C 76.07 40 

55% at 0.29 rng/crn*. 

cyclopentene series again indicates the importance of unsaturation as 
an enhancer of repellency toward the tick in this series of compounds. 

(2) W. A. Skinner and H. L. Johnson, in “Drug Design,” Vol. X, H. J. 
Ariens, Ed., Academic, New York, N.Y., 1980, p. 278. 
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Abstract 0 Reaction of 2-bis(2-methylthio)vinyl- 1-methylquinolinium 
iodide with several heterocyclic aliphatic amines at 30-70° resulted in 
replacement of one methylthio group to give the title compounds. Re- 
action with pyrrolidine gave an unidentified product lacking sulfur. 
Antileukemic screening against P-388 lymphocytic leukemia showed 
positive activity only with the 6-methyl-morpholino derivative, whereas 
the 6-unsubstituted morpholino derivative was inactive. This result is 
in contrast to previous testing results with the 2-bis(2-methylthio)vinyl 
compounds where both 6-substituted and 6-unsubstituted derivatives 
showed activity. 
Keyphrases 2-(2-Methyl-2-aminovinyl)-l-methylquinolinium io- 
dides-synthesis, antileukemic activity in mice Synthesis-2-(2- 
methyl-2-aminovinyl)-1-methylquinolinium iodides, antileukemic ac- 
tivity in mice Antileukemia agents-potential, 242-methyI-2-ami- 
novinyl)-1-methylquinolinium iodides, synthesis, P-388 screen in mice 

A series of 6-substituted-1-methylquinolinium-2-di- 
thioacetic acid zwitterions (I) (1,2) has shown appreciable 
antileukemic activity against P-388 lymphocytic leukemia 
in mice. An attempt to find compounds having better 
solubilities, in both water and organic solvents, led to the 
synthesis of the derived 2-bis(2-methylthio)vinyl-l- 
methylquinolinium iodides (11) (3). The latter compounds 
had comparable antileukemic activity, but a t  lower dose 
levels than found for the zwitterions. The 6-unsubstituted 

derivative, however, had activity equal to or better than 
that of the 6-substituted compounds. Compounds with 
electron-attracting and electron-releasing 6-substituents 
were equally active in this series. 

Another type of derivative of the dithioacetic acid 
zwitterion structure (I), which should show improved 
solubility properties, is the 2-methylthio-2-aminovinyl 
compound (111) (3). Accordingly, a series of these com- 
pounds, using several heterocyclic amines, was prepared 
for anticancer screening. With the exception of the previ- 
ously prepared morpholino derivative where a 6-methyl 
substituent was included, the 6-position was left unsub- 
s tituted. 

Leukemia cell culture studies were carried out with the 
6-methyl derivative of 11, but no effects on cell cycle tra- 
verse were observed (4). This indicated that a metabolic 
conversion of the bis(methy1thio)vinyl compounds, and 
most likely their dithioacetic acid precursors as well, is 
required for antileukemic activity. A study of DNA- 
binding specificity and RNA polymerase-inhibitory ac- 
tivity showed that the bis(methy1thio)vinyl compounds 
(II), as well as the 2-methylthio-2-morpholinovinyl de- 
rivative (111, R = CH3), had DNA-binding ability involving 
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A series of 6-substituted-1-methylquinolinium-2-di- 
thioacetic acid zwitterions (I) (1,2) has shown appreciable 
antileukemic activity against P-388 lymphocytic leukemia 
in mice. An attempt to find compounds having better 
solubilities, in both water and organic solvents, led to the 
synthesis of the derived 2-bis(2-methylthio)vinyl-l- 
methylquinolinium iodides (11) (3). The latter compounds 
had comparable antileukemic activity, but a t  lower dose 
levels than found for the zwitterions. The 6-unsubstituted 

derivative, however, had activity equal to or better than 
that of the 6-substituted compounds. Compounds with 
electron-attracting and electron-releasing 6-substituents 
were equally active in this series. 

Another type of derivative of the dithioacetic acid 
zwitterion structure (I), which should show improved 
solubility properties, is the 2-methylthio-2-aminovinyl 
compound (111) (3). Accordingly, a series of these com- 
pounds, using several heterocyclic amines, was prepared 
for anticancer screening. With the exception of the previ- 
ously prepared morpholino derivative where a 6-methyl 
substituent was included, the 6-position was left unsub- 
s tituted. 

Leukemia cell culture studies were carried out with the 
6-methyl derivative of 11, but no effects on cell cycle tra- 
verse were observed (4). This indicated that a metabolic 
conversion of the bis(methy1thio)vinyl compounds, and 
most likely their dithioacetic acid precursors as well, is 
required for antileukemic activity. A study of DNA- 
binding specificity and RNA polymerase-inhibitory ac- 
tivity showed that the bis(methy1thio)vinyl compounds 
(II), as well as the 2-methylthio-2-morpholinovinyl de- 
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one binding function and inhibited RNA polymerase to a 
somewhat lower degree than was shown by chloroquine (5). 
It was believed that the function responsible for binding 
to DNA is the active methylene (V) resulting from loss of 
the bis(methy1thio)methinyl moiety (4). 

R 

I CH,CS- RQQ I CH=C(SCHA 
I 
CH, 
I 

bH3 I- 
n 

I11 

DISCUSSION 

Chemistry-The 2-methylthio-2-aminovinyl-1-methylquinolinium 
iodides (111) were prepared from the 2-bis(2-methylthio)vinyl-l- 
methylquinolinium iodides (11) by reaction with the appropriate amine 
at 30-70", according to the previous procedure (3). The bis(methy1- 
thio)vinyl compounds were obtained from the reaction of the dithioacetic 
acid zwitterions (I) by reaction with methyl iodide (6,7); the monomethyl 
esters of the dithioacetic acids were never isolated in these reactions. In 
actual practice, preparing a solution of the methylene base (V) in dry 
toluene, followed by reaction with carbon disulfide in toluene, and 
treatment with iodomethane in dimethyl formamide, was found to be 
superior to isolating the intermediate zwitterion (I). The synthetic route 
is indicated in Scheme I. 

The reaction mixtures were examined for by-products, but only the 
original methiodide (IV) was found. Since the method of preparation 
precludes the carrying along of the methiodide because it is insoluble in 
toluene, and there was no chromatographic or other evidence that the 
products contained any of the active antileukemic compound I1 (R = H), 
any antileukemic activity found should be due to structure 111. 

IV V 
cyclic amine 

111 P 11, R = H 
Scheme I 

The NMR spectra of I11 generally agreed with the spectrum of the 
morpholino derivative already described (3). The S-methyl protons ap- 
peared as a singlet a t  6 2.6 ppm, and the N-methyl peak appeared as a 
singlet at 6 4.1 ppm. The vinyl proton, a t  6 5.5-5.6 ppm, was shielded to 
a considerable extent, compared with its position at 6 6.76 ppm in the 
bis(methy1thio) compound. 

It has already been pointed out (3) that this shielding provided an in- 
dication for a trans arrangement of the amino function, with partial in- 
volvement of charge on the morpholino nitrogen. Calculations by the 
Tobey-Simon Rule (8) agreed with a trans structure. 

The reduced heterocyclic amines employed in this synthesis gave 
variable yields of crystalline products. In the case of 2-methylpiperazine, 
only a 14% yield was realized, probably due to steric hindrance of the 
methyl. It is assumed that the nitrogen at  the greater distance from the 
methyl was involved in replacing S-methyl, since less steric hindrance 
would result in the product. Reaction with pyrrolidine gave a product 
having no sulfur whose structure was not that of a nucleophilic replace- 
ment of the bis(methy1thio)methinyl moiety by pyrrole. Nucleophilic 
replacement of the bis(methy1thio)methinyl moiety by amines has been 
observed by Mizuyama et al. (9). 

Table I-Antileukemic Activity in Mice" 

Median Survival 
Time. - ._.__) 

Structure I11 Dose, Weight TIC%d 
NR? R melkeb Differencec. e Test 1 Test 2 

- P A  H 
U 

H -0 
H -0 

6.25 -3.2, -3.4 141 149 
3.13 -1.7, -1.5 130 119 

25.00 -2.6,-2.2 121 110 
12.50 -2.1,-0.9 119 105 

6.25 -1.9 113 - 
3.13 -1.4 113 - 

1.56 -2.8 116 
0.78 -0.5 109 - 

- 

25.00 -0.9 102 - 
12.50 -1.1 98 - 

C D ~ F I  mice were inoculated with P-388 lymphocytic leukemia cells. * Drugs 
were administered intraperitoneally on days 1,5, and 9. Test group minus control 
group. A T/C% value of 2125 is considered a positive result. 

Antileukemia Test Results-Antileukemia testing was performed 
at  the National Cancer Institute using P-388 lymphocytic leukemia in 
mice according to their protocol (10). Details regarding dose and survival 
time are listed in Table I. 

Positive activity was shown in this series only by the N-morpholino- 
6-methyl derivative (3). The N-morpholino derivative lacking the 6- 
methyl was inactive. This result is in contrast with testing data for the 
dithioacetic acid zwitterions (2) and the bis(methy1thio)vinyl derivatives 
(3) where activity was found with both the 6-substituted and 6-unsub- 
stituted derivatives. It is possible that in this (methy1thioamino)vinyl 
series, the antileukemic activity does not depend on the formation of the 
active methylene compound (V) but on binding to nucleic acid or other 
macromolecules involving the morpholine moiety. Equilibrium binding 
constants to calf thymus DNA for several of the bis(methy1thio)vinyl 
derivatives were lower than for the N-morpholino- 6-methyl compound 
(5). Also, the (methy1thioamino)vinyl group, a tautomeric form of a 
thioamide, should be more stable to hydrolysis than the ketene thioa- 
cetals. 

EXPERIMENTAL' 

l-Methyl-2-[2-methylthio-2-( 1-morpholino)vinyl]-quinolinium 
Iodide-To a suspension of 2-bis(2-methylthio)vinyl-l-methylquinoli- 
nium iodide (2.70 g, 0.007 mole) (2), in 50 ml of dimethylformamide was 
added an equimolar amount of morpholine (0.61 g, 0.007 mole). The 
mixture was stirred at  70" for 2 hr and then at 50° for 17 hr. The reaction 
was monitored by TLC (chloroform-methanol, 955). After it was cooled, 
the mixture was diluted with toluene (300 ml) and stored at Oo. 

The precipitate was collected and dissolved in acetone, treated twice 
with charcoal, and the solvent was evaporated. The orange crystalline 
product was recrystallized from absolute ethanol to give 1.8 g (60%), m.p. 
198-200'. 'H-NMR 6 2.60 (s,3, SCH3), 3.70 (9, br, 8, morpholino), 4.09 
(s, 3, NCHs), 5.59 (5, 1, vinyl), and 7.6-8.2 ppm (m, 6, aromatic). 

Anal.-Calc. for CI~HZIINZOS: C, 47.67; H, 4.94; N, 6.54; S, 7.48. 
Found C, 47.52; H, 5.07; N, 6.43; S, 7.59. 

1- Methyl -2-[2-methylthio-2-(4-thiomorpbolino)vinyl]-quino- 
linium Iodide-To a suspension of I1 (R = H) (2.72 g, 0.007 mole) in 50 
ml of dimethylformamide was added freshly distilled thiomorpholine 
(1.33 g, 0.013 mole), and the mixture was stirred at  35" for 4 days. The 
reaction was monitored by TLC (chloroform-methanol 91). It was di- 
luted with anhydrous ether (200 ml) and stored at 0" for 2 hr. 

The precipitate was collected and recrystallized twice from 1-propanol 
using charcoal, giving 2.0 g (69%) of orange crystals, m.p. 203-205'. 

Meltin points were determined in capillaries with a Mel-Temp block and are 
uncorrecd. 1H-NMR spectra were obtained with a Varian T-60 s trometer using 
DMSO-de as solvent and tetramethylsilane as internal standarER spectra were 
obtained with a Perkin-Elmer model 457A rating spectrophotometer using KBr 
pellets. Elemental analyses were done by F. 8. Strauss, Oxford, England. TLC was 
carried out using silica gel plates, and products were detected by exposure to iodine 
vapor. Organic reagents were supplied by Aldrich Chemical Co. or Eastman Organic 
Chemicals. 
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and 7.6-8.2 ppm (m, 6). 
Anal.-Calc. for CI~H.XINIS~: C. 45.94: H. 4.76: N. 6.30. Found: C. ”_ - - 

45.59; H, 4.79; N, 6.32.’ 
1-Methyl-2 - [2-methylthio-2-( 1-piperidino)vinyl] - quinolinium 

Iodide-To a suspension of I1 (R = H)  (2.72 g, 0.007 mole) in 25 ml of 
dimethyl sulfoxide was added freshly distilled piperidine (1.0 g, 0.012 
mole), and the mixture was stirred at  30” for 5 days. I t  was treated as in 
the previous procedure, and the crude precipitate was dissolved in 1- 
propanol (300 ml), treated with charcoal, and filtered while hot. This 
procedure was repeated three times, and the combined filtrates were 
evaporated to dryness under reduced pressure. The residue was recrys- 
tallized from 2-propanol to give 2.70 g (90%) of orange crystals, m.p. 
195-196”. ‘H-NMR 6 1.75 (s, 6), 2.63 (s, br, 3), 3.81 (s, br, 4), 4.10 (s, 3). 
5.55 (s, l), and 7.68.2 ppm (m, 6). 

Anal.-Calc. for C~SH,IN~S C, 50.70 H, 5.43; N,6.57. Found C, 50.93; 
H, 5.23; N, 6.38. 

1 -Methyl-2-[2-methylthio-2-(4-methyl-l-piperazino)vinyl]-quin- 
olinium Iodide-Following the previous procedure, I1 (R = H) (1.20 g, 
0.0031 mole) in dimethyl sulfoxide (25 ml) was treated with l-methyl- 
piperazine (0.35 g, 0.0035 mole). The product was recrystallized from 
acetic acid and again from absolute ethanol to give 0.63 g (48%) of orange 
crystals, m.p. 18&191°. ‘H-NMR d 2.58 (s, 3),2.95 (s,3), 3.40 (br, 4), 3.83 
(br, 4), 4.10 (s, 3), 5.80 (s, l ) ,  and 7.6-8.2 ppm (m, 6). 

Anal.-Calc. for C18H24IN3S: C, 48.98; H, 5.48; N, 9.52; S, 7.26. Found: 
C, 49.00; H, 5.49; N, 9.29; S, 7.30. 

1 -Methyl-2-[2-methylthio-2-(3-methyl-l-piperazino)vinyl]-quin- 
olinium Iodide-Following the previous procedure, I1 (R = H) (2.72 g, 
0.007 mole) in dimethyl sulfoxide (25 ml) was treated with 2-methylpi- 
perazine (0.70 g, 0.007 mole). The thick, oily product crystallized on long 
storage in the refrigerator. It was recrystallized from absolute ethanol 
and ether to give 0.41 g (14%) of orange-brown crystals,m.p. 188-190’. 
‘H-NMR 6 2.13 (s, 3),2.58 (s, 3),3.40-3.70 (br, 7), 4.10 (s, 3), 5.58 (s, l ) ,  
and 7.6-8.2 ppm (m, 6). 

Anal.-Calc. for CISHJN~S: C, 48.98; H, 5.48; N, 9.52; S, 7.26. Found 
C, 48.83; H, 5.58; N, 9.11; S, 7.08. 
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Abstract 0 A quantitative ‘H-NMR procedure is described for mea- 
suring ethchlorvynol in capsules. Deuterochloroform is used as the sol- 
vent, and hexamethylenetetramine as the internal standard; the analysis 
is based on the comparison of the area of the AB peak system of eth- 
chlorvynol with the area of the hexamethylenetetramine singlet. The 
‘H-NMR method yields results that are precise to within 1%) and agree 
well with results of the more cumbersome and less specific 1JSP titri- 
metric procedure. 

Keyphrases 0 Ethchlorvynol-NMR quantitative analysis, capsule 
dosage form 0 NMR quantitative analysis-ethchlorvynol, capsule 
dosage form 

Ethchlorvynol (I), a nonbarbiturate hypnotic, is a ter- 
tiary acetylenic carbinol (1-chloro-3-ethyl-1-penten- 
4-yn-3-01). The official USP XX procedure for the ana- 
lytical determination of this drug substance, both alone 
and in its pharmaceutical dosage form, is based on the 
reaction of I with excess silver nitrate, producing the silver 
acetylide and nitric acid (1,2). The resultant acid is im- 
mediately titrated with -0.05 N NaOH; however, end 
point determination with the methyl red-methylene blue 
indicator is hampered by the precipitation of the silver 

acetylide. According to the official procedure, capsules 
must be weighed, carefully opened, emptied, and re- 
weighed, with the difference taken as the capsule contents. 
The difficult end point and sample manipulations often 
lead to poor results. 

Although there are several procedures published for the 
determination of I in biological fluids (3-8), there are only 
two other published methods for its determination in the 
pharmaceutical dosage form. Davidson (9), proposed a 
GLC analysis, accepted by the AOAC (lo), and that uses 
1,3-dichloro-2-propanol as an internal standard; a standard 
deviation range of 1.3-2.9% on assays of known solutions 
and the 500-mg capsule dosage form is reported. Draw- 
backs inherent in this procedure include the need for col- 
umn preparation and overnight conditioning and the ne- 
cessity of injecting a I standard (purified by vacuum dis- 
tillation and quantified by the USP XX titrimetric pro- 
cedure) along with the unknown solutions. Rizk and as- 
sociates (11) proposed a colorimetric method for the de- 
termination of certain monosubstituted acetylenic hyp- 
notic drugs, including I. In this procedure, silver acetylide 

1358 / Journal of Pharmaceutical Sciences 
Vol. 72. No. 11. November 1983 

0022-3549/83/1100-1358$0 1.00/0 
@ 1983. American Pharmaceutical Association 



and 7.6-8.2 ppm (m, 6). 
Anal.-Calc. for CI~H.XINIS~: C. 45.94: H. 4.76: N. 6.30. Found: C. ”_ - - 

45.59; H, 4.79; N, 6.32.’ 
1-Methyl-2 - [2-methylthio-2-( 1-piperidino)vinyl] - quinolinium 

Iodide-To a suspension of I1 (R = H)  (2.72 g, 0.007 mole) in 25 ml of 
dimethyl sulfoxide was added freshly distilled piperidine (1.0 g, 0.012 
mole), and the mixture was stirred at  30” for 5 days. I t  was treated as in 
the previous procedure, and the crude precipitate was dissolved in 1- 
propanol (300 ml), treated with charcoal, and filtered while hot. This 
procedure was repeated three times, and the combined filtrates were 
evaporated to dryness under reduced pressure. The residue was recrys- 
tallized from 2-propanol to give 2.70 g (90%) of orange crystals, m.p. 
195-196”. ‘H-NMR 6 1.75 (s, 6), 2.63 (s, br, 3), 3.81 (s, br, 4), 4.10 (s, 3). 
5.55 (s, l), and 7.68.2 ppm (m, 6). 

Anal.-Calc. for C~SH,IN~S C, 50.70 H, 5.43; N,6.57. Found C, 50.93; 
H, 5.23; N, 6.38. 

1 -Methyl-2-[2-methylthio-2-(4-methyl-l-piperazino)vinyl]-quin- 
olinium Iodide-Following the previous procedure, I1 (R = H) (1.20 g, 
0.0031 mole) in dimethyl sulfoxide (25 ml) was treated with l-methyl- 
piperazine (0.35 g, 0.0035 mole). The product was recrystallized from 
acetic acid and again from absolute ethanol to give 0.63 g (48%) of orange 
crystals, m.p. 18&191°. ‘H-NMR d 2.58 (s, 3),2.95 (s,3), 3.40 (br, 4), 3.83 
(br, 4), 4.10 (s, 3), 5.80 (s, l ) ,  and 7.6-8.2 ppm (m, 6). 

Anal.-Calc. for C18H24IN3S: C, 48.98; H, 5.48; N, 9.52; S, 7.26. Found: 
C, 49.00; H, 5.49; N, 9.29; S, 7.30. 

1 -Methyl-2-[2-methylthio-2-(3-methyl-l-piperazino)vinyl]-quin- 
olinium Iodide-Following the previous procedure, I1 (R = H) (2.72 g, 
0.007 mole) in dimethyl sulfoxide (25 ml) was treated with 2-methylpi- 
perazine (0.70 g, 0.007 mole). The thick, oily product crystallized on long 
storage in the refrigerator. It was recrystallized from absolute ethanol 
and ether to give 0.41 g (14%) of orange-brown crystals,m.p. 188-190’. 
‘H-NMR 6 2.13 (s, 3),2.58 (s, 3),3.40-3.70 (br, 7), 4.10 (s, 3), 5.58 (s, l ) ,  
and 7.6-8.2 ppm (m, 6). 

Anal.-Calc. for CISHJN~S: C, 48.98; H, 5.48; N, 9.52; S, 7.26. Found 
C, 48.83; H, 5.58; N, 9.11; S, 7.08. 
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Abstract 0 A quantitative ‘H-NMR procedure is described for mea- 
suring ethchlorvynol in capsules. Deuterochloroform is used as the sol- 
vent, and hexamethylenetetramine as the internal standard; the analysis 
is based on the comparison of the area of the AB peak system of eth- 
chlorvynol with the area of the hexamethylenetetramine singlet. The 
‘H-NMR method yields results that are precise to within 1%) and agree 
well with results of the more cumbersome and less specific 1JSP titri- 
metric procedure. 

Keyphrases 0 Ethchlorvynol-NMR quantitative analysis, capsule 
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Ethchlorvynol (I), a nonbarbiturate hypnotic, is a ter- 
tiary acetylenic carbinol (1-chloro-3-ethyl-1-penten- 
4-yn-3-01). The official USP XX procedure for the ana- 
lytical determination of this drug substance, both alone 
and in its pharmaceutical dosage form, is based on the 
reaction of I with excess silver nitrate, producing the silver 
acetylide and nitric acid (1,2). The resultant acid is im- 
mediately titrated with -0.05 N NaOH; however, end 
point determination with the methyl red-methylene blue 
indicator is hampered by the precipitation of the silver 

acetylide. According to the official procedure, capsules 
must be weighed, carefully opened, emptied, and re- 
weighed, with the difference taken as the capsule contents. 
The difficult end point and sample manipulations often 
lead to poor results. 

Although there are several procedures published for the 
determination of I in biological fluids (3-8), there are only 
two other published methods for its determination in the 
pharmaceutical dosage form. Davidson (9), proposed a 
GLC analysis, accepted by the AOAC (lo), and that uses 
1,3-dichloro-2-propanol as an internal standard; a standard 
deviation range of 1.3-2.9% on assays of known solutions 
and the 500-mg capsule dosage form is reported. Draw- 
backs inherent in this procedure include the need for col- 
umn preparation and overnight conditioning and the ne- 
cessity of injecting a I standard (purified by vacuum dis- 
tillation and quantified by the USP XX titrimetric pro- 
cedure) along with the unknown solutions. Rizk and as- 
sociates (11) proposed a colorimetric method for the de- 
termination of certain monosubstituted acetylenic hyp- 
notic drugs, including I. In this procedure, silver acetylide 
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Figure 1- 'H-NMR spectrum of ethchlorvynol in deuterochloroform. Key: (II) hexamethylenetetramine (internal standard); ( III )  tetramethyl- 
silane. 

is formed and extracted into 4-methyl-2-pentanone, and 
after acidification, an equivalent amount of silver ions is 
liberated and assayed colorirnetrically as silver dithizonate 
(Amax = 472 nm). Although the method claims a standard 
deviation of 1.5-2.976, i t  is complicated by the need for a 
calibration curve for silver nitrate and an involved ex- 
traction procedure. 

The procedure proposed in this study utilizes quanti- 
tative 'H-NMR. Rucker and Natarajan (12) used NMR 
spectroscopy to quantitatively determine nine sedatives 
(including I) in mixtures using calibration curves obtained 
from the responses of standard solutions. However, this 
study describes the use of an internal standard, which re- 
sults in a simple, rapid, specific, precise, and accurate an- 
alytical method. 

EXPERIMENTAL 

Materials-The following were used: internal standard, hexameth- 
ylenetetramine (methenamine USP), 100.05%, 30 mesh (11)'; reference 
standard, tetramethylsilane (1II)Z; solvent, deuterochloroform, 99.8% 
D3 (IV). Ethchlorvynol capsules, 500 mg and 750 mg, were obtained from 
commercial sources. 

Procedure-An individual capsule of I was placed into a suitable 
glass-stoppered vessel for cutting (e.g., a weighing bottle). With a dis- 
secting scalpel, the capsule was cut cleanly in half, and the blade was 
rinsed with a few drops of IV to ensure recovery of the entire capsule 
contents. The appropriate amount of accurately weighed I1 (-80 mg for 
a 500-mg capsule and 120 mg for a 750-mg capsule) was added to the 
container, followed by -3 ml of IV. The container was stoppered and 
shaken to ensure complete dissolution of 11. The solution was transferred 
to a glass syringe fitted with a filter apparatus4, and 4 . 5  ml was filtered 
directly into a standard 5-mm analytical NMR tube. A drop of I11 was 
added as needed to reference the peak field positions to 0 ppm on the 6 
scale. The tube was placed into an NMR spectrometel5, and the spectrum 
was obtained adjusting the spin rate So that no spinning side bands in- 
terfered with the peaks of interest. The peaks were integrated at  5.81, 
6.05,6.40, and 6.62 ppm and the singlet at 4.65 ppm, not fewer than five 
times, taking care to avoid saturation. 

Merck and Co., Rahway, N.J. 
Aldrich Chemical Co., Milwaukee, Wis. 
Sci-Graphics. Wayne, N.J. 
A Millipore HA filter type 0.45 p m  and a 2-ml B-D Yale Luerlok glass sy- 

~~ 

ringe. 
A Varian A-60 NMR spectrometer, equi ped with a V-6031 variable tempera- 

ture probe having a six-turn insert was usecf All spectra were scanned at a probe 
temperature of 42'. 

The amount of I per capsule was calculated as follows: 

mg of I/capsule = mg of I1 X (Au/As) X (Eu/Es) 

where Au is the integral value representing I (5.81,6.05,6.40, and 6.62 
ppm), As is the integral representing I1 (4.65 pprn), Eu is the proton 
equivalent weight of I (FW/2 = 72.305), and Es is the proton equivalent 
weight of I1 (FW/12 = 11.683). 

RESULTS AND DISCUSSION 

The solubility of ethchlorvynol (I) and hexamethylenetetramine (11) 
in deuterochloroform (IV) and the insolubility of the capsule shell makes 
this solvent a good choice for this 'H-NMR procedure. Although the 
actual formulation of the dosage form is unknown to the authors, the only 
peak not ascribable to I occurs at 3.60 ppm and does not interfere with 
the spectrum of I. Filtration of the solution removes undissolved material, 
since the unfiltered samples leave difficult-to-remove beadlets in the 
NMR tube. Filtering the sample does not affect the analytical results, 
as evidenced by studies of samples before and after filtration. 

The 'H-NMR spectrum for I with the addition of I1 is seen in Fig. 1. 
The assignments made in this work are in agreement with the limited 
assignments made by Rucker and Natarajan (12) for the 'H-NMR 
spectrum of I. For I, the resonances, characteristic of an AE! system (d) 
a t  6 5.81,6.06,6.40, and 6.62 ppm, correspond to the olefinic protons in 
the molecule. The methylene protons (b) are not chemically equivalent 
because of the adjacent asymmetric carbon atom, and therefore are split 
into 2 quartets (band center 6 1.67 ppm) by the methyl protons; the 
methyl protons (a) are seen as a triplet centered at 6 1.00 ppm. The 
acetylenic hydrogen (c) resonates as a singlet a t  6 2.62 ppm. The broad 
based peak at 6 3.60 ppm appears to be a consequence of the formulation 
and may be a polar material that exchanges with the hydroxyl proton (e) 
of I. Compound I1 exhibits only one resonance signal at 6 4.65 ppm, since 
all 12 of its protons are equivalent. Finally, a very small peak from an 
impurity in IV is seen at  6 7.32 ppm. All chemical shifts are measured with 
respect to I11 at  0 ppm. 

The quantitative analysis of I is based on the integration of the area 
of the AB system quartet which is compared with the area arising from 
the singlet for 11. Summaries of the analyses of a series of both the 500- 
and 750-mg commercial capsules appear in Tables I and 11, respectively. 
As the results indicate, the 'H-NMR method is both precise, with a rel- 
ative standard deviation of -170, and accurate, as evidenced by the good 
agreement of the 'H-NMR results in comparison with samples analyzed 
by the official USP procedure. 

The potential value of the proposed 'H-NMR procedure in the analysis 
of dosage forms of I is established by these measurements, with no evi- 
dence of interference from other capsule components or the capsule shell. 
Blank systems including only-the solvent and the capsule shell, with and 
without the internal standard, showed that no signals are derived from 
the capsule shell ingredients. This analytical measurement by quanti- 
tative 'H-NMR circumvents the lengthy manipulations inherent in the 
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Table I-Analysis of 500-ma Ethchlorwnol CaDsules 

‘H-NMR USP 
Sample Internal Standard Added, mg Ethchlorvynol, mg Percent of Label Claim Ethchlorvynol, mg Percent of Label Claim 

6 
7 
8 
9 
10 
Mean 
SD 

86.86 
77.19 
81.17 
80.74 
83.57 
79.03 
86.72 
89.43 
81.53 
82.92 

480.50 
473.05 
487.33 
485.74 
482.37 
487.01 
486.56 
487.02 
480.53 
475.73 
482.58 
f 5.10 

96.1 
94.6 
97.4 
97.1 
96.5 
97.4 
97.3 
97.4 
96.1 
95.1 
96.6 
f 1.02 

492.33 
494.00 
485.40 
484.33 
489.31 
484.00 
485.61 
479.77 
491.95 
488.74 
487.54 
f 4.47 

98.5 
98.8 
97.1 
96.9 
97.9 
96.8 
97.1 
96.0 
98.4 
97.8 
97.5 
f 0.89 

~ ~ 

Table 11-Analysis of 750-mg Ethchlorvynol Capsules 

’H-NMR 
Internal Standard USP 

Sample Added, mg Ethchlorvynol, mg Percent of Label Claim Ethchlorvynol, mg Percent of Label Claim 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Mean 
SD 

116.71 
116.89 
116.46 
120.73 
117.53 
119.77 
ii9.35 
116.33 
118.54 
118.83 

724.00 
738.97 
712.64 
726.72 
722.34 
731.19 -~ ~. 

724.57 
722.19 
724.07 
723.38 
725.01 
i 6.73 

96.5 
98.5 
95.0 
96.9 
96.3 
97.4 
96.6 
96.3 
96.5 
96.5 
96.7 
f 0.89 

719.05 
725.27 
714.47 
720.82 
724.43 
717.44 
720.28 
724.24 
728.65 
719.65 
721.43 
f 4.20 

95.9 
96.7 
95.2 
96.1 
96.6 
95.7 
96.1 
96.6 
97.2 
96.0 
96.2 
f 0.57 

USP procedure, and avoids the necessity of a reference standard of I, as 
in the procedure of Rucker and Natarajan (12). In brief, the method is 
more specific and appears superior to the existing analyses. 
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2,3-Dihydro-4H-l-benzopyran-4-one 0-Carbamoyloximes, 
a Series of Gastric Antisecretory Agents 
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Abstract A series of 2,3-dihydro-4H-l-benzopyran-4-one O-carba- 
moyloximes were synthesized and evaluated for gastric antisecretory 
activity in a pylorus-ligated rat model. Various substituents in the 6- 
position did not afford any compounds more active than I. 

Keyphrases 2,3-Dihydro-4H-l-benzopyran-4-one O-carbamoylox- 
imes-synthesis, antisecretory activity, pylorus-ligated rats Antise- 
cretory agents, gastric-potential, 2,3-dihydr0-4H-l-benzopyran-4-one 
0-carbamoyloxime series, synthesis, evaluation in pylorus-ligated rats 
Synthesis-2,3-dihydro-4H-l -benzopyran-4-one 0-carbamoyloxime 

series, gastric antisecretory activity, pylorus-ligated rats 

To identify novel agents acting on the GI tract, 10 
members of a series of 2,3-dihydro-4H-l-benzopyran- 
4-one 0-carbamoyloximes were synthesized and evaluated 
for gastric antisecretory activity (1). 

RESULTS AND DISCUSSION 

Chemistry-Eight compounds (I-VI, VIII, and IX; Table I) were 
prepared by the reaction of the appropriate oxime XI with the isocyanate 
XI1 (Scheme I). The amine VII (Table I) was obtained by catalytic hy- 
drogenation of the corresponding nitro compound VI (Table I, Scheme 
I), while acid-catalyzed reaction of XI11 with potassium cyanate gave X 
(Scheme I). 

0 
R R II 

+ R'NCO - 
NOH N--O--CNHR' 

XI XI1 I-VI, VIII, IX  

VI 

VII 

-q+J 0 
II 

&) KCNO.HOAc 

NOH N--O--C-NHz 
XI11 X 

Scheme I 

The intermediate oximes XIa-d (Table 11) were prepared from the 
correspnding 2,3-dihydro-4H-bmpyran-4-ones (XIV) (Scheme II), 
which were synthesized by ring closure of the corresponding 3-phenoxy- 
propanoic acids (XV) with polyphosphoric acid, as described by Parham 
and Huestis (2). 

PPA - 
R mW:HzcHzcmH A 

xv 
HzNOH .HC! 
7 XI 

NaOH. H10 
R 

0 
XIV 

Scheme I I  

Pharmacology-Compounds I-V and VII exhibited marked antag- 
onism of total gastric acid output in pylorus-ligated rats. Compounds 
VIII-X showed moderate antagonism, while VI was inactive (Table 111). 
Dose-response determinations of the 10 compounds revealed that I was 
most potent in inhibiting total gastric acid output as exemplified by a 
low IDw value of 5.7 mg/kg p.0. Compounds 11-V were also active in re- 
ducing gastric acid output with ID50 values of 22.1-22.7 mghg p . ~ .  No 
evidence of toxicity was noted at  their respective ID50 values. 

EXPERIMENTAL' 

Synthesis-2,3-Dihydro-6-nitro-4H-l-benzopyran-4-one Oxime ( X I  
d)-To a solution of hydroxylamine hydrochloride (79 g, 1.14 moles) in 
water (770 ml) were added 10% NaOH (619 ml) and 2,3-dihydro-6- 
nitro-4H-benzopyran-4-one (150 g, 0.78 mole) (3, 4). Sufficient etha- 
nol-ether (955) (750 ml) was added to give a solution at  reflux. The 
mixture was refluxed for 25 min, cooled to 50' over 2 hr, and the resultant 
tan crystals were collected by filtration and washed with ethanol-ether 
(955) to  give 60 g, mp 173-178". Recrystallization from benzene gave 
material with a melting point of 185-186O in 27% yield. 
2,3-Dihydro-6-nitro-4H-l-benzopyran-4-one 0-(Methylaminocar- 

bony1)orime (VI)-A mixture of XI d (19 g, 0.09 mole) and benzene was 
refluxed for 45 min in a flask equipped with a Dean Stark trap. Heating 
was discontinued and N,N-diethylethanamine (0.5 ml) was added, fol- 
lowed by a solution of methyl isocyanate (7.3 g, 0.10 mole) in benzene (30 
ml). The mixture was refluxed for 3 hr and then stored a t  room temper- 
ature for 3 days. The material was collected by filtration, stirred in ab- 
solute ethanol (150 ml), and cooled overnight to give, after filtration, 16 
g of VI. 

An analytical sample was prepared by recrystallization from absolute 
ethanol (Table I); IR (mineral oil): 2.98 (NH) and 5.73 pm (C=O); 1H- 
N M R  2.80 (d, 3, CH3, collapsed to singlet on exchange with D20), 3.10 
and 4.45 (2 t, J = 6.4 Hz, 4, CHzCHz), 6.21 (d, J = 9.2 Hz, 1, aromatic), 
7.27 (dd,J5,7 = 2.7 Hz,J7,8 = 9.2 Hz, 1, aromatic), 7.98 ( d , J  = 2.7 Hz, 1, 
aromatic), and 6.77 ppm (broad, 1, NH, exchanged with DzO). 

Similarly prepared were I-IV, VIII, and IX (Table I). In the case of V, 
filtration of the reaction mixture provided the product directly (Table 
I). 
6-Arnino-2,3-dihydro-4H-l-benzopyran-4-one 0- (Methylamino- 

carbonyl)oxirne Hydrochloride (VII)-A mixture of VI (4.0 g, 0.016 
mole) and ethanol (400 ml) was shaken with hydrogen in the presence 
of platinum oxide (0.20 g) until the theoretical quantity of hydrogen was 
consumed (21 hr). The catalyst was removed by filtration, and the filtrate 
was cooled in an ice bath and treated with ethanolic hydrogen chloride. 

Melting points were determined on a Mel-Temp ap aratus, and those below 
230° were corrected. IR spectra were determined as Nujofmulls on a Perkin-Elmer 
137B spectrophotometer, and NMR spectra were determined on a Varian A-60A 
spectrometer in dimethyl sulfoxide-de with tetramethylsilane as an internal stan- 
dard. 
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Table I-Physical and Analytical Data for 2.3-Dihydro-4H- 1-benzopyran-4-one 0-Carbamoyloximes 

N-NHR' 

Elemental 
Recrystallization Melting Yield, Analysis, % 

R qii 

ComDound R R' Solvent Point % Formula 

2-propanol 125-126' 88 CI iHizN203 C 59.99 59.76 
H 5.49 5.59 
N 12.72 12.69 

2-propanol 97-98' 83 Ci3Hi6Nz04 C 59.08 59.21 
H 6.10 6.16 
N 10.60 10.56 

2-propanol 110-1 1'1 0 79 CizHi4Nz03 C 61.53 61.44 
H 6.02 5.92 
N 11.96 11.98 

H 5.64 5.66 
N 11.20 11.20 

V c1 CH3 benzene 182-184 80 CiiHiiC1Nz03 C 51.68 51.50 
H 4.35 4.23 
N 11.00 10.80 

VI NO2 CH3 ethanol 204-207' 67 C 1 iHi 1N305 C 49.81 49.80 
H 4.18 4.24 
N 15.85 15.65 

H 5.19 5.18 
N 15.47 15.13 

VIII H CHzCH=CHz toluene 83-86' 73 C13Hi4Nz03 C 63.40 63.38 
H 5.73 5.81 
N 11.38 11.40 

IX H CHzCHzCH3 toluene 80-82' 68 Ci3Hi6Nz03 C 62.89 62.78 
H 6.50 6.67 
N 11.28 10.96 

X H H toluene 120-1 22' 44 CioHioNz03 C 58.25 58.59 
H 4.89 4.77 
N 13.58 13.45 

IV CHBO CHJ 2-propanol 1 19-1 20' 59 CizHi4Nz04 c 57.59 57.55 

VII NHz CH3 methanol 194-199' 58 CllH13N30~HCl C 48.62 48.46 

Table 11-Physical and Analytical Data for 2,3-Dihydro-4H- 1-benzopyran-4-one Oximes 

R 
NOH 

~~ ~~ 

Elemental 
Melting Yield, IR, pm Empirical Analysis, 90 

Compound R Point % OH 'H-NMR, ppm Formula Calc. Found' 

XIa  H 140-142' 97 3.10 

X I b  CHqO 120-121' 99 3.10 
(lit. 138') 

~1 

(lit. 120°)b 
XIC ClO 127-128' 55 3.15 2.85 and 4.25 (2 t, J = 6.4 Hz, 4, CHZCH~), CgHaClN02 C 54.70 54.83 

6.99 (d, J = 9.4 1, aromatic), 7.35 (dd, H 4.08 4.06 
J5.7 = 2,2 Hz, 57.8 = 9.4 Hz, 1, aromatic), N 7.09 6.88 
7.78 (d, J = 2.2 Az, 1, aromatic), 11.55 (s, 
1. exchanged with DpO) 

X I d  NO2 185-186' 27 3.08 3.06 and 4.4% (2  t, J = s.4 Hz, 4, CHzCHz), CgHaNz04 C 51.92 51.92 
7.30 (d, J = 9.4 Hz, 1, aromatic), 8.30 H 3.87 3.79 
(dd, 55.7 = 3.2 Hz, J7.a = 9.4 Hz, 1, 
aromatic), 8.77 (d. J = 3.2 Hz, 1. 

N 13.46 13.34 

aromatic), 11.87 ( s , l ,  exchanged with 
DzO) 

a For intermediate 6-chloro-2,3-dihydr0-4H-l-benzopyran-4-one, see Ref. 3 and 4. See Ref. 1. 

The solution was concentrated to a volume of 70 ml and cooled. The 
product was removed by filtration. IR (mineral oil): 2.90 (NH2) and 5.70 
pm (C=O); 'H-NMR: 2.73 (d, 3, CH3, collapsed to singlet in DzO), 3.00 
and 4.30 (2 t, J = 6.4 Hz, 4, CHzCHz), 7.07 (d, J = 9.0 Hz, 1, aromatic), 
7.48 (dd, J5,7 = 2.7 Hz, 57.8 = 8.8 Hz, 1, aromatic), 8.06 (d, J = 2.7 Hz, 1, 
aromatic), 7.7 (broad, 2, NHz, exchanged with DzO), and 6.82 ppm (broad, 
2, NH and HCI). 
2,3-Dihydro-4H-l-benzopyran-4-one 0-(Arninocarbony1)oxirne 

(X)-To a solution of the oxime (XI a) (8.15 g, 0.05 mole) in glacial acetic 
acid (175 ml) at ambient temperature was added a solution of potassium 
cyanate (4.05 g, 0.05 mole) in water (20 ml). The solution was stirred at 
ambient temperature for 48 hr, diluted with 200 ml of water, and ex- 

tracted with chloroform (2 X 150 ml). The combined extracts were dried 
(magnesium sulfate), concentrated to dryness in uacuo, and the residue 
was recrystallized from methylbenzene (40 ml) to give the product (Table 
I); IR (mineral oil): 2.83 and 2.90 (NH2) and 5.67 pm (C=O); 'H-NMR: 
3.01 and 4.28 (2 t, 5 = 6.8 Hz, 4, CHzCHz), 7.27 (m, 4, aromatic and NHz), 
and 8.22 ppm (d, J = 2.0 Hz, 2, aromatic). 

Pharmacology-Male Sprague-Dawley rats, each weighing 180-210 
g and previously fasted for 24 hr, were used in the modified, standard 
pylorus-ligated gastric secretory model. All compounds were given 
perorally, as suspensions in 0.5% methyl cellulose2, 1 hr prior to pylorus 

* Methocel. 

1362 I Journal of Pharmaceutical Sciences 
Vol. 72. No. 11, November 1983 



Table 111-Effect of Compounds I-X on Gastric Secretion in  the Pslorus-Ligated Rat 

Volume of 
Gastric Secretions Total Gastric Acid Output 

Mean Mean ID5or, mg/kg P.O. 
No. of Dose m1/100 g Percent of meq/100 g Percent of (95% Confidence 
Rats mg/kg p.0. Body Wt. Control * Body Wt. Controlh Limits) 

Control" 5 3.01 f 0.79 0.18 f 0.059 
I 3 50 1.99 f 0.33 66 0.096 f 0.028 5.1 5.7 

Control" 5 3.44 f 0.89 0.23 f 0.076 
I1 3 100 2.30 f 0.50 67 0.097 f 0.035 42 22.1 

Control" 5 4.65 f 0.71 0.31 f 0.066 
111 3 100 1.78 f 0.20 38 0.063 f 0.0050 20 26.7 

(1.0-21.0) 

(11.7-37.0) 

Control" 5 
IV 3 

Control" 
V 

Controla 
VI 
Control" 
VII 
Control " 
VIII 

IX 

X 

3.46 f 0.60 
100 2.24 f 0.63 

5 
100 

5 

5 
3 
5 

100 

100 

100 

100 

100 

1.85 f 0.62 
0.83 f 0.12 

5.00 f 0.76 
4.07 f 1.16 
5.00 f 1.27 
1.78 f 0.58 
5.62 f 0.18 
1.34 f 0.21 

1.48 f 0.29 

2.22 f 0.055 

0.21 f 0.060 
65 0.12 f 0.041 

45 

81 

36 

24 

26 

39 

0.095 f 0.052 
0.057 f 0.012 

0.31 f 0.083 
0.37 f 0.12 
0.31 f 0.083 
0.14 f 0.064 
0.61 f 0.049 

0.062 f 0.010 

0.073 f 0.017 

0.014 f 0.091 

51 

60 

121 

45 

10 

12 

2.1 

(192L31.0) 

24.1 
(19.2-31.0) 

25.9 
(1 1.9-50.7) 

>180 

57.4 
(51.6-64.9) 

43.4 
(24.4-111.3) 

5n.4 _ _  
(30. ili27.i) 

a The control values were obtained by peroral administration of 0.50% methylcellulose solution to a group of rats at 1 m1/100 g % body weight. * Corn ared to control 
(nondrug-treated) reading 4 hr after pylorus-ligation of rat stomach. The dose eliciting 50% inhibition of total gastric acid output; calculated from fat, obtained at  
doses of 10.30, and 100 mgkg P.o., by method of linear regression analysis (5 )  of the dose-response curve. 

'ligation. Under light ether anesthesia, the rat stomach was ligated at the 
pylorus region. The conscious rat was sacrificed by a chloroform overdose 
4 hr after ligation. The stomach was carefully excised and its contents 
drained into a centrifuge tube. Samples were centrifuged to separate 
secretions from debris, and gastric fluid volume was read and recorded. 
Titration was performed on a sample aliquot of 1 ml diluted to a volume 
of 5 ml using distilled water. The titrant used was 0.1 N NaOH. Acid 
concentration in the stomach was determined by titration to pH 7. Total 
gastric acid output was calculated as the product of volume of gastric 
secretions and acid concentration for each compound tested. 
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Abstract 0 Pseudomonas cepacia depleted of various nutrients showed 
marked variation in sensitivity to cetrimide, chlorhexidine, and benzal- 
konium chloride. In all cases cells depleted of magnesium were the most 
resistant. It is proposed that these observations may be due to alterations 
of the envelope of P. cepacia in response to changes in the growth envi- 
ronment. This may have profound implications for investigations of the 
resistance of this organism both in uiuo and in uitro. 

Keyphrases 0 Nutrient depletion-effect of senstivity of Pseudomom 
cepacia to antimicrobial agents Antimicrobial agents-effect of nu- 
trient depletion on sensitivity of Pseudomonas cepacia Pseudomonas 
cepacia-effect of nutrient depletion on sensitivity to antimicrobial 
agents 

Pseudomonas cepacia , previously considered as only 
a plant pathogen, has, in the last decade, been implicated 
in nosocomial infections with increasing frequency (1-3). 
The organism is more resistant to most useful antimicro- 

bid agents than other Gram-negative bacteria. It is capable 
of survival and even multiplication in quaternary ammo- 

. nium compounds (2,4,5) and will multiply in distilled or 
deionized water (6,7). 
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Table 111-Effect of Compounds I-X on Gastric Secretion in  the Pslorus-Ligated Rat 

Volume of 
Gastric Secretions Total Gastric Acid Output 

Mean Mean ID5or, mg/kg P.O. 
No. of Dose m1/100 g Percent of meq/100 g Percent of (95% Confidence 
Rats mg/kg p.0. Body Wt. Control * Body Wt. Controlh Limits) 

Control" 5 3.01 f 0.79 0.18 f 0.059 
I 3 50 1.99 f 0.33 66 0.096 f 0.028 5.1 5.7 

Control" 5 3.44 f 0.89 0.23 f 0.076 
I1 3 100 2.30 f 0.50 67 0.097 f 0.035 42 22.1 

Control" 5 4.65 f 0.71 0.31 f 0.066 
111 3 100 1.78 f 0.20 38 0.063 f 0.0050 20 26.7 

(1.0-21.0) 

(11.7-37.0) 

Control" 5 
IV 3 

Control" 
V 

Controla 
VI 
Control" 
VII 
Control " 
VIII 

IX 

X 

3.46 f 0.60 
100 2.24 f 0.63 

5 
100 

5 

5 
3 
5 

100 

100 

100 

100 

100 

1.85 f 0.62 
0.83 f 0.12 

5.00 f 0.76 
4.07 f 1.16 
5.00 f 1.27 
1.78 f 0.58 
5.62 f 0.18 
1.34 f 0.21 

1.48 f 0.29 

2.22 f 0.055 

0.21 f 0.060 
65 0.12 f 0.041 

45 

81 

36 

24 

26 

39 

0.095 f 0.052 
0.057 f 0.012 

0.31 f 0.083 
0.37 f 0.12 
0.31 f 0.083 
0.14 f 0.064 
0.61 f 0.049 

0.062 f 0.010 

0.073 f 0.017 

0.014 f 0.091 

51 

60 

121 

45 

10 

12 

2.1 

(192L31.0) 

24.1 
(19.2-31.0) 

25.9 
(1 1.9-50.7) 

>180 

57.4 
(51.6-64.9) 

43.4 
(24.4-111.3) 

5n.4 _ _  
(30. ili27.i) 

a The control values were obtained by peroral administration of 0.50% methylcellulose solution to a group of rats at 1 m1/100 g % body weight. * Corn ared to control 
(nondrug-treated) reading 4 hr after pylorus-ligation of rat stomach. The dose eliciting 50% inhibition of total gastric acid output; calculated from fat, obtained at  
doses of 10.30, and 100 mgkg P.o., by method of linear regression analysis (5 )  of the dose-response curve. 

'ligation. Under light ether anesthesia, the rat stomach was ligated at the 
pylorus region. The conscious rat was sacrificed by a chloroform overdose 
4 hr after ligation. The stomach was carefully excised and its contents 
drained into a centrifuge tube. Samples were centrifuged to separate 
secretions from debris, and gastric fluid volume was read and recorded. 
Titration was performed on a sample aliquot of 1 ml diluted to a volume 
of 5 ml using distilled water. The titrant used was 0.1 N NaOH. Acid 
concentration in the stomach was determined by titration to pH 7. Total 
gastric acid output was calculated as the product of volume of gastric 
secretions and acid concentration for each compound tested. 
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ronment. This may have profound implications for investigations of the 
resistance of this organism both in uiuo and in uitro. 

Keyphrases 0 Nutrient depletion-effect of senstivity of Pseudomom 
cepacia to antimicrobial agents Antimicrobial agents-effect of nu- 
trient depletion on sensitivity of Pseudomonas cepacia Pseudomonas 
cepacia-effect of nutrient depletion on sensitivity to antimicrobial 
agents 

Pseudomonas cepacia , previously considered as only 
a plant pathogen, has, in the last decade, been implicated 
in nosocomial infections with increasing frequency (1-3). 
The organism is more resistant to most useful antimicro- 

bid agents than other Gram-negative bacteria. It is capable 
of survival and even multiplication in quaternary ammo- 

. nium compounds (2,4,5) and will multiply in distilled or 
deionized water (6,7). 
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Figure 1-The effect of benralkonium chloride on cells of P. cepacia 
depleted of glucose (O),  magnesium (A), and ammonium (8),  phos- 
phate (+), and ferrous ions (v). 

The relationship between susceptibility to antimicrobial 
agents and the growth environment has been recognized 
for some time (8). Brown (9) has emphasized the need for 
the use of nutritionally defined cultures for the investi- 
gation of the response of bacteria to antimicrobial agents 
and host defense mechanisms. As P. cepacia in its natural 
environment or as a contaminant of disinfectant solutions 
is probably depleted of an essential nutrient (91, the use 
of cultures depleted in this way would possibly be more 
relevant in investigations of the extreme resistance of this 
organism. This paper describes the effect of nutrient de- 
pletion on the resistance of P. cepacia to some common 
antimicrobial agents. 
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Figure 2-The effect of cetrimide on cells of P. cepacia depleted of 
various nutrients (see Fig. 1 for key). 
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Figure 3-The effect of chlorhexidine on cells of P. cepacia depleted 
of various nutrients (see Fig. 1 for key). 
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EXPERIMENTAL 

Organism-Pseudomom cepacia NCTC 10661 was used throughout. 
Cultures were maintained by monthly subculture on nutrient agar slopes 
stored at  4'. The basic medium contained 20 mM of glucose, 12 mM of 

FeSO4-7Hz0,3 mM of NaCl. 3 mM of KCl, and 50 mM of 3-(N-mor- 
pho1ino)propanesulfonic acid (I), pH 7.4. Chemicals' were of the purest 
grade available. 

For nutrient depletion studies the concentrations were separately 
adjusted: 2.0 mM of glucose, 0.5 mM of (NH4)2S04, 0.1 mM of KzHP04, 
0.01 mM of MgSO4.7H20, and no added iron to give the respective de- 
pletions. These concentrations allowed the cultures to reach maximum 
exponential phase at '4470 = 0.5. Cultures (25 ml) were grown in baffled 
100-ml Erlenmeyer flasks at 37' in a reciprocal shaking water bath at 120 
throwdmin. 

Resistance to Antibacterial Agents-Cells grown under various 
nutrient depletions, as described above, were harvested by centrifugation, 
washed twice in saline buffered with I (pH 7.4) and finally resuspended 
to a A470 = 1.0. Cell suspension (0.1 ml) was added to 9.9 ml of various 
concentrations of drug (cetrimidel, benzalkonium chloride2, chlorhexi- 
dine gluconate3) prepared in saliie buffered with (I). After 15 rnin at  37' 
samples were removed, the drugs inactivated by dilution in lecithin- 
polysorbate 80 broth, and suitable dilutions were incorporated into pow 
plates of nutrient agar. The plates were incubated for 36 hr at 37' before 
counting the resulting colonies. 

(NH4)2SO4,1.2 mM of K2HPO4,3.2 mM of MgS0&7H20,0.02 mM of 

RESULTS AND DISCUSSION 

Figures 1-3 show the variation in sensitivity to antibacterial agents 
when the depleting nutrient was altered. In all cases, cells depleted of 
magnesium showed the greatest resistance to the action of these agents. 
Of the other depletions examined, the resistances against benzalkonium 
chloride and cetrimide showed little variation. Chlorhexidine showed 
a wider spread of activity, with glucose-depleted cells being the most 
sensitive. 

Al-Hiti and Gilbert (10) have shown that those organisms specified 
for use in the USP XIX test for the effectiveness of antimicrobial pre- 
servatives exhibited a changed sensitivity to chlorhexidine diacetate and 
benzalkonium chloride, when depleted of different nutrients. The results 
described here show that P. cepacia exhibits similar changes in sensitivity 
to antimicrobial agents caused by different nutrient depletions. 

~ ~~ ~~~~ ~ ~ 

BDH Chemicals, Poole, UK. Listed in The British Pharmacopoeia as mainly 
tetradecvltrimethvlammonium bromide with smaller amounts of dcdecvl- and 
hexadec$ltrimeth$lammonium bromide. 

Si ma, Poole, UK. 18 Ltd.. Macclesfield, UK. 
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The cell envelope, and particularly the outer membrane, of Gram- 
negative bacteria is known to change in response to changes in the growth 
environment (8,11,12). It is therefore likely that these changes in resis- 
tance may reflect changes in the cell envelope which either prevent access 
of the drug to the site of action or alter the site of action such that the 
drugs show decreased activity. Little is known about the cell envelope 
of P. cepacia. The lipopolysaccharide is atypical, not containing 2- 
keto-3-deoxyoctonate and with several quantitative differences in the 
sugar moieties (13). The cellular fatty acid compositions (mostly derived 
from the envelope phospholipids) of P. cepacia and Pseudomonas 
aeruginosa differ in that the former has proportionately more cyclo- 
propane fatty acids than does the latter (14). 
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To the Editor: 
In recent studies the statistical moment theory has been 

employed to estimate mean absorption time (MAT) of 
drugs (1-5). The MAT has been defined as the mean time 
of a molecule (1) or the mean residence time (MRT) of all 
molecules (2) from a dosage form (such as solution or 
tablet) spent at the input site (GI lumen in the case of oral 
administration) before being absorbed into the general 
circulation. The MAT after oral administration has been 
calculated based on the following equation (1-5): 

(Eq. 1) 
where MRT,, is the MRT of the orally absorbed drug 
molecules in the body, and MRTj, is the MRT of intrave- 
nously (usually from a peripheral vein in the leg or arm) 
administered drug molecules in the body. Both plasma and 
urinary excretion data have been proposed to estimate the 
MRT, and MRTi,. When a solution dosage form is 
studied, the calculated MAT has been referred to as mean 
intrinsic absorption time (5). When both solution and solid 
dosage forms are evaluated, the difference in their MRT 
may be considered to equal the mean in uiuo dissolution 
time (MDT) from the solid dosage form. This is based on 
the assumption that once released from the solid dosage 

MAT = MRT,, - MRTi, 

form, it is subject to the same influence as the drug ad- 
ministered in solution (1-3). 

The main purpose of this communication is to discuss 
a complication in using Eq. 1 to determine the MAT. Its 
potential significance in absorption rate calculations and 
hepatic clearance studies will also be briefly mentioned. 
In analogy to the above assumption requirement in the 
determination of MDT, use of Eq. 1 must also require that 
the orally absorbed drug is handled in the body exactly the 
same way as that administered intravenously. This de- 
mand apparently can not be met because the orally ab- 
sorbed drug has to pass through the GI wall and then the 
liver before entering the heart, while the intravenously 
administered drug can be carried almost instantaneously 
from the injection site to the heart before being distributed 
to the rest of body. The mean time to pass through the GI 
wall and liver can be called mean GI wall transit time, 
MTTGI, and mean hepatic transit time, M n h ,  respec- 
tively. The portal circulation between the GI wall and liver 
is extremely fast and can be ignored. Therefore, Eq. 1 can 
be modified to: 

MAT = MRT,, - MRTi, - MTTGI - MTTh (Eq. 2) 

The MTT in a tissue or organ during a single passage can 
be determined directly by instantaneous injection of a 
compound into the affluent blood and monitoring of ef- 
fluent blood concentration, Gout, under the single-pass 
nonrecirculating condition (6-8): 
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The cell envelope, and particularly the outer membrane, of Gram- 
negative bacteria is known to change in response to changes in the growth 
environment (8,11,12). It is therefore likely that these changes in resis- 
tance may reflect changes in the cell envelope which either prevent access 
of the drug to the site of action or alter the site of action such that the 
drugs show decreased activity. Little is known about the cell envelope 
of P. cepacia. The lipopolysaccharide is atypical, not containing 2- 
keto-3-deoxyoctonate and with several quantitative differences in the 
sugar moieties (13). The cellular fatty acid compositions (mostly derived 
from the envelope phospholipids) of P. cepacia and Pseudomonas 
aeruginosa differ in that the former has proportionately more cyclo- 
propane fatty acids than does the latter (14). 
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To the Editor: 
In recent studies the statistical moment theory has been 

employed to estimate mean absorption time (MAT) of 
drugs (1-5). The MAT has been defined as the mean time 
of a molecule (1) or the mean residence time (MRT) of all 
molecules (2) from a dosage form (such as solution or 
tablet) spent at the input site (GI lumen in the case of oral 
administration) before being absorbed into the general 
circulation. The MAT after oral administration has been 
calculated based on the following equation (1-5): 

(Eq. 1) 
where MRT,, is the MRT of the orally absorbed drug 
molecules in the body, and MRTj, is the MRT of intrave- 
nously (usually from a peripheral vein in the leg or arm) 
administered drug molecules in the body. Both plasma and 
urinary excretion data have been proposed to estimate the 
MRT, and MRTi,. When a solution dosage form is 
studied, the calculated MAT has been referred to as mean 
intrinsic absorption time (5). When both solution and solid 
dosage forms are evaluated, the difference in their MRT 
may be considered to equal the mean in uiuo dissolution 
time (MDT) from the solid dosage form. This is based on 
the assumption that once released from the solid dosage 

MAT = MRT,, - MRTi, 

form, it is subject to the same influence as the drug ad- 
ministered in solution (1-3). 

The main purpose of this communication is to discuss 
a complication in using Eq. 1 to determine the MAT. Its 
potential significance in absorption rate calculations and 
hepatic clearance studies will also be briefly mentioned. 
In analogy to the above assumption requirement in the 
determination of MDT, use of Eq. 1 must also require that 
the orally absorbed drug is handled in the body exactly the 
same way as that administered intravenously. This de- 
mand apparently can not be met because the orally ab- 
sorbed drug has to pass through the GI wall and then the 
liver before entering the heart, while the intravenously 
administered drug can be carried almost instantaneously 
from the injection site to the heart before being distributed 
to the rest of body. The mean time to pass through the GI 
wall and liver can be called mean GI wall transit time, 
MTTGI, and mean hepatic transit time, M n h ,  respec- 
tively. The portal circulation between the GI wall and liver 
is extremely fast and can be ignored. Therefore, Eq. 1 can 
be modified to: 

MAT = MRT,, - MRTi, - MTTGI - MTTh (Eq. 2) 

The MTT in a tissue or organ during a single passage can 
be determined directly by instantaneous injection of a 
compound into the affluent blood and monitoring of ef- 
fluent blood concentration, Gout, under the single-pass 
nonrecirculating condition (6-8): 
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In linear pharmacokinetics it can also be estimated by 
(6-9): 

7 VsJQ (Eq. 4) 
where V, is the apparent (effective) steady-state volume 
of distribution of the tissue or organ for a given drug and 
Q is the blood flow rate through that tissue or organ. In 
view of the fast blood flow through the small section (with 
a limited tissue mass during each passage) of major GI 
absorption sites (usually in the small intestine) the MTTGI 
may be expected to be relatively short or negligible for 
most drugs except those with extremely high binding 
property. Furthermore, the precise location and fraction 
absorbed at each location usually can not be ascertained. 
Therefore, under most circumstances the M?TGI probably 
can be ignored. 

The V,, for the liver may be estimated by (10 , l l ) :  

v,, = v b  + R h V h  (Eq. 5) 
where Vb is the volume of blood in the liver, Rh is the he- 
patic tissue-venous blood partition coefficient of drug, and 
Vh is the hepatic tissue volume (excluding blood). For a 
normal 70-kg human adult the vb, vh, and Qh can be as- 
sumed to be 0.37,1.5, and 1.58 literdmin, respectively (12, 
13). Substitution of the above values into Eqs. 4 and 5 will 
result in the following equation for estimating the MTTh 
for various drugs in human adults: 

MTTh in rnin = (0.37 + 1.5Rh)/1.58 (Eq. 6) 
The actual determination of R h  values in normal hu- 

mans is extremely difficult or virtually impossible under 
practical circumstances. In view of the many reported 
successes in interspecies scaling in pharmacokinetic studies 
(11,13-15) Rh values of several drugs in animals reported 
or estimated from the literature (15-18) will be used here 
for the purpose of illustration; as an approximation, the 
drug is also assumed to be instantaneously (19, 20) and 
evenly distributed in whole blood. The results of the cal- 
culation are summarized in Table I. The MTTh obtained 
ranged from 0.52 min for tolbutamide to 977 min (16.3 hr) 
for chloroquine. The unusually long transit times esti- 
mated here for chloroquine and hydroxychloroquine (12.8 

Table I-Mean Hepatic Transit Times (MTTh) of Several Drugs 
in Humans Estimated Based on the Hepatic Tissue-Plasma 
Concentration Ratios (Rh) Obtained from Animal Studies 

Druga 
Animal Species M m h  

for R h  value Rh (rnin) 

Sulfobromophthalein Rat 7.0 6.9 

Digoxin Dog 15.8 15.2 

Dactinomycin Dog 32.2 30.8 

Doxorubicin Rabbit 60.4 57.6c 

Tolbutamide Rat 0.30 0.52 

Chlorpheniramine Rabbit 31.4 30.0 

Chloroquine Rat 1029.0 977.0d 

Hydroxychloroquine Rat 811.0 770.0d 

(15). 

(15) 

(15) 

(15) 

(16) 

(10, 17)b 

(18) 

(18) 

Number in parentheses is reference number. Correction was made for hepatic 
extraction ratio of 0.89 (17) based on ref. 11. An actual value of 57 min was cal- 
culated for the rat based on the rat liver perfusion data (see text for  detail). d These 
values might be considerably overestimated (see text for detail). 

hr) during a single passage through the liver are somewhat 
of a surprise. These results indicate that for chloroquine 
and hydroxychloroquine it may take an average of more 
than 10 hr before they are transported from the liver by the 
blood stream or before they are metabolized by the liver 
following absorption. The MTTh for the blood across the 
liver, on the other hand, can be estimated to be only 0.234 
min (0.37/1.58) or 14 sec, which is only slightly higher than 
the values of 8.4 and 9.0 sec, reported earlier in the dog (7) 
and rat (21), respectively. It should be noted that the blood 
MTI’ across hepatic sinusoids, where diffusion of drug into 
hepatocytes for biotransformation and/or biliary excretion 
takes place, could be 36% shorter (7). 

The possibility of a long MTTh (57.6 min) for doxoru- 
bicin in humans (Table I) seems to be substantiated by 
results of analysis of rat (200-250 g of body weight) liver 
perfusion data recently reported by Skibba et al. (22). The 
plasma level (pg/ml) uersus time (rnin) profile in the res- 
ervoir following a bolus dose of 2250 pg of doxorubicin 
could be approximated by the following biexponential 
equation, l.2e-O.O7llt + 2.le-O.OO41t. The estimated Vs, 
based on the standard method (23) was 1003 ml. Since the 
reservoir had a volume of 150 ml the V, for the liver should 
be 853 ml. With that estimated V,, and a Q of 15 ml/min 
used in their study, one could estimate the MTTh (based 
on Eq. 4) to be 57 win. 

The true MTTh of chloroquine in humans might be 
considerably shorter than estimated here if its distribution 
between plasma and red blood cells could take place very 
rapidly, since its concentration in red blood cells has been 
shown to be much higher (-10 times) than that in plasma 
(24). The uptake of chloroquine by human red blood cells 
has been shown to follow saturable kinetics and not to be 
“instantaneous” (25). Therefore, it appears reasonable to 
assume that the estimated MTTh for chloroquine shown 
in Table I might be either slightly or markedly overesti- 
mated. This probably was the case with hydroxychloro- 
quine as well. 

The above concepts and findings may be of importance 
in our study of MAT and the process of GI absorption. 
They indicate that the conventional method (Eq. 1) may 
significantly overestimate the true MAT. For digoxin, 
dactinomycin, doxorubicin, chlorpheniramine, and chlo- 
roquine, these overestimations might be 16,32,60,30, and 
977 min, respectively (Table I). In theory, the MRTpo 
should be always greater than the MRTiV, even if all the 
drug is instantaneously absorbed through the GI tract. The 
degree of differences may vary tremendously with drugs 
that depends largely on their Rh values (Table I), although 
the size of the liver and the blood flow may also be im- 
portant. In this regard it is of interest to point out that in 
patients with congestive heart failure, hepatic flow might 
be greatly reduced, and the volume of blood in the liver 
greatly increased [i.e., up to one extra liter (26)]. Therefore, 
hepatic transit time for drugs or blood might be much 
longer than in normal subjects. It is likely that a drug with 
a larger steady-state volume of distribution in the body 
would tend to have a longer MTTh. 

It  appears that in theory the MTTh should also be a 
function of the hepatic extraction ratio, as shown for eth- 
anol (27). For example, when the extraction ratio is unity, 
no drug molecules will be transported to the general cir- 
culation. Therefore, the calculated MTTh will be zero. 
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When all drug molecules diffusing out of the hepatic sin- 
usoids are eliminated through biotransformation and/or 
biliary excretion, the MTTh for those remaining molecules 
will essentially equal that for blood. On the other hand, the 
MTTh would become the longest for a given drug when the 
extraction ratio is zero (ie., no hepatic elimination). Under 
this condition, transit times for those molecules pene- 
trating hepatic tissues deeply and/or binding strongly 
hepatic tissues will all be “counted” in the determination 
of MTTh for all molecules. Therefore, the data presented 
in Table I probably represent average values with “nor- 
mal” hepatic functions. 

The MRT analysis has been regarded generally as being 
model independent. However, it has been shown recently 
that it might be subject to the influence of the blood- 
sampling site (28,29). Although disposition kinetics in the 
whole body are best represented by systemic arterial data, 
use of venous data in the MDT analysis should be satis- 
factory as long as the same site is used for blood sampling 
throughout the study; this is also true with the MAT 
analysis shown in Eq. 1 or 2. 

In the calculation of MRTi, plasma-level data are most 
often described by polyexponential equations assuming 
that the injected drug is instantaneously and homoge- 
neously (kinetically speaking) distributed to the plasma 
(central) compartment or initial volume of distribution. 
Such a concept has been questioned recently (29-33). Its 
potential effect on the determination of MRTi, and MAT 
seems apparent. 

The concept of hepatic first-pass transit times discussed 
in this communication may also be important in the eval- 
uation of rates of oral absorption using conventional 
compartmental or deconvolution methods (34-38). This 
is consistent with an early study (39) which suggested that 
in the oral absorption rate calculation the calculated rate 
is based on the same reference sampling point (such as 
from an arm vein) between intravenous and oral studies. 
Since one is really only interested in the rate of absorption 
across the GI membrane, the conventional methods of 
calculation (34-38) may tend to underestimate the true 
rate of absorption due to the first “stop” or “trap” in the 
liver. The extensive trapping in and subsequent slow re- 
lease from the liver apparently could account for the pe- 
culiar peripheral venous plasma level profile of doxorubicin 
following 30 rnin of constant intraarterial hepatic infusion 
to a patient (40). Plasma levels a t  10 and 30 min after the 
beginning of peripheral intravenous infusion of the same 
dose 3 days later could be estimated (Fig. 1 of ref. 40) to be 
-12 and 7 times higher than from the first infusion. The 
plasma level from intrahepatic infusion started to rise only 
60 rnin after the end of infusion and was 3.3 times higher 
than from the intravenous infusion 90 min later. Using the 
10-min data, the conventional methods would predict the 
rate of intraarterial infusion or absorption to be only 
one-twelfth the intravenous infusion. In other words, the 
infusion or absorption rate could be underestimated by 
about 92%. This phenomenon might also have occurred in 
the three dogs receiving portal venous dosing of propran- 
0101 in a previous study (41). The infusion rate was re- 
peatedly reduced by -two-thirds every 7.5 min for 45 min. 
Systemic arterial propranolol levels were the lowest at the 
end of the highest rate of infusion (Fig. 5 of ref. 41). One 
dog peaked at  30 min, another at 60 min, and a third dog 

plateaued between 20 and 40 min. On the other hand, the 
highest plasma concentrations were found in the other two 
dogs studied almost immediately after the same highest 
rate of infusion (41). The maximum difference at the end 
of the highest infusion among the five dogs studied could 
be estimated to be -150-fold. This dramatic difference was 
probably primarily a result of the difference in hepatic 
transit time during the first passage since the plasma levels 
were quite similar during later periods. Unusually exten- 
sive uptake of propranolol by the liver following oral or 
hepatic portal administration (up to 10 mg/kg) to rats has 
also been reported (42, 43). The uptake has also been 
shown (42,43) to be dependent on the route and dose of 
administration, thus further complicating the MAT cal- 
culation using Eq. l or 2. 

The concepts of hepatic transit times discussed in this 
communication also may be useful in the design and 
evaluation of intrahepatic administration regimens and 
in the study of hepatic clearance of drugs. The importance 
of finite hepatic blood transit times and metabolite 
transfer times in metabolism has been extensively dis- 
cussed recently (21,44). 
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Errors in Estimating the Unbound Fraction of 
Drugs Due to the Volume Shift in Equilibrium 
Dialysis 

Keyphrases Equilibrium dialysis-volume shift, unbound fraction 
of drug Unbound fraction of drugs-equilibrium dialysis, volume 
shift 

To the Editor: 
Equilibrium dialysis is commonly used to estimate 

serum protein binding of drugs. Consideration of the in- 
fluence of the volume shift on the unbound fraction has, 
however, not been addressed until recently (1). The water 
flux from the buffer side to the serum side during dialysis 
causes binding protein dilution as well as an overestima- 
tion of the unbound fraction. The overestimation is de- 
pendent on the extent of the volume shift, the unbound 
fraction of drugs, and the concentration dependency of 
binding. Correction for the volume shift is important when 
the volume shift is substantial and when the unbound 
fraction of drugs is small. 

The molarity of macromolecules in undiluted serum 
sample is -1 mM, which gives 0.025 atm (263 mm H20) of 
osmotic pressure at 37'. The pressure causes water to 
migrate from the buffer side to the serum side (1) and ex- 
pands the dialysis membrane. Because the serum sample 

is not completely restrained in the dialysis cells and the 
dialysis membrane, the hydrostatic pressure due to the 
volume shift is always less than the osmotic pressure. Os- 
motic equilibrium is actually never reached in this type of 
equilibrium dialysis. The extent of the volume shift de- 
pends on the time used for dialysis. Tozer et al. (1) re- 
ported an average volume shift of 31% in 16-hr dialysis. 
Using the same type of dialysis cells and dialysis mem- 
brane, we experienced an average volume shift of 10% in 
4-6 hr of dialysis. Undue water flux can be avoided by a 
judicious choice of equilibration time. 

Assuming that binding follows the law of mass action, 
the unbound fraction (fu) of a drug that has multiple 
binding sites on a serum binding protein can be expressed 
as follows: 

f ,  = 1/[ 1 + Pt l/(Cu + Kdi) (Eq. 1) 
i = l  1 

where Kdi is the dissociation constant for binding site i, 
Pt is the total concentration of binding sites, and Cu is the 
measured unbound drug concentration. The extent of the 
volume shift can be defined as the ratio of serum volume 
before (V,) and after ( Vst) dialysis and expressed as: 

F = Vs/VsT = Pt'/Pt (Eq. 2) 

where Pt' is the concentration of binding sites after dial- 
ysis. In assessing the importance of the volume shift cor- 
rection, the unbound fractions, with and without water flux 
correction, need to be compared. Assuming the unbound 
concentration to be the same with and without a water flux, 
the unbound fraction without correction for volume shift 
(full is related to  the unbound fraction with volume shift 
correction by: 

f u t  = f" /P (1 - fu )  + f U 1  (Eq. 3) 
or 

fu = fuf * F/(fuf * F + 1 - f U . )  (Eq. 4) 
(See Appendix for derivation.) Neglecting the volume 
shift, the fractional error [E = ( fu,  - fu)/fu] in calculating 
the unbound fraction is: 

(Eq. 5) E = (1 - F) - (1 - fJ/[F (1 - fU) + f u ]  

or 

E = ( l - F ) . ( l  -fu~)/F' (Eq. 6) 
It is apparent from Eqs. 5 and 6 that when the volume 

shift is <lo% (F > 0.9), the error introduced in neglecting 
volume shift is <11%, which is not critical in comparison 
with other errors in the protein binding determination. 
However, if the volume shift is >lo% and the unbound 
fraction calculated without the volume shift correction is 
<0.9, the volume shift should always be considered in 
calculating the unbound fraction. Equation 4 can be used 
for the volume shift correction provided that the binding 
is not concentration dependent in the measured concen- 
tration range. 

When equilibrium dialysis is used to determine the 
unbound fraction of a drug with concentration-dependent 
binding, the transfer of drug from the serum side to the 
buffer side causes a decrease in the drug concentration on 
the serum side with a subsequent decrease in the unbound 
fraction of the drug (1, 2). The complicated correction 
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is not concentration dependent in the measured concen- 
tration range. 
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method suggested by Tozer et al., which corrects for both 
the volume shift and concentration-dependent binding, 
becomes necessary in calculating unbound fraction of a 
concentration-dependent binding drug such as predniso- 
lone (1). 

Although Eqs. 3 and 4 were derived under the assump- 
tion that drugs bind to a single-binding protein with 
multiple binding sites, the equations can be used as a good 
approximation to the correct unbound fractions for drugs 
that bind to two or more different binding proteins. For 
example, for a drug with two classes of binding sites, one 
having high capacity (600 pM) but low affinity (Kd = 100 
pM), and the other having low capacity (20 pM) but high 
affinity (Kd = 1 pM), shows an unbound fraction of 0.04 
at  0.1 pM drug concentration (Eq. 3A). A 30% volume shift 
gives a 40% error in unbound fraction Cf,. = 0.056, Eq. 4A). 
Equation 4 can be used to convert fu/  to f u  with good ac- 
curacy (fu calculated = 0.04). 

The extent of volume shift is usually determined by 
measuring the sample volume before and after equilibrium 
dialysis. Practically, it is not easy to determine the sample 
volume accurately after dialysis. It would be advisable 
instead to measure the binding protein concentration be- 
fore and after dialysis and apply for correction calcula- 
tions. 

APPENDIX 

The unbound fraction of a drug is by definition: 

f u  = Cu / (Cu + 5 Cbi) (Eq. 1A) 
i=l  

n 

i = l  
where 1 Cbi is the sum of concentrations of drugs bound 

to different binding sites. Based on the law of mass action, 
Cbi can be expressed as: 

Cbi = C, * Pti/(Kdi + Cu) 0%. 2A) 
and Eq. 1A can be written as: 

fu? = 1/ [ 1 + FPti./(Kdi + ,CJ (Eq. 4A) 1 and 

i = l  

Assuming a single binding protein with multiple binding 
sites, Eq. 3A can be simplified to be Eq. 1 and fut is equal 
to: 

Letting 

s = (1 - fu.)/(fu. - Pt’) (Eq. 9A) 
Substituting Eqs. 2 and 9A into Eq. 1, Eq. 4 is derived. 

H. G. Holford, J.  Pharm. Sci., in press (1983). 

Pharmacol., 26,145 (1979). 

(1) T. N. Tozer, J. G.  Gambertolio, D. E. Furst, D. S. Avery, and N. 
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Rate of Recovery from Fazadinium: 
Relationship to the Rate of Decline of its 
Plasma Concentration 

Keyphrases 0 Fazadinium-rate of recovery, relationship to plasma 
concentration, pharmacokinetics Pharmacokmetics-fazadinium, rate 
of recovery, relationship to plasma concentration 

To the Editor: 
Fazadinium bromide, introduced into anesthetic prac- 

tice in 1972, is of clinical interest as a short-acting neuro- 
muscular blocking agent. An approach is presented here 
which strongly suggests that the differences in the rate of 
recovery from the neuromuscular blocking effects of fa- 
zadinium are solely dependent on the pharmacokinetics 
of the relaxant. This approach is not new in that it was fiist 
presented on theoretical grounds more than a decade ago 
and utilized with recovery data for succinylcholine in both 
neonates and adults (1,2). 

If the claim (3) that fazadinium is eliminated by ap- 
parent first-order kinetics is true, and if it can be assumed 
that its metabolite(s) are inactive (41, then the duration 
( t )  of the neuromuscular blocking action of fazadinium and 
the rate of decline (R) of the effect (paralysis) in the linear 
(20-80% or 25-75%) range can be related according to the 
following equations, as derived for succinylcholine (1, 
2): 

t .= (2.3/hio)(lOg A’ - log Amin) (Eq. 1) 

R = m(h10/2.3) (Eq. 2) 

Table I-Pharmacokinetic Analysis of Recovery from the 
Neuromuscular Blocking Effects of Fazadinium 

Duration ( t Ib ,  Rate of Decline ( R ) c ,  t X R ,  kapp 2&7sd, 
(Eq. 6’) Patient min % min-1 % min-1 

3 14 
4 22 
5 24 s = (1 - fu)/(fu - Pt) (Eq. 7A) 1 26 

Eq. 1 can be rearranged to: 

Substituting Eq. 7A into Eq. 5A, gives: 2 21 
6 34 

3.57 49.98 -0.0382 
2.27 49.94 -0.0286 
2.08 49.92 -0.0210 
1.92 49.92 -0.0251 
1.85 
1.47 

49.95 -0.0219 
49.98 -0.0149 ~. ._ ~~ 

’ f,. = I/[ 1 + Pt’ * (1 - fu) / ( fu  Pt)] (Eq. 8A) Based on data from ref. 3. * Time interval when the twitch height was depressed 
bebeen 25 and 75% of its control value: between 75 and 25% muscle oaralvsis. c Rate 

where Pt’Pt is equal to F (Eq. 2). Substituting F into Eq. ~~~~~~~~~~~~~~~~~~~~~~~a~~~~~~~~~~~~~~~~~~~~~~ 
8A gives Eq. 3. Similarly, Eq. 5A can be rearranged to: 75% effect levels. 
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Figure 1-Relationship between the rate of recovery from the neuro- 
muscular blocking effects of fazadinium and the calculated bPp 25-75. 
Individual patient data are shown as solid circles while the solid line 
represents the linear regression line (r2 = 0.897, p < 0.005). 

t X R = m(log Ao - log Amin) (Eq. 3) 

where k 10 is the apparent first-order rate constant for drug 
elimination from its site of action, Amin is the minimum 
effective dose, and m is the slope of the log dose (Ao) re- 
sponse relationship for the relaxant. Thus, according to the 
above three equations, four pharmacokinetic factors de- 
termine the duration and rate of decline of effect, with 
three of these terms (m,  AO, and Amin) appearing on the 
right side of Eq. 3, while k 10 is implicit on the left-hand side 
but cancels out as such. Thus, in a group of patients given 

the same drug dose but showing different durations of ef- 
fect, the product of duration ( t )  and rate of decline (R) of 
effect will yield a constant value if the differences in the 
observed time course of effect are solely the result of dif- 
ferences in klo, the elimination rate constant. If, however, 
the values oft X R differ between the patients, then it must 
be concluded that these patients differ with respect to m 
and/or Amin andlor k 10. 

The results obtained from the six patients in the study 
by D'Hollander et al. (3) are listed in Table I, with the 
numerical designations used by these authors but in order 
of increasing duration of effect. I t  can be seen that al- 
though the six patients differed in the duration ( t )  and the 
rate of decline ( R )  from the effects of fazadinium, the t X 
R values were identical for all the patients, implying that 
the differences in the rate of recovery from the neuro- 
muscular effects of fazadinium in these six patients were 
solely due to a difference in the rate of elimination of the 
relaxant from the body. This claim is further supported 
by the finding that kaPp 25-75, the apparent rate of decline 
of the (log) plasma concentration, which is a measure of the 
elimination rate of the relaxant during the linear (25-75%) 
phase of recovery, was different in each of the six patients 
and there was an excellent linear relationship between the 
rate of recovery from fazadinium and the calculated 
kapp 25-75 (Fig. 1). 
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BOOKS 

REVIEWS It is important to note that not only have new chapters and topics been 

Pharmacokinetics, 2nd Ed. By MILO GIBALDI and DONALD 
PERRIER. Marcel Dekker, 270 Madison Avenue, New York, NY 
11016.1982.494 pp. 16 X 23 cm. Price: $34.50 (20% higher outside the 
U.S. and Canada). 
The second edition of this now classic text detailing the mathematical 

description of pharmacokinetics has been greatly expanded and updated 
over the previous edition. One of the most important new aspects to be 
presented is the comprehensive discussion of clearance concepts, flow 
models, and physiological modeling, which has given the new text a much 
broader scope while a t  the same time introduces the reader to new con- 
cepts presented over the last few years. In addition, an overview depicting 
the usefulness of statistical moments in pharmacokinetics is presented, 
a concept being explored extensively in the pharmacokinetic literature 
today which should prove useful to both the established researcher and 
the student. The new material added to the text is, in general, approached 
(as is the mark of these authors) in a detailed, step-by-step procedure 
that renders the work especially useful to novices and subsequently makes 
it an important teaching tool. 

added, but that the majority of the original text has undergonerevision, 
expansion, and addition of new material. The majority of the equations 
have been generalized, thereby making them useful in a variety of models. 
Although the generalization makes the edition slightly less useful as a 
reference book for pharmacokinetic relationships, it is most illustrative 
for teaching purposes in demonstrating the generalities of kinetic models. 
Without too much effort, the generalized equations can readily be con- 
verted to relationships that can be applied in specific situations. The 
authors have also added a more philosophical overview to the various 
concepts that  increase the understanding of many of the equations and 
relationships presented. 

Other interesting additions to the second edition are the kinetics of 
irreversible pharmacological response, product inhibition aspects of 
nonlinear kinetics, and various aspects of protein binding in relation in 
pharmacokinetics. Although the discussion dealing with protein binding 
is often divergent from what this reviewer believes to be a rational de- 
velopment of the relationship between protein binding and pharmaco- 
kinetics, it is a valuable and instructive addition, especially in lieu of the 
paucity of such discussions. 
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After extensive scrutinization this reviewer can find only a few areas 
that may be considered for changes in future editions: 1. The use of 
natural logarithms instead of log to the base of 10. This will remove the 
always difficult task by students of deciding when to use the correction 
factor 2.303. 2. The use of the current concept of clearance throughout 
the book, not just in segments; i.e., treating clearance as a fundamental 
pharmacokinetic parameter throughout the book rather than being de- 
pendent on volume of distribution and fractional rates (i .e, ,  elimination 
rate constant). 

In summary, this is a substantially expanded version of the first edition, 
and as a comprehensive and logically developed text, i t  will probably 
enjoy an even higher readership than its predecessor. A must for all 
pharmacokineticists. 

Reviewed by Svein Oie 
Department of Pharmacy 
School of Pharmacy 
University of California 
Son Francisco, CA 94143 

Chromatography and Mass Spectrometry in  Biomedical Sciences 
2. (Analytical Chemistry Symposia Series 14). Edited by A. FRIG- 
ERIO. Elsevier/North Holland, 52 Vanderbilt Avenue, New York, 
N.Y. 10017. 1983.506 pp. 16 X 24 cm. Price $106.50 (Dfl. 250). 
This book contains the proceedings of the International Conference 

on Chromatography and Mass Spectrometry in Biomedical Sciences, held 
in Bordighera, Italy, in June 1982. There are five plenary lectures on five 
topics. Three of these lectures are on techniques such as combined gas 
chromatography-Fourier transform infrared spectroscopy, quantitative 
ion-exchange thin-layer chromatography, and tandem mass spectrometry 
(MS-MS). They represent the state of the art on each of the techniques 
and are well written. The other two plenary lectures are on “Recent Ap- 
plications of Mass Spectrometry to  Cannabinoid Studies” and “Chro- 
matographic Techniques for Determination of Some Calcium Antagonist 
Drugs in Biological Fluids.” Both of these presentations, as well as the 
previous three lectures, are worth reading. The rest of the papers pre- 
sented or given as poster sessions at  this meeting are widely varied, from 
drug studies to environmental analysis, where the techniques applied 
include the use of radioimmunoassay, high-performance liquid chro- 
matography, thin-layer chromatography, gas chromatography, and 
combined techniques of gas chromatography-mass spectrometry. Like 
any other conference there are some good papers, some average in quality, 
and some which do not add anything new to  the use of chromatography 
and mass spectrometry in the biomedical or environmental fields. 

Since this book covers a very broad spectrum of techniques and 
subjects, it can not be recommended for anyone seeking an in-depth 
discussion on any particular subject. It certainly can be recommended 
for those who want an overview of the state of the art and current thinking 
of chromatography and mass spectrometry. 

Reviewed by Kamal K. Midha 
College of Pharmacy 
University of Saskatchewan 
Saskatoon S7N OWO, Saskatchewan, 
Canada 

New Drug  Parade: A Historical Minireview 1954-1982. By PAUL 
DE HAEN. Paul de Haen International, Inc., 2750 S. Shoshone Street, 
Englewood, CO 80110.1983.22 x 28 cm. Price $25.00. 
New Drug Review: A Historical Minireview offers a statistical and 

descriptive tabulation of major new drug introductions in the United 
States from 1954 to present, including single chemical entities, duplicate 
single products, combination products, and new dosage forms. Major 
drugs introduced each year are listed by trade name, generic name, 

manufacturer, therapeutic use, chemical class, and foreign developer. 
The listed drugs have been selected on the basis of chemical innovation 
and therapeutic advantages. 

In addition to the statistical and descriptive information, the publi- 
cation includes brief comments for each year on such significant events 
as the state of research, trends in the pharmaceutical industry, and the 
relationship between the industry and governmental agencies. Also in- 
cluded are pertinent references to the original reports in Drug and Cos- 
metic Industry and secondary citations of the press comments, editorials, 
and reprint history. Following the individual information for each year 
is an overview of the entire period, including summary statistics. 
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and some which do not add anything new to  the use of chromatography 
and mass spectrometry in the biomedical or environmental fields. 

Since this book covers a very broad spectrum of techniques and 
subjects, it can not be recommended for anyone seeking an in-depth 
discussion on any particular subject. It certainly can be recommended 
for those who want an overview of the state of the art and current thinking 
of chromatography and mass spectrometry. 

Reviewed by Kamal K. Midha 
College of Pharmacy 
University of Saskatchewan 
Saskatoon S7N OWO, Saskatchewan, 
Canada 

New Drug  Parade: A Historical Minireview 1954-1982. By PAUL 
DE HAEN. Paul de Haen International, Inc., 2750 S. Shoshone Street, 
Englewood, CO 80110.1983.22 x 28 cm. Price $25.00. 
New Drug Review: A Historical Minireview offers a statistical and 

descriptive tabulation of major new drug introductions in the United 
States from 1954 to present, including single chemical entities, duplicate 
single products, combination products, and new dosage forms. Major 
drugs introduced each year are listed by trade name, generic name, 

manufacturer, therapeutic use, chemical class, and foreign developer. 
The listed drugs have been selected on the basis of chemical innovation 
and therapeutic advantages. 

In addition to the statistical and descriptive information, the publi- 
cation includes brief comments for each year on such significant events 
as the state of research, trends in the pharmaceutical industry, and the 
relationship between the industry and governmental agencies. Also in- 
cluded are pertinent references to the original reports in Drug and Cos- 
metic Industry and secondary citations of the press comments, editorials, 
and reprint history. Following the individual information for each year 
is an overview of the entire period, including summary statistics. 
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1983.22 pp. 21 X 29 cm. Published weekly. 
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OPEN FORUM 

Adverse Drug Reaction Reporting 

After reading your comments in the June 10th issue of Apharmacy 
Weekly’, regarding the adverse drug reaction reporting system, I felt 
that it was necessary to write you regarding this matter. Our company 
has been greatly concerned with this problem for many years. We 
have been constantly trying to find an effective system for reporting 
adverse drug reactions to the pharmacy department and participating 
in a national data collection program. 

It has been our experience that the principal obstacle to the adverse 
drug reaction program is the physician. In the hospital setting, no 
physician wants to have an entry on a patient’s chart stating that the 
patient experienced an adverse drug reaction. This is due to the fear 
of civil liability. In our efforts to have this information placed on the 
chart by a nurse, both pharmacy and nursing have been criticized for 
“diagnosing” or “practicing medicine.” 

Johnson and Johnson knew of nearly twice as many instances of 
adverse drug reactions from the prescription medication, Zomax, as 
the FDA had known. I would not be surprised to discover that this 
information, which the company had acquired, was verbal feedback 
from the physicians to the sales representatives, rather than a written 
report directly from the physicians. It appears that the fear of legal 
liability is having a very strong impact on the practice of medicine and 
our ADR reporting system problem is just one symptom of this. 

Until this problem is resolved, it is my belief that it will be a 
continuing problem and present great difficulties in developing an 
effective reporting system. This situation will continue in spite of the 
efforts of JCAH surveyors, who constantly stress the necessity of 
accurate charting the patient’s history and the response to therapy, 

I believe our experience is directly related to the surprising fact that 

and our own efforts in trying tohave this information placed in the 
chart within the nursing notes, as a nursing diagnosis of a “suspected” 
adverse drug reaction. In addition to this, we are informing the 
medical staff through the pharmacy and therapeutics committee of 
their potential liability for failure to report adverse drug reactions in 
the patient’s medical history and chart. This legal liability would 
result if the patient suffers a repeat adverse drug reaction with 
possible injury and mortality during subsequent hospitalization. 

In summary, we continue to search for and would greatly enjoy your 
support in finding a system for reporting adverse drug reactions which 
could achieve the necessary physician support to ensure it’s success. 

William (Bill) Springfield 
Director, Pharmacy Operations 
Central Division 
AM1 Pharmacy Management Services 
Houston, TX 77060 

Received June 27,1983. 

Apharmacy Weekly,  22,91 (1983). See also E. G. Feldmann, J. Pharm. Sci., 
72,585 (1983). 

Postscript: 
Since I am in agreement with your concern with the problem of 

adverse drug reaction reporting, I am agreeable to using my letter in 
the “Open Forum Page” of the Journal. I hope it will stimulate more 
thought and discussion toward an effective method for reporting in 
our clinical settings. Hopefully, each pharmacy practitioner will begin 
to view themselves as members of the research and development 
process and communicate this attitude to physicians in such a manner 
that it becomes contagious within their ranks also. 

SmithKline 
Consumer Products, 

a division of SmithKline 
Beckman Corporation, has challenging 

job opportunities at its new Research and Development 
facility located in suburban Philadelphia. A multi-disciplined team 

of scientists having specific expertise in drug delivery research, and a full-scale development team, are being assembled. 
Applicationsare invited from Ph.D. research scientists to join our effort to discoverand developthenext generation of drugdeliverysystems 
aimed at enhancing the therapeutic value of known drugs. 
Our scientists are encouraged to publish and to interact fully with the scientific community. Our positions require interest in and sound 
knowledge of one of the following: 
POLYMER PHYSICAL CHEMISTRY - Design and testing of new polymeric drug delivery systems. Emphasis on structure/property 
relationships of polymers. 
PHARMACEUTICS - Design and conduct drug delivery research. Broad application of pharmaceutical technologyand physical chemistry 
to biological systems will be stressed. 
ANALYTICAL RESEARCH- Develop test proceduresfor drugs, excipients. polymers, and delivery systems with regard to bothcontentand 
performance. 
We are seeking outstanding individuals with Ph.D.’s in Pharmaceutical Chemistry. Pharmaceutics. Physical Pharmacy, Polymer 
Chemistry, Chemistry, Chemical Engineering, Analytical Chemistry. Surface and Interfacial Chemistry, or Physical Chemistry. 
These positions offer substantial opportunity for personal and professional advancement for recent graduates as well as seasoned 
scientists with many years of industrial oracademicexperience. We offerexcellent compensation and benefits,andan attractive 
relocation policy. For confidential consideration, please send your resume to Edwina White, Senior 
Employment Administrator. SmithKline Beckman Corporation, 1506 Spring Garden 
Street, Philadelphia, PA 19101. We are an 
equal opportunity employer. 
M/F/HN. 
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EDITORIAL 

New Era for Nonprescription Drugs 

The law says that drugs must be “safe and effective” if they are to be 

But it was not always so. 
Specifically, less than 50 years ago, it was neither a legal requirement 

nor an actuality that drugs in the American marketplace were generally 
safe and effective. 

The Federal Food, Drug, and Cosmetic Act of 1938 formally established 
safety as a condition of drug approval and marketing. The Drug 
Amendments of 1962 did likewise regarding drug effectiveness. 

However, it takes more than just a vote in Congress and the signature 
of a President to transform the objective into the reality. Recognizing 
that the criteria of safety and effectiveness could be applied rather readily 
in evaluating new drugs as a condition of their approval by the federal 
Food and Drug Administration, it remained to develop some system for 
the review and evaluation of those drugs already on the market-par- 
ticularly, for the effectiveness evaluation of pre-1962 drugs. 

And so it was in the mid-1960’s that the FDA-working along with the 
National Academy of SciencesDJational Research Council-undertook 
the Drug Efficiency Study Implementation (DESI). This was a massive 
program over a 10-year period to evaluate the effectiveness of virtually 
all drug products marketed prior to 1962. 

Very early in this project, it became evident that the complete task was 
impossible and certain limitations would need to be applied. The most 
fundamental of these adjustments was the decision to concentrate on the 
prescription drug products, of which there were almost 10,OOO, and to set 
aside the nonprescription drug products, which numbered over 300,000. 
In view of the fact that not only was a much smaller and manageable a 
universe involved, but also that the drugs were more important in the 
sense of being used to treat more serious health problems and conditions, 
this decision made a great deal of sense to all concerned. 

And eventually, the DESI project ground to its inevitable conclusion, 
with many products forced off the market, others reformulated, and still 
others relabeled as to claims and conditions for use. Although the process 
was long and stressful, the general consensus appears to be that the net 
result has been beneficial to the public health and welfare, and that both 
consumers and health care professionals now can have a high level of 
confidence that prescription drug products will perform in accord with 
their claims. 

But what about those several hundred thousand nonprescription drug 
products? 

Under law, they must be just as safe and effective for their labeled 
purposes and claims as their prescription legend cousins. The only real 
difference between these two drug classes is that the former are judged 
to be suitable for use without professional supervision, while the lat- 
ter-for one reason or another-are judged to necessitate such profes- 
sional practitioner involvement. 

As the DESI project was proceeding on track during the very late 60’s 
and early 7Vs, the FDA concluded that the nonprescription drugs would 
require a different approach logistically. Instead of considering them on 
a product-by-product basis, the FDA decided to approach the project 
on a drug active ingredient basis. With active ingredients totaling less 
than a thousand, in contrast to the several hundred thousand products, 
this alternative was clearly more practical and manageable. 

And so was conceived the FDA’s “OTC Drug Review” which has now 
been in process for some 11 to 12 years, depending upon when one regards 
the starting date to have occurred. In contrast to the DESI project, in 

legally on the market. 
which the FDA contracted with the NAS-NRC to conduct the fact- 
finding aspect, the OTC Drug Review was organized and operated by 
FDA itself. A series of 17 advisory panels-mposed of about 250 outside 
nongovernment drug experts-were established with each panel re- 
sponsible for a particular therapeutic or pharmacologic class of drugs. 
The panels, which were staffed by FDA, reviewed 20,000 volumes of data, 
held 508 meetings over 1,047 days, and participated in innumerable phone 
conferences, exchanges of correspondence, and other activities relating 
to their deliberations. 

On October 7 of this year, the FDA and its parent Department of 
Health and Human Services, proudly announced that a most important 
milestone had been reached in this monumental project. The 58th, and 
last, report of the advisory panels was publicly released. 

Although agency officials pointed out that much work still remains to 
be done to convert the final panel recommendations into regulatory ac- 
tion, they emphasized that major strides had already been made “in 
improved products, greater safety, and reduced medical costs.” 

HHS Secretary Margaret M. Heckler concluded her statement with 
the comment that, “The review has begun to transform the nonpre- 
scription drug market.” And the accompanying FDA summary cited 
ample statistics and examples to document her assessment. 

What impact will this all have on pharmacy and the pharmaceutical 
sciences? 

Nonprescription drugs and drug products have long had an image of 
being nothing more than harmless, ineffective nostrums at best, and 
potentially harmful quack remedies at worst. 

But the FDA’s OTC Drug Review has changed that. The products on 
the market now and in the future have been established as safe and ef- 
fective. And professional organizations have been making great efforts 
to educate practitioners and the public in the proper selection and use 
of such products. 

In particular, the American Pharmaceutical Association has con- 
tributed enormously in this regard through publication of its highly re- 
spected Handbook of Nonprescription Drugs, which is now in its 7th 
Edition. APhA has also been conducting a whole host of other efforts, 
including workshops and seminars, to support an active and effective role 
for the pharmacist with regard to self-medication by the public. 

And in recent years the nonprescription drug industry has generally 
assumed a high sense of public responsibility for the products it produces 
as well as their proper use. Indeed, the Proprietary Association, which 
is the major trade organization of nonprescription drug manufacturers, 
currently is closely cooperating with APhA in efforts to produce a con- 
sumer version of APhA’s Handbook. 

Finally, the general public today is much more health conscious than 
ever before; it  has a keen interest in knowing as much as possible about 
self-treatment; and it wants to feel confident that the therapeutic agents 
it uses are safe and reliable. 

Consequently, the entire picture as to contemporary perceptions and 
attitudes regarding nonprescription drugs is dramatically different from 
that which prevailed just a few short years ago. And the resultant shift 
in emphasis will greatly affect not only pharmacy practitioners but also 
pharmaceutical educators and scientists as well. 

-EDWARD G. FELDMANN 
American Pharmaceutical Association 

Washington, DC 20037 
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Keyphrases Topical administration-drug delivery to local subcu- 
taneous tissues. literature survey Drug delivery-local subcutaneous 

tedlY) diverse Sources to reanalyze conventional thought 
and to stimulate inquiry into this important aspect of drug 

tissues via topical administratidn, literature survey input oia the skin. 

This article brings together a collection of results and 
observations which demonstrate the achievement of sig- 
nificant drug delivery to local subcutaneous structures 
following topical administration. It is probably no exag- 
geration to say that the concept of using the transdermal 
route to advantageously reach lower tissue, such as the 
muscle beneath the subcutaneous fat, goes directly against 
conventional thought. Indeed, the cutaneous microvas- 
culature has long been offered as an excellent example of 
a classical “sink” phenomenon; that is, following pene- 
tration through the stratum corneum, epidermis, and 
upper dermis, it has been held that the permeating species 
will then pass into one of the small blood vessels forming 
the microcapillary network and hence be systemically di- 
luted in the circulatory system. The argument seems to- 
tally reasonable: the stratum corneum is an excellent 
barrier to the passage into the body of many substances 
that contact with the skin. Thus, in the large majority of 
cases, drug arrival beneath the stratum corneum is slow 
such that the concentration of material a t  this point is 
invariably very much less than that present on the skin 
surface. These conditions are precisely those implicit in 
a “sink” situation and, coupled with the extensive dermal 
capillary matrix, it is not surprising that further penetra- 
tion into the tissue has been considered unlikely. 

On closer perusal of the literature, however, it becomes 
apparent that a small but significant number of reports 
exist which show that deeper penetration can take place 
and that subcutaneous drug levels can be achieved fol- 
lowing topical application which cannot be reached after 
parenteral or oral administration of the active agent. This 
brief review gathers the results available in the (admit- 

SUBCUTANEOUS DRUG DELIVERY EXPERIMENTAL 
OBSERVATIONS 

Over the last 15 years, there have appeared several 
communications which address the question of local sub- 
cutaneous drug delivery following topical dosing. These 
encompass a diverse array of chemical substances such as 
dimethyl sulfoxide, a salicylate derivative, steroids, and 
commonly used organophosphorous pesticides. In almost 
all cases, the studies have involved animal models since 
excision of tissue and its analysis is possible. However, 
evidence has been found that the same deeper penetration 
from the skin surface occurs in humans; further, a priori, 
there is no reason to suggest that the animal experiments 
performed are not good qualitative predictors, a t  least of 
the behavior expected in humans. It is believed, therefore, 
that the following discussion provides tantalizing and 
somewhat novel information on the potential of the topical 
route for the delivery of chemotherapeutic agents. 

In 1968, Gorog and Kovacs (1) studied the anti-in- 
flammatory properties of dimethyl sulfoxide (DMSO) in 
rats. It was found that carrageenan-induced rat paw edema 
was improved by both oral and topical DMSO therapy. 
Furthermore, and of greater relevance, arthritis induced 
by Mycobacterium adjuvant was inhibited to a greater 
degree by topical, rather than oral, DMSO administration. 
In the same way, DMSO applied to the skin of rats had an 
inhibitory effect on arthritis produced experimentally by 
6-sulfanilamidazole. These early data, therefore, argue 
strongly for local deep penetration of the solvent. 

A more detailed investigation on the disposition of 
topically applied “-labeled escin was performed in mice 
and rats by Lang (2). The radioactive compound was ap- 
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Figure 1-Radioactivity i n  mouse (A) and rat (B) back muscles at 
various times after cutaneous application of [3H]escin. (Data taken 
from Ref. 2.) 

plied to the backs of animals, and tissue distribution was 
subsequently evaluated at various times by organ dissec- 
tion after sacrifice. The tissues monitored were the back 
muscles, blood, liver, kidney, heart, lungs, spleen, testes, 
brain, leg muscle, femur, and stomach lining. In the mouse 
the amount of activity detected in the back muscle beneath 
the skin application site exceeded by 20-100 times the 
amount detected in any of the other regions. A similar 
pattern of behavior, though less pronounced (10-30 times 
greater in the back muscle) was observed in the rat. The 
time course of disposition to the back muscle in the two 
species is shown in Fig. 1. It  is apparent that significant 
levels of escin are present in the deeper local tissue over 
prolonged periods of time. A further observation reported 
in this paper (and elsewhere) also implies that all material 
penetrating the upper skin layers is not immediately 
subjected to a sink condition. Measurements were made 
of activity residing in the skin beneath the application site 
and in several skin strips 0.5 cm wide at  distances of 1-5 
cm from the center of the application zone. The data (Fig. 
2) for the mouse clearly show that radial movement of drug 
within the skin is an additional transport pathway to the 
expected capillary uptake process. It should be pointed out 
that implied radial movement within the skin has been 
reported on other occasions. It is a common observation 

1 H R  

L 
1 1 2 3 4  

6 H R  

L I 1  2 3 4  

12 HR 

v, 1 2 3 4  

24 HR 

L 1 2 3 4  

Figure 2-Radioactivity located in  several skin areas at various times 
after cutaneous application of [3H]escin to the mouse. Column 0 cor- 
responds to skin directly under the application site. Columns I ,  2,3, and 
4 refer t o  skin strips at 0.5-cm intervals away from the contact zone. 
(Data taken from Ref. 2.) 

that topical vasodilators capable of producing visible er- 
ythema induce a redness on the skin surface that expands 
with time beyond the region of application (3). As an ex- 
ample, the work by Fountain et al. (4) with the methyl 
ester of nicotinic acid may be cited (Fig. 3); recently, this 
line of investigation has been pursued in a more quanti- 
tative sense ( 5 ) ,  and the radial transport of methyl nico- 
tinate absorbed into the skin has been measured as a 
function of drug concentration and time (Table I). The 
rapidity of the outward movement implies that passive 
diffusion cannot be the mechanism involved, and it has 
been suggested that the cutaneous vasculature must par- 
ticipate. However, it is evident, whatever the mechanism, 
that the role of the microcirculation in this case is not 
merely depletive. I t  is also true that radial movement 
within the skin as assessed by visual detection of a phar- 
macological response is not limited to vasodilation, but has 
also been witnessed with the opposite effect produced by 
corticosteroids (6). Thus, the evidence for lateral transport 
prior to removal by dermal capillaries seems quite firm. 

The most extensive study of local subcutaneous delivery 
of chemical substances was by Marty et al. (7-11) who 

" N  0 1 1 I I I 
0 25 50 75 100 125 

MINUTES 

Figure 3-Lateral movement of methyl nicotinate in  the  skin as as- 
sessed by erythematous area. The  drug was applied i n  aqueous solution 
at ambient temperature (25'). Each data point is the  average of five 
readings from various sites. Key: methyl nicotinate concentration (X) 
1 . 0 ' ; ;  (0) O S r ' E ;  (@) 0.25%. (Data from ref. 5.) 
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Table I-Radial Transport  of Methyl Nicotinate in the Dermis 
as a Function of Time ( t )  for Two Topically Applied 
Concentrations (C) with Various Application Durations ( t l ) "  

Erythematous Reaction to Methyl Nicotinateh 
C = 997 mM C = 100 mM 

t , . s ec  t.min A. cm2 t l . sec  t,min A,cm? 

15 2.25 
4 
7 

10 

4 
5 
6 
7 

10.5 
60 2 

3 
5 
8 

14 

30 2.75 

1.4 
7.5 

13.9 
18.4 
3.5 
5.5 

11.4 
14.4 
15.7 
18.8 
4.5 
7.7 

15.4 
23.1 
25.8 

120 2.5 1.4 
6 2.7 
9.5 5.9 

15 7.1 
600 4 2.4 

7 4.6 
11 8.7 
16 11.2 

1200 6 2.6 
8 7.7 

12 11.6 
18 14.7 
23 19.1 

Data taken from Ref. 5. Methyl nicotinate was applied in aqueous solution to 
a skin surface area of 0.79 cm?. b A = area of erythema. 

attempted to explain the localized and deep therapeutic 
effect of certain dermatological preparations. These au- 
thors demonstrated, in each case, that percutaneous ab- 
sorption was accompanied by diffusion and retention in 
the connective and muscle tissues located beneath the 
administration area. Alcoholic or propylene glycol solu- 
tions of radiolabeled thyroxine, triiodothyronine, estradiol, 
dexamethasone, and diisopropyl fluorophosphate were 
applied to the shorn abdomen or back of Sprague-Dawley 
rats, and the contact zones were protected and covered for 
periods of between 0.5 and 6 hr (7). At the end of the test 
the rat was killed and blood was drawn from the carotid 
artery. The site of skin application was dissected and 
fragments of subcutaneous tissue, muscle, and brown in- 
terscapular fat were removed from below the contact area. 
Samples of liver, kidneys, and part of the muscle from a 
rear paw were also collected and weighed. 

Liquid scintillation counting was used to determine the 
radioactive concentrations in the various organs; the re- 
sults were converted to amounts of drug present in nano- 
grams per gram of tissue (Table 11). For thyroxine, after 
1 hr, the levels in plasma, liver, kidneys, and skeletal 
muscle were not significantly different. Beneath the ap- 

plication area, the radioactive concentration was 100 times 
greater in the subcutaneous tissue than in the plasma. The 
subjacent muscle showed the same phenomenon though 
of less intensity. The ratio (concentration in muscle below 
the application zone/concentration in paw muscle) in- 
creased substantially with time (4.2 a t  30 min, 8.6 at  60 
min, and 14.3 at  2 hr). Triiodothyronine gave similar re- 
sults with considerable retention in the subcutaneous re- 
gion and deeper muscle. Liver and kidney levels matched 
the plasma concentration. Estradiol showed the greatest 
retention in the subcutis and muscle below the application 
area (20 and 40 times the plasma level, respectively). The 
ratio of the skin muscle concentration to the paw muscle 
concentration was 17. Dexamethasone showed the lowest 
penetration rate, and enhanced drug delivery to the sub- 
jacent tissue was barely significant. Absorption of diiso- 
propyl fluorophosphate was greatest, on the other hand, 
but resulted in little local muscle retention over that found 
elsewhere. In general, however, the authors showed accu- 
mulation in local skin muscle under the application 
zone. 

It was suggested that this enhancement corresponded 
to molecular diffusion in the deep direction independent 
of the level of vascular perfusion (the latter being anato- 
mically distinct for the regions of viable epidermis, dermis, 
and subjacent muscle). Further, the authors implied that, 
contrary to accepted concepts (12), the blood supply to the 
dermis is not capable of resorbing certain chemicals pro- 
portionately to their penetration through the epidermis. 
Thus, the substrate accumulates with time and is able to 
diffuse to deeper tissue. To support their hypothesis, 
Marty et al. (7) drew attention to the fact that both 
dexamethasone (a poorly absorbed substance with low 
solubility in water) and diisopropyl fluorophosphate 
(soluble in water and oil) show little accumulation, 
suggesting that the blood supply is able to transport these 
substances away in solution relatively efficiently. Con- 
versely, the poorly water soluble thyroxine, triiodothyro- 
nine, and estradiol show much diminished resorption by 
the microvasculature and establish significant levels fur- 
ther into the tissue with increasing contact time. 

In two subsequent reports (8,9), the disposition of tri- 
tiated dexamethasone in mice and rats following topical 
application was compared with oral administration. Pro- 

Table 11-Distribution of Various Substances in Different Tissues in the Rat  af ter  Application to the Skin a 

Tissue Concentration, ng/g 
Muscle Significance of 

Difference Penetrating Experiment Subcutane- under 
Species/Amount Duration, ous Application Paw Between 

Deposited, pg hr Plasma Liver Kidneys Tissueb Zone (A) Muscle (B) A and R 
lZSI Thyroxine/400 [ l j  ( =7,6,5)  

0.5 0.7 f 0.2 
1 1.60 f 0.5 
2 4.0 f 0.9 

[1ZsII]Triiodothyronine/400 1 2.5 f 0.2 
( N  = 6,6) 2 3.9 f 0.3 

[:3H]Estradiol/l10 ( N  = 6) 2 1.0 f 0.3 
3H Dexamethasone/100 2 0.19 f 0.06 

( = 12,5,5) 4 0.19 f 0.03 
6 0.34 f 0.10 

("H]Diisopropyl 3 1210 f 114 

' I I  
fluorophosphate/20,OOO 
( N  = 7) 

1.1 f 0.4 
2.9 f 1.2 
3.9 f 1.8 
3.6 f 0.7 

5 f l  
4 f 1.5 

1.05 f 0.33 
1.52 f 0.30 
1.0 f 0.1 

3100 f 640 

2.1 f 0.6 
2.6 f 0.7 
5.6 f 0.7 

5 f l  
8.3 f 2.2 
2.2 f 0.4 

0.65 f 0.14 
0.67 f 0.20 
1.44 f 0.60 

8500 f 2400 

55 f 11 3.8 f 1.0 
8.0 f 2.4 
23 f 2.3 

132 f 42 
178 f 45 
111 f 15 
240 f 70 
370 f 87 

10 f 3 
23 f 4.4 
42 f 15 

8.1 f 2.1 
5.2 f 0.9 
4.8 f 0.6 

0.75 f 0.14 
0.7 f 0.3 
1.6 f 0.6 

35800 f 15000 2450 f 1000 

1.0 f 0.5 
1.5 f 0.6 
1.6 f 0.2 
2.5 f 0.9 
2.0 f 0.4 
2.4 f 0.6 

0.27 f 0.08 
0.25 f 0.01 
0.42 f 0.15 
590 f 150 

p < 0.05 
p < 0.05 
p < 0.01 
p < 0.05 
p < 0.01 
p < 0.01 
p < 0.05 
p = 0.05 

N.S. 
p < 0.05 

Data taken from Ref. 7. All values significantly different from those in plasma, p < 0.01. 
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Table IIJ-Percutaneous Absorption of [3H]Dexamethasone in 
Mice a 

Tissue Concentration, nglg 
Application Subcutaneous Abdominal Homogenized 

Duration, hr* Tissue Muscle Mouse 

Table VII-Distribution of Diisopropyl Fluorophosphate, 
Malathion, and Parathion in Rat Tissues after Percutaneous 
Application a 

1 49 f 19" 4.1 f 1.3c 0.90 f 0.14 
2 69 f 10' 12 f 3.5' 2.6 f 1.7 
4 97 f 30" 29 f 13d 3.3 f 1.0 

Data taken from Refs. 8 and 9. Dose applied = 19 pg/cm2. * N = 5 a t  1 hr; N 
Significance of difference between tissue and homogenized 
Significance of difference between tissue and homogenized 

= 6 a t  2 and 4 hr. 
mouse, p < 0.05. 
mouse, p < 0.01. 

Tissue 
~ 

Subcutaneous tissue 
Muscle beneath zone 
Paw muscle 
Blood 
Liver 
Plasma 
Kidney 

Tissue Concentration, pg/g 
D i i s o ~ r o ~ v l  

Fluorophosphate Malathion Parathion 

130 f 25b 145 f 20b 155 f 60b 
1 4 f  Z b  2.5 f 0.6 1.45 f 0.45c 

4.0 f 1.5 
1.3 f 0.3 3.6 f 0.6 0.4 f 0.1 
4.1 f 0.5b 1.4 f 0.2 0.10 f 0.02c 

8.9 f 1.5b 2.3 f 0.7 0.20 f 0.03 

1.7 f 0.6 -d 

d - 2.3 f 0.7 - d 

cedures similar to those described in the previous study 
(7) were used; Tables I11 and IV summarize the results. It 
is plain that observations consistent with those of the 
earlier work were found; for example, in mice, under the 
area of topical application, the levels of radioactivity in 
subcutaneous tissue and in the lower muscle were 30 and 
10 times higher, respectively, than in other tissues. Levels 
and distribution were quite different following oral ad- 
ministration; the plasma concentration was higher and 
large amounts were located in liver and kidney. Such a 
pattern of behavior (topical uersus oral) was intimated to 
be of potential importance in terms of the metabolic in- 
activation of the administered chemical. 

Further investigation into the fixation of topically ap- 
plied materials in the superficial structures of the skin, and 
its importance in problems of decontamination and bio- 
availability, was then conducted (10, 11). The materials 

Data taken from Ref. 10; 100 pl was applied over a surface area of 5 cm2 for 3 
hr. N = 7 for diisopropyl fluorophosphate, N = 8 for malathion and parathion. 

Significance of the difference between blood and tissue concentrations, p < 0.01. 
Significance of the difference between blood and tissue concentrations, p < 0.05. 
-, Not detectable. 

studied were diisopropyl fluorophosphate, malathion, 
parathion, estradiol, and progesterone. Comparable 
methodology was employed in the rat and mouse animal 
models (Tables V, VI, and VII). In the mouse, the amount 
of diisopropyl fluorophosphate found in the abdominal 
muscle under the application region and in the local vi- 
cinity represented -28% (105 pg) of the total quantity 
absorbed; the remaining 72% was diluted in almost the 
entire animal. Malathion produced similar observations 
with 36% of the absorbed chemical being located in sub- 
cutaneous tissue at or near to  the application zone. The 
subjacent tissue showed malathion levels of the order of 
lo00 pg/g compared with the animal carcass concentration 

Table IV-Tissue Concentrations of [3H]Dexamethasone Following Topical and Oral Administration to Rats a 

Tissue Concentration, nglg 
Subcutaneous Abdominal Leg 

Route Time, hr Plasma Tissue Muscle Muscle Liver Kidneys 

Topical 2 0.19 f 0.06 8.1 f 2.1' 0.77 f 0.14c 0.27 f 0.08 1.05 f 0.30 0.65 f 0.14 
4 0.19 f 0.03 5.2 f 0.gc 0.68 f 0.30d 0.25 f 0.04 1.52 f 0.30 0.67 f 0.20 
6 0.34 f 0.10 4.9 f 0.5' 1.6 f 0.6c 0.43 f 0.15 0.99 f 0.10 1.44 f 0.50 

Oral 1 
4 

24 

22 f 1 
19 f 0.5 

2.7 f 0.4 

13 f 2 
8.1 f 1.6 
1.6 f 0.5 

11.5 f 1.3 
8.9 f 0.4 

1.50 f 0.35 

11.6 f 1.7 
9.5 f 0.7 
1.5 f 0.3 

145 f 9 
168 f 21 
11 f 1.6 

44 f 6 
36 f 3 
3.6 f 0.6 

Data taken from Refs. 8 and 9. The topical dose was 19 pg/cm2; the oral dose was 40 pg/kg. N = 5 for all times except t = 2 hr (topical) for which N = 12. b Time = 
duration of application (topical) or survival time (oral). c Significance of difference between tissue and plasma, p < 0.05. d Significance of difference between tissue and 
plasma, p < 0.01. 

Table V-Percutaneous Absorption of [3H]Diisopropyl Fluorophosphate, [35S]Malathion, and [35S]Parathion in the Mouse a 

Quantities of the Applied Dose Found in Tissues 
Muscle Under and Circumscribed 0 v e r a 11 

Penetrating a t  Application Area Mouse Carcass Absorption 
Species PR % UR % Ut! % . -  . ._ . -  

Diisopropyl 105 f 10 1.05 f 0.10 250 f 60 2.5 f 0.6 355 f 70 3.5 f 0.7 

Malathion 60 f 10 0.50 f 0.08 110 f 25 0.9 f 0.2 170 f 40 1.4 f 0.3 
Parathion 50 f 8 0.40 f 0.06 130 f 25 1.0 f 0.2 180 f 20 1.4 f 0.2 

N = 6 fur diisopropyl fluorophosphate and parathion, N = 7 for malathion. 

fluorophosphate 

0 Data taken from Ref. 10; 10 pl was applied over a surface area of 1 cm2 for 1 hr. 

Table V1-Tissue Concentrations of Diisopropyl Fluorophosphate, Malathion, and Parathion after Absorption in the Mouse a 

Penetrating 
Speciesb 

Tissue Concentration, pglg 
Muscle Under Application Circumscribed 

Area (MI) Muscle (Mz) Carcass (B) MIIB M d B  
Diisopropyl fluorophosphate 
Malathion 
Parathion 

3920 f 520 
1880 f 570 
2140 f 730 

1610 f 61Oc ~ . ~ .  ~ ~~. 

650 f 20Od 
530 f 180e 

11 f 3.5 
3.4 f 0.8 
4.0 f 0.1 

355 
550 
535 

145 
190 
130 

Data taken from Ref. 10; 10 pl was applied over a surface area of 1 cm2 for 1 hr. 
of the difference between MI and M2 (by the paired series method)! p < 0.Fl. 
0.02. p Significance of the difference between MI and MZ (by the paired series method), p < 0.05. 

N = 6 for diisopropyl fluorophosphate and parathion, N = 7 for malathion. C Significance 
Significance of the difference between MI and M2 (by the paired series method), p < 
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Table VIII-Skin Absorption of Estradiol and Progesterone in the Mouse 

Steroid Concentration, p g / g  
Conc. in Tissue Under Application Zone, ng/g Conc. in Whole 

Subcutaneous Muscle Crushed Mouse, nglg 

Estradiol 600 1695 f 350 804 f 191 43 f 8 
Progesterone 5000 43,600 f 1100 9350 f 2900 342 f 52 

(I Data taken from Ref. 1 1  

Table IX-Local Concentrations of Steroids in Subcutaneous Tissue Beneath the Application Zone on the Skin after 2 hr a 

Species Steroid/Conc., % 
Reference Conc. 

(9, ng/g 
Concentration Ratio (TissueIS) 

Subcutaneous Muscle 

Mouse Estradiol/O.O6 43 f 8 
Rat‘ Estradiol/O.O6 1.93 f 0.18 
Mouse Progesterone/0.5 342 f 52 
Rat Proeesterone/0.5 15.1 f 1.1 

39 
75 

125 
200 

19 
11 
27 
19 

0 Data taken from Ref. 11. b The reference concentration for the mouse is that in the whole crushed carcass after local excision; for the rat, the reference is plasma con- 
centration. (. After subcutaneous injection (10 pg/kg), S = 0.88 f 0.05 and tissue/S = 2 (subcutaneous) and 0.75 (muscle). 

of <5 pg/g. The data for parathion paralleled those for 
malathion quite closely. With the same substances in the 
rat, essentially the same pattern of behavior was found 
(Table VII). It is apparent, therefore, that the organo- 
phosphorous pesticides represent another class of com- 
pound for which subcutaneous fixation takes place. 

For the steroids estradiol and progesterone (11) (Tables 
VIII and IX), accumulation was again found in the con- 
nective tissue of the abdominal muscle in the region under 
application. The effect was not seen after subcutaneous 
administration (Table IX). As before, the authors argued 
that the results demonstrate slow exchanges between blood 
and tissue such that the steroids are not removed effi- 
ciently as they diffuse in the intercellular fluids. Their 
observations were emphasized to be distinct from the 
classic “reservoir” effect noted for this class of compound 
(13-15), but it was suggested that the latter would mean 
that the likelihood of deeper penetration was increased. 
It was concluded that the data constitute pharmacokinetic 
proof contributing to the confirmation of local subcuta- 
neous pharmacological effects of topically administered 
hormones. 

Finally, in a recent paper (16) Rabinowitz et al. have 
studied the local, articular, and systemic absorption of oral 
and topical salicylates in dogs and humans using radio- 
isotope techniques. Specifically, tissue disposition fol- 
lowing oral [14C]aspirin was compared with that after 
topical administration of triethanolamine [14C]salicylate. 
In the canine model, one group of five beagles received per 

Table X-[14C]Salicylate Tissue Concentrations after Oral and 
Topical Salicylate Administration to Dogs a 

[14C]Salicylate Concentration, pg/g 
Tissue Oral ToDical 

Blood 

Urine 
Skin 
Muscle 
Fascia 
Fat pad 
Tendon 
Ligament 
Cartilage 
Synovial fl 
Synovium 

30 min 
60 min 

34.80 f 2.33 
30.60 f 0.24 
12.57 f 5.16 
0.64 f 0.09 
1.76 f 0.16 
1.04 f 0.28 
1.00 f 0.10 
0.20 f 0.03 
0.50 f 0.16 
0.43 f 0.03 

.uid 1.00 f 0.10 
0.62 f 0.10 

2.60 f 0.02 
0.22 f 0.02 
0.16 f 0.09 

312.20 f 40.80 
38.20 f 5.16 
16.40 f 1.96 
5.60 f 1.20 
3.00 f 0.44 
2.00 f 0.20 
1.62 f 0.49 
0.80 f 0.12 
0.74 f 0.12 

0s a 500-mg capsule of [14C]aspirin; a second group re- 
ceived 10 g of l4C-labeled triethanolamine salicylate cream 
applied to the shaved right knee. Urine and blood samples 
were taken at  30 and 60 min, and the animals were then 
killed and tissue samples were analyzed. In the human 
model, six subjects with seropositive adult-onset rheu- 
matoid arthritis and active knee synovitis were studied. 
Each subject was dosed, an separate occasions, orally with 
a [14C]aspirin capsule and topically with 10 g of trietha- 
nolamine [14C]salicylate crecm to one knee; 2-6 weeks 
elapsed between the two administrations. Blood and urine 
samples were taken pretreatment and at 60 and 120 min 
postdose. At 120 rnin a synovial fluid aspiration was per- 
formed, taking care to avoid sample contamination from 
the application site. Patients were also asked to rate their 
subjective pain relief after the two medications. 

Blood levels achieved in dogs after topical dosing were 
10-100 times lower than those after oral administration 
of an equimolecular quantity of salicylate (Table X). 
However, the topical route resulted in higher local salicy- 
late levels: the skin level was, expectedly, highest, but su- 
perior levels were seen in all local deeper tissues (ligament, 
tendon, cartilage, fascia, fat). The adjacent muscle showed 
20 times more radioactivity after topical than oral ad- 
ministration. 

Despite blood level differences spanning orders of 
magnitude (oral >> topical), topical dosing in humans 
produced 6Wo of the salicylate level in synovial fluid found 
after oral aspirin administration (Table XI). Subjective 
improvement was reported by two-thirds of the study 
group for both salicylate administration routes. Hence, 
once again, topical delivery is seen to produce high local 
subcutaneous levels of drug despite appreciably reduced 
blood concentrations. Direct deep penetration is thus the 
mechanism implicated. The authors of this study con- 
cluded that the lipid solubility of triethanolamine salicy- 
late permits it to remain localized and to be slowly ab- 
sorbed into the blood. This suggested a desirable feature 
for providing pain relief of local discomfort without sys- 
temic side effects. Parenthetically, a study’ performed in 
the rabbit using two commercial preparations2 of 
triethanolamine salicylate found as much salicylate in the 
muscle beneath the application site as in the same tissue 

Data taken from Ref. 16: all values are mean f SEM 
A. Fujii, L. G.  Nutine, and E. S. Cook, personal communication. 
Asperheat and Aspercreme; Thompson Medical Co., Inc., New York, N.Y. 
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Table XI-[14C]Salicylate Concentrations in Blood, Urine, and Synovial Fluid 1 and 2 hr after Oral and Topical Salicylate 
Administration to Humans a 

Tissue 

[W]Salicylate Concentration, pcg/ml 
Oral Topical 

1 hr 2 hr 1 hr 2 hr 

Blood 
Urine 
Synovial fluid 

10.27 f 1.04 
0.64 f 0.13 
0.29 f 0.03 

10.33 f 1.06 
1.45 f 0.27 
0.40 f 0.08 

0.03 f 0.00 
0.02 f 0.01 
0.16 f 0.02 

0.08 f 0.01 
0.18 f 0.06 
0.25 f 0.04 

a Data taken from Ref. 16. All values are mean f S E M ;  N = 6 for t = 1 hr, N = 4 for 1 = 2 hr. 

following oral dosing of aspirin. Also, a double-blind in- 
vestigation carried out by Golden (17) using similar sali- 
cylate preparations2 on 40 patients again indicated that 
equally effective subjective pain relief could be attained 
using topical triethanolamine salicylate as with oral aspi- 
rin. The topical delivery route was suggested to offer a 
superior alternative in the alleviation of certain rheumatic 
conditions. 

CONCLUSIONS 

The experimental work summarized in this survey leaves 
little doubt that the principle of subcutaneous delivery of 
topicalIy applied substances is established. Together with 
the observations of lateral movement of penetrating ma- 
terials within the dermis, it is apparent that the vascular 
supply of the skin is not always a perfect “sink.” The lim- 
ited data available is teasing and implies that deeper 
penetration may be a far more ubiquitous phenomenon 
than had ever been thought possible; in a sense, the be- 
havior has rarely been seen (and hence assumed not to 
exist) because few have bothered to look for it. As with all 
research, additional studies will provide further clarifi- 
cation and delineation of these issues. For example, further 
kinetic information and, hence, the residence times of 
various penetrating species as a function of depth into the 
tissue, and the quantity of material present subcuta- 
neously, await clearer assessment. More information is 
required about the amount of applied substance absorbed 
and what fraction of that amount is localized in the deeper 
tissues. In terms of a complete overview of percutaneous 
absorption as a drug delivery process, i t  is important that 
the aspects discussed here are not ignored. As for practical 
applications, the clinical one is self-evident and, even on 
the basis of the results reviewed here, has been repeatedly 
alluded to by the workers involved deeper penetration can 
concentrate more active compound in local affected mus- 
cular tissue than can practical alternative administration 
routes. Better (or a t  least equivalent) therapy is possible, 
therefore, without systemic distribution of the drug, i .e.,  
significant blood levels, and possible side effects. The 
ramifications of this potential in terms of pharmacology 
and pharmacokinetics warrant further study. 

ADDENDUM 

Since the submission of this article two further examples 
of local deep penetration after topical administration have 

been brought to our attention. Areh (Ph.D. thesis, Mas- 
sachusetts College of Pharmacy and Allied Health Science, 
1982) prepared a number of salicylate derivatives and 
demonstrated, in rabbits, that therapeutic levels could be 
achieved in local muscle tissue after transdermal delivery. 
Wada et al. [J. Pharm. Pharmacol., 34,467 (1982)l con- 
sidered the percutaneous absorption and anti-inflamma- 
tory activity of indomethacin administered in a topical 
ointment to rats. They found that the drug concentration 
in the muscle of the treated paw was very high and -10 
times that in the tissue of any other paw and 7 times that 
in the blood. 
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Abstract A model based on heat transport control was developed to 
describe the uptake of water on a deliquescent solid in an atmosphere 
of pure water vapor. The model assumes the presence of a saturated liquid 
film on the surface of the solid. The decrease in the vapor pressure of 
water over the surface, brought about by the colligative effect of solid 
dissolved in the liquid film, is effectively offset by the increase in tem- 
perature of the film (and the solid) caused by the heat released on con- 
densation of the water vapor. The thermal transients die out quickly and 
a steady-state analysis is valid. At steady state the temperature of the 
liquid film (and solid) is that temperature at which the vapor pressure 
of water above the saturated solution is equal to the chamber pressure. 
Consequently, water uptake occurs a t  a rate that depends on the heat flux 
away from the surface. The water uptake rate, wh, is constant a t  a given 
relative humidity and is described by an equation of the form w‘, = (C + F ) h  (RHJRH,), where C and F are conductive and radiative coeffi- 
cients, RHi the chamber relative humidity, and RHO the relative humidity 
a t  and above which continuous water uptake (deliquescence) occurs. The 
model contains no adjustable parameters and can thus be directly tested 
against experimental results. 

Keyphrases 0 Sorption-moisture, water-soluble substances, kinetics, 
heat transport control, theoretical model with water vapor atmosphere 
0 Kinetics-moisture sorption of water-soluble substances, heat trans- 
port control, theoretical model with water vapor atmosphere Deli- 
quescence-water-soluble substances, sorption kinetics, heat transport 
control, theoretical model with water vapor atmosphere 

The interaction of water with pharmaceutical materials 
plays a fundamental role in many aspects of drug product 
development, from synthetic design and dosage form se- 
lection to effective product packaging and drug bioavail- 
ability. The affinity that a substance has for sorbing water 
from its vapor state is generally referred to as hygroscop- 
icity. Since adsorption or condensation is not an entropi- 
cally favored process, the water-solid interaction must 
provide a sufficient enthalpic driving force if such sorption 
is to occur. Even the relatively weak binding of physi- 
sorption, for which the heat of adsorption is comparable 
to the heat of condensation, can provide this driving force 
over a large range in relative humidity. At higher relative 
humidities, multilayer adsorption can occur (1). For 
water-soluble substances, dissolution of the molecules a t  
the solid surface can occur once such multilayer adsorption 
is established. Chikazawa, Kanazawa, and others have 
shown that as few as two layers of adsorbed water can ef- 
fect hydrated ion formation at  relative humidities 3040% 
below that humidity associated with the equilibrium water 
vapor pressure over a saturated solution of the solid (2,3). 
This critical relative humidity, or RHO, characteristic of 
the solid is that point above which the adsorbed water 
assumes the character of bulk solution or condensate. 
Water activity of the condensate is depressed as a result 

of the solute present, and the phenomenon of deliques- 
cence is thereby triggered. 

Figure 1 shows a schematic representation of the deli- 
quescent process for a soluble drug particle. Suppose that 
water vapor at a bulk atmosphere relative humidity, RHi, 
adsorbs onto the solid surface of the particle. If this hu- 
midity is above the RHO of the drug, further adsorption will 
occur spontaneously and the thickness of the condensate 
film will grow. Solid will continue to dissolve and saturate 
the film, maintaining the relative humidity a t  the surface 
at  RH,. To reach equilibrium with the atmosphere at RHi, 
total dissolution and some degree of solution dilution must 
occur. To predict deliquescent behavior a priori requires 
an understanding of what fundamental factors, chemical 
and environmental, control the kinetics of the process. 
Despite the practical consequences of deliquescent hy- 
groscopic behavior, only limited investigations of sorption 
kinetics above RHO have appeared in the literature (4-B), 
all using an empirical expression to describe the phe- 
nomenon. The purpose of the present study, therefore, was 
to gain a more quantitative understanding of deliques- 
cence. 

BACKGROUND 

Consider the overall picture of what processes are operating to control 
deliquescence in the presence of an inert atmosphere such as air, where 
adsorption of vapor onto any solid surface involves the simultaneous 
transport of both mass and heat (9-16). While there may exist additional 
heat effects, these two processes are at least coupled by the heat of water 
condensation released per unit mass transported from the vapor to the 
condensed phase. This is expressed by: 

W ’ . A H = Q  (Eq. 1) 
where W’ = dW/dt  = rate of mass transport (vapor condensation), W 
is the sample weight a t  time t ,  AH is the heat generated per unit mass 
condensed, and Q is the heat flux from the surface at which condensation 
occurs. The extent to which either process limits or controls the rate of 
condensation depends on the molecular diffusivities and thermal prop- 

WATER VAPOR 
at RHi  

CONDENSES 
RHO < RHi 

Figure 1-Deliquescent sorption by a water-soluble solid particle. 

0022-3549/83/1200- 1381$01.00/0 
@ 1983, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences / 1381 
Vol. 72, No. 12, December 1983 



’ 
I 
I 

I } m  T C  

PC 

Figure 2-Thermal and pressure gradients existing at a soluble solid 
surface covered with condensed water. 
erties of all phases in the condensing system. For hygroscopic moisture 
uptake by a solid exhibiting substantial water solubility, such as that il- 
lustrated in Fig. l, this system consists of three phases: pure, undissolved 
solid; a liquid film of condensate in which solid has dissolved; and water 
vapor in an atmosphere of inert gas. I t  follows then that there exist two 
interfaces over which transport must occur: solid-liquid and liquid-vapor. 
A closer examination of this condensation system is given in Fig. 2, in 
which: 

P, = RHi (G) (Eq. 2) 

where P, is equal to the bulk water vapor pressure in the atmosphere, 
and 

P, = RHO (2) (Eq. 3) 

where P,  is equal to the water vapor pressure in equilibrium over a sat- 
urated solution of the solid; Po represents the pressure of pure water vapor 
at  bulk atmosphere temperature, T,, and C, and T ,  represent the water 
vapor concentration and the temperature a t  the surface, respectively. 
Possible steady-state thermal and pressure gradients are indicated in 
Fig. 2. Steady-state sorption implies that  the driving force for uptake, 
whether thermal or diffusive, has reached a constant value, i.e., W is 
constant. 

The zero pressure (or concentration) gradient shown within the liquid 
film in Fig. 2 is consistent with the assumption that film saturation is 
maintained throughout steady-state moisture uptake. The likelihood 
of a zero gradient in temperature within the solid and liquid phases will 
be substantiated shortly in the discussion of non-steady-state heat 
transport. 

The thermodynamic basis for hygroscopic uptake lies in the difference 
between P, and P, in the vicinity of the saturated film surface. Water 
vapor will condense progressively on the surface as long as P, < P,. Three 
general cases exist when sorption occurs, each implying a different extent 
to which heat or mass transport controls uptake. 

Case i: Mass Transport  Control (Isothermal), A T  = 0. A P  = 
AP,,-Heat generated upon condensation is rapidly transported away 
from the liquid-vapor interface so as to render the system effectively 
isothermal throughout the course of steady-state uptake. The pressure 
difference, AP, is maximized since P, a t  T ,  is less than P, a t  T, for any 
T ,  > T,. The rate of uptake, W ,  is then proportional to AP and the 
surface area over which uptake occurs. 

Case ii: Heat  Transport  Control (Isobaric), A T  = AT,,,. A P  = 
0-Heat generated upon condensation is sufficient to maintain the liq- 
uid-vapor interface a t  a temperature T,, elevated above that of the bulk 
atmosphere maintained externally a t  T,. The temperature difference, 
AT = T. - T,, is exactly that necessary to raise P, a t  T ,  to P, a t  T ,  such 
that P, a t  T, equals P,  a t  T,. In this case, W is proportional t o  A T  by 
virtue of its explicit dependence on the heat flux as given in Eq. 1. 

Case iii: Mass-Heat Transport  in Balance, 0 < A T  < ATmax, 0 < 
A P  < A&’,.,-The gradients depicted in Fig. 2 exemplify this inter- 
mediate situation. Because neither A€‘ nor A T  is constrained to zero, 
there exists no unique hp-AT combination which can be predicted a 
priori to satisfy the requirements of steady-state condensation without 
knowledge of both the thermal and diffusive characteristics of the 
system. 

In considering the three cases given above, it is apparent that for water 
uptake from an atmosphere of pure water vapor, diffusion barriers to 

transport in the vapor phase cannot exist. In the absence of a second gas 
component, resistance to transport can arise only from the collision of 
water molecules against one another, which in itself would not generate 
a measurable gradient in water vapor pressure, i .e, “nature abhors a 
vacuum.” Consequently, the role of heat transport can be tested explicitly 
by deriving appropriate equations for case ii and testing the model with 
experimental studies using an atmosphere of pure water vapor. The 
present paper, therefore, reports a theoretical model for case ii; the second 
paper of this series (17) presents a test of this model with experimental 
studies, and the third paper describes water uptake in an inert atmo- 
sphere such as air (18). 

THEORETICAL 

The sample undergoing sorption is considered to be a compressed 
circular disk situated symmetrically near the hemispherical base of a 
cylindrical chamber, a configuration chosen for its experimental feasi- 
bility. Figure 3 illustrates the geometry that must be considered in dis- 
cussing the transport of heat within this system. Regarding the devel- 
opment of a local temperature gradient within the sample disk itself, the 
disk may be considered to  behave as a planar slab if its diameter far ex- 
ceeds its thickness. With respect to any transport external to the sample 
or the surface of its developing film, a hollow-sphere geometry will be 
assumed, consistent with the radial nature of the transport occurring 
between the disk and the surrounding chamber. Here the sample is rep- 
resented by a hypothetical inner sphere of radius r = a such that it is 
equivalent in surface area to that of the sample itself; the chamber then 
behaves as an outer sphere of radius r = b at which surface the temper- 
ature is maintained a t  T,. Presuming the disk and chamber to behave 
as concentric spheres allows a more manageable mathematical treatment 
of transport occuring in the system. The more rigorous approach of using 
disk-to-sphere or disk-to-hemisphere transport geometries is unneces- 
sarily complex for two reasons. First, the isotherm surfaces that  exist 
during steady-state heat transport from a disk to a surrounding sphere 
take on spherical shape as distance from the disk increases, behaving 
much like a hollow-sphere system when the disk diameter is small relative 
to the outside sphere. Second, and more practically, the errors associated 
with predicting transport as if within a closed sphere should have a 
constant effect for any sample tested in this configuration. Thus, the 
legitimate theoretical comparison of the hygroscopic behavior of different 
materials can be made despite these approximations. 

Upon condensation, heat is generated a t  the film surface by two pri- 
mary sources (in the absence of auxiliary reactions, e.g., hydration, etc.): 
heat of condensation, releasing AHv = 0.58 cal/mg of water condensed; 
and heat of dissolution, approximately equal to the product of the solu- 
bility, C,,, and the heat of solution, AHso1,,. For a number of nonhy- 
drating alkali halide salts, Csat.AHso~ is unlikely to  exceed an approxi- 
mate value of 0.04 cal/mg of water; for such compounds the contribution 
of the heat of dissolution to the heat generated on condensation can be 
considered negligible, such that AH = -AHv in Eq. 1. 

Chamber 
I 

Figure 3-Chamber and sample geometry; slab and holloui-sphere 
model. 

1382 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 72. December 1983 



Table I-Physical Constants for  the Transport  Model in a n  
Atmosphere of P u r e  Water Vapor 

Symbols 

a ,  cm 
b ,  cm 
M,, mg/mole 
k , cal/cm-seedeg 
a, crnz/sec 
AH, cal/mole 
A H v ,  cal/mole 
R , cal/deg.mole 
T,, O K  

u, cal/cm2-sec.deg4 
0 

Constants 

0 . 5 O  
2.00 

i.SX 104 
4.26 x 10-5 

4.13 
-10,500' 

10,500 

298 
1.987 

1.36 X 
0.95' u 

0 Theoretically arbitrary in value; these particular values have been assigned in 
this case for their consistency with an available experimental apparatus. The 
assumption is made here that the heat of condensation predominates over all other 
possible heat effects such that the latter are neglected. Film surface emissivity 
approximated by value given for pure water (20). 

Heat transport away from the surface limits the rate of condensation; 
thus, uptake depends on the thermal properties of the system. There exist 
two primary heat sinks in the system described in Fig. 3 the atmosphere 
surrounding the sample and the sample itself. Heat transport to and 
through these media can occur via three basic mechanisms: conduction 
inward through the sample or radially outward through the atmosphere; 
convection, a term used here (in the absence of forced convection) to 
designate the extra heat transport that  occurs as a result of the radially 
inward bulk flow of water vapor that feeds the condensation process; and 
radiation from the hypothetical surface r = a to surface r = b. 

A general expression for heat flux, Q, reflecting the three mechanisms 
of heat transport (19) is: 

Q = qcond Qconv qrad (Eq. 4) 

where 

(Eq. 5) 

qconv = W'C,(T, - T )  (Eq. 6) 

(Eq. 7) 

and k is the thermal conductivity of the medium, C, is the specific heat 
capacity of the medium, A is the sample surface area = 4xa2, u is the 
Stefan-Boltzmann constant, and e is the emissivity of the sample surface. 
Table I contains the physical constants of interest. 

Before discussing the quantitative implications of steady-state uptake 
for heat transport-controlled condensation, it is necessary to estimate 
the time required to establish steady-state thermal gradients within the 
system, i.e., within both the solid disk and the surrounding atmosphere. 
In doing so the assumption is made that thermal conductivity, thermal 
diffusivity, and specific heat values are independent of water vapor 
concentration and temperature. 

Non-Steady-State Heat Transport-Sample Disk-Only conduc- 
tion need be considered for heat transport within the sample disk. The 
time-dependent temperature distribution for a slab of thickness, h, whose 
parallel surfaces are subjected to a sudden change in temperature has 
already been determined in the literature (21,22). The sample disk can 
be assumed to behave according to this model if edge effects are neglected. 
Specifically, the disk region bounded by -h/2 < z < +h/2 is subjected 
to the boundary conditions that T = T,  for all z a t  t = 0 and T = T, a t  
t = f h / 2  for t > 0. The temperature profile describing one-half of the 
(symmetricai) slab for z = 0 to z = h/2 is given by (21): 

4 -  (2n + 1)xz 
h n = ~  h T = T ,  + - exp[-a(2n + 1)2x2t/h2]~os 

where a is the thermal diffusivity of the solid slab. In dimensionless terms 
this can be written (21,22): 

4 - (-1)" 
T* = 1 - ; Z O G  

in which 

z* = 4 
h/2 

(Eq. 10) 

From Eq. 9 it can be shown (21,22) that the center (z = 0) of such a slab 
reaches 97% of its equilibrium value by dimensionless time, t * = 1.5, from 
which real time can be calculated. For example, the center portion of a 
(relatively) thin solid disk of potassium chloride crystal of a = 0.056 
cm2/sec and a thickness h = 0.06 cm should attain -97% of its final 
temperature change, AT, within 0.03 sec. Thus, one could predict that 
thermal equilibrium should be rapidly established within such materials 
as the alkali halide salts. Furthermore, the heat required to raise, for 
example, a 150-mg sample of potassium chloride (C, = 0.162 cal/g.deg) 
by a AT = 5' is 0.12 cal. Since heat is released at  the disk surface at  the 
rate of 0.58 cal/mg of water vapor condensed, the role of such a disk as 
a significant heat sink over the course of substantial steady-state uptake 
can be considered negligible. 

Atmosphere-The time required to establish a steady-state temper- 
ature gradient external to the disk surface depends on the non-steady- 
state component of heat transport radially outward from the sample. 
Such heat transport through the atmosphere can occur uia all three 
mechanisms identified earlier, and indeed they all contribute to main- 
taining the steady-state gradient. If the water vapor atmosphere is con- 
sidered transparent to radiation, however, only conduction and convec- 
tion will contribute to the establishment of the gradient. Since the effect 
of convection on maintaining the steady state will be shown to be negli- 
gible in the following discussion, only conductive flux will be considered 
in the non-steady-state gradient development. 

The solution for the time-dependent temperature distribution in the 
atmosphere is readily accessible from the non-steady-state mass and heat 
transport equations developed in Appendix I. In terms of dimensionless 
variables where T* is defined in Eq. 10 and the analogous distance and 
time variables are defined as: 

r - a  
b - a  

r* = - 

and 
at t* =- 

( b  - a)? 

(Eq. 13) 

(Eq. 

the expression for T*, as taken from Eq. A8, becomes: 

r*(b/a - 1) + 1 
.*=I 

1 - r* - - 2 - 1 .  -sin nxr* exp(-n2a2t*)] (Eq. 
xn=1 n 

This function is described in Fig. 4 where II* = T*. For condensation in 
vacuum (where b - a = 1.5 cm) the time required to reach t *  = 0.5 is only 
0.28 sec. If air were present, steady-state gradients would essentially be 
attained within 5.6 sec given an estimated value of a = 0.214 cm2/sec for 
humid airl. As apparent earlier for the disk, it can be concluded that a 
steady thermal state is rapidly established within the atmosphere relative 
to the time scale of extended uptake. 

The time required for the conductive heat flux, and therefore uptake 
rate, to reach a steady-state level a t  surface r = a can be calculated using 
Eq. A21. For the example above, these lag times equal (-10.047 sec and 
(-10.94 sec in vacuum and in air, respectively. These times are consistent 
with the development of the temperature gradients as established in Fig. 
4. At surface r = b, lag times are calculated using Eq. A25, and for the 
vacuum and air systems equal 0.94 sec and 1.9 sec, respectively. 

Steady-State Heat Transport-Steady-state moisture uptake re- 
quires a constant heat flux, by virtue of the coupling in Eq. 1; this, in turn, 
implies the maintenance of a constant AT. The AT necessary to raise P, 
a t  T,  to P, a t  T,  such that it equals P ,  a t  Tc, as implied by heat transport 
control, can by first approximation be estimated by the Clausius-Cla- 

Since heat transfer will also contribute to sorption kinetics in air, and since the 
effect of air will be discussed in the third paper in this series (18A lag times in 
reaching steady state both in vacuum and air are included at  this point for com- 
parison purposes, as developed in Appendix I. This value for humid air was esti- 
mated using C values of water vapor and air weighted by mole fraction and thermal 
conductivity 4) values for water vapor and air, as taken from Table 1 and as cal- 
culated using the Lindsay and Bromley modification of the Wassiljewa equation 
(23), respectively. 

Journal of Pharmaceutical Sciences / 1383 
Vol. 72, No. 12, December 1983 



1.or where the derivative of the radiation term vanishes under the assumption 
that the atmosphere is transparent to radiative flux. Differentiating the 
product term and rearranging leads to: 

t' 2 0.5 

\\ 

0.0 0.0 \ 0.001 0.2 0.4 0.6 0.8 1 .o 

r* 
Figure 4-Gradient in Il* at various t* values for a hollou sphere, a 
< r < b. where bla = 4.  

peyron equation as developed below: 

such that: 

In'=- RH- ( T ,  - T, )  
RHO RT,Tc (Eq. 18) 

where AHv is the heat of vaporization and R is the gas constant. Solving 
for AT, one obtains: 

RHj RT,' In - 
RH,, 

AHv - RT, In - 
RHO 

(Eq. 19) T ,  - T, = 
RHi 

For several nonhydrating alkali halide salts whose solubility and RH,, 
dependence on temperature are known (24,25),  AT as defined above is 
observed to vary from 0-15O, depending on the ratio of RH,(T,) to 
RHJT,). Use of the Clausius-Clapeyron equation to estimate these AT 
values for saturated salt solutions is subject to two sources of error: the 
small temperature dependence of the heat of vaporization of pure water 
and, more significantly, the effect of the salt and its (temperature-de- 
pendent) solubility on water activity and the heat of vaporization. Despite 
these errors, Eq. 19 predicts AT values equal to 100-110% of those ac- 
tually observed (24,25) for saturated solutions of the alkali halides. 

The evaluation of transient-state heat flux within and heat capacity 
of the sample disk suggests that the disk has a negligible effect on the 
maintenance of AT. Of primary importance, then, is the radial heat flow 
within the hollow-sphere system. From Eqs. 4-7 this steady-state flux 
can be expressed as: 

dT 
dr 

During steady-state flux: 

Q = -47rr2 - I ;  - + W'C,(T, - T )  + Aoe(TS4 - T,4) (Eq. 20) 

d a = O  
dr 

Therefore: 
dT O=47rk- r 2 -  + W'C,- 

ddr( ' dr 

(Eq. 21) 

(Eq. 22) 

(Eq. 23) 

Solving the equation by reduction of order and then applying the 
boundary conditions, T = T ,  a t  r = a and T = T ,  a t  r = b ,  one arrives a t  
the expression: 

WC, W'C, T ,  exp - 
T =  [ (47rkr )  - (likb)] - Tc  [ (2) - (%)I 

W'C, W'C, 

(Eq. 24)  
Expressed in terms of T *  as defined in Eq. 1 0  

(Eq. 25) 

The above expressions describe the steady-state temperature gradient 
within the hollow sphere as maintained by both conduction and con- 
vection. Convection is used here to denote the heat transport that occurs 
in raising the temperature of the water vapor surrounding the sample to 
T ,  just prior to its condensation. It will be shown that this convective 
component of the flux has essentially no effect on the temperature gra- 
dient given W' values of experimental magnitude. Neglecting the con- 
vective term, Eq. 22 becomes: 

O=47rk- r 2 -  d d , (  :g (Eq. 26) 

This leads to a second-order differential equation whose solution over 
the same boundary conditions is: 

or 

As expected, this is the same gradient described by Eq. (A4) as t - a. 
As the term W'C,/4?rk increases, convection is more likely to influence 
the temperature profile. Yet even a t  a relatively high uptake rate of W' 
= 2 mg/min in the vacuum system, for which the value of Cd4nk = 837 
cm.sec/g, the temperature gradient remains effectively indistinguishable 
from the steady-state profile exhibited in Fig. 4 ,  in which convection was 
neglected. Consistent with this result, it has been shown (26) that  con- 
vection contributes negligibly (<2%) to the overall steady-slate heat flux 
t'rom the surface r = a .  This flux is then given by: 

Q 1 r = o  = -47rka'- + qrad (Eq. 29) 

(Eq. 30) 

dr r = o  d T l  
= -47rka2(T, - T,)  - d:lr=o + Qrxd 

which on substituting Eqs. 7 and 28 yields: 
47rkab Q l r = a  = b-a ( T ,  - T,)  + 47ra2ue(TS4 - TC4) (Eq. 31) 

Recalling Eq. 1, the uptake rate may easily be expressed in terms of 
T ,  by utilizing the above equation. I t  is of greater interest, however, to 
determine the direct dependence of W', the dependent experimental 
variable, on RH,, the independent variable. An expression relating AT 
to RH, is given by Eq. 19. A comparable expression for A(T4) is required 
for substitution into the radiation term. From Eq. 19 the solution for T ,  
can be raised to the fourth power and simplified by dropping all terms 
contributing <2% (for RHj/RH,, ratios <2.7) to the resulting overall 
polynomial. This leads to an approximate expression for A(T4) similar 
in form to that for A E  

RHi 
RHo 

4RTcs In - 
RHj AHv - 4RT, In - 
RHO 

Ts4 - Tc4 = (Eq. 32) 
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Figure 6-Relationship between A T  and W i  for heat transport-con- 
trolled sorption (see Table I ) .  

Substituting Eqs. 19 and 32 into Eq. 31, then combining with Eq. 1, one 
arrives a t  a final equation for the dependence of W ,  or WL to indicate 
heat transport control, on RHi: 

+ 60Mw$zoe( 4RT2 -In- RH, (Eq. 33) 
RHo 

AHv - 4RTc In - 

where the factor 60M, simply converts W, from mole/sec to mg/min. 
More simply: 

(Eq. 34) 

where C and F represent the conduction and radiative terms, respectively, 
in Eq. 33 and are themselves weakly dependent on In (RHJRH,). In- 
terestingly, C and F, i .e.,  conduction and radiation, contribute almost 
equally to heat transport in an atmosphere of pure water vapor. 

Eq. 33 allows a priori prediction of heat transport-controlled uptake 
rates for condensation systems whose geometry is well defined and whose 
physical properties are known. Furthermore, the curve so predicted and 
shown in Fig. 5 represents a unique curve for Wh as a function of 
In (RHJRH,) that should be common to all materials, regardless of their 
RH,, values, given the same sample and chamber geometry. 

Since AT is a unique function of In (RHJRH,,) by virtue of the 
Clausius-Clapeyron relation and Wk is also a unique function of 
In(RHi/RH,), AT and i4'h should be interdependent if condensation is 
indeed proceeding under thermal control. Again using the parameters 
listed in Table I, the predicted graph of AT uersus Wh is given in Fig. 
6. 

SUMMARY 

A heat transport control model for water uptake by solids has been 
developed for the case of a water-soluble solid immersed in an atmosphere 
of pure water vapor. The model is based on the fact that the heat of 
condensation of water released during water uptake must be transported 
to the surroundings. In an atmosphere of pure water vapor, where dif- 
fusion does not occur, this heat flux limits the rate of condensation. 

Development of a non-steady-state model indicates that the non-steady 
time period is very short. Thus, a steady-state model is appropriate for 
time periods of pharmaceutical interest. The equations for heat transport 
(conduction, convection, and radiation) when combined with the 
Clausius-Clapeyron equation lead to an equation which predicts the 
water uptake rate with no adjustable parameters (Eq. 33). The results 
of the analysis indicate that the convection term is of minor importance 
and that conduction and radiation control heat flux to comparable de- 
grees. 

APPENDIX I: NON-STEADY STATE 

The non-steady-state solution referred to previously is 
developed herein. Since non-steady-state considerations 
are of interest both here and in subsequent papers, which 
include mass transport considerations, a general solution 
is developed for both heat and mass transport. Because of 
the analogous behavior of mass diffusion and (conductive) 
heat flow, the general parameter, II, will be used to rep- 
resent either concentration (C) or temperature (7'). Sim- 
ilarly, the symbol, r ,  will be used to represent a general 
diffusivity in place of D or a. 

The general equation for radial diffusion with a constant 
diffusion coefficient is: 

The solution to this equation describes the time depen- 
dence of either the concentration distribution for mass 
diffusion or the temperature distribution for conductive 
heat flux in which all velocity gradients associated with 
convection and viscous dissipation have been assumed to 
be equal to zero (27). For the hollow-sphere system in 
which a < r < b ,  subjected to the boundary conditions II 
= &for allr  at t = 0, II = II,at r = a,  and II = II,at r = 
b for t > 0, II is described by the function (28): 
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a n ,  + (bn, - aII,)(r - a )  n = -  
r r(b - u )  

- exp[-7n2r2t/(b - u) ' ] ]  n r ( r  - a )  
b - a  

- sin 

+ - exp[-7n2r2t/(b - a)'] 
r(b - a )  n=l  b - a  

nr(r '  - dr'] (Eq. A2) - J b  r' sin 
b - a  

Given that II* is defined as: 

(Eq. A3) 

it can be shown that the nature of Eq. A1 does not change 
if expressed in dimensionless terms, i e . ,  n* can be sub- 
stituted for n in Eq. A l .  Thus, the solution expressed by 
Eq. A2 for II is readily adapted to a solution for II* ac- 
cording to Eq. A3. Because the boundary conditions are 
redefined as II* = 1 at  r = a (n = n,) and II* = 0 a t  r = 
b (II = UC), however, the solution for 11* simplifies to: 

n r ( r  - a )  +- C -sin - e x p [ - ~ n W t / ( b  - a)2] Xrn=l {ia b - a  
(Eq. A4) 

where the fourth term vanishes when expressed in di- 
mensionless form. Then, allowing: 

7 t  
( b  - 

t* = 

and 
r - a  r* = - 
b - a  

where then 
U 1 
r 
- =  

r*(b/a - 1) + 1 

(Eq. A5) 

(Eq. A7) 

and substituting these new variables into Eq. A4, the ex- 
pression for 11* further simplifies to: 

2 m l  
r n = l  n 

n * = [  1 [1 - r *  - - -sin n r r *  r*(b/a - 1) + 1 

exp(-n%r2t*) (Eq. A8) I 
The time course to developing a steady-state II* gra- 

dient over r* can then be plotted for various t* values a t  
a given ratio of bla. Figure 4 presents such a plot for b/a 
= 4, where the incremented value of n was truncated at  n 
= 20. Discontinuities observed in the t* = 0.001 plot at II* - 0 would not have appeared if n were to have been trun- 
cated at an even higher value. It is clear from Fig. 4 that the 
gradient a t  t * = 0.5 is virtually indistinguishable from the 
t* = 03 curve. 

To determine the time required for the actual flux, and 
hence uptake rate, to reach a steady-state level, the time 

dependence of the flux must be evaluated. Total mass flux 
from the surface r = a over time t is given by: 

The term pC, must be introduced into the analoguos ex- 
pression for heat flux: 

or 

where lz is the thermal conductivity of the medium in the 
hollow sphere. Because of the introduction of the addi- 
tional parameter k and the potential confusion of its ap- 
pearance with (Y in the solution to Eq. A l l ,  the flux asso- 
ciated with heat conduction, rather than mass diffusion, 
will be solved for in the following development. 

In terms of T * ,  r ,  and t ,  where T* is defined by Eq. 10 
and is consistent with the definition of II*: 

t dT* Q t l  = -k(T,  - Tc)  1 -1 dt' (Eq. A12) 
r=u o ar r=u 

Allowing S to represent the summation term in Eq. A8 in 
which n* = T*,  

+as) (Eq.Al3)  1 1  
a b - a  dr r=a 

_ - - - -  

where: 
nn(r  - a )  

b - a  

- exp[-tun2r2t/(b - a)2])( 

+ 7 2a C {' -sin n r ( r  b - a  - a )  a exp[-an2r2t/(b - .,3)1 
r=a 

r=a r r  ,,=I n 
(Eq. A14) 

(Eq. A151 
Then: 

- zl exp[--cun'r2t'/(b - a)']dt' (Eq. A16) 

Since: 

then 

(Eq. A18) 
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Qt = k(Ts - Tc) 
m 1  

n=l n 
- C 7. exp[-an27r2t/(b - aI2] 

As t - a, the total conductive flux from surface r = a be- 
comes: 

(Eq. A20) 
revealing a lag time to steady-state flux of: 

(Eq. A21) a(b - 
3ab tlag,r=a = - 

The total heat flux at  the surface r = b over time t can 
be similarly evaluated. In this case: +* 1 (Eq.A22) U 

b(b - a )  dr r = b  

which leads to: 

(-1)n - C - - - - e x p [ - a n 2 7 r 2 t l ( b  - a ) 2 ]  
n=l n2  

As t - a, the total conductive flux to surface r = b be- 
comes: 

(Eq. A24) 
revealing a lag time to steady-state flux at the outside 
surface of: 

(b - 
6 a  tlag,r=b = (Eq. A25) 

Note that the final equations given above for total heat 
flux and the lag times to steady state a t  either surface r = 
a or r = b (Eqs. A19, A21, A23, and A25) can be readily 
converted to the analogous expressions in time-dependent 
mass flux by replacing Qt and T by Wt and C ,  respectively, 
and by replacing both a and k by D .  

a 

A 
b 

C 
C 
C P  
cs 

Csat 

C 

D 
e 
F 
h 

AH 

APPENDIX 11: GLOSSARY 

effective sample radius, radius of hypothetical 
inner sphere 

surface area 
chamber radius 
subscript, chamber 
concentration 
conduction term 
heat capacity 
surface concentration 
saturation solubility 
(vapor) diffusion coefficient 
emissivity 
radiation term 
thickness of sample disk 
heat generated or consumed per unit moisture 

condensed 

AHsoln 
AH” 

k 
M W  

P 
P C  

PO 

p s  
AP 

AP,,X 

4 cond 
4 conv 

rad 
Q 

Qt 
r 

r* 
R 

RHi 
RHO 

S 

S 
t 

t*  
t lag,r =a 

T 
T C  

Ts 
T* 
AT 

ATmax 

W 
W’ 
wh 
2 

z*  

n 
a 

n* 
(7 

r 

heat of solution 
heat of vaporization 
thermal conductivity 
molecular weight of water 
water vapor pressure 
pressure in atmosphere (chamber) 
pressure of pure water vapor a t  given temper- 

pressure at  sample surface 
pressure difference 
maximum pressure difference, taken as 

conductive heat flux 
convective heat flux 
radiative heat flux 
heat flux 
quantity of heat flow in time t 
radius 
dimensionless radius 
gas constant 
relative humidity in atmosphere 
critical relative humidity of a substance asso- 

ciated with the relative humidity in equilib- 
rium over a saturated solution of the sub- 
stance 

subscript, at the sample surface 
series term 
time 
dimensionless time variable 
lag time to steady-state flux at  surface r = a 
temperature 
temperature in chamber, i .e.,  at temperature- 

controlled wall of chamber 
temperature a t  sample surface 
dimensionless temperature variable 
temperature difference 
maximum temperature difference, taken as 

Ts - T c  
sample weight 
sorption rate 
sorption rate associated with heat transport 

control 
slab thickness 
dimensionless slab thickness 
thermal diffusivity 
general mass or heat quantity, non-steady 

state 
dimensionless non-steady-state general mass 

on heat quantity variable 
Stefan-Boltzmann constant 
diffusivity 

ature 

p c  - p s  

REFERENCES 

(1) A. W. Adamson, “Physical Chemistry of Surfaces,” 3rd ed. 

(2) M. Chikazawa, M. Kaiho, and T. Kanazawa, Nippon Kuguku 

(3) T. Kanazawa, M. Chikazawa, M. Kaiho, and T. Fujimaki, Nippon 

(4) R. Yamamoto and T. Takahashi, J. Phurm. SOC. Jpn. ,  76, 7 

(5) J. T. Carstensen, “Pharmaceutics of Solids and Solid Dosage 

Wiley-Interscience, New York, N.Y. 1976, p. 548. 

Kuishi, 1972,874 (1972). 

Kagaku Kuishi, 1973,1669 (1973). 

(1956). 

Forms,” Wiley, New York, N.Y., 1977, pp. 11-15. 

Journal of Pharmaceutical Sciences I 1387 
Vol. 72. No. 12, December 1983 



(6) L. Van Campen, “An Approach to the Evaluation of Hygro- 
scopicity for Pharmaceutical Solids, ” M.S. Thesis, University of Wis- 
consin-Madison (1979). 

(7) L. Van Campen, G. Zografi, and J. T. Carstensen, Int.  J .  Pharm., 
5, l(1980). 

(8) A. S. Mikulinski and R. I. Rubinstein, J. Phys. Chem. (USSR), 
9,431 (1937). 

(9) T. K. Sherwood, Ind. Eng. Chem., 21,976 (1929). 
(10) E. R. Gilliland, Ind. Eng. Chem., 30,506 (1938). 
(11) C. B. Shepherd, C. Hadlock, and R. C. Brewer, Ind. Eng. Chem., 

(12) G. King and A. B. D. Cassie, Trans. Faraday Soc., 36, 445 

(13) A. B. D. Cassie, Trans. Faraday SOC. 36,453 (1940). 
(14) A. B. D. Cassie and S. Baxter, Trans. Faraday Soc., 36, 458 

(15) A. A. Armstrong, Jr. and V. Stannett, Die Makromol. Chem., 90, 

(16) D. M. Ruthven, L.-K. Lee, and H. Yucel, AIChE J., 26, 16 

(17) L. Van Campen, G. L. Amidon, and G. Zografi, J. Pharm. Sci., 

(18) L. Van Campen, G. L. Amidon, and G. Zografi, J. Pharm. Sci., 

(19) R. B. Bird, W. E. Stewart, and E. N. Lightfoot, “Transport Phe- 

(20) R. B. Bird, W. E. Stewart, and E. N. Lightfoot, “Transport Phe- 

30,388 (1938). 

(1940). 

(1940). 

145 (1966). 

( 1980). 

72,1388 (1983). 

72, 1394 (1983). 

nomena,” Wiley, New York, N.Y., 1960, p. 505. 

nomena,” Wiley, New York, N.Y., 1960, p. 432. 

(21) H. S. Carslaw and J. C. Jaeger, “Conduction of Heat in Solids,” 
2nd ed., Clarendon Press, Oxford, England 1959, pp. 100-101. 

(22) C. Crank, “The Mathematics of Diffusion,” 2nd ed., Oxford 
University Press, England, 1975 pp. 47-50. 

(23) R. C. Reid, J. M. Prausnitz, and T. K. Sherwood, “The Properties 
of Gases and Liquids,” 3rd ed., McGraw-Hill, New York, N.Y. 1977, pp. 
508-509. 

(24) P. H. Stahl, “Feuchtigkeit und Trocken in der Pharmazeutischen 
Technologie,” Steinkopff, Darmstadt, W. G., 1980, p. 183. 

(25) S. Gal, “Die Methodik der Wasserdampf-Sorptionsmessungen,” 
Springer-Verlag, Berlin, W. G., 1967, p. 41. 

(26) L. Van Campen, “Moisture Sorption Kinetics for Water-Soluble 
Substances,” Ph.D. Thesis, University of Wisconsin-Madison (1981). 

(27) R. B. Bird, W. E. Stewart, and E. N. Lightfoot, “Transport Phe- 
nomena,” Wiley, New York, N.Y., 1960, p. 319. 

(28) H. S. Carslaw and J. C. Jaeger, “Conduction of Heat in Solids,” 
2nd ed., Clarendon Press, Oxford, England, 1959, p. 246. 

ACKNOWLEDGMENTS 

Submitted by L. Van Campen to the University of Wisconsin-Madison 
in 1981, in partial fulfillment of the doctor of philosophy degree re- 
quirements. 

L. V. C. expresses appreciation for graduate fellowship support to the 
American Foundation for Pharmaceutical Education and Merck Sharp 
and Dohme Research Laboratories. 

Moisture Sorption Kinetics for Water-Soluble Substances 
11: Experimental Verification of Heat Transport Control 

L. VAN CAMPEN*, G. L. AMIDON*, and G. ZOGRAFI” 
Received June 9,1982, from the School of Pharmacy, University of Wisconsin-Madison, Madison, W1.53706. 
October 22, 1982. 
Ann Arbor, MI 48104. 

Accepted for publication 
Present Addresses: * Boehringer Ingelheim Ltd., Ridgefield, C T  06877 and College of Pharmacy, University of Michigan, 

Abstract The rates of water sorption as a function of relative humidity 
for water-soluble substances exhibiting deliquescence have been mea- 
sured in an atmosphere of pure water vapor. The substances studied in- 
cluded a series of alkali halides, choline halides, and sugars. The results 
were compared with a theoretical model, previously described, which 
relates the rate of water uptake to the transport of heat produced during 
the process away from the surface. Taking into account the heat of water 
vapor condensation, heat of solution, and heat of hydration, when hy- 
dration occurs, the model allows excellent a priori prediction of water 
uptake rates as a function of relative humidity. 
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A quantitative treatment for the kinetics of water vapor 
sorption onto water-soluble solids which exhibit deli- 
quescence has been developed in the preceding paper (1). 
The treatment was confined to situations where the rate 
is determined solely by the kinetics of heat transfer away 
from the surface to the atmosphere surrounding the solid. 
It was assumed that the resultant film of aqueous solution 
is saturated with respect to the dissolved solid throughout 
the process. 

The model essentially says that heat generated upon 
condensation of water vapor, and any other heat change 

occurring during sorption, maintains the liquid-vapor 
interface at a temperature, T,, elevated above that of the 
bulk atmosphere, externally maintained at Tc. The water 
vapor pressure over the saturated film, therefore, rises with 
temperature until the pressure difference between surface 
and atmosphere becomes infinitesimal, and remains so 
during steady-state uptake. The ability of the system to 
transfer heat away from the surface is assumed to limit the 
sorption rate. This sorption rate, Wh‘, was shown to de- 
pend on the relative humidity of the atmosphere, RHi, and 
that in equilibrium with the saturated aqueous film around 
the solid, RH,,, as described by the equation: 
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A quantitative treatment for the kinetics of water vapor 
sorption onto water-soluble solids which exhibit deli- 
quescence has been developed in the preceding paper (1). 
The treatment was confined to situations where the rate 
is determined solely by the kinetics of heat transfer away 
from the surface to the atmosphere surrounding the solid. 
It was assumed that the resultant film of aqueous solution 
is saturated with respect to the dissolved solid throughout 
the process. 

The model essentially says that heat generated upon 
condensation of water vapor, and any other heat change 

occurring during sorption, maintains the liquid-vapor 
interface at a temperature, T,, elevated above that of the 
bulk atmosphere, externally maintained at Tc. The water 
vapor pressure over the saturated film, therefore, rises with 
temperature until the pressure difference between surface 
and atmosphere becomes infinitesimal, and remains so 
during steady-state uptake. The ability of the system to 
transfer heat away from the surface is assumed to limit the 
sorption rate. This sorption rate, Wh‘, was shown to de- 
pend on the relative humidity of the atmosphere, RHi, and 
that in equilibrium with the saturated aqueous film around 
the solid, RH,,, as described by the equation: 
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where the various symbols represent parameters defined 
in the preceding paper (1). 

Since all of these parameters are either available in the 
literature or experimentally determinable, it  is possible to 
use Eq. 1 to predict the value of w h '  for various values of 
R H i  and for solids of varying RH,. In this paper we present 
experimental studies of water sorption kinetics under 
vacuum conditions, where diffusion of water vapor is not 
a consideration and where heat transport control would 
be expected to predominate. 

EXPERIMENTAL 

Materials-Potassium chloride', potassium bromide2, potassium 
iodide3, sodium chloride4, anhydrous sodium bromide', choline chloride5, 
choline bromide5, choline iodide5, tetrabutylammonium bromide6, su- 
crow7, fructose5, D-glucose monohydratel, and anhydrous D-glucose? were 
all reagent grade and were used as received. The dihydrate of sodium 
bromide was prepared by dissolving a maximum amount of the anhydrous 
form in boiling distilled water, filtering the hot solution, and cooling to 
room temperature. The crystals were collected and dried on filter paper. 
Loss on drying indicated that the crystals contained 100.6% of the theo- 
retical water content. All samples of the dihydrate were stored over their 
own saturated solution since it would effloresce a t  any relative humidity 
<57.7%. Manipulation of the more hygroscopic compounds, such as 
choline chloride, was performed within a plastic inflatible glove hag8 in 
which a relative humidity of <15% could be maintained under nitrogen. 
Such compounds were stored in partially evacuated desiccators over 
anhydrous calcium sulfates. 

Equipment and Procedures-The apparatus, consisting of an elec- 
trobalance associated with a vacuum system, and the general procedures 
used to measure sorption kinetics have been described in considerable 
detail elsewhere (2). In the studies reported here, silicone diffusion pump 
oil'" was used as the oil manometer fluid because of its low vapor pressure 
(2.3 X torr) and suitable viscosity (42 cps) at  25'. A chromel-alumel 
thermocouple, calibrated to 0.1' in vacuum against an external reference 
thermocouple kept at 25.0 f 0.05', was installed within the sample 
chamber and positioned in the vicinity of the solid sample surface. A 
vacuum of torr was maintained and various relative humidities were 
provided from chambers containing different saturated inorganic salt 
solutions (2). Temperature of the sample chamber atmosphere was 
maintained a t  25 f 0.05" by a thermostated water jacket. 

All studies were carried out using solid samples compressed into disks 
since the well-defined geometry could he expressed in terms of the hol- 
low-sphere geometry used in the development of the theoretical model 
(1). These disks were prepared by compressing 300 mg of powder on a 
hydraulic press a t  66 kN over a 1-min interval between two 1.91 cm 
flat-faced punches. The disks were generally cut in half with a razor blade 
to provide two samples per disk. The alkali halides were oven dried at 
temperatures >150' and ground to a fine powder before compression. 
The choline halides and sugars were not subjected to elevated tempera- 
tures, but were powdered by grinding under sub-RH,, conditions a t  
2 5 O - 2 7 0 .  

Solubility and Heat  of Solution-The molal solubilities a t  25' for 
all compounds studied are listed in Table I. Because of their extremely 
high solubilities, values for the three choline halides, not previously re- 
ported, were determined in this study by a visual method. Known 
quantities of distilled water and choline halide were added in various 
proportions of 2-ml glass ampules which were then sealed with plastic 
film and equilibrated a t  constant temperature. After equilibration, the 
molal solubility was estimated by bracketing the point of saturation. 

The heats of solution for the various compounds are also listed in Table 
I. A11 values were taken from the references cited or were determined as 
part ofthis study from the temperature coefficient of solubility and the 

I -1. T. Haker Chemical Co. 
Allied Chemical. 
Mallinckrtidt Chemical Works. 
Fisher Scientific Co. 
Sigma Chemical Co. 

(i Aldrich Chemical Co. 
Mann Research Labs. " Model X-27 27; Instruments for Research and Industry. 
Drierite. Inuicating; W. A. Hammond Drierite Co. 
1)C704; Dow Coming. 

Table  I-Aqueous Solubility and  Heats of Solution for Various 
Deliquescent Solids a t  25" 

Compound 

Potassium chloride 
Potassium bromide 
Potassium iodide 
Sodium chloride 
Sodium bromide 

Anhydrous 
Dihydrate 

Choline iodide 
Choline bromide 
Choline chloride 
Tetrabutylammonium bromide 
Sucrose 
Glucose 

Monohydrate 
Anhydrous 

Fructose 

Chat, m 
(Ref. No.) 

4.81 (4)  
5.65 (4) 
8.86 (4)  
6.14 (4)  

- 

9.12 (4)  
14.0" 
25.9" 
32.2" 
26.4 (6) 
6.18 (5) 

5.5 (8) 
5.0 (8) 

18.5 (9) 

4.115 (5) 
4.750 (Fi) 
4.860 (5) 
0.928 (5) 

0.58 (5) 
4.57 (5) 
9.9000 
4.800" 
3.260 ( 3 )  

-2.050 (7)  
1.319 ( 5 )  

Determined from solubility in this study. b Determined raliirimetrically in the 
laboratory of Professor S. Lindenhaum, University of' Kansas. 

application of the van't Hoff equation or by solution calorimetry. A value 
of 3.26 kcal/mole from the literature for choline chloride (3 )  is in rea- 
sonably close agreement with an estimate of 2.6 kcal/mole from solul)ility 

, considering the difficulty of handling the extremely hygroscopic choline 
chloride samples, its high solubility, and the method used to determine 
solubility. The general direction and magnitude of change in going from 
choline chloride to choline bromide is very similar to that seen for the 
chloride and bromide salts of a related quaternary ammonium ion re- 
ported in the literature (3). 

RESULTS 

R a t e  of Moisture Sorption-The rate of moisture sorption was es- 
timated from the slope of the earliest portion of the water uptake oersus 
time curve exhibiting extended linearity under stable RHi conditions (2). 
In all cases, the time required to reach steady state was consistent with 
theoretical estimates (1). For the alkali halides (except sodium bromide), 
choline chloride, and sucrose, linear uptake of the disks was observed over 
very long time intervals (i.e., hours) and appeared independent of percent 
weight gained until sufficient moisture had been sorbed so as to cause 
distortion of the disk and drop formation on the bottom surface of the 
disk. For these materials, multiple data points could be collected for the 
same sample by subjecting i t  to successive increments (or decrements) 
in RHi. For the other compounds a fresh sample was used for each 
RHi. 

Normalization of Disk Surface Area-Most disk samples were 
halved for testing as indicated in Experimental. Because the semicircular 
disks were not exact halves owing to slight crumbling or asymmetric 
cutting, there existed differences in surface areas between sample disks. 
Since the facial surface area-to-weight ratio of a partial disk is theoreti- 
cally equal to the known facial surface area-to-weight ratio of the whole 
disk, the facial surface area of the sample could be normalized to that of 
a perfect semicircular disk by comparing its weight with one half that of 
the whole disk from which it was prepared. Edge effects on the resulting 
normalization factor are negligible. Since the uptake rate is approximately 
proportional to disk surface area over the small changes in area corrected 
for in this normalization, the weight ratio factor could then be directly 
applied to the observed sorption rate data. Thus the normalized rate, W,,', 
for a half disk, is calculated by: 

0.5 ( WO, whole disk) 
( WO, half disk) 

W,' = w01,; * (Eq. 2)  

In Fig. 1 rates of sorption, W', are plotted uersus relative humidity before 
and after normalization for potassium bromide disks intentionally cut 
to l/3 and 2/3 sizes. In all cases normalization puts points closer to a straight 
line" going through RHO for potassium bromide. 

Effect of Varying Compression Pressure-Disks of potassium 
bromide (300 mg) compressed a t  66,44,22,  and 6.6 kN force were com- 
pared for their sorption characteristics. The disks were halved for testing. 

~ 

I I  While theoretically incorrect ( I  ), the linear plot is a reasonable ~~~~pr~is i rnat i i i i i  
lor the W function at the high RHi and small ARHj values that pertain to potassium 
hromide and, thus, serves adequately to illustrate the hurvech r i l  i i ~ ~ r i i i ~ ~ l i ~ ~ ~ t i ~ ~ i i .  
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Figure 2-Effect of compression pressure on sorption rates for  potas- 
sium bromide disks. Compression pressure: (0) 6.6 kN; (a) 22 kN; (0) 
44 k N ;  (0) 66 kN.  

Table 11-Predicted Sorption Rate Dependence on Disk Size 

Whole 0.694 1.53 C‘ . ..-.. .... ~ 

?l 0.567 1.10 C‘ 
’I2 0.491 0.89 C‘ 
‘ / I  0.401 0.66 C’ 

1.72 
1.24 
1.00 
0.74 

0 Calculated neglecting edge effects fur partial disks. 

portionally with decreasing disk size. From the expression given for w h ’  
by Eq. 1, one can write that: 

+ F’ . a2 ab Wh’ = c‘. - 
(6 - a )  

(Eq. 3) 

where C’ and F‘ are conduction and radiation coefficients defined to re- 
flect the dependence of wh’  on the characteristic disk dimension, a ,  
pertaining to the hollow-sphere geometry of the system. If conduction 
and radiation contribute equally to heat transfer (l), then C’ = F’, 
and: 

The theoretical dependence of w h ’  on disk W size is calculated according 
to Eq. 4, the results of which are summarized in Table 11. A value of b = 
2.05 cm was used for these calculations and for all subsequent calculations 
using Eq. 1 and related equations where b appears. 

The sorption rates plotted for partial disks of potassium bromide in 
Fig. 1 to illustrate the normalization method are plotted again in Fig. 3, 
this time normalized to their appropriate facial surface area fraction, e.g., 
l/3,2/3. Linear curvesll for uptake by a whole disk, 2/3 disk, and disk are 
drawn in Fig. 3 with appropriate theoretical slopes relative to the half 
disk, according to Table 11. Excellent agreement is obtained between 
these curves and the observed (normalized) sorption rates, substantiating 
the appropriateness of the heat transport model expressed by Eq. 1, in 
general, and the relation between W’ and disk size expressed by Eq. 4, 
specifically. 

Effect of Varying the Initial Weight, WvUnless the heat capacity 
of the sample plays a significant role in the control of the sorption process, 
varying WO for a given disk size should have little or no effect on uptake 
rates. Again, W’ should be expected to depend more on overall disk sur- 
face area than volume or weight of solid. Sorption by whole disks and half 
disks of potassium bromide of differing Wo is compared in Fig. 4. The 
half-disk data have been normalized as usual according to Eq. 2. From 
the results in this plot”, it can be concluded that W’ is indeed relatively 
independent of WO. Based on all of the preceding results, the sample 
preparation chosen for characterizing the sorption characteristics of 

0.5 - 

0.4.. 

c 0.3.. 
E 
.- . 
F 

C 

3 0.2- 

0.1.- 

ao 85 90  95 100 
RHi 

Figure 3-Dependence of sorption rate for  potassium bromide disks 
on disk size; data normalized to appropriate partial disk surface area. 
Key: ( 0 )  ‘I3 disk; (0) ‘12 disk; (a) disk; (a) whole disk. 
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Figure 4-Dependence of sorption rate for potassium bromide disks 
on disk WO for given approximate size. Key: (0) Wo -150 mg; (a) Wo 
-300 mg. 

various compounds in vacuum was that of a halved disk of Woo = 150 mg 
placed directly on the open wire stirrup. 

Temperatures Changes at the Surface-Simultaneous measure- 
ment of temperature in the vicinity of the solid surface using the ther- 
mocouple allowed the estimation of AT, the temperature difference be- 
tween the atmosphere (25') and the point near the surface where the 
thermocouple was positioned. Since a substantial gradient in temperature 
is predicted to exist a t  the surface by the heat transport model, direct 
measurement of such gradients would provide some additional support 
for such a model. Consequently, the bimetallic junction of the thermo- 
couple installed in the sample chamber was adjusted to  hang over the 
sample disk within 0.5 mm of the top surface. Measurements of tem- 
perature taken at  varying heights above the sample, >0.5 mm, allowed 
some definition of the temperature gradients created during the process 
of water sorption. Although exact fit to theory was not expected because 
the thermocouple could not be positioned exactly at  the disk surface 

04 Y O  
5 10 15 

I, mm 
0 

Figure 5-Dependence of observed AT on distance, r (in mm), from 
sample disk during sorption by choline bromide at a given W'. Key: (a) 
W' -1.3 mglmin (RHi -75); (0) W' -0.9 mglmin (RHi -64). 

Table 111-Values of AHand  RHO Used in Calculating Rates of 
Water Sorption from Eq. 1 

AH 
Compound kcal/mole RH,, 

Potassium chloride -10.140 84.3 
Potassium bromide -10.020 80.7 
Potassium iodide -9.725 68.3 
Sodium chloride -10.400 75.3 
Sodium bromide 

Anhydrous -10.520 57.7 
Dihydrate -9.414 57.7 

Choline iodide -8.003 72.5 
Choline bromide -8.260 40.6 
Choline chloride -8.609 23.0 
Tetrabutylammonium bromide -11.475 61.0 
Sucrose -10.350 84.3 
Glucose 

Monohydrate -9.974 81.3 
Anhydrous -10.260 81.3 

Fructose -9.759 64.0 

where the temperature gradient is steepest in its decline, it was possible 
to  show that AT exists, and that it falls off at  increasing distance from 
the surface. This is seen in Fig. 5 for choline bromide at two rates of 
sorption, i .e. ,  two values of RHi. Figure 6 also shows the distance-de- 
pendent temperature difference for choline bromide and potassium io- 
dide and also shows that an increase in uptake rate at any position of the 
thermocouple is generally associated with an increasing temperature 
difference. Similar observations were made with the other compounds 
studied. 

Prediction of Water Uptake Rates-To test Eq. 1 quantitatively, 
steady-state uptake rates were determined at  various values of RHO. 
Table I11 lists the values of RHO and AH used to obtain theoretical plots 
from Eq. 1. Other constants were as described in the preceding paper (1). 
The value of AH, unless otherwise specified, was calculated using the heat 
of condensation of water vapor (AHc, which is -10.5 kcal/mole), the heat 
of solution (AHS,,ln), and the aqueous molal solubility (Csat) as follows: 

AH = A H c  + ( c s a t  * fbY8,d/55.5 (Eq. 5) 

where C,, has units of moles of solute/1000 g of water, and AHsoln is in 
kilocalories per mole. The number 55.5 converts values into appropriate 
units. In the case of anhydrous potassium bromide and anhydrous glu- 
cose, the value of RHO used was that of the hydrated form and AH was 
estimated by including the heat of hydration along with the heat of 

0 
0.0 0.4 0.8 1.2 1.6 

W', mghin 

Figure 6-Dependence of observed AT on sorption rate at varying 
distances r (in mm) from sample disk. The lines serve only to distinguish 
data from a given sorption run. Choline bromide: (a) r -15; (0) r -8; 
(0) r -2; (0) r -1. Potassium iodide: (0) r - I ;  (a) r -0.5. 
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Figure 7-Sorption rates for disks of alkali halides as a function of RHi. 
T h e  lines are the theoretical sorption curves plotted for W' according 
to Eq. 1. Key ((3) potassium iodide; (0) sodium chloride; (0) potassium 
bromide; (0) potassium chloride. 

condensation and heat of solution, using Eq. 5. Figures 7-10 present 
theoretical graphs with experimental data for the heat transport-con- 
trolled W ( w h ' )  uersus RHi. 

DISCUSSION 

The results of experimental studies on water uptake rates of deli- 
quescent substances in an atmosphere of pure water vapor, with the ex- 
ception of tetrabutylammonium bromide and anhydrous glucose, provide 
excellent confirmation of the heat transport model described in the 
preceding paper (1). Thus, i t  appears possible to predict rates of uptake 
in a vacuum for most solids a priori, knowing their RHO, solubility in 
water, and heat of solution, all experimentally determinable parameters. 
If crystalline hydrates can form, as in the case of sodium bromide, an- 
hydrous glucose, and perhaps tetrabutylammonium bromide, the con- 

0 

0.0 I 
50 60 70 80 90 100 

RHi 

Figure 8-Sorption rates for disks of the  anhydrous (@) and dihydrate 
(0) forms of sodium bromide a s  a function o f  RH,. The  lines are the 
theoretical sorption curues plotted for W' according to Ey. I .  

2.6 

20 

c 1.5 
E 
.- . z 
$1.0 

0.5 J J d  
0.0 

20 40 60 80 100 
RHI 

Figure 9-Sorption rates for disks of quaternary ammonium halides 
as a function of RHi. The lines are the theoretical sorption curves plotted 
for W'according to Eq. I .  Key: (0) choline chloride; (@) choline bromide; 
(a); choline iodide; (0) tetrabutylammonium bromide. 

tribution of heat changes, attributable to hydration, however, must also 
be considered. 

Fit of the model to solids varying very greatly in rates of water uptake, 
having also a broad range of solubilities and values of RH,, and AHsoln, 
supports the important assumption that mass transport in the aqueous 
film surrounding the solid does not become rate limiting in determining 
the concentration of material dissolved in the film. In this regard, it'is 
interesting to note that for systems having saturated solutions with 
viscosities 15-200 times that of water, agreement between theory and 
experiment for sorption rates was excellent. Analysis of the results using 
anhydrous sodium bromide and its dihydrate suggests the following 
picture. Below the value of RH,, for the hydrate, water vapor can be taken 
up by the anhydrous form to form the hydrate. When RH, for the hydrate 
is exceeded, the hydrate layer dissolves in the liquid film to begin the 

0.6 

0.4 

C .- 
E . 
E 
1' 

0.2 

/ "  

I 

60 7 0  80 90 100 
RHi 

Figure 10-Sorption rates for disks of sugars as a function of RH,. The 
lines are the theoretical sorption curues plotted for W according to Eq. 
1. where higher and lower curues intercepting RH,  = 81.3 represent W' 
for the monhydrate and anhydrous forms of glucose, respectively. Key: 
(9) fructose; (@) glucose - H2O; (0)  glucose; (0) sucrose. 
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process of deliquescence. This exposes more anhydrous crystal surface 
which quickly forms the hydrate. The heat released by hydrate formation 
increases the overall heat released, and this slows down the rate of water 
uptake relative to that observed with the hydrated crystal (see Fig. 8). 
The key to this picture is the rapid formation of the crystalline hydrate 
at the solid-liquid interface relative to the rate of heat transport and 
water uptake. 

The significant lack of fit to the theoretical plot >84% RHi for anhy- 
drous glucose (Fig. 10) as opposed to the excellent fit for the monohydrate 
form of glucose, suggests strongly that the simple picture of rapid crys- 
talline hydrate formation is not applicable. Rather, it appears that a t  
higher RHi values other kinetic processes, yet to be determined, are as- 
suming greater significance. That the situation can be more complicated 
in some cases is seen with tetrabutylammonium bromide (Fig. 9) where 
the values predicted using only the heat of condensation of water and the 
reported heat of solution (7) are very different than those experimentally 
observed. In the case of tetrabutylammonium halide, the large cation has 
the tendency to exist in unusual states of hydration both in aqueous so- 
lution and in the crystalline form. In solution, tetrabutylammonium ions 
exhibit significant amounts of water structuring, leading to what has been 
termed “caging” of water around the cationic group (10,ll); this degree 
of structuring will decrease with increasing temperature. This strong 
tendency for hydration is also reflected in the formation by tetrabutyl- 
ammonium salts of well-defined crystalline hydrates, having hydration 
numbers of 32 (12,131. These hydrates are assumed to be of the clathrate 
type, similar in character to gas hydrates. Here, the cation acts as a guest 
in a host cavity created by water molecules and the anion. Evidence for 
polymorphism in these crystalline systems has also been reported 
(14). 

Considering what takes place during the deliquescent process, any 
number of processes of structure formation or breaking in this system 
can contribute to AT and the net heat which must be transported away 
from the surface. If crystalline hydrate formation, as described for sodium 
bromide and glucose, predominates, we might expect a much slower rate 
than is actually observed. However, if water structuring in solution was 
being broken down, for example, as the temperature in the film increased, 
the net heat released would be much less than predicted from the heat 
of solution and this would lead to faster rates. In such a complex process 
involving higher degrees of ordering, there is also the possibility that 
simple equilibrium conditions are not reached and that incomplete hy- 
dration or slow rates of change during rapid water uptake affect the final 
rate of heat released and hence water uptake. It is interesting to note in 
this regard that the data obtained with tetrabutylamrnonium bromide 
can be fitted excellently if we assume a AIfsOtn of -4.0 kcal/mole, which 
is close to the values of AHsoln for choline chloride and choline bromide, 
both of which have molal solubilities close to that of tetrabutylammonium 
bromide. This suggests the possibility that the part of the equilibrium 
heat of solution attributable to the unusual hydration properties of this 
ion is not making a contribution to the overall kinetic process. This cer- 
tainly points out the importance of knowing as much as possible about 
the molecular nature of such complex water vapor-solid interactions 
when attempting to interpret the overall mechanisms of hygroscopicity. 
Fortunately, the behavior of many water-soluble species of pharmaceu- 
tical interest, exemplified by all of the other compounds studied, are much 
less complicated than tetrabutylammonium bromide. 

CONCLUSIONS 

A theoretical model for heat transport-controlled water uptake by 
deliquescent solids has been experimentally tested in an environment 
of pure water vapor (vacuum) where resistance to mass transport in the 
vapor phase would not be expected to be a factor. Studies with alkali 
halide salts, sugars, and choline salts provide excellent agreement with 
theory. As long as all heat-producing or -consuming processes are taken 
into account, knowing only solubility, various heat changes, and RHO, 
it is possible 9 predict a priori the rate of water uptake for deliquescent 
substances as a function of RHi, the chamber relative humidity. 
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Abstract 0 As an extension of the model of heat transport control de- 
veloped for the kinetics of water sorption by water-soluble substances 
from an atmosphere of pure water vapor, equations have been developed 
to account for limitations of diffusion on mass transport of water vapor 
when air is present. Although the inability to determine the vapor dif- 
fusion layer thickness prevents using these equations to predict sorption 
behavior a priori, minimum water sorption rates can be calculated by 
assuming a diffusion layer thickness equal to the sample chamber radius. 
Combining heat transport and mass transport produces equations which 
describe very well the observed sorption by three water-soluble salts in 
one atmosphere of air. As in the absence of air, sorption rates are pre- 
dicted and observed to be constant a t  a given atmospheric relative hu- 
midity. 

Keyphrases 0 Sorption-moisture, water-soluble substances, kinetics, 
theoretical model with air atmosphere, application to potassium bromide, 
potassium iodide, and choline iodide 0 Kinetics-moisture sorption by 
water-soluble substances, theoretical model with air atmosphere, ap- 
plication to potassium bromide, potassium iodide, and choline iodide CI 
Deliquescence-kinetics of water sorption, theoretical model with air 
atmosphere, application to potassium bromide, potassium iodide, and 
choline iodide 

In the first paper in this series (1) a theoretical model 
for the kinetics of water sorption by water-soluble solids 
exhibiting deliquescence was developed based on a heat 
transport control model. This model was tested success- 
fully for water sorption from an atmosphere of pure water 
vapor over wide ranges of relative humidity in the second 
paper (2). In the present paper, this work is extended to 
include water sorption kinetics from an atmosphere con- 
taining air at approximately 1 atm of pressure. In such a 
case, one would expect the effects of diffusion through air 
on the mass transport of water vapor to influence the 
overall process. A model for water sorption in air is de- 
veloped herein, first by assuming that only mass transport 
occurs and then by combining this with the heat transport 
model previously developed (1). Within the constraints of 
applying a mass transport model a priori, several water 
sorption experiments in an atmosphere of air have been 
performed to illustrate the potential importance of mass 
and heat transport in such a process. 

THEORETICAL 

Mass Transport  Model (Isothermal)-As described in detail in the 
first paper (1) the thermodynamic basis for water uptake by water-soluble 
solids lies in the difference between equilibrium water vapor pressure, 
P,, over the saturated solution of the solid and that in the atmosphere 
surrounding the solid, P,. As seen in Fig. 1, when the heat sinks sur- 
rounding the liquid-vapor interface are sufficient in efficiency and ca- 
pacity so as to maintain the system isothermal a t  T ,  ( A T  = O ) ,  the rate 
of steady-state uptake is directly proportional to the constant water vapor 
pressure difference, AP = P, - P,, over the vapor diffusion layer adjacent 
to the liquid-vapor interface. Expressed in terms of relative humidity, 
this difference becomes: 

AP 
Po 

(100) - = RHi - RHO (Eq. 1) 

where RHi is the independent variable in a moisture-uptake experi- 
ment. 

The radial diffusive flux of water vapor through a nondiffusing gas can 
be described by the following expression: 

(Eq. 2) 
dx 
dr 

W'', = x,W',, - M,cD 2 

where W'', is the mass of water vapor transported in the z-direction per 
unit time per unit area, x, is the mole fraction of water vapor in the at- 
mosphere, M, is the molecular weight of water, c is the total molar con- 
centration in the atmosphere, and D is the binary diffusion coefficient 
of water vapor in the atmosphere. The first term in the right-hand side 
of Eq. 2 pertains to the mass flux of water vapor resulting from bulk fluid 
motion (where that of the inert gas is considered negligble) and the second 
term results from the diffusive mass flux of vapor superimposed on the 
bulk flow. Solving for W'', and expressing x ,  in terms of pressure P ,  as- 
suming gas ideality such that: 

xw = P / ( P  + Pi) (Eq. 3) 

where Pi is inert gas pressure, one obtains: 

(Eq. 4) 

where PT represents the total (water vapor and inert gas) pressure. Here 
it is assumed that the temperature dependence of relative humidity is 
independent of the partial pressure of any inert gas present (3), and that 
the diffusion coefficient is independent of water vapor concentration and 
temperature. 

Steady-state radial diffusion requires that: 
d 
- (r2W,,) = o 
dr 

Substitution of the expression for mass flux, 
gives: 

(Eq. 5) 

W,,, from Eq. 4 then 

(Eq. 6) 

When this expression is integrated over the boundary conditions for a 
hollow sphere', given as P = P, a t  r = a and P = P,  a t  r = a', where a' - 
a = 6 = effective thickness of the vapor diffusion layer, the following 

Figure 1-Thermal and pressure gradients existing at a soluble solid 
surface covered with condensed water. 

A hollow-sphere geometry was chosen earlier (1) for the development of the heat 
transport control model, and hence, it will also be carried through in this series of 
derivations. 
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relation is obtained: Table  I-Physical Constants for the Transport  Model in 1 a t m  of 
I 1  1 \  _-- 

In (PT - P) = 1x1 In (m) + In (PT - P,) (Eq. 7) 
1 1 PT-Ps \a. - ,I 

From Eq. 4, the mass flux a t  surface r = a is given as: 

for which the derivative is evaluated on the basis of Eq. 7 to yield: 

Since mass is conserved, the mass flux across any spherical surface in the 
system is: 

W' = 47ra2WIp (Eq. 10) 

\ 

\ a  0 ' 1  

or, rearranged and expressed in terms of relative humidity: 

(Eq. 12) 

where a factor of 60 has been included to convert W' (or W',', to indicate 
mass transport control) to units of mg/min, given that M, has units of 
mg/mole, c has units of mole/cm3, and D has units of cm2/sec. This 
equation is then the solution for steady-state radial mass diffusion in a 
hollow sphere. The negative sign for W' in Eq. 12 when RH,, < RHi re- 
flects water vapor diffusion in the negative r-direction, consistent with 
the condensation process. 

In the case where P << PT, integration of Eq. 4 over the same boundary 
conditions followed by the evaluation of dP/dr a t  r = a in the same 
manner given above, leads to the analogous expression for Wk: 

In addressing the question of the time required to reach steady state, 
the solution for the time-dependent radial pressure gradient in the at- 
mosphere is readily obtained from the non-steady-state mass transport 
equations developed in Appendix I of the first paper in this series (1). 
From this, the time required for the steady-state diffusion expressed by 
Eq. 13 to establish itself can be determined. In terms of dimensionless 
concentration, pressure, or relative humidity (at a given constant tem- 
perature), this solution comes directly from Eq. A8 in Appendix I of Ref. 
1: 

c* = P* I r*(a'/a - 1) + 1 1 (Eq. 14) X 1 - r* - - -sin n m * .  exp(-n%r't*) 

where C*, P*, and RH* are all defined analogously with the definition 
of n*, and where: 

2 - 1 .  I 7r " = I  n 

and 
r - a  r* = - 
a ' - a  

(Eq. 15) 

(Eq. 16) 

This function is described in Fig. 6 of Ref. 1 where II* = C* and a' = b. 
Since the time to steady state increases as a' - b, allowing a' = b should 
result in a conservative estimate of the time required for the pressure 

Air  

Symbols Constants 

a ,  cm 
b, cm 
PO, atm 
PT, atm 
M,, m /mole 

c, moles/cm3 
k , cal/cm - sec - deg 
a, cm2/sec 
AHv, cal/mole 
R, cal/deg - mole 

a, cal/cm2-sec.deg' 
e 

D, cm f /sec 

To OK 

0.5" 
2.05 

1 

0.258b 

3.12 x 10-4 

1.8 x 104 

6.22 x 10-5 c 
4.09 X 

0.214d 
10500 
1.987 
298 

1.36 X lo-'? 
0.95p 

0 Characteristic disk thickness unique to each compound examined; range = 
0.492-0.512 cm. b Calculated according to Ref. 5 for water vapor in the presence 
of anon olar inert gas. Calculated using the Lindsay and Bromley modification 
of the d s s i l j e w a  equation (6). Used in calculations were C values weighted by 
mole fraction and k as indicated above. e Film surface emiszvity approximated 
by value given for pure water (7) .  

gradient to establish itself. In 1 atm of air, the time then required to reach 
t* = 0.5 is only 4.3 sec using the constants given in Table I. Thus, even 
at  the likely maximum diffusion layer thickness of 2 cm, pressure gra- 
dients within the system should be rapidly established relative to the time 
scale of extended uptake. 

The time required for the mass flux to reach a steady-state level can 
be calculated from the lag time at surface r = a whose solution is given 
by the analogous form of Eq. A21 (c/. Ref. 1) for mass diffusion: 

(Eq. 17) 

For the example above, this lag time equals (-)0.72 sec, where again the 
value of a' is taken to its extreme value of b = 2 cm. At surface r = b, a 
lag time of 1.4 sec is calculated using the analogous form of Eq. A25 (c/. 
Ref. 1) for a' = b: 

( b  - a)' 
6D tlag,r=b = - (Eq. 18) 

It is clear from these results that in the system containing air, the mea- 
surement of steady-state uptake rates should not be precluded by the 
transient effects associated with the establishment of the steady-state 
pressure gradient driving the uptake. 

Combined Mass-Heat Transport  Model-The uptake rate W' in 
air is explicitly dependent on the difference in relative humidity, RH, - 
RH,,, as described by Eq. 13 when condensation is limited by water vapor 
diffusion to the sample. When the process is limited by heat transport, 
however, W' exhibits only an implicit dependence on this difference as 
given below in Eq. 19, developed earlier (1): 

60M, * 4 ~ k a b  
w'= [ A H ( b - a )  ( RT,' ;;:) 

AHv - RT, In - 

60M, * 47ra'ae 4RTcs RHi ( AHv - 4RTc In s)] RH'' 
-1n- (Eq. 19) AH 

+ 

When heat and mass transport are in balance, these equations must be 
solved simultaneously, since in this case neither the humidity difference 
(now < RH, - RHO) which drives mass transport, nor A T  (now < AT,,, 
as estimated by the Clausius-Clapeyron relation in Eq. 20 below) which 
drives heat transport, can be predicted a priori. As before (1): 

RH RTCg 111 2 
RH,, (Eq. 30) AT,,,, = 

RH, AHv - RT, In - 
RH,, 

Scheme I illustrates the interrelationship between the effective dif- 
ference in relative humidity, ARH = RH, - RH,, where RH, is the ef- 
fective relative humidity (relative to P,, a t  25') at  the sample surface, and 
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the experimentally controlled ARH = RH, - RH,,. The Clausius-Cla- 
peyron equation now relates RH,, to RH,, where the analogous form of 
Eq. 20 becomes: 

Clausius- 
Clapeyrnn 
Equation 

p.1 Tc) - p=(Tsl < p,' T,) 

< 
Ill 

RHn 
I l l  

RH, 

Scheme I 

< I l l  
RH; 

Accounting for Eq. 21 in deriving an equation for the dependence of W 
on A T  as in Eq. 19, one obtains: 

60M, - 4 ~ a ' a e  4RTC5 RH . In2 (Eq. 22) 
AH (AH,. - 4RT, In z)] RH'' 

+ 

The analogous transformation for mass transport (when P << PT) as given 
by Eq. 13 becomes: 

(RHi - RH,) (Eq. 23) 
= - 60 * 4*MwcDPo 

= -kmA(RH; - RH,) (Eq. 24) 
where k,, is a mass transport coefficient for diffusive flux over area A 
= 4 m 2 ,  is given by: 

6OM,cDPo k, = (Eq. 25) 

Since neither T ,  nor RH, is known in Eqs. 21-23, however, the above 
expressions for W are not useful in their present form. Furthermore, 
because of the complex logarithmic dependence of W' on RH, in Eq. 22 
and linear dependence in Eq. 23, RH, cannot be eliminated analytically 
from their simultaneous solution. For predictive purposes, therefore, it 
becomes worthwhile to introduce two approximations. 

The first useful approximation entails linearizing the relationship 
between temperature and relative humidity in Eq. 21. This can be ac- 
complished by establishing an empirical relation based on P,values 
covering an experimentally appropriate range in T, and T,. Consider 
moisture sorption by common alkali halide salts: according to the above 
model, heat transport-controlled sorption is predicted to occur over a AT 
< 10" at  T ,  = 298'K. Assuming that the water vapor pressure over a salt 
solution has the same temperature dependence as that over pure water, 
the variation of PO between 298°K and 303'K on conversion to  relative 
humidity yields the following predictive equation for RH, as a function 
of T,: 

RH, - RH,, = 0.0679. RH,,(T, - T,) (Eq. 26) 

For sodium chloride this relation overestimates the reported value for 
RH, at T ,  = 302.4"K (4)  by only 0.5%. 

The second useful approximation addresses the dependence of the 
radiation term on A(T4). Allowing: 

TS4 - TC4 = 4T;'(TS - T,) (Eq. 277) 

where T ,  = 298°K and T, = 313'K. this approximation underestimates 
the value of A(T4) by <7.5% even a t  an extreme A T  of 15'. 

The combination of Eqs. 1 and 31 from Ref. 1 with Eq. 27 (above), in- 
cluding the units conversion factor of 60M,, leads to a simpler expression 
for the dependence of W on A T  

1 . A T  (Eq. 28) 
60M, - 4rkab 4T," 60Mw * 4aa2ue 

AH 
w = [  AH(b  - a )  + 

Substituting for A T  from Eq. 26 gives: 

(Eq. 29) W = khA(RH, - RH,,) 

where kh is a heat transport coefficient for heat flux over the surface of 
area A = 4ra2,  and is given by: 

] (Eq. 30) 
14.72 60Mwkb 4TC3 - 60Mwue 

AH RH, a A H ( b  - a )  + I k h = - -  

Solving for RH, in Eq. 29 and substituting the result into Eq. 24, one 
obtains: 

W' = -k,A(RHj - RH,, + W/khA) (Eq. 31) 

On rearranging, a final equation for W' is obtained in which the effects 
of both heat and mass transport (for systems in which P << PT)  are ac- 
counted fnr: 

(Eq. 32) w'= wm,=-- kmkh A(RHi - RH,) 
km f k h  

or 
60Mw 4*cDPo(RHi - RHO) Wmh = - 

CDPO * A H ( b  - a)RH, 10OP.I. --7 - (a n') 14.72[kab + 4Tc3aZae(b - a ) ]  

(Eq. 33) 

The contribution of the mass-heat transport coupling is reflected by the 
demoninator of this equation: as the second term vanishes, as for a system 
with k = m where A T  - 0, the mass transport control relation of Eq. 13 
remains. Conversely, as the vapor diffusion layer becomes infinitesimal 
as a' - a ,  Eq. 33 reduces to an expression similar in form to Eq. 28 
wherein the logarithmic dependence of AT on RHi has been effectively 
linearized. 

EXPERIMENTAL 

M a t e r i a l s T h e  sources and treatment of potassium iodide, potassium 
bromide, and choline iodide have been presented in the preceding paper 
(2). 

Methods-The preparation of disks, the apparatus used, and the 
method of treating data were described in the preceding paper ( 2 ) ,  with 
one important change instituted in the present study. The very slow 
diffusion of water vapor from the relative humidity chambers to the 
sample through an atmosphere of air precluded use of the chambers as 
described previously. Therefore, a small volume of saturated salt solution, 
containing an excess of salt, whose RH,, equalled the desired RH;, was 
placed directly into the sample tube. The tube was capped and shaken 
for several minutes prior to use to accelerate humidity equilibrium. The 
chamber was then rapidly set in place around the loaded sample, with 
air thus present a t  a pressure of approximately 1 atm. 

T o  assure that the value of RHi in the chamber containing air was 
known and constant during a run, an electronic humidity sensor2 was 
installed within the sample chamber. This consisted of a thin rectangular 
block of cross-linked polystyrene copolymer. The impedance changes 
caused by sorption and desorption of water were measured by an AC 
bridge circuit, capable of measuring a maximum value of 1.1 MLL Cali- 
bration was carried out by exposing the sensor, placed in the sample 
chamber at  atmospheric air pressure, to known relative humidities. The 
temperature change, AT, near the sample surface was also monitored 
with a thermocouple, as previously described (2). 

RESULTS 

Since the diffusion layer thickness, 6, is unknown, neither Eq. 13 nor 
Eq. 33 can be used to predict a priori uptake rates for a given system. In 
the case where a' approaches the radius of the sample tube, b,  and hence 
where d = b - a ,  the diffusional barrier would be maximized such that 
the rate of water sorption would be a t  a minimum value of W'. Using 
appropriate values of the various parameters needed to apply Eqs. 13 (for 
W",) and 33 (for W',,,h) found in Table I ,  and also using parameters in 
Table I needed to apply Eq. 19 for W', for the heat transport model in an 
atmosphere of air, three theoretical plots can be produced to describe 
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Figure 2-Sorption rates in 1 a t m  air for  disks of potassium iodide as 
a function of RH. The  solid lines are theoretical sorption curues for W,, 
Wb (air), and W,, plotted according to Eqs. 13, 19, and 33, respectiuely. 
The  dashed line presents the  corresponding theoretical curve for heat 
transport-controlled sorption in the absence of inert gas. 

water sorption rates as a function of RHj. Figures 2-4 present compari- 
sons of these theoretical curves with experimental results for potassium 
iodide, potassium bromide, and choline iodide, respectively. For the sake 
of further comparison, the corresponding theoretical plots as shown in 
the preceding paper (2) for water sorption in the absence of any inert gas, 
where heat transport strictly controls uptake, are also included in each 
case. 

From the theoretical plots, it is clear that mass transport over a vapor 
diffusion layer of finite thickness is expected to limit the rates of water 

0.25 I 
0.20 

0.15 
.- 
E . 
? 
-k- 0.1 0 

0.05 

0.004 I 
70 80 90 100 

RHi 

Figure 3-Sorption rates in 1 a t m  of air for disks of potassium bromide 
as a function of RH. The  solid lines are theoretical sorption curues for  
W,, Wh (air), and W,, plotted according to Eqs. 13, 19 and 33, re- 
spectively. The  dashed line presents the corresponding theoretical curve 
for heat transport-controlled sorption in the absence of inert gas. 

0.4 

0.3 
.- 
E . 
3. 0.2 

0.1 

I /  / 

/ 

' /  

0.0 I 
60 70 80 90 100 

RHi 

Figure 4-Sorption rates in 1 a tm  of air for disks of choline iodide as 
a function of RH. The  solid lines are theoreticalsorption curves for W,, 
Wk (air), and Wkh plotted according to Eqs. 13,lSand 33, respectively. 
T h e  dashed line presents the corresponding theoretical curve for heat 
transport-controlled sorption in the absence of inert gas. 

uptake relative to the case where only heat transport control is operating. 
I t  can he seen also that in the absence of resistance to mass transport, heat 
transport is sufficiently faster in air than in vacuum so that it alone would 
allow much higher rates of sorption. Hence any observed reduction in 
sorption rates in air relative to a vacuum must be a consequence of the 
mass transport component. 

I t  is interesting to note that in all three cases shown in Figs. 1-4, the 
observed data are best described by the combined mass-heat transport 
model expressed by Eq. 33 when the vapor diffusion layer is assumed to 
be equal to the chamber dimension. Furthermore, measured A T  values 
associated with sorption in air were observed to be depressed as much 
as 30-50% relative to values obtained a t  the same RH, under an atmo- 
sphere of pure water vapor. This result is consistent with the lower AT 
value predicted for sorption controlled by both mass and heat trans- 
port. 

DISCUSSION 

The results of studies in air, and previous work in an atmosphere of 
pure water vapor (1,2), clearly indicate the importance of heat transport 
and mass transport as underlying mechanisms in the process of water 
sorption by water-soluble substances. The study of sorption in a vacuum 
provides a convenient approach for carrying out fundamental studies 
which demonstrate the importance of heat transport in these systems. 
Since convective flow of water vapor in the absence of an inert gas is rapid, 
constant pressure is immediately established throughout the chamber, 
making uncontrolled geometrical factors arising from equipment design 
relatively unimportant. In contrast, diffusional resistance to water vapor 
flow in air, from source to sample, retards the establishment of steady- 
state sorption and renders the system highly sensitive to the geometry 
of the sample chamber. To overcome this problem requires equipment 
design which emphasizes better control of vapor delivery to the solid 
surface. Even though our experimental results agree well with the com- 
bined heat-mass transport model, assuming minimum uptake a t  6 = b 
- a ,  the present apparatus does not allow for flexibility in varying geo- 
metric factors. 

Given the constraints of undetermined geometric factors which control 
mass transport of vapor, equations derived to include both heat and mass 
transport mechanisms are very successful in accounting for observations 
made when water sorption takes place in an atmosphere consisting of air 
and water vapor. The importance of heat transport, not previously dis- 
cussed in the context of water uptake by deliquescent substances, seems 
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firmly established from both previous studies of sorption in the absence 
of air (1,2) as well as the present study in which the moderating effects 
of diffusion are evident. 

APPENDIX GLOSSARY? 

radius of sphere bounded by outside radius of vapor diffu- 
sion layer 
molar gas concentration; also subscript denoting 
“chamber” 
dimensionless concentration variable 
mass transport coefficient associated with heat transport- 
controlled aspect of sorption 
mass transport coefficient associated with mass transport- 
controlled aspect of sorption 
pressure of inert gas 
total pressure 
dimensionless pressure variable 
unknown relative humidity a t  the sample surface associated 
with conditions of balanced heat and mass transport in 
which t h i  two processes control sorption to a similar de- 
gree 
dimensionless relative humidity variable 
sorption rate per unit surface area 
sorption rate associated with mass transport control 
sorption rate associated with the combined control of both 
heat and mass transport 

Refer to the first paper in this series (1) for the majority of symhnl identification. 
Listed here are only those symbols introduced in the present paper. 

x w  mole fraction water vapor 
6 vapor diffusion layer thickness 
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Abstract  0 A selective high-performance liquid chromatographic 
(HPLC) procedure for the quantitative determination of benzoyl per- 
oxide in pharmaceutical dosage forms is described. Benzoyl peroxide was 
dissolved or extracted in the presence of an internal standard, arenaph- 
thylene. The specificity of the stability-indicating HPLC and iodometric 
procedures are presented lor benzoyl peroxide. 
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Benzoyl peroxide (dibenzoyl peroxide), active against 
acne-causing bacteria, is widely used in pharmaceutical 
preparations as an antibacterial and keratolytic agent (1). 
Analytical methods currently available include spectro- 
photometry (2), polarography (2), TLC (3), titrimetry (4), 
and high-performance liquid chromatography (HPLC) (5, 
6). 

BACKGROUND 

Henzoyl peroxide is a chemically reactive molecule which readily de- 
composes in various solvents (7) to give compounds such as biphenyl, 
phenyl benzoate, benzoic acid, benzene, 4-biphenylcarboxylic acid, ho- 
mophthalic acid, homoterephthalic acid, and carbon dioxide (8). Daley 
et al .  reported a selective titrimetric procedure (9), modifying the con- 
ventionally utilized iodometric method. They proposed the addition of 
phenyl sulfide prior to the titration to eliminate potential interferences 
caused by the presence of hydroperoxide impurities such as perbenzoic 
acid. This iodometric procedure has been accepted as the USP method 
for analysis of benzoyl peroxide lotion (10). Oliveri-Vigh and Hainsworth 
proposed an HPLC procedure that is selective in the presence of benzoic 
acid and benzaldehyde (5). Burton et al. proposed a similar HPLC pro- 
cedure specific for analysis of benzoyl peroxide in gels and lotions in the 
presence of benzoic acid and perbenzoic acid ( 6 ) ;  this procedure has been 
adopted as the USP method for analysis of benzoyl peroxide gel (11). 

Analyses of benzoyl peroxide using Burton et al.’s procedure or the 
compendia1 HPLC procedure ( 6 , l l )  may give less accurate results, be- 
cause this method depends on the use of an homogeneous reference 
standard. The aforementioned analytical procedures utilize aqueous 
benzoyl peroxide as the reference material t o  prepare the standard so- 
lutions. Aqueous benzoyl peroxide (70% benzoyl peroxide) is a heterog- 
enous mixture which is nonuniform in i t s  water content, typically varying 

1398 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 12, December 1983 

0022-3549/8311200- 1398$0 1.001 0 
@ 1983, American Pharmaceutical Association 



firmly established from both previous studies of sorption in the absence 
of air (1,2) as well as the present study in which the moderating effects 
of diffusion are evident. 
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Abstract  0 A selective high-performance liquid chromatographic 
(HPLC) procedure for the quantitative determination of benzoyl per- 
oxide in pharmaceutical dosage forms is described. Benzoyl peroxide was 
dissolved or extracted in the presence of an internal standard, arenaph- 
thylene. The specificity of the stability-indicating HPLC and iodometric 
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Benzoyl peroxide (dibenzoyl peroxide), active against 
acne-causing bacteria, is widely used in pharmaceutical 
preparations as an antibacterial and keratolytic agent (1). 
Analytical methods currently available include spectro- 
photometry (2), polarography (2), TLC (3), titrimetry (4), 
and high-performance liquid chromatography (HPLC) (5, 
6). 

BACKGROUND 

Henzoyl peroxide is a chemically reactive molecule which readily de- 
composes in various solvents (7) to give compounds such as biphenyl, 
phenyl benzoate, benzoic acid, benzene, 4-biphenylcarboxylic acid, ho- 
mophthalic acid, homoterephthalic acid, and carbon dioxide (8). Daley 
et al .  reported a selective titrimetric procedure (9), modifying the con- 
ventionally utilized iodometric method. They proposed the addition of 
phenyl sulfide prior to the titration to eliminate potential interferences 
caused by the presence of hydroperoxide impurities such as perbenzoic 
acid. This iodometric procedure has been accepted as the USP method 
for analysis of benzoyl peroxide lotion (10). Oliveri-Vigh and Hainsworth 
proposed an HPLC procedure that is selective in the presence of benzoic 
acid and benzaldehyde (5). Burton et al. proposed a similar HPLC pro- 
cedure specific for analysis of benzoyl peroxide in gels and lotions in the 
presence of benzoic acid and perbenzoic acid ( 6 ) ;  this procedure has been 
adopted as the USP method for analysis of benzoyl peroxide gel (11). 

Analyses of benzoyl peroxide using Burton et al.’s procedure or the 
compendia1 HPLC procedure ( 6 , l l )  may give less accurate results, be- 
cause this method depends on the use of an homogeneous reference 
standard. The aforementioned analytical procedures utilize aqueous 
benzoyl peroxide as the reference material t o  prepare the standard so- 
lutions. Aqueous benzoyl peroxide (70% benzoyl peroxide) is a heterog- 
enous mixture which is nonuniform in i t s  water content, typically varying 
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by a few percent from sample to sample. The sperification in the phar- 
macopeia for aqueous benzoyl peroxide provides a range of not less than 
65% and not more than 8% of C14HI004 (12). 

Standard preparation in the proposed HPLC procedure has been de- 
signed to eliminate the inaccuracies associated with the use of a nonho- 
mogeneous reference material like aqueous benzoyl peroxide. The HPLC 
procedure described in this paper is specific, provides the direct and 
accurate determination needed to evaluate the stability of pharmaceutical 
products containing henzoyl peroxide, and has the added advantages of 
detecting and quantifying degradation products. 

EXPERIMENTAL 

Apparatus and Reagents-A high-performance liquid chromato- 
graph' equipped with an automatic sampler system2, a reverse-phase 
column3, and a variable-wavelength spectrophotometric detector4 in- 
terfaced to an electronic integrator" was used. Aqueous benzoyl per- 
oxidefi, a~enaphthylene~, homophthalic acid7, 4-biphenylcarboxylic acid7, 
ben~aldehyde~, phenyl benzoate7, biphenyl7, o -terpheny17, p-terphenyP, 
benzoic acid8, benzene*, acetone8, UV-grade methanol and acetonitrileg, 
reagent-grade potassium iodide and sodium thiosulfateI0, and phenyl 
sulfide" were used as received. 

HPLC Assay-Chromatographic Conditions-The mobile phase 
consisted of methanol-water (7525, v/v) filtered through a 0.45-pm 
membrane filter". The flow rate of the mobile phase was set a t  1.0 ml/ 
min. The injection volume for the standard and sample preparations was 
maintained a t  20 pl, and the column effluent was monitored by UV ab- 
sorption at  238 nm (maximum absorbance for benzoyl peroxide). 

Procedure-A stock solution of internal standard was prepared by 
dissolving acenaphthylene in acetonitrile at a concentration of 2.0 mg/ml. 
A reference standard stock solution was prepared by dissolving -360 mg 
of aqueous benzoyl peroxide in 100 ml of acetonitrile. The potency of the 
reference standard stock solution was determined by pipetting a 10.0-ml 
aliquot and measuring the amount of benzoyl peroxide by the compendial 
iodometric procedure described under the monograph of benzoyl peroxide 
lotion (12), except that acetonitrile was substituted for acetone. A 20.0-ml 
aliquot of the reference standard stock solution was diluted to 100 ml with 
acetonitrile for the HPLC standard stock solution. A standard pair so- 
lution of benzoyl peroxide (0.05 mg/ml) and acenaphthylene (0.20 mg/ml) 
was prepared by mixing 10.0 ml of the internal standard stock solution 
and 10.0 ml of the HPLC standard stock solution, and diluting to 100 ml 
with acetonitrile. 

Sample solutions were made by accurately weighing a sample equiv- 
alent to 50 mg of henzoyl peroxide into a 100-ml volumetric flask, soni- 
cating for 15 min in 70 ml of acetonitrile, and then diluting to volume with 
acetonitrile. Sample pair solutions were prepared by mixing 10.0 ml of 
the internal standard solution and 10.0 ml of the sample solution in a 100 
ml-volumetric flask and diluting this to volume with acetonitrile. All 
solutions were filtered through 0.45-pm membrane fi1terl3. 

Cornpendial Titrimetric Assay-A reference standard stock solution 
was prepared by dissolving 250 mg of henzoyl peroxide in 100.0 ml of 
acetone. Aliquots (10.0 ml) of the reference standard stock solution were 
assayed in the presence of postulated degradation compounds for spec- 
ificity evaluation, and in the presence of placebo ingredients for synthetic 
recovery studies for the lotion and wash formulations of benzoyl peroxide. 
Reference standard solutions and benzoyl peroxide formulations (cream, 
lotion, gel, and wash) were assayed by the pharmacopeial procedure de- 
scribed under the monograph for benzoyl peroxide lotion. 

RESULTS AND DISCUSSIONS 

Assay Selectivity--HPLC Procedure-A stability-indicating method 
must be able to discriminate between degradation products and the active 

I Model 6000 Solvent Delivery Svstem, Waters Associates, Milford, Mass. 
Intelli ence Sampler System 7iOA, Waters Associates, Milford, Mass. 
pHonJapak CIX, 3.9-mm i d .  X 30-cm, Waters Associates. Milford, Mass. 
Model 450 Variable-Wavelength Absorbance Detector, Waters Associates, 

Model 3385 A, Hewlett-Packard, Paramus, N.J. 
I'enn Walt Corp., Rochester, N.Y. 

7 Aldrich Chemical Co., Inc., Metuchen, N.d. 
8.1. T. Baker Chemical Co., Phillipshurg, N.J. 

Burdick and Jackson Laboratories, Muskegon, Mich. 
lo  Fisher Scientific Co., Fair Lawn, N.d. 

Eastman Kodak Co., Rochester, N.Y.; Pfaltz and Bauer, Stamford, Conn. 
l 2  Type OE-67, Schleicher and Schuell, Inc., Keene, N.H. 
I R  Type RC-55, Schleicher and Schuell, Inc., Keene, N.H. 

Milford, Mass. 

0 10 20 
MINUTES 

30 

Figure I-High-performance liyuid chromatogram (if benzoyl peroxide 
and its decompositkm products. Key: (A&) degradation products of 
benzoyl peroxide in methanol; (C)  benzenp; (D) phenyl brnzoate; (E) 
benzoyl peroxide; (F) acenaphthylene (internal standard); (G) biphenyl; 
(HI impurity from acenaphthylene; (I) o-terphenyl. 

ingredient. Preferably, a stability-indicating procedure should also 
quantitatively demonstrate the inverse relationship between the decrease 
in the artive ingredient and increase in the degradation products. To show 
that a method is stability-indicating, routes of degradation products may 
be postulated and tested in the assay system for interference. The spec- 
ificity of the HPLC system has been demonstrated (Fig. l),  and the re- 
tention times of the postulated degradation compounds are listed in 
Table I. Analyses of the synthetic placebos for henzoyl peroxide lotion 
and wash formulations by the proposed HPLC method showed no 
chromat,ographic peaks a t  the retention times of benzoyl peroxide and 
acenaphthylene (internal standard). A typical chromatogram of the 
standard pair mixture is shown in Fig. 2. 

Cornpendial Titrimetric Procedure-The compendial iodometric 
procedure involves a sodium thiosulfate titration of liberated iodine, 
resulting from the oxidation of potassium iodide by benzoyl peroxide. 
Phenyl sulfide is added prior to the introduction of potassium iodide to 
prevent the liberation of free iodine by the reduction of hydroperoxide 
impurities such as perbenzoic acid. To determine the influence of adding 
phenyl sulfide, benzoyl peroxide solution was tested with varying 
quantities of phenyl sulfide, and a linear relationship was observed be- 
tween the decrease in recovery and amount of phenyl sulfide added. The 
regression equation (n = 7) for the volume of titrant consumed (y) for 
18 mg of benzoyl peroxide and the amount of phenyl sulfide added (x, 
expressed in milliliters) was y = 21.3867 + (- 0.9134) (x). The coefficient 
of determination was 0.995, CV = 0.25':,, and a t  the 95% confidence in- 
terval the slope and intercept were -0.9134 f 0.074 and 21.387 f 0.078, 
respectively. To challenge the specificity of this method, benzoyl peroxide 
samples were analyzed in the presence of postulated degradation prod- 
ucts; the data (Table 11) demonstrate specificity of the iodometric pro- 
cedure. 

Statistical Evaluation-HPLC Procedure-Quantitation was based 
on the benzoyl peroxide-internal st.andard peak ratio. With these ratios, 
the linearity between detector response a t  238 nm and the amount of 
active ingredient injected was established for concentrations between 
13.5 and 76.4 pg of benzoyl peroxide. The regression equation (n = 9) for 
the benzoyl peroxide-internal standard peak area ratio (y) and the 

Table  I-Location of t he  Degradation Compounds of Benzoyl 
Peroxide as a Function of Retention Time 

Comuounds Retention Time. min 

Homophthalic acid 
Benzoic acid 
4-Biphenylcarboxylic acid 
Phenol 
Benzaldehyde 
Benzene 
Phenyl benzoate 
Benzoyl peroxide (active) 
Acenaphthylene (internal standard) 
Biphenyl 
a-Terphenyl 
p-Terphenyl 

~~ 

2.20 
2.76 
3.38 
3.65 
4.12 
6.00 
8.46 
9.46 

11.96 
13.87 
25.82 
55.94 

Journal of Pharmaceutical Sciences I 1399 
Vol. 72, No. 12, December 1983 



A 

0 8 16 
MINUTES 

Figure 2-High-performance liquid chromatogram of benzoyl peroxide. 
Key: (A) Renzoyl peroxide; (Rj  acenaphthylene (internal standard). 

Table 11-Recovery of I a in the Presence of Postulated 
Degradation Products 

Amount Benzoyl Peroxide 
Degradation Addedb, Found, 

Product mg mg Recovery, % 

Homophthalic acid 3.7 25.5 98.5 
Benzoic acid 2.5 25.5 98.5 
4-Biphenylcarboxylic acid 4.0 25.6 99.2 
Phenol 1.9 25.5 98.5 
Benzene 0.3 26.0 100.4 
Phenyl benzoate 3.9 26.2 101.2 
Biphenyl 3.3 26.2 101.2 

p-Terphenyl 4.7 26.2 101.2 
o-Terphenyl 4.7 26.0 100.4 

Each aliquot contained 25.9 mg. Equivalent to -2070 decomposition assuming 
a 1:l stoichiornetry. 

amount of benzoyl peroxide injected (x, expressed as jig/ml) was y = 
(1.104 X 10-3) + (1.953 X 10-2) (1). The coefficient of determination was 
0.9999, CV = 0.7470, and at  the 95% confidence interval the slope and 
intercept were 0.0195 f 0.0002 and 0.0011 f 0.0072, respectively. The 
response factor ratios, defined as the area ratio (acenaphthylenehenzoyl 
peroxide) times the concentration ratio (benzoyl peroxide/acenaphth- 
alene) were quite constant for all concentrations. Precision was demon- 
strated by a relative standard deviation of 0.4% for 16 replicate injections. 
The results of the analyses of mixtures consisting of the addition of active 
ingredient to wash and lotion placebo mixtures demonstrate the accuracy 
of the proposed method with average recoveries of 99.5 and 99.7%, re- 
spectively. 

Compendia1 Titrimetric Procedure-Linearity was obtained by the 
iodometric procedure between 2.0 and 81.4 mg of benzoyl peroxide. The 
regression equation (n = 11) for the volume of titrant consumed [v) and 
the amount of benzoyl peroxide (x, expressed in milligrams) were y = 
(9.151 X t 0.8107~. The coefficient of determination was 0.9999. 
CV = 0.7370, and at  the 95% confidence interval the slope and intercept 
were 0.8107 f 0.0055 and 0.915 f 0.2422, respectively. Precision of this 
USP titration method was demonstrated by a relative standard deviation 
of 0.3% for seven replicate analyses. The analytical results of active and 
placebo mixtures for wash and lotion formulations demonstrate the ac- 
curacy of the iodometric procedure with average recoveries of 99.8 and 
100.2%, respectively. 

Table  111-HPLC and USP Iodometric Analyses of Commercial 
Formulations of Lotion, Cream, Wash, and Gel 

USP 
Dosage Claimed, HPLC, Iodometric, 

Formulation mg of I/g mg of I/g mg of I/g 

Lotion 

Cream 

Wash 

Gel 

100 
100 
100 
50 
50 
50 

100 
100 
100 
100 
50 
40 
50 

105.6 
100.5 
107.9 
48.4 
58.0 
45.3 

110.0 
98.5 

103.3 
108.0 
57.0 
41.7 
54.8 

106.2 
103.3 
105.3 
50.1 
56.6 
45.8 

109.0 
95.1 

103.0 
107.4 
55.1 
41.2 
54.7 

C 0 N C L U S I 0  N S 

In five determinations of aqueous benzoyl peroxide using the USP 
iodometric determination, the benzoyl peroxide ranged from 66.9 to 73.5% 
(CV = 4.25%) indicating the nonhomogenous distribution of water in the 
benzoyl peroxide raw material. Therefore, the utilization of aqueous 
benzoyl peroxide as the reference standard in HPLC analysis affects the 
analytical performance based on the homogeneity of the material. 
Standard preparation in the aforementioned HPLC procedure has been 
designed to compensate for the variability of water content in aqueous 
benzoyl peroxide. 

The experimental data shown in Table I11 were obtained on randomly 
selected samples of benzoyl peroxide lotion, wash, cream, and gel for- 
mulations. Each sample was analyzed hy the HPLC and the USP iodo- 
metric procedures. The results from both methods are comparable, and 
the procedures are precise, accurate, and specific for determination of 
benzoyl peroxide in commercial formulations. The HPLC procedure 
presented in this paper is stability indicating, capable of detecting and 
quantifying the decomposition products of benzoyl peroxide, and adopts 
a new technique for the standard preparation to improve the precision, 
accuracy, and reproducibility of the analysis for benzoyl peroxide for- 
mulations. 
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Abstract 0 The effect of EDTA (ethylenediaminetetraacetate), steroids, 
and preservatives on the antimicrobial activity of 10% sodium sulf- 
acetamide solutions was evaluated in this study by kill rate and minimum 
inhibitory concentration (MIC) using five representative microorganisms. 
The results indicate that thimerosal-preserved sulfacetamide solutions 
containing EDTA are more effective against Pseudomonas aeruginosa, 
Serratia marcescens, Staphylococcus epidermidis, and Candida albi- 
cam than similar paraben-preserved solutions. Furthermore, the addition 
of EDTA improves the kill rate, but not the MIC, for the Pseudomonas, 
Serratia, and Candida species regardless of the preservative. The com- 
bination of a steroid with sulfacetamide does not affect its antimicrobial 
activity. 

Keyphrases Ophthalmic solutions-sulfacetamide, antimicrobial 
activity, effects of EDTA, steroids, preservatives Sulfacetamide- 
ophthalmic solutions, antimicrobial activity, effects of EDTA, steroids, 
preservatives Antimicrobial activity-of sulfacetamide in ophthalmic 
solutions, effects of EDTA, steroids, preservatives 

Sodium sulfacetamide is an antimicrobial agent which 
prevents the growth and division of bacteria by interfering 
with the uptake of p -aminobenzoic acid. p-Aminobenzoic 
acid is required for folic acid synthesis which, in turn, is 
required for synthesis of purines and the pyrimidine, 
thymine, the building blocks of DNA. The competitive 
inhibition of p-aminobenzoic acid by sulfacetamide is re- 
duced by some local anesthetics, such as tetracaine, that 
are derivatives of p-aminobenzoic acid (1). It has also been 
reported that the presence of sodium metabisulfite inhibits 
the antimicrobial activity of sodium sulfacetamide (2). 

Sulfacetamide is the least sensitizing member of the 
sulfonamide group of antibiotics (3). It has been widely 
used during the past 25 years to treat blepharitis (4), 
pustular acne, and seborrheic dermatitis (5), and has also 
been used prophylactically following cataract surgery (6). 
It is effective against streptococci (except enterococci), 
pneumococci, Bacillus anthracis, Corynebacterium di- 
phtheriae, Clamydia trachomatis, and some strains of 
Haemophilus influenzae, Yersinia, Nocardia, and Acti- 
nomyces. Many strains of Neisseria and Enterobacteri- 
aceae have acquired resistance to this drug. 

Sodium sulfacetamide solutions for ophthalmic use 
usually contain preservatives. Richards and McBride (2) 
showed that the inclusion of preservative systems de- 
creases the sterilization time of sulfacetamide solutions 
from 5 hr to <15 min when challenged with lo6 colony- 
forming unitdm1 of Pseudomonas aeruginosa 6750. The 
preservative systems included either chlorhexidine and 
phenylethyl alcohol, phenylmercuric nitrate and phenyl- 
ethyl alcohol, or chlorocresol and phenylethyl alcohol, with 
or without EDTA (ethylenediaminetetraacetate). 

The purpose of the present study was to determine the 
effects of prednisolone sodium phosphate, EDTA, thim- 
erosal, and methyl- and propylparaben on the in uitro 
antimicrobial activity of solutions containing sodium 
sulfacetamide. The antimicrobial activities of the solutions 

tested were determined by kill rate and minimum inhibi- 
tory concentration (MIC) techniques using five test 
microorganisms: Pseudomonas aeruginosa, Serratia 
marcescens, Staphylococcus epidermidis, Candida al- 
bicans, and spores of Aspergillus fumigatus. 

EXPERIMENTAL 

Commercially available 10% sodium sulfacetamide solutions were 
obtained from pharmaceutical distributors; two experimental formula- 
tions were prepared in-house. The ingredients of each solution are listed 
in Table I. Both standard strains and clinical isolates were used as test 
microorganisms. The standard strains included P. aeruginosa 15442l, 
S. marcescens 140411, St. epidermidis 17917l, C. albicans 10231', and 
A. fumigatus 10894l. The clinical isolates of P. aeruginosa were SUH- 
512782 and H-23778*. Microbiological growth media included trypticase 
soy agar?, trypticase soy broth3, D/E neutralizing agar4, and Sabouraud 
dextrose agar4. Other chemicals used in this study included APHA 
phosphate buffers, polysorbate 805, and sodium chloride6. 

Microbial cultures were prepared by inoculating 10-ml aliquots of 
trypticase soy broth with stock bacterial and yeast cultures maintained 
on either trypticase soy agar or Sabouraud dextrose agar slants and in- 
cubated for 1E3-24 hr at  32-34'. The second 24-hr cultures were harvested 
by centrifugation, washed three times in phosphate-buffered saline 
(centrifuged between each wash), and resuspended in sterile distilled 
water. The suspension of cells was further diluted to give an optical 
density a t  500 nm, corresponding to -106 colony-forming units/ml of test 
sample. Fungal spores were harvested from Sabouraud dextrose agar 
plates, washed five times in distilled water (centrifuged between each 
wash), and diluted to -lo6 colony-forming u n i t s h l  of test sample. 

To determine the death rate kinetics, the experiment was initiated by 
the addition of 0.1 ml of the standardized cultures to 20 ml of each test 
solution. The microbes were recovered between 1 min and 6 hr, diluted, 
and cultured in pour plates of D/E medium. The recovery plates were 
incubated for a maximum of 5 days at 3&35O followed by 5 days at  room 
temperature. The experiments were repeated if recovery times or sample 
dilutions were inappropriate for the test microbe. The kill rate was ex- 
pressed as a D-value, the time in minutes required to reduce the number 
'of viable microorganisms by WO (one log). The D-values were calculated 
from the best-fitting straight lines determined by linear regression. Thus, 
a lower D-value indicates a more rapid kill. All recoveries were validated 
by standard procedures. 

MIC values were evaluated using microtiter plates with four overlap- 
ping concentrations of each solution, run in duplicate. After incubating 
the plates for 48 hr at  32-34', the wells were scored as true positive 
(turbid), true negative (no turbidity), or plus-minus (very slight tur- 
bidity). The MIC was determined by calculating the geometric mean (€1 
of the highest concentration of test solution to give a true positive, the 
lowest concentration to give a true negative, and the two median con- 
centrations to give a plus-minus: 

= (highest positive value X two median plus-minus values 
x lowest negative value)1/4 

If only one median plusminus value is used, the cube root of the product 
is taken; if no plus-minus values are used, the square root of the product 
is taken. 

1 American Type Culture Collection. 
2 Stanford University Hospital, Palo Alto, Calif. 
3 Baltimore Bicilogical Laboratories, Cockeysville, Md. 
4 Difco Laboratories, Detroit, Mich. 
5 US. Binchemical Corp., Cleveland, Ohio. 
6 Fisher Scientific Co., Fair Lawn, N.d. 
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Table I-Composition of Sulfacetamide Solutions 

Sulfacet- 
amide 

Solutionn Preservative EDTA" Steroidc 
A Thimerosal, 0.01% - - 
B Methylparaben, 0.05%; - - 

A' Thimerosal, 0.01'7~ 0.170 - 
C Methylparaben, 0.02%; - 0.25% 

C' Methylparaben, 0.027~; O.l%, 0.25% 

propylparaben, O.Ol?k 

propylparaben, 0.005% 

propylparaben, 0.005% 

".lo'% sulfacetamide as active ingredient. * The disodium salt. Prednisolone 
sodium phosphate. 

RESULTS 

The kill rates of P. aeruginosa, S .  marcescens, St .  epidermidis, C. 
albicans, and A. fumigatus (spores) exposed to two ophthalmic solutions 
each formulated with 10% sodium sulfacetamide are presented in Table 
11. The data indicate that the sulfacetamide products are most rapidly 
bactericidal against Pseudomonas, (D = 168 rnin), slightly bactericidal 
against Serratia (D = 1318 min) and Candida (D = 2972 rnin), and not 
bactericidal against Staphylococcus or fungicidal against spores of As- 
pergillus. The large standard error associated with the D-value for Ser- 
ratia is due to the preservative effect, as seen in Table 111. Sulfacetamide 
solutions preserved with thimerosal are more rapidly bactericidal against 
Serratia than those preserved with parabens (Table H I ) ,  resulting in 
lower D-values (faster kill rates). Since ocular anti-infective agents are 
washed out of the eye by natural tearing, solutions with low D-values 
would be more effective in controlling infection than those with high 
D-values. 

Table 11-Average Kill Ra te  (D-value) fo r  Two Ophthalmic 
Solutions Each Formulated with 10% Sodium Sulfacetamide 

Average D-valueh 
Number of for Solutions 

Microorganism Determinations A and B, min 

Pseudomonas aeruginosa 17 168 f 17 

Serratia marcescens 4 1318 f 543 
Staphylococcus epidermidis 4 NE' 
Candida albicans 4 2972 f 48 
Aspergillus fumigatus 6 NE' 

Both solutions contain 1Wh sodium sulfacetamide; one was preserved with 0.01W 
thimerosal (solution A) and one with parabens (solution B).  Neither product con- 
tains steroids or EDTA. NE = no significant effect ohserved during 
6 hr of exposure. 

(four strains) 

Mean f SE. 

Table  111-Effect of Preservative Contained in 10% Sodium 
Sulfacetamide Solutions on the Kill Ra te  (D-value) of Serratia 
marcescens 

D-Value, min 
Thimerosal Paraben 

Solution Preservative Preservatives 

A 
B 

A + B  

436 f 136 - 

1318 f 543 
- 2200 f 438 

(I Neither solution contains steroids or EDTA. b Mean f SE. 

Table IV-MIC Values fo r  Thimerosal- and Paraben-Preserved 
Sulfacetamide Solutions a 

Solution A Solution B 
Microorganism (Thimerosal) (Parabens) 

Pseudomonas aeruginosa 1.1 1.8 
Serratia marcescens 0.4 1.5 
Staphylococcus epidermidis 0.2 29.6 
Candida albicans 2.0 250.0 
Aspergillus fumiga t us 2.8 6.5 

0 Expressed as  '70. 

Table V-Effect of Steroids on the Kill Ra te  (D-value) of 10% 
Sodium Sulfacetamide as Formulated in Two  Ophthalmic 
Solutions 8 Against Several Microorganisms 

D-Value, min 
Solution B Solution C 

Microorganism (Without St.eroid) (With Steroid) 

Pseudomonas aeruginosa 186 f 28 235 f 48 

Serratia marcescens 2200 f 438 1218 f 184 
Staphylococcus epidermidis NE" NEC 
Candida albicans 2938 f 56 NE" 
AsDerrillus furnitatus b o r e s )  1935 f 136 NEC 

(four strains) 

Both solutions contain 10% sodium sulfacetamide preserved with parahens; 
neither contain EDTA. b Mean f SEM. c NE = no significant effect observed 
during 6 hr of exposure. 

Table  VI-MIC Values a for  Steroidal and Nonsteroidal Sodium 
Sulfacetamide Solutions 

Solution B Solution C 
Microorganism (Without Steroid) (With Steroid) 

Pseudomonas aeruginosa 1.8 1.5 
Serratia marcescens 1.5 1.6 
Staphylococcus epidermidis 29.6 41.8 
Candida albicans 250.0 250.0 
AsDereillus fumieatus 6.5 6.8 

0 Expressed as percent. 

Table  VII-Effect of EDTA on the Kill Ra te  of Sulfacetamide 
Solutions Preserved with Either Thimerosal o r  Parabens 

Preserved with 0.01% Thimerosal 

D-value, min 
Microorganism Product Aa Product A'b - 

Pseudomonas aeruginosa (four strains) 148% 19 1 3 f  1 
Serratia marcescens 436 f 136 247 f 49 
Staphylococcus epidermidis 1764 f 306 2848 f 600 
Candida albicans 3006 f 31 1459 f 70 
Aspergillus fumigatus (spores) NEC NEc 

Preserved with Parabens 

D-value, min 
Microorganism Product C a  Product C'b 

Pseudomonas aeruginosa (four strains) 235 f 48 35 f 5 
Serratia marcescens 1218 f 184 637 f 62 
Staphylococcus epidermidis NE" NE' 
Candida albicans NE' 1612f373 
AsDerdlus  furnimtus (mores) NE NE' 

~ ~ 

0 Without EDTA b With EDTA. c N E  = no significant effect observed during 
6 hr of exposure 

Table  VIII-Effect of EDTA on t h e  MIC Values of 
Sulfacetamide Solutions Preserved With Either Thimerosal or  
Para bens 

Preserved with Thimerosal 

Microorganism Solution Aa Solution A'h 

Pseudomonas aeruginosa 1.1 1.3 
Serrat ia marcescens 0.4 0.4 

Candida albicans 2.0 3.1 
Asoerriilus fumieatus 2.8 0.3 

Staphylococcus epidermidis 0.2 0.1 

Preserved with Parabens 

Microorganism Product Cn Product Cfh 

Pseudomonas aeruginosa 1.5 1.7 
Serratia marcescens 1.6 2.0 
Staphylococcus epidermidis 41.8 29.8 
Candida albicans 250.0 250.0 
Aspergillus fumigatus 6.8 7.4 

Without EDTA. * With EDTA. 
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The same anti-infective solutions were compared by MIC values in 
Table IV. The MIC values represent the bacteriostatic effect of each 
solution expressed as the percent of product required to inhibit growth; 
the lower the MIC, the more the test solution can be diluted and still 
inhibit microbial proliferation. Sulfacetamide solutions preserved with 
thimerosal have MIC values ranging from 0.2 to 2.8 for the five test 
microorganisms. The solutions preserved with parabens exhibit slightly 
higher MIC values for Pseudomonas, Serratia, and spores of Aspergillus 
(1.5-6.5) and significantly higher MIC values for Staphylococcus and 
Candida (19.6 and 5.0, respectively). 

The effect of steroids and EDTA on the antimicrobial efficacy of the 
solutions was evaluated using the kill rate and MIC methods. The kill 
rates appear to be unaffected by the presence of steroids (Table V). The 
MIC values agree with this observation (Table VI). However, the addition 
of 0.1% EDTA to the sulfacetamide solutions significantly reduced the 
D-value for Pseudomonas, Serratia, and Candida regardless of the 
preservative (Table VII). This increase in antimicrobial activity, as in- 
dicated by smaller D-values, is not reflected by significantly different 
MIC values (Table VIII). 

DISCUSSION 

The results of both kill rate and MIC methods used to evaluate oph- 
thalmic anti-infective solutions provide a better understanding of the 
antimicrobial effects of sulfacetamide and the clinical use of products 
containing this drug. Both methods indicate greater antimicrobial activity 
when thimerosal is used as the solution preservative than that seen with 
parabens: the kill rate for Serratia is increased and the MIC values for 

Staphylococcus, Candida, and possibly Aspergillus are decreased. The 
results using both methods also indicate that the addition of steroids to 
sulfacetamide formulations does not affect kill rates or MIC values. 

However, only one method could detect the effect of EDTA on the 
antimicrobial activity of sulfacetamide. The kill rate for Pseudomonas, 
Serratia, and possibly Candida increased with the addition of EDTA, 
yet no differences in MIC values were observed. Thus, evaluation of an- 
timicrobial activity using just one technique may not be adequate in 
determining the efficacy of ocular anti-infective products. MIC values 
are routinely used to evaluate the microbial sensitivity of parenterally 
administered antibiotics, yet this method of evaluation may miss inter- 
actions of other agents important in ocular therapy. This study shows 
that sulfacetamide solutions containing EDTA and thimerosal as pre- 
servatives are more effective against the organisms tested than sulface- 
tamide solutions containing paraben preservatives without EDTA. The 
antipseudomonal activity of thimerosal-preserved sulfacetamide solu- 
tions is particularly interesting, since they are usually not considered 
effective against this microorganism. 

REFERENCES 

(1) G. Hopkins, Optician, 183.20 (1982). 
(2) R. M. E. Richards and R. J. McBride, J .  Pharm. Pharmacol., 24, 

(3) “AMA Drug Evaluations,” 3rd. ed., Publishing Sciences Group, 

(4) I. Abboud, Bull, Ophthalmol. Sor., Egypt, 75,539 (1972). 
(5) S. Olansky, Cutis, 19,852 (1977). 
(6) M. Roumem and I. Isakow, Ophthalmologrca, 197,42 (1977). 

I59P (1972). 

Littleton, Mass., 1977, p. 964. 

High-Performance Liquid Chromatographic Analysis of 
Diflunisal in Plasma and Urine: Application to  
Pharmacokinetic Studies in Two Normal Volunteers 

J. E. RAY 
Received May 17,1982, from the Department of Clinical Pharmacology, St. Vincent’s Hospital, Darlinghurst, New South Wales, 2010, 
Australia. 

and R. 0. DAY 

Accepted for publication October 19,1982. 

Abstract A high-performance liquid chromatographic (HPLC) assay 
with fluorescence detection has been developed for the determination 
of diflunisal in plasma and urine. The plasma or urine, containing nap- 
roxen as the internal standard, was extracted with ether-hexane (1:l). 
The samples were analyzed on a microparticulate column, and the 
compounds were eluted using a mobile phase of 0.05 M phosphate buffer 
(pH 3) and methanol. Plasma samples were analyzed from two healthy 
male subjects who received a 250- and 750-mg oral dose of diflunisal3 
weeks apart. The data were analyzed according to a two-compartment 
open model. There was a disproportionate increase in the area under the 
plasma concentration-time curves (AUC 750 mg/AUC 250 mg was 3.84 
for subject A and 4.22 for subject B) and a reduction in plasma clearance 
after the 750-mg dose of diflunisal. These data suggest that  the kinetics 
of diflunisal may be dose dependent. 

Keyphrases Diflunisal-high-performance liquid chromatographic 
analysis, plasma and urine, application to pharmacokinetic studies 0 
High-performance liquid chromatography-analysis of diflunisal in 
plasma and urine, application to pharmacokinetic studies 0 Pharma- 
cokinetics-diflunisal, high-performance liquid chromatographic anal- 
vsis. Dlasma and urine 

Diflunisal, 2’,4’-difluoro-4-hydroxy-3-biphenylcar- 
boxylic acid, a salicylic acid derivative with analgesic and 
anti-inflammatory activity (1,2), has been assayed in bi- 
ological fluids by a fluorescence method (3). This assay 

procedure lacks the specificity of GLC and high-perfor- 
mance liquid chromatography (HPLC) (4). The more te- 
dious GLC method (3) has been superseded by HPLC as- 
says (4-6), but these methods have thus far been relatively 
insensitive. 

The pharmacokinetics of diflunisal have been investi- 
gated, but these studies have used either the nonspecific 
fluorescence assay to measure plasma concentrations (3, 
7-9) or the relatively insensitive HPLC procedures (10) 
which necessitated the administration of high doses (750 
mg) of diflunisal. This paper reports the development of 
a sensitive and specific HPLC assay for quantitating di- 
flunisal in plasma or urine and its application to a pre- 
liminary study of the pharmacokinetics of diflunisal in 
humans. 

EXPERIMENTAL 

Chemicals and  Reagents-Diflunisal’ and naproxen* were the ref- 
erence and internal standards, respectively. Stock solutions of these 

Dolobid; Merck Sharp & Dohme, Sydney, Australia. 
Syntex, Sydney, Australia. 
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The same anti-infective solutions were compared by MIC values in 
Table IV. The MIC values represent the bacteriostatic effect of each 
solution expressed as the percent of product required to inhibit growth; 
the lower the MIC, the more the test solution can be diluted and still 
inhibit microbial proliferation. Sulfacetamide solutions preserved with 
thimerosal have MIC values ranging from 0.2 to 2.8 for the five test 
microorganisms. The solutions preserved with parabens exhibit slightly 
higher MIC values for Pseudomonas, Serratia, and spores of Aspergillus 
(1.5-6.5) and significantly higher MIC values for Staphylococcus and 
Candida (19.6 and 5.0, respectively). 

The effect of steroids and EDTA on the antimicrobial efficacy of the 
solutions was evaluated using the kill rate and MIC methods. The kill 
rates appear to be unaffected by the presence of steroids (Table V). The 
MIC values agree with this observation (Table VI). However, the addition 
of 0.1% EDTA to the sulfacetamide solutions significantly reduced the 
D-value for Pseudomonas, Serratia, and Candida regardless of the 
preservative (Table VII). This increase in antimicrobial activity, as in- 
dicated by smaller D-values, is not reflected by significantly different 
MIC values (Table VIII). 

DISCUSSION 

The results of both kill rate and MIC methods used to evaluate oph- 
thalmic anti-infective solutions provide a better understanding of the 
antimicrobial effects of sulfacetamide and the clinical use of products 
containing this drug. Both methods indicate greater antimicrobial activity 
when thimerosal is used as the solution preservative than that seen with 
parabens: the kill rate for Serratia is increased and the MIC values for 

Staphylococcus, Candida, and possibly Aspergillus are decreased. The 
results using both methods also indicate that the addition of steroids to 
sulfacetamide formulations does not affect kill rates or MIC values. 

However, only one method could detect the effect of EDTA on the 
antimicrobial activity of sulfacetamide. The kill rate for Pseudomonas, 
Serratia, and possibly Candida increased with the addition of EDTA, 
yet no differences in MIC values were observed. Thus, evaluation of an- 
timicrobial activity using just one technique may not be adequate in 
determining the efficacy of ocular anti-infective products. MIC values 
are routinely used to evaluate the microbial sensitivity of parenterally 
administered antibiotics, yet this method of evaluation may miss inter- 
actions of other agents important in ocular therapy. This study shows 
that sulfacetamide solutions containing EDTA and thimerosal as pre- 
servatives are more effective against the organisms tested than sulface- 
tamide solutions containing paraben preservatives without EDTA. The 
antipseudomonal activity of thimerosal-preserved sulfacetamide solu- 
tions is particularly interesting, since they are usually not considered 
effective against this microorganism. 
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anti-inflammatory activity (1,2), has been assayed in bi- 
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says (4-6), but these methods have thus far been relatively 
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compounds were prepared daily by dissolving the drugs in acetone:'. 
Chromatographic-grade hexane4 and methanol" were used, while all other 
reagents were analytical grade. Etherfi was distilled in glass. 

Extraction Procedure-The plasma or urine containing the internal 
standard was extracted according to the method of Van Loenhout et a/ .  
(6) with the following modifications: ( a  ) to achieve adequate recovery 
of diflunisal from urine, samples were extracted twice with 5 ml of 
ether-hexane (l:l), and ( b )  the residue remaining after evaporation of 
the ether-hexane was resuspended in the HPLC mobile phase. 

Clinical Study-Single 250- and 750-mg doses of diflunisal were ad- 
ministered to two healthy male subjects. The doses were not randomized, 
and the same formulation was used in both studies. Subjects fasted 
overnight before the drug administration and continued fasting until 4 
hr postdose. All doses were administered at 800 a.m. and the tablets were 
swallowed whole with 200 ml of water. Venous blood samples were drawn 
into potassium oxalate-sodium fluoride; tubes before drug administra- 
tion and a t  0.5,1,1.5,2, 2.5,4,5,6,8,10.12,18,24,30,36,42,48,60, and 
72 hr after the drug was given. 

Instrumentation-Assays were carried out using a constant-flow 
high-performance liquid chromatograph8. It consisted of a solvent de- 
livery systems, an autosampler injector'" with a pneumatic-actuated 
injection valve fitted with a 20-pl sample loop", a microparticulate re- 
verse-phase column" (5 pm; 25 cm X 4.6-mm i.dJ, a guard column1,', and 
a ~pectrophotofluorometer~4 with the excitation monochromotor set a t  
315 nm and the fluorescence emission at  389 nm (cutoff filter). 

Chromatography-The compounds in plasma were eluted with a 
mobile phase of 64% methanol in 0.05 M phosphate buffer (pH 3). pre- 
pared from monobasic sodium phosphate with the pH adjusted using 
sulfuric acid. The column temperature was 50' and the flow rate was 1 
ml/min. The same conditions were used to analyze urine samples, but 
a linear gradient (10 min) from 60% methanol in 0.05 M phosphate buffer 
(pH 3) to 70% methanol in phosphate buffer was necessary to move the 
diflunisal and naproxen peaks from interfering peaks a t  the solvent 
front. 

Pharmacokinetic Analysis-The data were analyzed assuming a 
two-compartment open model with delayed absorption (11) and were 
fitted to the appropriate triexponential equation using a nonlinear re- 
gression analysis program (12). The equation fitted was: 

c1 = Ae-cv(r-rd + Re-d(i-r(li - Ce-k , , i f - to ,  

where C1 is the plasma concentration, t the time after the dose, t o  the lag 
time, and k ,  the apparent first-order absorption rate constant. A ,  R, a ,  
and f l  are constants related to model parameters (1 1); A and B are also 
related to the dose (D) and the fraction of the dose that reaches the sys- 
temic circulation (f) .  Initial estimates of these parameters were obtained 
graphically using the method of residuals (11). The volume of distribution 
Va (area), the total body clearance ( C L ) ,  and area under the curve (AUC) 
were estimated as described by Wagner (1 1). 

RESULTS AND DISCUSSION 

Assay-Reverse-phase HPLC with fluorescence detection was an ef- 
fective method of quantitating diflunisal in human plasma and urine. 
Typical chromatograms obtained from blank plasma, blank urine, plasma 
containing diflunisal and naproxen (internal standard), and urine con- 
taining diflunisal and naproxen are shown in Fig. 1. Interference by en- 
dogenous substances did not occur from either drug-free plasma or urine 
(Fig. 1). 

The standard curve for diflunisal was linear over the concentration 
range of 0.05-100 pg/ml in both plasma and urine. The correlation 
coefficient for the standard curves over this concentration range was 
>0.999 (n  = 4). The coefficient of variation w a  <5% for all concentrations 
measured (Table I) ,  and the sensitivity of the method was 50 ng/ml. 
Under the assay conditions described, acetylsalicylic acid and salicylic 

Hopkin & \Villiams. Ajax Chemicals. Sydney. Australia. 
4 I'nirhrwn Reagents. Ajax Chemicals. Sydney. Australia. 

Waters Ahsoriates, Sydney. Australia. 
fi Ajax Chemicals. Sydney, Australia. 
7 Venoject; tiimhie-Terumo. Inc.. Elkton. Md. 
8 Varian Pty. Ltd., Sydney, Australia. 
9 Model 5000: Varian I'ty Ltd.. Sydney. Australia. 
In Model 803.5; L'arian I'ty Ltd.. Sydney. Australia. 
' 1  Model 712% Hheodyne, rotati, Calif. 
12 CUtrasphere-ODS; Altex, Berkeley, Calif. 
'3 Lichrosiirh 1W-8 (Cartridge): Rrownlee 1,at)s. lnr.. Santa Clara. Calif. 
1' Model FS990: Srhoeffel Instruments. Westwood. N.d. 
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Figure I-Chromatograms of blank urine (a ) ,  spiked (200 ng/m/)  urine 
Ib), blank plasma rc), and spiked (200 ng/nil) plasma ( d ) .  Key: ( 1 )  sol- 
rent front; (2) dr flunisal; (3) naproxen (internal standard). 

acid had elution times of 2.9 and 3.1 min, respectively, and did not in- 
terfere with the diflunisal or naproxen peaks. 

The method described was sufficiently sensitive to detect plasma 
concentrations of diflunisal for 80 hr after oral doses of 250 and 750 mg 
of the drug. The procedure has marked advantages over previous methods 
in both sensitivity (4-6) and specificity (3). The use of identical extraction 
and similar chromatographic conditions for the detection of diflunisal 
in plasma and urine makes the method simple and convenient for phar- 
macokinetic studies. 

Pharmacokinetics-After the 250-mg dose of diflunisal, peak con- 
centrations of 39.6 and 33.9 pg/ml were reached a t  3.5 and 2.1 hr, re- 
spectively (Fig. 2). The pharmacokinetic data were analyzed according 
to a two-compartment open model although the elimination phase in 
subject B (250-mg dose) was not strictly linear. Agreement between the 
computer-generated curves and the experimental values was good. The 
various phramacokinetic parameters are shown in Table 11. The half-lives 
of the initial (Y phase were 1.7 and 0.9 hr, while those of the /3 phase were 
10.8 and 9.8 hr for the two subjects. The total body clearance was 8.6 and 

Tab le  I-Recovery and Reproducibility of the Diflunisal Assay 

Recovery, Concentration, c v, 
u d m l  % 70 

0.050 
0.075 
0.100 
0.150 
0.200 

10 
25 
50 

100 

0.050 
0.075 
0.100 
0.150 
0.200 

10 
25 
50 

100 

Plasma 
4.2 
3.0 
2.7 
2.6 
2.7 
4.8 
3.2 
4.2 
2.2 

Urine 
2 . 1  

2.6 
2.4 
3.5 
2.1 
4.0 
2.7 
1.6 
2.4 

97.4 
96.2 
97.8 
97.9 
97.6 

105.0 
98.1 
94.3 
99.9 

101.0 
96.8 
97.9 
98.9 
98.4 
96.1 

103.3 
97.2 
98.9 

" Numher of estimations = 4 
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Figure 2-Diflunisal plasma concentrations in two normal male 
subjects after a single 250-rng oral dose (m) and a single 750-rng oral dose 
f 0). 

Table 11-Plasma Pharmacokinetic Parameters  in Two Normal 
Subjects After a 250-mg Oral  Dose 

Subject Subject 
Parameter A B 

Lag time, hr 0.5 0.4 
Peak time, hr 3.5 2.1 
k”. hr-1 0.5 1.7 

1.7 
10.8 
14.1 
8.6 

0.9 .. 

9.8 
8.6 

10.0 
482.2 415.5 

0 Calculation assumes f = 1 (7). 

10.0 ml of plasma/min. The volume of distribution was 14.1 and 8.6 liters. 
These data are in good agreement with those previously obtained after 
a 500-mg oral dose (7). The volume of distribution and clearance of di- 
flunisal are low, but similar to other nonsteroidal anti-inflammatary drugs 
(13). Pharmacokinetic parameters were not estimated after the 750-mg 
oral doses of diflunisal in the two subjects because the log plasma con- 
centration-time curves suggested a nonlinear elimination phase. 

It has been suggested that diflunisal exhibits dose-dependent kinetics 
(3,7,8).  Tocco et al. showed that the AUC values for [14C]diflunisal in 
plasma of healthy volunteers were -18 times higher after a 500-mg dose 
when compared with a 50-mg dose of diflunisal(8). Further, these authors 
reported a shorter elimination half-life (6 hr) after a 50-mg oral dose, 
compared with an elimination half-life of 10.8 hr after a 500-mg oral dose. 
However, these data are difficult to interpret because the assays lacked 
specificity. Dresse et al. (8) administered 500 mg of diflunisal twice a day 
for 8 days to 10 male volunteers and suggested that the elimination of 
diflunisal might be nonlinear for plasma concentrations >10 pg/ml. A 
third study, in which a nonspecific fluorescence assay was used, reported 
that the plasma elimination half-life of diflunisal decreased with declining 
plasma concentration, again suggesting nonlinear elimination of the drug 
(7). 

Tablc 111-Plasma Pharmacokinetic Parameters  in Two Normal 
Subjects After a 750-mg Oral  Dose 

Subject Subject 
Parameter A B 

Peak time, hr 
Peak concentration, pg/ml 
CL,  ml/min 
AUCG-, pghr/ml 
AUC 750 me/AUC 250 me 

4.0 3.5 .. .~ 

99.0 99.3 
6.74 7.13 

1855 1752 
3.84” 4.22 * 

~~~ 

0 This ratio is significantly different from 3.0 ( p  < 0.05). one-sample t test. The 
one-sample t test is used to find the probability that the mean of a single sample 
of a opulation is different than an hypothesized value (15). This ratioissignifi- 
cantyy different from 3.0 ( p  < 0.01). one-sample t test. 

The pharmacokinetics of diflunisal after 250- and 750-mg oral doses 
of the drug are shown in Tables I1 and 111. There was a disproportionate 
increase in the plasma concentration-time AUC (Table 111) and a re- 
duction in plasma clearance (Tables I1 and 111) when comparing the 
750-mg oral dose of diflunisal with the 250-mg oral dose. Visual inspection 
of the plasma+oncentration time curve for subject A suggests nonlinear 
elimination of the drug following the 750-mg dose of diflunisal. However, 
this phenomenon is not apparent in subject B. 

The elimination of diflunisal is almost exclusively dependent on glu- 
curonidation of the parent compound to ether glucuronide (64%) and 
ester glucuronide (20%), which are excreted in the urine (3). Phar- 
macokinetic studies with sodium salicylate, a compound structurally 
similar to diflunisal, have demonstrated that humans have a limited ca- 
pacity for salicyl phenolic glucuronide formation (14), while the salicyl 
acyl glucuronide formation follows a first-order process (14). Data in 
normal volunteers suggest that the diflunisal phenolic glucuronide for- 
mation may be capacity limited (3). The data obtained from our study 
suggest that the kinetics of diflunisal may be dose dependent, but further 
study is needed to confirm this. 
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Abstract  0 Studies on the decomposition of thimerosal in aqueous so- 
lution have confirmed that thiosalicylic acid and ethylmercuric hydroxide 
are the initial products. On prolonged reaction, thiosalicylic acid was 
oxidized to 2,2'-dithiosalicylic acid, while ethylmercuric hydroxide was 
reduced to elemental mercury. As a result, a specific, reverse-phase 
high-performance liquid chromatographic assay has been developed for 
thimerosal in the presence of its decomposition products. By comparison, 
an existing colorimetric assay procedure employing dithizone was shown 
to be not fully specific. The presence of sodium chloride in the solution 
accelerated the decomposition of thimerosal. There was evidence that 
thimerosal was sorbed onto plastic containers on storage. 

Keyphrases 0 Thimerosal-degradation products, aqueous solutions, 
effect of sodium chloride, high-performance liquid chromatography 0 
Ophthalmic solutions-thimerosal decomposition in aqueous solutions, 
effect of sodium chloride, high-performance liquid chromatography 0 
High-performance liquid chromatography-thimerosal and its degra- 
dation products, aqueous solutions, effect of sodium chloride 

Thimerosal, ethyl (sodium o-mercaptobenzoato)mer- 
cury (I), is widely used in pharmaceutical preparations, 
such as eyedrops, as an antibacterial and antifungal pre- 
servative. However, it is known to be unstable in aqueous 
solution (1,2). It has also been reported that the presence 
of halides can have an adverse influence on the stability 
of I (3-5), and that I can be lost from solutions stored in 
plastic containers ( 6 ) .  The object of this study was to 
identify the decomposition products of thimerosal in 
aqueous solution under various conditions and, hence, 
develop a specific analytical method for the intact pre- 
servative in stored test solutions. 

The decomposition of I in aqueous solution has been 
studied previously (2), and it was shown that the major 
products were thiosalicylic acid (11) and ethylmercuric 
hydroxide (111). Compound I1 can also undergo irreversible 
oxidation to 2,2'-dithiosalicylic acid (IV) (7). Hydrolysis 
in the presence of halide ions gave ethylmercuric halide (V) 
rather than the hydroxide (4). 

Chemical assay procedures previously reported for the 
analysis of I have included UV spectrophotometry (81, 
polarography (9, lo), and colorimetry (11-13). None of 
these methods were fully specific for I in the presence of 
decomposition products, particularly the colorimetric 
assay, which is sensitive to all mercury-containing species 
present in the solution. Therefore, it was decided to seek 
a high-performance liquid chromatographic (HPLC) 
method for the analysis of I. A previously reported anion 
exchange HPLC method (14) was considered to be un- 
suitable for the assay of I in pharmaceutical preparations 
due to poor peak shape, while another method (15) failed 
to provide adequate resolution of I from its decomposition 
products. A more recent method (16) using radial-com- 
pression HPLC gave imprecise assays and did not satis- 
factorily resolve the degradation products of I from each 

other. The HPLC method described here gave resolution 
of I from its major decomposition products and has been 
used to assay I in test solutions and pharmaceutical vehi- 
cles. 

EXPERIMENTAL 

Compounds and Reagents-The following compounds were obtained 
commercially and used without further purification: thimerosal', 
ethylmercuric chloride', thiosalicylic acid3, and 2,2'-dithiosalicylic acid4. 
All other reagents and solvents were analytical reagent grade'. Ethyl- 
mercuric hydroxide was synthesized by a published method (17). 

High-Performance Liquid Chromatography-Equipment-A 
constant-flow pump5 was used to deliver the eluant to a stainless steel 
column packed with 10-pm silica particles bonded with octadecylsilane6. 
Injections were made with a rotary valve injector7 equipped with a 25-pl 
loop. No attempt was made to control the column temperature. A vari- 
able-wavelength detect06 set at 222 nm was employed at an attenuation 
of 0.5 AUFS for 0.01% (w/v) solutions of thimerosal and a t  0.05 AUFS 
for 0.001% (w/v) solutions. 

Chromatographic Conditions-The mobile phase consisted of a 
mixture of methanol-water-phosphoric acid in a ratio of 60:501.0. The 
pressure at a flow rate of 2.6 ml min-' was 1800 psig. Separations were 
effected isocratically a t  ambient temperature, and quantification was 
carried out by comparison of the areas of peaks obtained from test solu- 
tions with the area of the peak obtained from a standard thimerosal so- 
lution (Fig. l). 

Thin-Layer Chromatography-TLC was carried out on prepared 
silica gel platesg (20 cm X 20 cm X 0.25 mm) with mixtures of chloro- 
form-methanol (1:l) (system A) or hutanone-ethanol-acetic acid (70  
300.1) (system B) as the developing solvents; loadings of thimerosal were 
usually 50 or 100 pg. Components were detected by viewing under UV 
light a t  254 nm and visualized by spraying with a 0.05% (w/v) solution 
of diphenylthiocarbazone (dithizone) in chloroform. 

Dithizone Colorimetric Assay-A volume of the test solution 
equivalent to 0.1 mg of I was transferred by pipet to a separator con- 
taining 0.5 M sulfuric acid (20 ml) and glacial acetic acid (20 ml). Ten 
percent sodium hydroxide (30 ml) was added followed by toluene (15 ml) 
and dithizone solution (1 ml). The mixture was shaken and allowed to 
settle. Most of the aqueous (lower) phase was removed and discarded. 
Anhydrous sodium sulfate (1 g) was added to the remaining emulsion, 
which was then filtered through a phase separating paperlo. The color 
of the clear solution was measured in a 1-cm cell a t  475 nm against a re- 
agent blank on a spectrophotometer". This was compared with the color 
formed from an aliquot of a standard thimerosal solution (10 ml; 0.001% 
w/v) treated in an identical manner. 

Preparat ion of Dithizone and Thimerosal Solutions-Dithizone 
(64 mg) was dissolved in chloroform (100 ml); 10 ml of this solution was 
diluted to 100 ml with chloroform. Thimerosal (100 mg) was dissolved 
in water (100 ml). Two successive dilutions of 10 ml to 100 ml were made 
to  obtain the standard solution. 

BDH Chemicals Ltd., Poole, En land 
L' Cambrian Chemicals, Croydon, kngland. 
:' Aldrich Chemical Co.. Milwaukee, Wis. 
1 Aldrich Chemical Co., Ltd., Gillingham, Dorset, England. 
.' Model CE 210, Cecil Instruments Ltd., Cambridge, England. 2 Spherisorb 10 ODS, PhaseSeparations Ltd.. Clwyd, Wales. 
' Rheodsne Inc., Cotati, Calif. 

Mtdel'CE 212. Cecil Instruments Ltd., Cambridge, England. 
Silica gel 60 F w  (Merck) BDH Chemicals Ltd., Poole, England 

I" 1:. Whatman Lab. Sales Ltd.. Maidstone, Kent, England. 
' I  Model SP8-1OOO. Pye Unicam Ltd., Cambridge, England. 
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Table I-& Values and Response to the Spray Reagent on TLC 
of I-v 

I 1  

0 4 8 
MINUTES 

Figure 1-Chromatogram of thiosalicylic acid (A), thimerosal (B), and 
2,2'-dithiosalicylic acid (C). 

Hydrolysis of Thiomerosal in Aqueous Solution and in Saline- 
Solutions of thimerosal at a concentration of 0.5% in water and in 0.8% 
saline were heated under reflux and samples were removed at convenient 
intervals for TLC analysis. After 1 week, TLC (system B) showed one 
secondary spot at R/ 0.69 (nonabsorbing UV 254; yellow with dithizone) 
plus unreacted thimerosal (Rr 0.43). Neither solution contained any 
thimerosal after 3 weeks, but TLC now showed two major spots at  Rr 0.23 
and 0.30. The spot a t  R/ 0.69 was absent. 

Both solutions were then cooled and acidified with hydrochloric acid 
to give white precipitates which were extracted into chloroform. The 
aqueous phases still contained insoluble materials which were filtered 
off, washed with water, and dried to give white solids, mp 283" (from the 
aqueous reaction) and 288' (from the saline reaction) identified as 2,2'- 
dithiosalicylic acid (IV) [lit. (2) mp 287-290'1. IR analysis gave an in- 
tense band at  1690 cm-l due to the C=O stretching of an aromatic car- 
boxylic acid. UV analysis showed two maxima at 252 and 313 nm in 
ethanol41 M NaOH. TLC of the chloroform extracts showed two spots 
a t  Rr 0.23 and 0.30. Droplets of elemental mercury were also found in both 
solutions. 

Stability in 0.8% Saline-Thiosalicylic Acid-A 0.2% solution of 
thiosalicylic acid in 0.8% saline was refluxed for 6 days. TLC (system B) 
showed complete conversion to IV (RI 0.23); this was confirmed by UV 
analysis. 

Ethylmercuric Chloride-A 0.2% solution/suspension of ethylmercuric 
chloride in 0.8% saline was refluxed for 6 days and monitored by TLC 
(system B). There was no indication of decomposition during this period 
and no visible formation of metallic mercury in the reaction vessel. 

Interaction of Thiosalicylic Acid and Ethylmercuric Compounds 
in  Aqueous Solution-Thiosalicylic acid (0.16 g, 1 mmole) and ethyl- 
mercuric chloride (0.27 g, 1 mmole) in water (20 ml) containing 1 M 
NaOH (1 ml) were refluxed for 1 week. TLC (system B) showed the for- 
mation of IV (Rf 0.23) and loss of ethylmercuric chloride (& 0.69). There 
was also deposition of metallic mercury. A parallel experiment with 
thiosalicylic acid (0.16 g, 1 mmole) and ethylmercuric hydroxide (0.25 
g, 1 mmole) in 0.8% saline (20 ml) containing 1 M NaOH (1 ml) gave 
similar results. 

RESULTS AND DISCUSSION 

Decomposition Studies-The formation of I1 and 111, or ethylmer- 
curic chloride (V) in the presence of chloride ions, in the hydrolysis of I 
in water and 0.8% saline has been confirmed by TLC (Table I). No I and 

Rr Values Color with 
Compound System A System B Dithizone 

Thimerosal (I) 0.54 0.43 Yellow 
Ethylmercuric chloride 0.76 0.69 Lemon yellow 

0.65 Lemon yellow Ethylmercuric hydroxide 0.70 

0.40 0.29 Faint mauvea Thiosalicylic acid (11) 
2,2'-Dithiosalicylic acid 0.30 0.23 Faint mauve-pink" 

(V) 
(111) 

(IV) 
a Color develops on standing. 

I11 (or V) remained after refluxing for 3 weeks, and the major products 
were shown to be I1 and IV by TLC and spectroscopic analysis. Mercury 
was also deposited from these solutions. The reaction shown in Scheme 
I represents the decomposition pathway of I under aqueous conditions. 
Compounds I1 and IV have been named and represented as the free 
carboxylic acids throughout, although in aqueous solution they will 
usually be present as their sodium salts. 

It has been demonstrated that I1 oxidized to IV on heating in 0.8% 
saline. Compound V alone, when heated in 0.8% saline, failed to degrade 
to mercury. However equimolar mixtures of I1 and 111, and of I1 and V, 
have been shown to interact when heated in aqueous solution. As I1 was 
oxidized to IV, the ethylmercuric compounds (111 and V) were corre- 
spondingly reduced to metallic mercury. 

Analytical Studies-During the development of a reverse-phase 
HPLC method various water-methanol mixtures were tried and the pH 
of the eluant was controlled using phosphoric acid to reduce the effect 
of peak tailing. The eluant allowed monitoring at  222 nm, the UV ab- 
sorption maximum of thimerosal a t  this pH. The mobile phase chosen 
for the analysis gave the following k' values: thiosalicylic acid, 1.5; thi- 
merosal, 3.0; 2,2'-dithiosalicylic acid, 6.0. The effect of decreasing the 
proportion of methanol relative to water in the mobile phase was to in- 
crease the retention of all three components resulting in a high overall 
analysis time, while an increase in the methanol-water ratio impaired 
the resolution of thimerosal and thiosalicylic acid. 

A standard calibration curve for thimerosal was constructed using a 
stock solution of 102 pg/ml and three solutions of 61.2, 40.8, and 20.4 
pg/ml prepared by dilution of the stock solution. They = mx + c linear 
regression equation gave a slope of 1844, and intercept of 1577, and was 
linear in the range of 20.4-102 pg/ml (the corresponding integrator re- 
sponse ranging from 38,741 to 189,527). The plot gave a Pearson's cor- 
relation coefficient of 0.99998 ( p  < 0.01). 

It was considered that the good fit and linearity of the calibration plot 
(which also passed very close to the origin) together with the good re- 
producibility of the method (coefficient of variation, 0.7%) allowed 
analysis to be carried out using drug peak areas alone and obviated the 
need for an internal standard. The limits of detection when 25-rl injec- 
tions of solutions were made with a detector attenuation of 0.05 AUFS 
were 0.2 pg/ml for thiosalicylic acid and 0.1 pg/ml for thimerosal. 

The HPLC procedure was used to assay thimerosal in samples of 0.01% 
aqueous solutions after storage in various containers for 24 months a t  

T0,Na 

w 
SH 

+ CHSCH2HgOH II + CI&CH2HgCl 
v 

II 
V 

Iv 
Scheme I-Reaction scheme for the decomposition of thimerosal in 
aqueous solution. 
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Table 11-Results of HPLC and Dithizone Analyses of 0.01 7% Aqueous Thimerosal Solutions Stored for 2 Years at 5 O ,  25O, 37", and 50" 
in Glass and Plastic Containers 

Recovery of Thimerosal, % Thiosalicylic Acid, % 
HPLC Dithizone Found Calculateda 

Container Temp, " Ab B h  A B A B A B 

Glass ampules 5 100.5 97.6 99.6 98.1 4.8 3.4 0.0 2.4 
25 85.9 88.2 97.2 97.3 15.9 12.6 14.2 11.8 
37 80.4 80.4 95.4 94.5 20.8 18.9 19.7 19.7 
50 40.0 38.9 74.2 71.7 53.5 44.1 60.1 61.2 

Glass ampules 5 
(autoclaved) 25 

37 
50 

Polvethvlene 5 
bittles 25 

21  -.  
50 

bottles 25 
31 

Polypropylene 5 

Polyethylene 
containers 

-. 

50 
5 

25 
37 

55.7 82.9 87.4 99.5 26.5 18.5 44.4 17.1 
66.5 63.8 89.5 97.7 24.6 24.1 33.6 36.2 
24.4 80.7 88.1 94.7 64.3 18.1 75.6 19.4 
9.3 29.1 59.7 74.9 56.2 49.3 90.6 70.9 

95.1 99.6 95.8 100.0 5.5 3.8 5.0 0.5 
79.4 85.1 
67.3 65.1 
34.3 0.0 
95.5 
77.8 
69.6 
0.0 

94.5 
68.3 
0.0 

87.4 89.9 11.2 
76.5 69.1 15.0 
36.4 6.9 9.1 
97.4 5.2 
89.5 16.4 
71.2 23.2 
18.3 39.4 
98.5 3.6 
12.8 14.5 
12.0 30.1 

11.1 20.5 15.0 
16.8 32.8 34.9 
10.0 65.6 100.0 

4.5 
22.3 
30.5 

100.0 
5.5 

31.8 
100.0 

~~ ~ ~~ ~ ~~~~~~ ~ ~ 

a This figure represents the amount of thiosalicylic acid expected from the decomposition indicated by the HPLC assay of thimerosal. * A and B refer to assay values 
on two separate samples. 

5', 25', 37", and 50'. The containers included glass ampules, one-half 
of which were autoclaved a t  120" for 20 min before the start of the storage 
test (the other half were not autoclaved) and three types of plastic con- 
tainers. The results, together with those obtained colorimetrically using 
dithizone, are given in Table 11. 

After storage, the solutions in glass ampules that were not autoclaved 
showed HPLC assays lower than those obtained by the dithizone method. 
This trend was even more marked in those solutions which had been 
previously autoclaved. These figures are a reflection of the greater 
specificity of the HPLC method compared with the colorimetric 
assay. 

The level of thimerosal after storage in plastic containers was found 
to be lower than that found in glass ampules especially a t  higher storage 
temperatures. There was, in general, fairly good agreement between the 
two assay methods for plastic containers. From the HI'LC assay of so- 
lutions in plastic containers, it is clear that thimerosal is lost from solution 
by hydrolysis and by some form of sorption onto the containers; these 
effects increase with temperature. In plastic containers a t  25" there was 
also less thiosalicylic acid detected than would have heen anticipated from 
the thimerosal levels; this trend became more marked at 37O and 50°, 
providing a further indication of sorption of thimerosal onto the con- 
tainer. By comparison, in glass containers there was reasonably good mass 
balance between thimerosal decomposed and thiosalicylic acid formed 

Table 111-Results of the HPLC Assays of Thimerosal Solutions 
in Water and in Saline Stored for 15 days at 5", 25", and 50" in 
Glass Containers 

Initial HPLC Assay of 
Thimerosal Time, Thimerosal, 9'0 

Concentration, % Temp, ' days Water 0.8% Saline 

0.01 

0.1 

5 
25 
50 
5 

25 
50 

5 
25 
50 
5 

25 
50 

8 100.8 32.5 
101.8 <5 
28.9 <5 

15 105.2 30.3 
96.5 <5 
44.6 NAa 

8 103.3 69.1 
99.7 50.0 
95.1 50.2 

15 95.6 69.2 
104.3 59.0 
NA" NAa 

8 104.7 98.6 
97.6 96.6 

0 NA = not analyzed. 

up to No, less so at 50'. The sorption of organomercury compounds, in- 
cluding thimerosal, onto the surface of plastic containers has been noted 
previously (6.18) and was shown to he dependent on storage temperature 
and time for a given plastic. 

Since ophthalmic pharmaceutical formulations are commonly rendered 
isotonic with the fluids in the eye usingsodium chloride, the effect of this 
salt on the stability of thimerosal in aqueous solution was investigated. 
Thimerosal was stored as 0.1, 0.01, and 0.001% solutions in water and 0.8% 
saline at  5O, 25', and 50' for up to 15 days. HPLC analysis was carried 
out after 8 and 15 days (Table 111). 

In water, thimerosal was stable except when stored a t  50' a t  the lowest 
concentration (0.001%), the assay dropping to 30-409'0. This effect of the 
initial concentration of thimerosal became even more marked in saline. 
After 8 days a t  0.001% initial concentration, there was no thimerosal re- 
maining a t  25" and 50" and only -30% at 5'. These figures present a 
disturbing picture, since they mirror what could be expected in oph- 
thalmic formulations where thimerosal is very often present a t  concen- 
trations of 0.001% in the presence of 0.8% saline. At 0.01 and 0.1% initial 
concentrations, sodium chloride had a less dramatic effect on the assay, 
but decomposition of thimerosal was still much faster in its presence. 

In view of these findings on the effect of sodium chloride on the stability 
of thimerosal, equivalent pharmaceutical vehicles containing thimerosal 
a t  an initial concentration of 0.001% and 0.8% sodium chloride were 
prepared and stored a t  5' for 3 months. HPLC assay showed no thim- 
erosal (<lo%) remaining, while the dithizone method gave satisfactory 
assay values of 101.3 and 102.3% of the labelled strength for two such 
samples. These figures further reflect the specificity of the HPLC method 
compared with the colorimetric procedure. 

It was reported (5) that there was only 30% thimerosal remaining after 
storage in 0.4'70 aqueous sodium chloride, and in an equivalent pharma- 
ceutical vehicle containing sodium chloride, for 2 months at  70". However 
these findings were based on the semispecific UV or colorimetric methods 
for the assay of thimerosal and would seem to be somewhat optimistic. 
If the data in Table 111 together with that obtained from an equivalent 
pharmaceutical vehicle are considered, a much more pessimistic picture 
is presented of the stability of thimerosal in saline solution and, thus, in 
pharmaceutical preparations containing sodium chloride. 

The exact reasons for the marked effect of sodium chloride on the 
decomposition of thimerosal are not clear at  present. I t  is well known that 
chloride and other halides have a marked affinity to coordinate with 
mercury(I1) compounds, and this could be a contributory factor in the 
detrimental effect of sodium chloride on the stability of thimerosal in 
solution. There is some evidence to show that the decomposition of thi- 
merosal in water to thiosalicylic acid and ethylmercuric hydroxide is a 
reversible reaction. The effect of chloride could be to disturb this equi- 
librium by reaction with the ethylmercuric hydroxide to give ethylmer- 
curic chloride, which does not react nearly as readily with thiosalicylic 
acid in neutral solution to give thimerosal. 

Further investigations will he needed to substantiate this mechanism 
of the action of chloride ions and other anionic species. What is evident 
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from these investigations is that the use of sodium chloride as an isotonic 
agent with thimerosal as preservative in ophthalmic preparations is open 
to  question. 
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Abstract  0 Single lots of five commercially available 50-mg propyl- 
thiouracil formulations were evaluated in uitro and in uiuo. Each product 
met the USP XIX specifications for drug content, content uniformity, 
and disintegration time. However, major differences were noted among 
products in their rate and extent of dissolution. Statistically significant 
differences (p < 0.05) were observed in uivo among the drug formulations 
a t  all but one of the sampling times, as determined from crossover blood 
level studies in 12 healthy male volunteers. The differences among the 
areas under the plasma level-time curves for the various products were 
not statistically significant. No statistically significant correlations were 
found between the in uitro and in uiuo parameters studied. 
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Propylthiouracil, a thyrostatic drug that inhibits the 
synthesis of hormones within the thyroid gland and re- 
duces the conversion of thyroxine (T4) to the more potent 
triiodothyronine, Ts, in the peripheral tissues (l), is pre- 
scribed for the chronic treatment of hyperthyroidism and 
the preparation of hyperthyroid patients for surgery. While 
differences in bioavailability among propylthiouracil 
formulations have not been documented, propylthiouracil 
has been included in several lists of drugs with potential 
or actual differences in bioavailability (2,3). The present 
study involved a crossover comparison to assess the relative 
bioavailability of five currently marketed products. 

EXPERIMENTAL 

Product Selection-Five single lots of 50-mg propylthiouracil tablets 
from separate manufacturers were evaluated; the individual products 
are identified in Table I. The sixth formulation, a solution of propyl- 
thiouracil, was utilized as a reference and was prepared as follows. 

A stock solution of sucrose-glycerin was prepared by combining 6.5 
g of sucrose with 12.5 ml of glycerin, diluting to 500 ml with distilled 
water. The day before each study a sucrose-glycerin-citric acid solution 
was prepared by adding 2.0 ml of 0.5 M citric acid to 95.4 ml of the su- 
crose-glycerin stock solution. On the day of each study the propyl- 
thiouracil reference solution was freshly prepared using USP propyl- 
thiouracil powder'. A 150-mg quantity of the powdered propylthiouracil 
was accurately weighed and dissolved in 6 ml of 0.2 M NaOH. The re- 
sulting solution was then diluted immediately with 24 ml of the su- 
crose-glycerin-citric acid solution and administered to the subject. 

Clinical Study Protocol-Twelve male volunteerss underwent uri- 
nalysis and hematological and blood chemistry3 testing to ensure that 
they were in good health. Also included in the initial medical evaluation 
was a T4 determination by radioimmunoassay, T3 uptake, and free thy- 
roxine blood study. As a precaution against possible side effects of the 
propylthiouracil, the white blood cell and differential count, as well as 
prothrombin time, were monitored at the midpoint of the 6-week study. 
The subjects ranged in age from 20 to 25 years, in height from 172 to 198 
cm, and in weight from 72 to 93 kg; all were considered to be of normal 
weight for their height (4). 

The sequence of dose administration was based on a crossover matrix, 
designed to minimize the influence of any residual or cumulative effects 
of the preceding doses (5). Each subject received three 50-mg tablets or 
reference solution equivalent to 150 mg of propylthiouracil once a week 
for 6 weeks. The propylthiouracil formulations were administered with 
200 ml of water in the morning following an overnight fast4. No food and 
water were permitted for 4 hr after ingestion of the dose. The subjects 
were instructed to avoid any food high in fat content on days of testing 
to  minimize analytical problems associated with excessive lipids in the 
plasma. While the subjects were not sequestered on the days of testing 
they were instructed to avoid undue exercise. Subjects were also cau- 
tioned to avoid any other medication during the 6-week period of the 
study. 

USP propylthiouracil powder was provided by Lederle Labs. 
Staff and students of the University of Tennessee Center for the Health Sci- 

SMA 18/90. 
A standardized meal was not required prior to fasting. 

ences. Written informed consent was obtained. 
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Propylthiouracil, a thyrostatic drug that inhibits the 
synthesis of hormones within the thyroid gland and re- 
duces the conversion of thyroxine (T4) to the more potent 
triiodothyronine, Ts, in the peripheral tissues (l), is pre- 
scribed for the chronic treatment of hyperthyroidism and 
the preparation of hyperthyroid patients for surgery. While 
differences in bioavailability among propylthiouracil 
formulations have not been documented, propylthiouracil 
has been included in several lists of drugs with potential 
or actual differences in bioavailability (2,3). The present 
study involved a crossover comparison to assess the relative 
bioavailability of five currently marketed products. 

EXPERIMENTAL 

Product Selection-Five single lots of 50-mg propylthiouracil tablets 
from separate manufacturers were evaluated; the individual products 
are identified in Table I. The sixth formulation, a solution of propyl- 
thiouracil, was utilized as a reference and was prepared as follows. 

A stock solution of sucrose-glycerin was prepared by combining 6.5 
g of sucrose with 12.5 ml of glycerin, diluting to 500 ml with distilled 
water. The day before each study a sucrose-glycerin-citric acid solution 
was prepared by adding 2.0 ml of 0.5 M citric acid to 95.4 ml of the su- 
crose-glycerin stock solution. On the day of each study the propyl- 
thiouracil reference solution was freshly prepared using USP propyl- 
thiouracil powder'. A 150-mg quantity of the powdered propylthiouracil 
was accurately weighed and dissolved in 6 ml of 0.2 M NaOH. The re- 
sulting solution was then diluted immediately with 24 ml of the su- 
crose-glycerin-citric acid solution and administered to the subject. 

Clinical Study Protocol-Twelve male volunteerss underwent uri- 
nalysis and hematological and blood chemistry3 testing to ensure that 
they were in good health. Also included in the initial medical evaluation 
was a T4 determination by radioimmunoassay, T3 uptake, and free thy- 
roxine blood study. As a precaution against possible side effects of the 
propylthiouracil, the white blood cell and differential count, as well as 
prothrombin time, were monitored at the midpoint of the 6-week study. 
The subjects ranged in age from 20 to 25 years, in height from 172 to 198 
cm, and in weight from 72 to 93 kg; all were considered to be of normal 
weight for their height (4). 

The sequence of dose administration was based on a crossover matrix, 
designed to minimize the influence of any residual or cumulative effects 
of the preceding doses (5). Each subject received three 50-mg tablets or 
reference solution equivalent to 150 mg of propylthiouracil once a week 
for 6 weeks. The propylthiouracil formulations were administered with 
200 ml of water in the morning following an overnight fast4. No food and 
water were permitted for 4 hr after ingestion of the dose. The subjects 
were instructed to avoid any food high in fat content on days of testing 
to  minimize analytical problems associated with excessive lipids in the 
plasma. While the subjects were not sequestered on the days of testing 
they were instructed to avoid undue exercise. Subjects were also cau- 
tioned to avoid any other medication during the 6-week period of the 
study. 

USP propylthiouracil powder was provided by Lederle Labs. 
Staff and students of the University of Tennessee Center for the Health Sci- 
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Table I-In Vitro Test Results for  50-mg Propylthiouracil Products  a 

Assav. Content Uniformitv, 
Dissolution Profile, 

Mean % of Label Claim (SD)' 
TO of Label Mean % of 0.1 N HCI Water 

Product Claim Label Claim (SD)*  5 min 20 min 60 min 5 min 20min 60min 
- - - - - - - - 1 

2 102.0 

3 101.0 

4 99.8 

5 

.. . 

102.0 

104.0 (1.0) 

102.0 (1.5) 

2.5 8.7 20.6 3.0 10.0 24.6 _. 

(0.2) (0.5) Cl.0) (0.3) (1.1) (2.0) 
3.3 12.5 27.4 3.2 10.0 21.3 
(0.8) (0.6) (0.6) (0.7) (0.9) (1.9) 

104.0 (1.6) 50.3 77.3 88.3 57.7 86.8 94.2 

102.0 (1.6) 
(12.5) (12.4) (11.0) (9.6) (10.1) (8.1) 
25.8 87.8 102.1 26.2 54.4 80.8 
(3.2) (5.5) (2.7) (5.4) (9.7) (10.2) 

6 100.0 99.8 (2.5) 4.6 21.3 53.8 5.3 23.1 58.6 
(0.9) (5.6) (11.1) (1.4) (5.3) (11.8) 

Manufacturer and lot numhers are as follows: (1) propylthiouracil reference solution prepared as described in the text; (2)  Eli Lilly, OAF 35B; (3) Lederle, 461.260; 
(4) Parke-Davis, TR 299; ( 5 )  Mylan. 3005410; (6) Kirhlyn, 29327. All products were obtained from FDA regional offices. h Means are based on 10 determinations ( S D )  
1 Means are based on SIX determinations (SD) 

Table 11-Mean Plasma Levels of Propylthiouracil in 12 Subjects Following Ingestion of a Single 150-mg Dose 

Propylthiouracil Plasma Levels a t  Each Sampling Time, pg/ml 
Product" 0.33 hr  0.67 hr 1.0 h r  1.5 h r  2.0 hr 3.0 h r  4.0 hr 6.0hr 8.0 h r  

~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ ~ ~  ____ ~ ~ 

1 3.04 3.94 3.53 2.80 2.27 1.48 0.97 0.42 0.17 

2 0.10 0.47 0.86 1.80 2.62 2.55 1.73 0.76 0.31 

3 0.82 2.57 2.55 2.54 2.53 2.04 1.51 0.59 0.24 

4 1.78 3.29 3.44 3.06 2.48 1.75 1.15 0.49 0.19 

5 1.35 2.65 2.95 3.04 2.66 1.86 1.24 0.51 0.21 

6 1.13 3.08 3.22 3.14 2.64 1.79 1.20 0.45 0.20 

(64.5) (20.6) (15.7) (19.9) (23.4) (33.1) (40.9) (80.5) (96.9) 

(130.0) (62.1 ) (44.8) (37.9) (25.1) (22.0) (24.4) (42.0) (52.0) 

(146.3) (73.2) (59.7) (38.7) (41.3) (38.1) (60.6) (56.1) (60.4) 

(77.4) (42.0) (23.6) (19.0) (18.8) (32.7) (37.5) (40.3) (57.6) 

(84.1) (25.93 (20.2) (17.1) (20.9) (25.4) (27.8) (41.1) (43.1) 

(92.4) (53.2) (39.5) (25.1) (19.5) (21.1) (35.0) (43.7) (48.1) 

0 See Table I for product information. * Values in parentheses represent the coefficient of variation, i .r.* SD X 1 0 0 h e a n  

Blood samples (7 ml) were collected in heparinized containers prior 
to ingestion of the dose and a t  0.33,0.66,1,1.5,2,3,4,6, and 8 hr post- 
administration. The blood samples were immediately centrifuged, and 
the plasma fractions were removed and frozen until assayed. All analyses 
were completed within 4 days from the time of sampling. 

Assay of Plasma Samples-The determination of propylthiouracil 
concentrations was performed using a high-performance liquid chro- 
matographic (HPLC) method developed by Ringhand and Ritschel(6). 
A 3.0-ml plasma sample was added to 0.5 g of ammonium sulfate and 
mixed vigorously for 1 min. The mixture was extracted for 10 min with 
15.0 ml of chloroform. After centrifugation, a 10.0-ml aliquot of the 
chloroform layer was removed and mixed with 1.0 ml of a 1.75-pg/ml 
methylthiouracil internal standard solution and evaporated to dry- 
ness. 

The residue was dissolved in 250 rnl of mobile solvent, acetic acid- 
methanol-water (1075:915), and 25 p l  was injected into the chromato- 
graph5. The chromatograph was equipped with a fixed-wavelength 
280-nm detector and a stainless steel column, 25 cm X 3.1-mm i.d., packed 
with an octadecylsilane reverse-phase support6. A flow rate of 2.3 ml/min 
was used. Plasma propylthiouracil concentrations were determined from 
standard curves of propylthiouracil/methylthiouracil peak height ratio 
versus propylthiouracil concentration, prepared over a range of 0.1-5.0 
pglrnl using pooled human plasma. 

In Vitro Tests-The USP XIX product assay, content uniformity, 
and tablet disintegration were performed on each product (7). Dissolution 
profiles were determined for each product on six individual tablets in two 
different media: water and 0.1 N HC1. Tests were performed using the 
USP Dissolution Apparatus 2 (8) maintained at 50 rpm and a tempera- 
ture of 37 f 0.5':. Samples (10 ml) were taken a t  5,20, and 60 min. The 
liquid level was maintained by adding 10-ml aliquots of dissolution me- 
dium to replace the sample aliquots as they were taken. 

Statistical Analysis-The relative bioavailability of the five pro- 
pylthiouracil products was determined using the following parameters: 

~~ ~~~~ ~ 

Model 202/401; Waters Associates, Milford, Mass. 
Spherisorb 10 jm; Spectra-Physics, Santa Clara, Calif. 
:33710-S1 Body for Reaction Kettle--1000 ml, Kimhle Glass Co., Vineland, N.J., 

was substituted for the dissolution vessel described. 

I I I I I I I 1 
1 2 3 4 5 6 7 8  

HOURS 
Figure 1-Mean propylthiouracil concentration-time profiles (n = 12) 
on peroral administration of a standard solution (product 1)  and five 
different commercially available propylthiouracil tablet preparations 
(products 2-6). Key: (--) product I; (- - - - - -) 
product 2; (- - - - - - - - -) product 3; (- - - - - -- - ) product 4; 
(-,,,,-) p roduct 5; (------- ) product 6. 
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Table 111-Significance Levels fo r  Differences Between 
Subjects, Weeks, and Drugs 

F Ratio Test ( p  Value) 
Subject 

Parameter Groups Weeks Drugs 

Table  V-Propylthiouracil Bioavailability Parameters  

Peak Time to 
Plasma Peak Plasma AUC AUC 

Concentration, Concentration, (0-8 hr), (0 -* m), 

Product" pg/ml hr pghr/ml pg-hr/ml 

1 4.32 0.61 10.84 11.29 
(18.7) (46.4) (24.6) (27.9) 

(18.6) (20.7) (17.9) (18.6) 
3 3.83 1.61 11.07 11.71 

(22.6) (72.5) (21.5) (21.8) 
4 3.98 1.10 11.16 1 I .61 

(20.5) (65.0) (19.2) (19.8) 
5 3.38 1.15 11.04 11.57 

(15.9) (43.2) (17.7) (18.6) 
6 3.98 1.06 11.00 11.38 

(21.9) (51.2) (15.0) (15.7) 
a Each value represents the mean of 12 subjects. RSD (SD X 100/mean) is given 

2 2.77 2.50 10.39 11.09 

in parentheses. * See Table I for product information. 

Plasma Concentration 
20 min 
40 rnin 
1.0 hr 
1.5 hr 
2.0 hr 
3.0 hr 
4.0 hr 
6.0 hr 
8.0 hr 

concentration 

Dlasma concentration 

Peak plasma 

Time to peak 

<0.001 
<0.001 

0.218 0.814 
0.806 
0.622 
0.676 

0.259 
0.238 <O.OOl 

<0.001 
0.304 

0.014 
0.019 0.221 
0.076 
0.053 
0.293 
0.272 

0.009 
0.362 
0.672 
0.218 
0.787 

<0.001 
0.001 
0.004 
0.002 

<0.001 

<0.001 

0.038 

0.120 0.724 

AUC 
0-8 hr 0.072 0.046 0.803 
O + m  0.110 0.031 0.766 no significant differences among products 3-6 a t  any of the sampling 

times. All observed differences were due to products 1 and 2 being dif- 
ferent from one or more of the other dosage forms. 

The mean values of peak concentration, time to peak concentration, 
AUCo-8hr and AUCo-- are summarized in Table V; the statistical 
analyses of differences among these parameters are given in Tables 111 
and IV. There were no significant differences ( p  < 0.05) among products 
for either AUCo-8 hr or AUCgdm. The ranges for both AUC values rep- 
resented a difference of <7%. 

The mean time (0.6 hr) for product 1, the reference solution, to reach 
peak concentration was significantly different from the 2.5 and 1.6 hr 
required to reach peak concentration for products 2 and 3, respectively. 
The mean time to reach peak concentration was significantly longer for 
product 2 than for all other products. 

Since the products exhibited equal AUC values, products demon- 
strating the longest times to reach peak concentration would be expected 
to have lower peak concentrations. This was observed as product 1, the 
product exhibiting the shortest time to peak concentration had the 
greatest peak plasma concentration (4.23 pg/ml). In addition, product 
2 (which demonstrated the longest time to peak concentration) had the 
lowest peak concentration (2.77 pg/ml). 

It is evident that  product 2 exhibited a significantly slower rate of 
absorption than the other four tablet products (products 34) .  As a result 
product 2 cannot be considered to be bioequivalent to those dosage forms. 
The clinical significance of this apparent slower absorption of product 
2, or conversely the more rapid absorption of products 3-6, is not 
known. 

T o  substantiate the ability of the study to detect significant differences 
among the parameters, a power analysis was applied to the data (Table 
VI). Because of the large variability obtained for the plasma levels of 
propylthiouracil a t  each sampling time, a subject population in excess 
of 30 would have been required for a 20% difference to be significant ( p  

Table TV-Newman-Keuis A Posteriori Test fo r  Significant 
Product  Differences in  Parameters  Studied 

Parameter Product Ranking (Lowest to Highest)" 

Peak concentration - 2 5 3 4 6 1  

Timetopeakconcentration 1 6 4 5 3 2 
AUC 

0-8 hr 2 1 6 5 3 4  

O + m  - 2  1 6  5 4 3  

Plasma concentration 
20 min 2 3 6 5 4 1  

40 rnin - 2 3 5 6 4 1  

2 3 5 6 4 1  1.0 hr 
2 3 1 5 4 6  1.5 hr 

2.0 hr 1 4 3 2 6 5  

3.0 hr 
4.0 hr 1 4 6 5 3 2  

6.0 hr 1 6 4 5 3 2  - 

- 
- 

1 4 6 5 3 2  - - 

1 4 6 5 3 2  8.0 hr - 
0 Products underlined by a common line not found to differ significantly ( p  > 

0.05). See Table I for product information. 

Table  VI-Power Analysis a 
plasma concentrations a t  each sampling time, time of peak plasma con- 
centration, peak plasma concentration, and area under the plasma con- 
centration-time curve (AUC). A three-way analysis of variance (9) and 
the Newman-Keuls a posteriori test (10) were used to analyze for dif- 
ferences among products, subjects, and weeks. 

Minimum Number 
of Subjects Minimum 

for 20% Detectable 
Parameter Differences Difference, 9% 

Plasma concentration 
20 min 
40 rnin 
1.0 hr 
1.5 hr 
2.0 hr 
3.0 hr 
4.0 hr 
6.0 hr 
8.0 hr 

Peak plasma concentration 
Time to peak plasma 

RESULTS AND DISCUSSION 

Table I summarizes the results of the in uitro tests. Each of the five 
products met the USP XIX requirements for drug content, disintegra- 
tion, and content uniformity. However, major differences were observed 
for the rate and extent of dissolution of the different drug products8. 

The average plasma concentrations for each product a t  each sampling 
time are summarized in Table I1 and illustrated graphically in Fig. 1. The 
statistical analyses of differences among subject groups, weeks, and test 
products a t  each sampling time are given in Tables I11 and IV. Significant 
differences ( p  < 0.05) in plasma levels were observed among the products 
a t  all sampling times except a t  2 hr. The Newman-Keuls analysis found 

> 30 
> 30 
>30 
>30 

16-19 
10-11 

>30 
> 30 
>30 

> 30 
16-19 

55.5 
41.8 
41.1 
34.4 
25.9 
18.6 
35.6 
41.2 
39.1 
23.7 
40.8 

h~cncentration 

0-8 hr 6-7 
6-7 

14.0 
14.5 

8 USP XIX does not include a dissolution requirement for propylthiouracil 
tablets. (Y = 0.05.0 = 0.2. 
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< 0.05) a t  all hut two of the sampling times. Nevertheless, significant 
differences were observed since actual differences exceeded 20%. 

The relative standard deviation for the mean peak plasma concen- 
tration was <25%, and the number of subjects necessary to detect a 20% 
difference was 16-17. Statistically significant differences were observed 
for this parameter, since actual differences were >!%6. Similarly, it would 
have taken >30 subjects to detect a 20% difference in time to reach peak 
plasma concentration. However, significant differences were observed 
because actual differences exceeded 2009’0. No significant differences were 
seen among the products for AUCo-8 hr or AUCo--, although the power 
of the study was adequate to detect differences of 14.5%. 

There was a perfect rank-order correlation of the mean percent of drug 
dissolved a t  5 min in both acid and water for products 2-6 and the pro- 
pylthiouracil plasma concentration observed a t  20 min. The best corre- 
lations were found between the mean percent dissolved in water at  5,20, 
and 60 min and the plasma propylthiouracil concentration at  20 min, with 
correlation coefficients of 0.81,0.86, and 0.89, respectively. Corresponding 
correlation coefficients of 0.82,0.80, and 0.85 were found for dissolution 
data obtained in acid. Attempts to relate either peak plasma propyl- 
thiouracil concentration or time to peak concentration were less suc- 
cessful. Correlation coefficients describing peak concentration and any 
of the dissolution values were all <0.42. The best correlation with time 
to peak concentration was with the percent dissolved a t  60 min in either 
water or acid ( r  = 0.75). It is apparent the results of the dissolution studies 
were not useful in providing generally applicable correlations with in vivo 
data. However product 2, which exhibited the longest time to achieve 

peak concentration, was somewhat more slowly dissolved in acid a t  each 
sampling time compared with the other more rapidly absorbed dosage 
forms. 
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Abstract The pharmacokinetics of triarn~inolone[2-~~C]acetonide, 
encapsulated in neutral multilamellar liposomes, and a control prepa- 
ration of the steroid in a 3:l solution of polyethylene glycol-water was 
investigated in the rabbit after single intravenous bolus injections. Blood 
samples were obtained a t  various times up to 7 hr postinjection and as- 
sayed for the drug hy liquid scintillation counting. Blood drug concen- 
tration-time data showed biexponential decay and were analyzed by 
nonlinear, least-squares regression analysis to obtain the initial (time 
zero) drug concentration [(CIJO] and the initial (fast, n) and terminal 
(slow, p )  disposition rate constants. From these estimates the central 
compartment volume (V,)  and the respective half-lives [ ( t  lp ) , , ,  ( t  I p i ) , j ]  

of the fast and slow disposition phases were calculated. The total body 
clearance (CL1) and the apparent distribution volume ( V d )  were ob- 
tained by nonparametric analysis. Significant differences were observed 
between the liposome-encapsulated dosage form and the solution of the 
steroid in /3 and Vdd. While /3 for the liposomal form was smaller than 
that for the solution, the apparent V d  was larger with the liposome- 
encapsulated drug. There was no difference in the total body clearance 
of the drug in the two dosage forms. Results of the study suggest that 
when administered by the intravenous route, liposome-encapsulated drug 
may exhibit extensive tissue distribution and a prolonged half-life. 

Keyphrases 0 Triamcinolone acetonide-liposomal encapsulation, 
pharmacokinetics, rabbits 0 Dosage forms-liposomal encapsulation, 
triamcinolone acetonide, pharmacokinetics, rabbits Pharmacokinet- 
ics-liposome-encapsulated triamcinolone acetonide, rabbits 

In recent years liposomes-artificial phospholipid ves- 
icles-have gained increasing attention as a potential drug 
delivery system (I). A common objective for the choice of 

liposomes as drug carriers is the desire to ensure selective 
distribution or localization of therapeutic agents in specific 
organ tissues (2-4). By this means, high concentrations of 
an agent in an organ of interest can be attained while re- 
ducing potential toxicity to other organs, which can result 
from indiscriminate dispersion of the agent in the body. 
Notable successes have been reported with liposomal 
preparations in the treatment of arthritic joints (3,5) and 
experimental leishmaniasis (6) and in the alleviation of 
respiratory distress syndrome in infants (7). However, 
reports on the formal pharmacokinetic analyses of lipo- 
some-encapsulated drugs are rather scanty. 

Unlike many drug delivery systems that are designed 
to release the active component (drug) instantly in uiuo, 
the liposome-encapsulated dosage form in circulation may 
remain as a single phospholipid vesicle for relatively long 
periods. In this instance the pharmacokinetic behavior of 
the encapsulated drug will largely be determined by the 
disposition characteristics of the liposomal entity. Several 
physical and chemical factors of the liposome can, there- 
fore, potentially influence the disposition of liposome- 
entrapped drug. Such factors include vesicle size, surface 
charge, and lipid composition. 

As interest in the clinical application of liposomes as 
drug carriers grows, there is need to gain more information 
about the pharmacokinetics of drugs and, hence, their 
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< 0.05) a t  all hut two of the sampling times. Nevertheless, significant 
differences were observed since actual differences exceeded 20%. 

The relative standard deviation for the mean peak plasma concen- 
tration was <25%, and the number of subjects necessary to detect a 20% 
difference was 16-17. Statistically significant differences were observed 
for this parameter, since actual differences were >!%6. Similarly, it would 
have taken >30 subjects to detect a 20% difference in time to reach peak 
plasma concentration. However, significant differences were observed 
because actual differences exceeded 2009’0. No significant differences were 
seen among the products for AUCo-8 hr or AUCo--, although the power 
of the study was adequate to detect differences of 14.5%. 

There was a perfect rank-order correlation of the mean percent of drug 
dissolved a t  5 min in both acid and water for products 2-6 and the pro- 
pylthiouracil plasma concentration observed a t  20 min. The best corre- 
lations were found between the mean percent dissolved in water at  5,20, 
and 60 min and the plasma propylthiouracil concentration at  20 min, with 
correlation coefficients of 0.81,0.86, and 0.89, respectively. Corresponding 
correlation coefficients of 0.82,0.80, and 0.85 were found for dissolution 
data obtained in acid. Attempts to relate either peak plasma propyl- 
thiouracil concentration or time to peak concentration were less suc- 
cessful. Correlation coefficients describing peak concentration and any 
of the dissolution values were all <0.42. The best correlation with time 
to peak concentration was with the percent dissolved a t  60 min in either 
water or acid ( r  = 0.75). It is apparent the results of the dissolution studies 
were not useful in providing generally applicable correlations with in vivo 
data. However product 2, which exhibited the longest time to achieve 

peak concentration, was somewhat more slowly dissolved in acid a t  each 
sampling time compared with the other more rapidly absorbed dosage 
forms. 
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In recent years liposomes-artificial phospholipid ves- 
icles-have gained increasing attention as a potential drug 
delivery system (I). A common objective for the choice of 

liposomes as drug carriers is the desire to ensure selective 
distribution or localization of therapeutic agents in specific 
organ tissues (2-4). By this means, high concentrations of 
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therapeutic fate when entrapped in such phospholipid 
vesicles. The objective of the present study was to char- 
acterize the pharmacokinetics of a model compound, tri- 
amcinolone [2-14C]acetonide, entrapped in neutral 
multilamellar liposomes after rapid intravenous injection 
in the rabbit. 

EXPERIMENTAL 

Liposomal Triamcinolone-Neutral, multilamellar liposomes con- 
taining triarncinolone', dipalmitoyl DL-o-phosphatidylcholine2, and 
cholesterol2 in the respective mole ratio of 0.5:1.1:0.5 were prepared as 
previously described (4). The volume of the final liposomal suspension 
was adjusted with the dispersion medium (8 mM CaC12) so that a 0.3-ml 
dose contained the desired radioactivity (12 pCi). Over 80% of the lipo- 
somes ohtained by the procedure were shown by microscopic size dis- 
tribution to have a mean diameter of 9 pm (range 7-11 pm) (8). Each 
hatch of liposomes was used within 3 days of preparation, and daily mi- 
croscopic examination of the liposomes showed no apparent lysis of the 
vesicles. 

A control preparation of unencapsulated triamcinolone was prepared 
as a solution in polyethylene glycol 400-water (3:l) so that a 0.3-ml dose 
contained the desired radioactivity (12 pCi). The clear control solution 
of triamcinolone had approximately the same viscosity as the liposomal 
suspension as determined, visually, by their flow pattern. 

Intravenous Administration of Liposomal and  Control Triam- 
cinolone Preparations-The hair on the ear lobes of male New Zealand 
White rabbits (3-4 kg) was removed with an animal hair clipper?. An 
infusion set4 equipped with a 21-gauge (0.8-mm) hypodermic needle and 
a winged adapter was inserted into the central artery of one ear lobe to 
facilitate sampling of blood for drug analysis. The patency of the set was 
maintained by intermittent flushing with heparinized sodium chloride 
injection (100 IU/ml). 

After removing 0.5 ml of arterial blood as a control sample, a single 
0.3-ml dose of the triamcinolone preparation in a 1-ml tuberculin syringe5 
was administered by rapid intravenous injection uia the marginal vein 
of the opposite ear lobe. Following administration of the dose, serial 
0.5-ml blood samples were obtained over a 7-hr period uia the catheter- 
ized ear artery. The blood samples were placed in glass tubes6 containing 
0.5 ml of citrated buffer solution as anticoagulant. The samples were 
frozen (-10') until analyzed. 

Quantitation of Triamcinolone in Whole Blood-Five milliliters 
of ethanol (95%) was added to the citrated blood (0.5 ml) in the stoppered 
collection tube. The mixture was vortexed at high speed for 2 min and 
centrifuged a t  lOOOXg for 5 min at  room temperature. The supernatant 
was decanted into a 50-ml Erlenmeyer flask, and the pellet was resus- 
pended in another 5-ml aliquot of ethanol; the process was repeated four 
more times. The combined ethanolic extracts were evaporated to dryness 
over a boiling water bath. The residue was redissolved in 16 ml of meth- 
ylene chloride and transferred to a 20-ml glass counting vial. The meth- 
ylene chloride was allowed to evaporate to dryness overnight a t  room 
temperature. The residue was redissolved in 10 ml of Bray's solution7, 
0.5 ml of glacial acetic acid was added, and then the radioactivity was 
determined by liquid scintillation counting6. 

The blood triamcinolone concentration of each sample was calculated 
from the radioactivity and the specific activity of the administered 
preparation after correction for hackground values (determined using 
a blank). Over the triamcinolone concentration range of -15-960 ng/ml, 
this extraction procedure resulted in -80% recovery of equivalent ra- 
dioactivity from whole blood spiked with the drug. 

Data Analysis-Blood triamcinolone concentration (Cb)  uersus time 
( t )  data after a single intravenous bolus injection were fitted to the fol- 
lowing with the aid of the least-squares regression analysis program, 
NONLIN (9): 

I New lhgland Nuclear, Boston, Mass. 
Sirma Chemical Co. .  St. 1,ouis. Mo. 

,'< Osier. Milwaukee, Wis. 
Huttertly, Ahhott Ireland Ltd., Sl ip,  Ireland. 
I'lastipak, Berton, Dickinson & Co. Canada Ltd., Mississauga. Ont. 
Venoject, Kiinhle-Terumo. Elkton, Md. 

' Bray's scintillation counting solution: Omnifluor (New England Nuclear, 
Boston, Mass.), 0.8 g; naphthalene, 6 g; ethylene glyrd, 2 nil; methanol, 10 ml; and 
1.4-dioxane to 100 ml. 

Beckman Spectrometer Model LS 3133T. 

Rapid 
Intravenous 
Inpu t  

k13  PERIPHERAL mJ7-I 
t 

Elimination 
Figure 1-A representation of the two-compartment open model 
system. 

C h  = Ae-crt t Re-lj' (Eq. 1) 

Initial estimates of A ,  R ,  a ,  and p were obtained with the CSTRIP pro- 
gram (10). In Eq. 1,o and p are first-order disposition rate constants, 
while A and R represent appropriate concentration constants. The 
two-compartment open model system with elimination from the central 
compartment (Fig. 1) was assumed. 

The central compartment volume (V,) was estimated by: 

v, = DoSe/(Ch)o (Eq. 2)  

where ( c h ) O  = ( A  t B ) .  The intercompartmental transfer rate constants, 
k21 and k12, and the elimination rate constant, k lo ,  were calculated 
from: 

k ~ 1  = ( A P  + R a ) / ( C h ) o  (Eq. 3 )  

kio = np/kZi (Eq. 4) 

(Eq. 5 )  k12 = (a  t P )  - (kz i  t kio)  

The total body clearance (CLT)  was calculated using: 
Dose CLr  = (Eq. 6) 

where Som Cvdt is the total area under the blood drug concentration- 
time curve and was estimated by the trapezoidal rule to obtain the area 
up to the last measured blood triamcinolone concentration ( c h * ) .  The 
area beyond Ct,* was computed by dividing c h *  by @. The apparent 
volume of distribution ( V d J  was determined by the relationship: 

Vd,j = CLT/@ (Eq. 7) 

Half-life values for the fast disposition phase ( t  l/dcr and terminal phase 
( t  were calculated using: 

(Eq. 8 )  

( t l p j ) , i  = 0.693/@ (Eq. 9) 

The unpaired, two-tailed Student's t test was used to  assess the sig- 
nificance of the observed differences in the pharmacokinetic parameters 
between the control and liposomal triamcinolone preparations. A p , )  
significance level was used. 

(tipL)<" = 0.693/a 

RESULTS AND DISCUSSION 

Figure 2 illustrates characteristic dose-normalized blood concentra- 
tion-time curves for the control and liposomal triamcinolone dosage 
forms in two separate rabbits after single intravenous bolus injections. 
Relative to the control preparation, a characteristic feature of all lipo- 
soma1 curves was a more rapid initial disposition phase followed by a 
slower, more sustained terminal phase. A comparison of the mean 
pharmacokinetic constants ( G E M )  for the control and liposomes is 
presented in Table I. 

It has been reported (11) that triamcinolone hexacetonide administered 
orally to cats and dogs did not undergo significant deacetonization or 
de-esterification. Earlier in this laboratory it was determined that 90% 
of the intravenous dose of triamcinolone acetonide was excreted un- 
changed in the urine by rabhits (8). Recently we found that the total ra- 
dioactivity of the ethanolic solution from whole blood obtained from 
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Figure 2-Dose-normalized blood lecels of triamcinolone folioitling 
single intravenous bolus injections of control (0)  and liposornal to) 
preparations in two separate rabbits. 

rabbits receiving intravenous triamcinolone was comparable with the 
radioactivity determined after the ethanolic solution was subjected to 
ethyl acetate extraction of the intact drug. These findings indicate that 
the 'C-label on the ketal ring of triamcinolone acetonide is a stable tracer 
for disposition studies. They also suggest that the total radioactivity of 
the ethanolic solution from whole blood represented, essentially, the 
unchanged drug. 

Compared with the control, the overall apparent distribution of tri- 
amcinolone in the liposomal form was more extensive. On the average, 
V ,  increased by (1.8 - 0.7) liter/kg = 1.1 liter/kg (Table I) ,  while Vd,j 
changed by (7.09 - 1.41) liter/kg = 5.68 liter/kg when the liposomal form 
of the drug was used. These volume increases suggest that, within both 
the central and peripheral compartments. liposome-entrapped drug 
reached organ tissues that were not normally accessible to the unen- 
capsulated triamcinolone. It has been observed (12) that in plasma and 
other calcium-containing media, negatively charged liposomes aggregate 
to form larger particles; these particles are then rapidly removed from 
the circulatory system by the reticuloendothelial system (RES), of which 
the liver and spleen are major components. 11 has also been reported that 
subfractionation of livers of animals receiving liposomes showed that 
liposome-entrapped enzymes were localized chiefly in the lysosomal 
fraction (13) .  I t  is thus apparent that cells of the RES, particularly the 
Kupffer cells in the liver, play a major role in the removal of liposomes 
from the circulatory system. although electron microscopic evidence also 
indicates that hepatic parenchymal cells may be involved in liposomal 
clearance (14). A two-stage mechanism for liposomal removal from cir- 
culatory system has been proposed (15.16) in which the Kupffer cells are 

thought to be responsible for the rapid phase of liposomal removal from 
the blood while the slower disappearance phase is attributable to the liver 
parenchymal cells. Therefore, it may be deduced that the liver and spleen 
could be regarded as part of the central compartment because of their 
high vascularity, ease of blood perfusion, and relatively high content of 
Kupffer cells. In addition, the liver parenchyma could be considered as 
part of the peripheral compartment. 

The increase in the apparent volume of distribution with the liposomes 
and the concomitant increase in a and k12 relative to the control dosage 
form (Table I) suggest that  liposomes potentially increase the rate and 
extent of entrapped drug distribution relative to the unencapsulated form 
of the drug. The relative constancy of the liposomal curve terminal slope 
(Fig. 2) suggests that any rapid initial accumulation of liposomes in the 
liver and other organs of the RES does not result in significant lysis of 
the vesicles. Since the liver does not metabolize triamcinolone as such 
(8, l l ) ,  any significant lysis of liposomes in the liver and subsequent re- 
lease of drug would have resulted in a change in the slope of the terminal 
portion of the liposomal curve, which would then have declined in a 
fashion somewhat parallel to the terminal portion of the control curve. 
It is possible that the majority of liposomes (particularly the smaller 
vesicles) accumulating in the liver were held in the relatively open and 
fenestrated endothelium of the liver capillaries (I). I t  is not unlikely for 
small intact liposomes held in this type of hepatic vasculature architec- 
ture to reenter the circulatory system and sustain triamcinolone levels. 
Assuming that they do accumulate rapidly in the liver and are able to 
reenter the circulatory system liposomes could prove beneficial not only 
as drug carriers for targeting the liver and other organ tissues of the RES 
with therapeutic agents, but also as a potential intravascular depot 
system. 

There was no significant difference in the mean clearances (0.73 f 0.17 
and 0.57 f 0.06 l i terhrkg,  respectively) of triamcinolone from the li- 
posomal and solution dosage forms. From the relationship between CLT, 
Vd,j and p (Eq. 7), it is seen that an increase in Vd,j and a concurrent 
decrease in p tend to offset each other and thereby minimize potential 
changes in CLT. However the apparent similarity of CLT values observed 
in this study underlie the fact that  there may not be a fundamental 
change in the clearance mechanisms of triamcinolone in the rabbit 
whether the steroid is administered in the liposomal or solution form. 
Similarities in the k l o  (Table I) tend to support this view. 

Due to technical difficulties it was not possible to administer equal 
amounts of triamcinolone in the two dosage forms. In the control studies, 
two of the doses employed were 263 and 803 p g .  At these dose levels the 
respective areas under the blood drug concentration-time curves were 
200 and 579 pglhrlliter; C L I .  values were 0.44 and 0.42 liter/hr/kg; and 
B values were 0.34 and 0.42 hr-l, respectively. These etimates do not 
indicate that triamcinolone per se exhibits dose-dependent pharmaco- 
kinetics in the rabbit over the dose range employed in this study. I t  is, 
therefore, doubtful that the observed differences in the pharmacokinetics 
were due to differences in the dose administered in the two dosage 
forms. 

Probably an ideal control dosage form in this study would have heen 
a physical admixture of all the components in the liposomal dosage form, 
i.e. triamcinolone, phospholipids, cholesterol, and the dispersing liquid 
(8 mM aqueous calcium chloride). However, triamcinolone is insoluble 
in aqueous media; a control preparation which might contain triamci- 
nolone crystals would be unsuitable for intravenous administration. 
Moreover, the presence of drug crystals in the control raises another 

Table  I-Mean Pharmacokinetic Parameters  for Control and  Liposomal Triamcinolone a f t e r  Single Intravenous Injections in  the 
Rabbit  

Parameter 
Mean (f S E M )  

Controln Liposomalb 
Significance 

t Test' Level 

769 (128.80) 
326.83 (55.8) 

9.22 (4.36) 
0.41 (0.04) 

314 (26.12) 
365 (13.76) 

17.57 (5.01) 
0.13 (0.03) 

- 
- 

1.575 
5.754 

0.23 (0.09) 0.07 (0.02) 1.879 NS 
( t  ~i!&, hr 1.72 (0.14) 9.03 (3.35) 1.964 NS 
V,, liter/kg 0.70 (0.06) 1.80 (0.57) 1.722 NS 
Vd,j, litermkg 1.41 (0.16) 7.09 (1.88) 2.715 p < 0.005 
k z l ,  hr-' 3.48 (1.19) 3.14 (0.39) 0.292 NS 
k 12, hr-I 5.30 (3.20) 13.76 (4.52) 1.487 NS 
k to, hr.-' 0.86 (0.14) 0.78 (0.27) 0.249 NS 
C L r ,  Iiter/hr/kg 0.57 (0.06) 0.73 (0.17) 0.822 NS 

n = 5; * n = 6. Critical too5  = 2.262. NS--not significant at pIInn. 
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objection in that the drug may not be presented in the same physical 
state, since in the liposomal triamcinolone is present as a molecular dis- 
persion in lipid micelles (17). Under these circumstances the possibility 
of a dissolution-dependent disposition of triamcinolone in the control 
preparation would seriously affect the pharmacokinetic comparison of 
the two dosage forms. Finally, a physical admixture of drug, lipids, and 
calcium chloride solution could, potentially, promote the spontaneous 
formation of an undetermined number of liposomes when agitated. If this 
happened, the control would not be totally free of drug-containing lipo- 
somes. Thus, while the triamcinolone solution in polyethylene glycol- 
water used in this study may not he qualitatively similar to the liposomal 
dosage form, it was designed to present the model compound in an in- 
travenous dosage form that was miscible with plasma water. The com- 
parison of the pharmacokinetics of triamcinolone in liposomal and so- 
lution dosage forms is, thus, analogous to other comparative studies (e.g., 
bioavailability) of a therapeutic agent in different formulations which 
may not (and often do not) contain the same excipients. If it is assumed 
that the presence in blood of exogenous lipids (used in the preparation 
of the liposomes) and polyethylene glycol in the concentrations used did 
not influence blood flow rate significantly, then the differences in /3 and 
Vdp observed in this study are due probably to the favorable physico- 
chemical properties (especially lipid solubility) of the liposomal en- 
tity. 

Results of the present study indicate that liposome-encapsulated tri- 
amcinolone enhances tissue distribution of the drug in the rabbit. The 
results also suggest that, given by the intravenous route, neutral multi- 
lamellar liposomes could serve as carriers for chemotherapeutic agents 
whose efficacy depends on sustained blood levels and deep tissue dis- 
tribution. 
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Abstract 0 The elimination of microparticles from blood after intra- 
venous injection is dependent on the surface characteristics of the par- 
ticles. The half-life in blood increases from 44 to 84 min after modification 
of surface-localized human serum albumin with polyethylene glycol. Ir- 
respective of the surface properties, particles are localized in the reticu- 
loendothelial system, mainly in the liver and spleen. In preimmunized 
mice, the distribution of particles is somewhat altered, i.e., the liver and 
lung uptake is significantly higher in preimmunized animals than in 
untreated animals. The rate of phagocytosis of particles with different 
surface characteristics has also been studied in uitro with isolated mouse 

peritoneal macrophages. This technique gives a good correlation with 
the in viuo results; thus particles with a short half-life in mice are rapidly 
phagocytosed by the macrophages in uitro. 

Keyphrases Microparticles-polyacrylamide, blood elimination ki- 
netics, organ distribution, effect of surface characteristics, mice 
Elimination-polyacrylamide microparticles from blood, kinetics, organ 
distribution, effect of surface characteristics, mice 0 Delivery sys- 
tems-polyacrylamide microparticles, blood elimination, kinetics, organ 
distribution, mice 

Immobilized systems in the form of small beads or 
particles have recently been introduced as carriers of en- 
zymes in uiuo (1). Some of these systems are characterized 
as biodegradable (e.g., liposomes), while others are slowly 

metabolized (e.g., acrylic particles). Irrespective of the type 
of particles, these systems show great promise as a tool for 
“active targeting” of enzymes and other macromolecules 
to specific cells or organs in the body. However, one of the 
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Results of the present study indicate that liposome-encapsulated tri- 
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lamellar liposomes could serve as carriers for chemotherapeutic agents 
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drawbacks of using such particles as a carrier system is the 
lack of "directability," because the reticuloendothelial 
system (RES), mainly the liver, spleen, and bone marrow, 
dominates the uptake of intravenously injected particles. 
It is well recognized that this uptake must be circumvented 
to realize the dream of "active targeting" using particulate 
carrier systems. 

Within a few hours after intravenously injecting massive 
amounts of particles, none are left free in the circulatory 
system [e.g., microparticles of polyacrylamide have a 
half-life of 40-60 min in blood (2)]. This efficacy in iden- 
tifying the foreign nature of such particles in the presence 
of particles that are normal to blood must depend on sur- 
face characteristics. The present study investigates the 
possibility of changing the rate of phagocytosis of the mi- 
croparticles in order to make them more suitable as carriers 
for enzymes. 

EXPERIMENTAL 

Materials-Human serum albumin', IgC', rabbit anti-(human serum 
albumin) globulin2, ~-asparaginase~,  polyethylene glycol monoethyl 
ether4 (mol. wt. 1900), [14C]salicylic acid5, and ['4C]paraformaldehyde5 
were used without further purification. Acrylamide6, N,N-methylene- 
bisacrylamide6, N,N,N',N'-tetrameth~lethylenediamine~, tris(hy- 
droxymethyl)aminomethane7, and other chemicals were analytical 
grade. 

Preparation of Microparticles-Microparticless were prepared and 
characterized using a reported method (I). A solution of acrylamide (6% 
w/v) and N,N'-methylenebisacrylamide (2% w/v) in 0.1 M KC14.005 
M sodium phosphate buffer (pH 7.4), which also contained the protein 
to be immobilized, was homogenized in an organic phase consisting of 
toluene-chloroform (4:l v/v). Ten milliliters of the aqueous phase was 
emulsified with an homogenizer in 200 ml of the organic phase with a 
detergents immediately after the catalyst system, consisting of 
N,N,h",h"- tetramethylethylenediamine and ammonium persulfate, had 
been added to the monomer solution. For the experiments described, 
microparticles were prepared from human serum albumin, L-aspara 
ginase, or polyethylene glycol-modified human serum albumin by dis- 
solving 0.5-2 g, 96 mg, or 0.5 g of the substrate, respectively, in 10 ml of 
the monomer solution. After polymerization, the microparticles were 
freed from the organic phase by repeated washings with buffer and 
physiological saline. Prior to injection, the particles were carefully dis- 
persed in physiological saline. 

I4C-Labeled particles were prepared as described by Sjoholm and 
Edman (2). Radioactivity was measured by liquid scintillation counting. 
The counting efficiency was calculated with an external standard. 

Functional Capacity of Immobilized Human Se rum Albumin- 
The functional capacity of albumin in microparticles was determined 
as previously described (3). Microparticles with albumin were incubated 
with [14C]salicylic acid. The amount of albumin binding with salicylic 
acid was calculated from the binding degree and from a standard curve 
derived by equilibrium dialysis with different albumin concentrations. 

Preparation of Tissue Samples for the Determination of the 
Distribution of Microparticles-I4C-Labeled microparticles in 
physiological saline (0.2 ml) were injected intravenously or intraperito- 
neally in the mice. The dose corresponded to 0.5 mg of lyophilized mi- 
croparticles. The different particles used are specified in Table I. After 
6 hr, 24 hr, 1, and 2 weeks, five animals were killed by cervical dislocation. 
Five mice which were not given any microparticles were used as a control 
group. The organs were immediately removed, weighed, and prepared 
for radioactivity measurements. The whole spleen, both lungs, one kid- 
ney, and 0.2-0.3 g of the liver were each dissolved in 2 ml of a tissue sol- 

KABI AB, Stockholm, Sweden. 
DAKO AB, Copenhagen, Denmark. 

3 Crasnitin; obtained as a gift from Rayer (Sverige). 
Aldrich Europe Co. 

5 Amersham, England. 
6 Eastman Kodak Co. 
7 Sigma Chemical Co. 

9 Pluronic F 68. 
U S .  Patent 4,061,966. 

ubilizer'O in a counting vial. After treatment a t  40' for 12 hr (yielding a 
clear solution), 2-propanol(O.4 ml) and 30% hydrogen peroxide (0.8 ml) 
were added to minimize color quenching. A scintillation cocktail11 (10 
ml) was then added, and the samples were counted after adapting to the 
dark and appropriate temperature. 

Determination of the Disappearance Rate of Microparticles from 
the Circulatory System-Male mice12 weighing lb22 g were used. The 
microparticles (0.5 mg dry weight) were injected intravenously in the tail 
vein, in a total volume of 0.2 ml. The characteristics of the particles used 
are summarized in Tables I and 11. 

Blood samples (75 pl) were collected with a heparinized microtube from 
the orbital plexus 5,10,15,20,30,45,60,90,120,240, and 300 min after 
dosing. Only two blood samples were drawn from each mouse; thus, the 
cumulative blood volume withdrawn never exceeded 10% of the total 
blood volume. Background values were obtained in the same manner from 
animals not given microparticles. The animals were unrestrained and 
had free access to food and water. 

The whole blood was digested with 1 ml of a solution consisting of tissue 
solubilizer'O and 2-propanol(1:1) in a counting vial. Hydrogen peroxide 
(30%, 0.5 ml,) was added and the vial was left a t  40' for 15 min. A scin- 
tillation cocktail" was then added and after appropriate equilibration 
to  darkness and temperature, the samples were counted in the liquid 
scintillation counter. 

Assay of Native and Immobilized L-Asparaginase-L-Aspara~~e 
activity was determined from the amount of ammonia produced by re- 
action with the substrate, L-asparagine, at 37' as earlier described (1). 
After addition of the ammonia color reagent, the absorbance was deter- 
mined a t  500 nm. Appropriate enzyme and substrate blanks were in- 
cluded in all assays. A standard curve was prepared with known amounts 
of ammonium sulfate. One unit of activity is defined as the amount of 
enzyme catalyzing the formation of 1.0 pmole of ammonia/min at 37'. 

Autoradiography-Whole-body autoradiography was performed 
using the method of Ullberg (4). The ''C-labeled microparticles in 0.2 
ml of physiological saline were injected in the tail vein. After 24 hr the 
animals were anesthetized with ether and killed by immersion in hex- 
ane-solid carbon dioxide (-78'). With an aqueous gel of carboxymeth- 
ylcellulose as the medium, the mice were mounted on a large microtome 
stage. Several 20- or 60-pm saggital sections were cut through the whole 
body and fixed on adhesive tape. The sections were cut a t  -15 to -20' 
and freeze-dried. The slices were pressed against photographic films, 
which were exposed for up to 6 months. After developing, the films were 
compared with the corresponding tissue sections. 

Determination of Particle Size-The size of the particles was 
measured from photographs taken by scanning electron microscopy as 
described by Hoglund and Morein (5). The particles were fixed a t  4' with 
glutaric dialdehyde for -20 hr. Postfixation was done in neutralized 1% 
osmium tetroxide for 1 hr. The samples were rinsed in saline and 
freeze-dried. The dehydrated specimens were coated with palladium-gold 
alloy in an evaporator and analyzed in a scanning electron microscope13 
a t  30-keV accelerating voltage. 

Immunization Procedures-The mice were injected with L-aspar- 
aginase (5 IU) in native form intramuscularly and/or subcutaneously. 
The enzyme was administered in Freund's complete or incomplete ad- 
juvant. The animals received booster injections after 5, 10,20, and 30 
days. Blood was collected from the orbital plexus and centrifuged a t  4' 
to obtain serum. Each mouse received a total dose of 20-25 IU of L-as- 
paraginase during the study. The antibody titer was assayed by double 
immunodiffusion in agar gel as described by Ouchterlony (6). 

Preparat ion of Polyethylene Glycol-Modified Human Se rum 
Albumin-Covalent attachment of monomethoxy polyethylene glycol 
(mol. wt. 1900) to human serum albumin was effected using the procedure 
of Abuchowski et al .  (7). Cyanuric chloride (5.5 g, 0.03 mmole) was dis- 
solved in 400 ml of anhydrous toluene and monomethoxy polyethylene 
glycol (mol. wt. 1900) (19 g, 0.01 mmole) was added to the solution. The 
2-0-methoxypolyethylene glycol-4,6-dichloro-s-triazine (activated 
polyethylene glycol) formed was precipitated several times with petro- 
leum ether until it was free of cyanuric chloride. The activated polyeth- 
ylene glycol was coupled to human serum albumin by dissolving the two 
reactants in sodium borate buffer (0.1 M, pH 9.2). The reaction was al- 
lowed to proceed for 2 hr a t  4'. The fraction of modified primary amino 
groups was determined by the trinitrobenzenesulfonate method of Ha- 

10 Soluene 350, Packard Instrument Co. 
11 Dimilume 30, Packard Instrument Co. 
l 2  NMRl strain. 
13 .JSM-U3 microscope, JEOL. 
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Table I-Characteristics of the Microparticles 

mg of Protein Size Distributionb Mean 
Protein Incorporated <300 301-750 751-1050 1051-1800 Particle 

Preparation Immobilized mg of Dry Particlesa nm nm nm nm Diameter, nm 

I None 
I1 None 

- 30% 49% 11% 10% 520 
- 9% 26% 36% 29% 860 ~~ 

I11 Human serum albumin 0.05c 33% 64% 3% - 290 
IV Human serum albumin 0.17' not determined 
V Polyethylene glycol-modified human serum albumin 0.13d 21% 70% 9% - 370 

VI L-Asparaainase 0.02 not determined 

0 The dry weight of the microparticles was determined after lyophilization. * Particle diameter. The sire distribution was determined by scanning electron microscopy; 
350-550 particles were counted from each preparation. The values were obtained by determination of the functional capacity of albumin as described in the text. The 
high degree of polyethylene glycol substitution changed the functional capacity of the albumin used. The amount of protein incorporated was therefore determined by 
amino acid analysis 

beeb (8). Protein concentrations were determined by the biuret method 
(9), since the method by Lowry et al. (10) gives erroneously high values 
with polyethylene glycol-modified albumin (7). A double immunodif- 
fusion test was used (6) to study the interaction between polyethylene 
glycol-modified human serum albumin and rabbit anti-(human serum 
albumin). 

Cultivation of Mouse Peritoneal Macrophages-Cells from the 
peritoneal cavity of unstimulated adult male mice were harvested with 
3 ml of cold (4') phosphate-buffered saline. The cells were further sus- 
pended in 10 ml of cold (4') buffer and mildly spun down a t  180Xg for 
10 min. The pellet was resuspended in a nutrient medium14 containing 
10 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, pH 7.4. The 
medium was supplemented with benzylpenicillin (100 U/ml), strepto- 
mycin (10 pg/ml), and 20% fetal calf serum. The cells were seeded on 
50-mm plastic petri dishes and cultured a t  37O in 5% COz in air a t  85% 
humidity. After incubation for 45 min, nonadherent cells were removed 
by washing with buffer, and 5 ml of fresh medium was added. The cells 
were incubated for an additional 24 hr before use. 

Measurement of Phagocytosis of Microparticles-14C-Labeled 
microparticles (0.25 mg dry weight in 5Opl of phosphate-buffered saline) 
with a radioactivity of -50,OOO dpm were added to a petri dish containing 
1-2 X lo6 mouse peritoneal macrophages, and the phagocytosis was 
studied at 37' or Oo. After 2,4, and 6 hr, the tissue culture medium was 
aspirated, and the tissue cultures were rinsed with saline (0.154 M NaC1) 
six times to remove unattached microparticles. The contents of the dried 
dishes were digested for 8 hr a t  room temperature in 1.5 ml of 0.5 M 
NaOH (11). A 100-pl portion of the digest was removed by aspiration for 
protein determination; the rest was quantitatively transferred to a liquid 
scintillation vial, and the radioactivity was determined. 

Estimation of the Rate of Particle Aggregation-A light-scattering 
spectroscopy instrument15 capable of estimating the size of particles, 
aggregates, or other particulate matter within the size range of 0.10-3 pm 
was used to measure the relative size of different microparticle batches 
and to follow the aggregation of microparticles in the presence of specific 
antisera. Microparticles and protein solutions were diluted in phos- 
phate-buffered saline, which was passed through a membrane filter (pore 
size 0.22 pm) prior to use. In a typical experiment, particles of the same 
size containing human serum albumin, L-asparaginase, or no protein a t  
all were diluted to the same absorption a t  450 nm. The initial value for 
450 pl of the sample was recorded by the instrument and 100 pl of a so- 
lution of antiserum [i.e., rabbit anti-(human albumin serum) containing 
3.6 mg of IgG/ml] or buffer was added with subsequent recording of the 
light scattering. All measurements were done in triplicate. 

RESULTS 

Blood Clearance of Microparticles with Different Surface 
Characteristics-When a protein is immobilized in microparticles, it 
will not only be localized within the gel structure but will also protrude 
from the matrix and, thus, will be partly localized on the surface of the 
microparticles (12). T o  investigate if surface-localized protein would 
influence the survival of microparticles in blood, four different prepa- 
rations were made (Table I). After intravenous injection the blood life 
span of microparticles was followed with time (Fig. 1). In Table I1 some 
experimental values calculated from the curves in Fig. 1 are summarized. 
The experimental points obtained during the first 90 min were fitted to 
a straight line by linear regression (with time as the independent variable 

14 F-10 medium, GIBCO BIO-CULT. 
15 Nanosizer, Coulter, England. 

Table  11-Blood Elimination Parameters  of the Microparticles a 

CL, ml/min Preparation tliz, min v d ,  ml 

I 61 2.6 0.024 
I11 
IV 
V 

44 
33 
84 

2.1 0.034 
2.5 0.052 
2.5 0.020 

Mean f SEM 2.4 f 0.1 

(I Half-lives, distribution volumes, and clearance values. 

'0°1 

2- 

1- 

"."T 1 

0 60 1 i o  180 2 i O  360 
MINUTES 

Figure 1-Disappearance of I4C-labeled microparticles from blood after 
intravenous injection in mice. Radioactivity is calculated in percent 
of the total dose (log scale) retained in 1 ml of blood. Key: (0)  empty 
particles; (0) particles containing 0.1 7 mg of albuminlmg of particles; 
(0) particles containing 0.05 mg of albuminlmg of particles; and (m) 
particles containing polyethylene glycol-modified albumin. 

and the concentration in the circulatory system as the dependent vari- 
able). The 5-min values were omitted, since the initial mixing in the whole 
blood volume apparently was not complete at this time. From the slope 
of the line, k ,  the half life (tllz) was estimated from the expression: 
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log 2 
t1/2 = k (Eq. 1) 

From the intercept on the y-axis (Cg) and the dose given, the apparent 
volume of distribution, vd, was calculated: 

(Es. 2) 

From t l / z  and v d ,  the clearance from the blood was estimated according 
to: 

0.693 x Vd CL = 
t 112 

(Eq. 3) 

Intravenously injected empty microparticles (I) were rapidly cleared 
from the circulatory system with a half-life of 61 min. Particles with 
immobilized human serum albumin (0.05 mg of proteinlmg of 1yophiliZRd 
particles, III), were eliminated with a half-life of 44 min. The elimination 
rate was further accelerated when the protein content in the particles was 
increased; e.g., particles with 0.17 mg of protein/mg of dry weight (IV) 
were eliminated from the circulatory system with a half-life of 33 min. 

In an attempt to block the influence of the surface-localized proteins 
on the extraction rate of particles from the circulatory system, polyeth- 
ylene glycol-modified human serum albumin was immobilized (V). 
Seventy percent of the primary amino groups of albumin were derivatized 
with activated polyethylene glycoL The antigenicity of the derivative was 
checked by double immunodiffusion. In accordance with the results of 
Abuchowski et al. (7), no precipitation occurred when 250% of the pri- 
mary amino groups were modified. As a consequence, the survival time 
of these particles in blood was significantly prolonged ( t I l 2  = 84 min) as 
compared with albumin-containing particles (33 min). 

Dietribution of Microparticles with Different Surface Charac- 
teristics-The distribution pattern of the microparticles was followed 
quantitatively in mice for 2 weeks after intravenous injection (Table 111). 
The surface properties of the microparticles had no effect on the gross 
distribution pattern. The microparticles were concentrated in the spleen 
and liver, and initially also in the lungs. These results agree with those 
found earlier with empty polyacrylamide particles (2) except for the lung 
uptake. Earlier, only small amounts of radioactivity were found in the 
lungs after injection of massive doses (4.1 mg) of empty microparticles 
in mice. In this study, C30% of the radioactivity was found in the lungs 
6 hr after injection. However, in 24 hr a redistribution could be seen, with 
elimination of radioactivity from the lungs and a corresponding uptake 
of radioactivity in the liver. 

The differences in the results between this and the previous study (2) 
were thought to be an effect of the microparticle size, since larger particles 
were used in this study. In the earlier study, the mean particle size was 
estimated to 0.25 pm compared with mean values of 0.294.86 pm in thB 
study (Table I). The effect of the particle size on the organ distribution 
was checked by comparing two preparations of empty microparticles with 
mean diameters of 0.52 and 0.86 pm (I and 11, respectively). As expected, 
the batch with the larger particles was retained to a greater extent in the 
lungs than the batch with the smaller mean particle diameter. Thus, 6 
hr after intravenous injection, 3w0 of I1 and 9% of I were found in the 
lungs. Two weeks after the injection of small microparticles (I), no ra- 
dioactivity was detected in the lungs, while 10% of the large microparticles 
(11) still remained in the lungs. 

Uptake of Microparticles by Mouse Peritoneal Macrophages- 
The dependence of the elimination rate of microparticles from blood in 
mice on the proteins immobilized in the microparticles was also studied 

T 

4 
HOURS 

T 

6 

Figure %-Rates of uptake of microparticles with different surface 
characteristics by mouse peritoneal macrophages. All values represent 
the mean f SEM of triplicate incubations, corrected for unspecific 
interaction between cells and particles. The uptake was calculated as 
the amount of microparticles (pg)lmg of cell protein. Key: (0)  lac- 
Labeled empty microparticles (I); (a) albumin-containing particles 
(IV); (H) particles with polyethylene glycol-modified albumin (V). 

in uitro. A system with mouse macrophages was designed, inwhich the 
phagocytosis of 14C-labeled microparticles with different immobilized 
proteins was followed. A nontoxic dose (0.25 mg dry weight of particles) 
was added to a monolayer of the macrophages cultivated in a petri dish. 
The extent of phagocytosis was estimated from the radioactivity content 
in the macrophages after different time periods and related to the protein 
content, which represents a measure of viable cells. The dose chosen was 
the lowest found to give the maximal uptake in -1-2 X lo6 cells. 

The results from the cell studies are summarized in Fig. 2. The rate of 
uptake of empty microparticles was slower than that of particles con- 
taining human serum albumin, but faster than that of particles in which 
the amino groups of albumin had been chemically modified with poly- 
ethylene glycol. The unspecific adsorption of particles to the macro- 
phages, as measured at Oo, was low and insignificant. As is apparent, the 
results correlate well with those found in the in uiuo studies. 

Disappearance Rate from Blood of Microparticles with L-As- 
paraginase in Preimmunized Mice-The mice were immunized with 

Table 111-Organ Distribution of Microparticles with Different Surface Characteristics a 

Time, Preparation 
days Organ I 111 IV V 

0.25 Liver 
Spleen 
Lung 

1 Liver 

38.4 f 1.2 
8.3 f 0.3 

30.5 f 0.9 
42.3 f 1.6 

57.1 f 1.4 
17.4 f 1.0 
9.9 f 0.4 

61.7 f 0.9 

47.3 f 1.2 
13.2 f 0.5 

48.4 f 2.5 
16.5 f 0.4 
3.6 f 0.2 

56.5 f 2.2 
15.3 f 0.4 
54.1 f 2.1 

Spleen 8.8 f 0.4 13.9 f 0.8 12.9 f 0.4 16.2 f 0.4 
Lung 19.6 f 0.5 2.4 f 0.5 6.1 f 0.7 2.4 f 0.2 

I Liver 65.2 f 1.3 65.7 f 3.1 63.0 f 1.2 60.9 f 1.1 
13.0 f 0.4 12.7 f 0.6 13.6 f 0.9 Spleen 10.7 f 0.1 
0.6 f 0.09 

14 Liver 62.1 f 2.1 62.5 f 0.8 53.9 f 1.0 54.8 f 1.1 
Spleen 9.6 f 0.6 12.0 f 0.6 9.7 f 0.3 13.1 f 0.2 
Lung 10.3 f 0.9 0.5 f 0.03 

0.2 f 0.02 

0.1 f 0.01 

2.6 f 0.3 

2.8 f 0.2 

Lung 7.3 f 0.9 

Distribution of microparticles after intravenous injection in mice. Each value is expressed as percent of the injected dose and represents the mean f S E M  of five ani- 
mals. 
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Table IV-Organ Distribution of Microparticles Containing 
L- Asparaginase a 

Time, 
days Organ Untreated Mice 

0.25 Liver 41.2 f 0.2 
Spleen 17.6 f 1.0 
Lung 5.7 f 0.4 

1 Liver 43.3 f 0.9 
Spleen 13.6 f 1.0 

7 Liver 43.0 f 3.5 
Lung 1.8 f 0.2 

Spleen 10.3 f 1.0 

14 Liver 36.4 f 2.5 
Lung 0.0 

Spleen 7.9 f 1.0 
Lung 0.3 f 0.03 

Immunized Mice 

49.4 f 2.7 
4.6 f 0.2 

12.3 f 2.7 
53.2 f 1.9 
9.6 f 0.3 
7.2 f 1.3 

54.6 f 4.1 
9.6 f 1.5 
0.3 f 0.03 

46.3 f 2.6 
12.2 f 2.1 
0.3 f 0.02 

a Distribution of 1%-labeled microparticles containin L asparaginase after 
intravenous injection in preimmunized and untreated mice. %he figures show means 
M E M  obtained from four or five animals. 

soluble ~-asparaginase as described above. The antibody titer, as detected 
by double immunodiffusion according to Ouchterlony (6), was 1:l to 1:2. 
Only small doses of microparticles with L-asparaginase could be given. 
After intravenous injection of 0.5 mg of particles containing 1.2 IU of 
L-asparaginase, three of eight mice died within 15-20 min. After half the 
original dose (0.25 mg dry weight of microparticles) was administered, 
3 of 18 mice died. The microparticles were very rapidly cleared from the 
circulatory system with a half-life of <10 min. 

The quantitative distribution of the particles in surviving mice was 
followed in the liver, spleen, and lungs over a period of 2 weeks (Table 
IV). The values obtained from the lungs of preimmunized mice 6 hr 
postinjection showed that 12% of the injected dose was found in this organ 
compared with 6% in the controls (nonimmunized mice). The liver uptake 
of the injected dose was 8- 11% greater for preimmunized animals during 
the entire study. 

After intraperitoneal injection in preimmunized mice, the microp- 
articles were localized in the lymph nodes draining the peritoneal cavity 
and the central lymphatic vessels, as shown by the autoradiogram (Fig. 
3) taken 1 day after injection. The quantitative distribution of the L- 
asparaginase-containing particles in different organs was followed over 
a period of I week. The total recovery was low, 7% of the injected dose 
being found in the liver and spleen after 6 hr compared with 17% in the 
controls. After 1 week, 26 and 35% of the injected dose was recovered in 
these organs in preimmunized and nonimmunized animals, respec- 
tively. 

The high lung uptake of L-asparaginase particles after intravenous 
injection in preimmunized mice is probably due to aggregate formation 
between the particles and circulating antibodies. To study the rate of 
formation of particle aggregates, an in uitro system was set up to simulate 
the interaction between specific antibodies and particles containing the 
corresponding antigen. In this study, anti-(human serum albumin) and 
albumin particles were used to simulate the in oiuo condition and the 
particle size was followed with a light-scattering spectroscope (Fig. 4). 
As expected, incubation with the specific antibody gave a rapid increase 
in particle size. The apparent mean diameter increased from 0.6 to 2 pm 
after a 15-min incubation with the specific antibody and to >3 pm after 
60 min. There was no interaction between anti-(human albumin globulin) 
and empty particles or with particles containing L-asparaginase under 
the conditions used. Furthermore, the interaction between the albumin 
particles and anti-albumin serum was inhibited by adding soluble human 
serum albumin to the solution. 

Reticuloendothelial System (RES) Blockade-The capacity of the 
RES to phagocytose foreign particles from the circulation and an attempt 
to block such phagocytosis were investigated by repeated intravenous 
injections of empty polyacrylamide microparticles. In the first study, 0.5 
mg of unlabeled empty particles was injected intravenously, and after 
6 half-lives a second 0.5 mg dose of 14C-labeled particles was injected. The 
second study was performed by injecting 2.5 mg (dry weight) particles, 
with the second dose (0.5 mg) given 16 hr later. This time point was 
chosen for two reasons. First, there are no particles in the blood after 16 
hr. Second, it is known (13) that 24 hr after injection of particles there 
is an increasing number of phagocytosing cells in the RES, especially in 
the liver, signifying that the phagocytic capacity is increased. Considering 
these facts, we chose a time point between 6-24 hr, namely 16 hr. 

Irrespective of the size of the first dose (0.5 or 2.5 mg), the RES retained 
its capacity to extract particles from the blood. Moreover, the blood 

Figure 3-Whole body autoradiogram (BJ of a mouse 1 day after in- 
traperitoneal injection of 14C-labeled microparticles containing L- 
asparaginuse (50,000 dpm in 0.5 mg). The mouse was immunized against 
L-asparaginase. (A) Corresponding tissue section, 20 pm. 

clearance and organ uptake of microparticles in blockaded animals were 
almost the same as in normal animals. Thus, the liver and spleen uptake 
in blockaded animals corresponded to 60-70% of the injected dose, 
whereas the uptake in the lungs was increased to -10-15% of the dose. 
The half-life ( t 1 / 2 )  of the particles in blood was 50-60 min in the block- 
aded animals, the same as in untreated animals. 

1 T 4 3.0 

u1 
2.0 

F a 
2 

a 
k 1.0 
a 

I- z 
UI 
[r 

I I 1 r 
15 30 45 60 0-r 

MINUTES 
Figure 4-Interaction between antialbumin globulin and particles with 
immobilized proteins. The immobilized proteins were albumin (0) and 
L-asparaginase (0); empty particles (0) were used as controls. In one 
study (m), albumin particles and antialbumin globulin were incubated 
in a solution containing free albumin (2 X M). The interaction was 
measured as an  increase in the apparent particle size. All ualues are 
mean f SD from triplicate determinations. 
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DISCUSSION 

When immobilized in acrylic microparticles, proteins are partly en- 
trapped within the polymeric network and partly fixed in the polymer 
threads forming the particles (12). As a consequence, a fraction of the 
immobilized macromolecules are localized on the surface and protrude 
from the particles. This phenomenon has been utilized to detect specific 
cell-surface receptors and for cell separation purposes after immobili- 
zation of appropriate cell-reactive agents in the microparticles (14). 

Microparticles containing proteins are rapidly cleared from the cir- 
culatory system after intravenous injection. Furthermore, the rate of 
elimination from the incubation is significantly affected by the protein 
immobilized in the particles and depends on the amount of protein lo- 
calized on the particle surface. The results indicate that the phagocytosis 
of the microparticles apparently is mediated by some receptor mechanism 
that makes it possible for the macrophages in the RES to discriminate 
between different surface characteristics and also to estimate the extent 
of the foreign nature of the particles. The data in Fig. 1, moreover, show 
that the “estrangement” of the microparticles mediated by the surface- 
localized proteins can be camouflaged by polyethylene glycol, manifested 
as an increased circulating Lifetime. As a result of the modification with 
polyethylene glycol, the half-life of microparticles with human serum 
albumin in blood is increased from 33 to 84 min. This dramatic change 
may be due to  different effects imparted by the modification of the sur- 
face properties: a decrease in the foreign nature, changed affinity for 
water, increased size, or a combination of these effects. The work of 
Abuchowski et al. (7) has shown that polyethylene glycol alters the im- 
munological properties of bovine serum albumin and increases the cir- 
culating time of bovine catalase in mice. Polyethylene glycol has also been 
used in conjugates with antigen to suppress reaginic antibody response 
(15). It is thus evident that important determinants on the surface are 
quenched by the modification. However, the long half-life, which sig- 
nificantly exceeded that of microparticles containing no protein ( t l / z  = 
61 min), indicates that other factors may also be involved, e.g., physico- 
chemical surface properties. In this case, the changed size distribution 
of the microparticles cannot be of any significance, as the size of the 
particles containing the modified albumin was approximately the 
same. 

The survival time of microparticles in blood was drastically decreased 
in preimmunized mice, which in this case was a result of aggregation and 
a concomitant accelerated phagocytosis by the macrophages of the RES, 
especially the Kupffer cells. The liver uptake of the injected dose was 10% 
greater in immunized mice as compared with the controls. A plausible 
explanation to this difference is that Kupffer cells phagocytose larger 
particles in preference to smaller ones (16). In uitro experiments with 
particles containing albumin and anti-albumin globulin support such 
an interpretation. Thus, the apparent mean diameter of the particles 
increased from <I pm to 3 pm within 15 min. A higher lung uptake in 
immunized animals gives further support to this hypothesis. 

In the experiments presented only modest changes of the tissue dis- 
tribution were observed, although a substantial change in the clearance 
rate of different particles was detected. This indicates that the RES, 
especially the liver and spleen, has an important and dominating role in 
particle clearance. It is likely that this phenomenon is representative for 
all particulate matter of submicron size. 

Many papers describe attempts to block the RES (17, 18). These 
studies have shown that the capacity of the RES to eliminate foreign 
particles from the circulatory system is high. It was, moreover, necessary 

to  inject massive and toxic doses of particles, ghost red blood cells, or li- 
posomes to obtain a blockade. Pretreatment of mice with 0.5 mg of par- 
ticles, which is the threshold dose required to  produce morphological 
changes in the liver and spleen, did not affect the rate of elimination of 
subsequently injected particles. However, the practical use of an RES 
blockade is limited, because the treatment impairs the innate immunity 
of the recipient. 

The results clearly demonstrate that alteration of the surface charac- 
teristics of the microparticles can lead to  an increased circulation time 
in uiuo. The finding is important because it constitutes a means of de- 
signing a carrier for macromolecular drugs in order to actively target drugs 
to  specific cells in the vascular system in uiuo. 
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Abstract 0 A permeation method was developed to determine water 
diffusivity, D ( C ) ,  as a function of water concentration ( C )  in a keratinous 
membrane. The method involved the determination of a series of_mean 
diffusivities (D) and mean concentrations (c) in the membrane. D was 
obtained from = F H ( C ,  - Ch), where F was the flux a t  steady state, 
H was the membrane thickness, and C ,  and c h  were the water concen- 
trations in the membrane a t  the donor and receptor sides, respectively. 
The difference between C ,  and c h  was kept small in each experiment. 
Therefore, as a first approximation, was equal to (c,  + Ch)/2. After 
successive approximatio_ns, an empirical equation was found to provide 
the best fit to D uersus C and to give the best convergence between the 
assumed and calculated c; the equation was taken as D ( C ) .  D ( C )  for 
water in fetal hog periderm was found to be: D ( C )  = 1.0 X + 9.70 
x 10-9 ~ 0 . 6 9 .  

Keyphrases 0 Diffusivity-water in keratinous membranes, determi- 
nation using concentration, fetal hog periderm, topical formulations 
Topical formulations-determination of water diffusivity using con- 
centration, keratinous membranes, fetal hog periderm 0 Permeabil- 
ity-topically applied formulations, determination of diffusivity using 
concentration, keratinous membranes 

Passive transport of matter through a biological mem- 
brane is usually governed by Fick's law. In most cases, a 
constant diffusion coefficient for transported material 
(penetrant) can adequately describe the diffusion process. 
However, on some occasions, especially when the penetrant 
is also a solvent or plasticizer for the membrane, the dif- 
fusion coefficient could be a function of the concentration 
of the penetrant (1). 

Permeability of a topically applied drug sometimes is 
influenced by the hydration state of the stratum corneum 
(2). Therefore, knowing the water concentration profile in 
the stratum corneum would be helpful in studying the 
percutaneous absorption of the drug. In uiuo, water is not 
evenly distributed across the thickness of the tissue: a 
concentration gradient exists. On the dermal side of the 
stratum corneum, the tissue is fully hydrated, whereas on 
the skin surface, the water concentration is much lower and 
is regulated by the ambient condition. Therefore, tran- 
spiration of water through the stratum corneum is inevi- 
tably due to the concentration gradient. From the rate of 
transpiration and Fick's diffusion equation, one may ob- 
tain the water concentration profile in the stratum cor- 
neum and thus, the amount of water a t  different sites 
within the tissue, if the diffusivity of water in the stratum 
corneum is known. 

Methods have been developed to determine diffusivity 
as a function of concentration (3). The most commonly 
used sorption-desorption method, devised by Crank and 
Park (41, is based on the mass of the membrane as the 
frame of reference. To obtain a concentration profile across 
the thickness of a membrane, one may have to use the 
volume of the membrane as the frame of reference. How- 
ever, if the change in the volume of mixing between the 
penetrant and the membrane varies with the concentra- 

tion, as is the case with water in the stratum corneum (5), 
then converting a system based on the mass to one based 
on volume as the reference coordinate could be very dif- 
ficult, if not impossible. 

A method to determine the diffusivity of water in a ke- 
ratinous membrane is reported here. The method con- 
siders the concentration variations of water in the mem- 
brane as well as concentration-dependent volume change 
of the membrane. Fetal hog periderm was chosen as the 
model tissue for the keratinous membrane as it is easy to 
obtain in large quantities and is free from the hair usually 
accompanying stratum corneum. 

THEORETICAL 

In diffusion-controlled transpiration, if the diffusion follows Fick's 
laws, then the rate of transpiration (flux) could be expressed by Fick's 
first law: 

dC 
dx 

F = - D -  (Eq. 1 )  

where F is the flux (i.e.,  the rate of transpiration of water across any place 
in a keratinous membrane), C is the concentration of the diffusion sub- 
stance (e.g., water), x is the position along the direction of diffusion 
(position along the thickness of the membrane), and D is the diffusivity 
of the penetrant. Since D may be dependent on the concentration ( C ) ,  
D is rewritten as D ( C )  to illustrate the relationship between these pa- 
rameters. The flux, F ,  a t  steady state may be further expressed in an 
integrated form of Eq. 1 (6): 

F = I$ D(C)dC 
H c  

where H is the thickness of the membrane and c h  and C ,  are the pene- 
trant concentrations in the membrane a t  the receptor and donor sides, 
respectively. 

The mean diffusivity D, a t  the mean concentration is, is defined as: 

(Eq. 3) 

and by substituting Eq. 2 into Eq. 3 ,  D becomes: 

B = FH/C,  - Ch) (Eq. 4) 

D may be readily calculated from Eq. 4 using the measurements of F ,  H ,  
c,, and c h .  Furthermore, if the difference between C ,  and c h  is small, 
then the mean concentration, c, can be expressed as: 

- 

T = ( c "  + Ch)/2 (Eq. 5) 

Therefore, as a first approximation to determine the empirical equation 
for D ( C ) ,  a series of permeation experiments in various concentration 
ranges can be conducted by keeping the difference of C ,  and-ch small in 
each experiment. Fromthe experimental results, a series of D and c can 
be calculated. Plotting D uersus c, an empirical equation for D ( C )  which 
gives the best fit to the experimental data can be determined. 

This equation is then inserted into Eq. 1 ,  which can be integrated to 
give C as a function of x (or uice uersa). The curve of C uersus x ,  i .e.,  the 
water distribution profile across the thickness of the membrane, is then 
integrated to obtain the area under the curve. This area, divided by the 
membrane thickness ( H ) ,  yields the mean concentration (?I ofwater in 
the membrane. These calculated values of are then compared with the 
values of c used to obtain D ( C ) .  If the assumed and calculated values 
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of 7f are not equal, then the assumed values are adjusted to obtain a new 
empirical equation for D(C). The adjusted values are again compared 
with the calculated values. This process is repeated until the two sets of 
numbers are. equal or converge. If more than one functional form for D(C) 
is obtained from the first approximation, the functional form which re- 
sults in the best convergence and provides the best fit to the experimental 
data will prevail in the iteration and is the best equation for D ( C ) .  

In the previous calculation, the thickness of the membrane, H, is a 
known parameter. Its value lies between Hh and H, (the membrane 
thickness when the water concentrations in the membrane are Ch and 
C,, respectively). Although the relationship between H and C is not 
known, i t  may be assumed that: 

H = (H, t Hh)/2 (Eq. 6) 

because the difference between C, and ch is small. 

EXPERIMENTAL 

Tissue Preparation-Fetal hog skin was obtained from a commercial 
source'. The periderm was prepared using a procedure reported for 
human stratum corneum (7). A whole fetal hog skin was immersed in a 
60' water bath for -1 min. The skin was then taken out of the bath, and 
the periderm was carefully peeled from the tissue. 

Determination of Rate of Water Loss (F)-Measurement of the 
rate of water loss, i.e., the flux (F), through the periderm was carried out 
using diffusion cells. The cell was half filled with a saturated salt solution 
to produce a constant relative humidity inside the cell and, hence, a 
constant water concentration (C,) a t  the donor side of the membrane. 
The cell was placed in a desiccator filled with another saturated salt so- 
lution to produce a lower relative humidity outside of the cell and 
therefore, a constant water concentration (Ch) a t  the receptor side of the 
membrane. The desiccator was placed in a constant temperature room 
at 21'. The rate of water loss at  steady state was obtained gravimetrically 
when the rate became constant. The experiments were carried out in 
small relative humidity ranges of 0-12'70, 12-2370, 23-33%, 33-44%, 
44-57%, 57-75%, 75-85%, 75-loo%, and 85-100%. The salts used were 
phosphorous pentoxide, lithium chloride, potassium acetate, magnesium 
chloride, potassium carbonate, potassium bromide, sodium chloride, and 
potassium chloride for relative humidities of 0,12,23,33,44,57,75, and 
85%, respectively. 

Volume of the Membrane-Volumes of the membranes a t  various 
relative humidities were determined using air comparison pycnometry 
(8). 

Determination of Water  Concentration-Dry periderm was 
equilibrated in a desiccator a t  a constant humidity maintained by a 
saturated salt solution. After each tissue reached a constant weight, the 
weights of the tissues were taken and, from the weight gain and the vol- 
ume of each tissue, the concentrations of water in the membranes a t  
various relative humidities were determined. 

Determination of Membrane Thickness-The thickness of the 
membrane a t  various humidities was obtained from the weight per area 
and the density of the tissue at  each humidity. T o  do this, a sheet of 
periderm was placed on a sheet of aluminum foil. This was done by 
floating the tissue in water and carefully raising the aluminum foil be- 
neath the tissue to bring the tissue out of the water. The tissue was free 
of wrinkles and could expand and contract freely. The tissue with the 
aluminum foil was then dried and put in a desiccator with a constant 
relative humidity. The desiccator and a microbalance were placed in a 
humidity chamber having the same relative humidity as the desiccator. 
After the tissue was equilibrated, a piece of the tissue-aluminum foil was 
cut and its weight was determined with the balance. The tissue was then 
removed from the aluminum foil, and the weight of the aluminum foil 
was determined. From the weight difference, the weight of the tissue was 
obtained; from the weight of the aluminum foil alone and a predetermined 
weight-area correlation curve for the aluminum, the area of the tissue 
was determined. Thus, the weight per unit area of periderm a t  each hu- 
midity could be determined. 

RESULTS AND DISCUSSION 

The rates of water loss ( F )  at various experimental conditions are listed 
in Table I. Table I1 shows the water concentration and the membrane 

1 Texas Biological Inc., Dallas, Tex. 

Table I-Rate of Water  Loss Through Fetal Hog Periderm at 21' 
a n d  Various Relative Humidities 

Experimental Condition 
(% RHh - ?6 RH,)' 

Rate of Water Loss, 
g/cm2 sec x lo8 

0-12 
12-23 
23-33 
33-44 
44-57 .. - .  

57-75 
75-85 
75-100 

0.95 f 0.17 (6) 
1.69 f 0.83 (7) 
2.36 f 1.08 (7) 
3.88 f 1.92 (9) 
6.98 f 1.92 (9) 

10.73 I4 .87  (11) 
8.64 f 0.55 (6) 

20.54 f 6.02 (6) 
85-100 11.89 f 4.43 (11) 

0 '70 RHh and '7O RH were the relative humidity conditions under which c h  and 
C, were determined. Number of samples in parentheses. 

Table  11-Water Concentration and  Thickness of Fetal Hog 
Periderm at Various Relative Humidities 

Relative Water Concentration, Membrane Thickness, 
Humidity, % g/cm3 cm x lo4 

0 
12 
23 
33 
44 
57 
75 
85 
100 

0 10.1 f 3.31 
0.024 10.3 f 4.92 

10.5 f 1.50 0.043 
0.059 10.6 f 3.31 
0.084 10.9 f 2.40 
0.116 11.4 f 2.32 
0.173 11.8 f 4.54 
0.223 16.5 f 5.95 
0.290 24.3 f 9.86 

thickness a t  the various relative'humidities of interest. Large standard 
deviations were found in the rate of water loss and in the thickness 
measurements. These deviations are probably due to the large variation 
of the tissue sample used. The water concentration data are fairly con- 
sistent. Because each fetal hog provided <0.2 g of the dry periderm, at 
least 10 animals were required for each volume determination. Inherent 
variations in the tissues were probably balanced by the large sample size 
to produce the fairly consistent data in the water concentrations. The 
mean water diffusivityes, IT, obtained here (4 X to 3.2 X 
cm2/sec) are in the range of tkat  for human stratum corneum (9). 

From the plot of D uersus C, four functional forms can be found to  
provide a reasonable fit to the experimental data (Fig. 1). The four 
functional forms are D(C) = Do - AecBC, D(C) = Do + ACB, D(C) = Do + AeBC, and D ( C )  = Do + AC/(1 + BC) ,  where Do, A, and B are con- 
stants. 

41 

0.1 0.2 
Co + Ch CONCENTRATION 7 , glcm' 

Figure  1-Plot of diffusiuity (D) versus concentration, (C, t ch)/2. 
Key: (.....) D(C) = Do - Ae-BC; (-) D(C) = D, t ACR; ( - - - I  D(C) = 
D,, t A@"; (-.--) D(C) = Do t AC/(l + BC). 
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D ( C )  = 1.0 x 10-18 + 9.70 x 10-9 ~ 0 . 6 9  (Eq. 7) 

The large standard deviation associated with the measured thickness, 
H (Table II), raised concern about the appropriateness of the approxi- 
mation for H. Therefore, the iteration process was altered. The mean 
water concentration c, was fixed as (C,  + Ch)/2 while the assumed values 
for H were adjusted in the iteration until they converged with the cal- 
culated values. The resulting equation is shown below: 

D ( C )  = 1.0 x 10-18 + 10.0 x 10-9 ~ 0 . 7 2  (Eq. 8) 

Comparison of Eq. 8 with Eq. 7 shows that they are not significantly 
different. Therefore, Eq. 7 is a reasonable representation for the diffu- 
sivity of water in fetal hog periderm. 

The method developed here provides an alternative way to obtain the 
diffusivity as a function of the penetrant concentration. With the ap- 
propriate experimental designs and the data analyses mentioned herein, 
this method can circumvent some of the difficulties associated with the 
other methods of obtaining diffusivity. 

0.1 0.2 
CONCENTRATION, g h l  

Figure 2-Comparison of experimental data and the diffusivity 
equation. Key: (0) experimental data; (-) D(C) = 1.0 X + 9.70 
x 10-9 ~0.69. 

A computer was used to carry out the successive iterations. In the 
calculation, the equations were linearized. The value of Do was deter- 
mined by trial and error; values for B and A were obtained from the slope 
and the intercept of the linearized equation. In the iteration, the con- 
centrations used were restricted between Ch and C,. A t  the end of the 
iteration, D(C)  = Do + ACB was found to give the best convergence of 
the assumed and calculated mean concentrations and to provide the best 
fit to the experimental data (Fig. 2). The final equation for D ( C )  is: 
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Abstract  0 A sensitive and specific high-performance liquid chroma- 
tographic assay was developed for the measurement of etomidate in 
human plasma following extraction of the drug and the internal standard. 
Using 0.5-ml aliquots of plasma, the assay was linear in the concentration 
range of 20-2000 ng of etomidatehnl of plasma. This method was used 
to evaluate a preliminary clinical study of an etomidate infusion regimen 
for hypnosis in a total intravenous anesthesia protocol in 23 patients. 
The average duration of the infusion was 30 min, and awakening and 
alertness occurred 20 and 36 min after the termination of the infusion, 
respectively, a t  the respective plasma concentrations of 297 and 214 
ng/ml. These results and this assay will be used to design and evaluate 
an improved etomidate infusion regimen. 

Key phrases Etomidate-high-performance liquid chromatography, 
human plasma, infusion, hypnosis in total intravenous anesthesia 0 
Hypnotic agents-etomidate, infusion, hypnosis in total intravenous 
anesthesia, high-performance liquid chromatography, human plasma 

High-performance liquid chromatography-tomidate, human plasma, 
infusion, hypnosis in total intravenous anesthesia 

Etomidate, a carboxylated imidazole, is an hypnotic 
agent which rapidly produces sleep after intravenous ad- 
ministration (1) and has only a minimal and transient ef- 
fect on respiration (2) and no effect on cardiovascular 
stability (3). Etomidate is primarily metabolized in the 
liver by ester hydrolysis to the inactive carboxylic acid (4, 
5). Recovery of consciousness is rapid due to both redis- 
tribution and metabolism of the drug (6). These properties 
suggest that an etomidate infusion would be suitable for 
the maintenance of hypnosis in a totally intravenous an- 
esthesia regimen. 

Several methods for the measurement of etomidate in 
plasma have been reported, but these use instrumentation 
that may not be readily available and require the extrac- 
tion of relatively large volumes of plasma. The method of 
Wynants et al. (7) uses GC with an alkali flame ionization 
detector (AFID) and is sensitive to 10 ng/ml but requires 
the extraction of 3 ml of plasma. Van Hamme et al. (8) 
reported a GC-MS assay that is sensitive to 1 ng/ml using 
extracts of 1-4 ml of plasma. Sensitivity to 5 ng/ml was 
achieved by De Boer et al. (9) using capillary GC with an 
nitrogen-phosphorus detector. A GC-AFID method was 
also developed by Haring et al. (10) which requires the 
extraction of only 1 ml of plasma, but is sensitive to only 
30 ng/ml. 

It was the purpose of the present study to develop a 
simple yet sensitive high-performance liquid chromato- 
graphic (HPLC) method for measuring plasma etomidate 
concentrations. This method was then used to measure the 
plasma etomidate concentrations in blood samples ob- 
tained during an infusion of etomidate for hypnosis in a 
totally intravenous anesthesia regimen and up to 6 hr 
postinfusion. The resulting plasma concentration uersus 

time curves were then used to evaluate the infusion pro- 
tocol and determine the plasma etomidate concentrations 
at awakening and alertness under the conditions of the 
anesthetic. 

EXPERIMENTAL 

Reagents-Etomidate sulfate [R-(+)-ethyl I-(a-methylbenzy1)im- 
idazole-5-carboxylate sulfate], propoxate hydrochloride [R -(+)-propyl 
1 -(a-methylbenzyl)imidazole-5-carboxylate hydrochloride], R -(+)-l- 
(a-methylbenzyl)imidazole-5-carboxylic acid, mandelic acid, and hip- 
puric acid were used as received'. All organic solvents were LC2 or ana- 
lytical3 grade. The sulfuric acid, ammonium hydroxide, sodium hy- 
droxide, and sodium borate were analytical grade4. 

Instrumentation-Plasma etomidate concentrations were measured 
using a constant-flow HPLC system consisting of a solvent delivery 
system5, a universal injector6, a radial compression separation unit7 liquid 
chromatography cartridge and cartridge insert packed with 10-pm CN 
resin8, and a fixed-wavelength UV detector fitted with a 254-nm wave- 
length kits. The chromatograms were recorded, the peaks were identified 
and integrated, and the concentrations were reported on the basis of the 
internal standard area ratio method by a reporting integratorlo. 

Extraction-Five-milliliter blood samples were obtained by syringe 
through a 16-gauge polytef catheter, previously inserted in an arm vein 
in each patient, at  appropriate time intervals (described below) and 
transferred to heparinized blood collection tubes". The plasma samples 
were removed after centrifugation of the blood for 10 min at 2000 rpm 
and stored a t  -30" until extracted in duplicate according to a modifica- 
tion of the procedures of Wynants et al. (7) and Van Hamme et al. 
(8). 

A 500-11 aliquot of plasma, 50 11 of a 3.423-pg/ml ethanolic solution 
of propoxate hydrochloride and 100 pl of 0.05 M borate buffer (pH 10) 
were added to a conical centrifuge tube and mixed. This mixture was 
extracted twice with 3.0 ml of hexane-ether (9:1, v/v) by mixing for 5 min 
on a slowly rotating mixer. The mixtures were centrifuged for 5 min at 
2000 rpm, and the hexane-ether layers were transferred to a conical 
centrifuge tube containing 3.0 ml of 0.5 M H2S04 and mixed for 5 min. 
The mixture was centrifuged for 5 min at  2000 rpm, and the hexane-ether 
layer was removed and discarded. The acidic aqueous extract was washed 
with 3.0 ml of hexane-ether for 5 min; the mixture was centrifuged for 
5 min a t  2000 rpm and the hexane-ether layer was removed and dis- 
carded. The acid extract was made basic by adding 1 ml of 3 M NH40H. 
This solution was extracted with 4 ml of methylene chloride, and then 
centrifuged for 5 min a t  2000 rpm. The organic phase was evaporated to 
dryness under reduced pressure a t  30" 12, and the residual material was 
reconstituted with 100 pl of methanol; 15 to 30 p1 was injected into the 
HPLC. Recovery was evaluated by comparing the etomidate-propoxate 
area ratios for standards containing 2000, 200, and 20 ng of etomidate 

Courtesy of Janssen Pharmaceutira, Beerse, Belgium 
Waters Associates, Milford. Mass. 
Mallinckrodt, Inc., Paris, Ky. 
Mallinckrodt, Inc. or J. T. Baker, Phillipsburg, N.J. 
Waters Associates Model M-45. 
Waters Associates Model U6K. ' Waters Associates Model RCM-100. 

8 Waters Associates Radial-PAK CN and CN Guard-PAK. 
9 Waters Associates Model 440. 

Model 3390A; Hewlett-Parkard, Avondale, Pa. 
Model A3206KA; Becton, Dickinson and Co., Rutherford, N.J. 

I 2  Model R-110 BuchilBrinkmann, Westbury, N.Y. 
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(as the base)/ml of plasma in which the 'internal standard solution was 
added after the extraction to those in which it was added before the ex- 
traction. 

Chromatography-The HPLC system was as described above; the 
mobile phase was methanol-water (5446) delivered at  1.8 ml/min. The 
etomidate concentrations, in terms of free base, were determined by the 
internal standard area ratio method. 

The linearity, accuracy, and precision of the assay were assessed by 
the measurement of the etomidate concentration of replicate plasma 
standards made by adding known amounts of etomidate from stock so- 
lutions to blank human plasma. These plasma standards contained 20, 
50,100,200,500,1000, and 2000 ng/ml of etomidate as the base. 

Clinical Study-Twenty-three women scheduled to have minor 
gynecologic surgery, but otherwise in good health, participated in this 
institutionally approved study after giving informed consent. The pa- 
tients were premedicated with morphine sulfate (0.1 mg/kg im) 60-90 
min prior to induction of anesthesia. An intravenous infusion of 5% 
dextrose in Ringer's lactate was started through a 20-gauge polytef 
catheter into a large vein of the arm opposite that used for blood sampling; 
drugs were administered intravenously through this tubing a t  the in- 
jection site closest to the catheter. Three to  five minutes prior t o  the in- 
duction of anesthesia, fentanyl(100 pg iv) and droperidol(2.5 mg iv) were 
administered. Anesthesia was induced with 0.3 mg/kg of etomidate (a 
2-mg/ml solution in propylene glycol) administered intravenously over 
1 min. Maintenance of hypnosis was accomplished with a continuous 
intravenous infusion of 0.1% etomidate (1 ml of a 125-mg/ml etomidate 
solution in 10% ethyl alcohol diluted to 125 ml with 0.9% NaCl or 5% 
dextrose in water) by an infusion pump a t  a rate 0.1 mg/kg/min for the 
first 10 min then at  0.01 mg/kg/min for the remainder of the anesthesia. 
Further analgesia was provided, when necessary, using fentanyl(50 pg 
iv). Pancuronium was given, when necessary, to facilitate tracheal intu- 
bation and for muscle relaxation and was reversed a t  the end of the op- 
eration by pyridostigmine (10 mg iv) and glycopyrrolate (0.4 mg iv). 
Patients were ventilated with oxygen or oxygen-enriched air. 

The times to awakening and alertness were determined as the time 
from discontinuing the etomidate infusion to the time the patients re- 
sponded to verbal stimuli and the time the patients were oriented in time 
and place, respectively. Once they were alert, they were asked to attempt 
to arise and walk beside their bed every 15 min until they were able to  
walk unaided for a distance of -2 m. 

Blood samples were obtained 1, 2,5,10, 15, 30, and 45 rnin into the 
etomidate infusion and 5,10,15,30,45,60,75,90,120,180,240, and 360 
min postinfusion. Plasma etomidate concentrations at  awakening and 
alertness were determined, when necessary, by interpolation of the 
plasma concentration uersus time curves for each patient. The elimina- 
tion half-life was determined by a log-linear regression analysis of the 
plasma concentration uersus time relationship during the elimination 
phase. 

RESULTS AND DISCUSSION 
Chromatographic Assay-Chromatograms of extracts of the 

2000-ng/ml and the 20-ng/ml plasma etomidate standards are illustrated 
in Fig. 1. The carboxylic acid metabolities of etomidate eluted in <1.2 
min, well before the esters etomidate and propoxate, and therefore did 
not interfere with the assay. None of the drugs administered concomi- 
tantly in the present protocol were found to interfere with the assay. 

The accuracy and precision of the HPLC technique was evaluated by 
measuring the concentration of etomidate in spiked plasma standards 
six times each over the period of a week (Table I). A linear regression 
analysis of the standard etomidate concentrations from 20 to 2000 ng/ml 
uersus etomidate-propoxate area ratios verified the linearity of the ex- 
tracted standard curve ( r  = 0.999; y = 267.9~ + 3.5). The average re- 
coveries for four replicate samples a t  2000,200, and 20 ng/ml were 82.4, 
82.6, and 82.4%, respectively. 

Clinical Study-The average ( f S D )  age and weight of the patients 
were 35 (f10) years and 64 (f12) kg, respectively. No patient complained 
of pain on injection and no signs of venous irritation were observed. All 
patients fell asleep rapidly, remained asleep throughout the operation, 
and had no recall of operative events. Mild, almost imperceptible, myo- 
clonia occurred at  induction in two patients, but lasted less than 15 sec 
in each case. There were no clinically significant side effects during 
maintenance, and changes in blood pressure and heart rate occurred only 
in relation to the administration of other drugs and surgical stimulation. 
Awakening was complicated in six patients by the desire to turn to the 
lateral position, muscle twitching, restlessness, or hypertonus in the 
period between first awakening and complete alertness. Postoperative 
nausea or vomiting was observed in four patients. 

A 

N 
m 

E P  
MINUTES 

Figure 1-Chromatograms of etomidate (E) standards extracted from 
blank plasma with the internal standard propoxate (P) .  Key: (A) 
plasma sample containing 2000 ng of etomidatelml; (B) plasma sample 
containing 20 ng of etomidatelml. The retention times for the peaks are 
as indicated. 

Table I-Accuracy and Precision for t h e  Plasma Etomidate 
Assay * 

Etomidate Etomidate Mean Relative 
Added, Measured, Error, Error, CV, 
ng/ml nglmlb ng/ml % % 

20 23.6 f 3.2 3.6 18. 13.6 
50 53.0 f 4.1 3.0 6.0 7.7 

1 0  102.5 * 8.5 2.5 2.5 8.3 _.. ~ . ~ .  ~. ~ ~. 

200 205.6 f 6.5 5.6 2.8 3.2 
500 494.7 f 11.1 5.3 1.1 2.2 

1000 984.0 f 36.0 16.0 1.6 3.7 
2000 2008.0 f 51.0 8.0 0.4 2.5 

0 n = 6. Mean f SD. 

A typical plasma etomidate concentration uersus time curve during 
and after the infusion is shown in Fig. 2, and pertinent clinical results for 
the 23 patients are listed in Table 11. The average length of anesthesia 
in these patients was 30 (f26) min, and they awoke at  an average of 20 
( f 9 )  min after the end of the etomidate infusion. The mean plasma 
etomidate concentration on awakening was 297 (f74) ng/ml; Schottler 

- INFUSION RATE, 5 rng/kg/min 
p 0.3-0.1 Ok0l 
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MINUTES 
Figure 2-Representative etomidate plasma concentration versus time 
relationship (patient 10) during and after the infusion of etomidate for 
hypnosis in totol intrauenous anesthesla. The rates and duration of the 
infusion as well as the times of and plasma concentrations at awakening 
and alertness are indicated. 
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Table 11-Time and Plasma Etomidate Concentrations at the End of the  Infusion, Awakening, and Alertness and Elimination Half- 
Life of Etomidate 

~ 

Infusion Awakening Alertness 
Duration, Plasma Conc. Postinfusion Plasma Postinfusion Plasma Elimination 

Patient Age, year Weight, kg min at  End, ng/ml Time, min Conc., ng/ml Time, rnin Conc., ng/ml Half-Life, hr 

1 26 50 46 473 8 280 25 195 1.1 
2 27 57 22 650 15 424 40 290 4.2 
3 32 54 24 584 28 240 58 155 2.7 
4 29 74 18 1178 12 410 42 200 

26 270 3.5 5 46 63 22 430 19 310 
6 32 68 18 897 24 390 39 270 
7 25 57 23 303 6 210 7 190 
8 27 56 45 448 15 200 18 170 5.0 
9 27 60 18 528 12 310 22 220 4.7 

2.6 
-a 

10 29 54 31 525 21 310 41 190 
-a 11 29 70 136 509 34 170 

12 44 74 14 2948 22 350 52 170 1.9 
13 32 60 45 411 18 220 25 160 6.2 
14 32 67 49 282 21 220 51 145 3.3 
15 30 50 42 540 16 300 26 270 2.0 
16 45 61 18 521 10 338 25 180 
17 44 85 18 1091 13 370 25 270 1.0 
18 41 61 17 625 15 235 30 180 
19 27 52 22 729 26 375 44 270 2.9 
20 28 56 25 1152 33 370 41 310 2.9 
21 41 58 10 2885 25 265 36 215 3.4 
22 65 90 15 1572 38 220 43 210 3.0 
23 46 90 20 1020 39 310 72 170 5.5 

Mean 35 64 30 883 20 297 36 214 3.3 
(&SD) (f10) (f12) (f26) (f718) (f9) (f73) (*IS) (f50) (11.5) 

a - 

- a 

-0 

-a 

a - 

a - 

a -Not determined. 

et al. ( l l ) ,  using the analytical method of Wynants et al. (7), found the 
minimal plasma etomidate concentration producing an hypnotic effect 
to be -300 ng/ml. The patients were alert an average of 36 (f15) rnin after 
the end of the etomidate infusion, and this was associated with an average 
plasma etomidate concentration of 214 (f50) ng/ml. The patients were 
able to walk unaided for -2 m an average of 87 (f29)  min following the 
termination of the infusion. The elimination half-life was 3.3 (f1.5) hr, 
which is longer than that of Schuttler et al. (11) but shorter than that of 
Van Hamme et al. (12). The patients generally remained drowsy for 4-6 
hr after leaving the recovery room. 

While these results demonstrate that anesthesia can be satisfactorily 
accomplished with an etomidate infusion and bolus injections of fentanyl, 
droperidol, and pancuronium, the present protocol is not optimal. An 
etomidate infusion regimen for hypnosis in totally intravenous anesthesia 
should be designed to maintain plasma concentrations above the awak- 
ening concentration while avoiding dose-related side effects and keeping 
awakening time under 10 min regardless of the duration of anesthesia. 
This could theoretically be accomplished using the plasma etomidate data 
of the present study and the etomidate pharmacokinetic data from the 
intravenous bolus study of Van Hamme et 01. (12). The HPLC method 
reported here could then be easily used to evaluate such a designed 
infusion regimen. 
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Abstract 0 Electrolytes often break emulsions to which they were added 
as active ingredients, adjuvants, or impurities. The stability of oil-in- 
water emulsions containing octoxynol9 NF as the emulsifier and various 
added electrolytes was investigated by measuring droplet size, turbidity, 
and oil separation on storage at various temperatures and in a centrifugal 
field a t  25'. Electrolytes were added to hexadecane emulsions after 
emulsification (direct addition); alternatively, hexadecane was emulsified 
in octoxynol g-electrolyte mixtures (reverse addition). Xylene emulsions 
were prepared by direct addition only. Hexadecane emulsions containing 
0.10% octoxynol9 were considerably more stable than xylene emulsions 
containing 0.60% because the surfactant is practically insoluble in 
hexadecane, but miscible in all proportions with xylene. An emulsifier 
soluble in the disperse phase as well as the continuous phase evidently 
forms less stable interfacial films. The electrolytes investigated were 
sulfuric and hydrochloric acids, magnesium nitrate, and aluminum ni- 
trate, which salt octoxynol9 in by complexation between its ether groups 
and their cations; sodium thiocyanate, which salts the surfactant in by 
destructuring water; and sodium chloride and sodium sulfate, which salt 
octoxynol9 out. The addition of these electrolytes at  concentrations up 
to 2 or 3 m to hexadecane emulsions produced fast and extensive 
creaming, little or no flocculation, no coalescence, and only minor changes 
in droplet size or turbidity on storage at  room temperature. The extent 
of coalescence during centrifugation was actually reduced by the addi- 
tives. Such stability is unusual. Droplet size and turbidity depended 
mainly on octoxynol9 concentration. The greatest decrease in the former 
and increase in the latter occurred when the concentration was increased 
from 0.10 to -0.4%. All emulsions became slightly coarser on storage a t  
25O. Stability a t  50' was impaired by aluminum nitrate and magnesium 
nitrate and to a lesser extent by sodium sulfate and sodium chloride. 
Reverse-addition emulsions differentiated better between the electrolytes 
than direct-addition emulsions. Electrolytes salting octoxynol 9 in, 
especially by complexation, generally produced the finest and most stable 
emulsions. Similarly, xylene emulsions were destabilized more by the 
electrolytes which salted the emulsifier out than by those salting it in. 
Centrifugation of hexadecane emulsions a t  7800Xg compressed the 
c r e h e d  emulsion layer into a plug of clear, transparent, isotropic gel from 
which coalesced hexadecane separated slowly on further centrifugation. 
These semisolid gels contained the hexadecane as discrete, uncoalesced 
droplets because, on immersion in water or octoxynol9 solutions with 
or without electrolytes, they turned opaque, liquefied, and redispersed 
spontaneously into emulsions of nearly the same average droplet size as 
the original emulsions. 

Keyphrases 0 Hexadecane-emulsions with octoxynol9, stability, effect 
of added electrolytes Xylene-emulsions with octoxynol9, stability, 
effect of added electrolytes Stability-of hexadecane and xylene 
emulsions with octoxynol9, effect of added electrolytes Emulsions- 
hexadecane with octoxynol9, xylene with octoxynol9, stability, effect 
of added electrolytes 

The principal effect of electrolytes on aqueous solutions 
of polyoxyethylated nonionic surfactants consists of salting 
in or salting out, depending on whether the electrolyte 
increases or decreases the solubility of the surfactants, 
raising or lowering their cloud points. Electrolytes in the 
first category contain either cations capable of forming 
complexes with the ether groups of the polyoxyethylated 
moiety of the nonionic surfactants, or large and polarizable 
anions that break the hydrogen-bonded structure of water. 
All di- and trivalent cations, plus the hydronium and 
lithium cation, form complexes with model ethers and 

increase the solubility of polyoxyethylated surfactants by 
complexation (1, 2). Only salts of sodium, potassium, 
ammonium, tetramethylammonium, and cesium tend to 
salt out the surfactants (1-4) because these cations do not 
form complexes with the ether oxygen atoms. 

Large anions that break the structure of water include 
iodide, thiocyanate (4,5), and perchlorate (2) as well as the 
guanidinium cation (6). Depolymerization of water in- 
creases the hydration of the ether linkages of the surfac- 
tants through hydrogen bonding by disrupting the hy- 
drogen bonds among the water molecules (1,2). The salt 
effects of the anions are in agreement with the Hofmeister 
or lyotropic series (4). 

Salts are frequently incorporated into emulsions for a 
variety of purposes or occur as impurities. The objective 
of the present work was to investigate how salting-in and 
salting-out electrolytes affect the stability of oil-in-water 
emulsions prepared with a nonionic polyoxyethylated 
emulsifier. The main variables to be investigated were 
surfactant concentration, nature and concentration of the 
electrolytes, temperature, and order of addition. The range 
of electrolyte concentrations was extended to the high 
values at which the surfactant is extensively salted in or 
out. 

The surfactant, octoxynol9, was selected because it is 
a monograph in the National Formulary and because its 
interactions with electrolytes have been investigated ex- 
tensively with regard to cloud point (1-3,5), micelle for- 
mation, and surface properties (7). Moreover, it is used 
commercially as an emulsifying and suspending agent and 
as a detergent for hard surfaces and skin. 

EXPERIMENTAL 

Materials-The surfactant, octoxynol 9 NF', is a branched octyl- 
phenol with an average of 9-10 ethylene oxide units. It is a viscous, an- 
hydrous liquid with a hydrophilic-lipophilic balance (HLB) of 13.4 and 
a critical micelle concentration of 0.16 ghiter at  25'. 

The oils used were hexadecane2 and xylene3. The electrolytes were ACS 
reagent grade. The water was double distilled. Electrolyte concentrations 
are expressed as molality (m); the concentrations of oil and octoxynol 
9 are expressed as percent (w/w) based on the weight of the water present 
in the solutions and emulsions as 100%. Thus, a 5.oo?h octoxynol9 solution 
or emulsion contains 5.00 g of octoxynol9 in 100 g of water. 

Emulsification-In the direct-addition procedure, the electrolytes 
were added in the final stage. Preliminary coarse emulsions containing 
50% oil were made in 100-g batches, as illustrated for a hexadecane 
emulsion with a 0.10% octoxynol9 content: 1.40 g of a 5.00% octoxynol 
9 solution, 65.29 g of water, and 33.31 g of hexadecane were added in this 
order to a tall-form 200-ml beaker. The octoxynol9 solution was at  least 
2 days old to ensure full hydration. The mixture was stirred for 20 min 
a t  30-V input with a mixer equipped with two counter-rotating propel- 

1 Triton X-100, Rohm & Haas Co., Philadelphia, Pa. * Practical grade, Eastman Organic Chemicals. 
3 Purified, J. T. Baker Chemicals. 
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Table I-Effect of Octoxynol9 Concentration, Storage Temperature,  and  Emulsion Age on Mean Droplet  Size and  Specific Turbidi ty  
of Hexadecane-Water Emulsions 

Octoxynol9 Emulsion 
Emulsion Concentration, Storage Age, D,”, D V S h ,  

No. %(w/w) Temperature,’ days Pm Pm 

1 0.10 
2 0.10 
3 0.10 
4 0.10 
5 0.10 
6 0.15 
7 0.20 
8 0.20 
9 0.20 

10 0.20 
11 0.30 
12 1 .o 

13 
14 

0.10 
0.10 

Direct Addition 
25 0 3.29 5.28 
25 9 3.47 5.26 
25 30 
25 64 3.49 5.50 
37 22 3.65 5.17 
25 4 2.26 3.55 

- - 

~~ 

25 
25 
25 
50 
25 
25 

6 1.31 2.53 
0 0.93 2.21 

Reverse Addition 
25 1 1.71 3.77 
25 11 2.01 3.42 

8.05 
8.01 
7.81 
7.73 
- 

13.8 
15.0 
14.6 
14.8 
14.8 
16.2 
18.0 

14.9 
14.4 

0.10 25 22 2.40 4.33 14.1 
16 0.10 25 57 - - 13.5 
15 

Arithmetic mean diameter. Mean volume-surface diameter defined by Eq. 1. Specific turbidity, derived from Eq. 2. 

lers4. The stirring conditions were selected because higher speeds and/or 
longer agitation caused foaming while lower speeds produced coarser 
droplets. The emulsion was further comminuted by passing it three times 
through a stainless steel hand-operated homogenizes, applying maxi- 
mum tension to the spring. The second and third pass did not substan- 
tially reduce the mean droplet size, but improved the reproducibility. 

The finished emulsion was prepared by mixing weighed amounts of 
a 5.00% aqueous octoxynol9 solution, water, aqueous electrolyte solution, 
and homogenized emulsion to give the desired composition. The sur- 
factant concentration was the same, for instance, 0.10%, in the prelimi- 
nary and the finished emulsion. The oil content was 25% for most finished 
hexadecane and all finished xylene emulsions. Most hexadecane emul- 
sions contained 0.10 or 0.20% octoxynol9. Since the xylene emulsions were 
intrinsically less stable, their octoxynol9 content was 0.60%. The pre- 
liminary coarse xylene emulsions made with the counter-rotating mixer 
contained, therefore, 8.37 g of a 5.00% octoxynol 9 solution, 58.43 g of 
water, and 33.20 g of xylene. 

The reverse-addition procedure was used for hexadecane emulsions 
only. The order of mixing of the ingredients was as follows: 5.00% oc- 
toxynol9 solution, water, and aqueous electrolyte solution to give a so- 
lution containing 0.1W0 octoxynol9 and the desired electrolyte molality. 
This solution was stored a t  room temperature for at  least 2 days prior to 
the addition of hexadecane and emulsification. The preliminary coarse 
emulsion was made in 100-g batches containing 254 hexadecane by 
stirring for 20 min a t  30-V input with the counter-rotating mixer. The 
emulsification was completed by three passes through the hand-operated 
homogenizer. 

Storage-To characterize the emulsions, various measurements were 
made on aliquots withdrawn a t  regular intervals. During the period of 
investigation, most emulsion samples were stored at 25 f 0.5’. A few were 
stored a t  50 f lo. 

Visual Observation of Coalescence-Some xylene emulsions were 
so unstable that they separated visible amounts of clear oil a t  room 
temperature. For quantitative comparison, 55-g emulsion samples were 
stored in milk-test Babcock bottles; the volume of xylene separated after 
various storage times at  25’ was calculated from i ts  height in the neck. 

Higher coalescence rates a t  elevated temperatures were measured for 
xylene or hexadecane emulsions by weighing 20- to 23-g emulsion samples 
into stoppered 25-ml graduated cylinders, immersing the cylinders into 
constant-temperature baths, and recording the volume of clear oil sep- 
arated as a function of time. All emulsions used for measuring coalescence 
rates a t  elevated temperatures or in a centrifuge at  room temperature, 
which contained 25% hexadecane or xylene, were prepared by direct 
addition. 

Droplet  Size Measurements-The method used for microscopic 
measurements of droplet size is described in a separate publication (8). 
Prior to the measurements, the emulsions were diluted -600-fold, using 
either an octoxynol9 solution of the same concentration as the emulsion, 
which was thickened with polyvinyl alcohol, or a warm gelatin solution, 
which gelled on cooling. 

Turbidity Measurements-Emulsions containing 25% hexadecane 
were opaque. Transmittance was measured as a function of hexadecane 
concentration after diluting the emulsions to varying degrees. Dilutions, 
which usually ranged from 200- to 2000-fold, were made with octoxynol 
9 solutions having the same surfactant concentration as the emulsions. 
Emulsions were diluted immediately before measuring their transmit- 
tance. 

Transmittance measurements were made with a double-beam spec- 
trophotometeF and 1-mm quartz cells. Even though the emulsions were 
“white,” their transmittance varied with the wavelength. Unless otherwise 
specified, the wavelength used was 475 nm. 

Centrifugation-The stability of hexadecane emulsions was studied 
by centrifugation a t  25’ and 10,000 rpm or 7800X the acceleration of 
gravity (9) for 65 min, using a thermostated centrifuge7. The glass tubes 
used had a capacity of 12 ml and an inside diameter of 12.5 mm. They 
were filled with an amount of emulsion containing 1.80 g of hexadecane, 
which ranged from 9 t o  11 g. 

Centrifugation separated the emulsions into four layers, which were 
(from bottom to top) a clear aqueous solution, a white opaque viscous 
layer of creamed emulsion a few millimeters thick, a clear gel layer with 
a thickness of up to 18 mm, and a layer of clear hexadecane a few milli- 
meters thick. The tubes were stoppered and stored in a vertical position 
a t  25’. On standing, the gel reverted gradually and almost completely 
to a white opaque cream over a 15-hr period, separating small amounts 
of clear hexadecane. The creamed emulsion layer continued to bleed 
additional small amounts of clear hexadecane for a few hours after the 
disappearance of the gel. When the oil separation was essentially com- 
plete, the clear hexadecane was aspirated quantitatively and weighed. 
Storage times after emulsification were, therefore, 17-24 hr for emulsions 
with 0.10% octoxynol9 and 48 hr for emulsions with 0.20%. Results are 
expressed as percent hexadecane separated, based on the 1.80 g present 
in the emulsion samples placed in the centrifuge tubes. 

Xylene emulsions, being less stable, were centrifuged at speeds of only 
4000-5000 rpm for only 15-30 min to  distinguish the effects of different 
additives. Even though only small amounts of clear gel formed, the cen- 
trifuged emulsions were stored for 24 hr at  25’ prior to separating and 
weighing the coalesced xylene. 

Brookfield counter-rotating mixer, Brookfield Engineering Laboratories, 
Stoughton, Mass. 

5 Emulsion homogenizer, Arthur H. Thomas Co., Philadelphia, Pa. 
:Coleman Model 124. 
’ Beckman Model 5-21 preparative centrifuge, equipped with a fixed-angle rotor 

Type .JA-20. 
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RESULTS 

Droplet Size from Microscopic Measurements-Droplet sizes were 
measured in incremental intervals of 1 pm. The data were used to de- 
termine the droplet size distributions. The average droplet sizes were 
represented by the arithmetic mean diameter, D,, and the mean vol- 
ume-surface diameter, Dvs: 

5.0 

4.0. 

5 
3.0 

I- 
W 
5 - a 2 . 0 .  
0 

(Eq. 1) ' 

where D; is the diameter equal to the midpoint of the ith size interval and 
N, the number of droplets in that interval. 

The mean volume-surface diameter is inversely related to the specific 
surface area of the emulsion sample. For a given sample, it is larger than 
the arithmetic mean diameter because each droplet contributes to the 
latter only in proportion to the first power of its diameter. The mean 
volume-surface diameter is influenced to a greater extent by larger 
droplets and, hence, reflects more effectively increases in droplet size than 
the arithmetic mean diameter (9). 

Table I lists the effects of various experimental variables on the mean 
droplet size of hexadecane emulsions in the absence of additives. The 
most influential variable was octoxynol 9 concentration. When it was 
increased from 0.10 to 0.3070, the D, and D,, values of freshly prepared 
emulsions decreased by 61 and 53%, respectively. Another approximately 
threefold increase in concentration, from 0.30 to 1.0% octoxynol9, re- 
duced the mean diameters by only 29 and 13%, respectively. Plots of 
average droplet size uersus octoxynol9 concentration level off a t  -0.4% 
(Fig. 1). 

Aging of the emulsions a t  room temperature or a t  37' or 50' produced 
minor, but consistent, increases in droplet size (compare emulsions 1-5 
and 7-10). The reverse-addition procedure resulted in smaller droplet 
sizes than direct addition. This fact is to be expected because, during the 
preliminary emulsification and the homogenization, the ratio of octoxynol 
9 to hexadecane was twice as large in the reverse-addition procedure. 
Moreover, in the reverse addition, as opposed to direct addition, the entire 
volume of the emulsion was subjected to homogenization. Furthermore, 
all emulsions, regardless of the volume fraction of oil, were quite fluid: 
their relative viscosities were only -2. Therefore, the shear stress during 
homogenization of the direct-addition emulsion, which a t  that point had 
twice the hexadecane concentration as the reverse-addition emulsion, 
was not substantially greater. A few hexadecane-water emulsions pre- 
pared by direct addition but containing 10% hexadecane had mean di- 
ameters comparable with standard 25% hexadecane emulsions prepared 
under identical conditions. 

The purpose of this investigation was to compare the effect of various 
salting-in and salting-out electrolytes on emulsion stability. Therefore, 
electrolytes were employed a t  concentrations corresponding to compa- 
rable salting-in and salting-out efficiencies. When their solubilities 
permitted, the effect of salting-out electrolytes was compared a t  con- 
centrations at  which they lowered the cloud point of octoxynol9 by 35' 
in the absence of hexadecane, i.e., from 65O to 30°. Such a concentration 
is 0.40 rn for sodium sulfate and 2.20 m for sodium chloride. 

The effect of salting-in electrolytes was investigated mainly a t  con- 
centrations a t  which they raised the cloud point of octoxynol9 by 30' in 
the absence of hexadecane. These concentrations are 3.0 m for sulfuric 
and hydrochloric acids and 1.80 m for sodium thiocyanate (1). The cor- 
responding magnesium nitrate concentration, 4.25 m, is too close to the 
solubility limit, so this salt was studied at 2.00 rn. Higher and lower 
concentrations for all electrolytes were also investigated. 

The effect of electrolytes is described first for emulsions stored a t  25'. 
Comparison of the average diameters in Tables I and I1 illustrates two 
surprising facts. All hexadecane emulsions were remarkably stable 
towards electrolytes, even a t  1-3 m concentrations. Neither salting-in 
nor salting-out electrolytes produced major changes in droplet size. 

Since most emulsions became slightly but consistently coarser on aging, 
the average diameters were compared for emulsions of approximately 
the same age. When examining the effect of additives, emulsions were 
always compared a t  equal octoxynol9 concentrations since this was the 
most important factor affecting droplet size. 

For a few emulsions prepared by direct addition, electrolytes actually 
produced smaller droplets than blank emulsions without additives. For 
instance, emulsions 17-20 with added electrolytes have smaller D, and 
D ,  values than emulsion 1 (blank). For most emulsions, the changes in 
droplet size produced by various additives were minor. The following 
emulsions have nearly identical values for D, and D,,, respectively: 6 
(blank) and 23 and 24; 7 (blank) and 36,39,41,44,52, and 59; 8 (blank) 
and 27,29,34,37,45,50, and 55; and 11 (blank) and 62 and 63. 

a 

n 
2 
w 
u1 
z 
0 

15 

a 
: 10, 
a 
X 
W 
I 

4 

l.O t 

I"[ 0 c 20 \ 

5 I I I I I 44 1 
0 0.1 0.3 0.5 I! 1 .o 

OCTOXYNOL 9 CONCENTRATION, % (w/w) 

Figure 1-Effect of octoxynol9 concentration on mean volume-surface 
diameter, D,,, arithmetic mean diameter, D,, specific turbidity, TIC, 
and hexadecane separation in the centrifuge. Key: (0) D,; (0) D,; (0) 
TIC;  (w) hexadecane separation. 

Where additives were investigated a t  several concentrations, no con- 
sistent trend of either increasing or decreasing average droplet sizes with 
increasing additive concentration are noticeable. This observation holds 
for the salting-in additives hydrochloric acid (compare emulsions 26,28, 
30,33, and 36; 27,29,31,34, and 37; and 32,35, and 38), aluminum nitrate 
(compare emulsion 39 with 41 and 40 with 43), and magnesium nitrate 
(compare emulsion 44 with 47 and 46 with 48) as well as for the salting-out 
additives sodium chloride (compare emulsions 49,52, and 54; also 51,53, 
and 56) and sodium sulfate (compare emulsion 57 with 59). 

The difference between the effect of salting-in and salting-out elec- 
trolytes on droplet size are clear-cut only in the case of emulsions pre- 
pared by reverse addition. Emulsions containing the salting-in com- 
plexing electrolytes sulfuric acid and magnesium nitrate had about the 
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Table 11-Effect of Additives on Droplet  Size and  Specific Turbidity of Hexadecane-Water Emulsions Stored at 25" 

D,", ~ " , h ,  lo-:' g of diluted emulsion 
cm ( g of hexadecane 

Octoxynol9 Emulsion 
Emulsion Concentration, Additive Age, 

No. %(W/W) Additive concentration, rn days Pm Pm 

Direct Addition 
3.00 0 2.51 4.52 
1.50 0 2.74 5.27 
2.20 0 2.54 4.97 
0.40 0 2.64 4.67 

167 3.16 5.06 
3.00 4 2.36 3.68 
0.40 4 2.30 3.66 
3.00 5 1.97 4.05 
0.10 2 2.44 3.60 

9 2.06 3.31 

- - 56 

17 
18 

0.10 H2SO.i 
NaSCN 
NaCl 
Na2S04 

6.89 
7.72 
- 19 

20 
21 
22 
23 

7.77 
6.53 

0.15 

0.20 

13.8 
13.8 
14.7 

15.3 
15.8 

24 
25 
26 
27 
28 0.50 

1.00 

2 2.62 3.75 16.3 
16.3 29 

30 
31 
32 

~ .~ 

9 2.12 3.68 
1 1.51 3.52 
9 1.52 3.49 

15.4 
15.3 

50 2.30 3.94 
1 1.51 3.21 
9 2.40 3.60 

50 2.69 4.15 
1 2.03 3.33 
9 2.26 3.44 

33 
34 
35 

2.00 15.7 
15.4 
- 

14.7 
14.6 

_ -  
36 
37 

3.00 

0.50 

1.40 

38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

49 
50 
51 
52 
53 
54 
55 
S6 

48 

46 2.31 3.50 14.0 
16.0 
15.6 

1 
48 
1 
9 

~ ~~ 

1.94 2.98 
2.42 3.54 
1.90 2.89 14.9 

14.8 2.02 2.95 
46 
1 
9 

46 

2.41 3.15 
2.05 3.25 
2.22 3.27 
2.26 3.35 

14.6 
14.9 
14.9 

0.50 

- 
15.5 2.00 

0.50 

1 
48 

1.88 3.09 
2.37 3.65 
1.68 2.89 
2.14 3.46 
2.74 3.76 
1.94 3.54 

15.5 
15.7 
15.2 

NaCl 1 
9 

50 - 

15.6 

15.5 
- 

- 

1.20 

2.20 

1 
48 2.60 3.68 

1.65 2.99 
2.26 3.71 
2.75 4.01 
2.24 3.45 

1 
9 

50 
2 

.. 

51 
58 
59 

Na2S04 0.20 

0.40 

0.20 16.1 
16.2 
15.7 
15.5 

9 2.39 3.46 
1 
5 

48 
6 

- ~. ~~ 

1.89 3.19 
1.91 3.18 60 ~~ 

61 
62 
63 
64 

2.45 3.67 
1.35 2.58 
1.67 2.88 

14.2 
0.30 

1 .oo 
3.00 
0.40 
3.00 

0.40 

16.6 
16.4 
17.9 
17.4 
17.7 

6 
3 

17 
3 

17 

~ .. 

1.88 2.72 
2.09 3.16 
2.33 2.98 
2.41 3.09 

65 
66 
67 

Na2S04 

0.10 
Reverse Addition 

68 3.00 1 1.67 4.14 7.9 
69 Mg(N03)2 2.00 1 1.74 3.79 11.2 
70 11 1.97 4.30 10.6 
71 3.00 1 1.88 2.98 13.6 
72 NaSCN 1.50 1 1.91 4.03 11.7 
73 11 2.19 5.11 11.0 
74 NaCl 2.20 1 2.37 4.08 9.9 
75 11 2.86 4.31 9.1 
76 Na2S04 0.40 1 2.55 5.16 8.5 
77 11 2.61 5.33 7.4 

6.4 78 63 - - 

0 Arithmetic mean diameter. * Mean volume-surface diameter defined by Eq. 1. Specific turbidity, derived from Eq. 2. 

same D ,  and D,, values, respectively, as emulsions without additives 
[compare emulsion 13 (blank) with 68,69, and 71; and 14 (blank) with 
701. 

The two salting-out electrolytes sodium chloride and sodium sulfate 
produced coarser emulsions by reverse addition than the blanks [compare 
emulsions 13 (blank) with 74 and 76; and 14 (blank) with 75 and 77). 
Sodium thiocyanate, which salts in octoxynol9 by destructuring water, 
had an intermediate effect on droplet size (compare emulsions 13 with 
72 and 14 with 73). 

Emulsions stored above room temperature were gently inverted nearly 
once a day to redisperse the creamed layer throughout the entire volume. 
Mean droplet diameters are listed in Table 111. As was observed for 
emulsions prepared by direct addition stored a t  25O, both salting-in and 
salting-out additives produced only minor changes in droplet size 
[compare emulsions 2 and 4 (blanks) with 79 and 8 0  also 10 (blank) with 
81-95]. Storage at 50" for 22 days (not listed in Table 111) resulted in only 
slightly larger droplet sizes than storage for 7-9 days, with D, increasing, 
on the average, 14% and D,, 8%. 
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Table 111-Effect of Additives on Droplet Size and Specific Turbidity of Hexadecane-Water Emulsions Prepared by Direct Addition 
and Stored at Elevated Temperatures 

Dab, D , . ~ ,  g of diluted emulsion cm ( g of hexadecane 

Octoxynol9 Emulsion 
Emulsion Concentration, Additive Age, 

No. %(W/W)O Additive Concentration, m days pm Pm 

79 0.10 3.00 22 3.45 5.62 - 

80 NaZS04 0.40 22 4.56 6.00 
81 0.20 HCI 0.10 9 1.83 2.82 15.7 

- 
(37O) 

(Fino) 
\ - -  I 

82 
83 
84 
85 
86 
87 
88 
89 

0.50 
1.00 
2.00 
3.00 

Al(NOd3 0.50 
1.40 

Mg(N03)z 0.50 
2.00 

9 2.20 3.17 
7 1.95 2.96 
7 1.98 3.22 
7 2.34 3.59 
7 1.84 2.79 
7 2.12 3.20 
7 2.36 3.17 
7 2.13 3.52 

16.1 
15.9 
16.0 
14.8 
16.1 
14.7 
14.8 
15.9 .. 

90 NaZS04 0.20 9 2.58 3.52 15.9 
91 0.40 7 2.35 3.27 15.7 
92 42 - 12.7 
93 NaCl 0.50 7 2.40 3.55 15.5 
94 1.20 7 2.18 3.36 15.6 
95 2.20 7 2.13 3.34 14.7 

- 

Storage temperature in parentheses. Arithmetic mean diameter. Mean volume-surface diameter defined by Eq. 1. Specific turbidity, derived from Eq. 2. 

However, prolonged storage at 50° led to partial coalescence for all 
emulsions containing 0.20% octoxynol9, ranging from <5% of the amount 
of emulsified hexadecane for emulsions without additives and those 
containing hydrochloric acid or sodium thiocyanate to 2550% for 
emulsions containing aluminum nitrate within 250 days (see below). 

Most xylene emulsions containing 0.60% octoxynol9 underwent de- 
tectable coalescence within a few days at room temperature, separating 
at least traces of clear xylene. Moreover, they coalesced considerably on 
dilution with water. Therefore, xylene emulsions were not characterized 
by microscopic droplet size measurements. 

Turbidity-To include any submicroscopic droplets that may have 
been present, microscopic droplet size measurements were supplemented 
by turbidity determinations. Turbidity, T, is the inverse of the light path 
length, L, that reduces the intensity of a beam of light to l/e of its original 
value by scattering or absorption (10): 

(Eq. 2) 

The light intensities and Itr refer to the incident and transmitted 
beams, respectively. The turbidities of hexadecane-water emulsions were 
thus calculated from the measured transmittance values by dividing the 
natural logarithm of the reciprocal of the transmittance by the path 
length, which was 0.1 cm. 

d430 

/4475 

-0 10 20 
HEXADECANE CONCENTRATION, g/g of diluted emulsion X lo5 

Figure %-Turbidity, defined by Eq. 2, of diluted hexadecane-water 
emulsions versus hexadecane concentration a t  four wavelengths. 
Numbers on lines designate wavelength in nanometers. Key: (a) 0.10% 
octoxynol9; (0) 1.00% octoxynol9. 

Plots of turbidity versus hexadecane concentration, C, expressed as 
g of hexadecane/g of diluted emulsion, were straight lines going through 
the origin. Their slopes equal the specific turbidity, T/C, expressed in 
units of (I/cm) (g of diluted emulsion/g of hexadecane). The specific 
turbidity is, thus, formally analogous to absorptivity, the difference being 
that the former includes light scattering and absorption whereas the 
latter, which refers to solutions, involves light absorption only (11). 

Specific turbidities were generally calculated from transmittance values 
at five concentrations by linear regression as the slope of the straight line 
passing through the origin. Standard deviations of the slope (12) usually 
ranged from 0.4 to 3%. 

A t  constant oil concentration, smaller droplet sizes result in more 
opaque emulsions. The specific turbidity is inversely proportional to the 
mean volume-surface droplet diameter (11,13, 14) and can be used to 
assess the effect of additives on the latter. 

Figure 2 contains plots of turbidity measured at four wavelengths 
versus hexadecane concentration for two 2-month-old emulsions without 
additives which were diluted immediately before the transmittance de- 
terminations. The upper set of curves represents an emulsion with 1.00% 
octoxynol9 (D, = 2.21 pm) and the lower set represents an emulsion with 
0.10% octoxynol9 ( D ,  = 5.28 pm). The slopes of the two sets of curves, 
representing specific turbidity, have the opposite wavelength dependence. 
The coarser emulsion scattered red light (650 nm) more strongly than 
violet (430 nm); the specific turbidities increased from violet to blue (475 
nm) to green (525 nm) to red. The finer emulsion scattered violet light 
more strongly than red, the specific turbidities increased from red to green 
to blue to violet light. 

Such a reversal of the wavelength dependence of turbidity is not un- 
common. Plots of the total scattering coefficient (K) or of extinction 
versus the droplet size parameter (a = *nD/X) are sinusoidal(11,13,14). 
In that expression, n is the refractive index of the continuous phase and 
X is the wavelength of the light. Hence, for some droplet size ranges, light 
scattering and turbidity increase as the wavelength increases (a de- 
scending branch of the K-a plot). For others, K increases with decreasing 
X (an ascending branch). 

The reason for selecting blue as the wavelength for subsequent trans- 
mittance measurements was that the ratio of the specific turbidities of 
the two additive-free emulsions containing 1.00 and 0.10% octoxynol9, 
respectively, obtained with blue light approaches most closely the inverse 
ratio of their mean volume-surface diameters. The inverse D, ratio is 
5.28/2.21 = 2.39. The specific turbidity ratios are 1.38,1.96,2.37, and 2.84 
for red, green, blue, and vjolet light, respectively. The theoretical inverse 
D,-T/C relationship in the range of droplet sizes encountered in the 
present work is, thus, most closely obeyed for turbidities measured with 
the blue light (A = 475 nm). 

It was not possible to measure the transmittance of xylene emulsions. 
Dilution with an octoxynol9 solution having the same concentration as 
the emulsion, namely, O.6O%, reduced the size and number of droplets 
through micellar solubilization. This octoxynol9 concentration exceeded 
the critical micelle concentration almost 40-fold and xylene, as opposed 
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Table IV-Effect of Additives on the Coalescence of Oil-Water Emulsions Prepared by Direct Addition 

Time to Separate Listed Fraction of Oil Present 

Aylenea Hexadecane 
Additive 25" 40" 45"' 50" 98" 

Additive Concentration. m 25?od 5070~ 25% 50% 25% 50% 25% 50% 25?Ld 50% 
- - e f . r  11.5 dayf 14 day f 104min 7.9 hr 
NaCl 1.20 24day - 4.4 min 5.9 min 

Na2S04 0.20 17day - 4.5 rnin 5.0 rnin 2.0 rnin 2.2 rnin 1.6 rnin 1.8 rnin 

HC1 

Al(N03)a 

2.20 4 hr 12 hr 3.8min 4.0min 1.2 rnin 1.6min 1.1 rnin 1.5min 14.1 min 18.0min 

23 hr 10day 1.8 rnin 2.2 min 0.40 
1.00 
3.00 

1.20 

e 15.0 rnin 22.8 rnin 4.9 rnin 7.5 rnin 2.7 rnin 3.2 rnin 
e 3.1 min 3.6 min 103min 3.6 hr 
e 18 hr 3day 57 min 4.0 hr 10.3 min 39.2 min 5.4 min 6.5 rnin 
e 11 min 55 min 5.6 min 7.7 min 4.9 min 8.2 rnin Mg(N03)z 2.00 

NaSCN 1.50 e 62dayf 77day 6.3 hr 25hr 8.0 min 15.3 min 104 rnin 5.7 hr 

0 Emulsions contained 0.60% octoxynol9. * Emulsions contained 0.20% octoxynol9. c Storage temperature. d Volume of oil separated as clear supernatant under the 
influence of gravity, expressed as percent of the 25% oil present in emulsion. p No oil separation in 24-26 days. / Approximately 5% of the oil separated in 17-19 hr. R Less 
than 10% of the oil separated in 80 days. 

to hexadecane, is solubilized extensively. Dilution of the xylene emulsions 
with water resulted in coalescence. 

The conclusions derived from the turbidity measurements are similar 
to those from droplet size determinations, although the inverse propor- 
tionality between T / C  and D, was not always exactly obeyed. The ex- 
ceptions were caused by changes in droplet size distribution, possibly 
involving submicroscopic droplets. 

The most important factor determining specific turbidity was octox- 
ynol9 concentration. The major increase in T / C  with increasing surfac- 
tant concentration took place at <0.4% (Table I, Fig. 1). Aging produced 
small, but consistent, decreases in T / C .  

The addition of salting-in and salting-out electrolytes alike produced 
only minor changes in specific turbidity for emulsions prepared by direct 
addition. Major differences were observed for emulsions prepared by 
reverse addition, where emulsions without additives had the highest T / C  
values. These values were considerably higher than the r/C values of 
direct-addition emulsions without additives having the same 0.10% oc- 
toxynol9 level; they were practically identical with those of direct-ad- 
dition emulsions containing 0.2W0 octoxynol9 (compare emulsion 13 with 
1 and 7, and 14 with 2 and 8 in Table I). The near equality of the specific 
turbidities of the direct-addition blank emulsions containing 0.20% oc- 
toxynol 9 and the reverse-addition blank emulsions containing 0.10% 
octoxynol9 is ascribed to the fact that both types had the same ratio of 
octoxynol9 to hexadecane during the preliminary emulsification and 
homogenization. 

Among the emulsions prepared by reverse addition, those without 
additives had the highest specific turbidities. Emulsions with sodium 
thiocyanate and magnesium nitrate (emulsions 69,71, and 72) had in- 
termediate values, while the remaining additives produced lower specific 
turbidities that were still larger than those of the corresponding emulsions 
prepared by direct addition. 

Coalescence on Storage-Hexadecane emulsions prepared by direct 
addition containing 0.2W0 octoxynol9 and all additives at the levels listed 
in Tables 111-V were completely stable on storage for 8 months at 25'. 
Despite extensive creaming, resulting in the separation of concentrated 
emulsion layers above practically clear aqueous phases, no coalesced 
hexadecane could be detected. Gentle inversion of the containers readily 
redispersed the creamed layers, reconstituting intact and uniform 
emulsions. 

Hexadecane emulsions stored at  50" separated cream layers that were 
viscous. In some samples, coalesced oil became evident after 42 days and 
more oil separated during the following W90 days. During an additional 
120-130 days at 50°, the amount of coalesced oil increased only slightly 
except for emulsions containing aluminum nitrate, which already un- 
derwent extensive coalescence during the first 126-day period and which 
separated substantially more oil subsequently. 

The emulsions are ranked below in order of increasing stability. Per- 
centages in parentheses following the formula of the additive represent 
approximate volumes of coalesced hexadecane, expressed as percent of 
the total volume of hexadecane in the sample, observed after 126 f 5 or 
250 f 5 days storage at  50". When two percentages are listed, the first 
refers to hexadecane separated after 126 days, the second to separation 
after 250 days; single percentage values indicate that coalescence did not 
increase noticeably between 126 and 250 days. Absence of percentage 
values indicates that, while some hexadecane did coalesce in 126 and 250 
days, it amounted to <5%. The ranking on storage at  50' is: 1.40 m 

AI(N03)3 (30%,50%) < 0.50 m Al(NO& (20%,25%) < 2.00 m Mg(N03)~ 
(15%) < 0.50 m Mg(NO& (12%) = 0.50 m NaCl(l2%) < 0.40 m Na2S04 
(10%) < 0.20 m NaZS04 (8%) < 1.20 m NaCl(<5%, 10%) < 2.20 m NaCl 
= blank = 0.10,0.50, 1.00,2.00, and 3.00 m HCI = 1.50 m NaSCN. 

Hexadecane emulsions immersed in boiling water were unstable (Table 
IV). Those without additives, with hydrochloric acid, and with sodium 
thiocyanate coalesced more slowly than those containing sodium sulfate, 
aluminum nitrate, magnesium nitrate, and sodium chloride. 

Xylene emulsions, despite their higher octoxynol9 content, had con- 
siderably shorter shelf lives than hexadecane emulsions at comparable 
temperatures. The latter were more stable at 98" than the former at 50". 
All four salting-in electrolytes investigated (hydrochloric acid, sodium 
thiocyanate, magnesium nitrate, and aluminum nitrate) destabilized the 
xylene emulsions only moderately compared with the blank while both 
salting-out electrolytes (sodium chloride and sodium sulfate) accelerated 
their coalescence considerably (Table IV). 

Centrifugation S t u d i e s T h e  highest centrifugal speed that the glass 
tubes could withstand was 10,000 rpm or 7800Xg. At that speed, 65 min 
provided optimum discrimination between the variables. Shorter periods, 
30 or 45 min, separated smaller amounts of coalesced hexadecane and 
increased the coefficients of variation. Centrifugation periods of 2 or 4 
hr increased the amounts of coalesced hexadecane without enhancing 
the differences between additives. 

The separation of hexadecane did not follow zero-, first-, or second- 
order kinetics (15) nor the Vold-Mittal empirical equation (16). There- 
fore, the data presented in Table V are merely the amounts of hexadecane 
coalesced after 65 rnin centrifugation, expressed as percent of the total 
weight of hexadecane in the tube. 

When the amount of emulsion containing 25% hexadecane (based on 
the weight of water) was increased from 7 to 8.5 and to 10 g in preliminary I 
experiments, the percent coalesced hexadecane separated after 65 min 
centrifugation remained constant for blank emulsions and for emulsions 
containing each of the various additives. Despite this observation, the 
measurements presented in Table V were standardized by weighing into 
each centrifuge tube an amount of emulsion containing 1.80 g of hexa- 
decane. 

The driving force that promotes creaming of the emulsions, com- 
pression of most of the oil phase into a clear gel layer, and coalescence 
and separation of oil is directly proportional to the difference in density 
between the continuous aqueous phase and the oil droplets (10). Hence, 
a t  comparable acceleration, the centrifugal force is considerably greater 
when the aqueous phase is a concentrated and dense electrolyte solution 
than when no electrolytes were added to the water. To compensate for 
the increased buoyancy of the oil droplets in dense electrolyte solutions, 
the percent hexadecane separated (5th column of Table V) was multiplied 
by the factor - deetane)/(dsalt - dcetane), where dwater, dce+ane, and 
d d t  represent the 25' densities of water, of hexadecane (0.771), and of 
the aqueous electrolyte solutions, respectively. Neglecting the effect of 
octoxynol9 on the densities changed the factor by <1%. The corrected 
hexadecane separation (last column of Table V) shows the intrinsic effects 
of electrolytes on emulsion stability. This correction generally magnified 
the trends produced by the various electrolytes shown in the 5th 
column. 

Higher octoxynol9 concentrations reduced the oil separation because 
they produced finer emulsions. A t  comparable octoxynol9 concentra- 
tions, emulsions containing sodium sulfate separated somewhat less 
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Table V-Effect of Additives a n d  of Octoxynol9 Concentration on Coalescence of Hexadecane-Water Emulsions in a Centrifugal 
Field 

Corrected Corrected 
Hexa- Hexa- Hexa- Hexa- 

Octoxynol9 Additive Emul- decane decane Octoxynol9 Additive Emul- decane decane 
Concen- Concen- sion Separ- Separ- Concen- Concen- sion Separ- Separ- 
tration, tration, Age, ation, ation, tration, tration, Age, ation, ation, 

70 Additive rn days" ?bb NC %d % Additive rn davs" "Ob N' %d 

0.10 

0.10 

0.15 
0.20 

Direct Addition 
- 

0.005 
0.10 
0.20 
0.40 

0.010 
0.50 
1.50 
1.75 

2.20 
2.95 
0.001 
0.01 
0.10 
1.00 
2.00 
3.00 
5.00 
0.002 
0.01 
1 .oo 
2.00 
3.00 
4.00 
6.00 
0.05 
0.10 
1.50 
2.00 
0.01 
0.50 
1.50 
3.00 
- 
- 

0.20 

0.40 

0 
30 

153 
0 
0 
0 
0 

68 
118 
153 

0 
0 
0 
0 

133 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
1-2 

23.1 f 1.6 
24.3 
24.3 
19.3 f 0.9 
20.6 f 1.6 
22.4 f 1.0 
19.2 f 0.8 
19.8 
20.7 
55.6 
23.6 
14.1 
14.1 
16.3 
17.1 
19.9 
26.2 
23.2 
19.6 
15.7 f 1.0 
12.1 f 0.9 
9.0 f 0.4 
7.3 f 0.4 
4.5 

20.7 
16.9 f 0.2 
15.6 f 0.5 
15.4 f 0.4 
15.8 f 0.8 
14.7 
13.8 
13.0 
11.1 
2.7 
5.2 f 0.2 

26.5 f 0.7 
13.2 f 0.9 
14.1 f 0.6 
14.9 f 1.0 
15.0 
12.7 f 0.8 

7-8 13.0 f 1.0 
43 16.1 f 1.1 
7-8* 15.4 f 0.7 

43* 17.7 f 0.8 
1 9.9 f 0.7 
7 9.3 f 0.6 . . . - . . . 
7* 9.8 f 0.7 
8 7.9 f 0.5 

43 8.8 f 0.5 
8* 12.4 f 0.5 

16 
2 
2 
6 
8 
8 
8 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
6 
4 
4 
7 
2 
2 
4 
4 
4 
8 
2 
2 
2 
2 
2 
4 
4 
6 

12 
6 
2 

10 
8 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

23.1 
24.3 
24.3 
19.2 
18.8 
20.2 
15.8 
16.3 
17.0 
45.7 
23.6 
13.0 
11.2 
12.6 
13.2 
14.6 
17.8 
23.2 
19.5 
15.2 
9.6 
6.0 
4.3 
2.2 

20.7 
16.8 
14.4 
13.4 
13.0 
11.5 
9.9 

12.7 
10.5 
1.6 
2.8 

26.4 
12.1 
11.2 
10.1 
15.0 
12.7 
13.0 
16.1 
15.4 
17.7 
8.9 
8.4 

6.5 
7.2 

0.20 

0.30 

0.10 

NaCl 0.50 

1.20 

2.20 

HCI 0.50 

1.00 

2.00 

Mg(NO& 0.50 

2.00 

AI(NO& 0.50 

1.40 

- - 

8 
43 

8' 
43* 
8 

43 
8* 

43* 
8 

43 
8* 

43* 
7 
7' 
7 

43 
43* 
8 

43 
8* 

43* 
43 
43* 
6 

43 
43* 
6 

43 
43* 

7 
43 
43* 

3 

8.5 f 0.4 
10.9 f 0.5 
8.7 f 0.3 

11.8 f 0.5 
9.1 f 0.5 

10.4 f 0.9 
10.5 f 0.7 
13.0 f 0.5 
9.1 f 0.4 

10.6 f 0.1 
18.0 f 1.0 
20.1 f 1.1 
6.0 f 0.4 
6.9 f 0.5 
4.3 
5.5 f 0.3 
7.6 f 0.5 
2.5 f 0.3 
4.6 f 0.3 
5.6 f 0.4 
8.9 f 0.5 
9.1 f 0.8 

10.1 f 0.6 
3.6 
3.8 f 0.2 
4.6 f 0.4 
2.9 f 0.3 
3.3 f 0.3 
9.2 f 0.6 
3.9 
5.2 f 0.4 

10.1 f 0.7 
8.2 f 0.5 

Reverse Addition 

- - 0 16.0 f 0.9 
11 17.4 f 1.1 
57 18.6 f 0.8 

Na2S04 0.40 0 29.8 - .  
11 33.0 
63 40.1 

NaCl 2.20 0 25.0 f 1.2 
27 35.9 f 1.3 
63 37.8 f 1.0 

HzS04 3.00 '0 30.0 f 1.4 
Mg(NO& 2.00 0 21.1 f 0.6 

11 34.3 f 2.6 
24 38.0 f 1.8 

3.00 0 32.6 f 2.3 
NaSCN 1.50 0 13.3 f 1.1 

11 14.2 f 1.2 

8 
4 
4 
4 
8 
4 
4 
4 
8 
4 
4 
4 
8 
4 
2 

12 
8 
4 
4 
4 
4 
4 
4 
2 
4 
4 
3 
8 
4 
2 
4 
4 
3 

4 
3 
3 
2 
2 
2 
4 
3 
3 
4 
3 
3 
3 
3 
4 
3 
2 

7.8 
10.0 

7.5 
8.6 

6.8 
7.8 

5.8 

4.0 
5.1 

2.2 
4.0 

7.4 

2.0 
2.1 

2.2 
2.5 

2.1 
2.8 

8.2 

16.0 
17.4 
18.6 
24.5 
27.1 
33.0 
18.4 
26.4 
27.8 
17.5 
11.4 
18.6 
20.6 
15.1 
10.6 
11.3 

43* 29.5 f 0.6 62 18.5 I1.3 - 14.7 

a Stored at 25" unless marked by asterisk, indicating storage at 50". * Weight of coalesced hexadecane, expressed as percent of the 1.80 g of hexadecane present per 
tube, f SD. Number of measurements. d See text for density correction. 

hexadecane than emulsions without additives. The extent of hexadecane 
separation first decreased somewhat and then increased with progres- 
sively higher concentrations of sodium chloride at the 0.10% octoxynol 
9 level. At the 0.20% level, no significant changes in hexadecane separation 
were observed beyond 0.50 rn NaCl. 

The salting-in electrolytes lowered the hexadecane separation signif- 
icantly compared with emulsions without electrolytes of comparable 
octoxynol 9 concentration, especially those electrolytes which form 
complexes with octoxynol9, namely, sulfuric and hydrochloric acids and 
magnesium and aluminum nitrates. Higher concentrations of these 
electrolytes resulted in considerably lower hexadecane separation. Only 
a few percent hexadecane was separated at the highest concentrations 
of these electrolytes (Table V): 5.00 rn HS04,2.00 rn HCI only with 0.20% 
octoxynol9,1.50 or 2.00 rn Mg(NO&, and 0.50 or 1.40 rn AI(N03)3 almost 

completely prevented coalescence of hexadecane a t  7800Xg. Sodium 
thiocyanate, which salts in octoxynol9 by destructuring water, reduced 
coalescence only slightly. 

Aging the emulsions a t  25" prior to centrifugation caused small but 
significant increases in hexadecane separation. Aging a t  50' generally 
produced more extensive separation. 

Emulsions without added electrolytes prepared by direct addition 
separated more hexadecane on centrifugation than emulsions of com- 
parable octoxynol content prepared by reverse addition, in keeping with 
their smaller droplet size. The presence of all electrolytes except sodium 
thiocyanate increased the separation of hexadecane during the centrif- 
ugation of emulsions prepared by reverse addition when compared with 
the corresponding emulsions without additives. The salting-out elec- 
trolytes sodium chloride and sodium sulfate increased the hexadecane 
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Table VI-Low-Speed Centrifugation of Xylene-Water 
Emulsions 

Corrected 
Xylene Xylene 

Additive Separated, Separation, 
Additive Concentration, m % a  N b  %d 

- - 0.8 f 0.2 4 0.8 
NfioSO, 0.20 19 1 9  4 17 - . _-_ - 
NaCl 
HCI 

0.40C 7i I 3  4 58 
2.20c 80 2 59 

).8 4 2.8 2.00 3.2 f ( 
3.00 4.8 f 0 . 7  4 4.0 

0.05 2 0.03 
0.3 2 0.2 
7.6 2 6.0 

0 Weight of coalesced x lene, expressed as percent of the 1.80 g of xylene present 
per tube, f SD. N u d e r  of measurements. Appreciable separation before 
centrifugation. See text for density correction. 

separation somewhat more for reverse-addition emulsions than for those 
prepared by direct addition. The major difference between the two types 
of emulsions occurred with the salting-in complexing electrolytes sulfuric 
acid and magnesium nitrate, which slightly increased the oil separation 
during centrifugation of the reverse-addition emulsions while strongly 
reducing the oil separation of the direct-addition emulsions. 

The xylene emulsions employed in the low-speed centrifugation studies 
of Table VI contained 0.60% octoxynol9 and were prepared by direct 
addition. After aging for 30 min at  25O, emulsion quantities containing 
1.80 g of xylene were centrifuged for 30 min at  5000 rpm or 1960Xg. 
Centrifugation of emulsions containing salting-in complexing electrolytes 
(hydrochloric acid, magnesium nitrate, and aluminum nitrate) produced 
a slight amount of clear gel, while the bulk of the emulsified droplets 
collected in an opaque creamed layer. The other emulsions produced no 
clear gel at all. Despite this observation, all centrifuged emulsions were 
stored for 24 hr at 25' prior to removing and weighing the coalesced xy- 
lene. 

The differences between the effects of the various types of electrolytes 
during the centrifugation of xylene emulsions were pronounced. Sodium 
sulfate and sodium chloride, the salting-out electrolytes, caused extensive 
coalescence. Of the electrolytes which salt the surfactant in by com- 
plexation, magnesium nitrate and aluminum nitrate reduced the xylene 
coalescence even further than the already small extent observed for 
emulsions without additives, while hydrochloric acid increased it some- 
what. Sodium thiocyanate, which salts octoxynol in by destructuring 
water, caused more extensive coalescence, but still considerably less than 
the salting-out electrolytes. 

Freeze-Thaw Cycles-This technique was not well suited for 
studying the stability of emulsions containing high concentrations of 
electrolytes because they creamed rapidly before freezing and because 
the electrolytes lowered the freezing point of the aqueous phase consid- 
erably. Reproducible results were difficult to obtain even when agitating 
the emulsions while freezing them in a dry ice-acetone mixture. After 
one freeze-thaw cycle, thawed hexadecane emulsions containing only 
0.10% octoxynol9 were more opaque than emulsions also containing 0.40 
rn NaZS04 or 3.00 m H2S04, but the differences between the latter two 
were only minor. No significant amounts of coalesced hexadecane were 
observed in any of the thawed emulsions. 

DISCUSSION 

Shelf Stability-Emulsion stability can be defined in terms of three 
phenomena: creaming or clearing; flocculation or aggregation; and de- 
mulsification, coalescence, or breaking (17). Because of the high density 
of many of the aqueous electrolyte solutions employed, most emulsions 
used in this study creamed rapidly. The droplets in the concentrated 
cream layer preserved their identity, however, and gentle agitation 
redispersed them throughout the aqueous phase with no change in their 
size distribution. 

Flocculation, another possible measure of instability, was moderate 
even in the presence of high electrolyte concentrations. By contrast, 
emulsions stabilized with ionic surfactants are prone to extensive floc- 
culation even at comparatively low electrolyte concentrations, which may 
lead to coalescence. Instability, as used here, refers to the irreversible 
coalescence of small droplets into larger drops, resulting eventually in 
the separation of a clear layer of oil. 

Nature of Oil Phase-Hexadecane emulsions prepared by direct 

addition with high concentrations of salting-in as well as salting-out 
electrolytes were unusually stable. The differences between the effects 
of the two types of electrolytes were only minor. Hexadecane emulsions 
prepared by reverse addition showed some discrimination between 
electrolytes. Salting-in electrolytes operating through complexation with 
the ether groups of octoxynol9 generally increased the emulsion stability, 
salting-out electrolytes decreased it, while sodium thiocyanate, which 
salts octoxynol9 in by destructuring water, was intermediate. 

Xylene emulsions prepared by direct addition were considerably less 
stable than hexadecane emulsions even at  a sixfold higher octoxynol9 
level. The electrolyte effects were more pronounced, but qualitatively 
similar to those observed with reverse-addition hexadecane emulsions. 

The large difference in the stability of xylene and hexadecane emul- 
sions based on octoxynol9 is ascribed to the difference in solubility of 
the surfactant in the two hydrocarbons. Xylene and octoxynol 9 are 
miscible in all proportions. The solubility of octoxynol9 in hexadecane 
a t  2 5 O ,  determined spectrophotometrically a t  277 nm, was -1.4% (w/v). 
This value is an upper limit because of the polydispersity of the surfactant 
and the likelihood that the species with the lowest degree of ethoxylation, 
i.e., with the highest concentration of the absorbing phenyl group, have 
the highest solubility in hexadecane and were preferentially extracted 
from the bulk octoxynol9. 

The fact that octoxynol9 is miscible in all proportions with the disperse 
phase as well as the continuous phase of xylene-water emulsions evidently 
reduced the stability of the interfacial octoxynol9 films compared with 
those in hexadecane-water emulsions, where the surfactant is only 
slightly soluble in the disperse phase. This cause of emulsion instability 
is unusual because few surfactants are freely soluble in both water and 
oils. 

In the case of xylene-water emulsions, salting-out electrolytes tend 
to displace octoxynol9, including the octoxynol9 forming the interfacial 
film surrounding the droplets, into the xylene phase. Thereby, these 
electrolytes were effective in breaking the emulsions. In the case of 
hexadecane-water emulsions, salting-out electrolytes can displace oc- 
toxynol9 only as far as the hexadecane-water interface, thereby possibly 
increasing the thickness of the interfacial film. Such a stabilizing effect 
is probably offset, at least in part, by reduced hydration of the polyoxy- 
ethylene moiety of the adsorbed octoxynol9 film, compressing that film 
and reducing its effectiveness as a barrier against coalescence. These 
considerations do not account for the effect of salting-in electrolytes on 
emulsion stability. 

Stabilization Mechanisms and Salt Effects-Nonionic surfactants 
stabilize aqueous dispersions primarily by steric interactions (18) between 
the polyoxyethylene moieties of adsorbed surfactant molecules. Elec- 
trostatic repulsion plays, at best, a minor role even in the absence of 
electrolytes (19,20). At the high and swamping electrolyte concentrations 
employed in this study, electrostatic forces are unlikely to make any 
contribution to emulsion stability. Therefore, surface, interfacial, and 
bulk properties of aqueous solutions of nonionic surfactants containing 
various electrolytes are examined below for an explanation of the dif- 
ferences between salting-in and salting-out electrolytes, which were 
especially noticeable in xylene emulsions and in hexadecane emulsions 
prepared by reverse addition. 

The surface areas of polyoxyethylated surfactant molecules adsorbed 
at  air-water or oil-water interfaces depend mainly on the cross-sectional 
areas of their randomly coiled polyoxyethylene moieties, which are im- 
mersed in the aqueous phase (21). Effects of electrolytes on the surface 
properties of octoxynol9 and other nonionic surfactants were relatively 
small (22). In plots of surface tension versus the logarithm of concen- 
tration, the negative slopes in the region of saturation adsorption were 
rendered somewhat steeper by the addition of electrolytes a t  concen- 
trations up to 3 m,  corresponding to moderate reductions in the surface 
area per adsorbed surfactant molecule (7). The monolayers of adsorbed 
surfactant became more closely packed. Salting-in electrolytes produced 
somewhat larger decreases in surface area than salting-out electrolytes. 
The largest decreases, observed with cadmium nitrate and sulfuric acid, 
were 30% (7). 

Salting-in electrolytes increased or decreased the plateau surface 
tensions above the critical micelle concentration by a few dyne/cm at  
most, and their effectiveness was unrelated to their capacity to raise cloud 
points (7). Sodium nitrate in concentrations up to 0.1 M, calcium nitrate 
up to 0.01 M, and aluminum nitrate up to  M produced only minor 
changes in the interfacial tension of the system chlorobenzene-water 
containing 1% or 10% of the homogeneous nonionic surfactant hexaox- 
yethylene glycol monohexadecyl ether (HLB = 10.4) (23). 

These observations, which refer to monolayers of surfactants, do not 
adequately explain the differences between the effects of salting-in and 
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salting-out electrolytes on emulsion stability. On the other hand, an effect 
similar to the salt-induced contraction of the polyoxyethylene coils of 
octoxynol9 molecules forming interfacial films was observed in bulk with 
aqueous solutions of high molecular weight polyethylene oxides. Their 
intrinsic viscosity was reduced by cloud-point-depressing electrolytes, 
indicating a contraction of their hydrodynamic volumes (24). Weaker 
cloud-point depressants produced smaller reductions in intrinsic viscosity 
(24), while salting-in electrolytes actually increased the intrinsic vis- 
cositys. 

Another approach to interpreting the effects of electrolytes is in terms 
of steric stabilization. Steric stabilization of emulsions requires that the 
free energy change of the overlap interaction between the polyoxyeth- 
ylene moieties of the surfactant molecules adsorbed on two approaching 
droplets be positive. The resulting repulsion may overcome the attraction 
due to London-van der Waals forces (18). The steric repulsion caused 
by interpenetration of the adsorbed surfactant layers can be ascribed to 
an entropic (volume restriction) effect due to a decrease in the confor- 
mational entropy of the polyoxyethylene chains and/or to a heat of mixing 
or osmotic effect (18). 

I t  has been suggested that the increase in the heat of hydration and 
of mixing caused by salts such as sodium thiocyanate, which salt in 
nonionic surfactants by destructuring water, results in an increase in the 
enthalpic contribution to the steric barrier against coalescence (25). 
Electrolytes which salt in octoxynol9 by complex formation between their 
cations and the ether groups are likely to cause an increase in the excess 
osmotic pressure arising from the overlap of the polyoxyethylene layers 
of two approaching droplets. An equivalent concept is that these elec- 
trolytes increase the positive value of the second virial coefficient of 
aqueous polyoxyethylene solutions, thereby increasing the repulsion 
between the polyoxyethylene layers surrounding the droplets (cf. Eq. 57 
of Ref. 18). 

The difference in the effects of salting-in and salting-out electrolytes 
on the stability of hexadecane emulsions prepared by direct and reverse 
addition indicates that the interfacial octoxynol9 films were profoundly 
affected by the order of addition. This behavior, while not unusual in 
systems that are intrinsically unstable, is not readily explained by steric 
Stabilization. If the interfacial octoxynol9 film consisted of multilayers, 
the observed effects could be ascribed to the formation of a liquid crys- 
talline phase at the hexadecane-water interface (26). 

In this connection, it is of interest to estimate the thickness of the layer 
of octoxynol9 adsorbed a t  the surface of the hexadecane droplets. The 
limiting cross-sectional area per octoxynol 9 molecule adsorbed at the 
isooctane-water interface is obtained from the bottom curve of Fig. 8 of 
Ref. 27, which is a plot of the interfacial tension, YON, uersus the molar 
concentration, Cz ,  of octoxynol9. The plot is linear from M to the 
critical micelle concentration, indicating that saturation adsorption 
prevailed over that concentration range. The equation of the linear 
portion, obtained by regression analysis from the data points on the 
graph, is: 

y o ~  = -31.52 - 4.857 In Cz (Eq. 3) 

Using the value of the slope, d yON/d In Cz = -4.857 in the Gibbs ad- 
sorption equation results in an area of 84.7 A 2  per molecule of adsorbed 
octoxynol 9 at saturation adsorption, i .e.,  in a close-packed mono- 
layer. 

The standard hexadecane emulsions contained 25 g of hexadecane per 
100 g of water. Those with 0.10% octoxynol9 had D ,  = 5.28 X cm, 
which corresponds to an interfacial area of 367,000 cm2. Assuming that 
all surfactant molecules in excess of the critical micelle concentration 
(0.016%) are adsorbed a t  the oil-water interface, 100 g of a 0.10% octox- 
ynol9 solution contains 0.084 g of surfactant available for adsorption. 
This amount covers 686,000 cm2, i .e.,  enough for 1.87X a monolayer, or 
nearly a bilayer of close-packed octoxynol9 molecules. 

The curves in Fig. 1 tend to level off at 4.4% octoxynol 9, corre- 
sponding to D,, = 2.28 pm. At that point, the amount of octoxynol9 
present exceeds that needed to cover the emulsion droplets with a 
close-packed monolayer by a factor of 3.7. This value is approximate 
because the area per octoxynol9 molecule in an adsorbed multilayer is 
unlikely to be the same as that in a monolayer. The surfactant films 
surrounding the droplets, having a thickness of -4 molecules, could well 
form a liquid crystalline interphase which, though birefringent, is too thin 
to be visible under the microscope between crossed polarizer and ana- 
lyzer. 

8 Hans Schott, unpublished data. 

Centrifugal Stability-The first stage in the centrifugation of 
common oil-water emulsions is the separation of an opaque creamed layer 
containing all of the oil droplets from a lower clear aqueous layer. 
Emulsions containing high electrolyte concentrations cream even on 
standing. 

In high centrifugal fields, such as the 7800Xg used here, the spherical 
oil droplets are probably pressed so close together in the cream layer that 
they become distorted into polyhedra similar to foams. The centrifugal 
force then squeezes liquid from the flattened aqueous lamellae separating 
the oil droplets, which drains through Plateau borders. Coalescence oc- 
curs on rupture of the interfacial octoxynol9 films, resulting in the sep- 
aration of a clear oil layer (28, 29). 

In the course of centrifugation of the hexadecane emulsions, the opaque 
white cream layer changed within minutes almost completely into a new 
phase, namely, a transparent gel layer, which propagated from the bottom 
to the top. Coalescence of hexadecane droplets, resulting in the formation 
of a clear oil supernatant, occurred slowly from this transparent gel 
plug. 

Despite extensive studies of ultracentrifugation of emulsions by Vold’s 
group (15), Garrett (301, and Rehfeld (311, only brief mention is made 
(30) of a “translucent cream” above the opaque cream layer. The trans- 
parent gel observed in the present work apparently was not detected 
previously because it is as clear as the coalesced oil and, since i t  consists 
of almost pure oil, has almost the same refractive index. The boundary 
between gel and coalesced hexadecane is faint and becomes evident only 
to the touch, on separating the layers. Thus, it took a preparative rather 
than an analytical ultracentrifuge to detect the clear gel. 

This gel, unlike the viscous opaque cream layers compacted by cen- 
trifugation, had a substantial yield value. Its plastic viscosity was low. 
Even though the gel consisted mainly of hexadecane, water was the 
continuous phase. When the centrifuge tubes containing hexadecane 
emulsions were stored after centrifugation, the clear gel plugs reverted 
to opaque cream layers as the aqueous phase diffused into them from 
below. 

When pieces of gel were immersed in aqueous solutions, they slowly 
disintegrated to fluid emulsions. The hexadecane droplets preserved their 
identity and remained intact in these gels, as shown by the following set 
of experiments. Gels were prepared by centrifuging standard hexadecane 
emulsions containing 0.20% octoxynol9 and either no electrolyte, or 2.00 
rn HC1, or 0.40 rn NaZS04. When these gels were redispersed in aqueous 
media of the same composition as those of the original emulsions, the 
mean volume-surface diameters of the reconstituted emulsions were 3.66 
pm for the blank, 3.38 pm in 2.00 rn HCl, and 4.75 pm in 0.40 rn Na2S04. 
These diameters are only 23,5, and 49% larger, respectively, than the D ,  
values of the original emulsions (Table 11). 

The gels were transparent and isotropic; they showed no birefringence 
when examined between crossed polarizer and analyzer. The individual 
oil droplets could not be distinguished under the microscope. These facts 
indicate that the thickness of the aqueous lamellae separating the dis- 
torted hexadecane droplets in the gels was considerably smaller than the 
wavelength of light. Thus, light passing through the clear gels underwent 
little or no refraction. 

The chief driving force for the penetration of water or of aqueous so- 
lutions of octoxynol9 and electrolytes into the gel plugs, transforming 
them back into cream layers and eventually redispersing them into dilute 
emulsions, is probably the osmotic or enthalpic component responsible 
for the steric stabilization of emulsions. Centrifugation of the cream layers 
squeezed the aqueous lamellae between distorted, polyhedral oil droplets 
down to a thickness of a few nanometers, causing compression or inter- 
penetration of the polyoxyethylene moieties of the octoxynol9 molecules 
adsorbed on adjacent droplets. The aqueous lamellae thus contained a 
high concentration of polyoxyethylene chains, ix., they were hypertonic 
compared with the bulk aqueous phase. Elastic retractive forces tending 
to expand the compressed polyoxyethylene chains and interfacial tension 
tending to restore the spherical droplet shape probably contributed 
somewhat to the penetration of aqueous media into the gel plugs. 

In connection with the osmotic effect, i t  is significant that gels made 
from emulsions containing 0.20% octoxynol 9 plus 2.00 rn HCI were 
somewhat more stable than gels formed from emulsions containing oc- 
toxynol9 only, whereas gels from emulsions containing 0.20% octoxynol 
9 plus 0.40 rn NaZS04 were less stable, separating some hexadecane on 
standing. The former gels probably had somewhat thicker lamellae than 
gels prepared from emulsions without electrolytes due to the presence 
of hydrochloric acid molecules bound to the ether groups of octoxynol 
9 forming an oxonium compound. The latter gels probably had thinner 
aqueous lamellae owing to the salting-out effect of sodium sulfate. 

The observation that stability measurements by centrifugation and 
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by the other methods were not in complete agreement is ascribed to the 
complex sequence of steps occurring during the former. The correlation 
between long-term shelf stability of emulsions and their resistance to 
high-speed centrifugation was not sufficiently good to make the latter 
a reliable technique for predicting the former (32,33). 
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Abstract Four crystalline forms of cimetidine, three anhydrous (forms 
A, B, and D) and a monohydrate (form C), obtained by slow evaporation 
of aqueous solutions of varying concentrations were characterized by IR 
spectroscopy, X-ray powder patterns, dissolution rates in deionized water, 
and thermal analyses. Among the three anhydrous forms of cimetidine, 
form A was thermodynamically more stable than the others. The struc- 
tural conversion of form C into form A on dehydration was confirmed by 
IR spectroscopy and X-ray powder patterns. The structures of forms C 
and D were determined using X-ray diffraction. Form D was of spirally 
curled conformation; it was linked in a head-to-tail arrangement with 
the neighboring molecules via intermolecular hydrogen bonds between 
the imidazole nitrogen and guanidine nitrogen atoms. Form C was 
characterized by its folded conformation due to the weak stacking in- 
teraction between the imidazole and guanidine moieties; there was sta- 
bilization by double hydrogen bond formation with neighboring molecules 
and uia water molecules of crystallization. The dissolution rate constant 

in deionized water for form C was -1.29,1.70, and 1.90 times greater t h g  
those measured for forms A, D, and B, respectively. There was a similar 
relationship among the four forms with respect to the rates of inhibition 
of stress ulceration. Regarding the molecular conformations of the 
crystalline forms and the rates of inhibition of stress ulceration, the 
gauche orientation of the guanidine group relative to the imidazole ring 
would be the conformation necessary for effective binding to the hista- 
mine H1-receptor. The compactly folded conformation of form C appears 
to be optimal for binding to the active site of the receptor and for clinical 
efficacy. 

Keyphrases 0 Cimetidine-polymorphic crystalline forms, X-ray 
structural studies, physicochemical properties Polymorphism-ci- 
metidine crystals, X-ray structural studies, physicochemical properties 
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Cimetidine, N”-cyano-N-methyl-”-[ 2-[ [ (5-methyl- 
1H-imidazol-4-yl)methyl] thio] ethyllguanidine, a specific 
competitive histamine H2-receptor antagonist, inhibits the 
secretion of histamine-stimulated gastric acid. Because of 

its minimal side effects, it is widely used in the treatment 
of human peptic ulcers (I). Cimetidine has different 
crystalline forms (polymorphism) when crystallized under 
various conditions (2, 3). Since the bioavailability of 
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by the other methods were not in complete agreement is ascribed to the 
complex sequence of steps occurring during the former. The correlation 
between long-term shelf stability of emulsions and their resistance to 
high-speed centrifugation was not sufficiently good to make the latter 
a reliable technique for predicting the former (32,33). 
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metidine crystals, X-ray structural studies, physicochemical properties 
0 Structure-polymorphic crystalline forms of cimetidine, X-ray studies, 
physicochemical properties 

Cimetidine, N”-cyano-N-methyl-”-[ 2-[ [ (5-methyl- 
1H-imidazol-4-yl)methyl] thio] ethyllguanidine, a specific 
competitive histamine H2-receptor antagonist, inhibits the 
secretion of histamine-stimulated gastric acid. Because of 

its minimal side effects, it is widely used in the treatment 
of human peptic ulcers (I). Cimetidine has different 
crystalline forms (polymorphism) when crystallized under 
various conditions (2, 3). Since the bioavailability of 
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pharmacologically active compounds is generally depen- 
dent on their crystalline forms (4), detection of the most 
active among the cimetidine crystalline forms is important 
for understanding the specific stereochemistry of the 
Hz-receptor and for the effective clinical use of the 
agent. 

This paper reports the physicochemical properties of 
four cimetidine crystalline forms (A, B, C, and D) obtained 
from aqueous solutions at different sample concentrations. 
The different forms were characterized by determining 
melting points, IR spectra, X-ray powder patterns, thermal 
behavior, and dissolution rates. The crystal structures of 
forms C and D were determined by X-ray diffraction. 

Table I-Crystal Data 

~ 

Molecular weight 270.35 252.34 
Crystal system Monoclinic 
Space group c c  P21/n 
Cell constants 

Monoclinic 

a (A) 12.620(5) 7.284( 1) 
b(A) 7.772/4) 10.814(2) 

i4.742i5j 16.172iij 
117.76(2) 94.69( 1) 

1342.8(1) 1269.5(4) . .  
2 4 4 

Dm (gcm-3) 1.333(1) 1.310(1) 
Dx(g-cm-3) 1.337 1.320 
p(Cu-Ka) (cm-l) 20.919 21.175 
F(O 0 0) 576 536 EXPERIMENTAL 

Preparation of Cimetidine Crystalline Forms-The preparation 
of the crystalline forms of cimetidine has been reported previously (3); 
crystallization from organic solvents such as acetonitrile produced platelet 
crystals, and crystallization from aqueous solutions produced three 
crystalline forms. Four crystalline forms were obtained by slow evapo- 
ration of the aqueous solutions; these were platelet (form A), needle (form 
B), pyramidal (form C), and cubic (form D) crystals. The cimetidine 
concentrations used for the preparation of crystal forms A, B, C, and D 
were 80,lO-40,150, and 2-10 mg/ml, respectively'. The solutions were 
placed inside covered beakers and allowed to evaporate slowly a t  room 
temperature (25'; forms A, B, and D) or at p6" (form C). After 3-4 weeks, 
well-formed crystals were obtained; the crystalline forms were confirmed 
to coincide with those reported previously (3) by comparison of their 
respective IR spectra. 

IR Spectra and Thermal  Analyses-IR spectra were measured by 
using potassium bromide disks2. Gravimetry and the calorimetric changes 
accompanying the thermal decomposition were measured by thermo- 
gravimetry (TG) and differential thermal analysis (DTA) instruments3. 
The TG and DTA profiles were measured using 20 mg of powdered 
samples; the heating rate was 5'/min. 

X-ray Powder Patterns-X-ray powder patterns were measured by 
the permeance method, using a diffractometefl and copper K a  radiation. 
The powder pattern of each crystalline form was measured twice and 
averaged. 

X-ray Data Collection of Crystalline Forms C and D-Preliminary 
oscillation and Weissenberg photographs showed both crystal systems 
to be monoclinic (Table I). The density of both crystals was measured 
by the flotation method in benzene-carbon tetrachloride. A single crystal 
(0.3 X 0.3 X 0.4 mm, form C; 0.5 X 0.4 X 0.3 mm, form D) was mounted 
on a computer-controlled four-circle diffra~tometer~. Intensity data on 
2305 (form C) and 2138 (form D) independent reflections [Fo I 3u(Fo)] 
were obtained using graphite-monochromatd copper K a  radiation and 
the w - 28 scanning technique (sinO/X I 0.588 A-'). The scan speed was 
4O/min; the background was measured for 5 sec. The intensity of four 
standard reflections for the respective crystals, measured every 100 re- 
flections, showed no structural deteriorations due to X-ray irradiation 
during the measurement of all reflections. Corrections were applied for 
the Lorentz and polarization factors, but not for the absorption ef- 
fects. 

Structure  Determinations and Refinements-The structures of 
forms C and D were solved by the direct method using the MULTAN 78 
program (5). An electron density map using the normalized structure 
factors ( E ) ,  computed with the phase set having the highest figure of 
merit using 180 reflections with ( E l  2 1.57 (form C) or 170 reflections 
with IEl 2 1.73 (form D), gave reasonable positions for all nonhydrogen 
atoms. The atomic coordinates were refined by the block-diagonal 
least-squares method with anisotropic temperature factors. The posi- 
tional parameters of all hydrogen atoms could be determined from a 
difference Fourier map. 

Refinement, including those parameters with isotropic temperature 
factors, was then continued. The quantity minimized was Zw(lFol - 

Table 11-Atomic Coordinates of Form D 

Atom 31" YO 2" 

0.7499(0) 0.7395(0) 
0.9221(1) 
0.91 12( 1) 
0.5648(1) 

S 0.7407(1) 
0.5812( 2) 
0.7377/2) 

0.424oii j 
0.5961 (2) 
0.6042(1) Ni3j 0.6810i2j 

N(4) 0.5043(2) 
N(5) 0.3763(2) 

0.0580(2) 

0.7121( 1) 
0.6333(2) 
0.6768(2) 
0.4908(2) 
0.5969(2) 
0.4904( 2) 
0.4432( 2) 
0.7011(2) 

0.4654(1) 
0.5834( 1) 
0.9504( 0.5290(1) 1) 

0.8537( 1) 
0.8597( 1) 
0.8136(2) 

. . ~ . ~  

ciij 0.4889i3 j 
0.3176(3) 
0.5465(3) 

C(4) 
C(5) 
C(6) 0.8324/2) 

0.7952(1 j 
0.7072( 1) 
0.6415(1) 

0.6043i2 j 
0.5349(2) 
0.6513(2) 

c i7j  0.713ii2j 
0.5185(2) 8 0.6488(3) 

0.5374( 1) 
0.4096( 1) 
0.5514(1) 
0.940( 2) 
0.540( 1) 
0.453(1) 
0.995(1) 

0.7192(2) 
0.6590(2) 0.2102(2) 

0.540(3) 
C(10) 

0 . 3 5 ~ 2  j ' 
0.623(2) 
0.753(2) 
0.468(2) 
0.490i3j 
0.423(3) 
0.364(4) 
0.676(2) 
0.775( 2) 
0.550(2) 

0.768i2j 
0.848(2) 
0.783(3) 
0.754( 1) 
0.824( 1) 
0.759( 1) 
0.686(1) 
0.661(1) 
0.627( 1) 
0.359(2) 

0.440(3) 
0.514(3) 
0.859(3) 
0.952(3) 0.631 (2 j 

0.515(2) 
0.460( 2) 
0.757(2) 

Hi7aj 0.59iiij 
0.778(3) 
0.596(4) 
0.699(3) 

H i 7 8  
H(9a) 
H(9b) 0.398ii j 

0.431(1) H i 9 4  0.749(3 j 
SD in parentheses. 

lFcl)*; in the final refinement, the following weighting scheme was used: 
for form C, w = 0.24 for Fo = 0.0, w = 1.0 for 0 < Fo 5 11.0, and w = 
1.0/[1.0 + 0.112(Fo - ll.O)] for Fo > 11.0; for form D, w = 1.0 for 0 < Fo 
5 9.0 and w = 1.0/[1.0 + 0.235(Fo - 9.011 for Fo > 9.0. The final R-value 
was 0.049 for form C and 0.039 for form D. 

The final atomic positional and thermal parameters of form Dare given 
in Tables I1 and 111, respectively6. All numerical calculations were per- 
formed using the UNICS programs (6Y. Atomic scattering factors cited 
in the International Tables for X-ray Crystallography (7) were used. 

Measurement of Dissolution Rates of the Four Crystalline Forms 
in Deionized Water-A schematic drdwing of the dissolution apparatus 
is presented in Fig. 1. Deionized water (46 ml) was introduced into the 
dissolution chamber outside the cellulose dialysis membrane.8 Each 
crystalline form (20 mg, 44-74 pm in diameter), suspended in 4 ml of 

After the present determination and refinements of the form C crystal, an 
independent determination of this crystal form was reported by B. Prodic-Kojic 
and Z. Ruzic-Toms (10). Their structure is identical to ours; however, their crystal 
parameters are somewhat different. 

These calculations were carried out on an ACOS-700 computer at the Com- 
putation Center of Osaka Universit 

8 VisKing tube, Union Carbide 6. 

The reproducibilities of forms A, B, and C were very good, but that of form D 

Model 260-10, Hitachi infrared spectrometer, Japan. 
Model M8075, Rigaku Denki Co., Japan. 
Microflex, Model 4180D1, Rigaku Denki Co., Japan. 
Model AFC-5, Rigaku Denki Co., Japan. 

could not be warranted. 
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Table 111-Anisotropic Thermal  Parameters  (X lo4) of t h e  
Nonhydrogen Atoms of Form D * 

N(5j 122(3) 91(1) 30(1) 9(3) 19(2) -2(1) 
N(6) 120(3) 104(2) 56(1) 15(4) 34(2) 8(2) 
C(1) 194(4) 99(2) 33(1) -38(4) 9(3) 4(2) 
C(2) 176(3) 74(2) 28(1) -31(4) 32(2) -14(2) 
C(3) 173(4) 75(2) 31(1) -19(4) 29(2) -18(2) 
C(4) 220(5) 115(2) 50(1) -98(5) -15(3) -12(3) 
C(.5) 21.1(4) 79(2) 3N1) -2(4) 35(3) 1(2) _ \ _ ,  ---~., - - ~~I 

C(6) 157(3) 107(2) 28ilj 7i4j 5i2j ioi2j 
C(7) 171(3) 74(2) 29(1) 32(4) -1(2) 11(2) 

116(3) 58(1) 25(1) 2(3) 3(2) -13(1) E!tl 157(3) 107(2) 27(1) -9(4) 16(2) 13(2) 
C(l0) 140(3) 6S(l) 35(1) 2(3) 42(2) -6(2) 

0 The anisotropic temperature factors are expressed in the form: expl-(Bllh2 + B22k2 + &12 + Blzhk t B13hl + 823k131. SD in parentheses. 

deionized water, was introduced into the membrane. The test solution 
(550 ml) was placed into the reservoir; the total aqueous solution for 
measuring the dissolution rate constants was maintained a t  a volume of 
600 ml, in order to retain the sink condition (C << C,, where C is the 
concentration of the used sample and the C, is the saturated sample). 

The dissolution chamber was shaken at  200 strokedmin in an incubator 
at 37 f 0.5'. The aqueous solution was circulated with a pump a t  a flow 
rate of 9.0 ml/min; the dissolved amount of the drug as a function of time 
was continuously monitored using a UV spectrophotometer (220 nm). 

In addition to this method, the dissolution rate constants of forms A, 
B, and C were measured by the rotating disk method. These samples were 
tentatively measured using the compressed disks under several pressures: 
454,908,1362,1816, and 2270 kg/cm*. As the rates of these forms were 
almost unchanged within the range of 454-2270 kg/cm2, the experiment 
was carried out under the pressure that was suitable for making disks. 
The preparation of the disk samples did not affect the crystalline forms 
until a pressure of 4540 kg/cm2 was reached, as verified by IR spectra. 

All experiments were carried out under the following conditions. The 
compressed disk was attached to a holder of matched size in such a 
manner that only the bottom face of the disk was in contact with the 
deionized water; the other part of the disk was covered with paraffin. The 
holder (with disk) was attached to the shaft and set in a flask containing 
lo00 ml of deionized water; the flask was placed in a constant temperature 
bath (37 f 0.5"). The rotating velocity of the disk was 100 rpm. The 
dissolved amount of the sample was monitored as noted above. 

RESULTS AND DISCUSSION 

Melting Points and  IR Spectra of Four  Crystall ine Forms-The 
melting points of the four crystalline forms and their characteristic IR 
bands are summarized in Table IV. The IR spectra of crystalline forms 
A, B, C, and D corresponded to forms I, IV, 11, and I11 reported by Pro- 

+ -  I 
Recorder  

_ _ _ _ _ _ _ _ _  
photometer  

i o n  Chamber 

C e l l u l o s e  
d i a l y s i s  
membrane 

Figure I-Schematic drawing of the dissolution apparatus. 

Table IV-Melting Points and  IR Spectra of the Four  
Crystall ine Forms 

Crystal Melting Characteristic 
Form Form Point bands, cm-' 

A plate 149-152" 1210 1160 1025 800 

B needle 152-154' 2850 1430 1420 1220 

765 758 690 670 
605 560 540 

1190 1120 1040 650 
6.10 590 

C pyramid 81-830 35iO- 3400 3300 1180 
1170 1130 1110 880 
870 605 470 

D cube 146-147' 3400 3000 2920 2850 
1470 1210 1190 1180 
1160 1035 515 480 

dic-Kojic et al. (3). Form C had the characteristic band at 3510 cm-' 
corresponding to the hydroxyl group; its melting point was lower than 
that of the other forms, suggesting the presence of water of crystallization. 
The other crystalline forms, with melting points higher than form C, were 
anhydrous forms, indicative of the crystalline polymorphism of cimeti- 
dine. This point was also confirmed by measuring the X-ray powder 
patterns (Fig. 2). 

DTA and  T G  Profiles-Figures 3 and 4 show the DTA and TG pro- 
files of the four crystalline forms. In these profiles, the DTA and T G  
curves represent the thermal change and the percent of weight loss, re- 
spectively. In the DTA curves of forms €3 and D (Fig. 3), the endothermic 
peaks near 150" corresponded to the respective melting points. Exo- 
thermic reactions began near 185'. Although the thermal change behavior 
was similar, form D appears to be more loosely packed within the crys- 
talline lattice because i t s  endo- and exothermic peaks were smaller than 
those of form B. This idea is also supported by the difference of their 
densities [Dm = 1.351(2) g-cm-3 for form B and Dm = 1.310(1) g - ~ m - ~  
for form C]. 

In the DTA curve of form A (Fig. 4), the endothermic peak near 150' 
was larger than that of forms B and D. As is obvious from the T G  curve 
below 150°, form A crystal is thermally quite stable; decomposition begins 
a t  a temperature >200'. These data suggest that  the molecular packing 
mode of form A is thermodynamically more stable than that of forms B 
and D. 

On the other hand, the DTA and TG curves of form C were very dif- 
ferent; there were two endothermic peaks near 80' and 150' in the DTA 
curve. In the TG curve at SO', which corresponds to the melting point 
of this form,.the weight loss of one water molecular per cimetidine mol- 
ecule was observed. Above go', the DTA and T G  curves of form C were 
identical to those of form A, suggesting that the structural change of form 
C to form A was due to the release of water of crystallization. This point 
was also confirmed by measuring the IR spectra and the X-ray diffraction 
patterns. 

Molecular Structure  of Cimetidine in Crystalline Form D-Figure 
5 shows the bond lengths and angles of form D with their atomic num- 

X-ray X-ray 

I .  I .  

X-rav X-rav 

J i o  i o  i o  iocze) Iio i o  i o  i o ( 2 e )  
FORM C FORM D 

Figure 2-X-ray powder pat terns of the four crystalline forms (20'). 
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Figure 3-Differential thermal analysis (DTA) and thermogravimetric 
(TG) curves of forms B (-) and D (- - - -). 
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Figure 4-Differential thermal analysis (DTA) and thermogravimetric 
(TG) curves of forms A and C. The X-ray powder patterns of form C and 
dehydrated form C on heating to 100' are also shown (insets). 

bering. The equations of the least-squares planes for the imidazole ring, 
C(2)-C(5)-S, S-C(6)-C(7)-N(3), and the guanidine group, the 
displacement of individual atoms from these planes, and the dihedral 
angles between the planes are listed in Table V. A stereoscopic drawing 

Table V-Optimal Planes and Deviations (A) of Individual Atoms 

Figure 5-Bond lengths (A) and angles (") of the nonhydrogen atoms 
of form D (with SD in parentheses). 

B b 

Figure 6-Stereoscopic drawings of the molecular conformation of form 
D projected onto the imidazole ring. 

of the molecule, projected onto the imidazole ring, is presented in Fig. 
6. 

Although the observed bond angles were in agreement with those of 
related histamine Hz-receptor antagonists within their estimated stan- 
dard errors, the bond length of the thioether linkage in form D, C(5)-S 
(1.804 A), was significantly shorter than that of form A (1.828 A) (8), form 

Equations of the best planes expressed by mlr  + m7y + m g  = d in the orthogonal space 
Plane ml mz m3 d 

I Imidazole rine 0.60174 -0.43525 -0.66967 - 10.13240 - 
I1 C(2)C(5)S 
111 SC(6)C(7)N(3) 
IV Guanidine group 

0.20995 
0.93047 
0.18502 

0.65007 
0.26603 
0.85315 

0.73029 
-0.23191 

0.48775 
Deviations (A) from the best plane 

I Imidazole Ring I1 C(2)C(5)S I11 SC(6)C(7)N(3) IV Guanidine Group 
0.004(3) C(2)* O.Ooo(0) S* -0.008(1) cW* 0.006(2) 

-0.002(2) C(5)* 0.000(0) C(6)* 0.366(3) N3)*  -0.002(2) 
S* 0.000(0) C(7)* -0.295( 2) M4)* -0.002(2) 0.003(2) 

-0.003(2) C(3) -0.828(3) N(3)* 0.093(2) N(5)* -0.002(2) 

C(U* 
C(2)* 
C(3)* 
NO)* 
N(2)* -0.004(2) N(2) 0.888(4) C(8) -0.728(3) C(7) -0.014(3) 
C(4) 0.009(4) C(6) -1.255(4) C(5) -1.759(2) C(9) -0.166(3) 

-0.232( 3) 0.012(3) C(l0) 
W1) -0.030( 23) N(6) -0.444(4) 
C(5) 

WN1) -0.047(27) H(N3) 0.106(19) 
H(N4) 0.153( 20) 

Dihedral angles (') between the best planes 
I1 111 IV 

I 49.8(1) 52.2( 1) 54.1(1) 
I1 79.4(1) 18.3( 1) 
I11 74.0(1) 

~~ 

a Atoms with asterisks define the plane in each case. 
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B B 

Figure 7-Stereoscopic drawings of the molecular packing of form D, 
viewed along the a-axis. For the sake of clarity, the hydrogen atoms are 
omitted. The dotted lines represent the hydrogen bonds. 

C (1.825 A), metiamide (1.828 A)  (9). and N-12-[(imidazol-4-yl)methyl- 
thiolethyll-N"-methylthiourea (thiaburimamide) (1.829 A) (9); the 
C(8)-N(5) bond length of the guanidine group (1.337 A) is also shorter 
than that of form A (1.346 A)  and form C (1.343 A). As in the related 
molecules, the imidazole ring of this crystal is planar with a maximum 
shift of 0.004 A for the C(1) and the N(2) atoms; and C(4) and the C(5) 
atoms lie almost on this plane. The guanidine group is also planar with 
a maximum deviation of O.006 A for the C(8) atom; the C(7) atom lies 
essentially on the plane. 

As is obvious from Fig. 6, the molecule can be characterized by its 
spiral-shaped conformation. The dihedral angle between the imidazole 
ring and the guanidine group is S4.1(1)'; both moieties are linked to each 
other by the C(5)-S-C(6)-C(7)-N(3) bond sequence manifesting 
the spirally curled arrangement with an -360' rotation. 

Crystal  Packing of Crystalline Form D-The molecular packing 
viewed down the a-axis is shown in Fig. 7; the hydrogen bonding pa- 
rameters and the short contacts <3.S A are listed in Table VI. The mol- 
ecules are linked uia intermolecular hydrogen bonds with the imidazole 
and guanidine nitro en atoms of neighboring molecules, N(l)-H(Nl) 
- - -N(6)  = 2.988(2) $; and N(3)-H(N3)---N(6) = 2.959(2) A, thereby 
forming head-to-tail molecular arrangements in the b -  and c-directions. 
Many short contacts were observed between neighboring imidazole rings, 
between neighboring guanidine groups, and between the neighboring 
imidazole ring and guanidine group. These short contacts stabilize the 
molecular packing in the crystal. 

Molecular and  Crystal  S t ruc tu re  of Form C-Since the present 
crystal determination showed the molecular and crystal structure of form 
C to be identical with that reported by Prndic-Kojic and Ruzic-Toros (lo), 
the structural features observed in the crystal will be presented briefly. 
The molecular conformation in this crystal is characterized by the folded 
form resulting from the weak stacking interaction between the imidazole 
and guanidine moieties. The dihedral angle between both planes is 
10.8(2)'; their mean interplanar spacing is 3.676 A. This conformation 
is further stabilized by the hydrogen bond formed by the water of crys- 
tallization "(1)- - -0 = 2.383(7) A, N(6)- - -0 = 3.064(8) A]. In the crystal 
packing, the water of crystallization is further hydrogen bonded to the 
N(2) atom of the neighboring imidazole ring [ N ( 2 ) - - - 0  = 2.800 (7)  A]. 
The infinite double layers, found by these three hydrogen bonds by water 

Table VI-Hydrogen Bonds and  Short  Contacts <3.5 A a  

FORM A 

FORM 0 

FORM C 
Figure  8-Comparison of the molecular conformations of forms A, C, 
and r)  projected onto the imidazole ring. 

Table VII-Comparison of t h e  Torsion Angle of the Cimetidine 
Molecule Observed in Crystall ine Forms A, C, and D 

FormA FormC FormD 
~ ~ ~~~ ~ 

N(2)-C(2)-C(5)-S -73.1 70.5(6) 49.4(2) 
C(3)-C(2)-C(5)-S 108.3 -106.6(6) -129.5(2) 
C(2)-C(5)-S-C(6) 61.3 59.8(5) -45.4(2) 
C(5)-S-C(6)-C(7) 61.2 138.5(4) 69.2(2) 
S-C(6)-C(7LN(3) 184.3 68.6(5) 60.7(2) 
C(6)-C(7)-N(3)-C(8) 92.1 76.2(7) 110.8(2) 
C(7)-N(3)-C(8)-N(4) -8.8 178.5(5) -179.1(2) 

-2.1(8) -0.2(2) C(7)-N(3)-C(8)-N(5) 172.6 1.0(9) -7.2(3) 
N(3)-C(8)-N(4)-C(9) 171.8 
N(3)-C(8)-N(5)-C(lO) -12.5 175.5(5) 168.0(2) 

Table  VIII-Intramolecular Distances (A) Between the N(2) 
Atom of t h e  Imidazole Ring and  the Nitrogen Atom of the 
Cyanoguanidine Group 

Form A FormC FormD 

4.090 3.914(7) 5.584(2) 
2.881 3.836(7) 7.378(2) 
5.061 4.416(8) 5.737(2) 

Orientation between the 
imidazole ring and the 
cyanoguanidine group gauche gauche trans 

of crystallization and a N(6)--  -N(3)  hydrogen bond [3.034(8) A], are 
arranged parallel to the a -  and b-directions and are held together by van 
der Waals contacts in the c-direction. 

Molecular Conformations Observed in  Forms A, C, and  D and 
The i r  Biological Implications-The molecular conformations and 
selected torsion angles observed in the crystal structures of forms A, C, 
and D are presented in Fig. 8 and Table VII. Since forms A, C, and D were 

Hydrogen bonds 
Distance. 8, 

D- - - A  2.968(2) 
H -  - -A 2.08(3) 
D- - -A  2.959(2) 
H - - - A  2.17(2) 

Short contacts (A) < 3.5 A 
3.30- N(3)--C(8)" 
3.312(3) N(4)-C(7)" 
2.926(2) C(8)-C(8)" 
3.432(2) C(S)--N(6)*' 

Angle, O 

D-H---A 175(2) 

D-H---A 156(1) 

3.476(2) 
3.490(2) 
3.492(2) 
3.447(3) 

Roman numerals denote the following equivalent positions relative to the reference molecule at x y . z :  (I)  1/2 - x,  -1/2 + y ,  3/2 - z ;  (11) 1 + x,y,z;  (111) 1 - x.1 - y,2 
- z ;  (IV) 1/2 + x,3/2 - y.1/2 + Z ;  ( V )  1 - x.1 - y.1 - z .  S D  in parentheses. 
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Figure 9-Dissolution profiles of the four crystalline forms in particle 
systems and those of the three crystalline forms in disk systems 
(inset). 

MINUTES 

prepared from aqueous solutions at different sample concentrations, the 
energetic stability of their molecular conformations (Fig. 8) appears to 
be the same. The conformations of forms A, C, and D are characterized by 
an intramolecular hydrogen bond formation, leading to the formation 
of a stable 10-member ring (form A), by a weak stacking interaction be- 
tween the imidazole and guanidine moieties which is further stabilized 
by the hydrogen bond formation by water of crystallization (form C), and 
by a spiral conformation (form D). 

Based on extended Huckel molecular orbital calculations of various 
related agonists, Kier (11) proposed that the conditions necessary for the 
Hn-receptor activity of histamine are: ( a )  distance between the N(2) atom 
of the imidazole ring and the nitrogen atom of the side chain is near 3.6 
A and (6) the orientation of the nitrogen atoms with respect to the im- 
idazole ring isgauche. Durant et al. (12) reported that the introduction 
of an unchanged side chain such as the cyanoguanidine group into the 
imidazole ring is more effective for binding to the histamine Hz-re- 
ceptor. 

Table VIII lists the intramolecular distances between the N(2) atom 
of the imidazole ring and the N(3), N(4), or N(5) atom of the cyano- 
guanidine group, and the orientation between the two moieties in the 
cimetidine molecules. The gauche orientation of the guanidine group with 
respect to the imidazole ring is observed in forms A and C; their intra- 

Table IX-Effects of Four  Crystalline Forms for  Stress 
Ulceration in Rats 

~~ 

Mean Area of Inhibition 
Dose, mgkg Ulcer, mm2 Rate, % 

Control 22.3 f 4.3 
Form A 

12.5 
25.0 
50.0 

6.9 f 2.1 
5.9 f 2.4 
3.4 f 2.3 

Form B 
12.5 8.7 f 4.8 
25.0 3.2 f 1.1 
50.0 3.6 f 2.2 

12.5 2.8 f 1.7 
25.0 3.2 f 1.1 
50.0 2.2 f 0.9 

12.5 8.0 f 2.6 

Form C 

Form D 

a p < 0.05 relative to the same dose of form A or B. 

69.3 
73.7 
84.4 

60.8 
85.5 
84.0 

87.4“ 
85.8 
90.4 

64.1 

molecular N-N distances are in the range of2.881-5.0618, for form A 
and 3.836(7)-4.416(8) 8, for form C. On the other hand, form D takes a 
trans orientation; the distance in this form ranges from 5.584(2) to 
7.378(2) 8,. According to the proposal of Kier ( l l ) ,  the molecular con- 
formation of form A or C would probably be the conformation necessary 
for effective binding to the histamine Hz-rece tor The conformation of 
form C, which has an N-N distance of -3.6 1 and gauche orientation, 
appears to be the most highly preferred conformation for binding to the 
active site of the receptor, although the energetically stable 10-member 
ring of form A, effected by an intramolecular hydrogen bond, was also 
found in the related H2-receptor antagonists, metiamide (9) and N44- 
(imidazol-4-yl)butyl]-N’-methylthiourea (burimamide) (13). 

Dissolution Rates of the Four Crystal Forms and Their Efficacy 
in Preventing Stress Ulceration-The dissolution profiles measured 
by disk and particle methods are shown in Fig. 9. The rotating disk 
preparation was carried out under a pressure of 1362 kg/cm’. The dis- 
solution rate constants of forms A, B, and C were 0.81(6), 0.74(4), and 
1.24(6) mg/cm2/min, respectively; that of form C is -1.53 and 1.68 times 
greater than those of forms A and B9. In the particle system, the disso- 
lution rate can be expressed in terms of the Hixson-Crowell law (14), 
W01/3 - W1’:’ = Kt, where WO is the initial weight of drug, W is the un- 
dissolved weight a t  time t ,  and K is the apparent dissolution rate con- 
stant. Up to 40 min, the profiles appear to be linear, suggesting that ap- 
plication of the Hixson-Crowell law is valid for measuring the dissolution 
rate of cimetidine. The dissolution rate constants of form A, B, C, and 
D during the 40-min period were 1.16(4), 0.79(1), 1.50(5), and 0.88(6) X 

mg’l3/min, respectively. The rate constant for form C is -1.29,1.70, 
and 1.90 times greater than those for forms A, D, and B, respectively. The 
results obtained by these two different methods show clearly that form 
C is more soluble in deionized water than the other forms. This rela- 
tionship has also been observed in the difference of their solubilities 
[5.4(1), 4.7(1), 5.8(1), and 5.0(1) g h t e r  for forms A, B, C, and D, respec- 
tively, at 25O] and in gastric juicelo. 

The effect of the four crystalline forms on rat gastric ulcers produced 
by restraint and water-immersion stress was also examined”. The ani- 
mals received a peroral dose of 12.5,25.0, or 50.0 mg/kg of the respective 
crystalline form before water immersion. The inhibition rate of the drug 
on the development of stress ulcers was calculated as follows: 

Mc - Mt Inhibition rate (%) = 100 x ~ 

Mc 
where Mc is the mean of the total ulcer area for rats in the control group 
(n  = 12) and Mt is the mean of the total ulcer area in the test groups (n 
= 6/crystalline form). The Student’s t test was used to determine the 
statistical significance of data obtained in this study. The results are given 
in Table IX; full details of this experiment will be reported elsewhere. 
Form C, especially a t  the lower dose which corresponds to that used 
clinically, exhibited significant inhibition of stress ulceration: results of 
the t test at the 12.5-mg/kg dose showed that form C was significantly 
more effective than forms A, B, and D. 
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Abstract Sizable volume shifts can occur during equilibrium dialysis. 
This net movement of water, presumably caused by the osmotic effect 
of plasma proteins, reduces the concentration of binding proteins. In this 
paper the theory of protein binding estimation is extended, equations 
are developed for calculating the unbound and bound drug concentrations 
a t  dialysis equilibrium by correcting for the dilution of the proteins, and 
the equations are applied to a study of prednisolone. T o  demonstrate the 
importance of correcting for the volume shift, the parameters of a model 
in which prednisolone binds to corticosteroid-binding glahulin, a protein 
with a limited capacity, and albumin were estimated. Unbound and 
bound concentrations were determined by correcting for both volume 
shifts (average 31%) and loss of drug to the buffer side, by correcting only 
for loss of drug to buffer side, and by making no correction a t  all (the usual 
method of treating equilibrium dialysis data). The error introduced by 
neglecting volume shifts was analyzed by comparing the parameter values 
obtained using the three methods. The results confirm the need to adjust 
for volume shifts and imply that reported binding constants obtained 
by equilibrium dialysis may be in error for many substances. 

Keyphrases Equilibrium dialysis-measurement of protein binding, 
effect of volume shifts, theoretical model, application to prednisolone 
in humans Protein binding-determined by equilibrium dialysis, effect 
of volume shifts, theoretical model, application to prednisolone in humans 

Prednisolone-protein binding as determined by equilibrium dialysis, 
effect of volume shifts, application of theoretical model, humans 

Binding of drugs to plasma proteins is important in 
pharmacokinetics and pharmacodynamics. Equilibrium 
dialysis is commonly employed for estimation of binding, 
but it has limitations. With the introduction of translucent 
cells, it has become evident that sizable volume shifts occur 
across the dialysis membrane. We have investigated the 
importance of these volume shifts in the estimation of 
plasma protein binding parameters and have developed 
a procedure to correct for them. The procedure is applied 
to a study of prednisolone in humans. 

The binding of prednisolone in plasma is thought to 
involve two proteins, corticosteroid-binding globulin 
(transcortin) and albumin. In the range of concentrations 
associated with therapy (11, the plasma protein binding 
of prednisolone is concentration dependent largely because 
of saturable binding to sites on corticosteroid-binding 
globulin. I t  has been shown in uitro that glucocorticoid 

activity is a function of unbound concentration and that 
the activity can be altered by the addition or removal of 
the globulin (2). Definition of concentration-effect rela- 
tionships for prednisolone, therefore, requires the ability 
to estimate unbound prednisolone concentrations. Esti- 
mates of unbound concentration in uiuo can be obtained 
by measurement of total prednisolone concentration 
(bound plus unbound) and application of a suitable model 
for predicting the unbound concentration from the total 
concentration. 

There are several complications in the use of equilibrium 
dialysis to estimate plasma protein binding. These include 
binding of drug to the dialysis cell or membrane, transfer 
of substantial amounts of drug from the plasma to the 
buffer side of the membrane, and osmotic volume shifts 
of fluid to the plasma side. Some of these problems have 
been discussed elsewhere (3). In this paper, a method is 
described for calculating the magnitude of osmotic volume 
shifts and for estimating the parameters that reflect 
binding in uiuo. 

THEORETICAL 

Figure 1 is a schematic representation of equilibrium in a dialysis device 
containing plasma on one side and buffer solution on the other, with and 
without a volume shift. The volume of the plasma side is increased and 
the buffer side is decreased, because of a net osmotic transfer of water 
across the membrane. Osmotic equilibrium may or may not be reached 
at  the time equilibrium is virtually achieved with respect to the drug. The 
derivations which follow assume conservation of the mass of prednisolone 
in the system and of the total volume of the two half-cells. Symbols and 
abbreviations are defined in Appendix I. 

Conservation of Volume-The total volume of the cell is unchanged 
by dialysis; therefore: 

v p +  vg= vp+ vg 
(Eq. 1) (before) (after) 

Letting 6 be the fractional increase in Vp due to osmotic water shift, 
then: 

vp = Vp(1 + 6 )  (Eq. 2) 

and 
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Abstract Sizable volume shifts can occur during equilibrium dialysis. 
This net movement of water, presumably caused by the osmotic effect 
of plasma proteins, reduces the concentration of binding proteins. In this 
paper the theory of protein binding estimation is extended, equations 
are developed for calculating the unbound and bound drug concentrations 
a t  dialysis equilibrium by correcting for the dilution of the proteins, and 
the equations are applied to a study of prednisolone. T o  demonstrate the 
importance of correcting for the volume shift, the parameters of a model 
in which prednisolone binds to corticosteroid-binding glahulin, a protein 
with a limited capacity, and albumin were estimated. Unbound and 
bound concentrations were determined by correcting for both volume 
shifts (average 31%) and loss of drug to the buffer side, by correcting only 
for loss of drug to buffer side, and by making no correction a t  all (the usual 
method of treating equilibrium dialysis data). The error introduced by 
neglecting volume shifts was analyzed by comparing the parameter values 
obtained using the three methods. The results confirm the need to adjust 
for volume shifts and imply that reported binding constants obtained 
by equilibrium dialysis may be in error for many substances. 
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Binding of drugs to plasma proteins is important in 
pharmacokinetics and pharmacodynamics. Equilibrium 
dialysis is commonly employed for estimation of binding, 
but it has limitations. With the introduction of translucent 
cells, it has become evident that sizable volume shifts occur 
across the dialysis membrane. We have investigated the 
importance of these volume shifts in the estimation of 
plasma protein binding parameters and have developed 
a procedure to correct for them. The procedure is applied 
to a study of prednisolone in humans. 

The binding of prednisolone in plasma is thought to 
involve two proteins, corticosteroid-binding globulin 
(transcortin) and albumin. In the range of concentrations 
associated with therapy (11, the plasma protein binding 
of prednisolone is concentration dependent largely because 
of saturable binding to sites on corticosteroid-binding 
globulin. I t  has been shown in uitro that glucocorticoid 

activity is a function of unbound concentration and that 
the activity can be altered by the addition or removal of 
the globulin (2). Definition of concentration-effect rela- 
tionships for prednisolone, therefore, requires the ability 
to estimate unbound prednisolone concentrations. Esti- 
mates of unbound concentration in uiuo can be obtained 
by measurement of total prednisolone concentration 
(bound plus unbound) and application of a suitable model 
for predicting the unbound concentration from the total 
concentration. 

There are several complications in the use of equilibrium 
dialysis to estimate plasma protein binding. These include 
binding of drug to the dialysis cell or membrane, transfer 
of substantial amounts of drug from the plasma to the 
buffer side of the membrane, and osmotic volume shifts 
of fluid to the plasma side. Some of these problems have 
been discussed elsewhere (3). In this paper, a method is 
described for calculating the magnitude of osmotic volume 
shifts and for estimating the parameters that reflect 
binding in uiuo. 

THEORETICAL 

Figure 1 is a schematic representation of equilibrium in a dialysis device 
containing plasma on one side and buffer solution on the other, with and 
without a volume shift. The volume of the plasma side is increased and 
the buffer side is decreased, because of a net osmotic transfer of water 
across the membrane. Osmotic equilibrium may or may not be reached 
at  the time equilibrium is virtually achieved with respect to the drug. The 
derivations which follow assume conservation of the mass of prednisolone 
in the system and of the total volume of the two half-cells. Symbols and 
abbreviations are defined in Appendix I. 

Conservation of Volume-The total volume of the cell is unchanged 
by dialysis; therefore: 

v p +  vg= vp+ vg 
(Eq. 1) (before) (after) 

Letting 6 be the fractional increase in Vp due to osmotic water shift, 
then: 

vp = Vp(1 + 6 )  (Eq. 2) 

and 

1442 I Journal of Pharmaceutical Sciences 
Vol. 72. No. 72, December 1983 

0022-35491831 1200- 1442$0 1.OOlO 
@ 1983, American Pharmaceutical Association 



NO VOLUME S H I F T  
Plasma Buffer 

I 
I 
I 

I 

BOUND 

11 
UNBOUND UNBOUND 

I 

W I T H  VOLUME S H I F T  
Plasma Buffer 

\ 
\ 
\ 
\ 

BOUND ' I 
UNBOUND UNBOUND 

I 1L. I 

Figure 1-Schematic diagram of a dialysis cell a t  equilibrium with 
respect to drug distribution. Whether there is a volume shift (on right) 
or not (on left), the unbound concentrations on both sides of the mem- 
brane (- - -) are identical. The amount bound on the plasma side is un- 
changed, but the bound Concentration on the plasma side is decreased 
as the fluid shifts from the buffer side to the plasma side. 

VB= VB- Vp .6  (Eq. 3) 

Conservation of Mass-The total amount of drug is unchanged by 
dialysis; therefore (CpVp + C~.VB) (before) = (C'p-V'p + Cb-V'B) (after), 
where Ch is the concentration of labeled drug added to the buffer before 
dialysis. Substituting for vp and VB using Eqs. 2 and 3 gives CpVp + 
C ~ - V B  = CP*Vp(l + 6 )  t C ~ ( V B  - Vp.6). Therefore: 

cp = (Eq. 4) 
cpvp + C$vB 

C' 
CP 

Conservation of Radiolabel-When radiolabeled drug is added to 
the buffer side before dialysis to produce a concentration Of  DB disinte- 
grations/min/ml, then the concentration of radioactivity on the plasma 
and buffer sides after dialysis are D'p and DB, i.e., DR-VB (before) = 
(Db*V'p + DB'VB) (after). Substituting for G, and V'' using Eqs. 2 and 
3 and solving for 6: 

Vp(1 + 6) + ( V B  - VP * 6 )  

R .  (DB - Db) - D; 
D; - DB 

6 =  (Eq. 5) 

where R is the ratio of VB to Vp. 
After dialysis, the ratio of unbound drug concentration to total drug 
concentration (CaC'p) is the same as the ratio of the radiolabel concen- 
trations (DbID;); therefore, Eq. 4 can be simplified by substituting Eq. 
5 for 6 and by replacing C,/C, with DbIDp, giving: 

( C p + C h * R )  DP .- 
R DB 

cp = 

and 

(Cp+Ci).R) DB .- 
R DB 

c, = 

(Eq. 6) 

The bound concentration on the plasma side, Cindy is then obtained from 
the difference between C, and C,: 

Volume Shift  Correction-The amount of drug bound to plasma 
proteins depends, among other factors, on the amount of binding proteins 
present and the unbound concentration. At dialysis equilibrium the shift 
in volume from the buffer side to the plasma side is simply the transfer 
of buffer solution, containing drug a t  the unbound concentration, from 
the buffer to the plasma side as shown in Fig. 1. This transfer does not 
change the unbound concentration, but the bound concentration on the 
plasma side is decreased by the transfer of fluid. The amount of binding 
protein is not influenced by the transfer nor is the unbound equilibrium 
concentration; therefore, the total amount bound is the same with or 
without a volume shift. 

The theoretical basis of this conclusion has been previously reported 
(4) for the method of ultrafiltration. In ultrafiltration, plasma filtrate 
contains drug at  the same concentration as that  unbound in the plasma. 
Continued filtration concentrates the protein and the bound drug, but 
the amount of drug bound remains unchanged. In contrast to ultrafil- 
tration, a volume shift in equilibrium dialysis produces a decrease in the 
protein and bound drug concentrations as a result of the net transfer of 
water and unbound drug to the plasma side. In both cases, the concen- 
tration of unbound drug remains the same. 

Conservation of Amount Bound-The amount bound postdialysis 
is Cbnd-vp. From the argument in the previous paragraph, the amount 
bound if no volume shift had occurred would have been the same. 
Therefore: 

Cf&d v p  = cbnd * v, (Eq. 9) 
where cf& is the bound drug concentration expected had no volume shift 
occurred. Substituting for V'p from Eq. 2 and simplifying: 

(Eq. 10) 
Now substituting for C,,, from Eq. 8 and for 6 from Eq. 5: 

Nonlinear Binding-The sum of the estimates of the unbound (Eq. 
7) and bound (Eq. 11) concentrations gives the expected total drug con- 
centration in the plasma postdialysis had no volume shift occurred. This 
value is not the same as the drug concentration in plasma before dialysis, 
because some drug had been transferred to the buffer during dialysis. T o  
predict the bound and unbound concentrations in the original plasma 
sample, an appropriate protein binding model, such as the one below (5), 
must be used: 

(Eq. 12) 

where CAP1 and CAP2 are the binding capacities of two classes of binding 
protein sites with equilibrium dissociation constants Kdl and Kd2, re- 
spectively. If the concentrations of the binding proteins are measured, 
CAP1 and CAP2 can be expressed as nl-P, and nyP2, where PI and Pz 
are the concentrations of the binding proteins ( P I  = Po if both classes 
of binding sites are on the same protein) and nl and n2 are the numbers 
of the respective binding sites in each class. If the protein concentrations 
are not measured, the binding capacities are best expressed as CAP1 and 

If Kd >> C, (as is the case for prednisolone), the model expressed by 
c.4P2. 

Eq. 12 reduces to: 

(Eq. 13) 

where s is a constant (CAPZ/Kd2). 
Once the parameters of a model such as Eq. 12 are estimated, the un- 

bound (c,) and bound (Cbnd) concentrations in the original plasma 
sample can be determined by simultaneous solution of Eq. 13 and the 
relationship, cp = Cbnd + c,. The unbound and bound concentrations 
are then: 

(Eq. 14) 
Cp-L + J(Cp -L)' + M * Cp 

N 
c, = 

and 

Cbnd = CP - cu (Eq. 15) 

where L = S*Kdl + CAP1 + Kdl, M = 4*Kdl.(S + l), and N = 24s 
1). 

Other  Dialysis Systems-The expressions for the unbound (Eq. 7) 
and bound (Eq. 11) postdialysis concentrations corrected for volume shift 
are simplified if the initial plasma and buffer volumes are equal, as shown 
in Appendix 11. The relationships for measurement of protein binding 
when no radiolabel is added are given in Appendix 111. Appendix IV 
provides appropriate relationships for calculating the fraction unbound, 
a binding parameter commonly used in pharmacokinetics. 

Error  Introduced by not Recognizing Volume Shifts-The method 
described above (method I) accounts for volume shifts and for movement 
of drug from the plasma to the buffer side during dialysis. Behm and 
Wagner (3) proposed a method for calculating the value of Cp with the 
assumption that no volume shift occurs, but accounting for movement 
of drug from plasma to buffer. On rearrangement and accounting for 
added radiolabel, their method (method 11) becomes: 

( C p + C h * R )  
1 + f d * R  

cp = (Eq. 16) 

where f,,' is the ratio of concentrations of drug (or radiolabel) in the buffer 
cell to the,plasma cell after dialysis (C&, or D&Dp). Unbound (C,) and 
bound (Cbnd) concentrations are: 

c, = cp .f,' (Eq. 17) 

Cb", = CP (1 - fu ' )  (Eq. 18) 
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A third method (method 111) commonly used for protein binding 
measurements (6), ignores both the volume shift and the shift of drug 
from the plasma cell to the buffer cell. The unbound and bound con- 
centrations are then given by: 

- (Eq. 19) 

(Eq. 20) 

r 

EXPERIMENTAL 

Nine patients who had received kidney transplants volunteered for 
a comparative bioavailability study of prednisone and prednisolone oral 
tablets uersus intravenous prednisolone (1). Plasma samples obtained 
from this study were stored a t  - 7 O O  before analysis by high-performance 
liquid chromatography (HPLC) for total prednisolone concentration 
(7). 

The protein binding of prednisolone was determined by equilibrium 
dialysis, using acrylic plastic equilibrium dialysis cells' with a 1-ml 
maximum capacity/cavity. The membrane employed2 had a molecular 
weight cut-off of 12,OOO-14,M)O.One-half milliliter of plasma was equil- 
ibrated against 0.5 ml of Krebs-Ringer buffer, (pH 7.4,0.153 M), con- 
taining 4.5 ng of [6,7-(n)-3H]prednisolone (specific activity 43 Ci/ 
mmole)3. Dialysis was continued for 16 hr in a shaking incubator4 a t  a 
water temperature of 37". One-tenth milliliter of dialyzed plasma and 
0.1 ml of dialyzed buffer were then transferred to individual glass scin- 
tillation vials, to which was added 10 ml of scintillation fluid5. After 
shaking, the vials were counted in a scintillation countefi. The counting 
efficiency was determined by the channels-ratio method of quench cor- 
rection. Additional correction was made for background counts. The 
purity (98%) of the radioactive prednisolone was confirmed by TLC and 
prednisolone was found to be stable in the dialysis cell during the equil- 
ibration period. 

The bound and unbound concentrations after dialysis were computed 
after correction for volume shift (method I, Eqs. 7 and 11 ), by the method 
proposed by Behm and Wagner (3) (method 11, Eqs. 17 and 18), and by 
the standard method (method 111, Eqs. 19 and 20). The fractional increase 
in the plasma cell volume was calculated using Eq. 5. These calculations 
were performed using the PROPHET computer system (8). The binding 
parameters of Eq. 13 were estimated using MKMODEL (9) and un- 
weighted nonlinear least-squares regression (10,11). 

RESULTS AND DISCUSSION 

The distribution of volume shifts was estimated from 388 samples used 
in this study (Fig. 2). The mean volume shift was 0.31 f 0.15 (mean f 
SD) .  There was no correlation between volume shift and predialysis 
prednisolone concentration. On dialysis of the radiolabel in buffer against 
an equal volume of buffer, there was no volume shift and negligible 
binding (<2%) to cell walls or membrane. The binding parameters esti- 
mated in the samples from the intravenous and two oral studies by each 
of the three methods are shown and compared in Table I. The relatively 
large standard deviations mostly reflect interindividual differences. 

Figure 3 shows the fit of the model (Eq. 13) to bound and unbound 
concentrations obtained by method I from an individual subject. Using 
average parameter values, graphs of bound against unbound concen- 
trations were simulated (Fig. 4) using MKMODEL (7). In a similar 
fashion, the unbound concentrations predicted by the binding parameters 
from each method were plotted as a function of total concentration (Fig. 
5). Finally, the unbound fraction was calculated for each method as a 
function of the total concentration (Fig. 6). 

Measurement of drug (or radiolabel) on the plasma side after dialysis 
is not required when using the volume correction method. However, this 
measurement can be used to estimate the magnitude of the volume shift. 
A mean volume shift of 31% was estimated with the aforementioned di- 
alysis conditions. The most likely cause of the shift is the osmotic effect 
of the impermeable plasma proteins; its magnitude is presumably con- 
trolled by the duration of dialysis, the concentration of protein, the area 
and thickness of the membrane, and other factors that determine the rate 
of osmotic equilibration. 

~ ~~ 

Technilab Instruments. 

Dubnoff Metabolic Shaking Incubator; Precision Scientific Co., Chicago, 111. 
Aquasol, New England Nuclear. 
Model 3320, Packard. 

* Spectrapor No. 2. Spectrum Medical. 
3 Amersham Corp. 

120 

El 
9 

40 .: 0 0 

VOLUME SHIFT 

Figure 2-Distribution of volume shifts (expressed by the fractional 
increase in V,) calculated using Eq. 5 for 388 protein binding mea- 
surements. The statistics of the distribution are: N = 388; mean f SD 
= 0.31 f 0.15; median = 0.29;geometric mean = 0.27;range = 0.00550.86; 
skewness = 0.91; kurtosis = 1.03. 

Failure to recognize and compensate for volume shifts in equilibrium 
dialysis can be a serious source of error. For example, if the volume shift 
determined in this study had been ignored, the pharmacokinetic pa- 
rameters, clearance, and volume of distribution based on the unbound 
concentration, would have been underestimated by -30%. 

We contend that the proposed method (method I) for estimating the 
concentration of bound and unbound drug after equilibrium dialysis is 
superior to the other methods. This contention is based on the extension 
of the theoretical basis for equilibrium dialysis outlined in Theoret- 
ical. 

I t  is clear from Table I that  estimates of protein binding parameters 
are dependent on the method chosen for calculation of bound and un- 
bound concentrations. The disparity between the predictions based on 
these parameter estimates, for bound as a function of unbound concen- 
tration and for unbound concentration or fraction unbound as a function 
of total drug concentration, are shown in Figs. 4-6. These differences are 
largely explained by the failure of methods I1 and I11 to account for the 
shift of fluid between the dialysis chambers. 

The proposed method corrects for volume changes whether nonlinear 
binding is absent or present. The method is potentially required for any 
substance, drug or hormone, whose binding is estimated by equilibrium 
dialysis. Furthermore, the results of this study imply that all equilibrium 
dialysis binding data in the literature may be in error t o  the extent that  
volume shifts occurred and were ignored. 

APPENDIX I: GLOSSARY OF TERMS 

Volume Terms 
Vp 
up 
V B  
Vk 
R 
d 

Volume before dialysis on plasma side of dialysis cell 
Volume after dialysis on plasma side of dialysis cell 
Volume before dialysis on buffer side of dialysis cell 
Volume after dialysis on buffer side of dialysis cell 
Ratio of Vg to  Vp 
Fractional increase in Vp due to volume change during dial- 

ysis 

Concentration Terms 
Cp 

C', 
C ,  

cknd 
Ctnd  

Cbnd 
C ,  
Cb 

Total plasma drug concentration before dialysis, including 

Total drug concentration on plasma side after dialysis 
Drug concentration after dialysis on buffer side (unbound drug 

Bound drug concentration on plasma side after dialysis 
Bound drug concentration that would have been observed 

Bound drug concentration in plasma before dialysis 
Unbound drug concentration in plasma before dialysis 
Concentration of radiolabelled drug in buffer before dial- 

radiolabeled drug if added to plasma 

concentration on both sides a t  equilibrium) 

after dialysis if no volume shift had occurred 

ysis 
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Table I-Prednisolone Protein Binding Parameters  

Binding Capacity (CAPd, Dissociation Constant ( & I ) ,  
ng/ml ng/ml Nonspecific Binding Constant ( S )  

Method iva PO ivo POb iva PO 

I 
I1 

I11 

168 f 52c 
202 f loo 
241 f 114 

199 f 154 
205 f 146 
241 f 183 

1 8 f 6  
31 f 21 
40 f 21 

42 f 73 
33 f 26 
41 f 32 

2.3 f 1.9 
1.4 f 1.2 
1.5 f 1.2 

2.1 f 0.9 
1.2 f 0.5 
1.3 f 0.4 

a IV = intravenous prednisolone (N = 9). * PO = values for prednisolone following oral prednisone or oral prednisolone ( N  = 9 for both drugs). Mean f SD 

500 r 

UNBOUND PREDNISOLONE, nglml 

Figure 3-Typical data of one individual for the determination of 
binding parameters. The bound concentration was determined by 
method I (see text) which corrects for volume shifts. The line was ob- 
tained by fitting the parameters of Eq. 13 to the data using unweighted 
nonlinear least-squares regression. 

UNBOUND PREDNISOLONE, n g h l  

Figure 4-Simulated relationships between bound and unbound 
prednisolone concentrations. Parameter values, from fits of individual 
data to Eq. 13 using the three methods, were averaged for the simulation. 
The average parameter values for CAP1, &I, and S were: (-) method 
1,168,18,2.l:(-)methodII,202,31,1.2;(------) methodI11,241,40, 
1.3. 

Up 

UP 

DB 

0; 

Radiolabel concentration (dpm/ml) in plasma before dialysis 

Radiolabel concentration (dpm/ml) on plasma side after di- 

Radiolabel concentration (dpm/ml) in buffer before dial- 

Radiolabel concentration (dpm/ml) on buffer side after di- 

(label added to plasma) 

alysis 

ysis 

alysis 
Binding Parameters 

CAP%, Binding capacities for drug to plasma proteins at two different 
CAPz sites 

. 
rn 4001 

g 200 

/ 0  

200 400 600 800 1000 
TOTAL PREDNISOLONE, nglml 

Figure  5-Simulated relationship between unbound and total pred- 
nisolone concentrations using the three methods for determining 
prednisolone binding. The average parameter values are given in Fig. 
4. Key: (-) method I;  (-) method II; (- - -) method III. 

0.4 r 

0 / 

0 I I I I I 
0 200 400 600 800 1000 

TOTAL PREDNISOLONE, ng/ml 

Figure 6-Simulated relationship between the unbound fraction and 
the total prednisolone Concentration using the three methods for de- 
termining prednisolone binding. The average parameter values are given 
in Fig. 4. Key: f-) method I ;  (-) method I I ;  (- - -) method 111. 

Kdl, 
Kdz 
S 
f u  
f,' 

Equilibrium dissociation constants for two different sites 

Ratio of CAP2 to Kd2 
Ratio of C, to Cp 
Ratio of C, to Cp 

APPENDIX 11: EQUAL PREDIALYSIS VOLUMES 

In the derivations herein, the volume of the plasma and buffer cell 
contents are assumed to be unequal a t  the start of dialysis. It is common 
practice, as in these studies, to use equal volumes. This simplifies the 
expressions for unbound (Eq. 7) and bound (Eq. 1 I )  concentrations in- 
corporating the volume correction, that is: 

(Eq. A l )  
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Cgnd = cp + c;, - 2 .  c’, (Eq. A2) 

APPENDIX 111: DIRECT DRUG MEASUREMENT 

If concentration of drug (no radiolabel added) is measured, the vol- 

Cg,, = Cp - C’, ( R  + 1) (Eq. A3) 

From mass balance, VpCp = C&Vp + C‘,-b‘p and using Eqs. 2 and 3, the 
volume shift 6 is: 

ume-corrected bound concentration postdialysis is given by: 

(Eq. A4) 

APPENDIX IV THE FRACTION UNBOUND 

Label Added to Buffer-The fraction unbound, fu’, after dialysis and 
corrected for volume shift, can be calculated from the concentrations of 
radioactivity in the buffer before and after dialysis. The relationship 
is: 

Dk 
R(DB - DB) fu’ = (Eq. A5) 

when radiolabel is initially added to the buffer. The relationship is ob- 
tained from Eqs. 7 and 11 and the definition of fraction unbound, f,’ = 
CB/(Cgnd + CB). The fraction unbound after dialysis, when no radiolabel 
is added and drug is initially present in plasma, is: 

(Eq. A6) 

This relationship is obtained from Eqs. A 3  and A4. 
Label Added to Plasma Before Dialysis-Relationships similar to 

Eqs. 7,11, and A5, can be derived for the situation in which radiolabel 
is added to the plasma before dialysis. These relationships, corrected for 
volume shift, are: 

(Eq. A7) 

(Eq. AS) 

where Cp is the drug concentration, including radiolabel, and Dp is the 
disintegrations per min per ml in the plasma before dialysis. 

Fraction Unbound When Nonlinear Binding Occurs-The frac- 
tions unbound calculated by Eqs. A5, A6, and A9 are the values expected 
at  the postdialysis total plasma concentration; the fraction unbound in 
the plasma sample drawn from a subject or patient will be different, be- 
cause of loss of drug to the buffer side. The fraction unbound in the 
original sample can then be determined from the unbound and bound 
concentrations as calculated in Eqs. 14 and 15 and from the definition 
Offu, i2.v fu = c u / ( c u  + Cbnd). 
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Abstract  0 22,23-Dihydroavermectin B1, (I) is determined in animal 
plasma over the concentration range 5-60 ng/ml by reverse-phase high- 
performance liquid chromatography (HPLC) with UV photometric de- 
tection. Prior t o  HPLC the sample is isolated by gravity-fed adsorption 
column chromatography on Florisil. The isomer of I (designated as 
compound 111) is used as an internal standard, and the conversion of I 
to this isomer by base hydrolysis is described. An accuracy of 2 ng/ml 
(mean deviation) and a precision in the range of 1-3 ng/ml (standard 
deviation) were observed for the method. The limit of detection is 2 ng/ml 
based on the background observed for normal cattle plasma. The method 
is applicable to bioavailability studies of I at usual therapeutic concen- 
trations. 

Keyphrases Avermectins-direct determination in plasma at nano- 
gram levels, high-performance liquid chromatography, isomerization by 
hydrolysis 0 High-performance liquid chromatography-direct deter- 
mination of avermectins in plasma at nanogram levels, isomerization by 
hydrolysis 0 Isomerization-avermectins in plasma, hydrolysis, direct 
determination a t  nanogram levels, high-performance liquid chroma- 
tography 

The avermectins are disaccharide derivatives of a 
structurally similar group of pentacyclic 16-membered 
lactones (1, 2) which function as broad-spectrum anti- 
parasitic agents (3,4). Studies in a variety of animals ( 5 )  
have indicated that these compounds are exceptionally 
potent. Because of this, effective dosage levels are un- 
usually low (typically 0.2 mg/kg), and the concentrations 
of this drug found in plasma samples from animals treated 
with such doses are correspondingly low ( 4 0 0  ng/ml). The 
analytical procedure originally reported for determining 
the avermectins in animal plasma (6) is based on conver- 
sion of these compounds to fluorescent derivatives followed 
by high-performance liquid chromatography (HPLC) with 
fluorometric detection. The derivatization reaction, which 
involves dehydration using acetic anhydride-pyridine to 

OCH3 
- 1  

'U 

OH 
I: R = CHsCH2 

1I:R = CH3 

form a six-membered aromatic ring in conjugation with a 
butadiene unit, is time consuming and sensitive to minor 
experimental variations. A recently reported modification 
of this method applied to cattle and sheep tissue (7) makes 
use of the catalyst 1-methylimidazole, as developed by 
Connors and coworkers for the acetylation of hydroxy 
compounds (8,9), to decrease both the reaction time and 
variability. 

This report describes a direct HPLC procedure with UV 
photometric detection for determining the avermectins in 
animal plasma. The particular avermectin component 
used, 22,23-dihydroavermectin B1, (I), is one of major 
pharmaceutical interest. The method requires no deriva- 
tization and yet has a detection limit approaching that of 
the original fluorescence procedure. 

EXPERIMENTAL 

Instrumentation-A high-performance liquid chromatograph was 
used which consisted of a pump' operated at a constant flow rate of 0.8 
ml/min, an automatic sample injector with the capability of handling 
0.25-ml sample volumes2, a prepacked microparticulate octadecylsilyl 
column3, and a variable-wavelength photometric detectol.4 set at  245 nm. 
The detector output (0.02 AUFS) was displayed on a strip chart recordeP, 
and the column was completely enclosed in a water jacket maintained 
a t  30° with a circulating constant-temperature bath6. 

Reagents-The production and isolation of the avermectins has been 
previously described (10,l l) .  The purity of the various lots of I used in 
this study, each of which contained <lo% 22,23-dihydroavermectin B l b  
(II), was established by HPLC. The conversion of I to its A* isomer (111) 
for use as an internal standard is described below. All solvents were either 
HPLC grade7 or distilled in glasss. Distilled water was further purified 
by passing through an ultrapure water systemg. The chromatographic 
eluant was acetonitrile-methanol-water (53:35:7). 

22,23-Dihydroavermectin BI, A2 Isomer (111)-A solution of 20 
mg/ml of I in methanol-water (9:l) was mixed with an equal volume of 
0.1 M KOH in the same solvent. After 4 hr a t  room temperature, portions 
of the reaction mixture were injected into the HPLC system described 
above, and 111 was collected as a solution in the eluant as it emerged from 
the detector. A total amount of 111 in excess of 5 mg was collected from 
10 separate 0.1-ml injections. After dilution with methanol, the concen- 
tration of I11 in this solution was determined by comparison of its HPLC 
peak area to that of I using the assumption that the molar absorptivities 
for the two compounds are equal a t  the detector wavelength. 

Florisil Columns-Florisillo, 100-200 mesh, was washed thoroughly 
with chloroform-ethyl acetate (3:1), dried, and then washed with water 

Model 740B; Spectra-Physics, Santa Clara, Calif. 
2 Model 710B WISP: Waters Associates. Milford. Mass. 
3 ZORBAX ODs, 4.6 rnm i.d. X 250 mm; DuPont, Wilmington, DeI 

Spectromonitor 111; Laboratory Data Control, Riviera Beach, Fla. 
5 Model 561; Linear Instruments, Irvine, Calif. 
fi Model FS, Haake Instruments, Saddle Brook, N.J. 
7 Fisher Scientific, Pittsburgh, Pa. " Burdick and Jackson, Muskegon, Mich. 
9 Super-Q; Millipore Corp., Redford, Mass. 
10 Floridin, Pittsburgh, Pa. 

0022-3549/83/1200- 1447$0 1.00/0 
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and dried overnight a t  120'. Glass columns (0.7-cm i.d. X 10 cm) were 
fabricated with conical funnel tops (6.5-cm diameter) and constricted 
bottoms. A small plug of silanized glass wool was inserted into each col- 
umn followed by 0.40 g of Florisil. Each prepared column was rinsed with 
10 ml of chloroform immediately before use. 

Procedure-A plasma sample was combined with the internal stan- 
dard by first evaporating 1.00 ml of a 140-ng/ml solution of 111 in an ex- 
traction vessel (50-ml centrifuge tube) at  50" under a stream of dry ni- 
trogen and then adding 5.00 ml of the plasma. The sample was then ex- 
tracted with three 15-ml portions of ethyl acetate, and the combined 
extracts were evaporated to dryness as above. The residue was dissolved 
in 1 ml of chloroform and placed on the Florisil column. Two chloroform 
rinses (1 ml each) and one additional 10-ml portion of chloroform were 
added to the column. Elution with 25 ml of chloroform-ethyl acetate (3:l) 
which had been saturated with water afforded the desired fraction. After 
evaporating to dryness a t  50" with dry nitrogen, this was dissolved in 0.25 
ml of methanol-water (19:l). 

A 0.10-ml aliquot was injected into the chromatographic system. An 
analytical reference standard was processed as 1.0 ml of a chloroform 
solution containing 100 nglml of I and 140 ng/ml of 111, starting with the 
Florisil chromatography. Quantitation was by peak height measurement 
with normalization using the internal standard. 

RESULTS AND DISCUSSION 

Characterization of the Analytical Method-The suitability of 
ethyl acetate for extracting the avermectins from animal plasma has 
previously been demonstrated using radiolabeled I in the original fluo- 
rescence HPLC procedure (6) .  The only modification employed here was 
the elimination of the initial treatment with ethanol. The Florisil column 
described in the original method was used here, but a total of 13 ml of 
chloroform was used to load the column instead of the 6 ml originally 
used. The additional chloroform removed more potential interfering 
material from the Florisil column before the desired material was eluted 
with water-saturated ethyl acetate-chloroform. 

Typical chromatograms for a sample of normal cattle plasma supple- 
mented with 40 ng/ml of I and the analytical reference standard are 
shown in Fig. 1. The sample ( I )  and the internal standard (111) elute with 
capacity factors (k')  of 8.8 and 11.1, respectively, and are completely 
resolved from each other as well as from interfering endogenous sub- 
stances. A small amount of the avermectin component I1 is apparent in 
the chromatogram of the analytical reference standard, but any of this 
which might be in the sample is obscured by extraneous plasma compo- 
nents. 

No plasma components, however, interfere significantly with either 
the sample or the internal standard. This is shown in Fig. 2. Chromato- 
gram A, which was obtained for a sample of drug-free cattle plasma, shows 
only a small peak eluting a t  the retention time of I. For this particular 
sample, the peak corresponds to an apparent drug concentration of 1.5 
ng/ml. Chromatogram B was obtained from a plasma sample from an 
animal which had been dosed with I as described below. The sample was 
processed through the analytical procedure in the absence of internal 
standard; nothing can be seen eluting at the retention time of this com- 
pound. The peak and shoulder that are seen in this chromatogram eluting 
with retention times slightly less than that of 111 are due to extraneous 
plasma components which have been observed in varying amounts in the 
plasma of different animals. This case represents the maximum amount 
of these components encountered for any animal examined in this study, 
and, in fact, the components are completely absent in the other chro- 
matograms illustrated here. 

This analytical method is accurate and precise when applied to samples 
of cattle plasma containing I in the concentration range of 5-60 ng/ml. 
When normal cattle plasma was supplemented with I over this range, a 
mean deviation of 1.7 ng/ml from the expected concentration was ob- 
served. Linear least-squares analysis of these found L'ersus expected re- 
sults, which are listed in Table I ,  yield a coefficient of determination ( r 2 )  
of 0.979 with a slope of 0.936 and an intercept of 1.6 ng/ml. Replicate 
determinations a t  supplemented levels of 20,30,40, and 60 ng/ml indicate 
within-run precision values in the range of 1-3 ng/ml (standard devia- 
tion). Since the data of Table I are the combined results of five individual 
runs, an indication of between-run precision is given by the standard error 
of estimate for the least-squares fit. This value is 2.2 ng/ml. Analyses of 
samples from eight control animals showed an average apparent con- 
centration of 1.1 ng/ml of I with a standard deviation of 0.9 ng/ml, dem- 
onstrating that the method is free of interferences at concentrations >5 
ng/ml. 

T 

t 

A 

m 

1 I I I I 1 1  I I I I I 

RETENTION TIME, min 

Figure  1-Chromatograms obtained with this analytical procedure. 
Key: (A) normal cattle plasma supplemented with 40 nglml of I; (B) 
analytical reference standard corresponding to a sample containing 20 
nglml of I carried through the procedure. 

0 10 20 0 10 20 

The overall recoveries of both sample and internal standard carried 
through the analytical procedure were -80%. This was determined by 
supplementing several 5-ml samples of normal cattle plasma with 100 
ng of I and 140 ng of 111, processing them through the entire procedure, 
and comparing the resultant chromatographic signals to those obtained 
for the same amounts of I and 111 chromatographed directly. These re- 
covery values are essentially the same as that previously determined for 
I in the portion of the fluorescence procedure preceding the derivatization 
reaction (6). 

1 I I I ' I  
A B 

I 

J I I I I 1 1  1 I I I I 
0 10 20 0 10 20 

RETENTION TIME, rnin 

Figure 2-Chromatograms obtained with this analytical procedure. 
Key: ( A )  normal cattle plasma; (B)  cattle plasma taken 3 days after 
dosing mith 0.2 mglkg of I .  The internal standard iuas omitted from the 
analytical procedure. 
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Table I-Accuracy and Precision of the Method Applied to 
Normal Cattle Plasma Supplemented with Various Amounts of I 

Mean 
Concentration Concentration Number Standard 

Added, Determined, of Deviation 
ng/ml ng/ml Determinations ng/ml 

5.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
55.0 
60.0 

- 6.0 1 
14.4 1 
21.5 5 1.0 
25.9 1 

0.8 30.1 8 
31.6 1 
37.4 8 2.5 
45.8 1 
54.9 1 
58.1 7 2.8 

- 

- 

- 

- 
- 

Application-To further test this analytical procedure, it was applied 
to plasma samples obtained from an in uiuo study involving an Angus 
steer. The animal was dosed subcutaneously with a solution of I a t  a 
dosage level of 0.2 mg/kg, and samples were collected over the period of 
2 weeks. The observed concentration-time profile is shown in Fig. 3. A 
maximum concentration of -70 ng/ml was reached in 1 day, and the 
elimination phase closely follows first-order decay kinetics as shown by 
the semilogarithmic insert in the figure. Least-squares fitting of the re- 
sults covering 1-14 days gives the expression: 

C = 80.6e-0.236' 

where C is the concentration in ng/ml and t is time in days. The coeffi- 
cient of determination ( r 2 )  is 0.993, and the half-life for elimination is 
2.9 days. 

The A2 Isomer (111)-The avermectins react with hydroxide in 
methanol-water solutions to give a number of products as shown by the 
chromatograms of Fig. 4. Starting with I under the conditions chosen here, 
the predominant initial reaction is an epimerization of the hydrogen a t  
C-2 to form IV. This compound has a slightly greater retention time than 
I in the chromatographic system, and the amount of IV increases as the 
amount of I decreases. The eventual result might be complete conversion 
of I to IV or the establishment of an equilibrium mixture of I and IV were 
it not for the fact that a third product forms by the shifting of a double 
bond from the C-3 position to C-2 to produce 111. 

DAYS 
Figure %-Plasma concentration of I obseroed for an  Angus steer dosed 
subcutaneously with I at a level of 0.2 mglkg. The  insert presents the 
elimination phase data on a logarithmic scale. 

Figure 4-Chromatograms showing the conoersion of I to its 2-epimer 
and A2 isomer by reaction with 0.05 M KOH in methanol-water (9:l) .  
T h e  inset shows the variation in chromatographic peak heights over the 
course of the reaction. 

Scheme I 

In the chromatographic system, 111 elutes after IV, and although its 
concentration increases more slowly than IV early in the reaction, it 
continues to increase even after IV begins to decrease. Eventually it be- 
comes the predominant product, and a t  this point it is isolated by semi- 
preparative HPLC. It is not known how stable 111 is in the basic reaction 
mixture, but after isolation it is completely stable in methanolic solution 
a t  5' for a t  least several months. Also, it is not known whether the 
mechanism is strictly stepwise, that is, I goes to IV which then goes to 111, 
or whether I and IV simultaneously are converted to I11 as indicated in 
Scheme I. Compound IV was identified by comparison of its HPIX re- 
tention time to that of an authentic sample which had been indepen- 
dently synthesized", and 111 was identified on the basis of its 300-MHz 
'H-NMR spectrumI2. 

Using 111 as an internal standard is appropriate since its structure is 
very similar to that of the sample. That two such large molecules differing 

*l  H. Mrozik, Merck Sharp and Dohrne Research Ihwa to r i e s ,  June 1979, per- 

B. H. Arison, Merck Sharp and Dohrne Rcsearrh Laboratories. June 1079. 
sonal communication. 

personal communication. 
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only in the position of a double bond can be so well separated demon- 
strates that excellent efficiency and selectivity are provided by the 
chromatographic system. For all steps in the procedure other than HPLC, 
the two compounds behave identically. In addition, it is advantageous 
that the internal standard is easily prepared from the sample. The only 
problem in this situation is that the internal standard may also be a 
metabolite of the drug; but, this is not the case here. The plasma sample 
(Fig. 2B) which was analyzed with no internal standard was taken from 
an animal 3 days after dosing and 2 days after the highest drug concen- 
tration had been observed. No peak corresponding to 111 is present. 
Similarly, plasma samples taken at  later times also show nothing eluting 
at this retention time. 

CONCLUSION 

The analytical procedure presented here is a substantial simplification 
of the original fluorescence derivatization HPLC method. At a typical 
therapeutic plasma concentration of 40 ng/ml, the observed mean de- 
viation of 1.7 n g / d  corresponds to an accuracy of 4% mean relative error. 
Similarly, the standard deviation of 2 ng/ml typically observed corre- 
sponds to a precision of 5% relative standard deviation. These values are 
essentially the same as those observed for the fluorescence method. As 
one would expect, the fluorescence method has a definite advantage with 
a detection limit of one-tenth that of the direct method. However, the 
direct method is more rapid and reliable, and with a detection limit of 
2 ng/ml, it is entirely suitable for quantitative determination of aver- 
mectins in plasma at  normally effective dosage levels. Numerous bio- 
availability studies with both cattle and swine in which peak drug con- 
centrations have ranged from 50 to 100 ng/ml have been successfully 
conducted in these laboratories using this analytical procedure. 
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Abstract 0 A circular dichroism spectropolarimetric study on the con- 
formation of polyadenylic acid (poly A) in neutral solutions demonstrated 
a coil - helix transition induced by intercalative binding of critical 
amounts of epinephrine, norepinephrine, and isoproterenol relative to 
poly A. Theoretical treatment of the experimental data indicated a 
first-order kinetic transition in poly A. It was possible to measure tran- 
sition rate constants of the epinephrinepoly A and norepinephrine-poly 
A systems and to calculate the activation energies. The results indicate 
a high level of temperature dependence of the rate constants. The effects 
can be reversed by increasing ionic strength, indicating the significance 
of the electrostatic interactions. The importance of the results is discussed 

in terms of the possible role of the catecholamines as control mechanisms 
for the poly A-regulated translation of the genetic code on mRNA. 
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Most mRNA molecules contain stretches of polyaden- 
ylic acid (poly A) at the 3’-end (11, with length of the poly 
A depending on the evolutionary level of the organism; the 
larger segments of poly A exist in highly differentiated cells 
(2). The exact function of this poly A segment is not yet 
known. Some researchers have proposed that the segments 
are responsible for increasing the stability of mRNA by 
inducing a circular structure, while others found that the 

translation of the genetic code becomes far more efficient 
in the presence of poly A, attributed to the greater stability 
of mRNA afforded by poly A (3). 

In a continuing effort to study the diversity of the bio- 
logical effects of adrenergic compounds at  the molecular 
level, the investigation of the possibility that nucleic acids 
are the target molecules of these drugs was conducted in 
this laboratory. The present study deals with circular di- 
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only in the position of a double bond can be so well separated demon- 
strates that excellent efficiency and selectivity are provided by the 
chromatographic system. For all steps in the procedure other than HPLC, 
the two compounds behave identically. In addition, it is advantageous 
that the internal standard is easily prepared from the sample. The only 
problem in this situation is that the internal standard may also be a 
metabolite of the drug; but, this is not the case here. The plasma sample 
(Fig. 2B) which was analyzed with no internal standard was taken from 
an animal 3 days after dosing and 2 days after the highest drug concen- 
tration had been observed. No peak corresponding to 111 is present. 
Similarly, plasma samples taken at  later times also show nothing eluting 
at this retention time. 

CONCLUSION 

The analytical procedure presented here is a substantial simplification 
of the original fluorescence derivatization HPLC method. At a typical 
therapeutic plasma concentration of 40 ng/ml, the observed mean de- 
viation of 1.7 n g / d  corresponds to an accuracy of 4% mean relative error. 
Similarly, the standard deviation of 2 ng/ml typically observed corre- 
sponds to a precision of 5% relative standard deviation. These values are 
essentially the same as those observed for the fluorescence method. As 
one would expect, the fluorescence method has a definite advantage with 
a detection limit of one-tenth that of the direct method. However, the 
direct method is more rapid and reliable, and with a detection limit of 
2 ng/ml, it is entirely suitable for quantitative determination of aver- 
mectins in plasma at  normally effective dosage levels. Numerous bio- 
availability studies with both cattle and swine in which peak drug con- 
centrations have ranged from 50 to 100 ng/ml have been successfully 
conducted in these laboratories using this analytical procedure. 
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Abstract 0 A circular dichroism spectropolarimetric study on the con- 
formation of polyadenylic acid (poly A) in neutral solutions demonstrated 
a coil - helix transition induced by intercalative binding of critical 
amounts of epinephrine, norepinephrine, and isoproterenol relative to 
poly A. Theoretical treatment of the experimental data indicated a 
first-order kinetic transition in poly A. It was possible to measure tran- 
sition rate constants of the epinephrinepoly A and norepinephrine-poly 
A systems and to calculate the activation energies. The results indicate 
a high level of temperature dependence of the rate constants. The effects 
can be reversed by increasing ionic strength, indicating the significance 
of the electrostatic interactions. The importance of the results is discussed 

in terms of the possible role of the catecholamines as control mechanisms 
for the poly A-regulated translation of the genetic code on mRNA. 
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Most mRNA molecules contain stretches of polyaden- 
ylic acid (poly A) at the 3’-end (11, with length of the poly 
A depending on the evolutionary level of the organism; the 
larger segments of poly A exist in highly differentiated cells 
(2). The exact function of this poly A segment is not yet 
known. Some researchers have proposed that the segments 
are responsible for increasing the stability of mRNA by 
inducing a circular structure, while others found that the 

translation of the genetic code becomes far more efficient 
in the presence of poly A, attributed to the greater stability 
of mRNA afforded by poly A (3). 

In a continuing effort to study the diversity of the bio- 
logical effects of adrenergic compounds at  the molecular 
level, the investigation of the possibility that nucleic acids 
are the target molecules of these drugs was conducted in 
this laboratory. The present study deals with circular di- 
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Figure 1-CD spectra. (A) 5 X M poly A in the absence (-) and presence of epinephrine hydrogen tartrate a t  p H  7 (I mM sodium cacodylate, 
I mM NaCl, and 0.2 mM EDTA), temperature 25'. Key: (. . . . . . .) 0.5:1 epinephrine-poly A; (-.--), (-. . ' 9 ,  (- - - - - - -) I:1 epinephrine-poly 
A a t  9,18, and 126 min, respectively; (-) effect of increasingionicstrength (0.2 M NaC1) after completion of the transition. The time 
indicated is at  the middle of the scan, speed = 20 nmlmin. (B) 5.11 X lo-" Mpoly A in the absence (-) and presence of 1.022 X lo-" M isoproterenol 
sulfate a t  pH 7 (same buffer system as A), temperature 25". Key: (. . . . . . .), (- - - - - - - -) after 7 min and 2 days, respectively; (-) effect 
of sodium chloride (0.125 M) after the transition is completed. 

chroism (CD) spectropolarimetric investigation of con- 
formational changes in poly A, at pH 7, induced by epi- 
nephrine, norepinephrine, and isoproterenol. 

EXPERIMENTAL 

Polyadenylic acid', epinephrine hydrogen tartrate', EDTA (disodium 
ethylenediaminetetraacetate)2, (+)-tartaric acid2, norepinephrine3, so- 
dium cacodylate3, isoproterenol sulfate dihydrate4, and sodium chloride5 
were obtained from commercial sources. All chemicals were used without 
further purification, since they were of the highest commercially available 
purity. 

The prepared solutions contained a fixed concentration of poly A (-5 
X M), with varying concentrations of the catecholamines (one-half 
to twice the concentration of poly A). A value of lo4 was assumed for the 
molar absorptivity (t) per nucleotide residue of poly A a t  257 nm when 

~ ~ 

Boehringer Ingelheim, West Germany. 
BDH Chemical Co., Poole, England. 
Sigma Chemical Co., St. Louis, Mo. 

* Aldrich Chemical Co., Milwaukee, Wis. 
5 Evans Medical Co., Ltd., Liverpool, England. 

preparing standard solutions. The norepinephrine hydrogen tartrate 
solution was prepared from an equimolar mixture of the acid and the base. 
The buffer system used was 1 mM sodium cacodylate, pH 7, containing 
1 mM NaCl and 0.2 mM EDTA. 

Spectroscopic measurements were performed on a spectrophotometeF 
and a circular dichroism spectropolarimeterT. All equations used were 
written on programs and executed on a programmable calculator*. 

The temperature of solutions in the cuvettes (quartz, with a 0.1-cm 
path length) was maintained constant throughout measurements by using 
a thermostated cell holder. When working at  low temperatures, the 
spectra were recorded under dry conditions. The experiments were done 
in a room with subdued lighting to avoid undesired photooxidation of 
the catecholamines. Each experiment was replicated a t  least three 
times. 

RESULTS AND DISCUSSION 

I t  is known that poly A in neutral solutions exist in a single-stranded 
coil conformation (4). This conformation of poly A exhibits a charac- 

~~ 

6 Pye Unicam UV-Visible Spectrophotorneter, Model SP8-200. 
JASCO CD Spectropolarimeter. Model J-4OC. 
Hewlett-Packard, Model 9810A. 

Journal of Pharmaceutical Sciences / 145 1 
Vol. 72, No. 12, December 1983 



'\ 

Figure 2-Ln (8, - 0) + 3 versus t corresponding to changes in the 
intensity of the positive band at A,,, of poly A (5 X M) in the 
presence of an equimolar mixture of norepinephrine hydrogen tartrate 
at pH 7. The conditions are as indicated in Fig. 1 .  0 is expressed in 
centimeters. 

teristic CD spectrum that is due to ordered base-stacked structures 
composed of two bands of nearly equal intensities: a positive band with 
a maximum located at 264 nm and a negative band a t  247 nm, with a 
crossover a t  254 nm (5-8). 

In the present study, it was found that addition of epinephrine hy- 
drogen tartrate or norepinephrine hydrogen tartrate to poly A a t  a con- 
centration ratio (amine/poly A) of 0.5 caused a slight reduction of the 
intensities of the positive and negative bands of the CD spectrum of poly 
A without altering its shape. This pattern of change could indicate an 
intercalative binding of the aromatic nucleus between the stacked adenine 
bases (9,101. When the concentration ratio was increased to 1.0, an in- 
crease in the positive band and a decrease in the negative band of the CD 
spectrum, as well as shifts in the A,,, and A,i, toward shorter wave- 
lengths, were observed with time (Fig. 1). After the change was completed, 
the CD spectrum was composed of two bands, a positive band with a 
maximum at 263 nm and a negative band with a minimum a t  242 nm; a t  
248 nm the CD signal had a zero value. This spectrum is considered to 
be identical to that  of the double-stranded intertwined helical confor- 
mation of poly A existing in acidic solutions, pH 4.8, (5-7). These results 
indicate a coil -helix transition catalyzed by the binding of epinephrine 
and norepinephrine. 

In order to have a basic understanding of the mechanism of this coil - helix transition, several kinetic models were tested. The best model 
that  seems to be consistent with our experimental data is a first-order 
transition process in poly A. This led us to the following equation: 

In (0, - 0) = In (8, - B0) - k t  (Eq. 1)  

where 00,8, and 0, represent the ellipticity of the CD signal a t  times 0, 
t ,  and m,  respectively, and k is the rate constant of the transition. Thus, 
a plot of In (8, - 0) uersus t should lead to a slope of -k .  

Naturally, the activation energy of the coil - helix transition can be 
measured in principle according to the Arrhenius equation: 

E 
RT In k = - 2 + constant (Eq. 2) 

by plotting In k uersus 1/T. In Eq. 2, E. is the activation energy, R is the 
gas constant, and T is the absolute temperature in O K .  Representative 
plots of Eqs. 1 and 2 are shown in Figs. 2 and 3, respectively; the data are 
summarized in Table I. T o  minimize errors, the slopes of the curves in 
Figs. 2 and 3 and those used to calculate the kinetic parameters presented 
in Table I were calculated by the method of least squares. 

Isoproterenol can also induce the coil - helix transition, but this 
process is very slow. A 2:l isoproterenol-poly A mixture can bring about 
the transition completion in >2 days at 25' (Fig. IB). However, this 
transition is too slow to enable measurement of k or of the corresponding 
E,. 

I t  is evident from Fig. 2 that  the transition is a first-order process in 
poly A when based on measurements of the positive band (264 - 263 nm) 
and the total peak-to-peak A,,, - A,i, amplitude (Amin shifts from 248 
to 242 nm). The transition a t  4' is a very slow process; it was therefore 
necessary to leave the solution overnight to bring the transition to com- 
pletion and to measure 0,. Even though the transition occurring a t  15" 
is faster than that a t  4O, it was necessary to leave the solution overnight 
to achieve the most stable double-helical structure. 0, was attained within 
2 hr at 25" for both systems. 

-3 

-4 

.* 

5 -5 

-6 

(OK) X 10' 

Figure 3-Ln k versus 1 /T for the transition of poly A in the norepi- 
nephrine-poly A system based on measurements of the total peak-peak 
(A,,, - A,,,,) amplitude. 

Table I-Rate Constants (k) and Coil + Helix Transit ion 
Activation Energies (E, )  of Poly A Based on CD Signals 

Total Peak-Peak Amplitude Positive Amplitude 
Temperature k ,  min-' Em k ,  min-I E,, 

f 10 X lo3 kcal/mole X 10:' kcal/mole 

Epinephrine-Poly A 
4 O  3.16 4.02 

15O 9.40 16.408 9.42 16.480 
25' 25.50 33.22 

4O 2.31 2.89 
1 5 O  8.45 18.478 8.51 17.104 
2 5 O  24.16 25.59 

Norepinephrine-Poly A 
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The positive CD band assumes the stable structure at  a faster rate than 
that of the negative band (as reflected from measurements of the total 
amplitude) in the case of the epinephrine-poly A system (Table I). In the 
norepinephrine-poly A system, however, both bands of poly A attain their 
stable features a t  approximately the same rate. The activation energy 
calculated from the changes in the total amplitude and the positive band 
is very similar in the epinephrine-poly A system, while a slight difference 
appears to exist in the norepinephrine-poly A (Table I). In comparing 
both systems, one may observe the high temperature dependence of the 
rate constants; a change from 4’ to 25’ can bring about an 8- to 10-fold 
increase in the rate constant. 

The significance of the contributions of electrostatic interactions to 
the total binding energy was verified by changing the ionic strength of 
the solutions. It was found that increasing the ionic strength to 0.2 M by 
the addition of sodium chloride had the effect of restoring almost entirely 
the initial CD spectra of poly A in the three systems (Fig. 1). This can be 
explained on the basis of competition occurring between sodium ions and 
the positively charged amino groups existing at pH 7 in the negatively 
charged phosphate residues. The contribution of otherweaker forces to 
the intercalative binding cannot be neglected, however, since it has been 
demonstrated ( 1  1-13) that adenine can form charge transfer complexes 
with catechol, epinephrine, and isoproterenol. 

The exact geometry of the complexes formed between the catechol- 
amines and poly A in its single- and double-stranded conformations 
cannot be determined from the CD investigation alone. On the other 
hand, it should be emphasized that the conformational changes occurring 
in the poly A molecule cannot be attributed solely to the electrostatic 
interactions, due to the fact that isopropylamine does not change the CD 
spectrum of poly A (10). Finally, catecholamines may exert a control 
mechanism through induction of the coil - helix transition on the reg- 
ulatory role in genetic code translation which has been hypothesized for 
the poly A segments present in most mRNA molecules. 
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Abstract A stability-indicating assay method based on reverse-phase 
high-performance liquid chromatography has been developed for the 
quantitation of triamcinolone acetonide. The method was used to study 
the stability of triamcinolone acetonide in water-ethanol solutions of 
varying pH, buffer concentration, and ionic strength. The decomposition 
of triamcinolone followed pseudo-first-order law and was minimal a t  pH - 3.4. Above pH 5.5, the decomposition increased rapidly and was directly 
related to phosphate buffer concentration. The decomposition decreased 
with increasing ionic strength when the pH of the solution was >7. Two 
new peaks corresponding to decomposition products were noted in the 
chromatogram; their ratio varied significantly with the composition of 
the vehicle. 

Keyphrases 0 Triamcinolone acetonide-decomposition in solution, 
effect of pH, buffer concentration, and ionic strength, high-performance 
liquid chromatography 0 High-performance liquid chromatography- 
stability indicating, triamcinolone acetonide and its decomposition 
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Triamcinolone acetonide (I) is available in different 
dosage forms such as creams, ointments, and suspensions. 
Despite its extensive use, little is known about the stability 
of I in aqueous systems and water-washable ointment 

bases such as polyethylene glycol ointment base USP (1). 
In general, corticosteroid decomposition is first order (2) 
with two parallel routes of decomposition. One route (at- 
tack on ring A) produces neutral product(s) and the other 
(attack on the C-17 side chain) produces acidic prod- 
uct(s). 

This study evaluates the stability of triamcinolone 
acetonide ( a )  in water-ethanol solutions of varying pH 
with different buffer concentrations and ionic strengths 
and ( b )  in polyethylene glycol ointment base USP (1) using 
a stability-indicating reverse-phase high-performance 
liquid chromatographic (HPLC) assay method developed 
in our laboratory. 

EXPERIMENTAL 

Reagents and Chemicals-All reagents and chemicals were either 
ACS, USP, or N F  grade and were used without further purification. 
Triarncinolone acetonide’ was used as received. 

Chromatographic Conditions-Two columns (30 cm X 4-mm i.d.) 
were used. One contained a semipolar material2, the other a nonpolar 

E. R. Squibb & Sons, Princeton, N.J. 
2 pRondapak CN; Waters Associates, Milford, Mass. 
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The positive CD band assumes the stable structure at  a faster rate than 
that of the negative band (as reflected from measurements of the total 
amplitude) in the case of the epinephrine-poly A system (Table I). In the 
norepinephrine-poly A system, however, both bands of poly A attain their 
stable features a t  approximately the same rate. The activation energy 
calculated from the changes in the total amplitude and the positive band 
is very similar in the epinephrine-poly A system, while a slight difference 
appears to exist in the norepinephrine-poly A (Table I). In comparing 
both systems, one may observe the high temperature dependence of the 
rate constants; a change from 4’ to 25’ can bring about an 8- to 10-fold 
increase in the rate constant. 

The significance of the contributions of electrostatic interactions to 
the total binding energy was verified by changing the ionic strength of 
the solutions. It was found that increasing the ionic strength to 0.2 M by 
the addition of sodium chloride had the effect of restoring almost entirely 
the initial CD spectra of poly A in the three systems (Fig. 1). This can be 
explained on the basis of competition occurring between sodium ions and 
the positively charged amino groups existing at pH 7 in the negatively 
charged phosphate residues. The contribution of otherweaker forces to 
the intercalative binding cannot be neglected, however, since it has been 
demonstrated ( 1  1-13) that adenine can form charge transfer complexes 
with catechol, epinephrine, and isoproterenol. 

The exact geometry of the complexes formed between the catechol- 
amines and poly A in its single- and double-stranded conformations 
cannot be determined from the CD investigation alone. On the other 
hand, it should be emphasized that the conformational changes occurring 
in the poly A molecule cannot be attributed solely to the electrostatic 
interactions, due to the fact that isopropylamine does not change the CD 
spectrum of poly A (10). Finally, catecholamines may exert a control 
mechanism through induction of the coil - helix transition on the reg- 
ulatory role in genetic code translation which has been hypothesized for 
the poly A segments present in most mRNA molecules. 
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Abstract A stability-indicating assay method based on reverse-phase 
high-performance liquid chromatography has been developed for the 
quantitation of triamcinolone acetonide. The method was used to study 
the stability of triamcinolone acetonide in water-ethanol solutions of 
varying pH, buffer concentration, and ionic strength. The decomposition 
of triamcinolone followed pseudo-first-order law and was minimal a t  pH - 3.4. Above pH 5.5, the decomposition increased rapidly and was directly 
related to phosphate buffer concentration. The decomposition decreased 
with increasing ionic strength when the pH of the solution was >7. Two 
new peaks corresponding to decomposition products were noted in the 
chromatogram; their ratio varied significantly with the composition of 
the vehicle. 

Keyphrases 0 Triamcinolone acetonide-decomposition in solution, 
effect of pH, buffer concentration, and ionic strength, high-performance 
liquid chromatography 0 High-performance liquid chromatography- 
stability indicating, triamcinolone acetonide and its decomposition 
products, effect of pH, buffer concentration, and ionic strength 0 Sta- 
bility-triamcinolone in solutions, effect of pH, buffer concentration, 
and ionic strength, high-performance liquid chromatography 

Triamcinolone acetonide (I) is available in different 
dosage forms such as creams, ointments, and suspensions. 
Despite its extensive use, little is known about the stability 
of I in aqueous systems and water-washable ointment 

bases such as polyethylene glycol ointment base USP (1). 
In general, corticosteroid decomposition is first order (2) 
with two parallel routes of decomposition. One route (at- 
tack on ring A) produces neutral product(s) and the other 
(attack on the C-17 side chain) produces acidic prod- 
uct(s). 

This study evaluates the stability of triamcinolone 
acetonide ( a )  in water-ethanol solutions of varying pH 
with different buffer concentrations and ionic strengths 
and ( b )  in polyethylene glycol ointment base USP (1) using 
a stability-indicating reverse-phase high-performance 
liquid chromatographic (HPLC) assay method developed 
in our laboratory. 

EXPERIMENTAL 

Reagents and Chemicals-All reagents and chemicals were either 
ACS, USP, or N F  grade and were used without further purification. 
Triarncinolone acetonide’ was used as received. 

Chromatographic Conditions-Two columns (30 cm X 4-mm i.d.) 
were used. One contained a semipolar material2, the other a nonpolar 

E. R. Squibb & Sons, Princeton, N.J. 
2 pRondapak CN; Waters Associates, Milford, Mass. 
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Table I-Composition of 0.025% Solutions of Triamcinolone Acetonide P repa red  in Ethanol-Water and the Estimated K0b Values 

Kobs Value pH of the 
Solution Concentration Buffer Ionic Final at 25' 
Number of Buffer Buffer Solution0 Strengthb pH (60.1) (Per Day)C 

1 0.1 HCI 1.5 0.1 1.6 0.0$68 
2 0.01 HC1 2.0 0.1 

0.05 Phosphate 3.1 0.1 3 
0.05 Phosphate 4.1 0.1 4.5 4 

5 0.05 Phosphate 5.1 0.1 5.5 
6 0.05 Phosphate 6.1 0.1 6.6 0.0095 
7 0.05 Phosphate 7.1 0.1 7.5 0.0345 
8 0.01 NaOH 11.7 0.1 11.8 3.6 

0.1 NaOH 12.5 0. I 12.6 18.2 9 

- 2.1 
3.4 d 

d 
-d  

- 
- 

e - 10 0.05 PhosDhate 7.2 0.1 7.6 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

0.05 
0.05 
0.05 

.075 
0.1 
.05 

0.075 
0.1 
0.2 
0.2 
0.2 
- 
- 
- 
- 
- 
- 

Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphate 
Phosphates 
Phosphates 
- 
- 
- 
- 
-R 
-g  

7.2 
7.2 
1.2 
7.2 
7.2 
6.1 
6.1 
6.1 
7.1 
7.1 
7.1 
- 
- 
- 
- 
- 
- 

0.2 
0.25 
0.3 
0.2 
0.2 
0.2 
0.2 
0.2 
- f  
-f 
-f 
-f 
-I 
-I 
-f 
-I 
-I 

7.6 
7.6 
7.6 
7.6 
7.6 
6.6 
6.6 
6.6 
7.5 
7.4 
7.5 
6.8 
6.9 
7.0 
7.0 
6.2 
5.8 

0.078 
0.090 
0.108 

Each solution contained 25% v/v ethanol except solutions 20 and 21 (IWo), 23 (50%), 21 (75"'r), and 25 (100%). Adjusted with potassium chloride hased on the pH 
It was not possible t o  estimate K o b  at 25" since these solutions did not decompose significantly in 8 

Not determined at this temperature. f Ionic strength not adjusted. 8 Solutions 20 and 26 contained 15% v/v and 25% v/v glycerin, respectively. Solutions 21 and 
of the buffer solutions. The data at 50' are presented in Fig. 4. 
weeks. 
27 had 15% v/v and 25% v/v propylene glycol, respectively. 

material:! The chromatograph4 was connected to a multiple-wavelength 
detect&, a recordefi, and an integrator'. All pH values were determined 
using a p H  metera. Four mobile phases were used: 

1. A 0.02 M aqueous solution of monobasic potassium phosphate 
containing 16% v/v of acetonitrile (pH -4.2). 

2. Same as 1 except that the buffering agent was 0.02 M ammonium 
acetate (pH -7). 

3. Same as 1 except that the pH was adjusted to -2.5 with an 85% 
aqueous solution of phosphoric acid. 

4. Same as 1 except that the acetonitrile concentration was 32% v/v 
(pH -4.2). 

The flow rate was 2.5 ml/min (3.0 ml/min with mobile phase 4), and 
the sensitivity was set a t  0.04 AUFS (254 nm). The temperature was 
ambient, and the chart speed was 30.5 cmhr .  

Preparat ion of Samples-All solutions for stability studies were 
prepared as presented in Table I using a simple solution method. After 
the initial data was obtained (pH values and the assays), the solutions 
were stored a t  50 f lo (some also a t  25 f 1') in 60-ml amber-colored 
bottless. 

Forty milligrams of I was thoroughly mixed with 19% g of polyethylene 
glycol ointment base USP (1) using the process of trituration. After the 
initial data was obtained (assay and the pH value of a 1% aqueous solu- 
tion), the ointment was stored a t  50 f 1" in an opaque white ointment 
jarY. 

Assay Method-Preparation of Standard Solutions-A stock solu- 
tion of triamcinolone acetonide (I) was prepared by dissolving 100.0 mg 
of the powder in enough ethanol to make 100 ml. A stock solution of hy- 
drocortisone (the internal standard) of identical concentration was also 
prepared in ethanol. The standard solution was prepared by mixing 8.0 
ml of the stock solution of I and 3.2 ml of hydrocortisone solution with 
20 ml of methanol and then bringing the volume to 100 ml with water. 
The solutions of other concentrations were prepared as needed. Each 

3 pBondapak C18; Waters Associates, Milford, Mass. 
Model ALC 202 equipped with a U6K universal injector; Waters Associates, 

Spectroflow monitor SF7iO; Schoeffel Instruments Corp., Westwood, N..J. 
Milford, Mass. 

fi Omniscrihe 5213-12; Houston Instruments, Austin, Tex. 
' Autolah minigrator; Spectra-Physics, Santa Clara, Calif. 
a Beckman SS-9 Zeromatic: Beckman Instruments. Irvine. Calif. 
9 Brockway Glass Co., Brockway, Pa. 

solution contained identical concentrations of methanol and hydrocor- 
tisone. 

Assay Solutions-An 8.0-ml quantity of each solution was mixed with 
0.8 ml of the stock solution of hydrocortisone and 5 ml of methanol, and 
the mixture was brought to volume (25 ml) with water. One gram of the 
ointment was mixed with 5 ml of methanol, 5 ml of water, and 0.8 ml of 
the hydrocortisone solution. The mixture was stirred until a clear solution 
was formed and then brought to volume (25 ml) with water. 

HPLC Assay Procedure-A 2 0 4  aliquot of the assay solution was 
injected into the chomatograph using the described conditions (nonpolar 
column3 and mobile phase 4). An identical volume of the appropriate 
standard solution was injected for comparison after the assay solution 
eluted. The standard solution contained exactly the same quantity of I 
as the label claim of the assay solution. 

Calculations-Since preliminary investigations indicated that ratios 
of peak heights of I and the internal standard were directly related to 
concentrations of I, the results were calculated using: 

(Rph)a X 100 = percent contained in the assay solution (Eq. 1) 

where ( R p h  )a  is the ratio of peak heights of I to the internal standard 
(hydrocortisone) in the assay solution and (Rph)s  is the ratio of the tri- 
amcinolone acetonide peak to the internal standard in the standard so- 
lution. If the standard solution does not contain an identical concentra- 
tion of I, the results can be corrected by multiplying the percent found 
by: Factor = [actual concentration of I (mg/ml) in the standard solution] 
+ [label claim of I (mg/ml) in the assay solution]. 

When the triamcinolone acetonide peak was too small (<25% of the 
standard) to quantify accurately, a new assay solution containing a higher 
concentration of I was injected. Appropriate calculations were then made 
to determine the exact concentration of I in the assay solution. 

( R p h  )s 

RESULTS AND DISCUSSION 

Assay Method-The assay method using a nonpolar column and 
mobile phase 4, containing 0.02 M KHzPO., and 32% v/v acetonitrile in 
water, separated the decomposition products from the intact triamci- 
nolone acetonide and the internal standard (Figs. 1 and 2). The results 
were reproducible, accurate, and precise with relative standard deviations 
ranging from 1.6 to 1.9% based on six readings. Before these chromato- 
graphic conditions were finalized, mohile phase 1 containing 16% v/v 
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Figure 1-Typical chromatograms of (A) a standard solution and (B) 
an It-day-old solution (solution 19) using a nonpolar column and mobile 
phase 4. Key: ( I )  hydrocortisone (internal standard); (2) triamcinolone 
acetonide; (S) solvent. The two unlabeled peaks are decomposition 
products. 

acetonitrile was tried with a semipolar column. With these chromato- 
graphic conditions, the second product of decomposition (the peak be- 
tween peaks 1 and 2 in Fig. 1B) did not separate from peak 2. Therefore, 
the results obtained using a semipolar column were erroneous and did 
not follow first-order kinetics. 

Decomposition Products-Corticosteroids usually decompose with 
two parallel routes of decomposition (2), producing either acidic or neutral 

T "  A 

2 

i 
4 8 1 2 0 4 8 1 2  

MINUTES 

Figure 2-Typical chromatograms using a nonpolar column and mobile 
phase 4 of two 11-day-old solutions stored at room temperature. Key: 
(A) solution 20; (B) solution 21; (1) hydrocortisone (internal standard); 
(2) triamcinolone acetonide; (S) solvent. All other peaks are decompo- 
sition products. 

Kobs = K t Ks[H2PO,] t K4[HPO!-] (Eq. 3) 
where K = K O  t Kl[H+] t K2IOH-I. 

Since the decomposition is first order (Fig. 3), the Kob values were 
determined using first-order plots, and Eq. 3 may be rearranged as fol- 
lows: 

products: 

attack on the 01'7 side chain, K I  
decomposition products (acidic) 

(see Ref. 3) 

attack on ring A, K2 

(pathway 2) 
decomposition products (neutral) 

(see Ref. 4)  

Triamcinolone 
Acetonide 

By changing the pH of the mobile phase (mobile phases 1-3), it was 
Dossible to decrease (with a mobile phase of higher pH) or increase (with 

mobile phase of lower pH) the retention timeof the first decomposition 
product (peak appearing after the solvent peak in Fig. 2). The retention 
time of the second peak (between peaks 1 and 2 in Fig. 2) was not affected. 
I t  appears, therefore, that the first decomposition product peak is from 
an acidic compound and the second is from a neutral substance. 

In an ethanolic solution (solution 19), the peak from the neutral 
product was higher (Fig. 1B) than the peak from the acidic product. In 
the presence of glycerin (solution 20), these peaks were smaller and of 
approximately the same size (Fig. 2A). In propylene glycol (solution 21), 
the chromatogram (Fig. 2B) was similar to the ethanolic solution chro- 
matogram (Fig. 1B). It is obvious that the ratio of K1 and Kz would be 
different in ethyl alcohol-propylene glycol than in glycerin. 

Order of Reaction and Effect of pH-As expected, first-order ki- 
netics were followed (Fig. 3). The rate constants varied with the pH of 
the buffer solution (Fig. 4) and an optimum pH of stability was estimated 
to be -3.4. 

Effect of Phosphate Buffer-It is apparent (Fig. 5) that the Kobs is 
directly related to the phosphate concentration. Therefore, triamcinolone 
acetonide is subject to general acid-base catalysis. 

The decomposition of triamcinolone acetonide may be represented 
by: 

At constant pH, KI\H+] and KZ[OH-] are constant and Eq. 2 may be 
rewritten as: 

I- \ 

1.5 c \ 

---I 
I ,  

5 10 15 20 25 3.21 ' ' I ' ' ' ' 
0 

DAYS 

Figure 3-Pseudo-first-order plots of In percent retained versus time 
for solution 1 (0) at 50" and solution 7 (0) at 2 5 O .  
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Figure I-pH-rate profile curve from Kobs values at 50'. 

(Eq. 4) 

where q = [H2PO;]/[HPO:-]. On plotting Koba versus concentrations 
of HzPO;, straight lines were obtained (Fig. 5). From the slopes and q 
values of 3.98 and 0.398 at pH values of 6.6 and 7.6, respectively, the two 
simultaneous equations were solved for KB and Kq. The K s  and Kq values 
were estimated to be 0.575 and 3.79 M-'.day-l. Furthermore, by sub- 
stituting these values in Eq. 3, K was determined to be negligible. 

Effect of Hydrochloric Acid Buffer-In the presence of hydro- 
chloric acid buffer (solution l ) ,  it appears that  the major reaction is hy- 
drolysis of triamcinolone acetonide to triamcinolone and acetone. The 
triamcinolone peak was identified using pure powder and quantified by 
comparing the peak heights. 

Effect of Ionic Strength-From Fig. 6, it is obvious that Kok de- 
creases with increasing ionic strength. Therefore, the reacting ions are 
probably the protonated form of I and H2PO;/HPO:-. However, the slope 

025 t / 
t / 

I '- 0.21 
0 In / 
G I -  / 

0.17 

/ 

0.051 ' ' ' , . I *  

0.02 0.04 0.06 0.08 0.10 
PHOSPHATE BUFFER CONCENTRATION 

Figure B-plots of Kobs uahes versus concentrations of phosphate 
buffer at pH 6.6 (0) and 7.6 (0). 

+ 
; 2.2 

9 
s U 

2.1 

2.01 ' ' ' , I ,  

0.3 0.4 0.5 0.6 

J;: 
Figure  6-Plot of log Kobs versus & at p f f  7.6 (solutions 10-13). 

of the line was -1.16 uersus the expected value of -2.04. This may be due 
to high ionic strengths, since the equation log K = log KO + 1.02 
( Z A Z B ) ~  was deduced by assuming a value of 50.01 (5). In these 
studies, it was necessary to keep the concentration of buffering agent high 
in order to maintain constant pH values. Therefore, the ionic strengths 
were high. The equation cannot be expected to hold a t  salt concentrations 
much beyond the range of validity of the Debye-Huckel theory (5). 

The other explanation may be that one route of decomposition involves 
reaction between the undissociated molecule of I and HzPOTkIPOi-. 
If so, this route will not be affected by ionic strength and, hence, the slope 
will be reduced. Triamcinolone acetonide does decompose at lower pH 
(-1.6) and higher pH (-12.6) without the presence of phosphate ion. 
Therefore, H+ and OH- also catalyze the reaction only when present in 
high concentrations. The Kobs value a t  25" and pH 1.6 was 0.0068 day-' 
uersus 18.2 day-' a t  pH 12.6. 

Later, it was determined that a t  lower pH (solution 11, an increase in 
ionic strength slightly increased the rate constant in hydrochloric acid 
buffer. This slight increase may be an experimental error or the difference 
could be due to a different reaction mechanism in hydrochloric acid buffer 
uersus phosphate buffer, as explained above. 

Effect of Temperature-As expected, the solutions were much more 
stable when stored at 25' than a t  50". From the estimated K values, the 
solutions were stable up to 9 times longer a t  25' than at 50'. 

Effect of Solvent-The data (solutions 19-21) indicate that ethanol 
is better than glycerin/propylene glycol for stability of I as long as the 
same pH is maintained. However, without pH or ionic strength adjust- 
ments (solutions 23, 26, 27). glycerin proved better than ethanol/pro- 
pylene glycol. The estimated K values at 50" were 0.003,0.004, and 0.007 
day-' for solutions 26,23, and 27, respectively. 

In polyethylene glycol ointment base USP (I) ,  Koha was estimated to 
be 0.008 day-', which is similar to solution 27 (Table I) which contained 
25% v/v propylene glycal. The pH of a 1% aqueous solution of the oint- 
ment was 4.2. 

In another experiment, an aqueous solution of I (40.0 pg/ml) containing 
20% v/v methanol and 0.3% vlv hydrogen peroxide was stored a t  50' in 
a 50-ml volumetric flask. After 5 days, it had decomposed 11.5%. 
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AGNES A. ALICH *=, VICTORIA J. WELSH *, and 
LORENTZ E. WITTMERS, JR.* 
Received July 26,1982, from the *Department of Chemistry, College of St. Scholostica, Duluth, MN 55811 and the $Department of Physiology, 
School of Medicine, University of Minnesota-Duluth, Duluth, MN 55812. Accepted for publication November 4,1982. 

Abstract The copper salt of aspirin has been compared with aspirin 
in terms of damage to mucosal tissue. Using a protein-bound dye to 
highlight erosions, it has been found that copper aspirinate is a t  least as 
damaging as aspirin itself. This finding is not in agreement with previ- 
ously published claims. Copper aspirinate produced more widespread 
superficial erosions and slightly less deep erosions than aspirin alone. 
Mixtures of the copper(I1) ion and aspirin produced results similar to 
copper aspirinate, suggesting that the hydrolysis products of copper as- 
pirinate, copper(I1) ion and aspirin, together may be especially damaging 
to the mucosa. Copper alone was not damaging, but aspirin alone yielded 
intermediate results. Short incubation times produced only erosions (no 
ulcers), which were clearly differentiated into two classes by depth of 
color. Histological examination verified this classification into superficial 
and deep erosions. 

Keyphrases Copper aspirinate-gastric mucosal damage in the rat, 
protein-bound dye, histology, comparison with aspirin Aspirin-gastric 
mucosal damage in the rat, protein-bound dye, histology, comparison 
with copper aspirinate 0 Ulceration-gastric mucosa, rat, aspirin and 
copper aspirinate, comparison using protein-bound dye and histology 

Gastric mucosal damage induced by the administration 
of aspirin has been studied for many years. The animal 
model most often used has been the rat, in which, following 
exposure to aspirin, numerous ulcers have been found in 
the corpus (with a few in the antrum) (1,2). It has been 
demonstrated that aspirin is absorbed from the corpus and 
antrum, but not the rumen (3,4). Buffered aspirin has been 
shown to produce fewer lesions than aspirin alone (1,5-7), 
presumably because the buffered aspirin is not absorbed 
from the stomach but from the intestine. 

In 1976 Sorenson (8,9) reported that copper aspirinate 
[tetrakis(acetylsalicylato)-p-dicopper(II)], the copper salt 
of acetylsalicylic acid, had a strong antiulcer effect com- 
pared with aspirin alone when administered during the 
period of ulcer development in the Shay rat (10). On the 
basis of his observations, Sorenson suggested that the 
copper complex of aspirin may be the pharmacologically 
active form of this drug. Numerous other researchers then 
investigated the lesion-producing ability of copper aspir- 
inate in the rat model (11-16). Although some conclusions 
were drawn supporting Sorenson's claim, these studies 
leave considerable uncertainty concerning the relative 
ulcerogenic potential of copper aspirinate and aspirin. 

The results presented here are an attempt to make a 
quantitative comparison of the effect of aspirin and copper 
aspirinate on the gastric mucosa of the rat, using a pro- 
tein-bound dye to highlight lesions (17) and histological 
examination of the tissue to validate the interpretation of 
the dye observations. With respect to the copper aspiri- 
nate, experiments were included to differentiate between 
the effects of the complex and its hydrolysis products, 
aspirin and the copper(I1) ion. A moderate (pharmaco- 
logical) dose and short incubation period were used in all 
experiments. In a separate set of experiments, all com- 

pounds were given with a buffer system to assess the effect 
of the buffer when the drug is prevented from leaving the 
stomach by ligation of the duodenum. 

EXPERIMENTAL 

Since lesion formation due to aspirin is altered by the presence of food 
in the stomach (5,17), all animals (male Sprague-Dawley-derived rats, 
150-300 g body weight) were fasted 24 hr prior to the experiments. An- 
esthesia was induced with ether and maintained with an intraperitoneal 
injection of sodium pentobarbitall (50 mgkg of body weight). An endo- 
tracheal cannula was inserted through a midline neck incision. The 
abdomen was opened and the duodenum ligated, care being taken not 
to obstruct the vascular supply to the stomach. An infant feeding tube 
was inserted through the esophagus into the stomach, and the stomach 
was rinsed with 10-15 ml of saline to remove bits of food and other foreign 
matter. The test suspension (0.5 m1/100 g of body weight) was instilled, 
and the tube removed. Preliminary experiments indicated that this 
volume of fluid resulted in an intragastric pressure of <4 cm H20 when 
initially administered. The abdomen was closed with wound clips. 

The compounds or mixtures employed in these experiments were 
ground to fine powders, and test suspensions in 0.1% aqueous nonionic 
surfactant2 were prepared by sonicating the appropriate amount of the 
test compound or mixture for 10 min. A nonionic suspending agent was 
chosen in order to avoid decomposing the copper complex (18). Molar 
equivalents of the copper(I1) ion and aspirin were used in the experi- 
ments, as shown in Table I. The suspension volume administered each 
animal was determined from its body weight (0.5 m1/100 g of body 
weight). In each case the dose was equivalent to 100 mg aspirinkg. The 
suspensions tested were aspirin, copper aspirinate (19), copper sulfate 
plus aspirin, and copper alone (in the form of copper sulfate). All sus- 
pensions were given with and without a buffer. The buffered suspensions 
contained 3.0 mg/ml of dihydroxyaluminum glycinate3 and 6.0 mg/ml 
of magnesium carbonate. This buffer system is the same as that used in 
a commonly available proprietary product (20). 

The suspensions were allowed to incubate in the stomach for 120 min. 
Ten minutes prior to the end of the incubation period, the animals were 
given an intravenous (femoral vein) injection of 5% protein-binding dye4 
in saline (17). At 120 min of incubation, the animals were sacrificed. The 
stomachs were immediately removed, opened along the lesser curvature, 
and washed with -10 ml of saline. When necessary, a camel's hair brush 
was used to remove the mucous layer. The stomachs were pinned over 
rubber stoppers and examined under a dissecting microscope. Lesions 
could easily be separated into two groups with well-defined boundaries 
depending on the intensity of the dye in the tissue. Each of the two groups 
(one a light blue, the other very dark) was scored by counting the number 
of lesions ( x )  in each of five size classes (y). The classes were defined ac- 
cording to Guth et al. (2,21): y = 1 (pinpoint lesions), y = 2 (lesions <1 
mm in diameter), y = 3 (lesions 1-2 mm in diameter), y = 4 (lesions 2-4 
mm in diameter), and y = 5 (lesions >4 mm in diameter). A lesion index 
was computed by: 

5 

i = l  
Lesion Index = xiyi 

Mean, standard deviation, and standard error were calculated for each 
group of rats; the number of rats per group ranged from 6 to 17. The 
stomachs were stored in 10% formalin in saline and recounted after 24 

1 Diabutal; Diamond Labs, Des Moines, Iowa. 
2 Tween 80; ICN Pharmaceuticals, Inc., Cleveland, Ohio. 
3 Dihydroxyaluminum glycinate was generously donated by the Bristol-Meyen 

' Pontamine Sky Blue 6BX; Pfaltz and Bauer, Stamford, Conn. 
Company. 

0022-3549/83/ 1200- 1457$0 1.00/0 
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Table I-Test Suspensions of Drug in 0.1% Aqueous Suspending 
Medium. 

7 0  - 

60 - 

Compound, Aspirin, Copper, 
ComDound me mmole mmole 

~~ 

Aspirin 20.0 0.111 - 
Copper aspirinate 23.6 0.111 0.0558 
Copper sulfate 13.9 - 0.0558 
Copper sulfate/aspirin 13.9/20.0 0.111 0.0558 

0 Per milliliter of suspension. Buffered suspensions also contained 3.0 m /ml 
of dihydroxyaluminum glycinate and 6.0 mg/ml of magnesium carbonate (20t. 

hr. The average of the two values was recorded as the lesion index. The 
Student’s t test (unpaired) was applied as a test of significance ( p  < 
0.05). 

Representative samples of each type of lesion were taken from the 
stomach, embedded in paraffin, and stained (hematoxylin-eosin) for 
histological evaluation. The blocks were sectioned in a serial manner so 
that the lesions were not missed. The evaluation of the histological ma- 
terial was done under a double-blind procedure. 

RESULTS 

The lesions outlined by the blue dye were separated into two classes 
based on two distinct colors of damaged mucosal tissue. Histological 
examination revealed that the lighter of these were superficial erosions 
(penetrating less than halfway through the mucosa) and the darker were 
deep erosions (penetrating more than halfway through the mucosa). No 
true ulcers were produced in any of these systems. There is excellent 
agreement between the two methods for rats tested with copper aspirinate 
or a mixture of copper(I1) ion and aspirin, but poor agreement in the 
experiments involving aspirin alone (Table 11). In terms of the lesion 
index, agreement is good where the index is large, but poor where the 
index is small. 

Figure 1 displays lesion index values calculated by the equation for 
superficial and deep erosions. In addition to differences in the depth of 
dye color (due to extent of leakage of the dye-protein complex from 

301 20 

A 

VEHICLE COPPER ASPIRIN COPPER COPPER 

ASPIRIN 
SULFATE ASPIRINATE PLUS 

Table 11-Agreement of Lesion Grading by Technique * 

Sam- Dye Histological Agree 
Dle Treatment Evaluation Evaluation* Disagree 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

Copper 
aspirinate 

Copper 
sulfate 
Plus 
aspirin 

Aspirin 

Aspirin 
plus 
buffer 

Superficial 
Deep 
Superficial 
Superficial 
Deep 
Superficial 
Superficial 
Deep 
Deep 
Deep 
Superficial 

Deep 
Superficial 
Deep 
Superficial 
Deep 
Deep 
Deep 
Deep 
Superficial 
Superficial 
Deep 
Deep 
Superficial 
Deep 

Superficial 
Deep 
Superficial 
Deep 
Superficial 

Superficial 
Deep 
No Lesion 
Superficial 
Deep 
Deep 
Superficial 
Deep 
Deep 
Deep 
Deep 

Deep 
Superficial 
Deep 
Superficial 
Superficial 
Superficial 
Deep 
Deep 
None 
None 
Deep 
Superficial 
Superficial 
Deep 

None 
None 
Deep 
Deep 
Deep 

Agree 
Agree 
Disagree 
Agree 
Agree 
Disagree 
Agree 
Agree 
Agree 
Agree 
Disagree 

Agree 
Agree 
Agree 
Agree 
Disagree 
Disagree 
Agree 
Agree 
Disagree 
Disagree 
Agree 
Disagree 
Agree 
Agree 

Disagree 
Disagree 
Disagree 
Agree 
Disagree 

0 In the dye evaluation, assignment was made on the basis of color; in the histo- 
logical evaluation, on the basii of penetration into the mucod surface. Superficial 
lesions extended less than one-half the mucosal thickness; deep lesions penetrated 
more than one-half the thickness. No lesion penetrated the muscularis mucosa. 

80. 

7 0 .  

60 

50 
X 
w 
0 z 
z 40 
0 
v) w 
-1 

30 

20 

10 

B 

T 

VEHICLE COPPER ASPIRIN COPPER co 

T 

SULFATE ASPIRINATE PLUS 
ASPIRIN 

Figure 1-Superficial (A) and deep (B)  lesion indices of rats subjected to various aspirin preparations. The lesion index is found for each animal 
by summing over each size of erosion; the group lesion index is the mean of the individual indices. Key: (0 )  unbuffered solutions; (m) buffered 
solutions. The bars represent + I  SEM. 
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Table 111-Distribution of Superficial Lesions by Size a 

Number of Lesions of Each Size 
n 3 4 5 Lesion Index Test Compound 1 2 

Control 

Control 
(buffered) 

7 Mean 2.36 1.86 
SEM 0.43 0.89 

6 Mean 3.58 0.83 
SEM 1.23 0.33 

6.07 
2.14 
5.25 
1.38 

Copper sulfate 8 Mean 3.44 0.75 0.25 5.06 
SEM 0.63 0.37 0.16 1.61 

Copper sulfate 12 Mean 2.42 1.67 4.08 
(buffered) SEM 0.59 0.79 0.70 

Aspirin 17 Mean 5.94 2.35 0.18 11.18 
SEM 0.95 0.53 0.13 1.89 

Aspirin 17 Mean 7.50 2.53 0.88 0.06 15.35 
(buffered) SEM 2.01 0.49 0.32 0.06 2.40 

Copper 12 Mean 5 0 t  6.58 1.92 0.71 0.62 74.75 
aspirinate SEM 1.06 0.48 0.35 0.42 3.43 

Copper 10 Mean 7.89 6.39 3.67 1.61 0.45 38.30 
aspirinate SEM 1.52 1.45 0.71 0.90 0.30 6.26 
(buffered) 

Copper sulfate 11 Mean 9.68 6.04 3.77 2.91 4.23 65.30 
plus aspirin SEM 1.10 0.88 0.65 1.07 0.98 8.65 

plus aspirin SEM 4.15 1.06 0.67 0.37 0.27 7.02 
(buffered) 

Copper sulfate 17 Mean 20.26 5.79 3.97 1.74 0.91 55.53 

The diameter of individual lesions determined the category into which they fell for counting. The mean represents the average number of lesions of each size, and 
the lesion index is the score obtained by summing. 

Table IV-Distribution of Deep Lesions by Size a 

Number of Lesions of Each Size 
Test Compound n 1 2 3 4 5 Lesion Index 

Control 7 Mean 
SEM 

Control 6 Mean 
(buffered) SEM 

Copper sulfate 8 Mean 
SEM 

Copper sulfate 12 Mean 
(buffered) SEM 

Aspirin 17 Mean 4.82 2.30 0.38 
SEM 1.17 0.46 0.17 

0 

0 

0 

0 

10.62 
1.51 ~ ~~ 

Aspirin 17 Mean 4.71 3.59 0.55 0.29 14.62 
(buffered) SEM 1.96 1.26 0.33 0.21 5.44 

Copper 12 Mean 0.54 0.67 0.21 0.17 3.17 
aspirinate SEM 0.29 0.40 0.11 0.11 1.05 

Copper 10 Mean 1.44 2.00 0.89 8.11 

(buffered) 
Copper sulfate 11 Mean 4.36 5.00 2.77 0.77 0.14 26.68 

plus aspirin SEM 1.54 1.45 1.00 0.41 0.14 7.15 
Copper sulfate 17 Mean 3.85 2.56 0.91 0.03 11.88 

plus aspirin SEM 1.04 0.56 0.32 0.02 2.57 
(buffered) 

aspirinate SEM 1.44 0.74 0.53 3.06 

The diameter of individual lesions determined the category into which they fell for counting. The mean represents the average number of lesions of each size, and 
the lesion index is the score obtained by summing. 

damaged blood vessels), deep lesions were small and circular or oval, 
whereas superficial erosions were irregular in shape and considerably 
larger. The difference in size is apparent from the comparative lesion 
indices for the two types of erosions, which are plotted on the same scale 
in Fig. 1A and B. In general, the presence of the buffer had no significant 
effect on the extent of damage produced under these experimental con- 
ditions. 

Copper aspirinate and a mixture of aspirin and copper sulfate caused 
significant increases over controls in both the superficial and deep lesion 
indices. Copper aspirinate and copper(I1) ion plus aspirin had signifi- 
cantly higher superficial lesion indices than aspirin alone 0, < 0.001), 
but were not significantly different from each other. The copper aspiri- 
nate deep lesion index was significantly less than the aspirin deep lesion 
index in the unbuffered systems ( p  < 0.001), but not in the buffered 
systems. 

Tables 111 and IV contain data from which the lesion indices were 
calculated. It is clear from this data that the higher superficial lesion index 
of copper aspirinate and copper(I1) ion plus aspirin represent both more 
and larger erosions than are found for aspirin alone. There does not ap- 
pear to be a clear difference between the deep erosion data of copper 
aspirinate and aspirin. 

Some deep erosions in categories 3,4, and 5 were observed to have red 
or brown centers to which the blue dye had not penetrated it was initially 
supposed that these represented ulcers. On histological examination, 
however, these lesions were found to be erosions, indicating that dis- 
ruption of the circulation occurs prior to ulcer development. A small 
number of these appeared in aspirin-treated rats, somewhat more in 
copper aspirinate-treated rats, and the most in copper-plus-aspirin- 
treated rats. When copper sulfate was used in the absence of aspirin, the 
lesion indices were not significantly different from the controls for either 
superficial or deep erosions. 

DISCUSSION 

Initial damage to the mucosa from absorption of aspirin is more easily 
and accurately assessed by the use of a protein-binding dye. Two stages 
prior to ulcer formation can be clearly distinguished by the loss of the 
dyed protein into the tissue. The darker blue lesions, as can be seen from 
the agreement of histological and dye diagnoses (Table II), are deep 
erosions, penetrating more than halfway through the mucosa. Of the 16 
lesions diagnosed as deep by the dye method, 76% were in agreement 
using the histological diagnosis. 
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For lesions diagnosed as superficial erosions by the dye method, 
agreement was poor; less than half were in agreement with the histological 
diagnosis. Of those that did not agree, the majority were found to have 
no erosion by the microscopic examination. Thus, the superficial erosions 
identified by the dye technique included both erosions penetrating less 
than halfway through the mucosa and pre-erosion lesions which allowed 
loss of the proteindye complex from the gastric capillaries. The minimal 
pathological change necessary to allow the dye to accumulate in the 
mucosa would be an alteration in capillary permeability of sufficient 
magnitude to allow transendothelial movement of the proteindye 
complex. Robins (22) has shown, by transmission electron microscopy, 
that the first structural change after administration of aspirin is alteration 
of the capillary endothelial basement membrane, which leads to the 
breakdown of small blood vessels before any other cytolytic effects ap- 
pear. Thus, bleeding (and the loss of the protein-dye complex into the 
tissue) could occur without gross visible damage to the mucosal struc- 
tures. Williams et al. observed no erosions when copper aspirinate was 
given to rats, but even after 18 hr, noted that bleeding had occurred (12). 
Their technique would not have allowed detection of these lesions. 

In those experiments in which the superficial lesion index was highest, 
the correlation between dye and histological evaluation was remarkable. 
Table I1 indicates that in copper aspirinate experiments, agreement was 
7 of 9, and in copper-plus-aspirin experiments, agreement was 5 of 6. In 
experiments where the superficial lesion index was low, correlation was 
poor: for aspirin alone, agreement was 4 of 9, and for buffered aspirin, 2 
of 6. Thus, in terms of the calculated superficial lesion indices, the dif- 
ference between copper aspirinate and aspirin is even larger than it ap- 
pears to be from Fig. 1A. For the deep lesion index, the only disagree- 
ments in diagnosis were overdiagnosis by the dye method in the aspirin 
and aspirin-plus-buffer classes. Thus, the calculated deep lesion index 
for aspirin would be less than that indicated in Fig. lB, whereas those for 
copper aspirinate and copper-plusaspirin would be unchanged. It is clear 
that these data do not support the Sorenson conclusions that copper 
aspirate is less damaging to stomach mucosa than aspirin. 

The Shay rats (10) used by Sorenson are prepared by ligating the du- 
odenum and allowing acid to accumulate in the stomach for 16-19 hr, 
resulting in ulcer formation. In Sorenson’s experiments (8), the aspirin 
or copper aspirinate was placed in the stomach during the period of ulcer 
formation. At the end of the experiment, an ulcer index was calculated. 
The substance was deemed active if the ulcer index was less than that 
of the controls. Under this protocol, both aspirin and copper aspirinate 
were reported to be active antiulcer agents, with copper aspirinate much 
more so than aspirin. These conclusions actually refer to the change in 
the rate of ulcer formation or healing in the Shay rat model. The excess 
acid and very long incubation times make Sorenson’s results unique and 
of questionable value in the study of lesion formation by aspirin and re- 
lated compounds under normal conditions of absorption. 

With respect to the other studies in which copper aspirinate was tested, 
conditions varied greatly (11-16). Williams et a!. (12) did not fast rats 
prior to experimentation and did not examine the stomachs for 18 hr after 
dosing. I t  has been shown that fed rats develop fewer stomach lesions 
from aspirin than do fasted rats (5,17) and that spontaneous healing of 
lesions begins within 6 hr after damage ( 5 ) .  These authors tallied numbers 
of erosions, but did not assess size or severity of lesions. They reported 
that while rats treated with aspirin developed 50% more lesions (histo- 
logical evaluation of lesion type was not done) than controls, those treated 
with copper aspirinate developed no erosions (though bleeding was ob- 
served). The significance of these data is not clear due to the aforemen- 
tioned variations in the experimental protocol. Rainsford and Whitehouse 
(13) reported ulcers formed in groups of five fasted rats given aqueous 
suspensions of aspirin or copper aspirinate. Those given copper aspirinate 
were also subjected to cold stress. These authors concluded that since 
the copper aspirinate-treated rats (with cold stress) did not have signif- 
icantly more mucosal damage than the aspirin-treated rats, copper as- 
pirinate caused less damage to the mucosa. The data reported in this 
paper, using larger groups of rats, does not support their conclusions. 
Boyle et al. (ll), reporting the percentage of rats having at  least one “area 
of erosion,” found that for aspirin alone this figure was -98% and for 
copper aspirinate -15%. Their paper refers to both erosions and ulcers, 
and it is not clear which were counted. The difference in results is perhaps 
due to the difference in assessment-the lack of a protein-binding dye 
to enhance preulcer lesions and a counting formula that did not include 
both number and size of lesions. Sorenson’s results were also tested by 
Lewis et al. (14-16). The rats they used were very young, and i t  has been 
shown that juvenile rats do not have the same susceptibilities to aspi- 
rin-induced lesions as adult rats (23). Results were about the same for 
free aspirin as for the copper complex. Observations were made after 6 

hr of incubation without magnification or the aid of a dye. 
The experiments reported in this paper eliminated as many of these 

variables as possible. Using a protein-binding dye and summing over both 
number and sizes of lesions, clear differences appeared between the ef- 
fects of copper aspirinate and aspirin. Figure 1B shows that copper as- 
pirinate produced fewer deep erosions than aspirin alone although there 
was apparently a greater disruption of blood flow from copper aspirinate 
as indicated by the absence of dye in the center of some of these erosions. 
The difference in the deep lesion indices for these two systems was not 
significant when buffer was present. The copper aspirinate yielded larger 
numbers of superficial lesions than aspirin alone (Fig. 1A). The combi- 
nation of copper plus aspirin caused more deep lesions than either aspirin 
or copper aspirinate alone, suggesting that it is the hydrolysis products 
of the copper aspirinate that are the most potent lesion-producing system. 
The smaller deep lesion index of copper aspirinate uersus aspirin may 
be due, in part, to the slow hydrolysis of the complex. The concentration 
of the hydrolysis products (copper and aspirin) may be sufficient to 
produce large numbers of superficial lesions, but not enough to produce 
as many deep lesions as the aspirin alone. 

With the exception of one experimental group, in the experimental 
protocol employed here, the addition of buffer did not result in a signif- 
icant decrease in lesion formation. Only in the group of animals receiving 
copper aspirinate did the addition of buffer result in a significant decrease 
in the formation of deep erosions (Fig. 1B). This should not be interpreted 
as contradicting the known fact (24) that buffered aspirin is less damaging 
to stomach mucosa than aspirin alone. In these experiments, the stomach 
was isolated from the intestinal tract so that the drug was held in the 
stomach for the duration of the experiment. 

The data presented allow several conclusions. First, if one employs 
protein-bound dye to mark or outline gastric lesions, the severity or type 
of lesion must be verified by histological methods. The appearance of the 
dye on the mucosal surface can result from prelesion capillary endothelial 
damage, erosions, or ulcers. The protocol employed here did not produce 
ulcers, ,and it was possible to differentiate between deep and superficial 
erosions by the color characteristics of the extravasated dye. The dye 
method includes pre-erosion capillary endothelial damage with superficial 
erosions. Secondly, the administration of copper aspirinate produced 
larger numbers and sizes of superficial erosions than did aspirin alone. 
The frequency of deep erosions was slightly less for copper aspirinate than 
for aspirin alone. Thirdly, the comhination of copper(I1) ions and aspirin 
resulted in a greater effect (a larger deep lesion index) than the copper 
complex, suggesting that it may he the hydrolysis products of the copper 
aspirinate complex which cause the more severe gastric mucosal damage. 
Finally, the addition of a buffer to the preparation resulted in a decrease 
in lesion formation only in the case of copper aspirinate and only as 
evaluated from superficial erosions. 

’ 
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Abstract 0 The mechanism of cetomacrogol 1000-induced hemolysis 
was investigated. Previous conclusions that peroxides are involved in the 
hemolytic process were confirmed. The possibility that  hydrogen per- 
oxide, superoxide, hydroxyl radical, or singlet oxygen, which are known 
to induce hemolysis, are involved in cetomacrogol1000-induced hemolysis 
was tested by using specific inhibitors and inactivators. The hydroxyl 
radical (OH)  was shown to be the only apparent oxygen species involved 
in cetomacrogol 1000-induced hemolysis. Its contribution to the hemo- 
lytic potency of the surfactant is -30%. 

Keyphrases Cetomacrogol 1000-induction of hemolysis, peroxida- 
tion, hydroxyl radical participation, erythrocytes 0 Surfactants-ceto- 
macrogol 1000-induced hemolysis, peroxidation, hydroxyl radical par- 
ticipation Peroxides-role in surfactant-induced hemolysis, cetoma- 
crogol 1000, hydroxyl radical participation 

Polyoxyethylene-derived surfactants are widely used 
as pharmaceutical aids, although their tendency to form 
peroxides is well known (1-4) and their deleterious effects 
on various drugs have been proven (5-7). Like other sur- 
face-active compounds, the polyoxyethylene surfactants 
cause hemolysis when they come in contact with red blood 
cells (7-9). Results recently published (10) indicate that 
the hemolytic activity of polyoxyethylene surfactants may 
be ascribed to their tendency to form peroxides. It should, 
however, be emphasized that hemolysis is only one form 
of cytotoxicity. 

Peroxidation is believed to be one of the main mecha- 
nisms that give rise to membrane damage and cellular 
death (11-16). Destruction of normal tissue as a conse- 
quence of inflammatory reactions is also ascribed to oxygen 
radicals. The superoxide anion radical (O;), hydrogen 
peroxide, the hydroxyl radical (OH.), and the oxygen 
radicals (‘02) are highly reactive and can damage most 
types of cellular polymers. They have been shown to oxi- 
dize proteins, peroxidize fatty acids, and cleave polysac- 
charides in uitro (15). All were found to induce lysis of 
various types of cells (17-19). The abundance of polyun- 
saturated fatty acids in cell membranes and the facility 
with which these undergo oxidation are assumed to be the 
cause of peroxide-induced lysis (20). 

Because of the widespread use of these surfactants and 
the awareness of the pernicious effect of free radicals and 
especially peroxides, we decided to study the mechanism 
by which these compounds induce peroxidation, with the 
ultimate aim of finding potential antidotes to these 
harmful effects. Their simple structure, easy availability, 
and the facility with which cell damage can be estimated 
by means of hemolysis make erythrocytes the ideal model 
for such research. Cetomacrogol 1000 (polyethylene glycol 
1000 monocetyl ether) was chosen as the model polyoxy- 
ethylene surfactant in this research. 

EXPERIMENTAL 

Materials-Cetomacrogol 1000, polyethythelene glycol 1000 mono- 
cetyl ether’, is a solid and, thus, not sensitive to autooxidation (4). So- 
lutions of cetomacrogol1000 were freshly prepared. Histidine2, trypto- 
phan3, mannitol?, thiourea4, and digitonin2 were commercial samples. 
Hydroq~ inone~  was crystallized from benzene prior to use. Catalase6 was 
dialyzed against water (specific activity 1.57 X lo6 U/ml), superoxide 
dismutase? had a specific activity of 2650 U/mg of protein. Saponin-A 
was obtained from Styrar officinalis (21). 

Determination of Hemolytic Activities-All experiments were 
performed on citrated blood freshly drawn from albino rats. The eryth- 
rocytes, freed of plasma by three washings in cold isotonic saline, were 
diluted with isotonic buffer (3.95 g of Na2HP04-2H20,0.76 g of KH2P04, 
7.2 g of NaCl, qs. to 1000 ml with water; pH adjusted to 7.4) to give a 1% 
suspension. Varying quantities of hemolysin, dissolved in buffer, were 
added to 2 ml of the erythrocyte suspension, and the volume was in- 
creased to 4 ml with buffer. The components were added in the following 
order: erythrocyte suspension, buffer, and the hemolyzing agent. The 
mixtures were incubated for 60 min a t  37O in a shaking water bath, and 
then were centrifuged at  lo00 X g; the absorbance of the supernatant was 
determined at 540 nm. The percentage of hemolysis was determined by 
comparison with a sample in which 100% hemolysis was obtained by the 
addition of digitonin. 

Effect of Inhibitors on Surfactant-Induced Hemolysis-Two sets 

Cetomacrogol IOOO, A.B.M. Chemical Ltd., England. 
E. Merck, Darmstadt, West Germany. 

Riedel-De Haen AG. Seelze-Hannover. 
Photographic grade; May and Baker Ltd., Dagenham, England. 
Sigma-1000. 

3 Sigma Chemical Co., St. Lous, Mo. 
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Abstract 0 The mechanism of cetomacrogol 1000-induced hemolysis 
was investigated. Previous conclusions that peroxides are involved in the 
hemolytic process were confirmed. The possibility that  hydrogen per- 
oxide, superoxide, hydroxyl radical, or singlet oxygen, which are known 
to induce hemolysis, are involved in cetomacrogol1000-induced hemolysis 
was tested by using specific inhibitors and inactivators. The hydroxyl 
radical (OH)  was shown to be the only apparent oxygen species involved 
in cetomacrogol 1000-induced hemolysis. Its contribution to the hemo- 
lytic potency of the surfactant is -30%. 

Keyphrases Cetomacrogol 1000-induction of hemolysis, peroxida- 
tion, hydroxyl radical participation, erythrocytes 0 Surfactants-ceto- 
macrogol 1000-induced hemolysis, peroxidation, hydroxyl radical par- 
ticipation Peroxides-role in surfactant-induced hemolysis, cetoma- 
crogol 1000, hydroxyl radical participation 

Polyoxyethylene-derived surfactants are widely used 
as pharmaceutical aids, although their tendency to form 
peroxides is well known (1-4) and their deleterious effects 
on various drugs have been proven (5-7). Like other sur- 
face-active compounds, the polyoxyethylene surfactants 
cause hemolysis when they come in contact with red blood 
cells (7-9). Results recently published (10) indicate that 
the hemolytic activity of polyoxyethylene surfactants may 
be ascribed to their tendency to form peroxides. It should, 
however, be emphasized that hemolysis is only one form 
of cytotoxicity. 

Peroxidation is believed to be one of the main mecha- 
nisms that give rise to membrane damage and cellular 
death (11-16). Destruction of normal tissue as a conse- 
quence of inflammatory reactions is also ascribed to oxygen 
radicals. The superoxide anion radical (O;), hydrogen 
peroxide, the hydroxyl radical (OH.), and the oxygen 
radicals (‘02) are highly reactive and can damage most 
types of cellular polymers. They have been shown to oxi- 
dize proteins, peroxidize fatty acids, and cleave polysac- 
charides in uitro (15). All were found to induce lysis of 
various types of cells (17-19). The abundance of polyun- 
saturated fatty acids in cell membranes and the facility 
with which these undergo oxidation are assumed to be the 
cause of peroxide-induced lysis (20). 

Because of the widespread use of these surfactants and 
the awareness of the pernicious effect of free radicals and 
especially peroxides, we decided to study the mechanism 
by which these compounds induce peroxidation, with the 
ultimate aim of finding potential antidotes to these 
harmful effects. Their simple structure, easy availability, 
and the facility with which cell damage can be estimated 
by means of hemolysis make erythrocytes the ideal model 
for such research. Cetomacrogol 1000 (polyethylene glycol 
1000 monocetyl ether) was chosen as the model polyoxy- 
ethylene surfactant in this research. 

EXPERIMENTAL 

Materials-Cetomacrogol 1000, polyethythelene glycol 1000 mono- 
cetyl ether’, is a solid and, thus, not sensitive to autooxidation (4). So- 
lutions of cetomacrogol1000 were freshly prepared. Histidine2, trypto- 
phan3, mannitol?, thiourea4, and digitonin2 were commercial samples. 
Hydroq~ inone~  was crystallized from benzene prior to use. Catalase6 was 
dialyzed against water (specific activity 1.57 X lo6 U/ml), superoxide 
dismutase? had a specific activity of 2650 U/mg of protein. Saponin-A 
was obtained from Styrar officinalis (21). 

Determination of Hemolytic Activities-All experiments were 
performed on citrated blood freshly drawn from albino rats. The eryth- 
rocytes, freed of plasma by three washings in cold isotonic saline, were 
diluted with isotonic buffer (3.95 g of Na2HP04-2H20,0.76 g of KH2P04, 
7.2 g of NaCl, qs. to 1000 ml with water; pH adjusted to 7.4) to give a 1% 
suspension. Varying quantities of hemolysin, dissolved in buffer, were 
added to 2 ml of the erythrocyte suspension, and the volume was in- 
creased to 4 ml with buffer. The components were added in the following 
order: erythrocyte suspension, buffer, and the hemolyzing agent. The 
mixtures were incubated for 60 min a t  37O in a shaking water bath, and 
then were centrifuged at  lo00 X g; the absorbance of the supernatant was 
determined at 540 nm. The percentage of hemolysis was determined by 
comparison with a sample in which 100% hemolysis was obtained by the 
addition of digitonin. 

Effect of Inhibitors on Surfactant-Induced Hemolysis-Two sets 

Cetomacrogol IOOO, A.B.M. Chemical Ltd., England. 
E. Merck, Darmstadt, West Germany. 

Riedel-De Haen AG. Seelze-Hannover. 
Photographic grade; May and Baker Ltd., Dagenham, England. 
Sigma-1000. 

3 Sigma Chemical Co., St. Lous, Mo. 
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Figure 1-Time dependence of cetomacrogol1000-induced hemolysis. 
Cetomacrogol 1000 concentration: (a) 1.5 X M; (0) 1.3 X M; 
(A) 9.5 X M; (A) 7.6 X ZO-6 M; (W) 5.7 X M. 

of experiments were run in parallel: (a)  a regular hemolysis test and ( b )  
the same incubation mixture as in (a)  but with inhibitor solutions (in 
buffer) substituting for part of the buffer. The components were added 
as follows: erythrocytes, buffer, inhibitor, hemolysin. Percentage inhi- 
bition was determined as: 

% hemolysis with inhibitor 
% hemolysis without inhibitor 

1 0 0 X ( l -  

Effect of Visible Light on Cetomacrogol 1000-Induced Hemoly- 
sis-Equal volumes of mixtures consisting of erythrocytes, buffer, and 
cetomacrogol lo00 were introduced into eight test tubes. Four of the test 
tubes were shielded from light by covering them with aluminium foil. All 
eight of the test tubes were incubated for 1 hr a t  37' and processed as 
described above. 

RESULTS 

Figure 1 shows the cetomacrogol 1000-induced hemolysis a t  various 
time intervals. The five curves represent different cetomacrogol 1000 
concentrations; their shape is in accordance with previous observations 
that hemolysis produced by polyoxyethylene cetostearyl ethers progresses 
slowly toward 100% irrespective of the surfactant concentration (10). 

To ensure reproducibility of the results and to provide a common basis 
for comparison of results of different experiments, the extent of the he- 
molysis was tested after exactly 1 h of incubation at 37'. The percentage 
of hemolysis was, therefore, reproducible to within 3% hemolysis. 

No information is available on the identity of the active tissue-dam- 
aging radical produced during autooxidation of the polyoxyethylene 
surfactants, especially when they are in contact with living cells. We 
therefore decided to test the inhibitory influence of a variety of enzymes 
and chemicals which inactivate specific peroxides and radicals known 

to induce hemolysis. The effectiveness of the various inhibitors was tested 
at  three cetomacrogol 1000 concentrations: 1.3 X lop5 M, 1 X M, 
and 7.6 X M. These concentrations normally cause --80,50, and 30% 
hemolysis within 1 hr. 

Catalase-Hydrogen peroxide either by itself or as a precursor of other 
active radical species is a well-known inducer of tissue damage and he- 
molysis (20, 22). The enzyme catalase, which catalyzes the conversion 
of H202 to 02 and H20, was tested as a potential inhibitor for cetoma- 
crogol1000-induced hemolysis. The results (Table I) show that catalase 
had no inhibitory effect on cetomacrogol1000-induced hemolysis even 
at  levels as high as 625 U/ml. 

Superoxide Dismutase-Superoxide radicals (Oc), generated en- 
zymatically or photochemically, have been shown to induce lipid per- 
oxidation, to damage membranes, and to kill cells (17,20). The enzyme 
superoxide dismutase, which gives rise to the dismutation 0, + OF + 
2H+ - H202 + 0 2  (23), was used to test the possibility of 0; being the 
active hemolyzing agent. No inhibition was obtained with superoxide 
dismutase (65 U/ml) nor with a superoxide dismutase-catalase mixture. 
All results are summarized in Table I. 

Oxygen Radicals (I02)-Hemolysis can be the result of the photo- 
sensitized production of lo2 using either endogenous or exogenous 
photosensitizers (19). The possibility that singlet oxygen was responsible 
for the cetomacrogol 1000-induced hemolysis was evaluated by adding 
specific quenchers, ie . ,  the aromatic amino acids histidine and 
tryptophan, and hydroquinone (15, 18, 20). The three inhibitors were 
tested at the highest possible concentrations: hydroquinone at  concen- 
trations >2.5 X caused damage to the erythrocytes (they turned 
brown); the maximal concentrations for histidine and tryptophan were 
those allowed by their solubility. 

The results of these experiments are summarized in Table 1. Of the 
three quenchers, only histidine caused slight inhibition of hemolysis, 
while tryptophan and hydroquinone produced no effect at all. 

Hydroxyl Radicals-These radicals are very reactive and can interact 
with unsaturated fatty acids, which are components of the cell membrane, 
either through hydrogen abstraction or by addition to the unsaturated 
system (24). Among the oxidizing radicals the hydroxyl radical is the most 
powerful and most deleterious to the living membrane (25). The role of 
the hydroxyl radical in the hemolytic effect of cetomacrogol 1000 was 
tested by the addition of the specific hydroxyl radical quenchers, man- 
nitol and thiourea. Both produced significant inhibition. Inhibition as 
function of mannitol and thiourea concentration is represented in Figs. 
2 and 3, respectively. A t  high levels of hemolysis, an almost linear cor- 
relation between inhibitor concentration and inhibitor effect is observed, 
whereas at low levels, inhibition increases with inhibitor concentration 
until a plateau is obtained. In no case does inhibition exceed 35%. The 
possibility that the inhibition might be due to some nonspecific protective 
effect of the inhibitors on the red blood cell membranes was eliminated 
by testing their effect on saponin hemolysis. Digitonin and Styrax sa- 
ponin, two highly potent crystalline compounds, were chosen to represent 

Table I-Effect of Catalase, Superoxide Dismutase, Hydroquinone, Tryptophan, a d  Histidine on Cetomacrogol 1000-Induced 
Hemolysis 

Cetomacrogol lo00 Inhibitor 
Concentration, M Hemolysis, % Inhibitor Concentration Inhibition, % 

1.3 x 10-5 80 f 0.2 ( 5 )  Superoxide dismutase 66.2 pg/ml - 

1 x 10-5 50 f 0.3 (5) 250 pg/ml - 

- 66.2 pglml 
1.3 x 10-5 80 f 0.2 (5) Catalase 250 I.cg/ml 

625 pglml 

625 ue/ml 

- 
1 x 10-5 50 f 0.3 (5) 

- 

- 
1.3 x 10-5 

1 x 10-5 
1.3 x 10-5 

1 x 10-5 
1.3 X 

I x 10-5 

82 f 0.5 (5) 

51 f 0 (5) 
82 f 0.5 (5) 
51 f 0 (5) 
82 f 0.5 (5) 

51 f 0 (5) 

Hydroquinone 

Tryptophan 

Histidine 

2 . 2 ~  i 6 - 4  M 
2.2 x 10-5 M 
2.2 x M 
2.2 x 10-4 M 
1.3 X M 
1.3 X lo-* M 

5 x M 
2 x 10-2 M 
1 x 10-2 M 
5 x 10-3 M 
5 x M 
2 x M 
1 x M 
5 x in-3 M 

- 
- 
- 
- 
- 
- 

7 f 1.8 (5) 
7 f 1.7 (5) 

16 f 1.1 (5) 
10 f 1.5 (5) 

- 
- 

- 
- 

7.6 f 31 f 1.2 ( 5 )  
~ . . _ _  
5 x 10-2 M 
2 x M 
1 x M 

21 f 0.9 (5) 
10 f 1.2 (5) 
- 
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Figure 2-Inhibition of cetomacrogol 1000-induced hemolysis as a 
function of mannitol concentration. Key: (a) cetomacrogollOOO,7.6 X 
10-6M; (b) cetomacrogol1000,l X M; (c) cetomacrollOOO,l.3 X 
10-5 M. 

the saponins. The experiments were performed at  two levels of hemolysis 
(i.e., saponin concentrations). Mannitol and histidine had no effect on 
saponin hemolysis. Thiourea produced some inhibition at high inhibitor 
concentrations. However a t  1.3 X M, a concentration at  which 
maximal inhibition of cetomacrogol 1000-induced hemolysis was ob- 
tained, no effect was observed (Table 11). 

Free radical reactions are often light catalyzed. We therefore tested 
whether cetomacrogol 1000-induced hemolysis is promoted by visible 
light. The experiments were performed at  four different surfactant 
concentrations, and the results are summarized in Table III. They clearly 
show that the extent of hemolysis is indeed enhanced under the influence 
of light. 

DISCUSSION 

The results of the present investigation confirm previous conclusions 
(10) that the hemolytic activity of polyoxyethylene-derived surface-active 
agents is to be ascribed, a t  least in part, to their tendency to form per- 
oxides. Various oxygen radical species and peroxides are known to induce 
hemolysis as a result of lipid peroxidation (12, 13, 15, 20). Our experi- 

20 C '  

Table 11-Effect of Histidine, Mannitol, and Thiourea on Saponin Hemolysis 

t J" 
0- 

THIOUREA CONCENTRATION x 1 0 - ~  
2 6 10 14 

Figure 3-Inhibition of cetomacrogol 1000-induced hemolysis as a 
function of thiourea concentration. (a) cetomacrogollOOO,7.6 X 
M; (b) cetomacrogol IOOO, 1 X M; (c) cetomacrogol lOOO,1.3 X 
M. 

ments indicate that in cetomacrogol 1000-induced hemolysis, the hy- 
droxyl radical is strongly involved in the process. 

The polyoxyethylene surfactants are polyethers and, therefore, their 
spontaneous autocatalytic peroxidation has been described as taking 
place uia a free radical chain reaction as follows (3): 

RH + light or catalyst - R + H 
Scheme I-Initiation 

R 02 4 ROO 

ROO + RH -. ROOH + R 
Scheme II-Propagation 

Free radicals also may be formed by the processes in Scheme 111, and 
removed by those in Scheme IV: 

ROOH - ROO + H 
ROOH - R O  + 'OH 

2ROOH - ROO + R O  + H2O 
Scheme III 

Saponin 
Concentration, Inhibitor 

Saponin M Hemolysis, % Inhibitor Concentration Inhibition, % 

Styrax saponin 8 x 10-7 
6 X lod7 

Digitonin 1.3 x io-6 
1.0 x 10-6 

Styrax saponin 8 x 10-7 
6 X 

Digitonin 1.3 X - 
1.0 x 10-6 

Styrax saponin 8 x 10-7 

Digitonin 

6 X 

1.3 X 

1.5 X 

62 f 0 (5) 
46 f 1 i4j 
42 f 1 (5) 
25 f 1 (4) 
62 f 0 (5) 
46 f 1 (4) 
42 f 1 (5) 
25 f 1 (4) 
62 f 0 (5) 

46 f l ( 4 )  

42 f l ( 5 )  

58 f 2 (4) 

Histidine 

Mannitol 

Thiourea 

5 x 10-2 0 (5) 
0 i4j 
0 (5) 

1 x 10-1 

1.3 x lo-' 
6.5 x 10-2 
1.3 X 
6.5 x 
1.3 x 10+ 
1.3 X 10-l 
6.5 X 
1.3 X 
6.5 x 10-2 
1.3 X 

0 (4) 
0 (5) 
0 (4) 
0 (5) 
0 (4) 

0 (5) 

0 (4) 

48 f 0 (5) 
20 f 0.3 (5) 

41 f l ( 4 )  

50 f 1.3 (5) 
40 f 1.5 (5) 
0 (5) 

0 (4) 
30 f 1 (4) 
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Table 111-Effect of Visible Light on Cetomacrogol 1000- 
Induced Hemolysis 

Cetomacrogol 1000 

hemolytic potency, the solubilizing properties of the surfactant contribute 
to the hemolytic process. Our present experiments suggest that the 
contribution of the surface activity factor to cetomacrogol1000-induced 
hemolysis is -To%, while the contribution of the O H  radicals is -30%. 
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1.0 f 10-5 50 * 1 (4) 37 f 2 (4) 26 
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5.7 f 10 f 0.5 (4) 8 f 0.5 (4) 20 
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(a) (1978). 2RO; +inactive products 

R02 + R + inactive products 

2R +inactive products 
Scheme IV-Termination 

This indicates that hydroxyl radicals may in fact be produced during 
polyoxyethylene surfactant autooxidation, as suggested by our findings 
on the active hemolyzing factor. The observation that visible light en- 
hances cetomacrogol 1000-induced hemolysis further substantiates this 
suggestion. 

The concentrations of inhibitors used in the present investigation were 
high when compared with those used by Kellog and Fridovich (20) to 
inhibit the hemolysis obtained by xanthine oxidase-acetaldehyde. These 
authors however used a much lower erythrocyte concentration for their 
experiments. This difference in the experimental conditions no doubt 
affects the extent of hemobsis as well as the extent of inhibition obtained 
by inhibitors. 

The shapes of the curves representing the extent of inhibition by 
mannitol and thiourea as a function of inhibitor concentration are pe- 
culiar (Figs. 2 and 3). Although inhibition increases with inhibitor con- 
centration, the curves reach a plateau at -3Wo inhibition. The reason for 
the incomplete inhibition by O H  scavengers may be due to other radicals 
obtained in the course of the surfactant autooxidation (see Schemes 
I-IV). 

The possibility that histidine might scavenge such radicals seems 
controvertible since a mixture of histidine-mannitol did not enhance the 
inhibition beyond that of mannitol alone7. The assumption that other 
peroxide radicals take part in the hemolytic process also seems wes-  
tionable in view of the fact that experiments conducted under a nitrogen 
atmosphere also produced only 30% inhibition (10). The high degree of 
consistency of these results suggests that although surface activity of the 
polyoxyethylene-derived surfactants could not be correlated with their 
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7181 (1981). 

646,169 (1981). 

22, 183 (1975). 

Murray, Eds., Academic New York, N.Y., 1979, p. 597. 

527. 

Chem, 24, 11,174 (1976). 

Cambridge University Press, England, 1974, p. 358. 

Foundation Symposium 65 Experta Medica, Amsterdam, 1979, p. 5. 7 Unpublished results. 
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Abstract 0 Calcium ion (Ca2+, 5 mM) caused a large upward shift in the 
transition temperature (T,) of dipalmitoyl phosphatidylglycerol lipo- 
somes, apparently interacting with external and internal lipid in the bi- 
layer. Neomycin (1 d) caused only a small shift, apparently not pen- 
etrating the internal lipid domains. When liposomes were first incubated 
with Ca2+ followed by neomycin, the shift in T, indicated displacement 
of Ca2+ by the drug. Liposomes of dipalmitoyl phosphatidylcholine or 
distearoyl phosphatidylcholine did not interact significantly with either 
cation. In mixed dipalmitoyl phosphatidylcholine-dipalmitoyl phos- 
phatidylglycerol and distearoyl phosphatidylcholine-dipalmitoyl 
phosphatidylglycerol liposomes, addition of Ca2+ or neomycin resulted 
in phase separation. 

Keyphrases 0 Calcium-effect on phase behavior of phospholipid bi- 
layers, liposomes, neomycin 0 Neomycin-effect on phase behavior of 
phospholipid bilayers, liposomes, calcium Liposomes-effects of cal- 
cium and neomycin on phase behavior of phospholipid bilayers Phase 
behavior-effects of calcium and neomycin on phospholipid bilayers, 
liposomes 

Acidic phospholipids have been suggested as the mem- 
brane sites responsible for interactions with basic antibi- 
otics in bacteria (1) and mammalian cells (2,3). In the case 
of aminoglycoside antibiotics, such interactions have been 
discussed as mechanisms underlying their nephro- (2) and 
ototoxicity (3). The aminoglycosides also exert intracel- 
lular effects in bacteria and in afflicted eukaryotic cells. 
The mechanism of cell penetration is not clear. Internali- 
zation of aminoglycosides into lysosomes has been reported 
for the renal cortex (4), but not for other organs. Entry uia 
a basic amino acid transport system (5) may be an alter- 
nate pathway. 

Studies with monomolecular films (6) and liposomes (7) 
have shown that neomycin and other aminoglycosides af- 
fect Ca2+ binding to phospholipids, and that the degree of 
calcium displacement is strongly dependent on the head 
group of the anionic lipid. Differential scanning calorim- 
etry is a valuable tool in determining physical changes of 
bilayers resulting from ion or drug interactions with lipo- 
somes, e.g., gel-to-liquid phase transitions, phase separa- 
tion, or membrane fusion (8-11). The present study in- 
vestigates the actions of Ca2+ and neomycin, a highly toxic 
aminoglycoside, on thermotropic properties of synthetic 
negatively charged and neutral liposomes with well-de- 
fined transition temperatures. 

EXPERIMENTAL 

Liposomes were prepared from dipalmitoyl L-a-phosphatidylcholine 
(I), distearoyl L-a-phosphatidylcholine (II), and the ammonium salt of 

dipalmitoyl L-a-phosphatidyl-DL-glycerol (111)l. These lipids showed 
no impurities by TLC and by analysis of pretransition and main transi- 
tion peaks of their liposomes. 

Lipid samples (15 pmoles) dissolved in chloroform were dried under 
a nitrogen stream, and residual solvent was removed in uacuo. The dried 
lipid was suspended by vortexing in 10 mM tris buffer containing 100 mh4 
NaCl and 0.1 mM EDTA (ethylenediaminetetraacetic acid), final pH 7.0. 
The resultant phospholipid concentration was 30 mM. Compounds I, 111, 
and 1-111 (6040 mole 9%) were suspended at 42", I1 and 11-111 (6040 mole 
W) at  58". A 6040 mole % ratio was selected, since at least 40 mole % 
negatively charged lipid was required to produce clearly defined thermal 
changes in the presence of Ca2+ at concentrations within the physiological 
range. Aliquots of the liposomal suspensions were incubated with 5 m M  
CaClz or 1 m M  neomycin for 60 min at 25" or 42" or, in the case of II- 
containing vesicles, a t  58". 

Thermograms were obtained with a scanning calorimeter'. Aliquots 
of liposomal suspension (15 pl, containing O.&l pmole of lipid) were 
transferred to volatile sample pans and properly sealed. Reference sample 
pans were prepared with the same amount of buffer. Inclusion of Ca2+ 
or neomycin or Ca2+-neomycin mixtures in the reference sample pans 
did not affect the thermograms. Each sample was scanned between 5" 
and 70' at a rate of 5"/min and a range of 2 mcalhec. Indium and water 
were used as calibration standards. 

Phase-transition temperatures (T,) were determined as the intercept 
between the slope of the ascending endothermic peaks and the base line. 
The midpoint value of transition was estimated as the maximal endo- 
thermic peak. After each run, the amount of lipid in the sample pan was 
determined (12). All experiments were repeated on at least three separate 
preparations. 

RESULTS AND DISCUSSION 

The thermograms for liposomes containing I or I1 (Fig. la and b) show 
well-defined sharp transition peaks with a broad pretransition peak. 
Incubation with Ca2+, neomycin, or Ca2+ plus neomycin did not result 
in any changes in the thermograms. These data are in agreement with 
our previous monolayer (6) and liposome binding studies (71, which show 
no interaction between neutral phospholipids and Ca2+ or neomycin. 

Liposomes containing I11 (Fig. 2a) have a clear transition peak at 41". 
Incubation with Ca2+ (Fig. 2b) caused a 14' upward shift in T,, in good 
agreement with previous observations (13). The extent of the T, shift 
was related to the Ca2+ concentration, and 10 mM Ca2+ resulted in the 
loss of the transition peak up to 70". This upward shift has been inter- 
preted as the result of a combination of charge neutralization and specific 
complexation (13). 

Incubation of liposomes containing I11 with neomycin at 25' (Fig. 2c) 
broadened the main transition peak of 111 and split it into two approxi- 
mately equal components a t  40" and 42". These could represent two 
distinct domains of phospholipid molecules with different physical 
properties resulting from shallow perturbation of the bilayer primarily 
in the region of the phospholipid head-groups (14) and a coexistence 
between parent and modified phases (15). The split peak caused by ne- 
omycin thus suggests an interaction with the outer and lack of interaction 

1 Sigma Chemical Co., St. Louis, Mo. 
2 Perkin-Elmer, Model DSC-2C. 
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Figure 1-Thermograms of liposomes containing I (a) and II (b). 
Conditions of liposome formation and incubation are described in the 
text. 

with the inner domains of the bilayer. Bilayers which are good perme- 
ability barriers to hydrophilic molecules above and below their T, values 
(16.17) are, however, highly permeable a t  their phase-transition tem- 
perature. Incubation of the liposomes with neomycin near their phase- 
transition temperature could conceivably alter the accessibility of the 
inner lipid layer. After such treatment at 42', the split peak still remained 
(40' and 42'), but the 42' portion of the peak was clearly predominant 
(Fig. 2d). No such influence of temperature was seen with I11 and Ca2+. 
This suggests that Ca2+ has access to the inner bilayer regions even when 
they are in the gel state, while the access of neomycin to the inner regions 
is limited by and dependent on the fluidity of the membrane. It should 
be pointed out, however, that the interaction of neomycin with I11 results 
in a T, shift of only -2', whereas Ca2+ causes a much larger shift, indi- 
cating a solidifying effect (13). Thus, the resulting complexes with Ca2+ 
or neomycin have different thermal properties. 

In another series of experiments, 111 was first incubated with Ca2+ at 
42' and subsequently with neomycin. The resultant thermogram (Fig. 
2e) shows the appearance of a distinct transition peak with a midpoint 
value of 43' and a very small peak at  -55'. Thus, it appears that neo- 
mycin, even a t  a concentration one-fifth that of Ca2+, is essentially re- 
versing the Ca2+ effect, i.e., solidification, on the thermal properties of 
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Figure 2-Thermograms of liposomes containing III. Key: (a) without 
additions; (b) previously incubated with 5 mM CaCl2 a t  25' or  42'; (c) 
previously incubated with 1 mM neomycin at 25'; (d) previously incu- 
bated with 1 mM neomycin at  42'; (e) previously incubated with 5 mM 
CaClz followed by 1 mM neomycin at 42'. 
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Figure 3-Thermograms of mixed 1-111 liposomes (3:2 molar ratio). 
Key: (a) without additions; (b) incubated with 5 mM CaClz a t  42'; (c) 
incubated with 1 mM neomycin at 42'; (d) incubated with 5 mM CaClz 
followed by I mM neomycin a t  42'. 

the bilayers, indicating displacement of Ca2+ by neomycin. 
Mixed liposomes containing 1-111, W40 mole %, show a clear transition 

peak with a T, value of 41.5' (Fig. 3a). This value is in agreement with 
that of Findlay and Barton (lS), who pointed out that the almost identical 
T, values for pure I, pure 111, and 1-111 mixtures indicate complete mis- 
cibility of the components in the bilayer. In this mixed-lipid system, Ca2+ 
caused phase separation (Fig. 3b) with a small, but clearly defined peak 
at  41' and a major peak at 53'. Since the Ca2+-I11 ratio is high and since 
there is free lateral movement of the lipid within the bilayer, the 41' peak 
should represent a population very rich in I and the 53' peak either a 
Ca2+-III or a Ca2+-I-III complex. The addition of neomycin to liposomes 
composed of 1-111 (Fig. 3c) resulted in a split peak centering at  -42' and 
44', which is shifted upwards -2' from the split peak observed on in- 
cubation of liposomes composed of pure 111 with neomycin. This is pos- 
sibly due to the incorporation of I into the neomycin-I11 complex. 

Addition of neomycin to mixed 1-111 liposomes, preincubated with Ca2+ 
(Fig. 3d), produced a small transition peak at -42.5' and a larger one a t  
-49'. Whereas neomycin clearly displaced Ca2+ from liposomes con- 
taining pure 111 (Fig. 2e), it  appears that the presence of a neutral phos- 
pholipid in the bilayer reduced this capability. The appearance of a new 
peak a t  49O may indicate that steric interactions in the Ca2+-I-III com- 
plex interfere with neomycin binding. 
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Figure I-Thermograms of mixed 11-111 liposomes (3:2 molar ratio). 
Experiment as in Fig. 3 except that incubations were carried out a t  
58'. 
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The thermogram for liposomes containing 11-111 (6040 mole %) shows 
a transition peak with a T, value of 48’ (Fig. 4a). This value is interme- 
diate to the T, values of pure I1 (57O) and pure 111 (41.5O), indicating good 
bilayer mixing. The thermograms after incubation with either Ca2+ or 
neornycin, or both (Fig. 4b, c, and d), are similar to those of liposomes 
composed of 1-111, suggesting that the chain length of the neutral lipid 
does not drastically influence the overall nature of these interactions. 

The displacement of calcium, which has been described for the inter- 
action of the drug with bacteria (19), the neuromuscular junction (20), 
and inner ear tissues (21), may interfere with normal calcium-dependent 
physiological functions. The results of this study indicate that these ef- 
fects may be due, in part, to resultant changes in the thermotropic 
properties, i .e.,  degree of fluidity, of the lipid bilayer induced by neo- 
mycin. 
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Abstract A rapid, specific procedure is described for the quantitation 
of ketoconazole in biological fluids using high-performance liquid chro- 
matography (HPLC). The procedure involves sample preparation using 
a reverse-phase C-18 cartridge prior to chromatography and quantitation 
using peak height ratios (UV absorbance detection, 231 nm) of ketoco- 
nazole to the internal standard, phenothiazine. A sensitivity of 0.2 pg/ml 
was achieved using a 0.5-ml sample. The mean recovery was 86.2%, and 
overall coefficient of variation of the procedure was 7.1%. This procedure 
has been used to determine ketoconazole levels in human serum, plasma, 
CSF, and synovial fluid. A comparison with a microbiological assay is 
presented, and adaptability of this procedure to  quantitation by fluo- 
rescence to increase the sensitivity fivefold is discussed. 

Keyphrases Ketoconazole-quantitation in biological fluids, high- 
performance liquid chromatography, humans High-performance liquid 
chromatography-quantitation of ketuconazole in biological fluids, hu- 
mans 

Ketoconazole, cis-1-acetyl-4-[4[ [2-(2,4-dichlorophe- 
ny1)-2- (1H-imidazol-1-ylmethyl) -1,3-dioxolan-4 - yl] 
methoxy]phenyl]piperazine, an antifungal agent used to 

treat a wide variety of superficial and systemic mycoses 
(1-3), has the advantage over other imidazole derivatives 
of producing adequate, sustained blood levels following 
oral administration. Several microbiological assays (4-6) 
and three high-performance liquid chromatographic 
(HPLC) methods (7-9) have been described for quanti- 
tation of ketoconazole in biological fluids. HPLC tech- 
niques have the advantage of direct concentration mea- 
surement since the microbiological assays quantitate ke- 
toconazole concentration indirectly as antifungal activity 
against a test organism. Microbiological procedures lack 
specificity for ketoconazole; thus, falsely elevated levels 
may be produced by active metabolites or other concur- 
rently administered antifungal agents. 

A rapid and reproducible HPLC method is described 
which is suitable for quantitation of ketoconazole in bio- 
logical fluids both for routine monitoring (sensitivity to 0.2 
pg/ml using UV detection) or for pharmacokinetic studies 
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The thermogram for liposomes containing 11-111 (6040 mole %) shows 
a transition peak with a T, value of 48’ (Fig. 4a). This value is interme- 
diate to the T, values of pure I1 (57O) and pure 111 (41.5O), indicating good 
bilayer mixing. The thermograms after incubation with either Ca2+ or 
neornycin, or both (Fig. 4b, c, and d), are similar to those of liposomes 
composed of 1-111, suggesting that the chain length of the neutral lipid 
does not drastically influence the overall nature of these interactions. 

The displacement of calcium, which has been described for the inter- 
action of the drug with bacteria (19), the neuromuscular junction (20), 
and inner ear tissues (21), may interfere with normal calcium-dependent 
physiological functions. The results of this study indicate that these ef- 
fects may be due, in part, to resultant changes in the thermotropic 
properties, i .e.,  degree of fluidity, of the lipid bilayer induced by neo- 
mycin. 

REFERENCES 

(1) M. Teuber and J. R. Miller, Biochim. Biophys. Acta, 467,280 
(1977). 

(2) H. D. Humes, N. D. Weiner, and J. Schacht, INSERM (Paris), 
102,333 (1982). 

(3) N. D. Weiner and J. Schacht, in “Aminoglycoside Ototoxicity,” 
S. A. Lerner, G. J. Matz, and J. E. Hawkins, Jr., Eds., Little, Brown, 
Boston, Mass., 1981, pp 113-121. 

(4) J. P. Morin, G. Viotte, A. Vanderwalle, F. Van Hoof, P. Tulkens, 
and J. P. Fillastre, Kidney Znt., 18,383 (1980). 

(5) S. Feldman, C. Josepovitz, M. Scott, E. Pastoriza, and G. J. 
Kaloyanides, Fed. Proc. Fed. Am. SOC. Exp. Biol., 40,647 (1981). 

(6) S. Lodhi, N. D. Weiner, and J. Schacht, Biochim. Biophys. Acta, 
557,l (1979). 

(7) M. G. Ganesan, B. Wang, J. Schacht, and N. D. Weiner, Academy 
of Pharmaceutical Sciences Abstracts, 11,69 (1981). 

(8) D. Papahadjopoulos, W. J. Vail, C. Newton, S. Nir, K. ,Jacobson, 

(9) D. Papahadjopoulos, K. Jacobson, G. Poste, and G. Shepherd, 

(10) D. Papahadjopoulos, J. Colloid Interface Sci., 58,459 (1977). 
(11) A. Portis, C. Newton, W. Pangborn, and D. Papahadjopoulos, 

(12) C. H. Fiske and Y. Subba Row, J. Biol. Chem., 66,375 (1925). 
(13) D. Papahadjopoulos, J.  Colloid Interface Sci., 58,459 (1977). 
(14) R. F. Barber, B. D. McKersie, R. G. H. Downer, and J. E. 

Thompson, Biochim. Biophys. Acta, 643,593 (1981). 
(15) R. W. Colman, J. Kuchibhotla, M. K. Jain, and R. K. Murray, Jr., 

Biochim. Biophys. Acta, 467,273 (1977). 
(16) P. W. M. van Dijck, P. H. J. Th. Ververgaert, A. J. Verkleij, L. L. 

M. van Deenen, and J. De Gier, Biochim. Biophys. Acta, 406, 465 
(1975). 

(17) M. C. Blok, L. L. M. van Deenen, and J. De Gier, Biochim. Bio- 
phys. Acta, 433,l (1976). 

(18) E. J. Findlay and P. G. Barton, Biochemistry, 17,2400 (1978). 
(19) C. H. Ramierz-Ronda, R. K. Holmes, and J. P. Sanford, Antim- 

icrob. Agents Chemother., 7,239 (1975). 
(20) A. P. Corrado, W. A. Prado, and I. Pimenta de Morais, in “Con- 

cepts of Membranes in Regulation and Excitation,” M. Rocha e Silva, 
and G. Suarez-Kurtz, Eds., Raven, New York, N.Y., 1975, pp 201-251. 

(21) A. Orsulakova, E. Stockhorst, and J. Schacht, J. Neurochem., 26, 
285 (1976). 

G. Poste, and R. Lazo, Biochim. Biophys. Acta, 465,579 (1977). 

Biochirn. Biophys. Acta, 394,504 (1975). 

Biochemistry, 18,780 (1979). 

ACKNOWLEDGMENTS 

This work was supported by Research Grant NS-13792 and Program 
Project Grant NS-05785 from the National Institutes of Health. 

Quantitation of Ketoconazole in Biological Fluids Using 
High -Performance Liquid Chromatography 

V. L. PASCUCCI * x, J. BENNETT *, P. K. NARANG *, and 
D. C. CHATTERJI * n  
Received May 5,1982, from the *Clinical Pharmacokinetics Research Laboratory, Department of Pharmacy, The Clinical Center, National 
Znstitutes of Health, Bethesda, MD 20205 and the $Laboratory of Clinical Investigation, National Institute of Allergy and Infectious Diseases, 
National Institutes of Health, Bethesda, MD 20205. 
Melrose Park, IL 60160. 

Accepted for publication November 2,1982. YPresent address: Lyphomed Inc., 

Abstract A rapid, specific procedure is described for the quantitation 
of ketoconazole in biological fluids using high-performance liquid chro- 
matography (HPLC). The procedure involves sample preparation using 
a reverse-phase C-18 cartridge prior to chromatography and quantitation 
using peak height ratios (UV absorbance detection, 231 nm) of ketoco- 
nazole to the internal standard, phenothiazine. A sensitivity of 0.2 pg/ml 
was achieved using a 0.5-ml sample. The mean recovery was 86.2%, and 
overall coefficient of variation of the procedure was 7.1%. This procedure 
has been used to determine ketoconazole levels in human serum, plasma, 
CSF, and synovial fluid. A comparison with a microbiological assay is 
presented, and adaptability of this procedure to  quantitation by fluo- 
rescence to increase the sensitivity fivefold is discussed. 

Keyphrases Ketoconazole-quantitation in biological fluids, high- 
performance liquid chromatography, humans High-performance liquid 
chromatography-quantitation of ketuconazole in biological fluids, hu- 
mans 

Ketoconazole, cis-1-acetyl-4-[4[ [2-(2,4-dichlorophe- 
ny1)-2- (1H-imidazol-1-ylmethyl) -1,3-dioxolan-4 - yl] 
methoxy]phenyl]piperazine, an antifungal agent used to 

treat a wide variety of superficial and systemic mycoses 
(1-3), has the advantage over other imidazole derivatives 
of producing adequate, sustained blood levels following 
oral administration. Several microbiological assays (4-6) 
and three high-performance liquid chromatographic 
(HPLC) methods (7-9) have been described for quanti- 
tation of ketoconazole in biological fluids. HPLC tech- 
niques have the advantage of direct concentration mea- 
surement since the microbiological assays quantitate ke- 
toconazole concentration indirectly as antifungal activity 
against a test organism. Microbiological procedures lack 
specificity for ketoconazole; thus, falsely elevated levels 
may be produced by active metabolites or other concur- 
rently administered antifungal agents. 

A rapid and reproducible HPLC method is described 
which is suitable for quantitation of ketoconazole in bio- 
logical fluids both for routine monitoring (sensitivity to 0.2 
pg/ml using UV detection) or for pharmacokinetic studies 
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(sensitivity to 40 ng/ml using fluorescence detection). 
Comparison of the results obtained using the described 
method with the values obtained using a microbiological 
assay (6) is also presented. 

EXPERIMENTAL 

Materials and ReagentsKetoconazole', (R 41,400). was used in the 
preparation of spiked serum standards. Phenothiazine2 was used as the 
internal standard. Methanol3 was glass distilled and certified HPLC 
grade. Water was double-distilled in glass. All HPLC solvents were fil- 
tered4 and then deaerated under reduced pressure prior to use. Re- 
verse-phase C-18 sample cartridges5 were used in sample preparation. 

Chromatographic System and Conditions-The liquid chromato- 
graph was equipped with a UV absorbance detectofi operated a t  231 nm 
and a solvent delivery system7. Alternatively, a spectrofluorometric de- 
tectofi was operated with an excitation wavelength of 206 nm and a 
370-nm emission filter. The analytical columng (4.6 mm i.d. X 25 cm, 
5-pm particle size) was preceded by a 7-cm guard columnlo. The mobile 
phase consisted of of 75% (v/v) methanol and 25% (v/v) 0.02 M monobasic 
sodium phosphate. The pH of the mobile phase was adjusted to 6.8 with 
sodium hydroxide. The flow rate was maintained at  1.0 ml/min. 

Procedures-Deproteinization and elimination of polar serum con- 
stituents were accomplished using C-18 reverse-phase sample preparation 
cartridges. The cartridges were conditioned by washing with 2.0 ml of 
methanol followed by 5.0 ml of water. A 0.5-ml aliquot of serum sample 
or serum standard was placed in a 1.5-ml capped plastic tube". Pheno- 
thiazine, 20 pl of a 25-pg/ml solution (for UV detection) or 30 pl of a 
lOO-pg/ml solution (for fluorescence detection), was added to each sample 
to serve as an internal standard. An alkaline pH was achieved with the 
addition of 0.125 ml of 0.1 N NaOH to each sample. The samples were 
mixed by inversion, and each was added to a reverse-phase cartridge. 
Each cartridge was then washed with 6.0 ml of water followed by 2.0 ml 
of methanol. The eluant from the final 1.5 ml of methanol was collected 
in a disposable 12- X 75-mm borosilicate culture tubel? and evaporated 
to dryness using a gentle air stream at 40'. The residue was reconstituted 
with 250 pl of methanol-water (1:l) and mixed by vortexing. A 5O-pl al- 
iquot was injected onto the HPLC. 

Ketoconazole serum standards were prepared by spiking human serum 
with ketoconazole stock solution (100 pg/ml in methanol) to give final 
concentrations ranging from 0.5 to 15.0 pg/ml. Ketoconazole was quan- 
titated by comparison of the peak height ratio of the drug to the internal 
standard using a calibration curve. The peak height ratios were plotted 
against concentrations of ketoconazole and analyzed by linear regression 
to generate daily calibration curves. The lower sensitivity limit of the 
procedure was determined by assaying spiked serum samples a t  con- 
centrations ranging from 20 ng/ml to 1.0 pg/ml. The sensitivity limit was 
then defined as the concentration at  which the signal-to-noise ratio was 
3. 

Interday variability was determined by the reproducibility of the daily 
standard curves (n  I 6) with respect to both their slopes and the calcu- 
lated values for ketoconazole a t  various concentrations (0.5, 1.0,2.0,5.0, 
10.0, and 15.0 pg/ml). The intraday variability was assessed by performing 
replicate analyses ( N  = 6) using spiked serum samples containing 0.8 and 
14.0 pg/ml of ketoconazole. These concentrations were chosen as a rep- 
resentation of the lower (0.8 pg/ml) and higher (14.0 pglml) serum con- 
centrations observed in patients receiving ketoconazole for whom routine 
therapeutic drug monitoring was performed. Aqueous solutions con- 
taining known amounts of ketoconazole were compared with spiked 
serum standards undergoing analysis to calculate the percent recovery 
a t  various concentrations. Statistical analyses to determine means, 

* Ketoconazole was a gift of Janssen Pharmaceutica, New Brunswick. N.J. 
2 Aldrich Chemical Co., Milwaukee, Wis. 
3 Burdick and Jackson Laboratories, Muskegon. Mich. 
4 0.45-pm Millipore filter; Millipore Corp., Bedford, Mass. 
Waters Associates, Inc.. Milford, Mass. 
Schoeffel model GM770; Schoeffel Instrument Corp., Westwood. N.J. 
Spectra-Physics model 3500B; Spectra-Physics, Santa Clara, Calif. 

8Schoeffel model FS970; Schoeffel Instrument Corp., Westwood, N.J. 
9 Altex Ultrasphere Octadecylsilane; Beckman Instruments, Inc., Berkeley. 

lo Guard column packed with C-18 (30-38 pm) particles; Whatman. Inc., Clifton, 
Calif. 
1.. 
N.J. 

Sarstedt, Princeton, N.J. 
Fisher Scientific, Silver Spring, Md. 

I 
I 

Figure 1-Representative chromatograms of (A) blank human serum, 
(BJ serum obtained from a patient receiving ketoconazole and spiked 
with phenothiazine at 0.04 AIJFS (observed ketoconazole concentration 
= 1.13 pglml) ,  and (C) human serum spiked with 0.50 pglml of ketoco- 
nazole (retention t ime 9.6 min) and phenothiazine (retention time 7.4 
min) at 0.04 AUFS. Sample preparation was as described in the  text .  
Key: (I) phenothiazine (internal standard); (II) ketoconazole. 

standard deviations, correlation coefficients, coefficients of variation, 
and linear regressions were performed using a c ~ m p u t e r ' ~ .  

The microbiological assay procedure was performed as described by 
Drouhet and Dupont (6). The test organism was Kluyuermyces fragilis 
strain 55-114. 

RESULTS AND DISCUSSION 

HPLC Using UV Detection-Representative chromatograms from 
assayed samples of control human serum, human serum spiked with 
phenothiazine and ketoconazole, and a serum sample obtained from a 
patient receiving ketoconazole are shown in Fig. 1. Retention times for 
phenothiazine and ketoconazole are 7.4 and 9.6 min, respectively. No 
interfering peaks were observed in the blank serum sample. Miconazole, 
another imidazole antifungal agent, as well as trifluoperazine, chlor- 
promazine, diazepam, chlordiazepoxide, doxepin, thiothixene, imi- 
pramine, and amitriptyline did not interfere with either the ketoconazole 
or internal standard peaks. The reverse-phase cartridge separation 
procedure described helped eliminate several additional peaks which were 
observed when the serum samples were extracted using various organic 
solvents. 

The standard calibration curves constructed from daily runs of spiked 
serum standards were linear and highly reproducible. Serum standards 
containing up to 25 pg/ml have been assayed periodically, and the assay 
results indicate that the linearity of the curves extends a t  least to this 
level. The mean slope of six calibration curves run over a 3-month period 
was 0.456, with a standard deviation of 0.032; the overall coefficient of 
variation of the procedure was 7.1%. The correlation coefficient of the 
six curves was 0.998. Table I lists the results of the interday variability 
(mean, SD, C V )  from the six runs at each concentration measured. These 
data indicate the assay procedure is highly reliable and reproducible. 

Intraday variability of the method determined from serum standards 
containing 0.8 and 14.0 pg/ml of ketoconazole was 6.4 and 4.470, respec- 
tively. The average recovery of ketoconazole obtained from the sample 
preparations over the range of concentrations used in the standard curve 
was 86.290 (SD 4.6%). The recovery of phenothiazine was 91.0% (SD 6.4%). 
Using the described procedure, 0.2-pglrnl concentrations of ketoconazole 
can he detected while maintaining a signal-to-noise ratio of 3. 

l3 Hewlett-Packard Model 85; Hewlett-Packard, Corvallis, Or. 
I4  Test organism provided by Dr. David A. Stevens, Stanford University. 
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Table I-Reproducibility Results from Six Replicate Serum 
Standard Curves Obtained over a 3-Month Period / 

Spiked 
Ketoconazole Observed Concentration 

Concentration, Mean, 
pdml Pdml SD cv, % 

0.5 
1.0 
2.0 
5.0 

10.0 
15.0 

0.56 0.09 16.1 
0.98 0.075 7.7 
2.01 0.14 6.9 
4.98 0.18 3.6 

10.04 0.12 1.2 
15.04 0.08 0.53 

Overall Mean 7.1 

The procedure presented here has significant advantages over two 
previously published HPLC procedures (7,8). The major advantage of 
our method is the use of an internal standard, which facilitates accurate 
and precise ketoconazole quantitation. Neither of the previous HPLC 
methods used internal standardization, although they involved either 
extraction and concentration procedures (7) or a reverse-phase cartridge 
filtration procedure (8). In addition, the sample preparation of one of the 
published methods (7) involves multiple time-consuming extraction 
steps, whereas the other published procedure (8) does not include the 
statistical analyses necessary for detailed evaluation. Finally, the sensi- 
tivity, efficiency, and overall variability of the procedure presented here 
compare favorably with the previously published HPLC procedures. 

This procedure has been used to successfully analyze various biological 
fluids from patients receiving ketoconazole, including serum, plasma, CSF, 
and synovial fluid. Serum samples from several patients receiving 200-, 
40@, or 800-mg/day doses of ketoconazole were collected at  2 and 6 hr 
postdose and analyzed using this procedure. It is apparent that the pro- 
cedure sensitivity is adequate for such routine therapeutic monitoring. 
When a single 200-mg dose of ketoconazole is administered to adults, peak 
levels of 3-4.5 pg/ml are observed, and concentrations a t  8 hr postdose 
are at least 0.2 Fg/ml (LO). On chronic administration, even higher levels 
are observed. Our own experience indicates that levels in the patients 
studied at the stated doses range between 1 and 15 pg/ml. For routine 
serum level monitoring of ketoconazole at therapeutic doses, the present 
HPLC method using UV detection has been found to be rapid, reliable, 
and sensitive. 

Comparison with a Microbiological Assay-Serum samples from 
32 patients were divided and assayed for ketoconazole by both the HPLC 
method and a microbiological procedure (6). A comparison of the two 
procedures is shown graphically in Fig. 1, a plot of the results of the mi- 
crobiological uersus the HPLC analyses of the patient samples. Linear 
regression analysis of the comparative data yields a correlation coefficient 
of 0.92. However, when a line with a slope of unity that passes through 
the origin is superimposed on the plot (as in Fig. 2), it can be seen that 
there is a large amount of scatter as well as a negative deviation of the 
microbiological assay results from the HPLC results at concentrations 
>10 Fg/rnl. The scatter can largely be attributed to the imprecision in- 
herent in the bioassay. (This microbiological procedure had a coefficient 
of variation of 28% for 18 patients’ serum samples run 2 5  times for a total 
of 56 assays.) However, the general agreement of the results of the two 
assays suggests that the ketoconazole quantitated in patient samples 
represents a microbiologically active agent. 

HPLC Using Fluorometric Detection-Ketoconazole concentra- 
tions may be quantitated using the sample preparation and assay con- 
ditions described here with a spectrofluorometric detector as well as a 
UV absorbance detector. There are two advantages of using fluorescence 
measurement. First, the reverse-phase cartridge separation procedure 
is not required for routine monitoring of biological fluids. Using a fluo- 
rometric detector, a simple acetonitrile protein precipitation followed 
by centrifugation and direct injection of the supernatant is an adequate 
sample preparation to achieve sensitivity equivalent to that seen with 
cartridge filtration and UV absorbance detection. However, by using the 
reverse-phase cartridge preparation described, the sensitivity of the 
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Figure 2-Comparison of the results of ketoconazole quantitation by 
microbiological versus HPLC analyses. Each point represents parallel 
determinations of a single patient sample by both methods. The line 
superimposed on the plot has a slope of unity and passes through the 
origin. 

HPLC procedure can be increased fivefold, detecting <40 ng/ml of ke- 
toconazole using the spectrofluorometric detector. This enhanced sen- 
sitivity is an additional advantage over other HPLC methods, including 
one procedure which also uses fluorometric detection (9). The increase 
in sensitivity is a distinct advantage for detailed pharmacokinetic studies 
of ketoconazole disposition where it is likely that the sensitivity re- 
quirements will exceed those of all previously published methods. Data 
obtained using an unpublished GC procedure for ketoconazole indicate 
that following a dose of ketoconazole, there is an initial rapid decline in 
serum levels followed by a much slower elimination phase (10). To fully 
characterize its biphasic elimination, detection of <lo0 ng/ml of keto- 
conazole is required. 

In summary, the sensitive, rapid, and reproducible procedure described 
offers advantages over both microbiological and other HPLC methods. 
I t  can be adapted to either UV or fluorometric detectors for routine 
monitoring of ketoconazole in various biological fluids. Fluorometric 
detection offers the additional advantage of the increased sensitivity 
required for application of the procedure to detailed pharmacokinetic 
studies of ketoconazole disposition. 
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Abstract 0 A spectrophotometric assay method for the quantitative 
determinahn of amikacin, kananiyrin. neomycin, and tobramycin in 
pharmaceutical dosage forms has been developed. The method is based 
on the Hantzsch reaction, forming dihydrolutidine derivatives which can 
he measured spectrophotometrically. The excipients EDTA, phenol, 
sodium bisulf'ite, and sodium citrate do not interfere, while salts of am- 
monia do interfere. The relative standard deviations based on seven 
readings were 1.64, 1.88,2.10, and 1.93% for amikacin, kanamycin, ne- 
oniycin, and tobramycin, respectively. Assay results have been compared 
with microbiological assay results provided by the manufacturers. The 
assay method appears to be stability indicating. 

Keyphrases 0 Amikacin-quantitation in pharmaceutical dosage forms 
using the Hantzsrh reaction, kanamycin, neomycin, tobramycin 0 Ka- 
namycin-quantitation in pharmaceut ical dosage forms using the 
Hantzsch reaction, adikacin, neomycin, tol)ramvcin 0 Neomyciti- 
quantitation in pharmaceutical dosage forms using the Hantzsch reaction, 
amikacin, kanamycin, tohraniycin 0 Tobramycin-quantit.ation in 
pharmaceutical dosage forms using the Hantzsch reaction, amikacin, 
kanamycin, neomycin 

The aminoglycoside antibiotics, amikacin sulfate (I), 
kanamycin sulfate (II), neomycin sulfate (III), and to- 
bramycin sulfate (IV) are usually quantified by the mi- 
crobiological procedures established by the Food and Drug 
Administration (1). The high experimental errors inherent 
in microbiological assays have been reported previously 
(2). A spectrophotometric assay technique for I using pu- 
rified kanamycin acetyltransferase has been reported (3). 
In addition, a radioimmunoassay procedure for I has been 
developed (4) and compared with the microbiological assay 
(5). A previously described spectrofluorometric method 
(6) involves the purification of I-IV in urine using ion- 
exchange chromatography followed by formation of the 
dehydrolutidine derivative. Recently, this methodology, 
involving the formation of the dehydrolutidine derivative 
has been extended to provide a colorimetric assay for ne- 
omycin sulfate in urine (7). This study reports a spectro- 
photometric assay technique for the quantitative of ami- 
kacin, kanamycin, neomycin, and tobramycin in phar- 
maceutical dosage forms, based on the formation of the 
dehydrolutidine derivative (Hantzsch reaction) (7). 

EXPERIMENTAL 

Chemicals and Reagents-All chemicals and reagents were USP, 
NF. or ACS quality and were used without further purification. Amikacin 
sulfate], kanamycin sulfate', neomycin sulfate', and tobramyin sullate' 
powders were used as received. 

Preparation of Stock and Standard Solutions-Stock solutions ol 
I-IV containing 50.0,10.0,60.0, 40.0 mg/loO ml (as the free hase) in water, 

' Supplied by Bristol-Myers Laboratories, Rochester, N.Y. 
*The Upjohn Co., Kalamazoo, Mich. 

Supplied by Eli Lilly and Co., Indianapolis, Ind. 

respcct ively, were prepared daily. These st,ock solutions were diluted 
I'urther with water t o  ohtain standard solut.ions as needed. The usual 
roncentrat ions of I-IV standard solutions were 50.0,40.0,60.0,40.0 pg/ml, 
respectively. 

Preparat ion of Assay Solutions-All commercial injectable for- 
mulations were diluted stepwise with water to obtain antibiotic con- 
centrat ions similar to the standard solutions. Ten tablets/capsules were 
weighed, and the tablets or capsule contents were ground to a fine powder. 
An appropriate quantity of the powder (containing 40-60 mg of the an- 
tibiotic) was weighed, mixed with 40 ml of water, brought to volume (100 
ml) with water, and mixed thoroughly. The mixture was filtered, rejecting 
the first 20 ml of the filtrate, and a portion of clear filtrate was diluted 
further to an appropriate concentration (similar to standard solu- 
tions). 

Preparat ion of a Solution of Acetylacetone a n d  Formalde- 
hyde-A buffer solution containing 0.2M each of acetic acid, boric acid, 
and phosphoric acid in water was prepared. The pH of this solution was 
adjusted to 2.5 (f0.05) with -1 N NaOH, measured by a pH-mete#. To 
a 10-ml portion of the buffer, 0.8 ml of acetylacetone and 1.5 ml of 
formaldehyde solution (40% in water) were added; the mixture was 
brought to 30 ml with water and thoroughly mixed. The buffer solution 
was stable for a t  least 30 days at room temperature. The reagent was 
prepared daily. 

Assay Procedure-A 2-ml quantity of standard/assay solution was 
mixed with a 2-ml portion of the acetylacetone-formaldehyde solution 
in a glass tube. The tube was sealed, placed in a boiling water bath for 20 
min, cooled to room temperature, and the contents mixed with 5 ml of 
water. The absorbance of the solution was measured a t  356 nm using a 
~pectrophotometer~. A reagent blank was prepared by substituting water 
for the antibiotic solution. 

Calculations-Concentrations were calculated by comparing the 
absorbance value of the assay solution with that of a standard solution 
of identical Concentration. Since Beer's law (7) was followed 

(A,)  - X Actual concentration of the standard solution 
(A,)  

= concentration of assay solution found 

where (A,) is the absorbance of the assay solution and (As)  the absorbance 
of the standard solution. 

Determination of Excipient Interference-To determine the 
possibility of interference from inactive ingredients, the above assay 
procedure was followed substituting the inactive ingredient(s) for the 
antibiotic. 

Selectivity of the Method-To determine if the method was stability 
indicating, solutions of amikacin (50 pg/ml) and tobramycin (40 pg/ml) 
were mixed with a 250-pg/ml concentration of carbenicillin disodium. 
Aminoglycoside antibiotics are known to be unstable in the presence of 
carbenicillin and other penicillins (8). The mixtures of aminoglycoside 
antibiotics with carbenicillin were stored a t  50' and reassayed after 48 
hr. Solutions of amikacin, tobramycin, and carbenicillin disodium alone 
were also stored a t  50' for 48 hr and reassayed as controls. The results 
were calculated as described above, except that  the absorbance values 
were corrected for a slight interference from carbenicillin disodium, 
measured using a carbenicillin blank. 

Beckman Zeromatic, SS-3 .  
Bausch and Lomb Spectronic 20. 
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Table I-Assay Results of Various Dosage Forms 

Potency Found, % 
Dosage Label Claim, (Based on the Label Claim) 
Form mg/ml Antibiotic Developed Methoda Microbiological Methodb 

Injectable 
Lot 1 250 Amikacin 103.7 101.2 
Lot 2 250 Amikacin 108.1 104.8 
Lot 3 250 Amikacin 104.1 103.6 
Lot 4 250 Amikacin 100.6 104.0 

Injectable 50 Amikacin 101.7 101.6 
Injectable 333.3 Kanamycin 103.6 105.3 
Injectable 37.5 Kanamycin 104.2 104.0 
Caps u 1 e 500 Kanamycin 103.4 101.0 
Tablet 350 Neomycin 99.6 100.9 
Injectable 

Lot 1 40 Tobramycin 106.3 108.8 
Lot 2 40 Tobramycin 104.2 107.5 

As provided by the manufacturers. The relative standard deviations based on seven readings were 1.64.1.88.2.1. and 1.93% for I-IV, respectively. 

RESULTS AND DISCUSSION 

The results indicate (Table I) that the method can be used for the 
quantitation of amikacin, kanamycin, neomycin, and tobramycin in 
pharmaceutical dosage forms. The relative standard deviations based 
on seven readings were 1.64, 1.88, 2.10, and 1.93% for amikacin, kan- 
amycin, neomycin, and tobramycin, respectively. It is well known that 
standard deviations are usually very high when microbiological assay 
techniques are used. 

A 20-min reaction time was determined to be optimal for the comple- 
tion of the reaction. The reaction usually starts 5-6 min, after the mixture 
reaches the water bath temperature. The results are highly reproducible 
and precise (see Table I for standard deviations) when the standard so- 
lution is assayed simultaneously with each sample determination. The 
excipients present in the injectable formulations [EDTA (ethylenedi- 
aminetetraacetic acid), phenol, sodium bisulfite, and sodium citrate] did 
not interfere with the assay procedure (Table 11). Also, methylparaben 
and propylparaben, which are present in injectable formulations of some 
other aminoglycoside antibiotics, showed no interference (Table II), while 
salts of ammonia did interfere with the assay procedure (Table 11). 

Using the recommended wavelength of 356 nm (7) provided a low blank 
reading and high absorbance value for the dihydrolutidine derivatives. 
The mechanism of the reaction has been postulated (6). It has been de- 
termined that it is not necessary to add all the buffering agents (acetic 
acid, boric acid, and phosphoric acid) to the solution as recommended 
(7). Either boric acid or phosphoric acid (0.6 M) can be used at  pH 2.5. 
The color that developed was stable for at least 20 min. 

Aminoglycoside antibiotics contain amino groups, which react with 
acetylacetone to form dihydrolutidine derivatives. The method developed 

Table 11-Effect of Excipients on Absorbance 

Concentration 
in Solutiona, Absorbance Value 

Inactive Ingredient d m l  Against Blank 

EDTA 2.5 
Methyparaben 3.6 
Propylparaben 0.4 
Phenol 10 
Sodium bisulfite 14 
Sodium citrate 5 
Ammonium chloride 14 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.14 

0 These are at least 2 times the concentrations expected in the assay solutions 
exce t ammonium chloride, which is not usually added to the dosage forms of these 
antiiiotics. 

Table 111-Assay Results of Solutions Stored a t  50" 

Assay Results 
(Percent of Label Claim) 

Solution Composition 0 hr 48 hr 

Amikacin (50 pg/ml) 
Tobramycin (40 pg/ml) 
Carbenicillin disodium 

Amikacin (50 pg/ml) and 
carbenicillin disodium 

(250 &ml) 

(250 pglml) 
Tobramycin (50 pg/ml) and 

carbenicillin disodium 
(250 rrdml) 

100.5 100.1 
99.8 100.4 
19.8' 14.3O 

97.46 73.5b 

97.1 47.2b 

When assa ed as tobramycin, i.e., the assay absorbance value was compared 
with the absorgance value from a standard solution of tobramycin (40 pglml). 
b After correcting for interference from carbenicillin disodium. 

appears to be stability indicating (Table 111) when applied to the inter- 
action of aminoglycoside antibiotics with penicillins. Tobramycin assayed 
for only 47.2% of the original after 48 hr of storage at 50" in the presence 
of carbenicillin disodium, and amikacin assayed for 73.5% in a similar 
solution. These results are in agreement with an earlier report (8) in which 
tobramycin was reported to be less stable in the presence of carbenicillin 
disodium than other aminoglycoside antibiotics, i .e.,  gentamicin and 
netilmicin. Tobramycin is also less stable than amikacin in the presence 
of carbenicillin. 
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Abstract  Various solution additives affect the solubility and macro- 
aggregation of insulin in buffered aqueous solutions a t  physiological pH. 
The solubility of insulin may he improved with the addition of small 
amounts of aspartic acid, glutamic acid, EDTA (ethylenediaminete- 
traacetic acid), lysine, Tris buffer, or bicarbonate buffer. In addition, the 
propensity of dissolved insulin to reaggregate and precipitate may be 
inhibited by such additives. Buffered physiological (pH 7.4) saline so- 
lutions containing 0.001-0.003 M lysine in the presence of 0.005 M EDTA 
or 0.01 M lysine in the absence of EDTA improve insulin solubility and 
are effective in minimizing aggregation. Solutions thus prepared may be 
suitable for application in intravenous insulin infusion devices and may 
be useful commercial insulin preparations. 

Keyphrases 0 Insulin-minimizing aggregation, neutral solutions, ly- 
sine, solubility 0 Aggregation-minimization, solubility of neutral insulin 
solutions, lysine solubility Lysine-minimizing aggregation of neutral 
insulin solutions, solubility 0 Solubility-minimizing aggregation of 
neutral insulin solutions, lysine 

The tendency of insulin solutions to form macroaggre- 
gates is an obstacle in the development of long-term insulin 
delivery systems (1-5). The macroaggregation of the in- 
sulin molecule often limits prolonged infusion to a few days 
unless the device is regularly flushed during the test period. 
This problem, as well as a desire to characterize the ad- 
sorption of insulin, have led us to search for a physiological 
solvent or additive that will stabilize insulin solutions. 
Insulin solubility and prolonged prevention of macro- 
aggregation has been achieved by addition of various 
agents to dilute insulin solutions (4-8). 

EXPERIMENTAL 

The Tris buffer contained 0.1 M NaC1, 0.005 M EDTA (ethylenedi- 
aminetetraacetic acid) (Tris-HC1 14.04 ghter ;  Tris, 1.34 ghiter)’. The 
phosphate-buffered saline solution was prepared using 1.36 g of 
Na*HP04,0.22 g of KH*P04,0.005 M EDTA, and 8.5 g of NaClhiter (0.01 
M phosphate and 0.145 M NaCI). The pH of both solutions was adjusted 
to 7.2-7.4, as needed, by addition of 0.1 M HCl or 0.1 M NaOH. Bicar- 
bonate buffer was prepared using 1.428 g of NaHC03 and 8.070 g of NaCl 
diluted to 1 liter. A mixture of 5% COz and compressed air was bubbled 
through the solution to adjust the pH to 7.4. Amino acids and other ad- 
ditives were added to the buffered solutions in varying concentrations 
as desired. 

Crystalline insulin2 at a potency of 25.2 U/mg was used in an attempt 
to regulate solution additives. Many other studies have used commercially 
available insulin preparations which usually contain additives that in- 
fluence solubility and aggregation. 

Solutions of 1 ml were sealed with paraffin film in 16-ml glass tubes 
(16 mm X 100 mm) and continuously agitated in a shaking water bath 
a t  100-200 cycles/min and 37”. Solution turbidity was evaluated twice 
daily. The degree of aggregation of the solution was assessed visually on 
a five-plus scale: (+) meant clear, no observable particles, and (+++++) 
meant large aggregates or cloudy. Initially instrumental turbidity mea- 
surements were used to assess the degree of aggregation, but because of 
the macroscopic nature of the aggregate, this method did not accurately 
reflect the amount of aggregation. “First day” results indicate apparent 

Chemicals were obtained from Sigma Chemical Co. 
Obtained from Calbiochem Behring Corp., La Jolla. Calif.; lot number 

003622. 

solubility of insulin after 2-4 hr. The “ 5 4  day” results indicate degree 
of aggregation present a t  that time. 

RESULTS 

Additives tested were aspartic acid, EDTA, glutamic acid, bicarbonate 
buffer, ethanol, glycerol, leucine, lysine, and Tris buffer. When increased 
solubility or prolonged prevention of aggregation was observed, an at- 
tempt was made to determine the minimum amount of the additive re- 
quired to produce the observed result. This was done by serially diluting 
the additive in the buffered solution while other buffer conditions were 
held constant. Results are given in Table I. 

Ethanol, Glycerol, and  Leucine-These three compounds proved 
to be very unsatisfactory as additives in the concentration range tested 
(0.001-0.1 M ) .  None of the compositions demonstrated delayed onset 
Table  I-Effect of Additives on Insulin Aggregation 

Insulin 
Concen- 

EDTA tration, 
Major Additive Buffer” pH (0.005 M )  mg/ml 

0.1 M) 

0.1 M )  

0.1 M )  

0.1 M )  

(O.ooOo5- 
0.05 M) 

(O.ooOo5- 
0.05 M)  

0.05 M )  

(0.00005- 
0.05 M )  

Lysine (0.0005- PBS 7.4 + 6-10 

6 Lysine (0.0005- PBS 7.4 

Lysine (0.001- PBS 9.0 + 6 

6 Lysine (0.001- PBS 9.0 

Aspartic Acid PBS 7.4 + 6 

- 

- 

6 Aspartic Acid PBS 7.4 - 

Aspartic Acid PBS 3.5 + 3-6 

Aspartic Acid PBS 3.5 - 3-6 

(O.oooO5- 

Glutamic Acid PBS 7.4 
(0.00005- 
0.05 M )  

Glutamic Acid PBS 7.4 

Glutamic Acid PBS 7.4 
(0.00005- 
0.05 M )  

Glutamic Acid PBS 7.4 
(O.ooOo5- 
0.05 M )  

(0.00005- 
0.05 M )  

(O.ooOo5- 
0.05 M )  

0.1 M )  

1.0 M )  

Glutamic Acid PBS 3.5 

Glutamic Acid PBS 3.5 

Leucine (0.001- PBS 7.4 

Glycerol (0.001- PBS 7.4 

Ethanol (0.001- PBS 7.4 
0.1 M )  

Buffer A (0.005- PBS 7.4 
0.1 M)“ 

Buffer A (0.005- PBS 7.4 

Buffer A (0.005- Tris 7.4 
0.1 M )  

0.1 M )  
Sodium Bicarbonate NaHC03 7.2- 

7.4 

t 6 

6 - 

+ 3-6 

3-6 - 

+ 6 

+ 6 

+ 6 

+ 6 

6 

+ 6 

- 

+ 0.5 

Effective 
in Blocking 
Aggrega- 

tion? 

Yes 

Slight 

Yes 

Slight 

No 

No 

Yes 

Yes 

No 

No 

Yes 

Yes 

No 

No 

No 

Yes 

No 

Yes 

Yes 

a Key: (PBS) phosphate-buffered saline; (Tris) Tris buffer in 0.1 M NaC1. 
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Figure 1-Comparison of aggregation of insulin in phosphate-buffered 
saline as a function of Tris concentration. Solution conditions: phos- 
phate-buffered saline, p H  7.2-7.4, temperature 37', and insulin con- 
centration, 6 mglml. Key: Degree of aggregation of solutions with 0.005 
M EDTA at  1 (A) and 5 (A) days; aggregation of solutions without 
EDTA a t  1 (0) and 5 (a) days; (A) point overlap. 
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Figure 2-Concentrations of 0.0014.01 M lysine in 0.005 M EDTA and 
phosphate-buffered saline, p H  7.4. Key: degree of aggregation of solu- 
tions with 0.005 M EDTA at  1 (A) and 5 (A) days; (A) point overlap. 

of aggregation. 
Tris Buffer-Phosphate-buffered saline solutions were prepared with 

and without 0.005 M EDTA, at various Tris concentrations (0.001-0.1 
M). Figure 1 summarizes the aggregation of insulin as a function of Tris 
concentration in the presence and absence of EDTA, demonstrating that 
both additives are important in delaying the onset of insulin aggrega- 
tion. 

Lysine-Phosphate-buffered saline solutions containing lysine showed 
rapid dissolution of insulin, with the dissolution time decreasing as the 
pH was raised to 8.5-9.0. Solutions containing lysine at  pH 7.2-7.4 
maintained a clear, unaggregated appearance for 5-6 days. Higher lysine 
concentrations (0.1-0.01 M in 0.005 M EDTA) tended to aggregate more 
than those solutions containing lower lysine concentrations (0.01-0.001 
M). Lysine (0.001 M in 0.005 M EDTA) is effective in minimizing 
aggregation (Fig. 2). However, when 0.005 M EDTA was eliminated from 
the phosphate-buffered saline solution, 0.01 M lysine was required to 
significantly minimize aggregation. Solutions of 0.01 M lysine and 0.005 
M EDTA maintained at  4' without agitation remained not aggregated 
for periods up to 3 weeks. 

Aspartic and Glutamic Acid-Earlier studies in other laboratories 
(5) showed that glutamic and aspartic acids were important in delaying 
the onset of aggregate formation. Our studies confirm the results of 
Bringer et al. (5) wherein aggregation was prevented for 6-7 days; how- 
ever, serial dilution resulted in a decrease in the aggregation time. As- 
partic acid proved to be more successful than glutamic acid at  blocking 

insulin aggregation (Table I). It is important to note that due to the acidic 
nature of these amino acids, the pH of these solutions was 3.5 rather than 
7.4. If the solutions were adjusted to pH 7.4, the aggregation was lost. This 
observation was also noted by Bringer et al. (5). 

Bicarbonate-Two-milliliter solutions of sodium bicarbonate satu- 
rated with insulin were titrated to pH 6.3 with 0.1 M HCl, resulting in 
insulin precipitation. If solutions were back-titrated to pH 7.4 with 0.1 
M NaOH the insulin remained undissolved. However, if a 5% COT 
compressed air mixture was bubbled through the solution until pH 7.4 
was reached, the insulin redissolved. A similar observation was noted by 
Lougheed et al., where dissolution times were monitored as a function 
of bicarbonate concentration (8). 

DISCUSSION 

These results support the findings of previous researchers that agita- 
tion, additives, temperature, pH, and insulin concentration influence the 
solubility and macroaggregation of insulin. Recent work by Sat0 et al., 
demonstrates that urea is effective in minimizing aggregation (9). 

Several mechanisms for the prevention of aggregation have been 
proposed including the possibility of a serum substance (4) that prevents 
aggregation [newly published data from this group suggests that the bi- 
carbonate concentration is the major factor in mediating insulin solubility 
(8)]. The chelation effect of the carboxyl groups of amino acids for zinc 
is believed to block aggregate formation by resulting in a more soluble 
form of insulin. This data is somewhat supported by the improvement 
of solubility and prolongation of aggregation time observed in solutions 
containing EDTA. As a chelating agent, EDTA may compete with insulin 
for zinc and, therefore, slow aggregate formation (10). Another possible 
mechanism for minimizing aggregation is that amino acid additives, 
especially lysine, may interact with the insulin molecule by hydrophobic 
and ionic means, thereby decreasing insulin-insulin interactions and 
preventing or slowing the formation of aggregates. More definitive work 
should be done with detailed analysis of the types of interactions and the 
conformation of the insulin molecule in these solutions. 

Buffered physiological saline solutions containing 0.001 M lysine and 
0.005 M EDTA improve insulin solubility and are effective in delaying 
the onset of macroaggregation. In the absence of EDTA, 0.01 M lysine 
solutions improve initial solubility and minimize the degree of aggrega- 
tion. One advantage of the lysine additive is that the solutions are 
maintained at pH 7.4. A second advantage is that lysine is a common 
amino acid and is therefore not a synthetic additive. 

Results summarized in this study emphasize the importance of addi- 
tives in improving the solubility and stability of insulin solutions. It 
should be remembered that the type of insulin and additives used in 
various insulin preparations influence the properties discussed above, 
so a comparison of these results with other studies must be done with 
caution. The only way to accurately assess the contribution of each ad- 
ditive as to its solubility and aggregate-blocking properties is in a study 
such as this which minimizes the contributions of other solution variables 
or insulin additives. 
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Abstract 0 The antitumor pseudoguaianolide tenulin has been exposed 
to a wide variety of biological and model nucleophilic reagents and has 
been shown to react exclusively with sulfur nucleophiles in a Michael-like 
fashion. The biological implications of these results are discussed. 

Keyphrases Tenulin-sesquiterpene lactone, Michael-type reactions, 
nucleophilic reagents 0 Sesquiterpene lactones-tenulin, Michael-type 
reactions, nucleophilic reagents Michael-type reactions-tenulin with 
nucleophilic reagents, biologically active sesquiterpene lactones 

The sesquiterpene lactone tenulin (I) (1) is the major 
bitter principle of the medicinal herb Helenium amarum 
(2). This compound has received considerable attention 
with regard to its antitumor (2-5), anti-inflammatory (6, 
7), and antihyperlipidemic (8) activity. Recent struc- 
ture-activity studies have related the biological properties 
of tenulin to the presence of the cyclopentenone moiety (4, 
7,8). The potential of this unit to act as an electrophile in 
Michael-like addition reactions is reminiscent of the in uiuo 
role of the a-methylene-y-lactone group (11) as a sulfhy- 
dry1 (SH) acceptor in cytotoxic natural products (9). In- 
deed, the efficient Michael-like addition of cysteine (SH) 
to the tenulin enone has been reported (3). The a-methy- 
lene-y-lactone group is reactive toward a variety of sulfur 
(9), oxygen (lo), and nitrogen (11) nucleophiles. Therefore, 
it is important to the understanding of the mechanism of 
action to establish systematically the reactivity and se- 
lectivity of the cyclopentenone group of tenulin toward a 
variety of S, N, and 0 nucleophilic reagents. Such a study 
is of broad significance since the cyclopentenone unit ap- 
pears in several antitumor terpenoids (12,13). 

RESULTS AND DISCUSSION 

Table I presents a summary of this work and, for completeness, in- 
cludes data taken from earlier work (entries 4-8 and 22). Reactions were 
attempted in aqueous alcohol solutions at room temperature and ob- 
served for periods up to 7 days. With the exception of entries 4-8, where 
spectral methods were used (3), negative reaction results were determined 
by TLC. 

Nucleotides and nucleic acids exposed the cyclopentenone unit of 
tenulin to various nitrogen and oxygen nucleophiles. However, in no case 
was any reaction observed. Indeed, cyclopentenone itself does not react 
with adenosine 5'-monophosphate. Similarly, the amino acids alanine, 
serine, cysteine, histidine, and lysine contain nitrogen, oxygen, and 
sulfhydryl nucleophiles. Methanolic solutions of serine, histidine, or lysine 
(phosphate buffer, pH 7.2), when treated with tenulin, resulted only in 
the retroaldol conversion of tenulin to isotenulin (111) (14). In striking 
contrast, the efficient Michael addition of cysteine (SH) to the enone of 
tenulin (and cyclopentenone) to produce the adduct IV has been reported 
(3). The results summarized above suggest a strong Michael selectivity 
of the electrophilic cyclopentenone group for sulfur nucleophiles. 

This notion was further tested (entries 1422)  by treating tenulin and 
cyclopentenone with glutathione (SH) and small model nucleophiles. 
Tenulin and methylamine interacted in aqueous methanol t o  produce 
the Schiff base, tentatively assigned structure V. Compound V was in- 
soluble in water but readily soluble in dilute hydrochloric acid. The IR 
spectrum showed v,,, a t  1770 br (y-lactone and ester) and 1660 cm-l 
(C=N), but lacked OH and enone absorption. The Schiff base portion 

of the molecule was confirmed by the UV spectrum where Amax 246 nm 
(methanol) shifted to 265 nm on addition of two drops of 50% HCI. This 
bathochromic shift is characteristic of conjugated azomethines (15). An 
analogous reaction of 2-cyclopentenone with methylamine to form the 
Schiff base was demonstrated spectrophotometrically (see Experirnen- 
ta l ) .  Thus, the nucleophilic nitrogen of methylamine prefers the elec- 
trophilic carbonyl group of the cyclopentenone unit rather than the 
@-carbon. Methanol and ethanol do not react with tenulin even a t  reflux. 
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Table I-Reactions of Tenulin and 2-Cyclopentenone with Nucleophiles 

Entry Nucleophilic Reagent With Tenulin With 2-Cyclopentenone 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Adenosine 5'-monophosphate 
Adenosine 
Adenine 
Deoxyguanosine 5'-monophosphate 
Deoxyguanosine 5'-triphosphate 
Deoxyadenosine 5'-monophosphate 
Deoxyadenosine 5'-triphosphate 
Deoxyribonucleic acid 
L- Alanine 
L-Serine 
L-C ysteine 
L-Histidine 
L-Lysine 
Methylamine 
Sodium methoxide 
Methanol 
Ethanol 
Thiourea 
1,3-Propanedithiol 
Glutathione (SH) 
Sodium bisulfite 
1-Propanethiol 

No reaction 
No reaction 
No reaction 
No reaction (3) 
No reaction (3) 
No reaction (3) 
No reaction (3) 
No reaction (3) 
No reaction 
Conversion to  isotenulin 
Michael addition (3) 
Conversion to  isotenulin 
Conversion to isotenulin 
Schiff base 
Skeletal rearrangement 
No reaction 
No reaction 
No reaction 
Bis Michael addition 

Michael addition 

No reaction 

Michael addition (3) 
No reaction 
No reaction 
Schiff base 

No reaction 

Michael addition (3) 
Michael addition 
Michael addition (18) 

whereas the more reactive sodium methoxide affects the known skeletal 
rearrangement of tenulin to deacetylneotenulin (VI) (16). 

The reactivity of tenulin toward several types of sulfur nucleophiles 
is summarized in entries 18-22 (Table I). Although the sulfur atom of 
thiourea has been shown to act as a nucleophile in Michael-like additions 
(cf. 17), this reagent does not react with tenulin or 2-cyclopentenone. In 
contrast, cyclopentenone does form Michael adducts with the sulfhy- 
dryl-containing glutathione (3) and 1-propanethiol(18). The high reac- 
tivity of the cyclopentenone toward SH groups is further demonstrated 
in the reaction of tenulin with one mole equivalent of 1,3-propanedithiol 
where the major product is the crystalline bis adduct VII, C37H52010Sy 
HzO. Compound VII showed IR absorption a t  3300-3500 (OH), 1780 
(y-lactone), and 1740 cm-I (cyclopentanone). Sulfhydryl absorption near 
2550 cm-I was absent. The UV spectrum lacked the characteristic enone 
absorption of tenulin and chemical analysis for SH (19) was negative. 

The known reactivity of sodium bisulfite as a sulfur nucleophile in 
Michael-like additions (20) prompted the examination of this reagent 
as a potential nucleophile. The reaction of tenulin with excess sodium 
bisulfite in aqueous methanol cleanly produced the water-soluble Michael 
adduct VIII. The IR spectrum of VIII lacked enone carbonyl absorption 
near 1700 cm-'. A broad band centered a t  1740-1770 cm-' indicated 
y-lactone and cyclopentanone functional groups. Further evidence for 
Michael addition was seen in the NMR spectrum of VIII which featured 
the absence of olefinic proton signals and the presence of a new one proton 
multiplet at  3.70 ppm (H-2, HCSOSNa). In an analogous manner, 2- 
cyclopentenone forms the Michael adduct IX when treated with either 
one or two equivalents of sodium bisulfite. 

These experiments have demonstrated that the cyclopentenone unit 
of tenulin is highly selective for sulfur nucleophiles (SH, bisulfite) in 
Michael-like addition reactions. This selectivity is not surprising in view 
of the classification of sulfur and enone as soft Lewis base and Lewis acid, 
respectively, whereas nitrogen and oxygen nucleophiles are considered 
to be hard Lewis bases (21). 

There are biological implications of this new chemistry of tenulin. The 
hypothesis that the in uiuo activity of cyclopentenone-containing natural 
products may be due to the enone unit alkylating essential sulfhydryl 
groups of cellular enzymes (3) now stands more firmly with this additional 
support. 

EXPERIMENTAL 

Attempted Reactions of Tenulin with Model Nucleophiles-In 
separate experiments, tenulin (50 mg) was treated with 2 ml of an aqueous 
methanol solution containing one equivalent of thiourea, adenine, or 
adenosine. Analogously, in 2 ml of methanol-phosphate buffer (pH 7.2) 
tenulin was treated with one equivalent of adenosine 5'-monophosphate, 
L-serine, L-histidine, L-lysine, or L-alanine. Reaction vessels were stop- 
pered, left at  room temperature for several days, and monitored by TLC'. 
No reactions were observed. Quantitative yields of tenulin (or isotenulin) 

' EM Reagents precoated plates, silica gel 60.0.25 mm thickness. 

were recovered on extraction with chloroform, drying over anhydrous 
magnesium sulfate, filtration, and evaporation of the filtrate. 

Attempted Reactions of 2-Cyclopentenone with Model Nucleo- 
p h i l e s I n  separate experiments, 2-cyclopentenone (50 mg) was treated 
with 2 ml of an aqueous methanol solution containing one equivalent 
of thiourea, L-histidine, L-lysine, or adenosine 5'-monophosphate (in 
methanol-phosphate buffer, pH 7.2). Reaction vessels were stoppered, 
left at  room temperature for several days, and monitored by TLC. No 
reactions were observed. 

Isotenulin Methylimine (V)-To a solution of 0.051 g (0.17 mmole) 
of tenulin in 0.5 ml of methanol was added 0.5 ml (excess) Of 4Wo aqueous 
methylamine. After 2 days a t  room temperature, the reaction solution 
was poured into 20 ml of water and extracted twice with 15 ml of chlo- 
roform. The combined chloroform extract was dried (magnesium sulfate), 
filtered, and evaporated to dryness a t  room temperature. Ether tritura- 
tion yielded a crystalline compound (8 mg) tentatively assigned as V, mp 
155-156' dec.2 IR3 (CHC13): 1770 (y-lactone and ester) and 1660 cm-' 
(C=N); UV4: 246 nm (MeOH) and 265 nm (MeOH t 2 drops 50% HCl). 
Compound V was water insoluble but readily soluble in dilute hydro- 
chloric acid. 

Deacetylneotenulin (V1)-To a solution of 0.100 g (0.32 mmole) of 
tenulin in 3 ml of methanol was added dropwise a sodium methoxide 
solution prepared by dissolving 4 mg (0.17 mmole) of sodium in 2 ml of 
methanol. After 80 min the reaction mixture was diluted to 50 ml with 
distilled water and extracted with three 25-ml portions of chloroform. 
The combined organic layer was dried (magnesium sulfate), filtered, and 
evaporated to dryness to give 0.075 g (87% yield) of a colorless gum. Ether 
trituration and recrystallization from acetone-ether gave deacetylneo- 
tenulin (VI), mp 242-245' dec. [lit. (22) mp 239-240'1. IR and UV spectra 
of VI were identical to published data. 
Tenulin-l,3-propanedithiol Bis Adduct (VI1)-To 0.304 g (0.99 

mmole) of tenulin in 2 ml of methanol was added 0.10 ml(0.99 mmole) 
of 1,3-propanedithiol. The solution was swirled, deoxygenated under a 
nitrogen stream, sealed, and left at  0' for 3 days. After careful evaporation 
of the solvent, the yellow oily product was taken up in chloroform-ether 
whereupon a crystalline solid (136 mg) slowly separated in several crops. 
Recrystallization from hot methanol gave the bis adduct VII (69 mg, 19% 
yield), mp 244-248'. IR (nujol): 1780 (y-lactone) and 1740 cm-' (cyclo- 
pentanone); UV(Me0H): 205 mm. 

Anals.-Calc. for CR~HWOIOS.TH~O C, 60.14: H, 7.36, S. 8.68. Found ._ .. - - 
C, 60.27; H, 7.55; S, 9.09. 

Tenulin-Sodium Bisulfite Adduct (VII1)-Tenulin (0.052 e.  0.17 
mmole) and sodium bisulfite (0.034 g, 0.33 mmole) were dissolvedin 1.5 
ml of aqueous methanol. After 4 days at  room temperature, the reaction 
solution was allowed to slowly evaporate on a watchglass. The remaining 
crystalline material was taken up in methanol and filtered through a 1-cm 

2 Thomas-Hoover apparatus. All melting points are corrected. 

6 Galbraith Laboratories, Knoxville, 'renn. 

Perkin-Elmer 710B. 
Hitachi 1M)-80. 
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column of silica gel. Evaporation of the solvent left a clear oil which 
crystallized to yield 45 mg (65% yield) of water-soluble VIII, mp gradual 
dec. up to 108’. IR (nujol): 1740-1770 cm-’ (7-lactone and cyclopenta- 
none). lH-NMR(CD30D)? d 5.10 (br t, 1, H-8), 4.00 (d, 1, H-6), 3.70 (br, 
1, H-2). and 1.20-1.60 ppm (12,4 Me groups). 

2-Cyclopentenone-Sodium Bisulfite Adduct (IX)-2-Cyclopen- 
tenone (0.055 g, 0.67 mmole) and sodium bisulfite (0.063 g, 0.61 mmole) 
were taken up in 2 ml of distilled water. Methanol (0.5 ml) was added after 
2 hr at room temperature, the mixture was poured onto a watchglass and 
the solvent was allowed to evaporate slowly. Recrystallization of the solid 
residue from methanol-ether yielded 57 mg (46% yield) of the adduct IX, 
mp 163-166’ [lit. (23) mp 165Oj. IR (nujol): 1740 cm-’ (cyclopentanone). 
‘H-NMR (D20): 6 3.70 (m, 1, HCSOaNa) and 2.1CL3.00 ppm (6, complex). 
Identical results were obtained when this experiment was repeated using 
a 1:2 molar ratio of ketone to sodium bisulfite. 

2-Cyclopentenone Methylimine (Schiff Base)-Excess methyl- 
amine was added to a reference 2-cyclopentenone-methanol solution in 
a UV cuvette. After 18 hr, the r - r* absorption of the enone carbonyl 
(310 nm) disappeared. Addition of 2 drops of 50% HCI caused a batho- 
chromic shift in the original r - T* (230 nm) to  250 nm. A control ex- 
periment without methylamine revealed no changes in the original cy- 
clopentenone UV spectrum. The above results are consistent with the 
formation of the cyclopentenone-methylamine Schiff base (15). 
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Abstract 0 Hexamidine isethionate in various pharmaceutical formu- 
lations was analyzed quantitatively by high-performance liquid chro- 
matography. The method is rapid, accurate, and precise. Excellent results 
were obtained from four commercial bases. 

Keyphrases 0 Hexamidine isethionate-quantitative determination 
in pharmaceutical preparations, high-performance liquid chromatog- 
raphy High-performance liquid chromatography-quantitative de- 
termination of hexamidine isethionate, pharmaceutical preparations 
Preparations, pharmaceutical-quantitative determination of hexami- 
dine isethionate by high-performance liquid chromatography 

Hexamidine isethionate [4,4'-(hexamethy1enedioxy)- 
dibenzamidine bis( 2-hydroxyethanesulfonate)], used as 
a topical antiseptic in pharmaceutical products, belongs 
to a group of compounds (aromatic diamidines) which have 
good antibacterial and antifungal properties (1). Diam- 
idines can be identified in their pure form microscopically 
(2) and quantified colorimetrically in pharmaceutical 
preparations using glyoxal sodium bisulfite solution (3). 
The latter method is nonspecific and subject to interfer- 
ences. This fact has prompted more recent workers to in- 
vestigate the use of spectrophotometric (4), GLC (5,6), and 
high-performance liquid chromatographic (HPLC) (7) 
techniques. 

The purpose of this study was to develop a rapid HPLC 
method which would be suitable for the analysis of hex- 
amidine isethionate (I) in pharmaceutical preparations. 
Validation data are presented for the analysis of a topical 
cream, and the methodology was found to be applicable 
to ointments and eyewash solutions. 

EXPERIMENTAL 

Reagents and  Chemicals-The methanol' and water' used were 
HPLC grade and the glacial acetic acid', chloroform', and ether' were 
analytical reagent grade. Hexamidine isethionate2 was used as re- 
ceived. 

Apparatus-The high-pressure solvent pump3 was connected to a 
fixed-wavelength detector4, a fixed-volume injection valve&, and a re- 
cording integrator6. The polar column7 (30 cm X 3.9-mm i.d.) consisted 
of a monomolecular layer of cyanotrichlorosilane permanently bonded 
by silicone-carbon bonds to microparticulate silica. 

The mobile phase consisted of water-methanol-glacial acetic acid 
(4:21, v/v/v) which was deaerated by vacuum filtration before use. The 
temperature was ambient, and the flow rate was 1.0 ml/min. The detector 
sensitivity was 0.02 AUFS (254 nm), the recordedintegrator attenuation 
was 8, and the chart speed was 0.5 cm/min. 

* B. D. H. Chemicals, Poole, Dorset, England. 
Rhbne-Poulenc, Paris, France. 
Waters 6000A pump, Waters Associates, Hartford, Cheshire, England. 
Waters 440 UV detector, Waters Associates, Hartford, Cheshire, England. 
Rheodyne 7125 injection valve, Rheodyne Inc., Berkeley, Cdif. 
Model 3380A recorderhntegrator. Hewlett-Packard, Winnersh, Berkshire, 

?pBondapak-CN, Waters Associates, Hartford, Cheshire, England. 
En land. 

Hexamidine Isethionate Standard Solutions-Standard samples 
of I in the range of 0-75 mg were accurately weighed into 1000-rnl volu- 
metric flasks and diluted to volume with mobile phase. After mixing to 
dissolve the standards, 10.0-ml aliquots were diluted to 100.0 ml in vol- 
umetric flasks using the mobile phase. Twenty microliters of each solution 
was injected into the HPLC. 

Preparation of Samples-Creams-Samples of cream (0.5 g) 
equivalent to 0.5 mg of I were accurately weighed into a 50-ml centrifuge 
tube and shaken with 40 ml of mobile phase. After centrifugation the 
supernatant liquid was transferred to a 250-ml separatory funnel, and 
the process was repeated with a second 40-ml aliquot of mobile phase. 
The combined extracts were then washed with two 40-ml portions of 
chloroform, transferred to a 100-ml volumetric flask, and diluted to 
volume with mobile phase. 

Ointments-Samples (0.5 g) equivalent to 0.5 mg of I were first dis- 
solved in 50 ml of hexane and then extracted with two 40-ml aliquots of 
mobile phase. Treatment was as described above for creams. 

Eyewash Solutions-Eyewash solutions were diluted to 200 ml (20- 
fold) with water, and 20.0 ml of this solution (equivalent to 1 mg of I) was 
then extracted with three 20-ml aliquots of ether. The ether extracts were 
discarded, and the aqueous phase was transferred to a 200-ml volumetric 
flask and diluted to volume with mobile phase. Twenty-microliter ali- 
quots of each sample solution were injected into the HPLC. 

Calculations-The peak heights from the injections of the standard 
hexamidine isethionate solutions were measured manually and plotted 
as a function of concentration. Since the calibration curve indicated that 
peak heights were directly related to concentrations (0-0.0075, mg/ml) 
of I, sample results were calculated by: 

where (Ph), and (Ph), are the peak heights of I in the assay and standard 
solution chromatograms, respectively, C is the concentration of standard 
solution of I in mg/ml, and D is the dilution factor. 

Reproducibility and  Accuracy-Replicate analyses (n = 6) were 
carried out on a single batch of cream formulated to contain 0.1% w/w 
of I to test reproducibility of the assay. Known weights of hexamidine 
isethionate representing levels between 50 and 150% of label claim were 
added to five 0.5-g samples of placebo cream to check the assay accuracy. 
After mixing, samples were prepared as described above and injected into 
the HPLC. 

RESULTS AND DISCUSSION 

The described method was validated using a topical cream developed 
in-house. A typical cream sample chromatogram is shown in Fig. 1. 
Hexamidine isethionate elutes as a sharp peak in <8 min. The calibration 
curve of the concentration of I uersus peak height was found to be linear 
over 0-0.0075 mg/ml and passed very close to the origin (slope = 1.694 
X lo5, intecept = -1.53, and r = 0.9996). Recovery data from placebo 
samples with added I indicate that the procedure is quantitative for I over 
the range 0.254.75 mg/0.5 g (Table I). This range corresponds to 50-150% 
of label for the typical (O.l%, w/w) cream formulations (0.5 mg/0.5 g). The 
reproducibility of the method was found to be good a t  0.9% RSD (Table 
11). 

A placebo sample without I when carried through the procedure 
showed the absence of interferences from formulation excipients, al- 
though a small peak which elutes immediately after I could potentialJy 
interfere should column efficiency deteriorate. However, in this event 
the positive bias introduced would be small (<2%). 

During sample preparation of creams and ointments, it was necessary 
to extract with chloroform to overcome severe chromatographic inter- 
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Figure 1-High-performance liquid chromatogram of a topical oil- 
in-water cream preparation. Peak 1 i s  hexarnidine isethionate. Other 
peaks are unidentified components of the cream base. 

ferences. Eyewash solutions required extraction with ether to remove the 
methylparaben and propylparaben which were included in these for- 
mulations. The relatively high concentration of acetic acid used in the 
mobile phase was essential for adequate resolution and rapid analysis 
of I. Column stability was satisfactory throughout the experiments, al- 
though it was necessary to thoroughly cleanse the chromatograph and 
column of the corrosive mobile phase between analyses. 

The results for the analyses of I in three different dosage forms is given 
in Table 111. In general, results were very close to the label claim. The low 

~~ 

Added, mg Found, mg Recovery, % 

0.2525 
0.3788 
0.5050 
0.6313 
0.7575 

0.2579 
0.3739 
0.5043 
0.6318 
0.1477 

102.1 
98.7 
99.9 

100.1 
98.7 

Table 11-Reproducibility of the HPLC Assay of Hexamidine 
Isethionate in a Topical Cream 

Sarnvle Percent w/w 

1 0.101 
2 0.099 
3 0.100 
4 0.101 
5 0.100 
6 0.099 

Mean 0.100 

RSDa,  ?b 0.894 

Relative standard deviation derived from 100 X SDIMean. 

SD 8.94 x 10-4 

Table Ill-Assay Results for Hexamidine Isethionate in 
Commercial Dosage Forms 

Hexamidine 
Claim per Isethionate, 

Dosage Form, % of Label 
Sample mg/100 g Claim 

Cream 100 99.9 
Ointment 1 100 101.5 
Ointment 2 100 83.0 
Eyewash solution 100 100.5 

result found with ointment 2 could have been due to incomplete extrac- 
tion from the base. 
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Abstract The stability of mezlocillin sodium solutions in water with 
either phosphate buffers or other ingredients used in intravenous ad- 
mixtures (dextrose, fructose, and sodium chloride) has been studied using 
a stability-indicating high-performance liquid chromatographic method. 
This assay shows a relative standard deviation of 1.42% based on six in- 
jections. The optimum stability was shown at  an approximate pH of 4.8, 
and solutions in dextrose (5%) and sodium chloride (0.9%) were stable 
for up to 4 days at  25", 36 days at  5", and for 60 days a t  -10'. When re- 
frigerated, the solutions in 5% fructose and 10% dextrose were as stable 
as those in 5% dextrose. 

Keyphrases Mezlocillin sodium-stability, determined by high- 
performance liquid chromatography 0 Stability-mezlocillin sodium, 
determined by high-performance liquid chromatography 0 High-per- 
formance liquid chromatography-stability of mezlocillin sodium 

Mezlocillin, a new semisynthetic broad-spectrum pen- 
icillin antibiotic, commonly administered by intravenous 
admixture, is effective against a wide variety of micro- 
organisms. Limited information on the stability is available 
(1): solutions for intravenous use appear to be stable from 
24 to 72 hr at controlled room temperature, from 24 to 168 
hr under refrigeration, and for 28 days a t  -12' (1). This 
investigation studies the stability of mezlocillin sodium at  
varying pH in some commonly used vehicles for intrave- 
nous administration. A stability-indicating high-perfor- 
mance liquid chromatographic (HPLC) method was de- 
veloped. 

l =0  
I C-f 

S O P S  
N, 

Mezlocillin 

EXPERIMENTAL 

Materials-All chemicals and reagents were USP, NF, or ACS quality 
and were used without further purification. Mezlocillin sodium' powder 
was used as received. The liquid chromatograph2 was equipped with a 
multiple-wavelength detector3, a recorder4, and an integrator5. A semi- 
polar6 column (30 cm long X 4-mm i.d.) was used. The mobile phase 
contained 0.02 M ammonium acetate and 42% (v/v) methanol in water. 
The flow rate was 2.0 ml/min, the sensitivity was 0.2 AUFS (230 nm), and 
the chart speed 30.5 cm/hr. The temperature was ambient. 

Methods-A standard solution was prepared daily by dissolving 100 
mg of mezlocillin sodium in enough water to make 100 ml of the solution. 
All of the antibiotic solutions were prepared as indicated in Table I using 

* Miles Pharmaceuticals, West Haven, Conn. 
Model ALC 202 eauiDDed with U6K universal iniector: Waters Associates. . .. 

Milford, Mass. 
3 Spectroflow monitor SF770; Schoeffel Instrument Corp., Westwood, N.J. ' Omniscribe 5313-12 Houston Instruments. Austin. Tex. 
5 Autolab minigrator;'Spectra-Physics, SanG Clara,'Calif. 
6 Waters Associates pBondapak phenyl (Catalog No. 27198). 

Table I-Mezlocillin Solutions Prepared for Stability Studies 
~~ 

Mezlocillin 
Sodium, pH Other Ionic 

Solution mg/ml (Initial) Ingredient(s) StrengthR 

10.0 4.8 5% dextrose 
10.0 4.8 0.9%NaCl 
10.0 4.8 5% dextrose 
10.0 4.4 10% dextrose 
10.0 5.2 5% fructose 

1.0 2.9 phosphate buffer, 0.05 M 
1.0 4.0 phosphate buffer, 0.05 M 
1.0 4.8 phosphate buffer, 0.05 M 
1.0 4.8 phosphate buffer, 0.1 M 
1.0 5.8 phosphate buffer, 0.05 M 
1.0 6.9 phosphate buffer, 0.05 M 
1.0 7.8 phosphate buffer, 0.05 M 

- d 
-d 
- d 

d 
d 

- 
- 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

a Adjusted with KCI. Stored in plastic bag; the original plastic Viaflex PL 146 
bags from which either 0.996 NaCl or 5% dextrose injection in water was withdrawn 
for making the solutions. Stored in bottle; sixty-milliliter amber-colored glass 
bottle; Brockway Glass Co., Brockway, Pa. d Ionic strength of this solution was not 
adjusted. 

a simple solution method. After the initial data were obtained (physical 
appearance, pH values7, and assays), the solutions were stored either a t  
room temperature (25 f l o ) ,  under refrigeration (5 f lo), in the freezer 
(-10 f lo),  or a t  all three temperatures. 

At appropriate intervals, solutions of mezlocillin were assayed using 
HPLC. Before analysis, all solutions were diluted with water to an ap- 
propriate concentration (identical to the standard solution based on the 
label claim). Before being diluted, the solutions were brought to room 
temperature by putting the bagdbottles in tap water. One set of 60- 
day-old frozen samples was thawed using a microwave oven8; the frozen 
solutions were exposed to microwaves for 3 min. 

A 20.0-pl aliquot of the assay solution was injected into the chroma- 
tograph using the described conditions. For comparison, an identical 
volume of the appropriate standard solution was injected after the assay 
solution eluted. 

Calculations-Since preliminary investigations indicated that the 
peak heights were related directly to the concentrations (range tested: 
0.2-1.2 mg/ml), the results were calculated using: 

-- (ph)R - percent of label claim 
(Ph) ,  

(Eq. 1) 

where (Ph), is the peak height of the assay solution and (Ph), is the peak 
height of a standard solution of identical concentration based on the label 
claim. 

RESULTS AND DISCUSSION 

HPLC Assay Method-The method developed is reproducible with 
a relative standard deviation of 1.42% based on six injections, and sepa- 
rates a number of decomposition products (Fig. 1B and C) from the intact 
drug (peak 1 in Fig. 1). 

It  is well documented (2) that a t  lower pH (-3), the @-lactam moiety 
undergoes hydrolysis and at  higher pH (-8), the side chain undergoes 
hydrolysis. In Fig. 1B (as compared with Fig. 1A) the additional un- 
identified peaks are from the hydrolysis of the 3-(methylsulfonyl)-2- 
0x0-1-imidazolidine ring (see structure of mezlocillin) since the pH of 
the assay solution was 7.8. In Fig. lC, the additional peaks are from the 
hydrolysis of the P-lactam ring. The decomposition of mezlocillin in this 

~ ~~ 

All pH values were measured using Beckman Zeromatic SS-3, pH meter. 
8 Amana's Radarrange, Model MR-3. 
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Figure 1-Typical chromatograms. Peak 1 is from mezlocillin and all 
others are unidentified. Key: (A) standard solution; (B, C) 4-day old 
solutions (solutions 12 and 6,  respectively) when stored at room tem- 
perature. 

assay solution (pH 2.9) was very fast. It is obvious that decomposition 
products from the side chain elute immediately after the solvent, while 
products from j3-lactam ring hydrolysis elute immediately before the 
intact drug (peak 1 in Fig. 1). 

The results indicate (Table 11, solutions 1 and 2) that the manufac- 
turer's recommended expiration of 48 hr (1) for intravenous solution 

I I I I I t I I I 
0 1 2 3  4 5 6 7 7:8 

PH 
Figure 2-A pH-rate profile curve from data of solutions 6-12 after 286 
hr (-12 days) of storage at room temperature. 

prepared in 5% dextrose-0.9% NaCl can be extended to 96 hr with a loss 
in potency of <5%. Under refrigeration, the expiration date may be ex- 

Table 11-Assay Results and pH Values of Mezlocillin Sodium Solutions at Room Temperature 

Results a t  25 f 1' 
Dav 12 

Day 0 Day 1 Day 4 Day I (286 hr) 
Found b ,  % Solution' pH Found, % PH Found, % PH Found, % PH Found, % PH 

-c -c 
C - C 

1 4.8 100.5 4.7 100.3 4.1 96.3 4.1 90.5 
2 4.8 99.2 4.7 98.8 4.5 96.9 4.5 90.5 
6 
I 
8 
9 

- 
2.9 100.6 2.9 80.6 2.9 34.6 2.9 14.0 2.9 2.5 
4.0 101.1 4.0 100.5 4.0 91.8 4.0 83.3 4.0 11.6 

89.1 4.8 100.9 4.8 100.7 4.8 91.7 4.8 91.2 4.8 
81.6 4.8 100.6 4.8 101.2 4.8 98.1 4.8 96.9 4.8 

10 5.8 101.3 5.8 101.3 5.8 96.2 5.8 88.6 5.8 17.0 
11 6.9 100.6 6.9 100.3 6.9 84.8 6.9 68.3 6.9 40.2 
12 1.8 101.0 7.8 100.6 1.8 83.5 1.8 65.2 7.1 35.4 

0 For composition of solution, see Table I. * All solutions were clear to the last day of testing. Not determined on this day. 

Table 111-Assay Results and pH Values of Mezlocillin Sodium Solutions at 5" and -10" 

Results a t  5 f 1' 
Day 0 Day 1 Day 4 Day I Day 14 Day 28 Day 36 

Solution' pH Found,% pH Found,% pH Found,% pH Found,% pH Found,% pH Found,% pH Foundb,% 
- C - C - C 4.7 100.1 4.7 100.0 4.7 98.9 4.6 91.8 
- c  - C - C 4.1 99.4 4.1 99.2 4.5 98.3 4.4 96.9 

-c 4.1 97.0 
- C 4.4 94.3 
- e 5.1 95.1 

4.8 100.5 -' 
4.8 99.2 -' 
4.8 97.8 4.1 97.5 4.7 97.3 -' 
4.4 98.0 4.4 91.8 4.4 98.0 -' 

1 
2 
3 
4 
5 5.2 98.0 5.2 98.0 5.2 91.1 - c  

Results a t  -10 f 1' 
Day 0 Day 28 Day 60 Day 60d 

Solution' PH Found, % PH Found, % PH Found, % PH Found b ,  % 

1 4.8 100.5 4.8 100.2 4.8 93.5 4.8 93.3 
2 4.8 99.2 4.8 99.4 4.1 98.3 4.1 98.3 

a For composition of solution, see Table I. b All solutions were clear to the last day of testing. C Not determined on this day. d These results are of solutions which were 
thawed using a microwave oven. For details, see text. 
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tended (Table 111, solutions I and 2) to 36 days uersus 7 days as recom- 
mended (1). The loss in potency after a 36-day storage was <3.2%, and 
the samples were clear. The expiration date for the frozen samples may 
be extended to 60 days (solutions 1 and 2, Table 111) uersus 28 days as 
recommended (1) by the manufacturer. There was a loss of <2 and 7% 
in potency in 60 days for solutions in 0.9% NaCl and 5% dextrose, re- 
spectively. There was no significant change in pH values, and the solu- 
tions were clear. Furthermore, the frozen samples can be thawed in <4 
min using a microwave oven, without any observable decomposition. 

It is interesting to point out that the manufacturer has recommended 
(1) an expiration of 24 hr under refrigeration for solutions in 5% fructose 
and 10% dextrose uersus 7 days for solution in 5% dextrose. In our in- 
vestigations (Table 111, solutions 3-51, there was no difference in the 
stability of these three solutions. No decomposition was found in any 
sample for up to 4 days under refrigeration, which was also evident from 
the absence of any additional peak($ in the chromatograms. After 14 days 
of storage there was only slightly more decomposition of drug in solutions 
containing either 10% dextrose or 5% fructose versus 5% dextrose (Table 

COMMUNICA TlONS 

111, solutions 3-5). There were no significant changes in pH values, and 
all solutions were clear. 

The optimum pH of stability (Fig. 2) appears to be -4.8. The phos- 
phate buffer did not catalyze the reaction (solutions 8 and 9, Table 111). 
Trials to treat the data mathematically using first-order equations were 
not successful, which may be due to the complexity of the reaction as 
evidenced by a number of new peaks (Fig. 1C) in the chromatogram. The 
general information about the degradation of penicillins is available in 
the literature (2,3). 
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Buccal Absorption of Protirelin: An Effective Way 
to Stimulate Thyrotropin and Prolactin 

Keyphrases Protirelin-buccal absorption, stimulation of thyrotropin 
and prolactin, use as a diagnostic tool 0 Buccal absorption-evaluation 
of protirelin, use as a diagnostic tool, measurement of thyrotropin and 
prolactin stimulation 0 Thyrotropin and prolactin stimulation-buccal 
absorption of protirelin, use as a diagnostic tool 

To the Editor: 

Most of the biologically active oligopeptides are almost, 
or completely, inactive if administered perorally. This can 
be partly attributed to low chemical stability in the course 
of intestinal passage, and partly to low invasion rates along 
with rapid plasma degradation. For the same reasons some 
peptides, like thyrotropin-releasing hormone (TRH) 
(protirelin), need extremely high peroral doses in order 
to stimulate biological response. Therefore, intravenous 
injection is the most common form of peptide adminis- 
tration. However, few studies on nasal (1) and rectal (2) 
administration have been reported. The purpose of this 
investigation was to evaluate buccal absorption of pro- 
tirelin as a model peptide. The major objective was to set 
the groundwork for future research on buccal peptide de- 
livery and absorption. This study also evaluated buccal 
protirelin as a diagnostic tool. 

Thyroid gland diagnostics by protirelin is mainly a do- 
main of the intravenous test, although some doubts have 
emerged due to serious side effects (3-5). On the other 
hand, the peroral protirelin test exhibits only slow response 
at  high doses, and usually needs a 3-hr period to attain 
maximum stimulation. This is often considered inconve- 
nient for routine clinical diagnostics. Therefore, buccal 
protirelin could become an appropriate supplement with 
both intravenous and peroral protirelin, if absorbed 
properly. This study will show the overall feasibility of 
buccal protirelin for use in thyroid diagnostics. Buccal 

absorption will be followed by monitoring thyrotropin and 
prolactin stimulation. 

Ten clinically healthy volunteers, five males and five 
females, took part in the study. The age range was 23-35 
years. For all volunteers an euthyroid state was certified 
by determinations of triiodothyronine, thyroxine, and 
thyroxine-binding globulin. The body weights of all vol- 
unteers were within normal limits of the ideal body weight 
according to Broca. All tests were performed beginning at 
2 p.m. 

For the intravenous test, 200 pg of protirelin’ was in- 
jected in the antecubital vein. Blood samples were taken 
immediately before and 30 min after injection. For buccal 
application a polytef disk was prepared with a diameter 
of -3.5 cm, corresponding to an area of -10 cm2 and a 
height of 1 cm. The disk had a central circular depression 
depth of 4 mm, leaving an elevated rim. A previously 
water-soaked filter paper disk was placed into the de- 
pression, and 20 mg of crystalline protirelin2 was spread 
onto the filter paper. The protirelin dissolved immediately. 
Subsequently, the device was put into contact with the 
buccal mucosa. After 30 min the device was removed, and 
the mouth was thoroughly washed with tap water. Blood 
samples were taken at  0, 30, 60, 120, and 180 min uia a 
cannula placed into the antecubital vein. 

After centrifugation the plasma was separated from the 
blood and stored at  -20’ until analysis of thyrotropin and 
prolactin. 

Measurements of thyrotropin3, prolactin4, thyroxine- 
binding globulin5, triiodothyronine6, and thyroxine6 were 
performed in duplicate using commercially available ra- 
dioimmunoassays. Standard errors of the radioimmuno- 
assays were from 6 to 8% within kits and from 3 to 9% be- 
tween kits. A second, but slightly modified, test was per- 

~~ ~ ~~ ~~~ ~ 

Antepan, Henning, D-Berlin. 
Hoechst, D-Frankfurt. 
TSHK-PR, CIS-CEA-Soh, I-Saluggia. 
PROLK-PR, CIS-CEA-Sorin, I-Saluggia. 

5 RIA-gnost TBG-kit, Behringwerke, I)-Marburg. 
ARIA 11, Becton and Dickinson, Paramus N.J. 
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tended (Table 111, solutions I and 2) to 36 days uersus 7 days as recom- 
mended (1). The loss in potency after a 36-day storage was <3.2%, and 
the samples were clear. The expiration date for the frozen samples may 
be extended to 60 days (solutions 1 and 2, Table 111) uersus 28 days as 
recommended (1) by the manufacturer. There was a loss of <2 and 7% 
in potency in 60 days for solutions in 0.9% NaCl and 5% dextrose, re- 
spectively. There was no significant change in pH values, and the solu- 
tions were clear. Furthermore, the frozen samples can be thawed in <4 
min using a microwave oven, without any observable decomposition. 

It is interesting to point out that the manufacturer has recommended 
(1) an expiration of 24 hr under refrigeration for solutions in 5% fructose 
and 10% dextrose uersus 7 days for solution in 5% dextrose. In our in- 
vestigations (Table 111, solutions 3-51, there was no difference in the 
stability of these three solutions. No decomposition was found in any 
sample for up to 4 days under refrigeration, which was also evident from 
the absence of any additional peak($ in the chromatograms. After 14 days 
of storage there was only slightly more decomposition of drug in solutions 
containing either 10% dextrose or 5% fructose versus 5% dextrose (Table 

COMMUNICA TlONS 

111, solutions 3-5). There were no significant changes in pH values, and 
all solutions were clear. 

The optimum pH of stability (Fig. 2) appears to be -4.8. The phos- 
phate buffer did not catalyze the reaction (solutions 8 and 9, Table 111). 
Trials to treat the data mathematically using first-order equations were 
not successful, which may be due to the complexity of the reaction as 
evidenced by a number of new peaks (Fig. 1C) in the chromatogram. The 
general information about the degradation of penicillins is available in 
the literature (2,3). 
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Buccal Absorption of Protirelin: An Effective Way 
to Stimulate Thyrotropin and Prolactin 

Keyphrases Protirelin-buccal absorption, stimulation of thyrotropin 
and prolactin, use as a diagnostic tool 0 Buccal absorption-evaluation 
of protirelin, use as a diagnostic tool, measurement of thyrotropin and 
prolactin stimulation 0 Thyrotropin and prolactin stimulation-buccal 
absorption of protirelin, use as a diagnostic tool 

To the Editor: 

Most of the biologically active oligopeptides are almost, 
or completely, inactive if administered perorally. This can 
be partly attributed to low chemical stability in the course 
of intestinal passage, and partly to low invasion rates along 
with rapid plasma degradation. For the same reasons some 
peptides, like thyrotropin-releasing hormone (TRH) 
(protirelin), need extremely high peroral doses in order 
to stimulate biological response. Therefore, intravenous 
injection is the most common form of peptide adminis- 
tration. However, few studies on nasal (1) and rectal (2) 
administration have been reported. The purpose of this 
investigation was to evaluate buccal absorption of pro- 
tirelin as a model peptide. The major objective was to set 
the groundwork for future research on buccal peptide de- 
livery and absorption. This study also evaluated buccal 
protirelin as a diagnostic tool. 

Thyroid gland diagnostics by protirelin is mainly a do- 
main of the intravenous test, although some doubts have 
emerged due to serious side effects (3-5). On the other 
hand, the peroral protirelin test exhibits only slow response 
at  high doses, and usually needs a 3-hr period to attain 
maximum stimulation. This is often considered inconve- 
nient for routine clinical diagnostics. Therefore, buccal 
protirelin could become an appropriate supplement with 
both intravenous and peroral protirelin, if absorbed 
properly. This study will show the overall feasibility of 
buccal protirelin for use in thyroid diagnostics. Buccal 

absorption will be followed by monitoring thyrotropin and 
prolactin stimulation. 

Ten clinically healthy volunteers, five males and five 
females, took part in the study. The age range was 23-35 
years. For all volunteers an euthyroid state was certified 
by determinations of triiodothyronine, thyroxine, and 
thyroxine-binding globulin. The body weights of all vol- 
unteers were within normal limits of the ideal body weight 
according to Broca. All tests were performed beginning at 
2 p.m. 

For the intravenous test, 200 pg of protirelin’ was in- 
jected in the antecubital vein. Blood samples were taken 
immediately before and 30 min after injection. For buccal 
application a polytef disk was prepared with a diameter 
of -3.5 cm, corresponding to an area of -10 cm2 and a 
height of 1 cm. The disk had a central circular depression 
depth of 4 mm, leaving an elevated rim. A previously 
water-soaked filter paper disk was placed into the de- 
pression, and 20 mg of crystalline protirelin2 was spread 
onto the filter paper. The protirelin dissolved immediately. 
Subsequently, the device was put into contact with the 
buccal mucosa. After 30 min the device was removed, and 
the mouth was thoroughly washed with tap water. Blood 
samples were taken at  0, 30, 60, 120, and 180 min uia a 
cannula placed into the antecubital vein. 

After centrifugation the plasma was separated from the 
blood and stored at  -20’ until analysis of thyrotropin and 
prolactin. 

Measurements of thyrotropin3, prolactin4, thyroxine- 
binding globulin5, triiodothyronine6, and thyroxine6 were 
performed in duplicate using commercially available ra- 
dioimmunoassays. Standard errors of the radioimmuno- 
assays were from 6 to 8% within kits and from 3 to 9% be- 
tween kits. A second, but slightly modified, test was per- 

~~ ~ ~~ ~~~ ~ 

Antepan, Henning, D-Berlin. 
Hoechst, D-Frankfurt. 
TSHK-PR, CIS-CEA-Soh, I-Saluggia. 
PROLK-PR, CIS-CEA-Sorin, I-Saluggia. 

5 RIA-gnost TBG-kit, Behringwerke, I)-Marburg. 
ARIA 11, Becton and Dickinson, Paramus N.J. 
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Table I-Baseline and Stimulation Levels of Thyrotropin after Buccal Application of Protirelin 

Intravenous Testb (min) Buccal ApplicationC (min) 
Subjecta 0 30 0 15 30 60 120 180 

A 1.8 8.9 1.6 - 1.8 4.9 4.1 2.n 
Ad 
B 

- 

7.9 

~~ 

1.4 
1.7 

2.1 
- 

~. 

2.9 
3.3 

5.7 
4.2 

.. - 
5.4 
4.8 

3.4 
6.8 

Bd - - 1.5 1.7 3.0 3.8 2.5 2.7 
C 1.8 9.5 1.6 - 4.4 5.5 9.7 12.8 
D 1.0 4.0 1.4 - 2.4 3.2 2.4 2.6 
E 1.4 4.9 1.2 - 2.5 3.4 2.9 4.9 
F 1.9 8.7 1.6 - 4.3 6.2 5.6 4.9 
G 4.3 25.1 5.0 - 10.8 17.5 28.0 29.4 
H 1.0 4.7 1.1 - 2.8 10.9 5.7 1.2 ~~. . .- ~~ 

I 1.7 5.9 0.9 - 5.6 5.0 6.2 7.9 
J 3.4 20.3 2.7 - 3.0 6.1 5.0 4.4 

a A-E = male; F J  = female. 
test under removal of excess saliva. 

Table 11-Baseline and Stimulation Levels of Prolactin after Buccal Application of Protirelin 

Intravenous dose = 0.2 mg of protirelin; plasma levels in pU/ml. c Buccal dose = 20 mg of protirelin; plasma levels in pU/ml. Extra 

Intravenous Testb (min) 
Subiecta 0 30 

A 7.6 27.0 
Ad - - 

B 10.1 36.0 
Bd - - 
~ 

C <3.0 7.6 
D 3.0 24.5 
E 5.7 23.5 
F 18.2 44.0 
G 11.6 44.0 
H 7.4 17.6 
I 
J 

7.8 
38 

30.8 
90e 

Buccal Applicationc (rnin) 
0 15 30 60 120 180 

7.0 - 13.0 24.4 11.9 10.5 
7.1 8.1 14.3 25.3 16.9 10.3 
9.3 - 31.2 22.7 16.5 13.6 
6.4 9.5 14.3 13.4 10.1 8.4 

<3.0 - <3.0 <3.0 3.6 <3.0 
5.2 - 11.7 14.9 9.8 7.4 
7.3 - 15.8 13.1 7.2 13.1 
5.9 - 26.0 24.6 14.0 12.3 

14.8 - 35.7 31.4 27.6 31.8 
8.4 - 12.3 26.4 10.2 8.3 
6.2 - 31.3 18.1 21.4 12.8 

10.5 - 19.7 33.3 16.5 11.0 

a A-E = male; F J  = female. * Intravenous dose = 0.2 mg of protirelin; plasma levels in ng/ml. Buccal dose = 20 mg of protirelin; plasma levels in ng/ml. Extra test 
under removal of excess saliva. e Increased prolactin levels due to metoclopramide medication previous to intravenous test; data excluded from further evaluation; no 
metoclopramide medication previous to buccal application. 

formed with two of the subjects. In addition to the afore- 
mentioned procedure, excess saliva was constantly with- 
drawn by aspiration to prevent undesirable GI absorption 
of swallowed protirelin, which might stimulate thyrotropin 
and prolactin after intestinal absorption. Because plasma 
thyrotropin and prolactin levels of the subject could not 
be considered normally distributed, the Wilcoxin-Mann- 
Whitney U-test was used for statistical evaluation (6). 

The results of the study in terms of the baseline levels 
and the levels after stimulation by intravenous and buccal 
application of protirelin are shown in Table I for thyro- 
tropin, and Table I1 for prolactin. After intravenous ap- 
plication of protirelin, the thyrotropin concentrations in- 
creased from a baseline range of 1.041.3 p U / d  to a 30-min 
stimulation range of 4.0-25.1 pU/ml. After buccal appli- 
cation there was a rise from the baseline range of 0.9-5 
pU/ml to a 30-min range of 1.8-10.8 pU/ml and to a 60-min 
range of 3.2-17.5 pU/ml. The subsequent part of the 
plasma profiles did not show a general tendency among 
subjects: in some subjects there was a further increase of 
thyrotropin, whereas in others there was a drop-off. (A 
graph of the profile is shown in Fig. 1.) The increase from 
the initial values to the 30-min and the 60-min values is 
significant, as evidenced by the U-test ( p  = 0.01). With 
respect to prolactin, the intravenous test gave rise to levels 
in the range of 7.6-44.0 ng/ml after 30 min, with the 
baseline between 3.0-18.2 ng/ml. In the case of buccal 
application, the baseline range was 5.2-14.8 ng/ml, whereas 
upon stimulation prolactin increased to 11.7-35.7 ng/ml 
after 30 min, and to 13.1-31.4 ng/ml after 60 min. One 
subject was omitted from further evaluation because sev- 
eral plasma levels were below the limit of analytical sen- 

sitivity at 3.0 ng/ml of prolactin. In the subsequent part 
of the prolactin plasma profiles there was a decrease in 
levels in all but one subject (see Fig. 1). Like thyrotropin, 
the increase of prolactin above its baseline level after 
buccal protirelin application is statistically significant ( p  
= 0.01) for the 30-min range, as well as for the 60-min 
range. 

An additional set of data on two subjects showed that 
an increase of thyrotropin and prolactin levels also could 
be achieved when the buccal application of protirelin is 
accompanied by a constant withdrawal of excess saliva 
from the oral cavity. The values are presented in Table I; 
for graphical depiction see Fig. 2. It is also interesting to 
note that following the intravenous test all subjects re- 
ported side effects such as nausea, urge to urinate, and 
facial flushing, but no side effects were observed after 
buccal protirelin administration. 

The conclusion drawn from the presented data is that 
protirelin is readily absorbed uia the buccal mucosa, as 
indicated by a significant stimulation of both thyrotropin 
and prolactin. The response pattern observed seems to 
indicate that females exhibit a greater stimulation by 
protirelin than males do and that peak levels appear more 
rapidly with prolactin than with thyrotropin. This parallels 
the typical intravenous stimulation characteristics (3). 
Compared with the peroral application of protirelin, buccal 
absorption leads to earlier attainment of maximum thy- 
rotropin and prolactin levels, at half the dose usually taken 
for the peroral test. Apparently, there is no difference in 
the maximum increments achieved by both routes of ad- 
ministration, as indicated by comparison with literature 
data on peroral protirelin stimulation (7). 
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Figure 1-Plasma thyrotropin and prolactin profiles after buccal ap- 
plication of 20 mg of protirelin. Circles are geometric means of 10 
subjects (thyrotropin) and nine subjects (prolactin), respectively. 
Vertical bars indicate observed range. Horizontal bar indicates time of 
application. 

These results also reveal that buccal protirelin admin- 
istration is a clear alternative to both the peroral and the 
intravenous tests. As compared with the intravenous test, 
the obvious advantage of buccal protirelin is the fact that 
none of the aforementioned side effects were observed. 
This appears to be due to the lower incremental increase 
of plasma protirelin and, therefore, to the more moderate 
stimulation kinetics after buccal administration. In ad- 
dition, buccal protirelin with a maximum stimulation 30 
to 60 min after application, provokes a faster response than 
the peroral test, which usually requires a period of 2-3 hr 
to reach its peak (3 ,7) .  We therefore suggest this test be 
evaluated for diagnostic use. Suitable dosage forms are 
presently under investigation. 

(1) R. Ziegler, G. Holz, F. Raue, and W. Streibl, Mol. Endocrinol., 1, 

(2) T. Nishihata, J. H. Rytting, T. Higuchi, and L. CaIdwelI, J. Pharm. 

(3) L. J. DeGroot, “Endocrinology,” vol. 1, Grune & Stratton, New 

(4) K. Madea, and K. Tanimoto, Lancet, i, 1058 (1981). 
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(6) L. Sachs, “Angewandte Statistik,” 5th ed., Springer, Berlin, 1978, 
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Figure %-Plasma thyrotropin and prolactin profiles after buccal ap- 
plication of protirelin under constant withdrawal of excess saliva. Filled 
and open circles indicate two subjects. Horizontal bur indicates time 
of application. 
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Practical Solution t o  the  Michaelis-Menten 
Equation 

Keyphrases 0 Michaelis-Menten equation-mathematical solution 

To the Editor: 
The mathematical solution of the Michaelis-Menten 

equation apparently only exists in implicit form. The ex- 
plicit form required in practical usage is obtained by nu- 
merical means either using numerical integration or by 
solving the implicit form using a root-solving algorithm. 
To avoid this numerical complexity methods have been 
proposed which are based on a numerical solution in- 
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These results also reveal that buccal protirelin admin- 
istration is a clear alternative to both the peroral and the 
intravenous tests. As compared with the intravenous test, 
the obvious advantage of buccal protirelin is the fact that 
none of the aforementioned side effects were observed. 
This appears to be due to the lower incremental increase 
of plasma protirelin and, therefore, to the more moderate 
stimulation kinetics after buccal administration. In ad- 
dition, buccal protirelin with a maximum stimulation 30 
to 60 min after application, provokes a faster response than 
the peroral test, which usually requires a period of 2-3 hr 
to reach its peak (3 ,7) .  We therefore suggest this test be 
evaluated for diagnostic use. Suitable dosage forms are 
presently under investigation. 
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The mathematical solution of the Michaelis-Menten 

equation apparently only exists in implicit form. The ex- 
plicit form required in practical usage is obtained by nu- 
merical means either using numerical integration or by 
solving the implicit form using a root-solving algorithm. 
To avoid this numerical complexity methods have been 
proposed which are based on a numerical solution in- 
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volving the use of a table of function values (1, 2). Such 
methods may be useful when operating a nonprogram- 
mable calculator. However, if several calculations are re- 
quired, such as in plotting curves, the methods become 
quite tedious and slow because of the repetitive readings 
of the table values. Furthermore, the published tables are 
also of limited usefulness because they do not extend far 
enough to include all values that may occur in clinical 
practice (1,2). The following explicit method does not have 
this limitation. I t  enables the Michaelis-Menten equation 
to be evaluated quickly without the use of tables, numerical 
integration, or iterative techniques. 

The solution to the Michaelis-Menten equation: 
dC 
dt  
- = -VmC/(Km + C) 

is accurately evaluated using the algorithm: 

C(t)  = K , G ( x )  (Eq. 2) 
where: x = Vmt/Km - C(O)/K, + In [Km/C(0)] (Eq. 3) 

The G function in Eq. 2 is for x 5 -1.9 evaluated as: 
r 1 

J In (-x) (Eq. 4) 

a1 = 0.99419 (Eq. 5) 

a2 = 1.1195 (Eq. 6) 
and for x > -1.9: 

G(x) = expl-x - b l  exp(-bax)/[b3 + exp(-b4x)]) 
(Eq. 7) 

b l  = 1.1249 (Eq. 8) 

b2 = 1.0250 (Eq. 9) 

b3 = 0.98405 (Eq. 10) 

bq = 0.76577 (Eq. 11) 
The maximum global error in the evaluation of the Mi- 
chaelis-Menten equation using Eq. 2 is 0.078% which is 
more than sufficient for practical applications. 

Derivation-The Michaelis-Menten equation given 
by Eq. 1 can be transformed by setting: 

C = Kmy(x) (Eq. 12) 
with x given by Eq. 3. Then: 

(Eq. 13) 
The last equality of Eq. 13 simplifies to: 

9 =-Y 
dx l + y  

Separating variables and integration of Eq. 14 gives: 

In y - In yo + (y - yo) = - (x - xg) (Eq. 15) 
or 

l n y  + y  + x = l nyo+yo  + xo (Eq. 16) 
The right-hand side of Eq. 16 is zero since according to 
Eqs. 12 and 3: 

In yo + yo + xo = In [C(O)/Km] + C(O)/Km 

Thus, Eq. 16 becomes: 
+ ( - C ( O ) / K ,  + In [K,/C(O)]) = 0 (Eq. 17) 

In y ( x )  + y(x) = -x (Eq. 18) 

Y ( X )  exp[y(x)I - e x p ( - x )  = 0 (Eq. 19) 
The function y(x) is the same as Toothill’s function 4 and 
Beal’s function F with a change in sign of x; i .e.,  y(x) = 
F(-x) = 4 (-x) (1,2). The implicit, parameterless function 
y(x) can be approximated in many ways using various 
standard transcendental functions. The approximation 
y(x) = G ( x )  presented (Eqs. 4 and 7) appears to be a 
reasonable compromise between simplicity and accuracy. 
It is derived from the following considerations. From Eq. 
18 it follows that: 

Exponentiating both sides yields: 

y = -  x - l n y  (Eq. 20) 
by substituting the right-hand side expression for y on the 
right-hand side yields: 

y = -x -In (-x - l n y )  0%. 21) 
This equation can be used as an approximation for y(x) if 
a sufficiently accurate approximation for In y is used. By 
empirical numerical means it was found that for x < 0 In y 
is quite well approximated by the function: 

with a1 and a2 -1. Inserting this equation into Eq. 21 
yields Eq. 3. 

For positive values of x it is more accurate to use Eq. 19 
in rearranged form: 

y = exp[-x -y] (Eq. 23) 
This equation (Eq. 19) can be used to approximate y(x) 
when a sufficiently accurate approximation for y(x) is 
substituted on the right-hand side of Eq. 23. Previous re- 
search by the investigators involving empirical approxi- 
mations of drug level profiles in Michaelis-Menten kinetics 
suggests that an empirical function of the form: 

y = 61 exp(-bzx)/[ba + e x p ( - b ~ ) ]  (Eq. 24) 
should be a suitable approximation to use. This was indeed 
the case. Inserting Eq. 24 into Eq. 23 yields Eq. 7. 

The strategy above of expanding and rearranging the 
functional relationship to be approximated serves the 
purpose of producing an expression for y which is very 
little sensitive to errors in the “primary approximation” 
( i e . ,  errors in Eqs. 22 and 24). For example, substituting 
Eq. 22 into Eq. 21 leads to better approximations than 
substituting into Eq. 20. Similarly the “primary approxi- 
mation” Eq. 24 may not give sufficiently accurate results 
by itself. However, when substituted into Eq. 23 an ex- 
cellent approximation can be obtained. 

The constants a1 and a2 of Eq. 4 were obtained using 
FUNFIT (3) by minimizing the sum of squares expres- 
sion: 
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with x i  ranging from -1.9 to -8.0 in steps of 0.1. The y ( x )  
function was evaluated to an accuracy of a t  least six sig- 
nificant digits from Eq. 15 using Brent’s numerical root- 
solving algorithm (4). The constants bl - bq of Eq. 7 were 
similarly evaluated with x i  ranging from -1.9 to 8.0 in 
steps of 0.1. The switch point x = -1.9 in the formula for 
G(x)  was derived empirically from preliminary observa- 
tions which showed Eq. 4 starts to deviate significantly 
from y ( x )  for x > - 1.9, and the same is the case for Eq. 7 
for x < -1.9. The maximum relative error E = l y ( x )  - 
G ( x )  I / y ( x )  of Eq. 4 with the constants given is 0.078% ( x  
= -1.9) in the range x = -1.9 to -8.0. From a mathemat- 
ical analysis of Eq. 4 it can be shown that the relative error 
will continue to decrease beyond x = -8. This was con- 
firmed by evaluatiqg E for x = -8 to -20. The maximum 
relative error for Eq. 7 with the constants given is 0.064% 
( x  = 2.2) in the range -1.9-8. The relative error continues 
to decrease beyond x = 8 as expected from Eq. 7, and at  
about x = 14 reaches convergence and starts to oscillate 
tightly around the “machine precision value.” 

(1) S. L. Beal, J .  Pharmacokinet. Biopharm., 10,109 (1982). 
(2) J. P. R. Toothill, “Progress in Industrial Microbiology,” Vol. 2, 

(3) P. Veng-Pedersen, J. Pharmacokinet. Biopharm., 5,513 (1977). 
(4) R. P. Brent, The Computer Journal, 14,422 (1971). 
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P a n  Abrasion and Polymorphism of Titanium 
Dioxide in Coating Suspensions 
~ ~~ 

Keyphrases Tablet-coating suspensions-titanium dioxide, pan 
abrasion from abrasive components 0 Titanium dioxide-in coating 
suspensions, polymorphic modifications 

To the Editor: 
It is not generally recognized that aqueous tablet-coating 

suspensions may contain abrasive components which can 
cut into the surface of the coating pan causing deposition 
of metallic particles onto the tablets. Subsequent to a series 
of film-coating operations in a 24-in. coating pan1, black 
specks were observed on the white tablet film coats derived 
from a commercial batch of color concentrate (Batch A12. 
This phenomenon was not observed, however, when an- 
other batch of color concentrate (Batch B)2 was employed. 

1 Accela-Cotla, Thomas Engineering, Hoffman Estates, 111. 
2 Opaspray K-1-7000, Batch A, No. 30345, Batch B No. 29486 Colorcon, West 

Point, Pa. 

Isolation of the foreign material gave a positive test for 
iron, and i t  was confirmed that the actual rubbing of tab- 
lets coated with either batch against the pan surface pro- 
duced black smudges. The streaks were, however, less in- 
tense on tablets coated with Batch B. 

Titanium dioxide, an opacifier used in these aqueous 
film solutions, can exist in several polymorphic modifica- 
tions, each with a different hardness (1). Anatase, for ex- 
ample, has a hardness on the Mohs’ scale of 5.5-6, whereas 
rutile is in the range 6-6.5. For comparison, the common 
oxide of iron, hematite, gives values of 5-6 and magnetite, 
5.5-6.5. The pan material itself, stainless steel 304, has a 
hardness range of 160-400 Brinnell(2). Conversion of the 
latter scale to the Mohs’ scale (3) shows that the upper 
range lies somewhat below 6 on the Mohs’ scale. 

The Mohs’ scale is a semiquantitative scale of hardness, 
which is a function of the elastic, plastic, and frictional 
properties of the surface. Materials with higher Mohs’ 
numbers will scratch or abrade those with lower num- 
bers. 

In the range of Itlohs’ numbers considered here, the scale 
is linear and relatively sensitive, although hardness values 
tend to cluster a t  the high end. Abrasion or wear of the 
coating pan is essentially a surface phenomenon involving 
the removal of oxide films. A comparison of the Mohs’ 
numbers shows that rutile is the harder of the two titanium 
dioxide polymorphs and would be expected to remove 
material through abrasion more readily than anatase. To 
confirm whether this could explain the observations, ti- 
tanium dioxide was extracted from both batches of color 
concentrate and analyzed by X-ray powder diffraction. 
Batch A was found to contain 60:40 anatasehutile in 
contrast to Batch B which was composed of 9O:lO ana- 
tasehutile. 

Differences in surface roughness should theoretically 
not play a major role since, as the number of asperities in 
the film coating is increased, the number of contacting 
points would be increased proportionately. More scratches 
would be produced, but each would be of smaller cross- 
sectional area. This point was checked by measuring the 
advancing and receding contact angles of a series of liquids 
of varying surface tension on the film-coated tablet sur- 
faces (4). There was no significant difference in surface 
roughness of films produced from either batch. 

(1) “Handbook of Chemistry and Physics,” 61st ed., CRC Press, Boca 
Raton, Fla., 1980-1981, pp. B202-207. 

(2) R. B. Norden, in “Chemical Engineers’ Handbook,” 5th ed., R. H. 
Perry and C. H. Chelton, Eds., McGraw-Hill, New York, N.Y., 1973, chap. 
23, p. 39. 

(3) G. F. Kinney, “Engineering Properties and Applications of Plas- 
tics,” Wiley, New York, N.Y.,1957, p. 137. 

(4) W. A. Zisman, “Advances in Chemistry Series,” #43, R. Gould, 
Ed., American Chemical Society, 1964, pp. 1-51. 
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with x i  ranging from -1.9 to -8.0 in steps of 0.1. The y ( x )  
function was evaluated to an accuracy of a t  least six sig- 
nificant digits from Eq. 15 using Brent’s numerical root- 
solving algorithm (4). The constants bl - bq of Eq. 7 were 
similarly evaluated with x i  ranging from -1.9 to 8.0 in 
steps of 0.1. The switch point x = -1.9 in the formula for 
G(x)  was derived empirically from preliminary observa- 
tions which showed Eq. 4 starts to deviate significantly 
from y ( x )  for x > - 1.9, and the same is the case for Eq. 7 
for x < -1.9. The maximum relative error E = l y ( x )  - 
G ( x )  I / y ( x )  of Eq. 4 with the constants given is 0.078% ( x  
= -1.9) in the range x = -1.9 to -8.0. From a mathemat- 
ical analysis of Eq. 4 it can be shown that the relative error 
will continue to decrease beyond x = -8. This was con- 
firmed by evaluatiqg E for x = -8 to -20. The maximum 
relative error for Eq. 7 with the constants given is 0.064% 
( x  = 2.2) in the range -1.9-8. The relative error continues 
to decrease beyond x = 8 as expected from Eq. 7, and at  
about x = 14 reaches convergence and starts to oscillate 
tightly around the “machine precision value.” 

(1) S. L. Beal, J .  Pharmacokinet. Biopharm., 10,109 (1982). 
(2) J. P. R. Toothill, “Progress in Industrial Microbiology,” Vol. 2, 

(3) P. Veng-Pedersen, J. Pharmacokinet. Biopharm., 5,513 (1977). 
(4) R. P. Brent, The Computer Journal, 14,422 (1971). 
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P a n  Abrasion and Polymorphism of Titanium 
Dioxide in Coating Suspensions 
~ ~~ 
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abrasion from abrasive components 0 Titanium dioxide-in coating 
suspensions, polymorphic modifications 

To the Editor: 
It is not generally recognized that aqueous tablet-coating 

suspensions may contain abrasive components which can 
cut into the surface of the coating pan causing deposition 
of metallic particles onto the tablets. Subsequent to a series 
of film-coating operations in a 24-in. coating pan1, black 
specks were observed on the white tablet film coats derived 
from a commercial batch of color concentrate (Batch A12. 
This phenomenon was not observed, however, when an- 
other batch of color concentrate (Batch B)2 was employed. 

1 Accela-Cotla, Thomas Engineering, Hoffman Estates, 111. 
2 Opaspray K-1-7000, Batch A, No. 30345, Batch B No. 29486 Colorcon, West 

Point, Pa. 

Isolation of the foreign material gave a positive test for 
iron, and i t  was confirmed that the actual rubbing of tab- 
lets coated with either batch against the pan surface pro- 
duced black smudges. The streaks were, however, less in- 
tense on tablets coated with Batch B. 

Titanium dioxide, an opacifier used in these aqueous 
film solutions, can exist in several polymorphic modifica- 
tions, each with a different hardness (1). Anatase, for ex- 
ample, has a hardness on the Mohs’ scale of 5.5-6, whereas 
rutile is in the range 6-6.5. For comparison, the common 
oxide of iron, hematite, gives values of 5-6 and magnetite, 
5.5-6.5. The pan material itself, stainless steel 304, has a 
hardness range of 160-400 Brinnell(2). Conversion of the 
latter scale to the Mohs’ scale (3) shows that the upper 
range lies somewhat below 6 on the Mohs’ scale. 

The Mohs’ scale is a semiquantitative scale of hardness, 
which is a function of the elastic, plastic, and frictional 
properties of the surface. Materials with higher Mohs’ 
numbers will scratch or abrade those with lower num- 
bers. 

In the range of Itlohs’ numbers considered here, the scale 
is linear and relatively sensitive, although hardness values 
tend to cluster a t  the high end. Abrasion or wear of the 
coating pan is essentially a surface phenomenon involving 
the removal of oxide films. A comparison of the Mohs’ 
numbers shows that rutile is the harder of the two titanium 
dioxide polymorphs and would be expected to remove 
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tanium dioxide was extracted from both batches of color 
concentrate and analyzed by X-ray powder diffraction. 
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contrast to Batch B which was composed of 9O:lO ana- 
tasehutile. 

Differences in surface roughness should theoretically 
not play a major role since, as the number of asperities in 
the film coating is increased, the number of contacting 
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sectional area. This point was checked by measuring the 
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faces (4). There was no significant difference in surface 
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(1) “Handbook of Chemistry and Physics,” 61st ed., CRC Press, Boca 
Raton, Fla., 1980-1981, pp. B202-207. 

(2) R. B. Norden, in “Chemical Engineers’ Handbook,” 5th ed., R. H. 
Perry and C. H. Chelton, Eds., McGraw-Hill, New York, N.Y., 1973, chap. 
23, p. 39. 

(3) G. F. Kinney, “Engineering Properties and Applications of Plas- 
tics,” Wiley, New York, N.Y.,1957, p. 137. 

(4) W. A. Zisman, “Advances in Chemistry Series,” #43, R. Gould, 
Ed., American Chemical Society, 1964, pp. 1-51. 
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BOOKS 

N-Nitroso Compounds: Occurrence and Biological Effects. Edited 
by H. BARTSCH, I. K. O’NEILL, M. CASTEGNARO, and M. 
OKADA. International Agency on Cancer, Health and Biomedical 
Information Programme, World Health Organization, 121 1 Geneva 
27, Switzerland, 1982. 753 pp. 17 X 24 cm. Price $55.00 (Sw. Fr. 
110). 
This volume is comprised of the Proceedings of the 7th International 

Symposium on N-Nitroso Compounds held in Tokyo, September 1981. 
It includes 73 papers and draws from a wide range of scientific disciplines. 
Numerous experts present information on the formation, occurrence, 
and biological effects of N-nitroso compounds. Formation of N-nitroso 
compounds within the body is reported by several workers and is dis- 
cussed in relation to the ingestion of various materials. Data are given 
on exposure to N-nitroso compounds in the general environment and 
from tobacco usage. New and important developments of methods and 
approaches are presented that could promote the understanding of basic 
mechanisms of carcinogenesis and which could also be readily applied 
to the detection and analysis of N-nitroso compounds or their precursors. 
Also presented are suggestions for possible future research on nitroso 
compounds. A possible drawback of the book is the limited coverage of 
nitrosoureas, an important group of compounds in cancer research and 
treatment. 

The papers are short, easy to read, and most present considerable 
background information. Concise figures and tables are used when ap- 
propriate. There is an author index and a thorough subject index. A list 
of references is given a t  the end of each chapter to assist readers seeking 
additional information. This book, written entirely in English, contains 
an enormous amount of useful information and is recommended as a 
general reference book to anyone directly involved in work on N-nitroso 
compounds. 

Reuieuled by George A. Digenis 
College of Pharmacy 
University of Kentucky 
Lexington, KY 40506 

Side Effects of Drugs Annual 7. Edited by M. N. G. DUKES. Elsevier 
Biomedical Press B.V., P.O. Box 1527, 1000 BM Amsterdam, The 
Netherlands. 1983.539 pp. 15 X 25 cm. Price $70.25 (Dfl. 165.00). 
Adverse reactions to therapeutic agents can result from many and di- 

verse factors. Two reactions of major significance are the abnormal pa- 
tient reaction to a drug and the development of unexpected toxicity when 
two or more drugs are administered together. Side Effects of Drugs 
Annual, which has been published annually in January since its inception 
in 1977, is designed to provide a critical evaluation of the literature and 
an up-to-date account of recent information relating to these drug re- 
actions and interactions. In this regard, the current Annual covers reports 
published between July 1981 and June 1982. In general, only publications 
presenting new information are reviewed. The reports which are docu- 
mented are based on material from the Excerpta Medica Database Sys- 
tem, which screens approximately 4000 journals in nearly 20 lan- 
guages. 

Although each Annual edition can be used independently, they are 
best employed as supplements to the most recent edition of the parent 
reference, Meyler’s Side Effects of Drugs, an encyclopedic resource that 
reviews all existing knowledge on adverse reactions. The greatest value 
of a regularly published supplement is that it permits a continuing dis- 
cussion of problems associated with the use of drugs; the question of a 
drug-induced disease raised one year can be followed up in subsequent 
years as the evidence to confirm or deny its Occurrence becomes available. 
In addition, the Annual is published at a time when scattered reports of 
an iatrogenic disease have appearerd in the medical and pharmaceutical 
literature, but have not been the subject of critical editorials and other 
review articles. 

Each year an introductory chapter entitled “Side Effects of Drugs 
Essay” has been published as a forum for the discussion of topics that 

are of current interest. This year, the essay written by the Chief of the 
Product Related Disease Division of Canadian Department of Health 
and Welfare explores drug development and formulation in light of 
documented adverse reactions, suspected reactions, and mere accusations 
of the possibility of adverse drug reactions. As noted in the introduction 
to the essay, its writer has designed it to be controversial with the in- 
tention of exposing pitfalls and false conceptions. In addition, beginning 
in 1980 and continuing with the current edition, a valuable feature en- 
titled “Special Reviews” printed in italic type and identified by the tra- 
ditional prescription symbol has appeared. These reviews, found in many 
of the 51 chapters, are critical discussions of controversial areas or the 
publication of new findings that require revision of existing concepts. 
Many report the latest developments in issues of continuing concern such 
as interactions of lithium with other drugs, side effects of 0-blockers given 
prophylactically after myocardial infarction, ketoconazole and the liver, 
and prediction of anthracycline cardiomyopathy. In addition to discussing 
the data, each review offers the reader information that is useful clinically 
in recognizing, evaluating, and managing the specific reaction. 

The current edition continues the discussion of drugs used in nonor- 
thodox medicine begun with the first Side Effects of Drugs Annual. This 
year, the authors review the reports of toxicity from herbal remedies as 
well as updating previous information on laetrile. The chapter on mis- 
cellaneous drugs incudes a special review and update on surgical materials 
and other appliances. 

The drugs discussed in Side Effects of Drugs Annual are classified 
according to their pharmacological properties or therapeutic use. They 
are accessed by consulting an index of drugs, an index of side effects, or 
an index of interactions. In addition, an index of synonyms enables the 
reader to identify specific drugs by their foreign brand name, investiga- 
tional number, chemical name, or abbreviation. T o  facilitate rapid 
searching, the three major indices in the current Annual provide a 
complete listing of all references discussed in the previous three volumes 
of this series. The references in each chapter have been uniquely coded 
to  identify those reports in which ( i )  the information presented is re- 
viewed in some detail; (i i)  the original citation refers only briefly to the 
information presented; (i i i)  the original citation presents detailed clinical 
evidence; and ( i u )  the original citation provides a brief clinical description. 
The  code allows the reader to select the original source most useful in 
documenting a specific drug-induced side effect. 

This is a superb reference which provides an invaluable source of in- 
formation on adverse drug reactions reported in the literature during a 
1 -year period. Even though the Annual series are not intended to be used 
as comprehensive references sources, many of the chapters, and in par- 
ticular the special reviews, make fascinating reading. The major drawback 
of this reference is its cost, but it should be a part of the collection of 
medical libraries, drug information centers, and hospital pharmacies, 
where it would be available to those who dispense as well as those who 
prescribe drugs. 

Reviewed by Arthur I. Jacknowitz 
Director, Drug Information Center 
West Virginia Uniuersity 
Morgantotun, WV26506 

Adapted from a Book Review of Side Effects of Drug Annual 6 by A. 
I. Jacknowitz [Am. d. Pharm. Educ., 46,317 (1982)], with permission. 

Pathology of Tumours in Laboratory Animals, Volume 111: Tumours 
of the Hamster. V. S. TURUSOV, Editor-in-Chief. International 
Agency for Cancer Research Scientific Publication No. 34. World 
Health Organization, 1211 Geneva 27, Switzerland. 1983. 461 pp. 18 
X 24 cm. Price $40.00 (Sw. Fr. 80). 
This volume, sponsored by the World Health Organization, is the third 

in a series concerning tumors of laboratory rodents, Le., rat, mouse, and 
now hamster. The text contains a number of contributions from F. N. 
Ghadially, A. Cardesa, A. H. Handler, A. D. Kelman, A. Emminger, U. 

1486 / Journal of Pharmaceutical Sciences 
Vol. 72, No. 12, December 1983 



BOOKS 

N-Nitroso Compounds: Occurrence and Biological Effects. Edited 
by H. BARTSCH, I. K. O’NEILL, M. CASTEGNARO, and M. 
OKADA. International Agency on Cancer, Health and Biomedical 
Information Programme, World Health Organization, 121 1 Geneva 
27, Switzerland, 1982. 753 pp. 17 X 24 cm. Price $55.00 (Sw. Fr. 
110). 
This volume is comprised of the Proceedings of the 7th International 

Symposium on N-Nitroso Compounds held in Tokyo, September 1981. 
It includes 73 papers and draws from a wide range of scientific disciplines. 
Numerous experts present information on the formation, occurrence, 
and biological effects of N-nitroso compounds. Formation of N-nitroso 
compounds within the body is reported by several workers and is dis- 
cussed in relation to the ingestion of various materials. Data are given 
on exposure to N-nitroso compounds in the general environment and 
from tobacco usage. New and important developments of methods and 
approaches are presented that could promote the understanding of basic 
mechanisms of carcinogenesis and which could also be readily applied 
to the detection and analysis of N-nitroso compounds or their precursors. 
Also presented are suggestions for possible future research on nitroso 
compounds. A possible drawback of the book is the limited coverage of 
nitrosoureas, an important group of compounds in cancer research and 
treatment. 

The papers are short, easy to read, and most present considerable 
background information. Concise figures and tables are used when ap- 
propriate. There is an author index and a thorough subject index. A list 
of references is given a t  the end of each chapter to assist readers seeking 
additional information. This book, written entirely in English, contains 
an enormous amount of useful information and is recommended as a 
general reference book to anyone directly involved in work on N-nitroso 
compounds. 

Reuieuled by George A. Digenis 
College of Pharmacy 
University of Kentucky 
Lexington, KY 40506 

Side Effects of Drugs Annual 7. Edited by M. N. G. DUKES. Elsevier 
Biomedical Press B.V., P.O. Box 1527, 1000 BM Amsterdam, The 
Netherlands. 1983.539 pp. 15 X 25 cm. Price $70.25 (Dfl. 165.00). 
Adverse reactions to therapeutic agents can result from many and di- 

verse factors. Two reactions of major significance are the abnormal pa- 
tient reaction to a drug and the development of unexpected toxicity when 
two or more drugs are administered together. Side Effects of Drugs 
Annual, which has been published annually in January since its inception 
in 1977, is designed to provide a critical evaluation of the literature and 
an up-to-date account of recent information relating to these drug re- 
actions and interactions. In this regard, the current Annual covers reports 
published between July 1981 and June 1982. In general, only publications 
presenting new information are reviewed. The reports which are docu- 
mented are based on material from the Excerpta Medica Database Sys- 
tem, which screens approximately 4000 journals in nearly 20 lan- 
guages. 

Although each Annual edition can be used independently, they are 
best employed as supplements to the most recent edition of the parent 
reference, Meyler’s Side Effects of Drugs, an encyclopedic resource that 
reviews all existing knowledge on adverse reactions. The greatest value 
of a regularly published supplement is that it permits a continuing dis- 
cussion of problems associated with the use of drugs; the question of a 
drug-induced disease raised one year can be followed up in subsequent 
years as the evidence to confirm or deny its Occurrence becomes available. 
In addition, the Annual is published at a time when scattered reports of 
an iatrogenic disease have appearerd in the medical and pharmaceutical 
literature, but have not been the subject of critical editorials and other 
review articles. 

Each year an introductory chapter entitled “Side Effects of Drugs 
Essay” has been published as a forum for the discussion of topics that 

are of current interest. This year, the essay written by the Chief of the 
Product Related Disease Division of Canadian Department of Health 
and Welfare explores drug development and formulation in light of 
documented adverse reactions, suspected reactions, and mere accusations 
of the possibility of adverse drug reactions. As noted in the introduction 
to the essay, its writer has designed it to be controversial with the in- 
tention of exposing pitfalls and false conceptions. In addition, beginning 
in 1980 and continuing with the current edition, a valuable feature en- 
titled “Special Reviews” printed in italic type and identified by the tra- 
ditional prescription symbol has appeared. These reviews, found in many 
of the 51 chapters, are critical discussions of controversial areas or the 
publication of new findings that require revision of existing concepts. 
Many report the latest developments in issues of continuing concern such 
as interactions of lithium with other drugs, side effects of 0-blockers given 
prophylactically after myocardial infarction, ketoconazole and the liver, 
and prediction of anthracycline cardiomyopathy. In addition to discussing 
the data, each review offers the reader information that is useful clinically 
in recognizing, evaluating, and managing the specific reaction. 

The current edition continues the discussion of drugs used in nonor- 
thodox medicine begun with the first Side Effects of Drugs Annual. This 
year, the authors review the reports of toxicity from herbal remedies as 
well as updating previous information on laetrile. The chapter on mis- 
cellaneous drugs incudes a special review and update on surgical materials 
and other appliances. 

The drugs discussed in Side Effects of Drugs Annual are classified 
according to their pharmacological properties or therapeutic use. They 
are accessed by consulting an index of drugs, an index of side effects, or 
an index of interactions. In addition, an index of synonyms enables the 
reader to identify specific drugs by their foreign brand name, investiga- 
tional number, chemical name, or abbreviation. T o  facilitate rapid 
searching, the three major indices in the current Annual provide a 
complete listing of all references discussed in the previous three volumes 
of this series. The references in each chapter have been uniquely coded 
to  identify those reports in which ( i )  the information presented is re- 
viewed in some detail; (i i)  the original citation refers only briefly to the 
information presented; (i i i)  the original citation presents detailed clinical 
evidence; and ( i u )  the original citation provides a brief clinical description. 
The  code allows the reader to select the original source most useful in 
documenting a specific drug-induced side effect. 

This is a superb reference which provides an invaluable source of in- 
formation on adverse drug reactions reported in the literature during a 
1 -year period. Even though the Annual series are not intended to be used 
as comprehensive references sources, many of the chapters, and in par- 
ticular the special reviews, make fascinating reading. The major drawback 
of this reference is its cost, but it should be a part of the collection of 
medical libraries, drug information centers, and hospital pharmacies, 
where it would be available to those who dispense as well as those who 
prescribe drugs. 

Reviewed by Arthur I. Jacknowitz 
Director, Drug Information Center 
West Virginia Uniuersity 
Morgantotun, WV26506 

Adapted from a Book Review of Side Effects of Drug Annual 6 by A. 
I. Jacknowitz [Am. d. Pharm. Educ., 46,317 (1982)], with permission. 

Pathology of Tumours in Laboratory Animals, Volume 111: Tumours 
of the Hamster. V. S. TURUSOV, Editor-in-Chief. International 
Agency for Cancer Research Scientific Publication No. 34. World 
Health Organization, 1211 Geneva 27, Switzerland. 1983. 461 pp. 18 
X 24 cm. Price $40.00 (Sw. Fr. 80). 
This volume, sponsored by the World Health Organization, is the third 

in a series concerning tumors of laboratory rodents, Le., rat, mouse, and 
now hamster. The text contains a number of contributions from F. N. 
Ghadially, A. Cardesa, A. H. Handler, A. D. Kelman, A. Emminger, U. 

1486 / Journal of Pharmaceutical Sciences 
Vol. 72, No. 12, December 1983 



BOOKS 

N-Nitroso Compounds: Occurrence and Biological Effects. Edited 
by H. BARTSCH, I. K. O’NEILL, M. CASTEGNARO, and M. 
OKADA. International Agency on Cancer, Health and Biomedical 
Information Programme, World Health Organization, 121 1 Geneva 
27, Switzerland, 1982. 753 pp. 17 X 24 cm. Price $55.00 (Sw. Fr. 
110). 
This volume is comprised of the Proceedings of the 7th International 

Symposium on N-Nitroso Compounds held in Tokyo, September 1981. 
It includes 73 papers and draws from a wide range of scientific disciplines. 
Numerous experts present information on the formation, occurrence, 
and biological effects of N-nitroso compounds. Formation of N-nitroso 
compounds within the body is reported by several workers and is dis- 
cussed in relation to the ingestion of various materials. Data are given 
on exposure to N-nitroso compounds in the general environment and 
from tobacco usage. New and important developments of methods and 
approaches are presented that could promote the understanding of basic 
mechanisms of carcinogenesis and which could also be readily applied 
to the detection and analysis of N-nitroso compounds or their precursors. 
Also presented are suggestions for possible future research on nitroso 
compounds. A possible drawback of the book is the limited coverage of 
nitrosoureas, an important group of compounds in cancer research and 
treatment. 

The papers are short, easy to read, and most present considerable 
background information. Concise figures and tables are used when ap- 
propriate. There is an author index and a thorough subject index. A list 
of references is given a t  the end of each chapter to assist readers seeking 
additional information. This book, written entirely in English, contains 
an enormous amount of useful information and is recommended as a 
general reference book to anyone directly involved in work on N-nitroso 
compounds. 

Reuieuled by George A. Digenis 
College of Pharmacy 
University of Kentucky 
Lexington, KY 40506 

Side Effects of Drugs Annual 7. Edited by M. N. G. DUKES. Elsevier 
Biomedical Press B.V., P.O. Box 1527, 1000 BM Amsterdam, The 
Netherlands. 1983.539 pp. 15 X 25 cm. Price $70.25 (Dfl. 165.00). 
Adverse reactions to therapeutic agents can result from many and di- 

verse factors. Two reactions of major significance are the abnormal pa- 
tient reaction to a drug and the development of unexpected toxicity when 
two or more drugs are administered together. Side Effects of Drugs 
Annual, which has been published annually in January since its inception 
in 1977, is designed to provide a critical evaluation of the literature and 
an up-to-date account of recent information relating to these drug re- 
actions and interactions. In this regard, the current Annual covers reports 
published between July 1981 and June 1982. In general, only publications 
presenting new information are reviewed. The reports which are docu- 
mented are based on material from the Excerpta Medica Database Sys- 
tem, which screens approximately 4000 journals in nearly 20 lan- 
guages. 

Although each Annual edition can be used independently, they are 
best employed as supplements to the most recent edition of the parent 
reference, Meyler’s Side Effects of Drugs, an encyclopedic resource that 
reviews all existing knowledge on adverse reactions. The greatest value 
of a regularly published supplement is that it permits a continuing dis- 
cussion of problems associated with the use of drugs; the question of a 
drug-induced disease raised one year can be followed up in subsequent 
years as the evidence to confirm or deny its Occurrence becomes available. 
In addition, the Annual is published at a time when scattered reports of 
an iatrogenic disease have appearerd in the medical and pharmaceutical 
literature, but have not been the subject of critical editorials and other 
review articles. 

Each year an introductory chapter entitled “Side Effects of Drugs 
Essay” has been published as a forum for the discussion of topics that 

are of current interest. This year, the essay written by the Chief of the 
Product Related Disease Division of Canadian Department of Health 
and Welfare explores drug development and formulation in light of 
documented adverse reactions, suspected reactions, and mere accusations 
of the possibility of adverse drug reactions. As noted in the introduction 
to the essay, its writer has designed it to be controversial with the in- 
tention of exposing pitfalls and false conceptions. In addition, beginning 
in 1980 and continuing with the current edition, a valuable feature en- 
titled “Special Reviews” printed in italic type and identified by the tra- 
ditional prescription symbol has appeared. These reviews, found in many 
of the 51 chapters, are critical discussions of controversial areas or the 
publication of new findings that require revision of existing concepts. 
Many report the latest developments in issues of continuing concern such 
as interactions of lithium with other drugs, side effects of 0-blockers given 
prophylactically after myocardial infarction, ketoconazole and the liver, 
and prediction of anthracycline cardiomyopathy. In addition to discussing 
the data, each review offers the reader information that is useful clinically 
in recognizing, evaluating, and managing the specific reaction. 

The current edition continues the discussion of drugs used in nonor- 
thodox medicine begun with the first Side Effects of Drugs Annual. This 
year, the authors review the reports of toxicity from herbal remedies as 
well as updating previous information on laetrile. The chapter on mis- 
cellaneous drugs incudes a special review and update on surgical materials 
and other appliances. 

The drugs discussed in Side Effects of Drugs Annual are classified 
according to their pharmacological properties or therapeutic use. They 
are accessed by consulting an index of drugs, an index of side effects, or 
an index of interactions. In addition, an index of synonyms enables the 
reader to identify specific drugs by their foreign brand name, investiga- 
tional number, chemical name, or abbreviation. T o  facilitate rapid 
searching, the three major indices in the current Annual provide a 
complete listing of all references discussed in the previous three volumes 
of this series. The references in each chapter have been uniquely coded 
to  identify those reports in which ( i )  the information presented is re- 
viewed in some detail; (i i)  the original citation refers only briefly to the 
information presented; (i i i)  the original citation presents detailed clinical 
evidence; and ( i u )  the original citation provides a brief clinical description. 
The  code allows the reader to select the original source most useful in 
documenting a specific drug-induced side effect. 

This is a superb reference which provides an invaluable source of in- 
formation on adverse drug reactions reported in the literature during a 
1 -year period. Even though the Annual series are not intended to be used 
as comprehensive references sources, many of the chapters, and in par- 
ticular the special reviews, make fascinating reading. The major drawback 
of this reference is its cost, but it should be a part of the collection of 
medical libraries, drug information centers, and hospital pharmacies, 
where it would be available to those who dispense as well as those who 
prescribe drugs. 

Reviewed by Arthur I. Jacknowitz 
Director, Drug Information Center 
West Virginia Uniuersity 
Morgantotun, WV26506 

Adapted from a Book Review of Side Effects of Drug Annual 6 by A. 
I. Jacknowitz [Am. d. Pharm. Educ., 46,317 (1982)], with permission. 

Pathology of Tumours in Laboratory Animals, Volume 111: Tumours 
of the Hamster. V. S. TURUSOV, Editor-in-Chief. International 
Agency for Cancer Research Scientific Publication No. 34. World 
Health Organization, 1211 Geneva 27, Switzerland. 1983. 461 pp. 18 
X 24 cm. Price $40.00 (Sw. Fr. 80). 
This volume, sponsored by the World Health Organization, is the third 

in a series concerning tumors of laboratory rodents, Le., rat, mouse, and 
now hamster. The text contains a number of contributions from F. N. 
Ghadially, A. Cardesa, A. H. Handler, A. D. Kelman, A. Emminger, U. 

1486 / Journal of Pharmaceutical Sciences 
Vol. 72, No. 12, December 1983 



Mohr, M. Greenblatt, G.  Reznik, J. Althoff, F. C. Chesterman, H. Kirk- 
man, R. L. Kempson, A. H. Dodge, L. D. Berman, E. Soto, I. S. Leven- 
book, 0. L. Kolomiyets, M. A. Nikolayeva, P. Strauli, J. Mettler, P. Pour, 
M. Rustia, H. E. Pogosianz, and 0. I. Sokova. 

The book was organized, as were the two previous volumes, on an organ 
approach, giving a description of the individual tumors of each organ 
based on histological tissue type. Included in each chapter is a discussion 
of ( a )  normal structure, ( b )  morphology and biology of tumors, ( c )  
spontaneous tumors, ( d )  induced tumors, and ( e )  comparative aspects. 
Included in the normal structure section is a description of the organ’s 
gross anatomy, histological type of tissue, and cell types. The morphology 
and biology of tumor portion relates the most prevalent types of tumors 
found in the organ in hamsters based on standard histological classifi- 
cations of tumors. 

The spontaneous tumor section deals with the incidence of a given 
tumor occurring naturally in various hamster colonies throughout the 
world. Limited factual records were obviously available to the authors 
to make their evaluation. The induced-tumor section discusses the ability 
to induce a specific type of tumor in hamsters with either chemicals, 
environmental agents, hormones, or radiation. In some cases, the number 
of successfully induced cancers is included for the reader’s perusal. 

The portion on comparative aspects relates the probability of a hamster 
cancer being a good laboratory model in cancer research. Comparisons 
were made where appropriate, relating similarities of hamster cancers 
to specific human cancers. Certain hamster tumor models related posi- 
tively with hormone-, chemical-, or virus-induced cancers in the 
human. 

Each organ chapter contains black and white photographs of exam- 
plary tumors from hamsters demonstrating cell types, histology, and 
morphology points typical t o  that type of tumor, metastasis, viral in- 
clusions, etc. A number of electron micrographs are included. Although 
expensive, the volume contains no color photographs, which could have 
enhanced the staining characteristic of the tissue. 

The materials in each chapter are well referenced, although the cita- 
tions are not of recent dates, i .e. ,  1975-1983. Obviously, attempts were 
made to collect all available references on a given hamster tumor in this 
volume. The text is written in a concise, straightforward manner. I t  is 
complete and well organized in its treatment of the tumors. This par- 
ticular volume would not interest most scientists in cancer research, since 
hamsters are not frequently utilized as tumor-bearing models. Never- 
theless, the text is a good reference book and may interest some re- 
searchers in the future who wish to develop in hamsters a tumor model 
that mimics a specific tumor in humans. 

Reviewed by Iris Hall, 
Division of Medicinal Chemistry and 

Natural Products 
The University of North Carolina at 

Chapel Hill 
Chapel Hill, NC 27514 

Manual of Laboratory Pharmacokinetics. By STEPHEN H. CURRY 
and ROBIN WHELPTON. John Wiley and Sons, One Wiley Drive, 
Somerset, NJ  08863. 1983.189 pp. 15 X 23 cm. Price $21.95. 
In the preface, the authors state that their purpose in this book was 

to compile “experiments suitable for use in training laboratory workers 
in biopharmaceutics, drug metabolism, pharmacokinetics, and related 
topics.” A review of this book must then address the relevance of this book 
to the pharmaceutical sciences and the degree to which it meets a per- 
ceived need. 

The changing curricula of pharmacy schools, with an increasing em- 
phasis on clinical relevance in contrast to basic science background of 
fundamentals, is of concern to many in education. Now with the growing 
need for pharmacokinetic input to dosage adjustment, the adequacy of 
the analytical chemistry component of the training becomes a concern. 
Some schools now seek to emphasize biopharmaceutical applications 
rather than compendia1 assays, but this trend is hampered by a scarcity 
of adequate texts and manuals, especially for instructors who are not 
personally involved in the biopharmaceutical and pharmacokinetic im- 
plications of drug and metabolite assay. 

The use of this book as a text in an undergraduate sequence requires 
the cooperation of instructors in analytical chemistry, pharmacokinetics, 
and pharmacology. Any student who is exposed to the approach utilized 
here will be a better “relevant” pharmacist for the knowledge and expe- 
rience obtained. First-year graduate students, not just in pharmaceutics 
but also in medicinal chemistry, deserve an exposure to this or an 
equivalent text if they are not already receiving this knowledge through 
related biopharmaceutic assay courses and appropriate support phar- 
maceutics and kinetics. 

Each chapter of this book provides good theoretical treatment of the 
subject matter, has one or more laboratory experiments clearly illus- 
trating the methodology but providing data for pharmacokinetic inter- 
pretation, and contains a set of references and reading material. Even 
more valuable, typical data from each experiment are considered in the 
Appendix to demonstrate how the data should be presented and inter- 
preted. 

A listing of the experiments provides a recognition of the diversity of 
techniques explored and reviewed. These include: (1) construction of 
tritium quench correction curve by the channels ratio technique, (2) 
absorption spectrum of potassium dichromate, (3) fluorescence of qui- 
nine, (4) thin-layer chromatography separation of mild analgesic anti- 
inflammatory drugs, (5) radioimmunoassay of digoxin, (6 )  measurement 
of pK, values of sulfadimidine and its N-4 acetylated metabolite (in- 
cluding preparation), (7) relationship between pH and apparent partition 
coefficient, (8) tablet dissolution, (9) decomposition of indomethacin, 
(10) storage of nitroglycerin tablets, (11) Fisher-Parsons approach for 
the study of drug absorption in vitro, (12) determination of K and n for 
warfarin binding to bovine serum albumin, (13) displacement of warfarin 
from binding sites on serum proteins, (14) metabolism of drugs by en- 
zymes of the liver microsomal fraction, (15) determination of K ,  and 
V,, for butyral-cholinesterase using butyralthiocholine as the substrate, 
(16) excretion of imipramine and its metabolites by rats housed in me- 
tabolism cages (including preparation of imipramine N-oxide), (17) in- 
fluence of urinary pH on salicylate excretion, (18) pharmacokinetics of 
sulfadimidine and N4-acetylsulfadimidine, (19) urinary clearance of these 
two and determination of acetylator status, (20) kinetics of ethanol 
elimination with simple measurement of drug effect, (21) measurement 
of sleeping times in mice, use of drug effect to assess drug metabolism, 
and pretreated animal differences, (22) turn-over of noradrenaline in rat 
hearts, and (23) pharmacokinetic models and problems. 

An interested student could read this book and its model answers to 
learn a great deal regarding techniques and methodology without actually 
having any hands-on experience. Many students deserve the opportunity 
of studying this book for this reason. In addition many of the faculty of 
our schools would profit from a similar reading of this book to enhance 
their background in this area of pharmacy practice. It is sincerely hoped 
that this and similar books will provide the necessary unification of 
concepts of fundamental basic sciences with animal and human phar- 
macology and pharmacokinetics. 

Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia Campus 
Virginia Commonwealth University 
Richmond. VA 23298 
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ERRATA 

In the article titled “Prediction of Stability in Pharmaceutical Prep- 
arations XX: Stability Evaluation and Bioanalysis of Cocaine and Ben- 
zoylecgonine by High-Performance Liquid Chromatography” ( l ) ,  the 
following corrections should be made: 

On page 267, Scheme I1 should appear as shown here: 
(1) E. R. Garrett and K. Seyda, J .  Pharrn. Sci., 72,258 (1983). 

On page 259, Scheme I should appear as shown here: /% 

p 1  F H  1 

0 0 

COCAINE (I) BENZOY LECGONINE 

k, -C6HeCOOH I 
,C -OH 6 OH 

ECGONINE METHYLESTER (ZE) ECGONINE (PI 
+ + 

BENZOIC ACID BENZOIC ACID(m) 
Scheme I 

F H 3  /=-hi$ 
-0c- 

II 
Q 

0 
It- 

Scheme II 

In the article titled “Evaluation of Various N-Substituted Azaspira- 
nedione Derivatives as Potential Antimicrobial Agents” (l), the following 
should be noted: 

On page 184 in Table I and Scheme 11, two compounds were given the 
same number (XIII). 

(1) K. R. Scott, P. G. Kennedy, M. Kemp, V. G. Telang, and H. W. 
Matthews, J. Phorrn. Sci., 72,183 (1983). 

In the book review of “Hormone Drugs” (I) ,  the following correction 

The spelling of the third author’s name should be Aubrey S. Out- 

(1) J. M. Rosenberg (reviewer), J .  Phorrn. Sci., 72,720 (1983). 

should be made: 

schoorn. 
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OPEN FORUM 

Underscoring the Food-Pharmacy 
Rela tionship 

I write in support and to underscore the importance of the remarks 
stated in your editorial “Food and Pharmacy-A Close 
Relationship” l. You have accurately pointed out that  recent 
legislative history has not focused heavily on matters of food safety 
evaluation. Many of our colleagues in pharmacy and the other basic 
medical sciences have been deeply involved in drug legislative 
matters. However, on issues of food safety, I find myself in a 
somewhat unique, and at times lonesome, position. Many classmates 
and colleagues in pharmacy and pharmacology are active in 
appropriate pharmaceutical and pharmacological professional 
societies, so too it is with other colleagues in the Institute of Food 
Technologists. However, there are precious few pharmacists and 
pharmacologistshoxicologists who have looked beyond the world of 
pharmacy and pharmacology to the potential for the pharmacologic 
effects of foods. Many of us have tried to point out that  numerous 
problems in toxicology and safety evaluation are common to both 
foods and drugs. With foods we are often dealing with longer term 
exposures of test materials administered at levels on the lower 
portions of the slope of the dose response curve. But the ultimate goal 
of these researchers is the same-extrapolation of toxicity findings, if 
any, to man. 

The thrust of our testimony before Senator Hatch2 was to call for 
an updating of the scientific thinking behind the Delaney Clause to 
give FDA scientists, specifically, and science in general discretion for 
scientific judgment as now allowable under the general provisions of 
the Food, Drug and Cosmetic Act, but not permitted by the absolute 
strictures of the Delaney Clause. We are not calling for a weakening of 
food safety laws as some have worried. 

I t  is clear that  advances in science and technology referred to by 
Senator Hatch and mentioned in your editorial, must include studies 
for the potential for food and drug interactions, both from the 
standpoint of potential benefits, as well as risks to the consumer, 
which may be, as you point out, every bit as important and critical as 
drug-drug interactions. 

throughout the hearings. It is hoped, however, that  the hearings can 
and will result in meaningful bipartisan food safety legislation. 

Unfortunately, ranking minority member Kennedy was not present 

Andrew G. Ebert 
Research, Development and 

Quality Assurance 
Pet Incorporated 
St. Louis, MO 63116 

Received September 14, 1983. 

1 E. G. Feldmann J.  Pharm. Sci., 72,723 (1983). 
*Senate Committee on Labor and Human Resources hearing, June 10, 1983, 

Senator Oran Hatch, Chairman. 

Full Disclosure Should Apply to All 

I read with interest your editorial in the August issue of the Journal 
of Pharmaceutical Sciences’. At the same time I am concerned that 
you may not be aware that Dr. Jacobson of the Center for Science in 
the Public Interest (CSPI) is hardly a case study in full disclosure 
when it comes to addressing the issue of how CSPI is funded. 

consumer education organization, has carefully documented* the 
secretive and inconsistent activities of CSPI, an organization which 
owes i ts  existence to the perpetuation of consumer fear of 
technological advances. We have here a classic example of one living 
in a glass house and throwing stones. I would be happy to  provide 
copies of the above mentioned article to interested readers. 

My point is this-it is just as valid to question the motives of 
Jacobson and CSPI as it is the motives of scientists who take stands 
on public issues-and I wish you would have done so. 

David B. Roll 
Professor of Medicinal Chemistry 
Associate Dean for Academic Affairs 
The University of Utah 
College of Pharmacy 
Salt Lake City, U T  84112 

The American Council on Science and Health (ACSH), a scientific 

Received September 20,1983. 

E. G. Feldmann, J .  Pharm. Sci. ,  72,843 (1983). 
ACSH News and Vieus, 3(4), 8 (1982). 

Author’s response: 

I so indicate in my editorial-regarding his personal prejudices, 
allegiances, or freedom from bias. I know really nothing about the 
man, but I felt then, as now, that what he wrote was right and proper 
behavior for all scientists to follow. And as a scientist himself, I would 
expect Dr. Jacobson to adhere to this same standard of performance 
along with the rest of us who regard ourselves as scientists. 

In quoting Dr. Jacobson, I intended to pass no judgment-nor did 

Edward G. Feldmann 
American Pharmaceutical Assoc. 
Washington, DC 20037 
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